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Introduction 

CORROSION is the deterioration of a material by a reaction with its environment. In a study by the U.S. 
Federal Highway Administration in cooperation with the National Association of Corrosion Engineers (NACE), 
it was estimated that the annual cost of corrosion was between $121 and $138 billion in 1998 in the United 
States. These costs included cost of corrosion-control methods, equipment, and services; cost of labor attributed 
to corrosion management; cost of use of more expensive materials to lessen corrosion damage; and cost of lost 
revenue, loss of reliability, and loss of capital due to corrosion deterioration. Only selected industrial sectors 
were analyzed in the study. When extrapolated to all U.S. industries, the total cost estimate is $276 billion, or 
more than 3% of the U.S. gross domestic product (Ref 1). This great cost is a measure of the importance of 
corrosion management and an indication of the significance of potential cost saving that corrosion abatement 
can yield. 
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Electrochemical Nature of Corrosion 

The articles in this Section are devoted to the identification and analysis of corrosion-related failures, the 
categorization of corrosion failures by form and mechanism, and the application of preventive measures. The 
mechanisms of corrosion are described in more detail in Corrosion, Volume 13 of the ASM Handbook. 
However, as a brief introduction, the electrochemical nature of corrosion can be illustrated by the attack on zinc 
by hydrochloric acid. When zinc is placed in dilute hydrochloric acid, a vigorous reaction occurs; hydrogen gas 
is evolved and the zinc dissolves, forming an acidic aqueous solution of zinc chloride. The reaction is:  

Zn + 2HCl → ZnCl2 + H2  (Eq 1) 
Since the chloride ion is not involved in the reaction, this equation can be written in the simplified form:  

Zn + 2H+ → Zn2+ + H2  (Eq 2) 
Zinc reacts with the hydrogen ions of the acid solution to form zinc ions and hydrogen gas. Equation 2 shows 
that during the reaction, zinc is oxidized to zinc ions and hydrogen ions are reduced to hydrogen. Thus, Eq 2 
can be conveniently divided into two reactions: the oxidation of zinc and the reduction of hydrogen ions:  

Oxidation (anodic reaction) Zn → Zn2+ + 2e  (Eq 3) 

Reduction (cathodic reaction) 2H+ + 2e → H2  (Eq 4) 



An oxidation or anodic reaction is indicated by an increase in valence or a release of electrons. A decrease in 
valence charge or the consumption of electrons signifies a reduction or cathodic reaction. Equations 3 and 4 are 
partial reactions; both must occur simultaneously and at the same rate on the metal surface. If this were not 
true, the metal would spontaneously become electrically charged, which is clearly impossible. 
The corrosion of zinc in hydrochloric acid is an electrochemical process. That is, any reaction that can be 
divided into two or more partial reactions of oxidation and reduction due to the transfer of electrical charge is 
termed electrochemical. Dividing corrosion or other electrochemical reactions into partial reactions makes them 
simpler to understand. Iron and aluminum, like zinc, are also rapidly corroded by hydrochloric acid. 
Thus, the problem of hydrochloric acid corrosion is simplified because in every case the cathodic reaction is the 
evolution of hydrogen gas according to Eq 4. This also applies to corrosion in other acids such as sulfuric, 
phosphoric, hydrofluoric, and water-soluble organic acids such as formic and acetic. In each case, only the 
hydrogen ion is active, the other ions such as sulfate, phosphate, and acetate do not participate in the 
electrochemical reaction. 
When viewed from the standpoint of partial processes of oxidation and reduction, all corrosion can be classified 
into a few generalized reactions. The anodic reaction in every corrosion reaction is the oxidation of a metal to 
its ion. This can be written in the general form:  

M → Mn+ + ne  (Eq 5) 
where n is the number of electrons released. 
A few examples are:  

Ag → Ag+ + e  (Eq 6) 

Zn → Zn2+ + 2e  (Eq 7) 

Al → Al3+ + 3e  (Eq 8) 
In each case the number of electrons produced equals the valence of the ion. 
There are several different cathodic reactions that are frequently encountered in metallic corrosion. The most 
common cathodic reactions are: Hydrogen evolution:  

2H+ + 2e → H2  (Eq 9) 
Oxygen reduction (acid solutions):  

O2 + 4H+ + 4e → 2H2O  (Eq 10) 
Oxygen reduction (neutral or basic solutions):  

O2 + 2H2O + 4e → 4OH-  (Eq 11) 
Metal-ion reduction:  

M3+ + e → M2+  (Eq 12) 
Metal deposition:  

M+ + e → M  (Eq 13) 
Hydrogen evolution is a common cathodic reaction because acid or acidic media are frequently encountered. 
Oxygen reduction is very common, because any aqueous solution in contact with air is capable of producing 
this reaction. Metal-ion reduction and metal deposition are less-common reactions and are most frequently 
found in chemical process streams. All of the above reactions are quite similar; they consume electrons. 
The above partial reactions can be used to interpret virtually all electrochemical corrosion problems. Consider 
what happens when iron is immersed in water or seawater that is exposed to the atmosphere (an automobile 
fender or a steel pier piling are examples). Corrosion occurs. The anodic reaction is:  

Fe → Fe2+ + 2e  (Eq 14) 
Since the medium is exposed to the atmosphere, it contains dissolved oxygen. Water and seawater are nearly 
neutral, and thus the cathodic reaction is:  

O2 + 2H2O + 4e → 4OH-  (Eq 15) 
Remembering that sodium and chloride ions do not participate in the reaction, the overall reaction can be 
obtained by adding Eq 9 and 12:  
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2Fe + 2H2O + O2 → 2Fe2+ + 4OH- → 2Fe(OH)2  (Eq 16) 
Ferrous (Fe2+) hydroxide precipitates from solution. However, this compound is unstable in oxygenated 
solutions and is oxidized to the ferric (Fe3+) salt:  

2Fe(OH)2 + H2O + 1
2

O2 → 2Fe(OH)3 
 

(Eq 17) 

The final product is the familiar rust.  
The classic example of a replacement reaction, the interaction of zinc with copper sulfate solution, illustrates 
metal deposition:  

Zn + Cu2+ → Zn2+ + Cu  (Eq 18) 
or, viewed as partial reactions:  

Zn → Zn2+ + 2e  (Eq 19) 

Cu2+ + 2e → Cu  (Eq 20) 
The zinc initially becomes plated with copper and eventually, given enough time and reactants, the products are 
copper sponge and zinc sulfate solution. 
During corrosion, more than one oxidation and one reduction reaction may occur. When an alloy is corroded, 
its component metals go into solution as their respective ions. More importantly, more than one reduction 
reaction can occur during corrosion. Consider the corrosion of zinc in aerated hydrochloric acid. Two cathodic 
reactions are possible: the evolution of hydrogen and the reduction of oxygen. Since the rates of oxidation and 
reduction must be equal, increasing the total reduction rate increases the rate of zinc solution. Therefore, acid 
solutions containing dissolved oxygen normally will be more corrosive than air-free acids. Oxygen reduction 
simply provides another means of electron disposal. The same effect is observed if any oxidizer is present in 
acid solutions. A frequent impurity in commercial hydrochloric acid is the ferric ion (Fe3+), present as ferric 
chloride. Metals corrode much more rapidly in such impure acid because there are two cathodic reactions, 
hydrogen evolution and ferric ion reduction:  

Fe3+ + e → Fe2+  (Eq 21) 
The anodic and cathodic reactions occurring during corrosion are mutually dependent, and it is possible to 
reduce corrosion by reducing the rates of either reaction. In the above case of impure hydrochloric acid, it can 
be made less corrosive by removing the ferric ions and consequently reducing the total rate of cathodic 
reduction. Oxygen reduction is eliminated by preventing air from contacting the aqueous solution or by 
removing air that has been dissolved. Iron is nearly inert in air-free water or seawater because there is limited 
cathodic reaction possible. 
If the surface of the metal is coated with paint or other nonconducting film, the rates of both anodic and 
cathodic reactions will be greatly reduced and corrosion will be retarded. A corrosion inhibitor is a substance 
that, when added in small amounts to a corrosive, reduces its corrosivity. Corrosion inhibitors function by 
interfering with either the anodic or cathodic reactions, or both. Many of these inhibitors are organic 
compounds; they function by forming an impervious film on the metal surface or by interfering with either the 
anodic or cathodic reactions. High-molecular-weight amines retard the hydrogen-evolution reaction and 
subsequently reduce corrosion rate. Adequate conductivity in both the metal and the electrolyte is required for 
continuation of the corrosion reaction. Of course, it is not practical to increase the electrical resistance of the 
metal because the sites of the anodic and cathodic reactions are not known, nor are they predictable. However, 
it is possible to increase the electrical resistance of the electrolyte and thereby reduce corrosion. Very pure 
water is much less corrosive than impure or natural waters. The low corrosivity of high-purity water is due to its 
high electrical resistance and few reducible cations. 
Passivity. Essentially, passivity refers to the loss of chemical reactivity experienced by certain metals and alloys 
under particular environmental conditions. That is, certain metals and alloys become essentially inert and act as 
if they were noble metals such as platinum and gold. Fortunately, from an engineering standpoint, the metals 
most susceptible to this kind of behavior are the common engineering and structural materials, including iron, 
nickel, silicon, chromium, titanium, and alloys containing these metals. Also, under limited conditions, other 
metals such as zinc, cadmium, tin, uranium, and thorium have also been observed to exhibit passivity effects. 



Passivity, although difficult to define, can be quantitatively described by characterizing the behavior of metals 
that show this unusual effect. First, consider the behavior of what can be called an active metal, that is, a metal 
that does not show passivity effects. The lower part of the curve in Fig. 1 illustrates the behavior of such a 
metal. Assume that a metal is immersed in an air-free acid solution with an oxidizing power corresponding to 
point A and a corrosion rate corresponding to this point. If the oxidizing power of this solution is increased, say, 
by adding oxygen or ferric ions, the corrosion rate of the metal will increase rapidly. Note that for such a metal, 
the corrosion rate increases as the oxidizing power of the solution increases. This increase in rate is exponential 
and yields a straight line when plotted on a semilogarithmic scale as in Fig. 1. The oxidizing power of the 
solution is controlled by both the specific oxidizing power of the reagents and the concentration of these 
reagents. Oxidizing power can be precisely defined by electrode potential, but is beyond the scope of this 
discussion. 

 

Fig. 1  Corrosion characteristics of an active-passive metal as a function of solution 
oxidizing power (electrode potential) 
The behavior of this metal or alloy can be conveniently divided into three regions: active, passive, and 
transpassive. In the active region, slight increases in the oxidizing power of the solution cause a corresponding 
rapid increase in the corrosion rate. However, at some point, if more oxidizing agent is added, the corrosion rate 
shows a sudden decrease. This corresponds to the beginning of the passive region. Further increases in 
oxidizing agents produce little if any change in the corrosion rate of the material in the passive region. Finally, 
at very high concentrations of oxidizers or in the presence of very powerful oxidizers, the corrosion rate again 
increases with increasing oxidizing power. This region is termed the transpassive region. 
It is important to note that during the transition from the active to the passive region, a 103 to 106 reduction in 
corrosion rate is usually observed. Passivity is due to the formation of a surface film or protective barrier that is 
stable over a considerable range of oxidizing power and is eventually destroyed in strong oxidizing solutions. 
Under conditions in which the surface film is stable, the anodic reaction is stifled and the metal surface is 
protected from corrosion. For example, stainless steel owes its corrosion-resistant properties to a passive 
surface film. The naturally occurring passive film is usually enhanced with immersion in a hot nitric acid 
solution or steam. For example, stainless steel surgical implants develop this passive layer when the implants 
are sterilized in steam. The exact nature of this barrier that forms on the metal surface is not well understood. It 
may be a very thin, transparent oxide film or a layer of adsorbed oxygen atoms. However, for the purposes of 
engineering application, it is not necessary to understand completely the mechanism. To summarize, metals that 
possess an active-passive transition become passive (very corrosion-resistant) in moderately to strongly 
oxidizing environments. Under extremely strong oxidizing conditions, these materials lose their corrosion-
resistant properties. 
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Analysis of Corrosion-Related Failures 

Corrosion can be categorized as being uniform or localized. Uniform corrosion is the most common form of 
corrosion. Its mechanism is electrochemical and is identified as a consistent loss of material over the entire 
exposed surface of the material in question. This is the type of corrosion that affects the greatest number of 
structures, such as buildings, bridges, pipelines, and outdoor equipment. It attacks the most surface area and is 
the most costly. Uniform corrosion is also the easiest to analyze, to predict corrosion rates for, and to establish 
preventive measures and maintenance schedules for. Preventive techniques include painting (coatings), 
inhibition, and cathodic or anodic protection. The service life of the affected component can normally be 
estimated with a reasonable degree of accuracy, and catastrophic failures can be avoided. 
Localized corrosion, such as crevice and pitting corrosion, intergranular corrosion, selective leaching, erosion-
corrosion, and stress-corrosion cracking (SCC), act on a small portion of a component. The rate of localized 
corrosion is often orders of magnitude greater than that of uniform corrosion. Evidence of localized corrosion, 
by virtue of its physical size and location, is often difficult to detect. These factors combine to make localized 
corrosion mechanisms insidious. If undetected they can lead to catastrophic system failures. 
Certain environments induce specific corrosion failure modes. Hydrogen damage, liquid- and solid-metal-
induced embrittlement, biologically and microbiologically influenced corrosion (MIC), and high-temperature 
corrosion are also addressed in articles in this Section. 
While categorizing local corrosion by form, mechanism, or environment aids understanding, failures are often 
attributed to a combination of modes. The combination of failure modes makes prediction of localized 
corrosion failures more difficult. 
Corrosion failure involves the same general steps as other failures, as described in the article “Practices in 
Failure Analysis” in this Volume. However, one potential difference between a general failure and a failure 
related to corrosion is the need with the latter for immediate preservation and protection of all evidence. 
Corrosion failure also may require sampling and testing of corrosion products immediately, such as in the case 
of MIC, where viable cultures can provide the most meaningful result. When possible and cost effective, a site 
visit is most desirable. A site visit may provide the investigator with information that otherwise may have been 
omitted or overlooked. 
Corrosion failures often relate to the material selection and the environment. Details of the material 
specifications, quality-assurance records, installation and maintenance records, and a history of the environment 
are all useful resources in resolving corrosion failures. Information regarding system upsets or diversions from 
the normal operating environment should be provided. A comparison of the actual material utilized with the 
material design specifications should also be performed. 
History of Failed Parts. Obtaining a history of the operation of the failed component is crucial to solving the 
cause of failure. The operating environment, any changes in the environment, and temperature excursions 
should all be obtained. Any notation of previous failures or operating anomalies is useful. When possible, 
engineering drawings and sketches should be reviewed. 
Information should be provided regarding any testing that was performed by the plant personnel. For instance, 
liquid-penetrant examination can result in chemical contamination of a surface. The use of paints or dyes to 
mark components may also alter the corrosion resistance of a part and the chemical composition of a corrosion 
product. It is also important that the investigator retains pertinent corrosion evidence before movement or 
disassembly of a component. The chain of events leading to, and occurring after, the failure should be 
documented. 
On-Site Examination and Sampling. On-site examination should include a walking tour of the failure area. 
Photographic documentation should be made to depict the conditions after the failure. If applicable, viewing a 
similar undamaged assembly or operation on the site where the failure occurred may be instructive. 
Photographic documentation must be performed with special attention given to capturing the true colors of the 
corrosion products. Macrographs of the corrosion deposit should include any layering effects in the deposits. 



Laboratory photography in a controlled setting should also be performed to guarantee accurate reproduction of 
color tones and surface textures. 
The type and extent of on-site sampling depends on the environment and its availability. Piping corrosion in a 
domestic water service would require water samples from the source (incoming water supply) and from the end 
use (for example, a faucet). Microbiologically influenced corrosion may apply in certain cases. On-site testing 
or sample removal is necessary to retain the most accurate information regarding the type and number of 
bacteria involved. In most cases, removal of corrosion deposits from the surface may be performed in the field. 
If the sample is undergoing extensive laboratory examination, it may be prudent to carefully retain the 
corrosion in place for laboratory documentation and removal. 
If samples are removed on site, care must be taken to avoid any contamination. Sealed bags, latex gloves, tools 
for sample removal, buffered containers for water samples, MIC kits, and adhesive tape are useful for sample 
removal. (See the article “Biological Corrosion Failures” in this Volume for listings of commercially available 
kits.) The analyst should avoid touching any corrosion product directly with bare hands to prevent 
contamination. 
Physical removal of samples must be done in a manner to avoid further damage to the failed component and to 
avoid disturbance of corrosion products. In general, cutting must be done with care to avoid alterations of the 
metallurgical condition of the material and corrosion deposits. Saw cutting is generally preferred over torch 
cutting, since heating of the sample can affect the material and the corrosion product. If torch cutting is 
performed, a distance of 75 to 150 mm (3 to 6 in.) should be maintained from the area of interest. Saw cutting 
should be performed at a slow rate to avoid overheating. Use of lubricants and coolants should be avoided, if 
possible, to minimize contamination. 
The proper shipment and storage of samples lessens the possibility of destruction of pertinent evidence. 
Wrapping and sealing of the failed component will generally retain evidence and prevent further oxidation or 
contamination. A neutral environment may be required to reduce activity. Any fracture surfaces should be 
protected from the potential of rubbing and contact. 
Laboratory Examination. While each type of failure may have unique tests, some general steps should be taken 
in investigating all corrosion failures:  

• All samples must be properly identified and their origin, handling, and processing within the laboratory 
documented. 

• Photographs should document samples in the “as-received” condition. 
• Stereomicroscopic examination of the involved areas should follow. Photographic documentation 

during stereomicroscopy should also be performed. 
• Nondestructive test methods should now be considered. The key to performing nondestructive testing is 

to avoid any disturbance of scale product until corrosion samples have been removed. Radiography to 
document casting quality or to evaluate cracking is usually acceptable. However, the use of liquids or 
dyes is not acceptable until the corrosion samples have been removed. 

• The removal of corrosion deposits for evaluation is the next step. The samples should be removed with a 
noncontaminating tool such as a stainless steel pick. Corrodent samples should be placed in clean, 
clearly marked containers. 

• The corrosion deposits should be analyzed. One of the most common analysis techniques is energy-
dispersive spectroscopy (EDS). This method, used in conjunction with scanning electron microscopy 
(SEM), provides information regarding the elemental composition of the corrosion deposit. 

• Based on the visual examination, a corrosion sample may need to be subjected to microbiological 
analysis. 

• These steps may be followed by cleaning and/or other tests. 

After the corrosion deposits selected for examination have been secured, the failure sample may be cleaned. 
However, in some cases it may be desirable to retain the corrosion product intact for metallographic 
examination. For instance, a component subject to hydrogen damage or caustic corrosion may benefit from an 
analysis of the corrosion product layering effect. Cross sections should be taken prior to removal of corrosion 
products. 
Precautions must be taken during the cleaning process to avoid any destruction to the base metal. Generally, the 
least aggressive cleaning method is initiated first, such as brushing with a soft brush or light air pressure. 
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Ultrasonic cleaning in acetone is considered a nonaggressive approach. This cleaning method will remove some 
light surface deposits. Deposits that have been exposed to elevated temperatures will generally require a more 
aggressive approach. Inhibited dilute acid solutions and citric acid cleaners can be used to clean adherent 
corrosion deposits. In cases where the protection of the fracture features is critical, softened acetate tape can be 
used to remove adherent deposits. This method also retains the deposits removed for further examination if 
necessary. 
If the failure analysis does not involve preservation of a fracture surface, fine sandblasting of the base metal 
may be useful to remove scale deposits as in the evaluation of the pitting. 
After the corrosion deposits have been removed, additional nondestructive testing may prove useful. Magnetic 
particle examination, penetrant examination, eddy current testing, and ultrasonic testing are a few techniques 
that can be employed to explore the quality and condition of the failure and material. 
Microscopic Examination. As noted previously, stereomicroscopy is performed to document the corrosion 
product, and it also is an appropriate tool for analysis of the fracture surface (if one exists) or other surface after 
cleaning. This analysis will provide information regarding the failure initiation, cracking, and corrosion-surface 
patterns such as pitting and wear/erosion. Photographic documentation of the surface should be performed. 
Based on the results of the stereomicroscopy, areas can be selected for SEM to characterize the fracture 
features. A determination of the fracture features, such as intergranular cracking, cleavage, and ductile dimples, 
will provide valuable information pointing to the likely cause of failure and the corrosion mechanism. 
Metallography is an essential tool for the examination of the failure specimens. Selection of the most 
informative cross-section locations is important. Metallurgical examination of a cross section requires 
mounting, surface grinding, polishing, and examining the sample in the unetched and etched condition under a 
microscope. Microstructural features and conditions such as cracking and crack progression, pit morphology, 
selective leaching, surface features, and other characteristics can all be examined. These features provide key 
evidence regarding the cause of failure and extent of damage. 
As discussed earlier, in some cases it is useful to examine a cross section of the corrosion product with the base 
material. There are various techniques to retain the scale without pullout during the polishing process. In some 
cases, plating over the scale prior to mounting the sample or impregnating the mount with resin after 
preparation can retain the scale for examination. Additional information is provided in the articles “Practices in 
Failure Analysis” and “Metallographic Techniques in Failure Analysis” in this Volume. 
Corrosion testing includes several categories of tests. Normally, corrosion testing is considered a long-term 
approach to investigations regarding material selection. Simulated testing or in situ testing is often performed 
when a given environment may be unique or where materials may experience unique flow conditions. For 
example, piping containing fluid may experience unique flow conditions that may result in erosion-corrosion 
failures. In that case, sections of pipe of different alloys may be placed on line and monitored. Other common 
methods of testing include accelerated tests, simulated or pilot testing, and electrochemical tests. 
Typically, a variety of materials are selected for evaluation. A standard, such as carbon steel, may be used to 
verify the corrosiveness of the environment. Multiple samples of the same material should be tested to verify 
reproducibility. Sources for corrosion test methods are ASTM International, NACE, and internationally, ISO, 
EN, and JIS standards. Other testing methods and inspection procedures have been developed on an industry-
specific basis by industrial and government organizations, such as in the pulp and paper and the electric power 
industries, to specifically address corrosion issues relating to their specific operating conditions and 
environments. 
Accelerated tests are performed when an expedited answer is needed to solve a serious corrosion problem and 
to demonstrate an acceptable corrosion-resisting lifetime, provided that correlations can be established. 
Accelerated testing usually involves the exposure to extreme conditions, relative to the actual service 
environment, to accelerate the corrosion process. The process may be accelerated with high-stress conditions, 
elevated temperatures, or highly aggressive solutions. 
While accelerated testing does provide test data sooner, extrapolation of results may be misleading. The 
acceleration of certain factors during the testing may cause different corrosion mechanisms to become active, 
and thus the results may not reflect those that would be obtained under actual service conditions. Care must be 
taken when evaluating results so that economical and acceptable choices are not eliminated due to their 
performance in unrealistic environments. 
Simulated-use tests are primarily set up in the laboratory with an environment as close as possible to the 
environment of interest. In these cases, sufficient time must be allowed for an appropriate response; a short time 



exposure likely will not produce enough corrosion activity to evaluate the corrosion behavior of the material. 
Nevertheless, by simulating the exact conditions of operation, an accurate assessment of the material can 
generally be produced with an adequate exposure time. 
ASTM publishes standard test methods and analytical procedures for corrosion and wear testing (Ref 2). 
Electrochemical testing is performed for general information regarding the passivity or anodic protection of a 
material against corrosion and to determine the critical breakdown or pitting potential. This type of testing is 
performed by two methods: controlling the current or controlling the potential. Standard methods for 
electrochemical testing are published in Ref 2. 
As the name suggests, in the controlled-current test method, the current is controlled and the resulting corrosion 
potential is measured. Polarization curves are generated. Galvanostatic and galvanodynamic polarization 
measurements are used to plot anodic and cathodic polarization curves. The assumption that corrosion rates 
remain constant with time can produce inaccurate results with this test method. 
In the controlled-potential method, instrumentation is available for both constant-potential (potentiostatic) and 
variable-potential (potentiodynamic) testing to determine overall corrosion-rate profiles for metal-electrolyte 
systems over a range of potentials. 
Corrosion Rates and Types. Knowing and understanding corrosion rates and the types of corrosion is essential 
to the evaluation of corrosion failures and to the communication of the results to others. The articles that follow 
in this Section discuss the forms, mechanisms, and relative rates of corrosion. Corrosion, Volume 13 of the 
ASM Handbook, provides detailed information regarding types of corrosion, corrosion testing, corrosion 
failures, and industry- and alloy-specific corrosion considerations. Volume 13 also provides information 
regarding the use of specific alloys in given environments, corrosion prevention, and the use of nonmetallic 
materials. The Handbook of Corrosion Data, 2nd edition (ASM International, 1995) is a compilation of 
corrosion data from published sources. Corrosion rates of various alloys are provided with a general discussion 
of the corrosion resistance of alloy groups in particular environments. 
Internet web sites published by ASM International, ASTM, NACE, the Nickel Development Institute, and the 
Copper Development Association provide the ability to search libraries of data for a given request. 
Analysis of Incomplete Data. Incomplete or inconsistent data may occur in certain instances when the failure 
piece has been contaminated by an unknown source. Improper handling of the failure sample can introduce 
contamination on the sample. Testing of contaminated samples may produce misleading data and erroneous 
results. For example, the sampling of a deposit removed from a fracture surface that experienced stress 
corrosion may not reveal the corrodent that caused the SCC. Often the fracture surface is flushed with water or 
cleaned prior to testing. Liquid penetrants, cleaning fluids, cutting fluids, and solvents may alter the chemical 
composition of the surface deposits. 
Results from laboratory testing may provide extraneous results. The tests may not model the service conditions. 
Laboratory testing cannot easily model flow conditions such as turbulence, erosion, and localized attack. Care 
must be taken when evaluating the laboratory data to be certain that the conclusions drawn are an accurate 
assessment of the operating environment. 
ASTM G 16, “Applying Statistics to Analysis of Corrosion Data” (Ref 3), provides a guide for handling data; it 
refers to ASTM E 178, “Practice for Dealing with Outlying Observations” (Ref 4) for the treatment of data that 
appear inconsistent with the bulk of the findings. 
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Examples of Corrosion Failure Analysis 

Example 1: Analysis of Pitting and MIC of Stainless Steel Piping. Type 316L (UNS S31603) austenitic 
stainless steel piping was installed as part of a collection system for a storm sewer treatment system used in a 
manufacturing facility. Within six months of start-up, leaks were discovered. 
On-Site Examination. A series of tests were performed on site to eliminate stray currents as a possible cause of 
failure in the piping system. The piping system was inspected for possible sources of ac or dc current flow. An 
external battery was used to impress a voltage. Voltage and current were recorded with the external power 
supply applied and removed. There was no evidence of stray currents or electrical discharge. 
It was noted that the ambient temperature and slow or stagnant flow conditions present in the piping were ideal 
for bacteria growth. 
On-Site Sampling. Water samples were obtained for corrosivity and MIC testing. Commercially available field 
MIC kits were used. Samples of the damaged pipe were removed. 
Laboratory Testing. High levels of chlorides, as high as 20,000 ppm, were reported in the water sample. The 
total dissolved solids level of 10,000 ppm was also high. The MIC water samples were shipped to the 
laboratory within 24 h of removal for viable culture testing. The testing showed high levels of aerobic, acid-
producing, and low-nutrient bacteria. 
Laboratory Examination. Perforated pipe samples were provided for metallurgical evaluation. Figure 2(a) 
shows the leak area as viewed from the outside-diameter surface. The sample was cut dry to avoid 
contamination. The inside-diameter surface is shown in Fig. 2(b). The pit appeared larger on the inside-
diameter surface, indicating pit initiation occurred at the inside surface and at the bottom of the pipe. A rusty 
discoloration was apparent along the bottom length of the pipe. This discoloration corresponded to the area of 
the pitting. There was no corrosion deposit associated with the pitting. The discolored areas and other areas 
were evaluated using EDS. The EDS revealed contaminants consisting of chlorine, sulfur, sodium, silicon, and 
potassium. The area of discoloration revealed iron and oxygen only. 
 

 

Fig. 2  Pitting corrosion of 316L stainless steel pipe. (a) View of pitting on the outside-
diameter surface at the leak location. (b) View of the inside-diameter surface, where the 
pit size was larger at the leak location. There was a rusty discoloration along the bottom 
of the pipe. (c) Cross section of pipe wall through the perforation. The sample was etched 
in ASTM 89 reagent to delineate the microstructure. Uniform wall thickness is 
approximately 2.9 mm (0.11 in.). 5×. Courtesy of S.R. Freeman, Millennium Metallurgy, 
Ltd. 
A metallurgical cross section was prepared through the pitted region. Figure 2(c) shows a 10× magnification of 
the cross section through the pitted region after etching with ASTM 89 reagent. The pit was not associated with 
a welded region, and the microstructure appeared normal. There was no evidence of general wall loss (uniform 
corrosion). 



Conclusion. The pitting in the austenitic stainless steel pipe is believed to be caused by damage to the passive 
layer brought about by a combination of MIC, high chloride levels, and high total dissolved solids. The low-
flow and stagnant conditions present in the piping are primary contributors to the pit progression. This type of 
material will perform significantly better when there is more flow of water. 
Retesting of the water indicated similar high levels of aerobic bacteria, so these must be considered a part of the 
design basis. 
Recommendations. Due to the extensive amount of piping, the pinhole size of the leaks, and environmental 
consequences of leaks, repair of the existing pitted pipe was impractical. Replacement of the pipe was 
recommended. Several alloys, nonmetallic materials, and lined materials were proposed for coupon testing to 
determine which is the best in this particular environment. 
Example 2: Analysis of a Corrosion Failure of an Aboveground Storage Tank. A failure of an aboveground 
storage tank occurred due to external corrosion of the tank floor. The liquid asphalt tank operated at elevated 
temperatures (approximately 177 °C, or 350 °F) and had been in service for six years. Cathodic protection 
(rectifiers) had been installed since start-up of the tank operation. It was noted, however, that some operational 
problems with the rectifier may have interrupted its protection. 
On-Site Examination. The underside of the floor plates showed extensive localized wall thinning. Figure 3 
shows a pit in one of the tank floor plates. While it was expected that the ground under the tank was near 
operational temperatures, it was determined that the temperatures were below 104 °C (220 °F) at most areas 
evaluated in the ground. Thus, it was possible for moisture to accumulate at the tank floor, producing 
intermittent wetting and drying conditions. This provided an explanation of the circumferential corrosion 
pattern observed several feet in from the periphery of the tank. Heating was provided near the center of the tank 
and water in the backfill below the tank floor should be minimal. Perforations of the tank were large, and 
thinning was apparent in the adjacent areas. 
 

 

Fig. 3  View of an isolated pit on the outside of the floor tank of a liquid asphalt tank. The 
asphalt had been leaking for some time as the surrounding area was covered with deposits 
and the wall thinning was significant. Courtesy of S.R. Freeman, Millennium Metallurgy, 
Ltd. 
On-Site Sampling. Soil samples were taken and tested, but did not indicate high corrosivity. Sample of the scale 
deposits from the outer surface of the tank floor were taken. 
Laboratory Examination. Scale samples analyzed by EDS showed the deposits consisted of primarily Fe2O3 
(iron oxide). The rapid exfoliation, scale buildup, and pitting of the tank floor from the external (underside) 
surface also prompted MIC testing of the soil and of the deposits in the area of wall thinning. Although the 
temperatures were somewhat high for MIC to thrive, the results of the samples confirmed high levels of various 
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bacteria including aerobic and low nutrient. Certain types of bacteria (thermophiles) have been found to survive 
significantly high temperatures. 
Conclusion. An evaluation of the cathodic protection system showed the design to be adequate provided it was 
reliably powered. Cathodic protection is one means of controlling MIC, although interruption in the cathodic 
protection service will adversely affect its performance. The effectiveness of the cathodic protection on 
established microbial deposits is questionable. 
Recommendations. The tank floor was ultrasonically tested, and portions of the floor replaced based on the 
remaining wall thickness. Doubling the wall thickness of the replacement floor plates was recommended. 
Example 3: Preventive Maintenance for Buried Pipelines. Corrosion is a major contributor to the deterioration 
of buried infrastructure such as pipelines in the United States. Figure 4 shows the result of an unexpected 
corrosion failure of a 100-year-old riveted steel water transmission main. The snowplow and icing of the power 
lines in the photograph indicate that repairs had to be made under less than ideal weather conditions. The costs 
associated with the evaluation, modifications, and cathodic protection of a water system typically represent less 
than 10% of the total cost to replace the buried infrastructure. These savings can be obtained through the 
implementation of a comprehensive corrosion-control program. 
 

 

Fig. 4  Corrosion failure of 100-year-old riveted steel water transmission main. Courtesy 
of S. Paul, CorrTech, Inc. 
To ensure that the proper corrosion-control method(s) are employed and the full infrastructure service life is 
realized, local factors contributing to corrosion must be understood. Where history or analyses indicate that the 
environment is aggressive, corrosion-control methods need to be developed and initiated. To evaluate 
corrosion-exposure conditions for metallic piping networks, field conditions such as soil type, soil pH, stray 
current effects, and electrical continuity require quantification by field investigation. 



Based on preliminary survey results, excavations of the pipe system are made to inspect the pipe for corrosion. 
At each location, the pipe is cleaned and evaluated for uniform and pitting corrosion. Of concern for pipelines 
are the deepest pits and penetrations. Statistical analysis of the system is performed. Typically, greater than 
95% of the pipe is in good condition with sufficient original wall thickness. By defining the corrosion exposure 
and understanding the exposure, personnel can then make informed decisions about extending the life of the 
buried infrastructure or developing replacement options. By applying proven technologies such as cathodic 
protection, corrosion can be arrested and infrastructure can remain in service for 50-plus years without failures 
and downtime. 
Example 4: Structural Epoxy Rehabilitation of Steel and Reinforced Concrete Structures. Hydrogen sulfide gas 
is very aggressive to reinforced concrete structures in wastewater treatment plants. Figure 5 provides views of 
severe corrosion of a wastewater tunnel structure. Note the failed lining repairs. Structures of concern are 
sludge storage tanks, chambers, and head works structures. Typically, up to 15 cm (6 in.) of concrete corrosion 
loss has been found on many structures, affecting both structural integrity and function. 
 

 

Fig. 5  Two views of severe corrosion of wastewater tunnel structure. Note the failed lining 
repairs. Courtesy of S. Paul, CorrTech, Inc. 
The extent of deterioration and factors contributing to it need to be defined by inspection of pipe barrel 
interiors, manholes and risers, flow splitting chambers, sludge tanks, clarifiers, and tunnels associated with 
wastewater treatment systems. The purpose of this task is to document the location and extent of coating and 
concrete deterioration and corrosion of reinforcing steel. 
Much of the existing infrastructure, both of steel and reinforced concrete construction, can be internally lined or 
externally coated to prevent deterioration. Linings can be used to control corrosion of the structure as well as 
provide structural integrity where leaks exist. Properly selected and applied high-performance epoxy can 
protect H2S headspace corrosion on wastewater treatment facilities and related structures. The spray-on or 
trowel-on high-performance structural epoxy is a proven system for these applications in the water/wastewater, 
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power generation, and other industries. Figure 6 provides a view of a severely deteriorated sludge storage tank 
during repairs. 
 

 

Fig. 6  Severely deteriorated sludge storage tank during repairs. A structural epoxy will 
be applied to the reinforced concrete. Courtesy of S. Paul, CorrTech, Inc. 
 

Analysis and Prevention of Corrosion-Related Failures  

S.R. Freeman, Millennium Metallurgy, Ltd. 

 

Prevention of Corrosion-Related Failures of Metals 

Following analysis of corrosion failures, corrective actions are recommended to prevent or delay recurrence of 
failures. The approaches to corrective and preventive actions include:  

• Change in the environment 
• Change in the alloy or heat treatment 
• Design change 
• Use of galvanic protection (cathodic protection and anodic protection) 
• Use of inhibitors 
• Use of nonmetallic coatings and liners 
• Application of metallic coatings 
• Use of surface treatments, thermal spray, or other surface modifications 
• Corrosion monitoring 
• Preventive maintenance 

Change in the Environment. Environmental control can be a complicated task. A complete understanding of the 
environment is key to changing or treating it. A detailed analysis of the environment should be performed prior 
to the implementation of any modifications or treatments. 
Safeguards must be put in place to avoid unintended consequences of altering the environment, such as the 
introduction of a contaminant. In some cases, an environment is subject to seasonal changes such as changes in 
water quality and temperature. Controls must then be seasonally adjusted as well. 
Controlling the pH to lower corrosion rates is a common practice in municipal and industrial water supplies. 
The chemicals that may be introduced are limited for public health reasons. 



Pourbaix diagrams are used to predict material behavior with the adjustment of the pH. Pourbaix diagrams 
show the conditions of potential and pH under which the metal either is nonreactive (immune) or can form 
oxides. The diagrams do not provide any information regarding corrosion rates, however. Pourbaix diagrams 
also provide information regarding the formation of barrier films; however, conclusions regarding their 
effectiveness in the presence of specific ions cannot be drawn. General information can be retrieved from the 
diagrams indicating the potential for a corrosive situation in a given environment at a specific pH and how to 
adjust the pH to avoid corrosion. 
Changing the environment can be performed in various ways without the use of additives. Ozone treatment is 
one method used in municipal water systems to treat for MIC. Stirring a tank of fluid may be all that is required 
to avoid pitting corrosion. 
Change of Alloy and Heat Treatment. Alloy changes are often employed to combat corrosion problems, 
particularly when the replacement material is cost effective. For example, a copper alloy prone to selective 
leaching can easily be replaced by an inhibited copper alloy that is not susceptible to this kind of corrosion 
failure. 
While proper selection of the material prior to use is the ideal, a complete understanding of the operating 
electrochemical environment, stresses induced by the operation, inherent stresses in the material from 
fabrication, and cyclic operating temperatures may not be possible. A failure and subsequent analysis or 
research of case histories of failures in similar situations may be needed to provide the necessary material 
selection information. Reviewing corrosion data for a specific environment or performing corrosion testing is 
helpful in determining the best material for the application. 
Design changes involving components, processes, or systems may be necessary to alleviate corrosion. Poor 
designs can cause materials highly resistant to uniform corrosion attack to fail catastrophically to local attack. 
Conditions that may cause an acceleration of corrosion include stagnation and rapid fluid flow. Designs that 
minimize the possibility of crevice corrosion, erosion-corrosion, cavitation, and impingement are desired. 
Figure 7 shows good and poor examples of how design affects local corrosion (Ref 5). 
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Fig. 7  Examples of how design and assembly can affect localized corrosion by creating 
crevices and traps where corrosive liquids can accumulate. (a) Storage containers or 
vessels should allow complete drainage; otherwise, corrosives can concentrate in the 
bottom of vessel, and debris may accumulate if the vessel is open to the atmosphere. (b) 
Structural members should be designed to avoid retention of liquids; L-shaped sections 
should be used with the open side down, and exposed seams should be avoided. (c) 
Incorrect trimming or poor design of seals and gaskets can create crevice sites. (d) Drain 
valves should be designed with sloping bottoms to avoid pitting of the base of the valve. (e) 
Nonsloping tubing can leave pools of liquid at shutdown. (f) Nonvertical assembly of the 
heat exchanger permits a dead space that may result in overheating if very hot gases are 
involved. (g) Nonaligned assembly distorts the fastener, which creates a crevice and may 
result in a loose fitting that can contribute to vibration, fretting and wear. (h) Structural 
supports should allow good drainage; use of a slope at the bottom of the member allows 
liquid to run off, rather than impinging directly on the concrete support. (i) Continuous 
welding is necessary for horizontal stiffeners to prevent the formation of traps and 
crevices. (j) Square sections formed from two L-shaped members require continuous 
welding to seal out the external environment. Source: Ref 5  
 



Conditions that cause serious corrosion problems include airborne contamination, dust, pollution, acid rain, and 
proximity to a seacoast. Designing to avoid retention of such contaminants is critical. Thus, design 
specifications for construction projects must include normal and extremes of environment conditions. 
Design change may also include the isolation of dissimilar metals. The article “Forms of Corrosion” in this 
Volume includes a discussion of galvanic corrosion and protection. Isolation may include the use of coatings 
and nonmetallic insulators. 
Corrosion is sometimes caused or aggravated by applied stress. For instance, SCC of stainless steel will occur 
when the steel is exposed to chlorides in the presence of tensile stresses. The magnitude of stresses obviously is 
affected by the fabrication techniques and the component design. Changes in the design of the components in 
areas exposed to chlorides that serve to reduce the stress concentrations may be enough to alleviate the 
possibility of SCC. Areas of stress concentration such as sharp radii or joints are vulnerable. Surface conditions, 
such as rough surfaces, dents, or scratches may also provide preferential sites for corrosion to occur. Designing 
to minimize these conditions will reduce corrosion. 
Galvanic protection can be either cathodic protection or anodic protection. Cathodic protection reduces the 
corrosion rate by shifting the corrosion potential of the electrode toward a less oxidizing potential through use 
of an external electromotive force. Anodic protection is defined as a technique to reduce the corrosion rate of a 
metal by polarizing it into its passive region, where dissolution rates are low. 
Cathodic protection systems require an anode, a cathode, a continuous electric circuit between the cathode and 
the anode, and the presence of an electrolyte. The two types of cathodic protection are sacrificial-anode 
protection and impressed-current protection. 
Sacrificial-anode protection is the simplest method. A material that is more anodic than the metal to be 
protected becomes sacrificial. A typical cathodic protection design is shown in Fig. 8 (Ref 6). 
 

 

Fig. 8  Cathodic protection of a buried pipeline using a buried magnesium anode. Source: 
Ref 6  
 
Magnesium, zinc, and aluminum alloys are common sacrificial anodes. Magnesium anodes are most commonly 
used for buried soil applications. Zinc is most often used for freshwater and saltwater marine applications. 
Aluminum alloys are most often used for offshore structures. Prevention of passivation of aluminum is key for 
effective protection. Alloying elements of tin, antimony, and mercury are used for this purpose. 
Impressed-current protection requires buried anodes and an electrical connection between the protected 
structure and the current source. A power rectifier supplies direct current to the buried electrodes (the structure 
and the anode). The direct-current source reverses the natural polarity and allows the materials to act as anodes. 
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A typical impressed-current system of a buried pipeline is shown in Fig. 9 (Ref 6). Impressed-current anodes 
must be corrosion resistant and durable in the environment of use. There are several materials that are used for 
impressed-current anodes: high-silicon cast irons, graphite, polymeric-coated wires, precious metals, lead 
alloys, and ceramics. Each material has specific applications. Reference 6 provides detailed information 
regarding the applications of the impressed-current anodes. Impressed-current cathodic protection must have an 
external power source. This power source is most often rectified alternating-current power, but batteries, solar 
cells, and other alternative power supplies can be used in remote locations. 
 

 

Fig. 9  Impressed-current cathodic protection of a buried pipeline using graphite anodes. 
Source: Ref 6  
Anodic protection is based on the phenomenon of passivity. A limited number of metals can achieve passivity. 
Anodic protection requires that the potential of the metal be controlled. Shifting the potential of the metal to the 
passive range can reduce the corrosion rate of an active-passive metal. The anodic polarization of the metal 
results from the formation of the passive layer, which is relatively insoluble in the chemical environment. The 
most common uses for anodic protection include storage tanks, process reactors, heat exchangers, and 
transportation vessels. Anodic protection has been successfully employed in sulfuric acid environments to 
extend tank life. 
Use of Inhibitors. Inhibitors are defined as a chemical substance or combination of substances that, when 
present in the environment, prevent or reduce corrosion without significant reaction with the components of the 
environment. Chemical treatment or inhibitors can be used for corrosion control in aqueous environments. 
Inhibitors are classified as anodic inhibitors, cathodic inhibitors, and mixed inhibitors. Anodic inhibitors 
suppress the rate of metal ions being transferred into the aqueous environments. Cathodic inhibitors impede the 
oxygen-reduction reaction. Mixed inhibitors hinder both reactions. 
Anodic Inhibitors. There are two types of anodic inhibitors, oxidizing and nonoxidizing. Chromates and nitrites 
act in the absence of oxygen. Chromates are effective in protecting ferrous and nonferrous alloys. An oxidation 



layer of a chromium oxide (Cr2O3) and a ferrous oxide (Fe2O3) is formed. A critical concentration of chromates 
must be present to protect against aggressive ions, such as chlorides and sulfates. 
Similarly, nitrites also require critical concentration levels to maintain optimal corrosion protection. Nitrites are 
commonly used in closed recirculating systems. The pH levels are usually maintained above 7.5 to avoid 
extensive pitting of carbon steel materials. Borax-nitrite has been used for open recirculating cooling water 
systems in conjunction with the use of biocides. 
Molybdates are typically combined with other inhibitors for optimal treatment. An oxidizing agent such as 
oxygen is required to form a protective film. Molybdates are generally most effective in the range of 5.5 to 8.5 
pH. Phosphates also require the presence of oxygen in order to form a protective oxide layer. Phosphates are 
generally used in alkaline environments of pH greater than 8. 
Cathodic inhibitors suppress the corrosion rate by restricting the availability of oxygen or by altering sites 
favorable for cathodic hydrogen evolution. While it is generally true that cathodic inhibitors are not as effective 
as anodic inhibitors, they are considered safer. Additionally, they do not cause localized attack, as anodic 
inhibitors do when used in insufficient amounts. There are several different kinds of cathodic inhibitors. 
Precipitating inhibitors produce insoluble films on the cathode in high pH conditions. By this means, the 
cathode is isolated from the environment. Zinc ions may be used as a means to precipitate zinc hydroxide at the 
cathode. The protective film is enhanced by the combination of other inhibitors of a multicomponent treatment 
program. 
Polyphosphate-inhibitor treatments are widely used in part due to the economics of the program. The pH of the 
environment greatly affects the protective nature of the phosphate film. The pH should be maintained in a near-
neutral range, between 6.5 and 7.5, if both steel and copper alloys are part of the system. 
Phosphonates are slightly different than polyphosphates. Phosphonates form direct phosphorus-carbon bonds, 
while polyphosphates form a phosphorous-oxygen bond. The phosphates are sensitive to water quality and 
temperature. 
There are numerous methods developed that use multicomponent systems. The combinations have been 
developed to suit a specific environment or varying environment conditions. Copper inhibitors are widely used. 
These inhibitors are used to prevent excessive copper deposition on steel components occurring from the 
presence of dissolved copper in the circulating waters. These inhibitors control the corrosion of the copper 
materials. 
Oil and Gas Refinery Inhibitors. A number of inhibitors are designed specifically to meet the needs of the oil 
and gas and refinery industries. An extensive discussion regarding the use of inhibitors, the application 
techniques, and the monitoring of the effectiveness of inhibitor use can be found in the article “Corrosion 
Inhibitors for Oil and Gas Production” in Corrosion, Volume 13 of the ASM Handbook (Ref 7). 
Factors affecting the inhibition systems include the corrosivity of the environment, the type of environment 
(oxidizing or nonoxidizing), the temperature, the pH, the metallurgy of the system components, the design of 
the system, and the economics of the inhibition program. Government regulations for use of the chemicals 
employed, regulations of the particular industry for which the inhibitor is used, potential human handling and 
consumption concerns, and side effects on processing fluids are all significant considerations. 
Velocity may also play a major role in the effectiveness of an inhibitor. The higher the velocity of the fluid 
environment, the greater the amount of inhibitor reaching the surface. This increased velocity, in essence, has 
the same effect as increasing the inhibitor concentration. In addition, the fast-moving solution prevents the 
buildup of debris and deposits on the surface. This allows for better wetting of the inhibitor on the surface. 
Use of Nonmetallic Coatings and Linings. The most widely used methods of corrosion control today are the 
application of nonmetallic coatings and linings. This includes organic coatings and liners, porcelain enamel, 
and chemical-setting ceramic linings. There are constant improvements in this area of protection. More surface 
area of metals is protected by this method than all other methods combined (Ref 8). 
Surface preparation is very important for coating life and effectiveness. The Steel Structures Painting Council 
(SSPC) and NACE International have published surface preparation and cleaning standards. Standards 
published by the Swedish Standards Institute have been widely used in Europe and Asia. To ensure that the 
coating has been applied properly, a third-party inspection may be appropriate in some circumstances. NACE 
International provides training and certification of such inspectors. 
This section focuses primarily on liquid applied coatings used in atmospheric and immersion service. The 
application of coatings is most successful when the base metal corrosion does not exceed 1.3 mm/yr (0.050 
in./yr). The resin or organic binding of the coating material is the most influential factor in determining the 
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resistance and properties. Pigments, solvents, and additives will also influence the application properties and 
protective capability of the applied film. 
Auto-Oxidative Cross-Linked Resins. All of the coatings in this class contain drying oils, which consist mainly 
of polyunsaturated fatty acids and undergo film formation by oxidation drying. Cross-linked resins include 
alkyd resins, modified alkyd resins, and epoxy resins. 
The alkyd resins are the most common coating systems used to combat corrosion. These are not known for their 
exceptional chemical, alkaline, or moisture resistance; however, the ease of application, low cost, and ability to 
penetrate the surface, even surfaces that are poorly prepared, make alkyds one of the best choices for steel 
protection not directly in contact with harsh chemical environments. Some of the most common applications for 
alkyds are water tanks, highway bridges, structural steel, and machinery housings. 
Alkyd modifications include additives that improve specific properties of the material. There are a number of 
modifications that are available for different applications. Reference 8 identifies several different alkyd 
variations and their properties. 
Epoxy esters are usually prepared by reacting a drying oil with the epoxy resin at elevated temperature. 
Compared to the alkyd resins, epoxy resins have better adhesion, moisture, and chemical resistance and a slight 
increase in cost. 
Thermoplastic resins are characterized by softening at elevated temperatures. The most useful thermoplastic 
resins are the vinyls, chlorinated rubbers, thermoplastic acrylics, and bituminous resins (coal tar and asphalt). In 
general, these resins have good resistance to weathering, acid or alkali exposure, and moisture. The coal tars, 
chlorinated rubbers, and the vinyls are excellent choices for superior moisture resistance. Vinyl-solution 
coatings are most often used in applications requiring toughness and water resistance. Submersion applications 
such as locks and dams may use vinyl-solution coatings. Vinyl paints in conjunction with zinc-rich primers are 
used for bridge applications. 
Acrylic coatings exhibit excellent chemical resistance to weathering environments and moisture; however, they 
are not considered suitable for immersion service or strong chemical environments. Typical properties include 
excellent color retention, gloss, and ultraviolet stability. Thermoplastic acrylics are often used in the automotive 
industry in finishing and refinishing. One of the most familiar uses of acrylics is for water-base indoor and 
outdoor paints. The major benefit of acrylic-based paint is the water cleanup. 
Bituminous coatings are most commonly used for roof coatings, highway or pavement sealers, underground 
coatings, and waterproofing compounds. Asphaltic materials are less affected by ultraviolet light and have 
better atmospheric weathering resistance than coal tar coatings, so the asphaltic coatings are usually used for 
above-grade applications. However, coal tar coatings are more resistant to moisture, acids, and alkalies than are 
the asphaltics. 
Cross-linked thermosetting coatings refer to chemically cured coatings that harden by a chemical reaction either 
with a copolymer or with moisture. Examples of chemically cross-linked thermosetting coatings include 
epoxies, unsaturated polyesters, high-temperature curing silicones, phenolic linings, and certain urethanes. 
Chemically cured coatings that react with water include moisture-cured polyurethanes and most of the 
inorganic zinc-rich coatings. Chemically cross-linked coatings and linings are considered highly corrosion 
resistant to acids, alkalies, and moisture. They can be formulated to be resistant to abrasion, ultraviolet 
radiation, and thermal degradation. These properties are optimized when sufficient curing occurs. The curing 
time is dependent on weather conditions, but may take 7 days. Detailed discussion of specific cross-linked 
thermosetting coatings is provided in Ref 8. 
Zinc-rich coatings have the unique ability to provide galvanic protection to ferrous substrates due to the 
metallic zinc dust pigment. Metal-to-metal contact of the coating and substrate creates a galvanic couple. Zinc 
is anodic to the steel and thus provides protection to the steel substrate. There are two categories, organic zinc-
rich coatings and inorganic zinc-rich coatings, based on the binders used. The great advantage of this coating 
system is the elimination of pitting and subfilm corrosion. Zinc-rich coatings are widely used in industrial and 
marine environments. These coating are often used as primers or first coats, with a topcoat then applied to 
complete the protection system. 
Porcelain Enamels. Porcelain coatings or glass coatings are applied primarily to steel, cast iron, and aluminum. 
They are matured at 425 °C (800 °F). The porcelain coatings offer barrier protection to the substrate, which 
must be free of defects. Common applications of porcelain enamels include major appliances, water heater 
tanks, chemical-processing vessels, heat exchangers, storage tanks, piping, and pump components. The choice 
of porcelain enamels is primarily for chemical resistance, corrosion protection, weather resistance, mechanical 



or electrical properties, appearance, color, cleanability, and thermal shock capability. There are two types of 
porcelain enamels, ground-coat or cover-coat enamels. Ground-coat enamels contain oxides that promote the 
adherence of the coating to the substrate. Cover-coat enamels are applied to improve appearance and properties 
of the coating. 
Chemical-Setting Ceramic Linings. Inorganic chemical-setting ceramic linings are widely used as a protective 
lining for construction materials. Their characteristics include resistance to high temperatures and aggressive 
corrosion media. Applications include floors, vessels, tanks, scrubbers, air pollution control equipment, and 
chimneys in a variety of industries. The linings have resistance to strong acids and solvents, temperatures up to 
870 °C (1600 °F), good compressive and flexural and abrasion resistance. Monolithic linings are applied by 
cast or gunite (shotcreting) methods over old and new steel, concrete, and brick and mortar masonry. Inorganic 
monolithic linings have a certain amount of permeability, and over time acid can penetrate the lining and 
eventually reach the substrate. Dual-lining systems can combat this problem. 
Metallic coatings are another method of corrosion protection for materials. Typical application methods include 
electroplating, hot dipping, cladding, thermal spray coatings, electroless process, and vapor-deposition process. 
Metals with greater corrosion resistance than the base material are applied. 
Electroplated Coatings. Electroplating is deposition of a metal or alloy in an adherent form on an object serving 
as a cathode. Electrodeposition is used for cosmetic purposes, to improve conductivity and other surface 
properties, and for corrosion protection. Specific applications for electroplating include automobile bumpers, 
trim on appliances, electronic circuits, construction and architectural hardware, plumbing fittings, fasteners, gun 
bores, and food packaging. The selection of the coating is primarily based on the galvanic series. Coatings are 
difficult to apply without any imperfections. Thus, the most desirable situation is to choose a coating material 
that is anodic to the substrate and one that has a very low corrosion rate. Typical materials used as 
electrodeposited coatings include nickel, nickel-phosphorus, cadmium, zinc, chromium, tin, lead, copper, and 
gold. 
Several factors that influence the performance of the coatings are the design of the part, the stresses in the 
substrate, the surface profile, and susceptibility to hydrogen absorption. Advantages of electroplating including 
the variety of coatings available, versatility of applications, variety of application methods, galvanic protection, 
color options for aluminum, precise thickness control, ductility, and formability after coating, There are some 
disadvantages to the electroplated coatings, which include color limitations, substrate incompatibilities, design 
limitations, and the difficulty to plate large objects. 
Hot-dip coatings are applied by immersing a metal in a molten bath of coating metal. Typical hot-dip coated 
materials include zinc-coated steel (galvanized steel), aluminum-coated steel (aluminized), and aluminum-zinc 
alloy coated steel that are produced by batch or continuous methods. The advantages of these coatings include 
the ability to coat recessed areas with minimum coating thickness, resistance to mechanical damage, and good 
resistance to corrosion. There are, however, limitations regarding hot-dip coatings. The coating must melt at a 
reasonably low temperature, and the steel base metal must not undergo property alterations during the coating 
process. Galvanized steel has been used for more than 100 years and remains in high demand today. 
Aluminum-coated steel requires a more difficult process, but is used in major applications including chain 
links, roofing panels, and automotive exhaust components. Aluminum-zinc alloy coated steel provides a 
combination of galvanic protection and low corrosion rate. Applications include metal roofing, automotive 
components, appliances, and corrugated pipe. 
Vapor-deposited coatings have been used to modify the surface properties of the materials. These coatings are 
most often used to improve the wear properties of a material, but they have also been used as corrosion-
resistant coatings. The two major categories of these coatings are physical vapor deposition (PVD) and 
chemical vapor deposition (CVD). Sputtering, the process of transporting material from a source to a substrate 
by bombardment of a target with gas ions, is the most widely used method of application for PVD. This method 
is optimal for thin metal films where good adhesion and uniformity are necessary. However, the limited 
thickness and high cost are disadvantages of this method. Chemical vapor deposition is a process used in the 
semiconductor and cutting tool industry for thick, dense, and high-quality films. 
Thermal Spray Coatings. Thermal spraying is a process in which fine molten metallic or nonmetallic material is 
sprayed onto a substrate to form a coating. Advantages of the thermal spray process are the ability to apply 
thick coatings, excellent paintability of the surface, no heat distortion of the substrate, no curing time required, 
and the capability of applying coatings in the field (Ref 9). Long-term corrosion protection of iron and steel is 
achieved by thermal spray coatings. The bond between the sprayed coating and the substrate is generally 
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mechanical. Surface preparation is critical to the performance of the coating. One application of thermal spray 
coatings is for the protection of steel components from heat oxidation at temperatures up to 1095 °C (2000 °F). 
High-temperature corrosion resistance usually requires alloys of aluminum or nickel-chromium alloys. 
Zinc and aluminum coatings are commonly applied to combat corrosion. Stainless steel and Hastelloy alloys are 
commonly used to combat corrosion in the chemical industry. Sealers or topcoats are commonly used to extend 
the life of thermal spray coatings and for decorative purposes. 
Conversion coatings are a form of barrier protection in which a portion of the base metal is converted into a 
protective compound by a chemical or electrochemical treatment. Because the continuity of the conversion 
coating is more certain than that of an organic coating, conversion coatings treatment often precedes the 
application of organic coatings to enhance overall corrosion resistance. Proper cleaning of the base metal is 
essential to ensure this continuous coverage. 
Phosphate conversion coatings are applied to various metal substrates to enhance corrosion resistance and 
improve paint adhesion. Corrosion protection is not the primary function of phosphates by themselves, but they 
improve the subsequent corrosion protection treatment. 
The three categories of phosphate coatings are iron phosphates, zinc phosphates, and heavy phosphates. Iron 
phosphates are used when good paint adhesion and low cost are the primary concern. Zinc phosphates provide 
good paint adhesion, and they hold oils and waxes well. They provide good painted corrosion resistance. Heavy 
phosphates (manganese phosphates) are more expensive, but have an increase in unpainted corrosion resistance. 
Chromate conversion coatings are formed by a chemical or electrochemical treatment of metals in solutions 
containing chromium ions and usually other components. The coatings are applied to enhance bare or painted 
corrosion resistance, to improve the adhesion of paint or other organic finishes, and to provide the metallic 
surface with a decorative finish. This process is used on many metals including aluminum, zinc, steel, copper, 
tin, and nickel. The level of protection is dependent on the substrate metal, the type of chromate coating used 
and the coating weight. The mechanism of corrosion protection is that of a barrier insulation from the 
environment that inhibits the cathodic-corrosion reactions. 
Aluminum anodizing is an electrochemical method of converting aluminum into aluminum oxide at the surface 
of the component. Aluminum anodizing is used extensively. Chromic, sulfuric, and hard-coat anodizing are the 
most common methods. Chromic is the least used. It is relatively soft, but is useful when precise dimension of 
the part must be maintained. Sulfuric anodizing is the most widely used due to its light to moderate wear 
resistance, appearance, and corrosion resistance. Chromic and sulfuric coatings are porous and are typically 
sealed to close the pores inherent in the process. Hard-coat is typically not sealed, as sealing softens the coating 
and would reduce its wear resistance. 
Surface modification refers to the modification of the surface composition or structure by using energy or 
particle beams. Elements may be added to influence the surface characteristics of the substrate by forming 
alloys, metastable alloys or phases, or amorphous layers. Surface-modified layers have a greater similarity to 
metallurgical alloying rather than the chemically adhered and mechanical bonds created by conversion or 
organic coating methods. Ion implantation and laser surface processing are two methods of surface 
modification. Ion implantation, derived from the semiconductor industry, is a relatively specialized process 
because of the cost of equipment and high degree of training required of operators. The process involves 
electrostatically accelerating an ionized species into the substrate. It is more recognized for its improvement of 
wear resistance than corrosion resistance, although there are corrosion-resistance benefits in certain cases. 
Laser surface modification can modify the metallurgical structure of the surface and change surface properties 
without adversely affecting the bulk properties. There are generally three forms of laser surface modifications: 
transformation hardening, surface melting, and surface alloying. Laser processing can be used to create 
corrosion-resistant surface layers. Usefulness of laser processing is limited because it requires a planar substrate 
and the substrate must be compatible with the thermal conduction requirements of the process. 
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Forms of Corrosion 
 

Introduction 

CORROSION is the electrochemical reaction of a material and its environment. This article addresses those 
forms of corrosion that contribute directly to the failure of metal parts or that render them susceptible to failure 
by some other mechanism. In particular, mechanisms of corrosive attack for specific forms of corrosion are 
described. Other articles in this Volume discuss analysis and prevention of several types of failure in which 
corrosion is a contributing factor. These articles include “Stress-Corrosion Cracking,” “Liquid-Metal and Solid-
Metal Induced Embrittlement,” “Hydrogen Damage and Embrittlement,” “Corrosive Wear Failures,” 
“Biological Corrosion Failures,” and “High-Temperature Corrosion-Related Failures.” 
The rate, extent, and type of corrosive attack that can be tolerated in an object vary widely, depending on the 
specific application and initial design. Whether the observed corrosion behavior was normal for the metal used 
in the given service conditions helps determine what inspection and maintenance action, if any, should be 
taken. 
All corrosion reactions are electrochemical in nature and depend on the operation of electrochemical cells at the 
metal surface. This mechanism is discussed in the first section, “Galvanic Corrosion.” Galvanic corrosion 
applies even to generalized uniform chemical attack—described in the section “Uniform Corrosion”—in which 
the anodes and cathodes of the cells are numerous, small, and close together. The analysis of corrosion failures 
and the development of suitable corrective measures require not only a basic understanding of electrochemistry, 
but also the ability to apply fundamental principles of chemistry and metallurgy. It is useful to consider these 
principles in the context of the form that the corrosion takes. Figure 1 is a schematic of several forms of 
corrosion, including those described in the sections “Pitting and Crevice Corrosion,” “Intergranular Corrosion,” 
and “Selective Leaching” in this article. The figure also includes external conditions that produce aggressive 
corrosion such as velocity-affected corrosion, which is addressed in this article, and stress-corrosion cracking 
(SCC), which is addressed elsewhere in this Volume. These reviews of corrosion forms and mechanisms are 
intended to assist the reader in developing an understanding of the underlying principles of corrosion; acquiring 
such an understanding is the first step in recognizing and analyzing corrosion-related failures and in 
formulating preventive measures. 
 

 

Fig. 1  Forms of corrosion. Adapted from Ref 1 
More detailed discussions of the fundamentals and mechanisms of corrosion are provided in the References 
listed at the end of this article and in Corrosion, Volume 13 of ASM Handbook. 
 

Forms of Corrosion  

 

Galvanic Corrosion 
Although sometimes considered a form of corrosion, galvanic corrosion is more accurately considered a type of 
corrosion mechanism, because galvanic action is the basis for, or can accelerate the effects of, other forms of 
corrosion. Uniform attack, pitting, and crevice corrosion can all be exacerbated by galvanic conditions. 



Galvanic corrosion occurs when two dissimilar conducting materials (metallic or nonmetallic) are in electrical 
contact. It usually consists of two dissimilar conductors in electrical contact with each other and with a common 
conducting fluid (an electrolyte), or it may occur when two similar conductors come in contact with each other 
via dissimilar electrolytes. The former is the more common condition. 
When two materials are in electrical contact and connected by an electrolyte, a galvanic current flows between 
them because of the inherent potential difference between the two. The resulting reaction is referred to as 
couple action, and the electrically coupled system is known as a galvanic cell. The couple consists of an anode 
(which liberates electrons and corrodes typically by metal dissolution and/or metal oxide formation) and a 
cathode (which gains electrons and typically liberates hydrogen to the electrolyte and/or reduces oxides). Both 
reactions at the anode and cathode must proceed simultaneously for galvanic corrosion to occur. The overall 
reaction results in the corrosion of the anode by metal dissolution or oxidation, and an electrical current flows 
from the more anodic metal through a conducting medium or electrolyte to the other more cathodic metal 
(liberating hydrogen and/or causing a “reduction” of oxides). This action is seen in Fig. 2 where a couple is 
made up of steel and mill scale. 

 

Fig. 2  Breaks in mill scale (Fe3O4) leading to galvanic corrosion of steel 
The three essential components for galvanic corrosion are:  

• Materials possessing different surface potential 
• A common electrolyte 
• A common electrical path 

A mixed-metal system in a common electrolyte that is electrically isolated will not experience galvanic 
corrosion, regardless of the proximity of the metals or their relative potential or size. 
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Factors Affecting Galvanic Corrosion 

The intensity of galvanic corrosion is affected by the following factors:  

• The potential difference between the metals or alloys 
• The nature of the environment 
• The polarization behavior of the metals or alloys 
• The geometric relationship of the component metals or alloys 

The severity of galvanic corrosion depends on the amount of current flow. The relative potentials and 
polarization behavior of metals and alloys are key consideration discussed later in this article. Current flow also 
depends on the physical configuration, the relative area, distance, and shape, of the components. 

Geometric Factors 
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Effect of Surface Area. The relative size of the anodic and cathodic surfaces is important. The intensity of 
galvanic attack is related to the relative size of the metals in electrical contact. Large cathodic areas coupled to 
small anodic areas will aggravate galvanic corrosion and cause severe dissolution of the more active metal. The 
reverse situation—large anodic areas coupled to small cathodic areas—produces very little galvanic current. 
This is why imperfections or holidays in protective coatings may lead to severe galvanic corrosion in the 
localized region of the coating imperfection. It is extremely dangerous to coat the anodic member of a couple 
because this may only reduce its active area, which severely accelerates the attack at these holidays in the 
otherwise protective coating. If inert barrier coatings are employed, both the anode and cathode must be 
protected. 
Effect of Distance. Dissimilar metals in a galvanic couple that are in close physical proximity usually suffer 
greater galvanic effects than those that are farther apart. The distance affects the resistance of the current path in 
the solution and the external circuit. Thus, if dissimilar pipes are butt welded with the electrolyte flowing 
through them, the most severe corrosion will occur adjacent to the weld on the anodic member. 
Effect of Shape. The geometry of the circuit elements determines the electrical potential gradient, which causes 
the current to flow. 

Galvanic Series 

Because galvanic corrosion is directly related to the electrical current caused by the natural potential difference 
or electromotive force (emf) between different metals, it is useful to rank metals according to their relative 
potentials for a given electrolytic solution. For example, the galvanic series of potentials for metals in a 
chloride-containing aqueous solution (i.e., seawater) is often used for purposes of general comparison. This 
series is shown in Fig. 3. When two metals of a galvanic cell are widely separated in the galvanic series, there is 
a greater flow of current than for metals with small difference in potential. The galvanic series also allows one 
to determine which metal or alloy in a galvanic couple is more active. Metals that are more anodic in a given 
galvanic cell are prone to corrode by metal dissolution or oxidation. The more cathodic material is more 
corrosion resistant (i.e., more noble). 
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Fig. 3  Galvanic series of metals and alloys in seawater. Alloys are listed in order of the 
potential they exhibit in flowing seawater; those indicated by the black rectangle were 
tested in low-velocity or poorly aerated water and at shielded areas may become active 
and exhibit a potential near -0.5 V. Adapted from Ref 2 
 
Although the measurement of potentials has limitations as previously noted, galvanic series based on seawater 
or other standard electrolytes are worthwhile for initial materials selection for multiple metal/alloy systems in a 
given environment. A properly prepared galvanic series is easy to use and can answer simple galvanic-
corrosion questions regarding the positions and relative separation of metals and alloys in a galvanic series. 
However, the comparison of galvanic potentials is only a ranking of general susceptibility; it does not address 
all the conditions and factors that influence galvanic corrosion. Limitations on the use of galvanic series 
include:  

• No information is available on the rate of corrosion 
• Active-passive metals may display two, widely differing potentials 
• Small changes in electrolyte can change the potentials significantly 
• Potentials may be time dependent 

Creating a galvanic series is a matter of measuring the corrosion potential of various materials of interest in the 
electrolyte of interest against a reference electrode half-cell, such as saturated calomel, as described by the 
procedure in ASTM G 82 (Ref 3). To prepare a valid galvanic series for a given materials and environment of 
interest, all the factors affecting the potential must be addressed. This includes material composition, heat 
treatment, surface preparation (mill scale, coatings surface finish, etc.), environmental composition (trace 
contaminants, dissolved gases, etc.), temperature, flow rate, solution concentration, and degree of agitation or 
aeration. In addition, corrosion product films and other changes in surface composition can also occur in some 
environments, and so exposure time is important, too. 
With certain exceptions, the galvanic series in seawater is broadly applicable in other natural waters and in 
uncontaminated atmospheres. Bodily fluids are similar to saltwater, so as a first approximation the galvanic 
series is useful for implants. 
However, metals behave differently in different environments. The relative positions of metals and alloys in the 
galvanic series can vary significantly from one environment to another. The position of alloys in the galvanic 
series for seawater is not necessarily valid in nonsaline solutions. For example, aluminum is anodic to zinc in an 
aqueous 1 M sodium chromate (Na2CrO4) solution and cathodic to iron in an aqueous 1 M sodium sulfate 
(Na2SO4) solution (Ref 4). 
The emf series is a table that lists in order the standard electrode potentials of specified electrochemical 
reactions. The potentials are measured against a standard reference electrode when the metal is immersed in a 
solution of its own ions at unit activity (Table 1). Similar to the galvanic series, it is a list of metals and alloys 
arranged according to their relative potentials in a given environment. Generally, the relative positions of 
metals and alloys in both emf and galvanic series are the same. An exception is the position of cadmium with 
respect to iron and its alloys. In the emf series, cadmium is cathodic to iron, but in the galvanic series (at least 
in seawater), cadmium is anodic to iron. Thus, if only the emf series were used to predict the behavior of a 
ferrous metal system, cadmium would not be chosen as a sacrificial protective coating, yet this is the principal 
use for cadmium plating on steel. 

Table 1   Standard emf series of metals 
Metal-metal ion equilibrium 
 
(unit activity) 

Electrode potential versus 
 
SHE at 25°C (75 °F), V 

Noble or cathodic  
Au-Au3+  1.498 
Pt-Pt2+  1.2 
Pd-Pd2+  0.987 
Ag-Ag+  0.799 



Hg-Hg2+  0.788 
Cu-Cu2+  0.337 
H2-H+  0.000 
Pb-Pb2+  -0.126 
Sn-Sn2+  -0.136 
Ni-Ni2+  -0.250 
Co-Co2+  -0.277 
Cd-Cd2+  -0.403 
Fe-Fe2+  -0.440 
Cr-Cr2+  -0.744 
Zn-Zn2+  -0.763 
Ti-Ti3+  -1.210 
Ti-Ti2+  -1.630 
Al-Al2+  -1.662 
Mg-Mg2+  -2.363 
Na-Na+  -2.714 
K-K+  -2.925 
Active or anodic  

Polarization 

Electron flow occurs between metals or alloys in a galvanic couple. This current flow between the more active 
and more noble members causes shifts in potential, because the potentials of the metals or alloys tend to 
approach each other over time. This shift, where the open-circuit electrode potential changes as a result of the 
passage of current, is due to polarization of the electrodes. For example, during electrolysis, the potential of an 
anode becomes more noble, and the potential of the cathode becomes more active than their respective open-
circuit (or reversible) potentials. Often polarization occurs from the formation of a film on the electrode surface. 
The magnitude of the shift depends on the environment, as does the initial potential. If the more noble metal or 
alloy is more easily polarized, its potential is shifted more toward the more active metal or alloy potential. The 
shift in potential of the more active metal or alloy in the direction of the cathode is therefore minimized so that 
accelerated galvanic corrosion is not as great as would otherwise be expected. On the other hand, when the 
more noble metal or alloy is not readily polarized, the potential of the more active metal shifts further toward 
the cathode (that is, in the direction of anodic polarization) such that appreciable accelerated galvanic corrosion 
occurs. 
Polarization measurements on the members of a galvanic couple can provide precise information concerning 
their behavior. The polarization curves and the mixed potential for the galvanically coupled metals in a 
particular environment can be used to determine the magnitude of the galvanic-corrosion effects as well as the 
type of corrosion. 
An important application in the use of polarization measurements in galvanic corrosion is the prediction of 
localized corrosion. Polarization techniques and critical potentials are used to measure the susceptibility to 
pitting and crevice corrosion of metals and alloys coupled in chloride solutions. In addition, this technique is 
valuable in predicting galvanic corrosion among three or more coupled metals or alloys. 
Polarization measurements can be made by generating stepped potential or potentiodynamic polarization curves 
or by obtaining potentiostatic information on polarization behavior. The objective is to obtain a good indication 
of the amount of current required to hold each material at a given potential. Because all materials in the 
galvanic system must be at the same potential in systems with low solution resistivity, such as seawater, and 
because the sum of all currents flowing between the materials must equal 0 by Kirchoff's Law, the coupled 
potential of all materials and the galvanic currents flowing can be uniquely determined for the system. The 
corrosion rate can then be related to galvanic current by Faraday's Law. Faraday's Law establishes the 
proportionality between current flow and the amount of material dissolved or deposited in electrolysis. 
Additional information is provided in the article “Kinetics of Aqueous Corrosion,” in Corrosion, Vol 13 of the 
ASM Handbook.  
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Potentiodynamic polarization curves are generated by connecting the specimen of interest to a scanning 
potentiostat. This device applies whatever current is necessary between the specimen and a counterelectrode to 
maintain that specimen at a given potential versus a reference electrode half-cell placed near the specimen. The 
current required is plotted as a function of potential over a range that begins at the corrosion potential and 
proceeds in the direction (anodic or cathodic) required by that material. Such curves would be generated for 
each material of interest in the system. Additional information on the method for generating these curves is 
available in ASTM G 5 (Ref 5). The scan rate for potential must be chosen such that sufficient time is allowed 
for completion of electrical charging at the interface. 
Potentiodynamic polarization is particularly effective for materials with time-independent polarization 
behavior. It is fast, relatively easy, and gives a reasonable, quantitative prediction of corrosion rates in many 
systems. However, potentiostatic techniques are preferred for time-dependent polarization. To establish 
polarization characteristics for time-dependent polarization, a series of specimens are used, each held to one of 
a series of constant potentials with a potentiostat while the current required is monitored as a function of time. 
After the current has stabilized or after a preselected time period has elapsed, the current at each potential is 
recorded. Testing of each specimen results in the generation of one potential/current data pair, which gives a 
point on the polarization curve for that material. The data are then interpolated to trace out the full curve. This 
technique is very accurate for time-dependent polarization, but is expensive and time consuming. The 
individual specimens can be weighed before and after testing to determine corrosion rate as a function of 
potential, thus enabling the errors from using Faraday's Law to be easily corrected. 
The process of predicting galvanic corrosion from polarization behavior can be illustrated by the example of a 
steel-copper system. Steel has the more negative corrosion potential and will therefore suffer increased 
corrosion upon coupling to copper, but the amount of this corrosion must be predicted from polarization curves. 
If the polarization of each material is plotted as the absolute value of the log of current density versus potential 
and if the current density axis of each of these curves is multiplied by the wetted surface area of that material in 
the service application, then the result will be a plot of the total anodic current for steel and the total cathodic 
current for copper in this application as a function of potential (Fig. 4). 
 

 

Fig. 4  Prediction of coupled potential and galvanic current from polarization diagrams. i, 
current; io, exchange current; Ecorr, corrosion potential 
 
Furthermore, when the two metals are electrically connected, the anodic current to the steel must be supplied by 
the copper; that is, the algebraic sum of the anodic and cathodic currents must equal 0. If the polarization curves 
for the two materials, normalized for surface area as above, are plotted together, this current condition is 
satisfied where the two curves intersect. This point of intersection allows for the prediction of the coupled 
potential of the materials and the galvanic current flowing between them from the intersection point. This 
procedure works if there is no significant electrolyte resistance between the two metals; otherwise, this 
resistance must be taken into account in a complex manner that is beyond the scope of this article. 
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Combating Circumstances That Promote Galvanic Action 

Dissimilar Metals. The combination of dissimilar metals in engineering design is quite common—for example, 
in heating or cooling coils in vessels, heat exchangers, or machinery. Such combinations often lead to galvanic 
corrosion. The obvious design considerations to minimize the adverse effects of using dissimilar metals are to:  

• Select metals with the least difference in “uncoupled” corrosion potentials 
• Minimize the area of the more noble metal with respect to that of the active metal 
• Insert an electrically insulating gasket between the two dissimilar metals 
• Seal the junction from any available electrolyte 

Another possibility is coating the cathodic material for corrosion control. Where metallic coatings are used, 
there may be a risk of galvanic corrosion, especially along the cut edges. Rounded profiles and effective 
sealants or coatings are beneficial. Ineffective painting of an anode in an assembly can significantly reduce the 
desired service lifetime because local defects (anodes) effectively multiply the risk of localized corrosion. 
It is often necessary to use different materials in close proximity. Sometimes, components that were designed in 
isolation can end up in direct contact in the plant (Fig. 5). In such instances, the ideals of a total design concept 
become especially apparent, but usually in hindsight. 
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Fig. 5  Design details that can affect galvanic corrosion. (a) Fasteners should be more 
noble than the components being fastened; undercuts should be avoided, and insulating 
washers and spaces should be used to completely isolate the fastener. (b) Weld filler 
metals should be more noble than base metals. Transition joints can be used when a 
galvanic couple is anticipated at the design stage, and weld beads should be properly 
oriented to minimize galvanic effects. (c) Local damage can result from cuts across heavily 
worked areas. End grains should not be left exposed. (d) Galvanic corrosion is possible if 
a coated component is cut. When necessary, the cathodic component of a couple should be 
coated. (e) Ion transfer through a fluid can result in galvanic attack of less noble metals. 
In the example shown at left, copper ions from the copper heater coil could deposit on the 
aluminum stirrer. A nonmetallic stirrer would be better. At right, the distance from a 
metal container to a heater coil should be increased to minimize ion transfer. (f) Wood 
treated with copper preservatives can be corrosive to certain nails. Aluminum cladding 
can also be at risk. (g) Contact of two metals through a fluid trap can be avoided by using 
a drain, collection tray, or a deflector. 
 
Where dissimilar materials are to be joined, it is advisable to use a more noble metal in a joint (Fig. 5a and b). 
Unfavorable area ratios should be avoided. Metal combinations should be used in which the more active metal 
or alloy surface is relatively large. Rivets, bolts, and other fasteners should be of a more noble metal than the 
material to be fastened. 
Dissimilar-metal crevices, such as at threaded connections, are to be avoided, if possible. Crevices should be 
sealed, preferably by welding or brazing, although putties are sometimes used effectively. Replaceable sections 
of the more active member should be used at joints, or the corrosion allowance of this section should be 
increased, or both. Effective insulation can be useful if it does not lead to crevice corrosion. Some difficulties 
arise in the use of adhesives, which may not be sealants. 



Preventive Measures. In particular cases, it is possible to reduce or eliminate galvanic-corrosion effects between 
widely dissimilar metals or alloys in a particular environment by altering one or more of the three key factors 
necessary for galvanic corrosion. Electrochemical techniques to mitigate galvanic corrosion include electrical 
isolation, use of transition materials, and cathodic protection. 
Electrical Isolation. The joint between dissimilar metals can be isolated to break the electrical continuity. Use of 
nonmetallic inserts, washers, fittings, and coatings at the joint between the materials will provide sufficient 
electrical resistance to eliminate galvanic corrosion. The design of the insulation or maintenance must ensure 
that the insulator is not bridged by accumulated debris. 
Transition Materials. In order to eliminate a dissimilar-metal junction, a transition piece can be introduced. The 
transition piece consists of the same metals or alloys as in the galvanic couple bonded together in a laminar 
structure. The transition piece is inserted between the members of the couple such that the similar metals mate 
with one another. The dissimilar-metal junction then occurs at the bond interface, excluding the electrolyte. 
Cathodic Protection. Sacrificial metals, such as magnesium or zinc, may be introduced into the galvanic 
assembly. The most active member will corrode while providing cathodic protection to the other members in 
the galvanic assembly (for example, zinc anodes in cast iron waterboxes of copper alloy water-cooled heat 
exchangers). Cathodic protection is a common and economical method of corrosion protection that is often used 
for the protection of underground or underwater steel structures. The use of cathodic protection for long-term 
corrosion prevention for structural steels, underground pipelines, oil and gasoline tanks, offshore drilling rigs, 
well-head structures, steel piling, piers, bulkheads, offshore pipelines, gathering systems, drilling barges, and 
other underground and underwater structures is a fairly standard procedure. Magnesium, zinc, and aluminum 
galvanic (sacrificial) anodes are used in a wide range of cathodic protection applications. 
The electric potential of an object can be changed to protect it. A direct-current potential can be applied on it 
through the use of a rectifier, battery, or solar cell. Conversely, stray currents can be a source of increased 
galvanic degradation. 
Altering the Electrolyte. The use of corrosion inhibitors is effective in some cases. Elimination of cathodic 
depolarizers (deaeration of water by thermomechanical means plus oxygen scavengers such as sodium sulfite or 
hydrazine) is very effective in some aqueous systems. 
Metallic Coatings. Two types of metallic coatings are used in engineering design: noble metal coatings and 
sacrificial metal coatings. Noble metal coatings are used as barrier coatings over a more reactive metal. 
Galvanic corrosion of the substrate can occur at pores, damage sites, and edges in the noble metal coating. 
Sacrificial metal coatings provide cathodic protection of the more-noble base metal, as in the case of galvanized 
steel or Alclad aluminum. 
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Evaluation of Galvanic Corrosion 

In terms of general evaluation, the most common method of predicting galvanic corrosion is by immersion 
testing of the galvanic couple in the environment of interest. Although time consuming, this is the most 
desirable method of investigating galvanic corrosion. 
In design and materials selection, screening tests are conducted to eliminate as many candidate materials as 
possible. These screening tests consist of one or more of the following electrochemical techniques:  

• Potential measurements 
• Polarization measurements 
• Current measurements 

Potential measurements are made to construct a galvanic series of metals and alloys, as described in the next 
section. As a first approximation, the galvanic series is a useful tool. However, it has several limitations. Metals 
and alloys that form passive films will exhibit varying potentials with time and are therefore difficult to position 
in the series with certainty. Also, the galvanic series does not provide information on the polarization 
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characteristics of the materials and so is not helpful in predicting the probable magnitude of galvanic effects. 
Polarization measurements are discussed in the section “Polarization” in this article. 
Measurement of galvanic currents between coupled metals or alloys is based on the use of a zero-resistance 
milliammeter. Zero-resistance electrical continuity between the members of the galvanic couple is maintained 
electronically, while the resulting current is measured with the ammeter. Use of this technique should take into 
account certain limitations. First, when localized corrosion such as pitting or crevice corrosion is possible in the 
galvanic couple, long induction periods may be required before these effects are observed. Test periods must be 
of sufficient duration to take this effect into account. Also the measured galvanic current is not always a true 
measure of the actual corrosion current, because it is the algebraic sum of the currents due to anodic and 
cathodic reactions. When cathodic currents are appreciable at the mixed potential of the galvanic couple, the 
measured galvanic current will be significantly lower than the true current. Therefore, large differences between 
the true corrosion rate calculated by weight loss and that obtained by galvanic current measurements have been 
observed. 
Evaluating Galvanic Corrosion as a Synergistic Corrosion Mechanism. Uniform corrosion, pitting, and crevice 
corrosion can all be exacerbated by galvanic conditions. In addition, any of the tests used for the more 
conventional forms of corrosion, such as uniform attack, pitting, or stress corrosion, can be used, with 
modifications, to determine galvanic-corrosion effects. The modifications can be as simple as connecting a 
second metal to the system or as complex as necessary to evaluate the appropriate parameters. A change in the 
method of data interpretation is often all that is needed to convert conventional test methods into galvanic-
corrosion tests. 
Example 1: Galvanic Corrosion Leading to Fatigue Failure of a Helicopter Tail Rotor (Ref 6). A tail rotor blade 
spar shank was constructed of 2014-T652 aluminum alloy. The spar was hollow with the cavity filled with a 
lead wool ballast material and sealed with a thermoset material. One blade separated in flight, but fortunately a 
successful emergency landing was made. The outboard section that had separated was recovered. 
Examination. There was a large flat fracture with beach mark features typical of fatigue. The fatigue crack had 
initiated on the inner surface of the spar at the cavity (Fig. 6a and b). Fluid was found within the cavity, and the 
thermoset seal cap was broken. Microscopic examination revealed pitting corrosion on the inner surface of the 
spar cavity. 
 

 

Fig. 6  Fatigue cracking of a helicopter tail rotor blade. (a) Scanning electron micrograph 
of the blade showing lead wool ballast in contact with the 2014-T652 aluminum spar bore 
cavity wall at the failure origin ~13×. (b) Greater magnification (~63×) in this same area 
shows the multiple pits and associated corrosion products at the failure origin. The beach 
marks are seen emanating from the pits, typical of fatigue failure mode. Source: Ref 6  
 
Conclusion. The seal had failed allowing moisture into the cavity. This served as an electrolyte for galvanic 
corrosion between the lead and aluminum components. Corrosion pits formed at contact points of the lead wool 



and the aluminum spar wall. These pits served as the point of origin for the fatigue crack leading to failure of 
the assembly. 
Corrective Actions. To prevent the root cause of the failure, the causes of galvanic corrosion needed to be 
eliminated. The integrity of the seal needed to be ensured. A barrier coating between the lead and aluminum 
wall could be added. Alternate means of encapsulating the lead wool were also suggested. The corrective action 
taken was not reported. 
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Examples of Factors Contributing to Galvanic Corrosion 

Ion transfer results in the deposition of active and noncompatible deposits on a metal surface. For example, an 
aluminum stirrer plate used in water was extensively pitted because the water bath was heated by a copper 
heater coil (Fig. 5e). The pits resulted from deposition of copper ions from the heater element. 
Nonmetallic Conductors. Less frequently recognized is the influence of nonmetallic conductors as cathodes in 
galvanic couples. Carbon brick in vessels is strongly cathodic to the common structural metals and alloys. 
Impervious graphite, especially in heat-exchanger applications, is cathodic to the less noble metals and alloys. 
Carbon-filled polymers or metal-matrix composites can act as noble metals in a galvanic couple. 
Metal Ion Deposition. Ions of a more noble metal may be reduced on the surface of a more active metal—for 
example, copper on aluminum or steel, silver on copper. This process is also known as cementation, especially 
with regard to aluminum alloys. The resulting metallic deposit provides cathodic sites for further galvanic 
corrosion of the more active metal. 
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Performance of Alloy Groupings 

Magnesium occupies an extremely active position in most galvanic series and is therefore highly susceptible to 
galvanic corrosion. Metals that combine active potentials with higher hydrogen overvoltages, such as 
aluminum, zinc, cadmium, and tin, are much less damaging, although not fully compatible with magnesium. 
Aluminum alloys containing small percentages of copper (7000 and 2000 series and 380 die-casting alloy) may 
cause serious galvanic corrosion of magnesium in saline environments. Very pure aluminum is quite 
compatible, acting as a polarizable cathode; however, when iron content exceeds 200 ppm, cathodic activity 
becomes significant (apparently because of the depolarizing effect of the intermetallic compound FeAl3), and 
galvanic attack of magnesium increases rapidly with increasing iron content. The effect of iron is diminished by 
the presence of magnesium in the alloy (Fig. 7). 
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Fig. 7  Corrosion rates in 3% NaCl solution of magnesium alloy AZ31B coupled with 
aluminum containing varying amounts of iron and magnesium. The corrosion rate of 
uncoupled AZ31B is shown for comparison. 
 
Aluminum and its alloys also occupy active positions in the galvanic series and are subject to failure by 
galvanic attack. In chloride-bearing solutions, aluminum alloys are susceptible to galvanically induced localized 
corrosion, especially in dissimilar-metal crevices. In this type of environment, severe galvanic effects are 
observed when aluminum alloys are coupled with more noble metals and alloys. 
Cementation effects are also observed in the presence of dissolved heavy-metal ions such as copper, mercury, 
or lead. Some aluminum alloys are used for sacrificial anodes in seawater. An active, anodic alloy is used to 
clad aluminum, protecting it against pitting in some applications. 
Contact of aluminum with more cathodic metals should be avoided in any environment in which aluminum by 
itself is subject to pitting corrosion. Where such contact is necessary, protective measures should be 
implemented to minimize sacrificial corrosion of the aluminum. In such an environment, aluminum is already 
polarized to its pitting potential, and the additional potential imposed by contact with the more cathodic metal 
greatly increases the corrosion current. 
In the absence of chlorides or with low concentrations, as in potable water, aluminum and its alloys may be less 
active because of greater stability of the protective oxide film. Galvanic effects are not as severe under these 
conditions. Corrosion of aluminum in contact with more cathodic metals is much less severe in solutions of 
most nonhalide salts, in which aluminum alone normally is not polarized to its pitting potential. 
In many environments, aluminum can be used in contact with chromium or stainless steels with only slight 
acceleration of corrosion; chromium and stainless steels are easily polarized cathodically in mild environments, 
so that the corrosion current is small despite the large differences in the open-circuit potentials between these 
metals and aluminum. Galvanic current between aluminum and another metal also can be reduced by removing 
oxidizing agents from the electrolyte. Thus, the corrosion rate of aluminum coupled to copper in seawater is 
greatly reduced wherever the seawater is deaerated. 
The criterion for cathodic protection of aluminum in soils and waters has been published by the National 
Association of Corrosion Engineers (Ref 7). The suggested practice is to shift the potential at least -0.15 V, but 
not beyond the value of -1.20 V as measured against a saturated copper sulfate (Cu/CuSO4) reference electrode. 
In some soils, potentials as low as -1.4 V have been encountered without appreciable cathodic corrosion (Ref 
8). 
Iron and steel are fairly active materials and require protection against galvanic corrosion by the higher alloys. 
They are, however, more noble than aluminum and its alloys in chloride solutions. However, in low-chloride 
waters, a reversal of potential can occur that causes iron or steel to become more active than aluminum. A 
similar reversal can occur between iron and zinc in hot waters of a specific type of chemistry. 
Stainless Steels. Galvanic-corrosion behavior of stainless steels is difficult to predict because of the influence of 
passivity. In the common galvanic series, a noble position is assumed by stainless steels in the passive state, 
while a more active position is assumed in the active state (Fig. 3). These are noted by black blocks in the 
diagram. This dual position in galvanic series in chloride-bearing aqueous environments has been the cause of 
some serious design errors. More precise information on the galvanic behavior of stainless steels can be 



obtained by using polarization curves, critical potentials, and the mixed potential of the galvanic couple. In 
chloride-bearing environments, galvanically induced localized corrosion of many stainless steels occurs in 
couples with copper or nickel and their alloys and with other more noble materials. However, couples of 
stainless and copper alloys are often used with impunity in freshwater cooling systems. Iron and steel tend to 
protect stainless steel in aqueous environments when galvanically coupled. The passive behavior of stainless 
steels makes them easy to polarize; thus, galvanic effects on other metals or alloys tend to be minimized. 
However, galvanic corrosion of steel can be induced by stainless steel, particularly in aqueous environments 
and with adverse area ratios. 
Lead, Tin, and Zinc. These three materials occupy similar positions in the galvanic series, although zinc is the 
most active. The oxide films formed on these materials can shift their potentials to more noble values. Thus, in 
some environments they may occupy more noble positions than one might otherwise expect. For example, the 
tin coating in tin cans is anodic to steel under anaerobic conditions in the sealed container, but becomes 
cathodic when the can is opened and exposed to air. Zinc is an active metal. It is susceptible to galvanic 
corrosion and is widely used for galvanic anodes, in cathodic protection as a sacrificial coating (for example, 
galvanizing or electroplating), and as a pigment in certain types of coatings. 
Copper and its alloys occupy an intermediate position in the galvanic series. They are not readily polarized in 
chloride-bearing aqueous solutions; therefore, they cause severe accelerated corrosion of more active metals, 
such as aluminum and its alloys and the ferrous metals. Somewhat similar to the nickel alloys, they lie between 
the active and passive positions for stainless steels (Fig. 3) and therefore induce localized corrosion of the 
active alloys. 
Nickel and its alloys are not readily polarized and will therefore cause accelerated corrosion of more active 
materials, such as aluminum and ferrous alloys. In chloride-bearing solutions, nickel is somewhat more noble 
than copper, and the cupronickels lie somewhere in between. Nickel and its alloys are similar to copper alloys 
in their effects on stainless steels. In some environments, the cast structure of a nickel weld may be anodic to 
the wrought parent metals. 
The combination of their passive surface with their inherent resistance places nickel-chromium alloys such as 
Inconel alloy 600 and Hastelloy alloy C-276 in more noble positions in the traditional galvanic series. In 
chloride-bearing solutions, Inconel alloy 600 is reported to occupy two positions because of existence of active 
and passive states in a manner similar to the stainless steels (Fig. 3). It is highlighted in black to indicate this. 
These alloys are readily polarized, and galvanic effects on other less noble metals and alloys therefore tend to 
be minimized. 
Cobalt-base alloys, most of which are chromium bearing, are resistant to galvanic corrosion because of their 
noble position in the galvanic series. However, in environments in which their passive film is not stable, they 
occupy a more active position and can be adversely affected by more noble materials. The fact that they 
polarize readily tends to reduce their galvanic effects on less noble materials. 
Reactive metals (titanium, zirconium, and tantalum) are extremely noble because of their passive films. In 
general, these alloys are not susceptible to galvanic corrosion, and their ease of polarization tends to minimize 
adverse galvanic effects on other metals or alloys. Because of the ease with which they pick up hydrogen in the 
atomic state, they may themselves become embrittled in galvanic couples. Tantalum repair patches in glass-
lined vessels have been destroyed by contact with cooling coils or agitators made of less noble alloys. Tantalum 
is susceptible to attack by alkalis, such as may form in the vicinity of a cathode in neutral solutions. 
Noble Metals. The term noble metal is applied to silver, gold, and platinum group metals. This designation in 
itself describes their position in the galvanic series and their corresponding resistance to galvanic corrosion. 
However, they do not polarize readily and can therefore have a marked effect in galvanic couples with other 
metals or alloys. This effect is observed with gold and silver coatings on copper, nickel, aluminum, and their 
alloys. 
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Uniform Corrosion 

Revised and adapted by Randy K. Kent, MDE Engineers, Inc. 

Uniform corrosion, or general corrosion, is a corrosion process exhibiting uniform thinning that proceeds 
without appreciable localized attack. It is the most common form of corrosion and may appear initially as a 
single penetration, but with thorough examination of the cross section it becomes apparent that the base 
material has uniformly thinned. 
Uniform chemical attack of metals is the simplest form of corrosion, occurring in the atmosphere, in solutions, 
and in soil, frequently under normal service conditions. Excessive attack can occur when the environment has 
changed from that initially expected. Weathering steels, magnesium alloys, zinc alloys, and copper alloys are 
examples of materials that typically exhibit general corrosion. Passive materials, such as stainless steels, 
aluminum alloys, or nickel-chromium alloys are generally subject to localized corrosion. Under specific 
conditions, however, each material may vary from its normal mode of corrosion. 
Uniform corrosion commonly occurs on metal surfaces having homogeneous chemical composition and 
microstructure. Access to the metal by the attacking environment is generally unrestricted and uniform. Any 
gradient or changes in the attacking environment due to the corrosion reaction or stagnancy can change the 
degradation mode away from uniform corrosion. At the microlevel, uniform corrosion is found to be an 
electrochemical reaction between adjacent closely spaced microanodic and microcathodic areas. Consequently, 
uniform corrosion might be considered to be localized electrolytic attack occurring consistently and evenly over 
the surface of the metal. 
This is well illustrated in binary alloys that contain phases of differing corrosion potentials. The grain in one 
phase becomes anodic to grain in the second phase in the microstructure, thus producing an electrolytic cell 
when the proper electrolyte is present. 
Another illustration is ductile cast iron, where there are three compositionally different phases within the 
material: ferrite, pearlite, and graphite. The corrosion process will initiate as uniform corrosion with the 
formation of an electrolytic microcell between the graphite cathode and ferrite or pearlite anode (Ref 9, 10). 
The process can turn into a pitting mechanism if the microcells develop enough to produce acidic gradients 
within the micropits where the graphite nodules lie or are dislodged. The uniform corrosion occurring by the 
microelectrolytic or galvanic cell in the ductile cast iron is shown in Fig. 8. Observe the initial stages of 
micropits being formed by these microcells. 



 

Fig. 8  Scanning electron micrograph of ductile cast iron graphite nodules and ferritic 
phase after corrosion tests. Note the loss of material at the interface of the nodule. 2000×. 
Source: Ref 11, 12  
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Surface Conditions 

All metals are affected by uniform corrosion in some environments; the rusting of steel and the tarnishing of 
silver are typical examples of uniform corrosion. In some metals, such as steel, uniform corrosion produces a 
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somewhat rough surface by the oxidation/reduction reaction, in which the end product (oxide) either dissolves 
in the environment and is carried away or produces a loosely adherent, porous coating now greater in thickness. 
Because of the porosity in the oxidation (rust), this metal is still considered active or able to continue degrading. 
Coating specialists have been able to formulate a phosphoric-acid-based compound that reacts with the rust to 
produce an oxide that makes the surface passive and seals the surface from water and other solutions. 
In contrast to the active surfaces formed typically on steels, some metals form dense insulated tightly adherent 
passive films from uniform-corrosion processes with the metal surface remaining somewhat smooth. Examples 
of these include the tarnishing of silver in air, lead in sulfate-containing environments, and stainless steel in 
humid air creating passive films. 
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Classification of Uniform Corrosion 

In general terms, uniform corrosion can be classified further according to the specific conditions of 
environmental or electrochemical attack. For example, uniform thinning can be attributed to various conditions 
such as:  

• Atmospheric corrosion 
• Aqueous corrosion 
• Galvanic corrosion 
• Stray-current corrosion (which is similar to galvanic corrosion, but does not rely on electrochemically 

induced driving forces to cause rapid attack) 
• Biological corrosion (which is a microbial-assisted form of attack that can manifest itself as uniform 

corrosion by forming weak or cathodic oxides, or it can also produce a localized form of attack) 
• Molten salt corrosion and liquid-metal corrosion (which have become more of a concern as the demand 

for higher-temperature heat-transfer fluids increases) 
• High-temperature (gaseous) corrosion 

Corrosive attack for these conditions is not necessarily restricted to just uniform thinning. Other forms of 
corrosive attack (such as stress-corrosion cracking, dealloying, or pitting) may also be operative. 
Following are some examples of uniform-corrosion-related failures and its prevention and evaluation. 
Appropriate methods of controlling uniform corrosion in some situations are noted. Selection of a metal that 
has a suitable resistance to the environment in which the specific part is used and the application of paints and 
other types of protective coatings are two common methods used to control uniform corrosion. Modification of 
the environment by changing its composition, concentration, pH, and temperature or by adding an inhibitor is 
also effective. 
Example 2: Uniform Corrosion of Carbon Steel Boiler Feedwater Tubes. The carbon steel tubes shown in Fig. 9 
have been corroded to paper thinness, revealing a lacelike pattern of total metal loss. These steel tubes are from 
a boiler feedwater heater feeding a deaerator. As part of the boiler-water treatment program, it was decided to 
inject a chelate to control scale formation in the boiler tubes. Unfortunately, the chelate was added ahead of the 
preheater, where the boiler water still contained oxygen (O2). As the chelate removed iron oxide, the O2 formed 
more iron oxide, and this uniform dissolution of steel reduced the tubing to the totally corroded condition 
shown. Moving the chelate addition to a point after the deaerator stopped the corrosion and allowed reuse of 
steel in the preheater. 



 

Fig. 9  Uniform corrosion of steel tubes in boiler feedwater containing oxygen (O2) and a 
chelating water-treating chemical 
Example 3: Uniform Corrosion of a Copper Pipe Coupling. The 25 mm (1 in.) copper coupling shown in Fig. 
10 has been uniformly degraded around most of the circumference of the bell and partially on the spigot end. 
One penetration finally occurred through the thinned area on the spigot end of this pipe. The pipe was buried in 
noncorrosive sandy soil, but was found to incur stray currents of 2 V direct current in relation to a Cu/CuSO4 
half cell. Eliminating, moving, or shielding the source of stray current are obvious solutions. 
 

 

Fig. 10  A 25 mm (1 in.) copper coupling from a potable water system that had degraded 
uniformly from stray currents. The spigot end has been penetrated near the edge of the 
bell. Courtesy of MDE Engineers, Inc. 
 
Example 4: Uniform Corrosion of Copper Piping Caused by Microbiological Attack. Microbiological attack of 
copper piping has been well documented and was found in a closed-loop water heater system. Figure 11 shows 
the microbes that were cultured from the corrosion product. They were found to be sulfur-reducing bacteria. 
Uniform thinning occurred when the resultant oxide on the copper pipe surface eroded in low flow rates. The 
threshold for erosion by turbulent waters is much lower with this type of oxide and found to penetrate this same 
pipe, as shown in Fig. 12. 

The file is downloaded from www.bzfxw.com



 

Fig. 11  Micrograph of large bacteria (SRB) that are rod shaped. Note this is a chain of 
two bacteria cultured from microbiologically induced corrosion product of the pipe 
failure shown in Fig. 12. 400×. Courtesy of MDE Engineers, Inc. 

 

Fig. 12  Micrograph of 19 mm (0.75 in.) copper piping in a closed-loop water system with 
MIC and erosion of the weak oxide layer. 20×. Courtesy of MDE Engineers, Inc. 
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Materials Selection 

Materials selection is usually straightforward for uniform corrosion, as the corrosion is relatively easy to 
evaluate and monitor. If a material shows only general attack with a low corrosion rate, or if only negligible 
contamination is present in a process fluid or on the surface, then cost, availability, and ease of fabrication may 



be the dominant influence on the material of choice. An acceptable corrosion rate for a relatively low-cost 
material such as plain carbon steel is about 0.25 mm/year (10 mils/year) or less. At this rate and with proper 
design with adequate corrosion allowance, a carbon steel vessel will provide many years of low-maintenance 
service. 
For more costly materials, such as austenitic stainless steels and copper and nickel alloys, a maximum corrosion 
rate of 0.1 mm/year (4 mils/year) is generally acceptable. However, a word of caution is in order. One should 
never assume that the higher-alloyed material or the higher-cost material is more corrosion resistant in a given 
environment. Proper evaluation is required. For instance, seawater corrodes plain carbon steel fairly uniformly 
at a rate of 0.1 to 0.2 mm/year (4 to 8 mils/year) but also severely pits certain austenitic stainless steels. The 
same is true for stagnant solutions; the steel becomes passive or protected, where some austenitic stainless 
steels will pit due to the formation of autocatalytic corrosion cells. 
At times, nonmetallic coatings and linings ranging in thickness from a few tenths to several millimeters are 
applied to prolong the life of low-cost alloys such as plain carbon steels in environments that cause general 
corrosion. The thin-film coatings that are widely used include baked phenolics, catalyzed cross-linked epoxy-
phenolics, and catalyzed coal tar-epoxy resins (see the section “Protective Coatings and Linings” in the article 
“Analysis and Prevention of Corrosion-Related Failures” in this Volume). 
It is not advisable to use thin-film coatings in services where the base metal corrosion rate exceeds 0.5 mm/year 
(20 mils/year), because corrosion is often accelerated at holidays (pinholes or scratches) in the coating. Thick-
film linings—which include glass, fiber- or flake-reinforced furan, polyester and epoxy resins, hot-applied coal 
tar enamels, and various elastomers such as natural rubber—may be more appropriate. 
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Effect of Corrosion Products 

The by-products of uniform corrosion may be of greater concern in materials selection than the effect on the 
material itself. For food and chemical processing and biomedical applications, contamination of the process 
fluid by even trace amounts of corrosion products may be unacceptable. Product purity, rather than corrosion 
rate, is the prime consideration. 
One example is storage of 93% sulfuric acid (H2SO4) in plain carbon steel at ambient temperature. The general 
corrosion rate is 0.25 mm/year (10 mils/year) or less, but traces of iron impart a color that is objectionable in 
many applications. Therefore, thin-film baked phenolic coatings are used on carbon steel to minimize or 
eliminate iron contamination. In the same way, thin-film epoxy coated carbon steel or solid or clad austenitic 
stainless steels are used to maintain the purity of adipic acid for various food and synthetic fiber applications. 
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Effect of Concentration 

The effect on corrosion rate of a metal part does not follow a uniform pattern with the increase or decrease in 
the concentration of the corrodent. This is because of (a) ionization effects in aqueous solutions and the effects 
of even trace amounts of water in nonaqueous environments and (b) changes that occur in the characteristics of 
any film of corrosion products that may be present on the surface of the metal. Typical patterns of corrodent-
concentration effects on corrosion rates are illustrated in Fig. 13 (Ref 12), which plots the corrosion rate of iron 
and steel as a function of the concentration of three common inorganic acids in aqueous solutions at room 
temperature. 
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Fig. 13  Effect of acid concentration on the corrosion rate of iron completely immersed in 
aqueous solutions of three inorganic acids at room temperature. It should be noted that 
the scales for corrosion rate are not the same for all three charts. As discussed in text, the 
corrosion rate of iron (and steel) in nitric acid in concentrations of 70% or higher, 
although low compared to the maximum rate, is sufficient to make it unsafe to ship or 
store nitric acid in these metals. Source: Ref 12  
 
The rate of corrosion of a given metal usually increases as the concentration of the corrodent increases, as 
shown in Fig. 13(a) for the corrosion of iron in hydrochloric acid. However, corrosion rate does not always 
increase with concentration of the corrodent; the maximum rate may occur over a preferred range of corrodent 
concentration, as shown in Fig. 13(b) and (c) for iron and steel in sulfuric acid and in nitric acid, respectively. 
Because corrosion is electrochemical and involves anodic and cathodic reactions, process variables influence 
corrosion rate if they influence one or both reactions. For example, the main cathodic reaction for iron 
corroding in dilute inorganic acids is 2H+ + 2e → H2↑. The more hydrogen ions available, the faster the rate of 
the cathodic reaction. In turn, this permits a high rate of anodic dissolution: (M → M+n + ne) where M stands 
for metal. This is what happens throughout the concentration range in hydrochloric acid solutions. 
In both nitric acid and sulfuric acid solutions, the hydrogen-ion concentration increases with acid concentration 
to a point, but at the higher levels of acid concentration, it decreases again. Iron may be used to handle 
concentrated sulfuric acid at ambient temperatures. Care must be taken to avoid any contamination with water, 
because this will dilute the acid and increase the rate of attack. Also, impurities in the acid or the iron can 
increase the rate of attack. 
The corrosion rate of iron and steel at room temperature in nitric acid decreases with increasing concentration 
above about 35% because of the formation of a passive oxide film on the metal surface. However, this passive 
condition is not completely stable. 
The rate of attack for concentrations of 70% or higher, although low compared to the maximum rate shown in 
Fig. 13, is still greater than 1.3 mm/year (50 mils/year), making iron and steel unsuitable for use in shipping and 
storing nitric acid at any concentration. Nitric acid in bulk is usually stored and shipped in type 304 stainless 
steel (up to 95%), aluminum alloy 3003 or 1100, or commercially pure titanium (grade 2). 
Metals that have passivity effects, such as Monel 400 in hydrochloric acid solutions and lead in sulfuric acid 
solutions, corrode at an extremely low rate at low acid concentration at room temperature. They lose their 
passivity at a certain limiting acid concentration above which the corrosion rate increases rapidly with 
increasing acid concentration. 
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Effect of Temperature 

When investigating the effect of temperature on the corrosion rate of a metal in a liquid or gaseous 
environment, the temperature at the metal-corrodent interface must be considered. This temperature may differ 
substantially from that of the average of the corrodent. Laminar flow would permit temperature gradients to 
exist. This difference is especially important for heat-transfer surfaces, where the hot-wall effect causes a much 
higher corrosion rate than might be expected. 
A common approximation for chemical activity, called the “10 degree rule,” states an increase of 10 °C (18 °F) 
in bulk temperature of the solution can increase the corrosion rate by a factor of two or more. In atmospheres, 
the temperature variation is more complex as temperature and humidity both affect corrosion and they are 
interdependent. 
Hot-wall failures are fairly common in heating coils and heat-exchanger tubes. An example of this hot-wall 
effect is the corrosion rate of Hastelloy B (Ni-Mo, N10001) in 65% H2SO4. At 120 °C (250 °F), the corrosion 
rate would be less than 0.5 mm/year (20 mils/year). However, a Hastelloy B heating coil in the same solution 
might have a surface-wall temperature of 145 °C (290 °F) and a corrosion rate greater than 5 mm/year (200 
mils/year), a factor of 10 greater. 
In some metal-corrodent systems, there is a threshold temperature above which the corrosion rate increases 
dramatically. Caution is advised whenever extrapolating known corrosion rates to higher temperatures. 
Temperature changes sometimes affect corrosive attack on metals indirectly. In systems where an adherent 
protective film on the metal may be stable in a given solution at room temperature, the protective film may be 
soluble in the solution at higher temperatures, with the result that corrosion can progress rapidly. 
When boiling occurs in the solution, other factors also influence the rate of attack on a metal immersed in it. 
One factor may be simply an increase in velocity of movement of the liquid corrodent against the metal surface, 
which in turn increases the corrosion rate. More radical changes may occur at the metal surface, such as the 
substitution of steam and spray in place of liquid as the corrodent or the formation of a solid film on the metal 
surface—either of which may completely alter the metal-corrodent interface conditions. 
There are some exceptions to the general rule that increasing temperature increases the corrosion rate. One is 
the reduction in rate of attack on steel in water as the temperature is increased, because the increase in 
temperature decreases the oxygen content of the water, especially as the boiling point of the water is 
approached. Other exceptions arise where a moderate increase in temperature results in the formation of a thin 
protective film on the surface of the metal or in passivation of the metal surface. 
If thick deposits are formed on a heat-transfer surface, they have a twofold effect by changing the metal surface 
temperature and making crevice corrosion possible. The existence of the thick deposit may be a failure mode 
itself, if it limits the heat transfer. Local differences in temperature on a heat-transfer surface exposed to steam 
can influence corrosion rates by causing differences in the duration of exposure to condensation. For example, 
the inner surface of a carbon steel tube that carried saturated steam at 234 °C (454 °F) corroded to a greater 
depth opposite exterior heat-transfer fins than elsewhere on the inner surface (Fig. 14). The heat loss through 
the fins lowered the temperature of the inner surface of the tube in the area beneath the fins, resulting in the 
presence of condensate on this area for a greater percentage of the time and in a correspondingly greater loss of 
metal than elsewhere on the inner surface. All corroded areas were fairly smooth. 
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Fig. 14  Carbon steel steam tube that corroded on the inner surface more rapidly opposite 
the exterior heat-transfer fin than elsewhere along the tube. Etched longitudinal section. 
3× 
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Evaluation Factors 

Since uniform corrosion is one of the most common forms of corrosion; it must be considered in nearly every 
design. The damage may be just cosmetic at its inception, but as the thickness of the metal decreases uniformly, 
loss of mechanical function can result. Fortunately, uniform corrosion is usually easy to measure and predict; 
this facilitates proper design and the ability to take corrective action. Corrosion rate and expected service life 
can be calculated from periodic measurements of the general thinning produced by uniform corrosion. Because 
the rate of attack can change over a period of time, periodic inspection at suitable intervals is ordinarily carried 
out to avoid unexpected failures. Varying conditions can also accelerate some corrosion rates; therefore, 
generous safety factors regarding thickness allowances should be employed. 
Testing Methods. Testing for uniform corrosion can be broadly classified as:  

• Laboratory long-term testing 
• Laboratory accelerated testing 
• In-service or field testing. 

Laboratory long-term testing usually consists of testing materials in simulated-service conditions on a relatively 
small scale. The advantage of this type of testing is that the test parameters can be controlled closely; thus, any 
unintentional disturbances that could occur during plant tests can be avoided. 
Accelerated laboratory tests, on the other hand, are short term in nature. They are designed to compare 
materials under severe conditions, and the test environment may not be directly related to the service 



environment. The environment and the test conditions must be carefully specified. ASTM has outlined standard 
methods for testing materials under accelerated conditions. ASTM G 1 (Ref 13) provides details on evaluating 
corrosion damage. 
Service tests and plant tests involve placing test samples in actual service conditions for evaluation. The 
advantage of such testing is the relevance of the results to the actual service environment. However, the 
problems involved in tracking and interrupting normal operations are also associated with this type of corrosion 
testing. 
Testing Goals. The purposes of measuring uniform corrosion by experimental testing are:  

• Evaluation and selection of materials for a specific environment or application 
• Evaluation of metals and alloys to determine their effectiveness in new environments 
• Routine testing to confirm the quality of materials 
• Research and development of new materials 

In most cases, uniform-corrosion rates are represented as a loss of metal thickness as a function of time. This 
value can be directly measured from experimental data, or as is often the case, it can be calculated from mass 
loss data. Mass loss is a measure of the difference between the original mass of the specimen and the mass 
when sampled after exposure. In measuring the mass after exposure it is important to remove any corrosion 
product adhering to the sample (see the sections “Sample Cleaning” and “Data Acquisition” in the article 
“Evaluation of Uniform Corrosion” in Corrosion, Volume 13 of ASM Handbook; see also ASTM G 1, Ref 13). 
Evaluations that are often included in testing for uniform corrosion include:  

• Visual observations, unaided and using light optical and scanning electron microscopy 
• Ion concentration increase 
• Hydrogen evolution 
• Loss in tensile strength (according to ASTM G 50, Ref 14) 
• Electrochemical testing 

Initial observations in any corrosion testing should include unaided visual or low-magnification observation of 
the form of corrosion. Visual evaluation can include reporting of the color and form of corrosion products and 
can include documentation with photographs. 
In addition to the standard measurement of mass loss, the increase of metal ions in solution as the metal 
corrodes can be measured by analysis of samples of the corrodent removed periodically during the test (Ref 15). 
It may be possible to relate the increase in concentration to corrosion rate, depending on the structure of the 
test. In some cases, the amount of hydrogen generated in deaerated tests can be used to measure corrosion rates 
(Ref 16, 17). These methods are useful during in-service and field testing where the process fluid may be more 
available for analysis than the corroding object. 
Electrochemical tests can also be used to determine corrosion rates and predict uniform-corrosion rates. 
Electrochemical methods include creating anodic and cathodic polarization curves, extrapolation of Tafel lines, 
and polarization break testing. Methods for conducting electrochemical tests are addressed in ASTM G 59 (Ref 
18), G 3 (Ref 19), and G 5 (Ref 5). Reference 11 also explains some standard practices in this area, and 
electrochemical test methods are discussed in the article “Laboratory Testing” in Corrosion, Volume 13 of ASM 
Handbook.  
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Forms of Corrosion  

 

Design Considerations 

When designing systems where uniform corrosion will likely occur, it is essential to establish regular 
inspections and preventive maintenance. The criticality of the system, ease of inspection and maintenance, and 
corrosion rate need to be considered when establishing the intervals. It must be understood that applied stresses, 
changes in loading, and varying environmental conditions could accelerate the rate of attack. 
 

Forms of Corrosion  

 

Pitting and Crevice Corrosion 
Pitting and crevice corrosion are forms of localized corrosion that are significant causes of failure in metal 
parts. Both forms attack passivated or otherwise protected materials. 
Pitting, characterized by sharply defined holes, is one of the most insidious forms of corrosion. It can cause 
failure by perforation while producing only a small weight loss on the metal. This perforation can be difficult to 
detect and its growth rapid, leading to unexpected loss of function of the component. 
Crevice corrosion is pitting that occurs in slots and in gaps at metal-to-metal and metal-to-nonmetal interfaces. 
It is a significant contributor to component failure because such gaps often occur at critical joining surfaces. 
 

Forms of Corrosion  

 

Pitting 



Causes of pitting corrosion include:  

• Local inhomogeneity on the metal surface 
• Local loss of passivity 
• Mechanical or chemical rupture of a protective oxide coating 
• Discontinuity of organic coating (holidays) 
• Galvanic corrosion from a relatively distant cathode 
• Formation of a metal ion or oxygen concentration cell under a solid deposit (crevice corrosion) 

Every engineering metal or alloy is susceptible to pitting. Pitting occurs when one area of a metal surface 
becomes anodic with respect to the rest of the surface or when highly localized changes in the corrodent in 
contact with the metal, as in crevices, cause accelerated localized attack. 
Pitting on clean surfaces ordinarily represents the start of breakdown of passivity or local breakdown of 
inhibitor-produced protection. When pits are few and widely separated and the metal surface has undergone 
little or no general corrosion, there is a high ratio of cathode-to-anode area. Penetration progresses more rapidly 
than when pits are numerous and close together. 
The most common causes of pitting in steels are surface deposits that set up local concentration cells and 
dissolved halides that produce local anodes by rupture of the protective oxide film. Anodic corrosion inhibitors, 
such as chromates, can cause rapid pitting if present in concentrations below a minimum value that depends on 
the metal-environment combination, temperature, and other factors. Pitting also occurs at mechanical ruptures 
in protective organic coatings if the external environment is aggressive or if a galvanic cell is active. 
Buried pipelines that fail because of corrosion originating on the outside surface usually fail by pitting 
corrosion. Another form of corrosion affecting pipelines involves a combination of pitting and erosion (erosion-
corrosion). This form of corrosive attack is discussed in the section “Velocity-Affected Corrosion” in this 
article. 
Pitting normally occurs in a stagnant environment. With corrosion-resistant alloys, such as stainless steels, the 
most common cause of pitting corrosion is highly localized destruction of passivity by contact with moisture 
that contains halide ions, particularly chlorides. Chloride-induced pitting of stainless steels usually results in 
undercutting, producing enlarged subsurface cavities or caverns. 
Example 5: Pitting Corrosion of Stainless Steel by Potable Water in an Organic Chemical Plant Condenser (Ref 
20). Several tubes in a 35 m (115 ft) type 316 stainless steel shell-and-tube condenser leaked unexpectedly in an 
organic chemical plant that produces vinyl acetate monomer (VAM). Leaks were discovered after five years of 
operation and relocation of the condenser to another unit in the same plant. Examination of tubes and tube 
sheets revealed pitting damage on the outside-diameter (OD) surface. Some of the pits had penetrated fully, 
resulting in holes. Inside-diameter (ID) surfaces were free of corrosion. Macro- and microexaminations 
indicated that the tubes had been properly manufactured. Pitting was attributed to stagnant water on the shell 
side. It was recommended that the surfaces not be kept in contact with closed stagnant water for appreciable 
lengths of time. 
Service History. A shell-and-tube condenser is fixed vertically on top of a jacketed reactor that produces VAM 
(Fig. 15). The VAM vapor enters the tube side at the bottom of the condenser at about 80 °C (175 °F), is cooled 
and condensed by the circulating water on the shell side, and falls back to the reactor under gravity. The cooling 
water used is municipal supply water. The condenser had been in operation for five years in one of the units 
when it was shut down for nontechnical reasons. Water had been left stagnant on the shell side in the unit for 
three months after equipment shutoff until it was shifted to the second unit of the same plant and positioned on 
top of a similar reactor producing the same VAM vapors. While the shell side was being refilled with water, 
profuse leakage was noted. Upon opening the shell, it was revealed that almost all the tubes were pitted, with 
fully penetrating holes. 
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Fig. 15  Layout of a stainless steel reactor condenser that experienced pitting corrosion. 
VAM, vinyl acetate monomer. Source: Ref 20  
Pertinent Specifications. The 117 tubes were of type 316 austenitic stainless steel manufactured by the seamless 
process to specification ASTM A 213. The tubes were 31.75 mm (1.25 in.) OD, had a 1.65 mm (0.065 in.) wall 
thickness, and were 3.0 m (9.8 ft) long. The tube sheets were also made of type 316 stainless steel, while the 
shell, tie rod, and baffle materials were of carbon steel. The VAM vapor was free from chlorides, with 
somewhat acidic condensate. The cooling water was 6.5 to 7 pH with approximately 20 ppm chlorides. 
Visual Examination. Almost all the tubes had pitting damage on the OD surface. Some of the pits had 
penetrated fully, resulting in holes. Figure 16 shows the pits on the OD surface of two tubes. The nature of the 
pits indicates that they started on the OD surface and propagated both toward the interior of the tube wall and 
downward along the outside wall. The ID surfaces of the tubes were free from any form of corrosion. Also free 
from corrosion was the pipe that connects the reactor and the condenser and is exposed to the VAM vapor and 
the condensate. 



 

Fig. 16  Pitting on the outside surface of type 316 stainless steel tubes, with downward 
propagation. Source: Ref 20  
 
The bottom tube sheet showed deep pit marks on the shell side, while the top tube sheet was free from any form 
of corrosion. The baffle plates and the tie rods were completely corroded and practically disintegrated. 
Similarly, the shell, also of carbon steel, showed heavy corrosion on the inside, with a very rough nonuniform 
surface and thick, brownish rust scale. 
Test Results. Chemical analysis of one of the pitted tubes indicated a composition (wt%) of 17.35% Cr, 13.46% 
Ni, and 2.19% Mo. These values fall within the specification for type 316 stainless steel. Macroexamination of 
the tested tube indicated that it was seamless. Microexamination of the tubes showed a uniform equiaxed 
austenitic structure with a grain size of ASTM 8 to 9, free from carbide precipitation. This indicated that the 
tubes had been properly manufactured. 
Conclusions. The test results indicated that there was not a quality problem with the material. The discussion 
with plant personnel indicated that the stagnant water on the shell side (OD side of the tubes) caused the pitting. 
Municipal potable water with neutral pH is normally not corrosive to type 316 stainless steel. In this particular 
case, no corrosion problem had been experienced during operation for five years. However, even such water 
becomes corrosive to stainless steel if kept stagnant for extended periods. The aggressiveness increases if the 
stagnant water is kept closed, without access to atmospheric oxygen. Under such conditions, pitting results. 
Corrosion of the carbon steel contributed to the removal of oxygen in the water. 
Once the pits were initiated, the liquid trapped inside the pit became more dense and more acidic than the bulk, 
and corrosion was accelerated, extending partly toward the inner surface of the tube and partly in a downward 
direction. This explains the propagation and elongation of the pits (Fig. 16). 
It was recommended that the stainless steel surface not be kept in contact with closed stagnant water for 
extended periods, even if the water is of municipal potable quality. 
Difficulty of Detection. Pits are generally small and often remain undetected. A small number of isolated pits 
on a generally uncorroded surface are easily overlooked. A large number of very small pits on a generally 
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uncorroded surface may not be detected by simple visual examination, or their potential for damage may be 
underestimated. When pits are accompanied by slight or moderate general corrosion, the corrosion products 
often mask them. 
Pitting is sometimes difficult to detect in laboratory tests and in service because there may be a period of 
months or years, depending on the metal and the corrodent, before the pits initiate and develop to a readily 
visible size. Delayed pitting sometimes occurs after an unpredictable period of time in service, when some 
change in the environment causes local destruction of a passive film. When this occurs on stainless steels, for 
example, there is a substantial increase in solution potential of the active area, and pitting progresses rapidly. 
Stages of Pitting. Immediately after a pit has initiated, the local environment and any surface films on the pit-
initiation site are unstable. The pit may become inactive after just a few minutes if convection currents sweep 
away the locally high concentration of hydrogen ions, chloride ions, or other ions that initiated the local attack. 
Accordingly, the continued development of pits is favored in a stagnant solution. 
When a pit has reached a stable stage, barring drastic changes in the environment, it penetrates the metal at an 
ever-increasing rate by an autocatalytic process. In the pitting of a metal by an aerated sodium chloride 
solution, rapid dissolution occurs within the pit, while reduction of oxygen takes place on adjacent surfaces. 
This process is self-propagating. The rapid dissolution of metal within the pit produces an excess of positive 
charges in this area, causing migration of chloride ions into the pit. 
Thus, in the pit there is a high concentration of MCln and, as a result of hydrolysis, a high concentration of 
hydrogen ions. Both hydrogen and chloride ions stimulate the dissolution of most metals and alloys, and the 
entire process accelerates with time. Because the solubility of oxygen is virtually 0 in concentrated solutions, no 
reduction of oxygen occurs within a pit. Cathodic reduction of oxygen on the surface areas adjacent to pits 
tends to suppress corrosion on these surface areas. Thus, isolated pits cathodically protect the surrounding metal 
surface. 
Because the dense, concentrated solution within a pit is necessary for its continuing development, pits are most 
stable when growing in the direction of gravity. Also, the active anions are more easily retained on the upper 
surfaces of a piece of metal immersed in or covered by a liquid. 
This gravitational effect was seen on the tubes of Fig. 16 as discussed in example 5. 
The rate of pitting is related to the aggressiveness of the corrodent at the site of pitting and the electrical 
conductivity of the solution containing the corrodent. For a given metal, certain specific ions increase the 
probability of attack from pitting and accelerate that attack once initiated. Pitting is usually associated with 
metal-environment combinations in which the general corrosion rate is relatively low; for a given combination, 
the rate of penetration into the metal by pitting can be 10 to 100 times that by general corrosion. 
Depth of Penetration. The depth of pitting can be expressed by the pitting factor (Fig. 17) (Ref 21). A value of 1 
would represent uniform corrosion. The maximum depth of penetration (p) can be measured by several 
methods, including metallographic examination, machining, use of micrometer, or microscope. The average 
penetration depth (d) is calculated from the weight lost by the sample. The maximum penetration depth is 
extremely significant if the metal is part of a barrier or tank, or is part of a pressurized system. The micrograph 
(Fig. 18) shows the profile of pits that have degraded an austenitic stainless steel thin-walled bellows. 
 

 

Fig. 17  Measurements used to determine the pitting factor, p/d, where p is maximum 
penetration and d is the average penetration depth. 
 



 

Fig. 18  Light micrograph showing the general microstructure and cross section of 
corrosion pits in an austenitic stainless steel thin-walled bellows. Total thickness of sheet 
approximately 0.5 mm (0.02 in.). 10% oxalic acid etch. 100×. Courtesy of M.D. 
Chaudhari, Columbus Metallurgical Service 
 
Density and Size of Pitting. For a mechanical component, the density of pits (number per unit surface area) and 
size may be a more critical characteristic than maximum depth. The loss of effective cross section can decrease 
the strength of the component and pits can become sites of stress concentrations. ASTM G 46 points out, 
conversely, the loss of mechanical properties can be used to evaluate the severity of pitting corrosion (Ref 22). 
Example 6: Corrosion Failure by Pitting of Type 321 Stainless Steel Aircraft Freshwater Tanks Caused by 
Retained Metal-Cleaning Solution. Two freshwater tanks of type 321 stainless steel were removed from aircraft 
service because of leakage. One tank had been in service for 321 h, the other for 10 h. The tanks were made of 
0.81 mm (0.032 in.) thick type 321 stainless steel. Pitting and rusting had occurred only on the bottom of the 
tanks near a welded outlet, where liquid could be retained after draining. Most of the pits were about 6 to 13 
mm (0.2 to 0.5 in.) from the weld bead at the outlet. 
Service History. There had been departures from the specified procedure for chemical cleaning of the tanks in 
preparation for potable water storage. The sodium hypochlorite sterilizing solution used was at three times the 
prescribed strength. The tanks were drained after the required 4 h sterilizing treatment, but a small amount of 
solution remained in the bottom of the tanks and was not rinsed out immediately. This exposed the bottom 
surfaces of the tanks to hypochlorite solution that had collected near the outlet. Rinsing was delayed for 16 h for 
the tank that failed after 321 h of service and for 68 h for the tank that failed after 10 h of service. 
Chemical Tests. Samples of the tanks were subjected to a 5% salt-spray test for three days. No corrosion was 
observed. Additional samples, which were subjected to one cycle of the Huey test (a test sample is boiled in 
65% HNO3 for 48 h), showed no appreciable intergranular attack. 
Samples of both tanks were tested for reaction with sodium hypochlorite at three strength levels:  

• The prescribed concentration of 125 ppm available chlorine 
• The triple-strength solution (375 ppm available chlorine) used in sterilizing both tanks 
• The full-strength solution (5% available chlorine) from the stock bottle 

The samples immersed in the first solution rusted and discolored the solution in approximately 2 h. Samples in 
the second solution showed no corrosion for one to two days but a slight reaction after four to five days. 
Samples in the third solution showed no corrosion after four to five days of immersion. 
Samples from the tanks, including the heat-affected zones (HAZs) near the welds at the outlet, were pickled in 
an aqueous solution containing 15 vol% concentrated nitric acid (HNO3) and 3 vol% concentrated hydrofluoric 
acid (HF) to remove heat discoloration and scale and were then immersed in the three sodium hypochlorite 
solutions for several days. None of the samples showed any sign of corrosion. 
Metallographic inspection of specimens from the tanks disclosed a normal microstructure with no precipitated 
carbides. Cross sections through pits in the tanks showed subsurface enlargement of the pits (Fig. 19). 
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Fig. 19  The bottom of a type 321 stainless steel aircraft freshwater storage tank that 
failed in service as a result of pitting. This unetched section shows subsurface enlargement 
and undercutting of one of the pits. Approximately 95× 
Conclusions. Oxidizing solutions, such as hypochlorites, and nitrates in certain concentration ranges cause rapid 
pitting of stainless steels. With greater concentration, passivation is complete; at lower concentrations, chloride 
does not penetrate the passive film. Apparently, the concentration of sterilizing solution used was in the range 
that promotes pitting. 
Failure of the stainless steel tanks by chloride-induced pitting resulted from using an overly strong hypochlorite 
solution for sterilization and neglecting to rinse the tanks promptly afterward. Failure to remove the scale from 
the HAZ near the welds at the outlet and failure to passivate the interior of the tanks may have accelerated the 
pitting, although severe pitting also occurred outside the HAZ. 
Corrective Measures. Directions for sterilization and rinsing were revised. The instructions for diluting the 
hypochlorite solution were clarified, and the importance of using the proper strength solution was emphasized. 
Immediate rinsing after draining the solution was specified, using six fill-and-drain cycles and leaving the tank 
full of potable water as the final step. 
To improve resistance to chloride-induced pitting further, it was recommended that welding be carefully 
controlled and adequately protected with inert gas to restrict heat effects to formation of a golden-brown to 
deep-purple discoloration on the metal, avoiding the formation of black scale. It was also recommended that the 
scale and discoloration of the welds at the outlet and HAZs be removed by abrasive blast cleaning and that the 
interior of the completed tanks be passivated, using either 22% HNO3 at 60 °C (140 °F) or 50% HNO3 at 50 °C 
(125 °F). Three rinse cycles of water immersion and drainage were stipulated, to be followed by final rinsing 
inside and out with freshwater and then oven drying. 
Example 7: Fatigue Fracture of Stainless Steel Wires in an Electrostatic Precipitator at a Paper Plant (Ref 22). 
Several type 316L stainless steel wires in an electrostatic precipitator at a paper plant fractured in an 
unexpectedly short time. The wires were 2.6 mm (0.10 in.) in diameter. The chemical specification of the steel 
from which the wires were made was similar to a type 316L stainless steel. The wires were also specified to be 
3
4

hard. 

Service Conditions. Wires were subjected to stress by weights hung from them and were exposed to a very 
corrosive gas effluent. They were periodically vibrated to free particles that adhered to them. 
Analysis. Failed wires were examined using optical and scanning electron microscope (SEM), and hardness 
tests were conducted. Fractography clearly established that fracture was caused by fatigue originating at 
corrosion pits on the surface of the wire (Fig. 20). Similar pits were found on all wires at the fatigue crack 
origin and along the surface of the wires (Fig. 21). 



 

Fig. 20  Scanning electron micrograph showing a corrosion pit at the origin of a fatigue 
fracture in a stainless steel wire. Source: Ref 23  
 

 

Fig. 21  Scanning electron micrograph of the surface of a stainless steel wire, showing 
corrosion pits. Source: Ref 23  
 
Corrective Recommendation. The gas effluent was very corrosive, but the general attack on the surface of the 
wires appears slight. Thus, an austenitic stainless steel appears to be a reasonable choice. Also, specifying a 
steel similar to type 316L is reasonable because the molybdenum content (2 to 3%) is designed to inhibit pitting 
corrosion. However, pitting did occur; thus, it was recommended that a higher-molybdenum austenitic stainless 
steel, type 317L (3 to 4% Mo), be used (although the lower limit of molybdenum content is identical to the 
upper limit of type 316L). It was also recommended that the wires be used in the annealed condition, unless 
other aspects (e.g., static loading) required a material of high tensile strength. 
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Fracture Origins. Origins of corrosion-fatigue fractures are often surrounded by crack-arrest lines, or beach 
marks (Fig. 22). Often, there are several origins, particularly when fracture has been initiated by pitting (Fig. 
23). Occasionally, no well-defined origin can be resolved. 
 

 

Fig. 22  A single-origin corrosion-fatigue crack in type 403 stainless steel exposed to steam 
showing rubbed origin (arrow) and beach marks. Scanning electron fractograph 
(secondary electron image). 60× 
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Fig. 23  Two views of the fracture surface of a forged 17-4 PH stainless steel steam-turbine 
blade that failed by corrosion fatigue originating at severe corrosion pitting. (a) Light 
fractograph showing primary origin (arrow) and three secondary origins (along right 
edge below primary origin). 7.5×. (b) Scanning electron fractograph (secondary electron 
image) of area surrounding primary origin (in circle). 50×. White areas are corrosion pits. 
Black areas, one of which is indicated by arrow, are remnants of corrosion product left 
after the fracture surface was electrolytically cleaned. 
 
Features at the origin of a corrosion-fatigue fracture are often indistinct because the compression portion of 
each stress cycle has forced mating fracture surfaces together and has formed an extremely rubbed, discolored 
origin (arrow, Fig. 22). Also, the area of the origin is exposed to the environment for the longest time and thus 
may exhibit more extensive residues of a corrosion product than the rest of the fracture surface. A corrosion 
product at fatigue origins can be misleading when viewed macroscopically. The oxide may be flat and 
tenacious, globular, or nodular. At magnifications of less than 60, globular or nodular oxide particles are easily 
mistaken for intergranular facets; therefore, no conclusions should be drawn until other metallographic or 
fractographic techniques confirm the mechanism of crack initiation. Occasionally, oxidation is so severe that no 
information other than location of origin can be obtained. 
Other features that can be observed macroscopically are secondary cracks, pits, and fissures, all of which are 
often adjacent to the main origin of a particular fracture. In corrosion-fatigue failures, cracks and fissures 
adjacent to the primary origin are indicative of a uniform state of stress at that location. Therefore, the primary 
fracture simply propagated from the flaw that either induced the most severe stress concentration or was 
exposed to the most aggressive local environment. Sometimes, the primary crack origin is related more to 
heterogeneous microstructure than to the stress distribution. 
Pitting of Various Metals. With carbon and low-alloy steels in relatively mild corrodents, pits are often 
generally distributed over the surface and change locations as they propagate. If they blend together, the 
individual pits become virtually indistinguishable, and the final effect is a toughened surface but a generally 
uniform reduction in cross section. If the initial pits on carbon steel do not combine in this way, the result is 
rapid penetration of the metal at the sites of the pits and little general corrosion. 
Despite their good resistance to general corrosion, stainless steels are more susceptible to pitting than other 
metals. High-alloy stainless steels containing chromium, nickel, and molybdenum are also more resistant to 
pitting, but are not immune under all service conditions. 
The pitting resistance equivalent number (PREN), or pitting index, is devised to quantify and compare the 
resistance of alloys to pitting:  

PREN = %Cr + 3.3(%Mo) + 16 (%N)  (Eq 1) 
The higher the number the more resistant the alloy is to pitting and crevice corrosion. A variety of PREN 
equations have been developed for specific alloy and weld material groups (Ref 24). Equations include effects 
of nickel, manganese, nitrogen, tungsten, and carbon. 
Pitting failures of corrosion-resistant nickel alloys, such as Hastelloy C, Hastelloy G, and Incoloy 825, are 
relatively uncommon in solutions that do not contain halides, although any mechanism that permits the 
establishment of an electrolytic cell in which a small anode is in contact with a large cathodic area offers the 
opportunity for pitting attack. 
In active metals, such as aluminum and magnesium and their alloys, pitting also begins with the establishment 
of a local anode. However, a major effect on the rate of pitting penetration is that the corrosion products of 
these metals produce a high pH in the pit, thus accelerating the dissolution of the protective oxide film. 
Although the surrounding metal may be exposed to relatively pure water, the metal at the bottom of a pit 
corrodes at an appreciable rate, even in the absence of galvanic effects. Maintaining surface cleanness helps 
avoid pitting of these metals. 
Pitting of aluminum and magnesium and their alloys in aqueous solutions is often accelerated by galvanic 
effects, which occur because these metals are anodic to most other metals, and by the effects of dissolved 
metallic ions and suspended particles in the solution. Pitting of these metals can be caused by even a few parts 
per billion of dissolved copper compounds as well as by particles of metallic iron (which produce both crevice 
and galvanic effects) that are embedded in or adhering to their surfaces. 



Example 8: Corrosion by “Green Death” in Reboiler Bypass Duct Damper in Power- Generation Plant (Ref 24). 
“Green Death” is a corrosive medium used to test for pitting resistance composed of 11.9% H2SO4 + 1.3% HCl 
+ 1% FeCl3 + 1% CuCl2. The solution is heated to boiling, 103 °C (217 °F), for the test. Such a corrosive 
environment occurs at power plants. 
Service Environment. A continuous supply of flue gas comes in contact with a closed bypass duct. The 
unscrubbed combustion products condense on the cold duct. Then the closed damper conducts heat from the 
chimney and reheats the condensate. The environment was severe enough to cause the C-276 nickel alloy welds 
(N10276) on the C-276 duct floor to completely disappear in less than half a year. 
Corrective Measures. 686CPT weld alloy was used to repair the C-276 plates. The plate continued to corrode at 
a rate greater than 1 mm/year (40 mil/year). The plate itself was then replaced by alloy 686 plate (N06686) 
welded with 686 CPT. 
Conclusions. Though the original materials are recognized for their resistance to corrosion and heat, the 686 
alloy composition has superior pitting resistance as indicated by higher PREN values according to several 
formulas. Tests of welded coupons corroborate this conclusion. 

References cited in this section 

20. K.E. Perumal, Pitting Corrosion of Stainless Steel by Potable Municipal Water in an Organic Chemical 
Plant, Handbook of Case Studies in Failure Analysis, Vol 1, ASM International, 1992, p 176–177 

21. A.I. Asphahani and W.L. Silence, Pitting Corrosion, Corrosion, Vol 13, Metals Handbook, 9th ed., 
ASM International, 1987, p 112–114 

22. “Examination and Evaluation of Pitting Corrosion,” G 46-94 (Reapproved 1999), Wear and Erosion; 
Metal Corrosion, Vol 03.02, Annual Book of ASTM Standards, American Society for Testing and 
Materials 

23. C.R. Brooks, Fatigue Fracture of Stainless Steel Wires in an Electrostatic Precipitator at a Paper Plant, 
Handbook of Case Studies in Failure Analysis, Vol 1, ASM International, 1992, p 218–222 

24. S.D. Kiser, Preventing Weld Corrosion, Adv. Mater. Process., Vol 160 (No. 3), March 2002 

 

Forms of Corrosion  

 

Crevice Corrosion 

A crevice at a joint between two metallic surfaces, between a metallic and a nonmetallic surface, or beneath a 
particle of solid matter on a metallic surface provides conditions that are conducive to the development of the 
type of concentration-cell corrosion called crevice corrosion. Crevice corrosion can progress very rapidly (tens 
to hundreds of times faster than the normal rate of general corrosion in the same given solution). The classic 
example of this is a demonstration that a sheet of stainless steel can be cut (corroded) into two pieces simply by 
wrapping a rubber band around it, then immersing the sheet in seawater or dilute ferric chloride solution. The 
open surfaces will pit slowly, but the metal under the rubber band will be attacked rapidly for as long as the 
crevice between the rubber band and the steel surface exists. 
In a metal-ion concentration cell, the accelerated corrosion occurs at the edge of or slightly outside of a crevice. 
In an oxygen-concentration cell, the accelerated corrosion usually occurs within the crevice between the mating 
surfaces. 
Riveted and bolted joints must be considered prime sites for crevice corrosion; therefore, they require careful 
attention in design and assembly to minimize crevices, as well as provisions to ensure uniform aeration and 
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moderate but not excessive flow rates at the joints. Not only does the geometry of the joint itself promote 
crevice corrosion, but corners and cracks can collect debris, which exacerbates the potential for corrosion. 
Replacement with welded joints can eliminate crevice corrosion, provided special care is taken in welding and 
subsequent finishing of the welds to provide smooth, defect-free joints. Using adhesive bonding alone or 
adhesive bonding prior to riveting is used to overcome crevice corrosion in aluminum (Ref 25). 
Figure 24 is an example of crevice corrosion where type 316 stainless steel bubble caps contacted a type 316 
tray deck. At the contact points, the type 316 stainless steel was selectively corroded by the concentrated acetic-
acid solution. In this part of the distillation column, the oxidizing capacity of the acid stream is nearly 
exhausted, but is sufficient to prevent corrosion of the open surfaces. A change to a higher-alloy stainless steel 
was necessary to fully resist these corrosive conditions. Any layer of solid matter on the surface of a metal that 
offers the opportunity for exclusion of oxygen from the surface or for accumulation of metal ions beneath the 
deposit because of restricted diffusion is a probable site for crevice corrosion. 
 

 

Fig. 24  Crevice corrosion pitting that has taken place where type 316 bubble caps contact 
a type 316 stainless steel tray deck. The oxygen-concentration cell corrosion occurred in 
concentrated acetic acid with minimal oxidizing capacity. 1

8
 actual size 

 
Differential aeration beneath solid deposits or at cracks in mill scale is a frequent cause of crevice corrosion in 
boilers and heat exchangers. Suitable water treatment to provide thin protective films, together with special 
attention to cleaning, rinsing, and drying when boilers are shut down, minimizes the occurrence of crevice 
corrosion in such equipment. Breaks (holidays) in protective organic coatings or linings on vessels containing 
corrosive chemicals are also likely sites for the development of crevice corrosion. 
Example 9: Crevice Corrosion on Stainless Steel Tube. A steel tube meeting type 304 specification (0.008 max 
C,18.00 to 20.00 Cr,2.00 max Mn, 8.00 to 10.50 Ni) was found to be corroded as shown in Fig. 25. The tube 
was part of a piping system, not yet placed in service, that was exposed to an outdoor marine environment 
containing chlorides. As part of the assembly, a fabric bag containing palladium oxide (PdO2) was taped to the 
tube. The palladium served as a “getter.” The corrosion in this area was discovered during routine inspection. A 
close-up (Fig. 26) of the tube shows the corrosion products. Pits are the darkest areas. Slightly lighter areas 
include remnants of the fabric bag. 



 

Fig. 25  Austenitic stainless steel tube that was corroded where a fabric bag was taped to 
it. Courtesy of M.D. Chaudhari, Columbus Metallurgical Service 
 

 

Fig. 26  Micrograph of an area about 10 mm ( 3
8

in.) wide from the tube shown in Fig. 25. 

Pits are the dark areas in the center. Lighter areas include fragments of the bag among 
the corrosion products. Courtesy of M.D. Chaudhari, Columbus Metallurgical Service 
 
Analysis. Corrosion debris was analyzed using an electron-dispersive spectrometer (EDS). The profiles 
confirmed the presence of chlorides and palladium. Both contributed to corrosion in the crevice created by the 
tape on the tube, which was periodically exposed to water. 
Corrective Measures. Steps were taken to prevent water from entering and being trapped in this area of the 
assembly. 
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Liquid-Level Effects. Crevice corrosion often occurs underneath deposits of solid substances that sometimes 
collect just above the liquid level on a metal part that is partly immersed in an electrolyte. The deposits usually 
remain moist or are intermittently moist and dry. 
Where the liquid level fluctuates or where the liquid is agitated, the area of the metal that is intermittently 
wetted is called the splash zone. Splash zones are encountered in all types of tanks and equipment containing 
liquids; corrosion occurring in these areas is called splash-zone corrosion. 
Example 10: Crevice Corrosion of a Carbon Steel Brine Tank. A failure caused by this type of crevice 
corrosion occurred in a carbon steel tank that contained a saturated solution of sodium chloride (brine) at room 
temperature. When a pump that was apparently in good condition failed to deliver brine, inspection showed that 
a steel suction line, partly immersed in the liquid and used to transfer small amounts of brine to other 
equipment, had corroded through in the intermittently wetted area. Further inspection showed that the tank had 
also been attacked in the intermittently wetted area. The corrosion problem was eliminated by replacing the 
steel suction line with a glass fiber reinforced epoxy pipe and by lining the tank with a coal-tar epoxy coating. 
Example 11: Corrosion of Steel Pilings. Rust films that have little opportunity to dry do not develop protective 
properties. Such unfavorable conditions exist in the splash zone above the high-tide level along the seashore. 
The corrosivity of the moist rust films is further aggravated by the high oxygen content of the splashing 
seawater. Observations of old steel piling along the seashore usually reveal holes just above the water line, 
where the rate of corrosion is several times greater than that for continuous immersion in seawater. 
Corrosion under Thermal Insulation. The application of thermal insulation to carbon steel and stainless steel 
equipment presents a special case of crevice corrosion. It is special because there are a number of 
misconceptions about the role of thermal insulation in this corrosion situation, and the phenomenon is not, 
strictly speaking, crevice corrosion, but does not comfortably fit in any other category. Thermal insulation is 
used to maintain temperature of equipment, either below ambient or above ambient; therefore, the metal 
normally will operate at temperatures different from the surrounding temperature. Because of this situation, the 
thermal insulation system—which consists of the metal outer surface, the annular space between the metal and 
the insulation, the insulation itself, and its weather barrier—is a dynamic, pervious combination of materials. 
The weather barrier or weather proofing, coating, wrapping, or cladding, while intended to protect the 
insulation from the ravages of weather and other mechanical damage, does not prevent the entry of humidity 
and moisture to the annular space between the metal surface and the inner side of the insulation. 
Therefore, with moisture present on the metal surface, the insulation acts as a barrier in terms of the evaporation 
of the moisture and maintains it in a vapor phase in contact with the metal surface. There is also free access to 
oxygen as well as contaminants that might be in the insulation. This system can then become very aggressive 
when the metal temperature is operating in the range of 40 to 120 °C (100 to 250 °F). At these elevated 
temperatures, the humid annular space can corrode steel at rates as high as 0.8 mm/yr (0.03 in./yr) or, in the 
case of stainless steel, can initiate chloride SCC with relatively rapid failure times. 
The approach to preventing corrosion under insulation has been examined by many investigators (Ref 26). The 
attempts to produce insulation materials of high purity and with silicate-type inhibitors added are being used. 
However, they offer limited protection against aggressive atmospheres that may be introduced beneath the 
insulation through cracks, crevices, and other openings in the insulation. The most widespread approach at this 
time is to use a protective coating on the metal to protect it from the water vapor existing in the annular space. 
When selecting protective coatings, they should be considered as being in warm-water immersion service 
because of the severity of the environment. The most severe environments develop when the vessels or piping 
operate with cycling temperatures, that is, operate below ambient for a period of time and then go through a 
heating cycle that tends to evaporate the water but go through the hot metal corrosion temperature zone. 
The problem of corrosion under thermal insulation has become widely recognized as one of significant concern. 
Because of the hidden nature of the problem, a well-insulated vessel may operate for many years without any 
apparent external signs of damage, while significant corrosion is taking place under the insulation. 
Effects of Solid Deposits. In power-generation equipment, crevice-corrosion failures have occurred in main-
station condenser tubes cooled with seawater as a result of the formation of solid deposits and the attachment of 
marine organisms to the tube wall. These failures have occurred particularly in condensers with stainless steel 
tubing. 
Failures on the inside of tanks have been attributed to weld splatter that went undetected. The splatter created 
unnecessary and unwanted crevices. Good practices would have dictated that such weld splatter be ground off. 



Crater Corrosion. Type 347 stainless steel is sometimes subject to a type of crevice corrosion known as crater 
corrosion, which occurs at the stop point of a weld. The failure is related to microsegregation of certain 
constituents in the pool of molten metal that is the last to solidify on a weld. In a manner similar to zone-
melting refinement, the moving weld pool continuously sweeps selected constituents ahead of it, and the 
concentration of these selected constituents in the pool increases continuously until the welding is stopped and 
the pool solidifies. The center of the stop point is attacked rapidly in oxidizing acids, such as nitric acid, in a 
form of self-accelerating crevice corrosion. The final solidification pool need not extend through the thickness 
of the part for full perforation to occur, as described in example 12. 
Example 12: Weld Craters in Stainless Steel Heat Exchanger Tubes. Beveled weld-joint V-sections were 
fabricated to connect inlet and outlet sections of tubes in a type 347 stainless steel heat exchanger for a nitric 
acid concentrator. Each V-section was permanently marked with the tube numbers by a small electric-arc 
pencil. 
After one to two years of service, multiple leaks were observed in the heat-exchanger tubes. When the tubes 
were removed and examined, it was found that the general corrosion rate was normal for service of heat-
exchanger tubes in a nitric acid concentrator, but that crater corrosion had perforated the tubes. 
The crater corrosion occurred at two general locations. One location was at the stop point of the welds used to 
connect the inlet and outlet legs of the heat exchanger. The other location was at the stop points on the 
identifying numerals. The material was changed to type 304L stainless steel, in which the zone-melting 
concentration does not take place. 
Crevice Corrosion of Implant Materials. A large number of stainless steels have been evaluated with a modified 
PREN equation for resistance to crevice corrosion in body fluids (Ref 27). To avoid allergies due to nickel, 
high-manganese stainless steel is under consideration, along with duplex stainless steels and other austenitic 
stainless steels. Titanium is widely used and cobalt-chromium alloys also exhibit a passive nature in the body. 
ASTM F 746 (Ref 28) is test method for evaluating the crevice and pitting corrosion resistance of a material to 
rank its suitability for surgical implants. Evaluation is based on the critical electrical potential for pitting or 
crevice corrosion. The test is severe, so it does not follow that materials that corrode in the test will corrode 
when implanted. This is but one of the criteria in the material selection process. Obviously, the effect of 
corrosion products within the body is of paramount importance. 
It has been known for some time that certain stainless steel implants had been subject to crevice corrosion. The 
reaction of implants to body fluids is quite like the reaction to seawater. Crevices occur at the interface where 
screws attach the implant, chlorides are present, and oxygen is depleted in the crevice. Evidence of crevice 
corrosion was observed in 90% of stainless steels in one study cited in 1985 (Ref 29). In a 1980 study (Ref 30) 
it was noted that in stainless steel devices where more than one component was present, such as bone plates, 
interfacial corrosion approached 100%. 
Failure analysis is complicated by the fact that it is difficult to determine if the screw-plate interface of 
surgically recovered damaged implants was damaged prior to implantation, during implantation, or during 
removal. 
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Reducing Failures Due to Pitting and Crevice Corrosion 

Steps to minimize the degrading effects of pitting and crevice corrosion include:  

• Reducing the harshness of the environment 
• Selecting appropriate materials 
• Avoiding galvanic couples 
• Avoiding rupture of any natural or applied protective coatings 
• Avoiding contact with stagnant solutions or providing circulation of otherwise stagnant solutions 
• Modifying component design to eliminate crevices and ensure proper drainage 
• Inspecting and maintaining critical components so that pitting and crevice corrosion do not develop into 

more catastrophic failures 

Testing can point the way to the most effective approach to avoiding failures. Testing for localized corrosion 
resistance is used to (Ref 31):  

• Rank alloys for development and material selection 
• Analyze failures 
• Determine effects of changes in process parameters 
• Predict penetration rates 

Currently available tests aid in making more informed decisions regarding material selection and system and 
process design. The nature of localized corrosion makes prediction of penetration rates and service life elusive, 
but statistical studies show promise. 

Reference cited in this section 

31. R.G. Kelley, Pitting, Corrosion Tests and Standards: Application and Interpretation, MNL 20, R 
Baboian, Ed., American Society for Testing and Materials, 1995 

 

Forms of Corrosion  

 

Intergranular Corrosion 

Revised by Randy K. Kent and Roy Baggerly, MDE Engineers, Inc. 

Intergranular (IG) corrosion is the preferential dissolution of the anodic component, the grain-boundary phases, 
or the zones immediately adjacent to them, usually with slight or negligible attack on the main body of the 
grains. The galvanic potential of the grain-boundary areas of an alloy is anodic to that of the grain interiors due 
to differences of composition or structure. These differences may be due to the environmental interactions or 
metallurgical changes in the grain-boundary regions during manufacturing or service exposure. 
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Development of Intergranular Corrosion 

Intergranular corrosion is usually (but not exclusively) a consequence of composition changes in the grain 
boundaries from elevated-temperature exposure. In general, grain boundaries can be susceptible to changes in 
composition, because grain boundaries are generally slightly more active chemically than the grains 
themselves. This is due to the areas of mismatch in the grain-boundary regions relative to the more orderly and 
stable crystal lattice structure within the grains. The relative disorder in the grain boundaries provides a rapid 
diffusion path, which is further enhanced by elevated-temperature exposure. Therefore, a variety of chemical 
changes may occur preferentially in the grain-boundary areas such as segregation of specific elements or 
compounds, enrichment of an alloying element, or the depletion of an element when precipitates nucleate and 
grow preferentially in this region. Impurities that segregate at grain boundaries may also promote galvanic 
action in a corrosive environment. 
When the compositional changes in the grain boundary result in a more anodic material or galvanic potential 
difference, the metal becomes “sensitized” and may be susceptible to intergranular attack in a corrosive 
environment. A well-known example of this is the sensitization of stainless steels caused by diffusion of 
chromium and trace amounts of carbon around the grain boundaries during the elevated-temperature 
“sensitizing” exposure and precipitation of chromium carbides. Some aluminum alloys exhibit similar behavior 
with the precipitation of CuAl2 or Mg2Al3, depending on the alloy. 
Example 13: Intergranular Corrosion of an Aluminum Alloy Ship Hull. The 5xxx series of aluminum alloys are 
often selected for weldability and are generally very resistant to corrosion. However, if the material has 
prolonged exposure at slightly elevated temperatures of 66 to 180 °C (150 to 350 °F), an alloy such as 5083 can 
become susceptible to intergranular corrosion. 
This sensitizing has occurred in ship hulls with disastrous consequences in the corrosive marine environment. 
This occurred in a new ship hull after only three months in service. Figure 27 is typical of many cracks that 
were discovered. The microstructure revealed the familiar ditch structure of sensitized aluminum alloy (Fig. 28, 
29). 
 

 

Fig. 27  Cracking in a 5083 aluminum alloy ship hull caused by sensitization. Courtesy of 
MDE Engineers, Inc. 
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Fig. 28  Microstructure of 5083 aluminum alloy ship hull that has been sensitized. 
Courtesy of MDE Engineers, Inc. 
 

 

Fig. 29  Scanning electron micrograph of sensitized 5083 aluminum microstructure shown 
in Fig. 28. Courtesy of MDE Engineers, Inc. 
 
A corrosion test was performed according to ASTM G 67 (Ref 32). The test confirmed the susceptibility of this 
particular material to intergranular corrosion as the test sample suffered a mass loss of 67 mg/cm2 (429 
mg/in.2). By the standard, susceptible materials have a mass loss ranging from 25 to 75 mg/cm2 (160 to 480 
mg/in.2). This relatively large mass loss occurs because corrosion around grain boundaries causes grains to fall 
from the sample. A material considered not susceptible to intergranular corrosion would suffer a mass loss from 
1 to 15 mg/cm2 (10 to 100 mg/in.2). 
During exposures to chloride solutions like seawater, the galvanic couples formed between these precipitates 
and the alloy matrix and led to severe intergranular attack. 
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Alloy Susceptibility 

Intergranular corrosion can occur in many alloy systems under specific circumstances; susceptibility depends 
on the corrosive solution and on the metallurgical factors of alloy composition, fabrication, and heat treatment 
parameters. Comprehensive coverage of alloy system-environment combinations is beyond the scope of this 
article. However, the general evaluation and some commonly occurring conditions of intergranular corrosion 
are briefly described in the following sections. Individual alloy families are addressed. Susceptibility of a 
component to intergranular corrosion can be corrected by proper heat treatment (to distribute alloying elements 
more uniformly), modification of the alloy, or the use of a completely different alloy. 
Although grain-boundary corrosion is sometimes associated with differences in electrochemical potential (as in 
some aluminum alloys; see example 13 in this article), intergranular corrosion is usually not the result of active 
grain boundaries and a passive matrix. Usually the corroding surface is at one potential. Differences in 
composition produce different corrosion rates at the same potential in the passive region. Figure 30 illustrates 
the electrochemistry of intergranular corrosion by comparing the polarization curves for grain-boundary and 
matrix areas. The corrosion rates are close or the same in the active and transpassive ranges, but vary 
considerably with potential in the passive range. 
 

 

Fig. 30  Anodic polarization behavior of an active-passive alloy with grain-boundary 
depleted zones 
 
Susceptibility to intergranular corrosion cannot be taken as a general indication of increased susceptibility to 
other forms of corrosion, such as pitting or uniform corrosion. Likewise, testing for susceptibility to 
intergranular attack should not be considered equivalent to evaluating the resistance of the alloy to general and 
localized corrosion, even though the tests used for evaluating susceptibility to intergranular attack may be 
severe. They are not intended to duplicate conditions for the wide range of chemical exposures present in an 
industrial plant. 
When the attack is severe, entire grains may be dislodged because of the complete deterioration of their 
boundaries. When an alloy is undergoing intergranular corrosion, its rate of weight loss may accelerate with 
time. As the grain-boundary area dissolves, the unaffected grains are undermined and fall out; this increases the 
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rate of weight loss. Typical weight loss curves for an alloy undergoing intergranular corrosion are shown in Fig. 
31 (Ref 33). 
 

 

Fig. 31  Corrosion of type 304 steel in inhibited boiling 10% (H2SO4). Inhibitor: 0.47 g 
Fe3+/L of solution added as Fe2(SO4)3. Source: Ref 30  
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Evaluation of Intergranular Corrosion 

The metallurgical changes that lead to intergranular corrosion are not always observable in the microstructure; 
therefore, corrosion tests may sometimes be the most sensitive indication of metallurgical changes. Corrosion 
tests for evaluating the susceptibility of an alloy to intergranular attack are typically classified as either 
simulated-service or accelerated tests. Simulated-service testing is a valuable predictor of corrosion behavior; 
however, accelerated tests may also be needed to evaluate the long-term susceptibility of alloys. 
Over the years, specific tests have been developed and standardized for evaluating the susceptibility of various 
alloys to intergranular attack. Various aspects of the phenomenon of sensitization, the mechanism of 
intergranular corrosion, tests for sensitization, and recent advances in such testing are reviewed in Ref 34 for 
austenitic stainless steels. The standard practice for detecting susceptibility of austenitic stainless steels is 
ASTM A 262 (Ref 35), which describes five practices that are either destructive to the sample or qualitative in 
nature. With modification of evaluation criteria, the practices in ASTM A 262 are also used to evaluate 
susceptibility of ferritic stainless steels, duplex stainless steels, and nickel-base alloys to intergranular 
corrosion. 
Electrochemical potentiokinetic reactivation (EPR) technique is described in ASTM G 108 (Ref 36). This test 
method overcomes the limitations of practices in ASTM A 262 by providing a nondestructive means of 
quantifying the degree of sensitization in austenitic stainless steels (Ref 37). This test method also has found 
wide acceptance in quantitative nondestructive evaluation of sensitization on intergranular corrosion and 



intergranular stress-corrosion cracking (IGSCC) of ferritic stainless steels, duplex stainless steels, and nickel-
base alloys. 
The EPR technique detects the extent of the chromium-depleted region in stainless steels by passivating the 
metal and then reactivating it through a decreasing potential sweep (Ref 38). This nondestructive test provides a 
quantitative indication of the degree of sensitization. The EPR measurements are done by either single-loop 
(Ref 39) or double-loop (Ref 40, 41) procedures. Post-EPR replica metallography is also an effective means to 
confirm EPR results (Ref 42). The EPR test is also considered for on-site measurement with portable equipment 
(Ref 43). 
Intergranular corrosion and SCC may occur under similar conditions for some alloys. An example of this 
involves the strain-hardened 5xxx series of aluminum-magnesium alloys. They are susceptible to intergranular 
attack caused by continuous grain-boundary precipitation of highly anodic Mg2Al3 compounds during certain 
manufacturing conditions, or after being subjected to elevated temperatures up to about 175 °C (350 °F). There 
is a parallel relationship between the susceptibility to intergranular attack (including exfoliation) and SCC for 
these alloys. 
However, the susceptibility to intergranular corrosion does not necessarily equate with a susceptibility to 
IGSCC. In the presence of residual or applied stress, failure by SCC can occur before substantial intergranular 
attack has occurred. Conversely, some nickel-base alloys are actually more resistant to SCC when they are 
sensitized to intergranular corrosion (Ref 44). 
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Intergranular Corrosion of Stainless Steels 

Although stainless steels provide resistance against general corrosion and pitting, the 300- and 400-series of 
stainless steels may be susceptible to intergranular corrosion by sensitization. It is caused by the precipitation of 
chromium carbides and/or nitrides at grain boundaries during exposure to temperatures from 450 to 870 °C 
(840 to 1600 °F), with the maximum effect occurring near 675 °C (1250 °F). The resulting depletion in 
chromium adjacent to the chromium-rich carbides/nitrides provides a selective path for intergranular corrosion 
by specific media, such as hot oxidizing (nitric, chromic) and hot organic (acetic, formic) acids. A partial list of 
environments known to cause intergranular corrosion in sensitized austenitic stainless steel is given in Table 2 
(Ref 45). 

Table 2   Partial listing of environments known to cause intergranular corrosion in 
sensitized austenitic stainless steels 
Environment Concentration, 

 
% 

Temperature, 
 
°C (°F) 

1 Boiling 
10 Boiling 
30 Boiling 
65 60 (140) to boiling 
90 Room to boiling 

Nitric acid 

98 Room to boiling 
Lactic acid 50–85 Boiling 

30 Room Sulfuric acid 
95 Room 

Acetic acid 99.5 Boiling 
90 Boiling Formic acid 
10 (plus Fe3+) Boiling 

Chromic acid 10 Boiling 
Oxalic acid 10 (plus Fe3+) Boiling 
Phosphoric acid 60–85 Boiling 
Hydrofluoric acid 2 (plus Fe3+) 77 (170) 

5 Boiling Ferric chloride 
25 Room 

Acetic acid anhydride mixture Unknown 100–110 (212–230) 
Maleic anhydride Unknown 60 (140) 
Cornstarch slurry, pH 1.5 Unknown 49 (120) 
Seawater … Room 
Sugar liquor, pH 7 66–67 75 (167) 
Phthalic anhydride (crude) Unknown 232 (450) 
Source: Ref 45  



The extent of the sensitization effect is a function of time, temperature, and the alloy composition. The latest 
varieties of intergranular-corrosion-resistant stainless steels are described in Ref 46 along with general remedies 
for intergranular corrosion in various stainless steels and recently introduced procedures for intergranular 
corrosion testing procedures such as the copper-copper sulfate-sulfuric acid test and the EPR test. Economical 
evaluation of stainless steels for their resistance to intergranular corrosion is reviewed in Ref 47. 
The typical appearance of intergranular corrosion of stainless steels is shown in Fig. 32 for an attack on 
sensitized type 304 stainless steel at 80 °C (180 °F) in water containing a low concentration of fluorides in 
solution. Intergranular corrosion of the type shown in Fig. 32 is more or less randomly oriented and does not 
have highly localized propagation, as does intergranular stress corrosion, in which cracking progresses in a 
direction normal to applied or residual stresses. For austenitic stainless steels, the susceptibility to intergranular 
corrosion is mitigated by solution heat treating at 1065 to 1120 °C (1950 to 2050 °F) and with water quenching. 
By this procedure, chromium carbides are dissolved and retained in solid solution. However, solution heat 
treatment may be difficult on many welded assemblies and is generally impracticable on large equipment or 
when making repairs. 

 

Fig. 32  Sensitized 304 stainless steel exhibiting intergranular attack. 100× 
Susceptible stainless steels are those that have normal carbon contents (generally >0.04%) and do not contain 
carbide-stabilizing elements (titanium and niobium). Examples are AISI types 302, 304, 309, 310, 316, 317, 
430, and 446. Using stainless steels that contain less than 0.03% C reduces susceptibility to intergranular 
corrosion sufficiently for serviceability in many applications. Somewhat better performance can be obtained 
from stabilized types, such as types 347 or 321 stainless steel, which contain sufficient titanium and niobium 
(or niobium plus tantalum), respectively, to combine with all of the carbon in the steel. 
Under conditions, such as multipass welding or cross welding, stabilized alloys will sensitize. They are also 
susceptible to a highly localized form of intergranular corrosion known as knifeline attack, which occurs in 
base metal at the weld fusion line. In some cases, these alloys are given stabilizing heat treatments after solution 
heat treatment for maximum resistance to intergranular corrosion in the as-welded condition. For example, type 
321 stainless steel is stabilize-annealed at 900 °C (1650 °F) for 2 h before fabrication to avoid sensitization and 
knifeline attack. So treated, type 321 may still be susceptible because titanium has a tendency to form an oxide 
during welding: therefore, its role as a carbide stabilizer may be diminished. For this reason, type 321 is always 
welded with a niobium-stabilized weld filler metal, such as type 347 stainless. 
In many applications involving exposure to environments that cause intergranular corrosion, low-
carbon/nitrogen or stabilized alloy grades are specified. Types 304L, 316L, and 317L, with carbon limited to 
0.03% (maximum) and nitrogen contents limited to 0.10% (maximum) are used instead of their higher-carbon 
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counterparts. These low carbon levels are readily and economically achieved with the advent of the argon-
oxygen decarburization (AOD) refining process used by most alloy producers. By limiting the interstitial 
element content, sensitization is limited or avoided entirely during subsequent welding and other reheating 
operations. However, lowering the carbon/nitrogen content also lowers the maximum allowable design stresses, 
as noted in appropriate sections of applicable fabrication codes, such as ASME Section 8, Division 1 for unfired 
pressure vessels and ANSI B31.3 for process piping. 
Sensitization and intergranular corrosion also occur in ferritic stainless steels. A wider range of corrosive 
environments can produce intergranular attack in ferritic grades than is the case for austenitic grades. The 
thermal processes causing intergranular corrosion in ferritic stainless steels are also different from those for 
austenitic stainless steels. In the case of welds, the attacked region is usually larger for ferritic grades than for 
austenitic grades because temperatures above 925 °C (1700 °F) are involved in causing sensitization. Ferritic 
grades with less than 15% Cr are not susceptible, however (Ref 48). New grades of ferritic stainless steels are 
also alternatives to the more common 300- and 400-series stainless steels. Ferritic stainless steel UNS S44800 
with 0.025% C (maximum) plus nitrogen is replacing the higher-carbon 446 grade in applications in which 
resistance to intergranular corrosion is a requirement. Other grades that are potentially lower-cost alternatives to 
higher alloys include:  

• Ferritic alloys 26Cr-1Mo (UNS S44627) and 27Cr-3Mo-2Ni (UNS S44660) 
• Duplex ferritic-austenitic alloys, 26Cr-1.5Ni-4.5Mo (UNS S32900) and 26Cr-5Ni-2Cu-3.3Mo (UNS 

S32550) 

Duplex stainless steels are resistant to intergranular corrosion when aged in the region of 480 to 700 °C (895 to 
1290 °F). It has been recognized for some time that duplex grades with 20 to 40 vol% ferrite exhibit excellent 
resistance to intergranular corrosion. The aging of duplex stainless steels produces a variety of phases, as 
discussed further in Ref 48 along with an overall review of intergranular corrosion of stainless steels. 
Cast Stainless Steels. Intergranular corrosion is a leading cause of failure of pump and valve castings in the 
chemical process industry. For cast stainless steels, when solution treatment is impractical or impossible, the 
low-carbon grades CF-3 and CF-3M are commonly used to preclude sensitization incurred during welding. The 
low carbon content (0.03% C maximum) of these alloys prevents the formation of an extensive number of 
chromium carbides. In addition, these alloys normally contain 3 to 30% ferrite in an austenitic matrix. By virtue 
of rapid carbide-precipitation kinetics at ferrite-austenite interfaces compared to austenite/austenite interfaces, 
carbide precipitation is confined to ferrite-austenite boundaries in alloys containing a minimum of about 3 to 
5% ferrite (Ref 49, 50). If the ferrite network is discontinuous in the austenite matrix (depending on the amount, 
size, and distribution of ferrite pools), extensive intergranular corrosion may not be a problem in most of the 
environments. 
High-alloy austenitic stainless steels of the CN7M type also are frequently used because they are highly 
resistant to sulfuric acid and other aggressive chemicals. Specifications normally require a solution anneal after 
weld repair to eliminate carbide precipitation in the HAZ. The introduction of the AOD secondary refining 
process in many stainless foundries has allowed the production of CN7M and similar alloys with very low 
carbon levels. Test results also have demonstrated that the heat generated by welding is insufficient to induce 
sensitization in the HAZ of the weld in AOD CN7M (Ref 51). 
Sensitization can be induced by exposure in a furnace at 675 °C (1250 °F), but the findings indicate that AOD-
refined high-alloy, fully austenitic castings behave similarly to the lower-alloyed CF3M types. A postweld 
solution anneal is unnecessary for material with a carbon content <0.03% after welding with a low-carbon filler. 
Evaluating Intergranular Corrosion of Stainless Steels. The austenitic and ferritic stainless steels, as well as 
most nickel-base alloys, are generally supplied in a solution-treated condition. However, because these alloys 
may become sensitized from welding, improper heat treatment, or other thermal exposure, acceptance tests are 
implemented as a quality-control check to evaluate stainless steels and nickel-base alloys. 
As noted previously, the standardized methods of testing austenitic stainless steels for susceptibility to 
intergranular corrosion include immersion tests described in ASTM A 262 (Ref 35) and EPR methods 
described in ASTM G 108 (Ref 36). There are five acid immersion tests and one etching test described in 
ASTM A 262. The oxalic acid etch test is used to screen samples to determine the need for further testing. 
Samples that have acceptable microstructures are considered to be unsusceptible to intergranular corrosion and 
require no further testing. Samples with microstructures indicative of carbide precipitation must be subjected to 



one of the immersion tests. Electrochemical potentiokinetic reactivation methods can provide a nondestructive 
means of quantifying the degree of sensitization. The methods have wide acceptance in studies of the effects of 
sensitization on intergranular corrosion and IGSCC of stainless steels and nickel-base alloys. 
The theory and application of acceptance tests for detecting the susceptibility of stainless steels and nickel-base 
alloys to intergranular attack are extensively reviewed in Ref 33 and Ref 52. Some standard tests include 
acceptance criteria, but others do not (Ref 33). A criterion is needed that can clearly separate material 
susceptible to intergranular attack from that resistant to attack, as listed in Table 3 (Ref 53). The evaluation tests 
and acceptance criteria for various stainless steels and nickel-base alloys in Table 3 have been used by the 
DuPont Company, the U.S. Department of Energy, and others in the chemical-processing industry. 

Table 3   Appropriate evaluation tests and acceptance criteria for wrought alloys 
UNS No. Alloy name Sensitizing 

treatment 
Applicable tests 
 
(ASTM 
standards) 

Exposure 
time, 
 
h 

Criteria for passing, 
appearance or 
 
maximum allowable 
corrosion 
 
rate, mm/month 
 
(mils/month) 

S43000 Type 430 None Ferric sulfate (A 
763-X) 

24 1.14 (45) 

S44600 Type 446 None Ferric sulfate (A 
763-X) 

72 0.25 (10) 

S44625 26-1 None Ferric sulfate (A 
763-X) 

120 0.05 (2) and no 
significant grain 
dropping 

S44626 26-1S None Cupric sulfate (A 
763-Y) 

120 No significant grain 
dropping 

S44700 29-4 None Ferric sulfate (A 
763-X) 

120 No significant grain 
dropping 

S44800 29-4-2 None Ferric sulfate (A 
763-X) 

120 No significant grain 
dropping 

Oxalic acid (A 
262-A) 

… (a)  S30400 Type 304 None 

Ferric sulfate (A 
262-B) 

120 0.1 (4) 

Oxalic acid (A 
262-A) 

… (a)  S30403 Type 304L 1 h at 675 °C 
(1250 °F) 

Nitric acid (A 262-
C) 

240 0.05 (2) 

S30908 Type 309S None Nitric acid (A 262-
C) 

240 0.025 (1) 

Oxalic acid (A 
262-A) 

… (a)  S31600 Type 316 None 

Ferric sulfate (A 
262-B) 

120 0.1 (4) 

Oxalic acid (A 
262-A) 

… (a)  S31603 Type 316L 1 h at 675 °C 
(1250 °F) 

Ferric sulfate (A 
262-B) 

120 0.1 (4) 

S31700 Type 317 None Oxalic acid (A 
262-A) 

… (a)  
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   Ferric sulfate (A 
262-B) 

120 0.1 (4) 

Oxalic acid (A 
262-A) 

… (a)  S31703 Type 317L 1 h at 675 °C 
(1250 °F) 

Ferric sulfate (A 
262-B) 

120 0.1 (4) 

S32100 Type 321 1 h at 675 °C 
(1250 °F) 

Nitric acid (A-262-
C) 

240 0.05 (2) 

S34700 Type 347 1 h at 675 °C 
(1250 °F) 

Nitric acid (A 262-
C) 

240 0.05 (2) 

N08020 20Cb-3 1 h at 675 °C 
(1250 °F) 

Ferric sulfate (G 
28-A) 

120 0.05 (2) 

N08904 904L None Ferric sulfate (G 
28-A) 

120 0.05 (2) 

N08825 Incoloy 825 1 h at 675 °C 
(1250 °F) 

Nitric acid (A 262-
C) 

240 0.075 (3) 

N06007 Hastelloy G None Ferric sulfate (G 
28-A) 

120 0.043 (1.7) sheet, plate, 
and bar; 0.05 (2) pipe 
and tubing 

N06985 Hastelloy G-3 None Ferric sulfate (G 
28-A) 

120 0.043 (1.7) sheet, plate, 
and bar; 0.05 (2) pipe 
and tubing 

N06625 Inconel 625 None Ferric sulfate (G 
28-A) 

120 0.075 (3) 

N06690 Inconel 690 1 h at 540 °C 
(1000 °F) 

Nitric acid (A 262-
C) 

240 0.025 (1) 

N10276 Hastelloy C-276 None Ferric sulfate (G 
28-A) 

24 1 (40) 

N06455 Hastelloy C-4 None Ferric sulfate (G 
28-A) 

24 0.43 (17) 

N06110 Allcorr None Ferric sulfate (G 
28-B) 

24 0.64 (25) 

N10001 Hastelloy B None 20% Hydrochloric 
acid 

24 0.075 (3) sheet, plate, 
and bar; 0.1 (4) pipe 
and tubing 

N10665 Hastelloy B-2 None 20% Hydrochloric 
acid 

24 0.05 (2) sheet, plate, 
and bar; 0.086 (3.4) 
pipe and tubing 

A95005-
A95657 

Aluminum 
Association 5xxx 
alloys 

None Concentrated 
nitric acid (G 67) 

24 (b)  

(a) See ASTM A 262, practice A (Ref 45). 
(b) See ASTM G 67, section 4.1 (Ref 32). Source: Ref 53  
It also should be note that not all instances of stainless steel intergranular corrosion are associated with 
sensitization. Intergranular corrosion is rare in nonsensitized ferritic and austenitic stainless steels and nickel-
base alloys, but one environment known to be an exception is boiling HNO3 containing an oxidizing ion such as 
dichromate (Ref 54), vanadate, and/or cupric. Intergranular corrosion has also occurred in low-carbon, 
stabilized, and/or property solution heat treated alloys cast in resin sand molds (Ref 55). Carbon pickup on the 
surface of the castings from metal-resin reactions has resulted in severe intergranular corrosion in certain 
environments. Susceptibility goes undetected in the evaluation tests mentioned above because test samples 
obtained from castings generally have the carbon-rich layers removed. This problem is avoided by casting these 
alloys in ceramic noncarbonaceous molds. 



Finally, another unique circumstance of intergranular corrosion is the following example of improper materials 
selection that led to intergranular corrosion of a type 303 stainless steel valve in soda-dispensing system. This is 
a classic case of how materials selection may involve a trade-off between manufacturing characteristics and 
service performance. 
Example 14: Localized Corrosion of Inclusions in a Type 303 Stainless Steel Vending- Machine Valve (Ref 
56). After about two years in service, a valve in contact with a carbonated soft drink in a vending machine 
occasionally dispensed a discolored drink with a sulfide odor, causing complaints from customers. 
Manufacturing specifications called for the valve body to be made of type 303 stainless steel, a free-machining 
steel chosen because of the substantial amount of machining necessary to make the parts. Other machine parts 
in contact with the drink were made from type 304 stainless steel or inert plastics. According to the laboratory 
at the bottling plant, the soft drink in question was one of the most strongly acidic of the commercial soft 
drinks, containing citric and phosphoric acids and having a pH of 2.4 to 2.5. 
Investigation. The body of the valve, through which the premixed drink was discharged to the machine outlet, 
had an abnormal appearance on some portions of the end surface that were continuously in contact with the 
liquid, even during idle periods. These regions showed dark stains and severe localized corrosive attack in the 
stained areas. The remaining portions of the valve surface and other metal parts that had also been in contact 
with the liquid appeared bright and unaffected. Examination at low magnification confirmed the presence of 
severe highly localized attack in the stained areas. 
The valve bodies were supplied by two different vendors. Chemical analysis of drillings from a corroded valve 
body supplied by vendor A and from an unused valve body supplied by vendor B showed that both parts met 
the composition requirements for type 303 stainless steel. This alloy had been specified for the valve bodies for 
at least nine years before complaints about its performance had come to the attention of the valve 
manufacturers. 
Several of the valve bodies, one used and five unused, selected at random from parts on hand supplied by the 
two vendors, were cleaned in acetone and then continuously immersed in the highly acidic soft-drink mixture 
for several days. The results were as follows:  
 
Valve Vendor Initial condition Effect of teston valve 
1 A Stained and corroded None 
2 B Unused Black stain(a)  
3, 4 A Unused None 
5, 6 B Unused None 

(a) The test also discolored the mixture and gave it a pronounced sulfide odor, making it completely 
unpalatable. 

 
The valve body that was stained and corroded (from vendor A, valve body 1 in the table), the unused valve 
body that had stained in the immersion test (from vendor B, valve body 2 in the table), and an unused valve 
body from vendor A that had not been subjected to immersion testing were all sectioned through the end that 
would be continuously exposed to the soft drink in the vending machine and were examined metallographically 
at magnifications of 50 to 400×. Numerous stringer-type inclusions of manganese sulfide were observed in each 
of the three metallographic specimens. 
Figure 33 shows a micrograph of an unetched specimen from the corroded region on the end of the used valve 
body (valve body 1 in the immersion test). The corroded surface is an end-grain surface, and the corrosion 
began at the exposed ends of manganese sulfide stringer-type inclusions, which were anodic to the surrounding 
metal and readily attacked by the acidic soft drink. The attack extended along the inclusion lines to a maximum 
depth of about 0.64 mm (0.025 in.), with the depth apparently depending on the length of the exposed sulfide 
stringers. A continuous line of attack that extended at least 0.58 mm (0.023 in.) below the surface of the metal 
is shown in Fig. 33, which also illustrates the distribution and dimensions of the sulfide stringers generally 
characteristic of the three specimens that were examined metallographically. No significant attack was found on 
the metallographic specimen taken from unused valve body 2 from vendor B, which had turned black during 
laboratory immersion in the soft-drink mixture. 
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Fig. 33  Unetched section through a type 303 stainless steel valve exposed to an acidic soft 
drink in a vending machine. Micrograph shows localized corrosion along manganese 
sulfide stringer inclusions at the end-grain surface. 100× 
 
Conclusions. Type 303 stainless steel has only marginal corrosion resistance for this application, because of the 
size and distribution of sulfide stringers found in some lots of standard grades of this alloy. The sulfide stringers 
are anodic to the surrounding stainless steel and are preferentially corroded away. The failure of valve body 1 
occurred because manganese sulfide stringers were present in significant size and concentration and were 
exposed at end-grain surfaces in contact with the sufficiently acidic beverage. The exposed sulfide stringers, 
which were anodic to the surrounding metal, were thus subject to corrosion to produce a hydrogen sulfide 
concentration in the immediately adjacent liquid, thus making at least the first cup of beverage dispensed 
discolored and unpalatable, especially after the machine stood unused overnight or over a weekend. 
The inconsistent results obtained on immersing unused valve bodies 2 to 6 from the two vendors in the 
beverage for several days were not surprising in view of this marginal corrosion resistance, the locally varying 
distribution and dimensions of the sulfide stringers, and the use of only solvent cleaning before the immersion 
test. The complete resistance of the stained and corroded valve body (valve body 1 in the immersion tests) is 
not inconsistent with its past history. Any available sulfides on the corroded surface of the valve body could 
have already been consumed, and its passivity restored during exposure to the air after removal from service. 
Recommendations. Specification of type 304 stainless steel (which contains a maximum of 0.030% S) for these 
and similarly exposed metal parts was recommended to avoid possible adverse effects on sales, even if the 
failures were infrequent. This alloy is generally satisfactory for processing and dispensing soft drinks and has 
been widely used for these purposes. 
Example 15: Leaking Welds in a Ferritic Stainless Steel Wastewater Vaporizer. A nozzle in a wastewater 
vaporizer began leaking after approximately three years of service with acetic and formic acid wastewaters at 
105 °C (225 °F) and 414 kPa (60 psig). 



Investigation. The shell of the vessel was weld fabricated in 1972 from 6.4 mm (0.25 in.) E-Brite stainless steel 
plate. The shell measured 1.5 m (58 in.) in diameter and 8.5 m (28 ft) in length. Nondestructive examination 
included 100% radiography, dye-penetrant inspection, and hydrostatic testing of all E-Brite welds. 
An internal inspection of the vessel revealed that portions of the circumferential and longitudinal seam welds, 
in addition to the leaking nozzle weld, displayed intergranular corrosion. At the point of leakage, there was a 
small intergranular crack. Figure 34 shows a typical example of a corroded weld. A transverse cross section 
through this weld will characteristically display intergranular corrosion with grains dropping out (Fig. 35). It 
was also noted that the HAZ next to the weld fusion line also experienced intergranular corrosion a couple of 
grains deep as a result of sensitization (Fig. 36). 
 

 

Fig. 34  Top view of a longitudinal weld in 6.4 mm (0.25 in.) E-Brite ferritic stainless steel 
plate showing intergranular corrosion. The weld was made with matching filler metal. 
About 4× 
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Fig. 35  Intergranular corrosion of a contaminated E-Brite ferritic stainless steel weld. 
Electrolytically etched with 10% oxalic acid. 200× 
 



 

Fig. 36  Intergranular corrosion of the inside surface heat-affected zone of E-Brite 
stainless steel adjacent to the weld fusion line. Electrolytically etched with 10% oxalic 
acid. 100× 
 
The evidence indicated weldment contamination; therefore, effort was directed at finding the levels of carbon, 
nitrogen, and oxygen in the various components present before and after welding. The averaged results were as 
follows:  
 

Component, ppm Content 
C N C + N O 

E-Brite base plate 6 108 114 57 
Corroded longitudinal weld 133 328 461 262 
Corroded circumferential weld 34 169 203 225 
E-Brite weld wire 3 53 56 55 
Sound longitudinal weld 10 124 134 188 
Sound circumferential weld 20 106 126 85 
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These results confirmed suspicions that failure was due to excessive amounts of nitrogen, carbon, and oxygen. 
To characterize the condition of the vessel further, Charpy V-notch impact tests were run on the unaffected base 
metal, the HAZ, and the uncorroded (sound) weld metal. These tests showed the following ductile-to-brittle 
transition temperatures:  
 

Ductile-to-brittle transition temperature Specimen 
°C °F 

Base metal 40 ± 3 105 ± 5 
HAZ 85 ± 3 180 ± 5 
Weld 5 ± 3 40 ± 5 
 
Comparison of the interstitial levels of the corroded welds, sound welds, base metal, and filler wire suggested 
that insufficient joint preparation (carbon pickup) and faulty gas shielding were probably the main contributing 
factors that caused this weld corrosion failure. Discussions with the vendor uncovered two discrepancies. First, 
the welder was using a large, 19 mm (0.75 in.) ID ceramic nozzle with a gas lens but was flowing only 19 
L/min (40 ft3/h) of argon; this was the flow rate previously used with a 13 mm (0.5 in.) ID gas lens nozzle. 
Second, a manifold system was used to distribute pure argon welding gas from a large liquid argon tank to 
various satellite welding stations in the welding shop. The exact cause for the carbon pickup was not 
determined. 
Conclusions. Failure of the nozzle weld was the result of intergranular corrosion caused by the pickup of 
interstitial elements and subsequent precipitation of chromium carbides and nitrides. Carbon pickup was 
believed to have been caused by inadequate joint cleaning prior to welding. The increase in the weld nitrogen 
level was a direct result of inadequate argon gas shielding of the molten weld puddle. Two areas of inadequate 
shielding were identified:  

• Improper gas flow rate for a 19 mm (0.75 in.) diam gas lens nozzle 
• Contamination of the manifold gas system 

In order to preserve the structural integrity and corrosion performance of the new generation of ferritic stainless 
steels, it is important to avoid the pickup of the interstitial elements carbon, nitrogen, oxygen, and hydrogen. In 
this particular case, the vendor used a flow rate intended for a smaller welding torch nozzle. The metal supplier 
recommended a flow rate of 23 to 28 L/min (50 to 60 ft3/min) of argon for a 19 mm (0.75 in.) gas lens nozzle. 
The gas lens collect body is an important and necessary part of the torch used to weld these alloys. Failure to 
use a gas lens will result in a flow condition that is turbulent enough to aspirate air into the gas stream, thus 
contaminating the weld and destroying its mechanical and corrosion properties. 
The manifold gas system also contributed to this failure. When this system is first used, it is necessary to purge 
the contents of the manifold of any air to avoid oxidation and contamination. When that is done, the system 
functions satisfactorily; however, when it is shut down overnight or for repairs, air infiltrates back in, and a 
source of contamination is reestablished. Manifold systems are never fully purged, and leaks are common. 
The contaminated welds were removed, and the vessels were rewelded and put back into service. Some rework 
involved the use of covered electrodes of dissimilar composition. No problems were reported. 
Recommendations. First, to ensure proper joint cleaning, solvent washing and wiping with a clean lint-free 
cloth should be performed immediately before welding. The filler wire should be wiped with a clean cloth just 
prior to welding. Also, a word of caution: solvents are generally flammable and can be toxic. Ventilation should 
be adequate. Cleaning should continue until cloths are free of any residues. 
Second, when gas tungsten arc welding, a 19 mm (0.75 in.) diam ceramic nozzle with gas lens collect body is 
recommended. An argon gas flow rate of 28 L/min (60 ft3/min) is optimum. Smaller nozzles are not 
recommended. Argon back gas shielding is mandatory at a slight positive pressure to avoid disrupting the flow 
of the welding torch. 
Third, the tip of the filler wire should be kept within the torch shielding gas envelope to avoid contamination 
and pickup of nitrogen and oxygen (they embrittle the weld). If the tip becomes contaminated, welding should 
be stopped, the contaminated weld area ground out, and the tip of the filler wire that has been oxidized should 
be snipped off before proceeding with welding. 



Fourth, a manifold gas system should not be used to supply shielding and backing gas. Individual argon gas 
cylinders have been found to provide optimal performance. A weld button spot test should be performed to 
confirm the integrity of the argon cylinder and all hose connections. In this test, the weld button sample should 
be absolutely bright and shiny. Any cloudiness is an indication of contamination. It is necessary to check for 
leaks or to replace the cylinder. 
Fifth, it is important to remember that corrosion resistance is not the only criterion when evaluating these new 
ferritic stainless steels. Welds must also be tough and ductile. 
Lastly, dissimilar weld filler metals can be successfully used. To avoid premature failure, the dissimilar 
combination should be corrosion tested to ensure suitability for the intended service. 
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Forms of Corrosion  

 

Intergranular Corrosion of Nickel Alloys 

The metallurgy of high-nickel alloys is more complicated than that of the austenitic stainless steels, because 
carbon becomes less soluble in the matrix as the nickel content rises. As in stainless steels, low carbon content 
is beneficial for resistance to intergranular corrosion. Stabilized grades (with additions of titanium, niobium, or 
other strong carbide-forming elements) are also beneficial, although they do not produce stabilized alloys in the 
same sense that stainless steels are stabilized. In other words, no simple ratio of Ti,Nb to C can be given that 
will make a particular alloy immune to intergranular corrosion. For example, titanium as a carbide-stabilizing 
element is used in Incoloy alloy 825 (UNS N08825), at a minimum concentration of about five times the carbon 
plus nitrogen content. The higher-nickel alloys 20Cb-3, Inconel 625, and Hastelloy G contain even higher 
concentrations of niobium—up to a maximum of about 4% in the case of alloy 625. 
Nickel alloys susceptible to intergranular corrosion sensitization include:  

• Inconel alloys 600 (UNS N06600) and 601 (UNS N06601) 
• Incoloy alloy 800 (UNS N08800) despite the presence of titanium 
• Incoloy 800H (UNS N08810) 
• Nickel 200 (UNS N02200) 
• Hastelloy alloys B (UNS N10001) and C (UNS N10002) 

Solid-solution nickel-base alloys, such as Inconel 600, are subject to grain-boundary carbide precipitation if 
held at or slowly cooled through the temperature range of 540 to 760 °C (1000 to 1400 °F). If thus sensitized, 
they are susceptible to intergranular corrosion in hot caustic solutions, in boiling 75% HNO3, and in high-
temperature water containing low concentrations of chlorides or other salts. The ability of the thermal treatment 
to eliminate chromium depletion and provide good corrosion resistance is critically dependent on the grain size 
and carbon content of the alloy (Ref 57). Reference 57 includes a thermal treatment index, which allows 
calculation of the period at 700 °C (1300 °F) necessary to complete resolution of carbon. Resistance to 
intergranular attack also has a close dependency on the segregated impurity concentration and the morphology 
and distribution of intergranular carbides (Ref 58). Evaluation of alloy 600 has also been done in examining the 
potential impact of grain-boundary design and control as a practical application in the general field of corrosion 
prevention and control (Ref 59). 
Hastelloy B and C are susceptible after being heated at 500 to 705 °C (930 to 1300 °F) but are made immune to 
intergranular corrosion by heat treatment at 1150 to 1175 °C (2100 to 2150 °F) for Hastelloy B and at 1210 to 
1240 °C (2210 to 2260 °F) for Hastelloy C, followed by rapid cooling in air or water. 
Precipitation-hardenable nickel alloys corrode intergranularly in some environments. lnconel X-750 is 
susceptible to intergranular corrosion in hot caustic solutions, in boiling 75% HNO3, and in high-temperature 
water containing low concentrations of chlorides or other salts. It can be made resistant to intergranular 



corrosion in these corrodents, but not necessarily in others, by heat treating the cold-worked alloy at 900 °C 
(1650 °F). 
Some specialty alloys have low interstitial element content plus the addition of stabilizing elements for 
resistance to intergranular corrosion. These alloys include the higher-nickel Hastelloy alloy G-3 (UNS 
N06985), which contains 0.015% C (maximum) and niobium plus tantalum up to 0.5%. Alloy G-3 has good 
weldability and resistance to intergranular corrosion in the welded condition. 
The intergranular corrosion behavior of high-nickel alloys was reviewed in considerable detail in Ref 60 and 
61. Isothermal heat treatments produced susceptibility to intergranular corrosion in all the alloys examined in 
these studies. Fortunately, the problems produced by the isothermal heat treatment are not usually manifested in 
welding. When welded by qualified procedures, most modern high-nickel alloys are resistant to intergranular 
corrosion. 
Commercially pure Nickel 200 with a maximum carbon content of 0.15% will precipitate elemental carbon or 
graphite in the grain boundaries when heated in the range of 315 to 760 °C (600 to 1400 °F). This results in 
embrittlement and susceptibility to intergranular corrosion. Where embrittlement and intergranular corrosion 
must be avoided, Nickel 201 (UNS N02201) with a maximum carbon content of 0.02% is specified. 
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Intergranular Corrosion of Aluminum Alloys 

Various types of intergranular corrosion are shown in Fig. 37. The precipitated phases in high-strength 
aluminum alloys make them susceptible to intergranular corrosion. The effect is most pronounced for alloys 
such as 2014 containing precipitated CuAl2 and somewhat less for those containing FeAl3 (1100), Mg2Si 
(2024), MgZn2 (7075), and MnAl6 (5xxx) along grain boundaries or slip lines. Solution heat treatment makes 
these alloys almost immune to intergranular corrosion, but substantially reduces their strength. Some 
magnesium alloys are similarly attacked unless solution heat treated. 
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Fig. 37  Various types of intergranular corrosion. (a) Interdendritic corrosion in a cast 
structure. (b) Interfragmentary corrosion in a wrought, unrecrystallized structure. (c) 
Intergranular corrosion in a recrystallized wrought structure. All etched with Keller's 
reagent. 500× 
 
Although many types of intergranular corrosion are not associated with a potential differences between the 
grain-boundary region and the adjacent grain bodies (as previously noted in discussions with Fig. 27), 
intergranular corrosion of aluminum alloys may occur from potential differences between the grain-boundary 



region and the adjacent grain bodies (Ref 62). The location of the anodic path varies with the different alloy 
systems. 
In 2xxx series alloys, it is a narrow band on either side of the boundary that is depleted in copper; in 5xxx series 
alloys, it is the anodic constituent Mg2Al3 when that constituent forms a continuous path along a grain 
boundary; in copper-free 7xxx series alloys, it is generally considered to be the anodic zinc- and magnesium-
bearing constituents on the grain boundary; and in the copper-bearing 7xxx series alloys, it appears to be the 
copper-depleted bands along the grain boundaries (Ref 63, 64). The 6xxx series alloys generally resist this type 
of corrosion, although slight intergranular attack has been observed in aggressive environments. The 
electrochemical mechanism for intergranular corrosion proposed by E.H. Dix has been verified (Ref 65) and 
related to the pitting potentials of aluminum (Ref 66). 
Evaluation of intergranular attack is more complex than evaluation of pitting. Visual observations are generally 
not reliable. For 5xxx series alloys, a weight-loss test method is ASTM G 67 (Ref 32). Electrochemical 
techniques provide some evidence of the susceptibility of a particular alloy or microstructure to intergranular 
corrosion, but such techniques should be accompanied by a metallographic examination of carefully prepared 
sections. 
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Intergranular Corrosion of Copper Alloys 

Intergranular corrosion is an infrequently encountered form of attack that occurs most often in applications 
involving high-pressure steam. This type of corrosion penetrates the metal along grain boundaries, often to a 
depth of several grains, which distinguishes it from surface roughening. Mechanical stress is apparently not a 
factor in intergranular corrosion. The alloys that appear to be the most susceptible to this form of attack are 
Muntz metal, admiralty metal, aluminum brasses, and silicon bronzes. 
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Copper alloy C26000 (cartridge brass, 70% Cu) corrodes intergranularly in dilute aqueous solutions of sulfuric 
acid, iron sulfate, bismuth trichloride, and other electrolytes. Figure 38 shows the intergranular corrosion attack 
on an inhibited admiralty brass caused by hot water containing 0.1 to 0.2% H2SO4. 
 

 

Fig. 38  Intergranular attack of Admiralty B brass in a hot water containing a small 
amount of sulfuric acid. 150× 
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Intergranular Corrosion of Zinc 

Zinc Anodes. The zinc industry has long been aware of the susceptibility of zinc alloys containing aluminum to 
intergranular corrosion when exposed to elevated temperatures. When zinc alloy anodes are exposed to service 
conditions involving elevated temperatures, the use of ASTM type II in ASTM B 41 is recommended. 
Intergranular Corrosion of Galvanized Steel. It has been known since 1923 that zinc die casting alloys are 
susceptible to intergranular attack in an air-water environment (Ref 67). The adverse effect of intergranular 
corrosion of hot-dip galvanized steel was first observed in 1963 and was investigated at Inland Steel Company 
in 1972 (Ref 68). The observed effect associated with intergranular corrosion was termed delayed adhesion 
failure. Delayed adhesion failure is a deterioration in coating adhesion due to selective corrosion at grain 
boundaries. It was found that the small amount of lead normally added to commercial galvanizing spelters was 
a critical factor in the susceptibility of the zinc coating to intergranular attack. By using lead-free zinc spelter 
(<0.01% Pb), the damaging effect of intergranular corrosion was essentially eliminated. 
For the continuous hot-dip galvanizing process, the main reason to add 0.07 to 0.15% Pb to zinc spelter was to 
produce a spangled coating and to lower the surface tension of the zinc bath in order to provide the necessary 
fluid properties to produce a ripple-free coating. It was found that antimony additions to the zinc spelter 
achieved the beneficial effects of lead additions without causing intergranular corrosion. For galvanized 
coatings produced by electroplating process, no intergranular corrosion has been observed. 



One study (Ref 69) describes the influence of aging at 100 °C on the development of intergranular cracking in a 
galvanized coating (from a melt containing Zn-0.2Al-0.035Pb (wt%). Most other work indicates that high 
humidity is necessary for intergranular attack, but this work indicated that significant development of 
intergranular cracking could occur in the absence of a high-humidity environment. They attributed the 
increased cracking to diffusion and accumulation of oxygen at the grain boundaries. This study examines the 
development of intergranular cracking in galvanized samples exposed to environments with different levels of 
humidity. 
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Selective Leaching 

S.R. Freeman, Millennium Metallurgy, Ltd. 

Selective leaching is defined as the removal of one element or phase from a solid alloy by a corrosion process 
(Ref 70). Selective leaching is also known as dealloying, and when referring to the noble metals, it is also called 
parting (Ref 71). The phenomenon of selective leaching was first reported by Calvert and Johnson in 1866 (Ref 
72). Since that time, there has been no general consensus regarding the exact corrosion mechanism. The 
removal of one element results in an altered matrix usually consisting of a porous mass. There are several 
different alloy families that undergo selective leaching, the best known being brass alloy corrosion due to 
dezincification. Table 4 illustrates the various combinations of alloys and environments in which dealloying can 
occur (Ref 56). 

Table 4   Combinations of alloys and environments subject to selective leaching and 
elements removed by leaching 
 
Alloy Environment Element removed 
Brasses Many waters, especially under stagnant 

conditions 
Zinc (dezincification) 

Gray iron Soils, many waters Iron (graphitic corrosion) 
Aluminum bronzes Hydrofluoric acid, acids containing 

chloride ions 
Aluminum 

Silicon bronzes Not reported Silicon 
Copper nickels High heat flux and low water velocity 

(in refinery condenser tubes) 
Nickel (denickelification) 

Monels Hydrofluoric and other acids Copper in some acids, and 
nickel in others 
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Alloys of gold or platinum with 
nickel copper, or silver 

Nitric, chromic, and sulfuric acids Nickel, copper, or silver 
(parting) 

High-nickel alloys Molten salts Chromium, iron, 
molybdenum, and tungsten 

Cobalt-tungsten-chromium alloys Not reported Cobalt 
Medium-carbon and high-carbon 
steels 

Oxidizing atmospheres, hydrogen at 
high temperatures 

Carbon (decarburization) 

Iron-chromium alloys High-temperature oxidizing 
atmospheres 

Chromium, which forms a 
protective film 

Nickel-molybdenum alloys Oxygen at high temperature Molybdenum 
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Dealloying Mechanisms 

There are numerous theories regarding the mechanisms of selective leaching, but two predominant mechanisms 
prevail. The first theory states that the two elements or phases in the alloy dissolve and then one redeposits on 
the surface. The second theory is that one element or phase selectively dissolves from the alloy, leaving the 
more noble elements or phases in a porous mass (Ref 56). 
The selective leaching process has specific names based on the elements that are removed from particular alloy 
families. 
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Dezincification 



The most common process of selective leaching occurs in brass alloys, and most frequently in alloys containing 
more than 15% Zn. This is called dezincification. Of the two dealloying mechanism, dezincification was most 
commonly accepted to occur by the brass corroding, the zinc ions staying in solution, and the copper replating 
(Ref 71). 
Figure 39 illustrates the application of each of the dezincification theories to 70Cu-30Zn alloy (UNS C26000) 
(Ref 72). The diagram shows that higher potentials and low pH values favor selective removal of zinc. At 
negative potentials and acidic conditions, copper and zinc dissolve. At zero to slightly positive potentials and 
acidic conditions, a region exists in which copper is expected to redeposit. Thus, the research results show that 
both dezincification mechanisms can occur independently or in conjunction, depending on the given 
environment conditions. This is the widely held current belief. 
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Fig. 39  Superimposed E-pH diagram of a 70Cu-30Zn alloy in 0.1 M NaCl. Lightly shaded 
area indicates the domain in which selective removal of zinc is expected in solutions free of 
copper ions. Intermediate shaded area indicates the domain in which both copper and 



zinc dissolves. Dark shaded area indicates the region in which copper is expected to 
deposit. Source: Ref 72  
 
Two types of damage can be characterized; one type of dezincification is uniform, and the second is plug-type. 
Uniform or layer-type dezincification results in a relatively uniform zone of dezincified material, with the 
underlying material remaining unaffected. Brasses with high zinc content in an acidic environment are prone to 
uniform dezincification (Ref 71). Plug-type dezincification results in localized penetrations of dezincified areas 
that progress through the wall thickness of the material. Overall dimensions of the material do not change. The 
dezincified areas are weakened or in some cases perforated. Plug-type corrosion is most likely to occur in basic 
or neutral environments and at elevated temperatures. 
Prevention of dezincification can be achieved most readily by proper alloy selection. Alloys containing greater 
than 85% Cu are considered resistant to dezincification. Tin is added to act as an inhibitor. In addition inhibited 
copper-zinc alloys containing 0.020% to 0.6% arsenic, antimony or phosphorus are also considered resistant to 
dezincification. This is likely due to the formation of a redeposited film of protective elements. Other possible 
remedies for dezincification include the use of cathodic protection, liners, or coatings. 
Example 16: Dezincification of a Chromium-Plated Copper Alloy Tube. A 12.7 mm (0.5 in.) diam tube was 
removed from a potable water supply due to leaks. The tube wall thickness was 0.711 mm (0.028 in.) with a 
thin layer of chromium plate on the OD surface. The tube had been in service for approximately 33 years. 
Investigation. The tube section had a through-wall perforation (Fig. 40a). After cross-sectioning the tube 
longitudinally, the ID surface showed intermittent green deposits (Fig. 40b). Deposit samples were removed for 
EDS, and cross sections were removed for metallurgical evaluations. The samples were examined initially in 
the unetched condition. The metallurgical examination of the tube sample showed porous material typical of 
plug-type dezincification initiating from the inside surface (Fig. 40c). Where the dezincification had progressed 
through the tube wall, the chromium plate had exfoliated from the base material and cracked. (Fig. 40d). The 
EDS results of the deposits removed from the inside diameter surface showed the pipe material was a leaded 
brass, most likely a Muntz metal, 60% Cu and 40% Zn (now UNS C28000). The deposits showed varying 
levels of zinc, indicative of the dezincification corrosion mechanism. The copper content remained consistent. 
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Fig. 40  Views of a through-wall perforation of a chromium-plated α brass (70Cu-30Zn) 
tube removed from a potable water system due to dezincification. (a) Macroview of tube. 
(b) Inside diameter surface of the tube shown in (a), depicting localized green deposits at 
the areas of dezincification. (c) Micrograph of plug-type dezincification from a cross 
section cut from an area of the tube shown in (b). The dezincification initiated on the 
inside diameter surface. Original photograph shows an area 1.52 mm (0.060 in.) across. 
(d) Micrograph of plug-type dezincification that penetrated the tube wall from a cross 
section cut from an area of the tube shown in (b). Chromium plating was lost from the 
outside diameter surface. Original photograph shows an area 1.52 mm (0.060 in.) across. 
Courtesy of S.R. Freeman, Millennium Metallurgy, Ltd. 
 
Recommendations. The piping required replacement with a more corrosion-resistant material. 
Corrosion By-Products. Copper alloys with a copper content greater than 85% are resistant to dezincification. 
Copper alloys such as red brass (UNS C23000), inhibited Admiralty brass (UNS C44300), and arsenical 
aluminum brass (UNS C68700) are less susceptible to corrosion. Suitability for use in potable water systems is 
the prime consideration in this case, however. 
This points out that not only are the degrading effects of selective leaching on the function of the component 
important, but also the effects of corrosion by-products must be evaluated. Leaching of copper itself in drinking 
water is a matter of public health debate and regulation, beyond the scope of this article. 



If the replacement must have a chromium decorative coating, ease of plating is also a factor. Here again, the 
high-zinc brass is susceptible to dezincification through the somewhat porous chromium plating in an 
aggressive exterior environment. 
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Graphitic Corrosion 

Graphitic corrosion is a form of dealloying that occurs in cast iron material. This corrosion mechanism is 
usually found in gray cast irons and is associated with the presence of graphite flakes. The graphite is cathodic 
to the iron matrix. Exposure to an electrolyte results in selective leaching of the iron matrix, leaving behind a 
porous mass of graphite flakes. Graphitic corrosion is most often a long-term mechanism, resulting from 
exposure of 50 years or more. Pipelines made of cast iron, especially those buried in clay-based soils and soils 
containing sulfates are susceptible (Ref 73). 
In cases where graphitic corrosion has caused extensive wall loss, a reduction in component strength will occur. 
Thus, it is not unusual for cracking to accompany graphitic corrosion. In some cases, graphitic corrosion has 
been observed on the fracture surfaces, indicating the long-term existence of the crack. Figure 41 shows an 
example of a section of gray cast iron sewer pipe removed from the mud floor of a New England bay. Graphitic 
corrosion was apparent across approximately 25% of the total wall thickness. 
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Fig. 41  Graphitic corrosion of a gray cast iron sewer pipe section removed from the mud 
bottom of a seawater bay. Graphitic corrosion on the outside diameter surface is apparent 
for approximately 25% of the wall thickness. Courtesy of S.R. Freeman, Millennium 
Metallurgy, Ltd. 
 
It is generally thought that ductile and malleable iron are not affected by graphitic corrosion, so ductile cast iron 
is routinely used for underground water and sewer pipes. However, a case of ductile cast iron subject to 
graphitic corrosion and microbial-influenced corrosion was reported about a buried ductile cast iron pipe (Ref 
74). The porous graphite structure was accompanied by massive tubercles indicating that the biodeposits played 
a significant role in the formation of a graphite mass of corrosion residue. Ductile cast iron graphitic corrosion 
has, otherwise, gone undocumented and is considered rare. 
Graphitization is not related to graphitic corrosion, but the term is sometimes confused with the graphitic 
corrosion mechanisms. Graphitization is the microstructural change that occurs in carbon steel materials (steels 
with 0.5% Mo or less) after exposure to temperatures in the range of 399 to 593 °C (750 to 1100 °F) for an 
extended period of time. The pearlite transforms to nodular graphite and ferrite. At grain boundaries, the 
formation of chains of graphite can result in brittle fracture or cracking. 
Example 17: Failure of a Cast Iron Water Pipe due to Graphitic Corrosion. A 25.4 cm (10 in.) diam gray cast 
iron water main pipe was buried in the soil beneath a concrete slab. The installation was believed to have been 
completed in the early 20th century. A leak from the pipe resulted in flooding of a warehouse. Once removed, 
the pipe revealed through-wall perforations and cracking along its axis. The perforations and the crack were at 
the 6 o'clock position. 
Investigation. Visual examination of the pipe showed two large holes (Fig. 42a). The areas surrounding the 
holes showed delaminations and corrosion deposits. Radiography was performed to evaluate the material 
quality. The radiographic results showed various film densities indicating corrosion or variations in wall 
thickness. Secondary cracking was also observed beyond the more apparent primary crack. Three cross sections 
were removed: one from the perforated area, one from the crack area, and one from an area considered 
undamaged. The samples were metallurgically prepared and examined in the unetched condition. A macrograph 
of a cross section through the crack depicted graphitic corrosion primarily on the OD surface (Fig. 42b). A 
porous mass and significant wall loss was observed on the OD surface (Fig. 42c). This is indicative of graphitic 
corrosion. Graphitic corrosion occurs as the ferritic phase is leached from the matrix leaving a porous mass of 
graphite flakes (Fig. 42d). The structure of the material was typical of gray cast iron with random orientation of 
the graphite flakes. Indications of graphitic corrosion were also observed to a lesser degree on the ID surface of 
the pipe. More than 50% of the wall thickness showed evidence of graphitic corrosion. Wall-thickness readings 

were fairly uniform measuring approximately 11 mm ( 7
16

 in.). Wall loss due to graphitic corrosion is difficult 

to detect since a porous mass of material remains in place. 



 

Fig. 42  A 25 cm (10 in.) diam gray cast iron pipe that failed due to graphitic corrosion. 
The pipe was part of a water supply to a fire protection system. The external surface was 
covered with soil and the inside surface in contact with water. The pipe had been 
experienced cracking and through-wall perforations. (a) View showing a hole and 
cracking in the pipe. (b) Macrograph of a cross section through the crack observed in (a) 
showing graphitic corrosion primarily on the outside diameter (top). (c) Micrograph of 
the cross section shown in (b). Significant wall loss and graphitic corrosion was observed 
on the outside diameter surface. Original micrograph image shows an area 16.5 mm (0.65 
in.) wide. (d) Micrograph of crack surface in (c) depicting graphitic corrosion 
surrounding the graphite flakes. Original micrograph image shows an area 1.14 mm 
(0.045 in.) wide. Courtesy of S.R. Freeman, Millennium Metallurgy, Ltd. 
 
Tensile testing was also performed. A sample was removed from the area adjacent to the crack. A second 
sample was removed from an area 90° from the crack. The sample near the crack showed a 40% reduction in 
load capacity. The pipe leak occurred as result of years of exposure to ground water in the soil resulting in 
graphitic corrosion. Soils containing sulfates are particularly aggressive. 
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Recommendations. The extensive damage due to graphitic corrosion required pipe replacement. The wall 
thickness had been sufficiently reduced that the pipe could no longer support the required load. Water mains are 
designed for more than 100 years life. Ductile iron or coated and lined steel pipe, generally not susceptible to 
graphitic corrosion, would be suitable replacement materials. Cathodic protection is also a possibility. 
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Dealuminification 

Dealloying of aluminum bronze and nickel-aluminum bronze castings has been well known since the early 
1960s. It has been determined over the years that the mechanism of dealloying or selective leaching in 
aluminum bronze castings occurs by corrosion of the duplex structures (α + γ-2) (Ref 75). This type of 
dealloying is rarely detectable visually. Nickel-aluminum bronze castings containing 4% or more Ni show 
diminished selective leaching. When dealuminification does occur, the mechanism involves the dealloying of 
nonequilibrium microconstituents, such as retained β and γ-2. Figure 43 shows dealuminification of a cast 
aluminum bronze furnace electrode pressure ring exposed to recirculating cooling waters. A temper-anneal heat 
treatment has been shown to change the microstructure to all α + κ, further reducing the susceptibility to 
selective leaching. However, large nickel-aluminum bronze castings may still be susceptible to dealloying 
along the α + κ eutectoid network. It appears that heat treatment is effective on smaller castings having fine and 
uniformly distributed microstructures, but larger castings have coarser and more segregated microstructures and 
are less responsive. 



 

Fig. 43  Dealuminification of a cast aluminum bronze furnace electrode pressure ring 
exposed to recirculating cooling water (pH = 7.8 to 8.3, conductivity = 1000 to 1100 μS). 
The preferentially attacked γ phase left behind a residue of copper (darkened regions in 
eutectoid and along grain boundaries). The α particles within the eutectoid (light gray 
areas) are unattacked. Etched with FeCl3. Magnification: 260×. Courtesy of R.D. Port. 
Permission granted by Nalco Chemical Co., 1987 
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Denickelification 

Denickelification involves the removal of nickel from copper nickel alloys. Only a few instances of this 
phenomenon have been reported. The conditions likely to induce this selective leaching process include low-
flow conditions, temperatures above 100 °C (212 °F) and high local heat flux (Ref 76). Figure 44 shows the 
residual copper layer remaining from a UNS C71500 feedwater pressure tube that underwent denickelification. 
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A recent report of selective leaching of nickel in type 304L stainless steel material occurred in lithium hydride 
at temperatures greater than 715 to 850° C (Ref 77). 
 

 

Fig. 44  Residual copper layer from a UNS C71500 feedwater pressure tube that 
underwent denickelification. The tube was subject to 205 °C (400 °F) steam on the 
external surface and boiling water on the internal surface 175 °C (350 °F), at pH 8.6 to 
9.2). Courtesy of James J. Dillion. Permission granted by Nalco Chemical Co., 1987 
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Destannification and Desiliconification 

Specific instances of dealloying tin in cast tin bronzes have been observed in hot brine or steam. Isolated cases 
of desiliconification in silicon bronzes have occurred in high-temperature steam with acidic species (Ref 76). 
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Dealloying of Noble Metals 

Dealloying may also occur in copper-gold and silver-gold alloys. A study of failure mechanisms in Cu3Au 
single crystals indicated that dealloying or selective leaching of the copper occurs, leaving a gold sponge (Ref 
78). Testing was performed in a ferric chloride solution and was done primarily to distinguish between true 
transgranular stress-corrosion cracking (T-SCC) and chemical embrittlement or selective leaching in Cu3Au 
single crystals. Cu3Au samples 1 to 2 mm (0.04 to 0.08 in.) thick were exposed to stress-free immersion in 
aqueous FeCl3 for 30 days. Other than a slight discoloration, the samples did not show indications of attack. 
There was no obvious volume change. Weight loss corresponded with total loss of copper, however. Dealloying 
had occurred leaving a single-crystal gold sponge with the dimensions and crystal orientation of the original 
copper-gold crystal. 
Evaluations in the cited work showed the gold sponge failed in a brittle manner by macrocleavage under small 
applied load in air. Figures 45(a) and (b) show the facet-step fracture surface. However, close examination of 
the fracture surface (Fig. 45c) revealed the failure occurred by ductile overload of the small gold ligaments of 
the sponge. 
 

 

Fig. 45  Fracture surface of a Cu-25Au (at.%) single crystal upon bending in air following 
30 day stress-free immersion in aqueous FeCl3. (a) Scanning electron micrograph of 
fracture surface of gold sponge. (b) Scanning electron micrograph of the boxed area 
showing facet-step structure in gold sponge. (c) Scanning electron micrograph of gold 
sponge structure revealed on the surface of the sample shown in (b). Average interpore 
spacing is ~200 nm. Evidence of ductile fracture can be seen on the surface (necking of the 
gold ligaments). 
 
For true (T-SCC), samples failed following 1 to 20 h exposure to the corrodent depending on the applied 
electrical potential. There was no evidence of that cracks had occurred in the plane of localized dealloying. 
Crack growth was over two orders of magnitude greater than sponge formation. 
It is believed that gold sponge formation may assist in nucleating T-SCC cracks at a free surface. 

Reference cited in this section 
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Velocity-Affected Corrosion 

Revised by Colin Sandwith, University of Washington, and Randy K. Kent, MDE Engineers, Inc. 

The attack on metal immersed in water may vary greatly, depending on the relative velocity between the water 
and the metal surface. For metals that show passive behavior or form other protective films in water, as most 
metals do, attack will occur where the changes in water velocity are most pronounced. Water corrosivity can be 
dramatically increased by dissolved gases, acids, salts, strong bases, entrained abrasives, high temperature, 
fluctuating pressure, cavitation, or impingement. 
Relative difference in velocity between the metal and the aqueous corrosive influence any of the common 
varieties of iron or steel, including low-carbon or high-carbon steel, low-alloy steel, wrought iron, and cast iron. 
These corrode in slow-moving freshwater or seawater at almost the same rate, which is about 0.13 mm/year 
(0.005 in./year). At higher temperatures with equal values of dissolved gas concentration, the rate tends to 
increase, but remains relatively low. Therefore, steel can be used for boilers in contact with deaerated water. 
Commercially pure aluminum typically corrodes less in aerated or deaerated freshwater than iron and carbon 
steels, making it a suitable material for handling distilled water. 
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Low-Velocity Effects 

Slow-moving and stagnant waters can prevent, damage, or remove passive films. The low velocity allows 
loosely adherent solid corrosion products to form on metal surfaces and allows debris to collect, which 
facilitates further corrosion damage. In closed systems, if a corrosion inhibitor is used, its effectiveness is often 
reduced where the water is stagnant or quiet. 
In designing for corrosion control, stagnant zones should be eliminated by the following methods:  

• Circulation of stagnant liquids or relative movement of metallic surfaces 
• Allowing free drainage of water 
• Filtering suspended solids 
• Providing an N2 blanket (carbon steels) or free access to O2 (stainless steels). Weakly passivating metals 

such as carbon steels are attacked by high O2, whereas strongly passivating metals such as stainless 
steels are protected by uniform O2 distributions. 

• Maintaining concentration of dissolved passivating chemicals such as O2 by infusion or injection 
• Installing baffling to eliminate stagnant liquid zones 
• Providing gas-vent lines 
• Maintaining clean and smooth surfaces, avoiding crevices 
• Using cathodic protection 
• Using proper inhibitors where applicable 

Example 18: Failure of Stainless Steel Piping in Stagnant Seawater. Stagnant seawater can be quite destructive 
to some alloy systems. An austenitic stainless steel piping used in the fire-sprinkler system in a large saltwater 
passenger and car ferry failed by rapid leaking. The original author had failure analysis experience with a 
similar, seawater-filled fire main piping system in a high-performance hydrofoil ship, two decades earlier. 
Investigation. The following design and parameters were revealed in investigation of the failure:  



• Piping Material: Type 316/316L stainless steel, schedule 40, 64 mm (2.5 in.) diam and larger pipe was 
used. 

• Pitting Damage: Observed through pipe wall directed from interior to exterior. Most pits were leaking 
in the HAZ at the weld joints. Some pitting was found midlength at the bottom of the pipe. 

• Environment: Stagnant seawater at ambient temperatures. Pipe was in service for four weeks when three 
leaks appeared. 

Figure 46 shows a pit near the end of a ballpoint pen lying in the trough of a sectioned open AISI 316L pipe. A 
close-up of the same pit is shown Fig. 47. The stagnant (quiet, zero flow rate) seawater created a hole 

approximately 1.5 mm ( 1
16

 in.) diam through the pipe wall in about four weeks of exposure to the stagnant and 

pressurized seawater inside the pipe. The location of the pit is at the bottom of the pipe in the center of a long 
straight horizontal pipe run. The pipe was butt welded by electric arc processes at some joints and butt welded 
to flanged fittings at other joints. Some air may have been trapped in the top of this and other pipe runs. 
 

 

Fig. 46  Photograph of the inside of a stainless steel pipe with corrosion pits. The pipe was 
from a fire-sprinkler system for a car and passenger ferry boat. 

 

Fig. 47  Close-up of the corrosion pit in the center of Fig. 46 
 
Discussion. These conditions were ideal for three modes of highly accelerated pitting of austenitic stainless 
steel. The three modes can be distinguished by how and where the pit starts and how the hydrochloric acid 
(HCl) collects. The morphology or surface conditions, contours, waviness, and relative surface area of each 
mode strongly influences pit shape and depth as well as route and growth rate of corroded path. 
The first mode is shown in Fig. 46 and 47, where it is characterized by pitting in the bottom of the long run of 
pipe. Cl ions, which are plentiful in seawater, attack and damage the passive film and activate the surface of the 
metal at that point. As the corrosion starts at the tiny active sites, hydrolysis and precipitates of the less-soluble 
Fe2+ hydroxides produce increased concentrations of hydrochloric acid by the following reaction steps:  
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Fe → Fe2+ + 2e-  
Fe2+ + 2e- + 3H+ + 2OH- + Cl- → Fe(OH)2 ↓ + H2 ↑ + H+ + Cl-  

or simply,  
Fe2+ + 2Cl- + 2H2O → Fe(OH)2 ↓ + 2HCl  

The metal hydroxide precipitates, H2 escapes, and the HCl (acid) product remains in solution as shown by the 
right side of the equation. The acid is concentrated with pH lowering to near 2 by gravity in puddles or pits, 
which further accelerates the corrosion at the site. 
In this first mode, the bottom center of the horizontal pipe run is activated when the Cl ions pick the weakest 
site in this massive bottom surface area and cause that location to become activated. The morphology is typical 
of pipe, neither very rough nor smooth. The relative surface area of the cathode to anode is large because of the 
expanse of the pipe involved. Corrosion by pitting starts, the dense acid puddles by gravity over a relatively 
wide area, and the remainder of the pipe section acts as a cathode. The pit is saucer shaped, relatively large, and 
uniform, but grows rapidly due to decreasing pH and develops by autocatalytic corrosion (Ref 79). 
Mode two pits develop in the weld or HAZ, even without the presence of sensitization, because of the 
inevitable surface micro-nonuniformities, roughness, and imperfections, as well as some chemical differences 
from welding products. The rough and irregular morphology of welds that have not been ground flat provides 
sites that are easily activated for pitting and hard to completely passivate. The pipe and irregular welded 
surface, especially if porous and if slag and spatter are present, comprise a relatively massive cathode with a 
small anodic pit. Pitting starts and acid collects in the tiny pores of the damaged weld, and the process of 
accelerated pitting results. The pits tend to be long, thin, and capillarylike, routed in a path though the weld or 
HAZ, just as mold grows through bread. In sensitized stainless steel, the route is clearly intergranular, but still 
circuitous. Active pit sites can be located at any position on a weld. If an acid reservoir can be established, pits 
will grow in the direction preferred by gravity and will eventually penetrate the weld or pipe wall. The pitting 
rate can be very fast. Because only a microscopic amount of metal must be corroded to produce a leak, 
component failure is likewise fast. 
The third mode develops by crevices. Areas around mating flanges, gaskets, O-ring seals, and machined faying 
surfaces all contain crevices. If O-rings are used, the flanges would be machined and polished. Other gasketed 
flanges are also smoother than the surrounding metal. The polished surface has the smallest overall surface area 
and hence is easiest to passivate, polarize, and keep clean, making it the most resistant to activation. If a crevice 
is present, it will produce a relatively long active site. The area under rubber or in a tight joint is easily activated 
by Cl ion attack. The absence of sufficient oxidizers does not allow the passive film to be replenished and 
maintained. The dense HCl collects by gravity in the lower regions of the crevice, and the cycle of accelerated 
corrosion is established. 
The speed at which a leak develops depends on the direction of the crevice in relation to gravitational force. In 
the case of a horizontal seal edge, the corrosion damage can be very long and uniform, with a good deal of 
metal corrosion prior to any leaking. On the other hand, if the plane of the seal edge is vertical or just off of 
vertical by several degrees, the corrosion can be more like pitting than crevice corrosion. Less metal must 
corrode to produce a leak. Crevice corrosion and pitting are similar in the mechanisms and driving forces and 
identical regarding the corrosion reactions. Macroscopic geometry determines the category. 
These austenitic stainless steels can be active or passive in adjacent areas on the same part or pipe. Because of 
the relatively large surface area of the cathode and hence the low current density of the cathode, it tends to not 
polarize. Therefore, the cathode to anode potential difference remains great and thus the high corrosion rate at 
the anode is maintained. However, cathodic protection (CP) can help retard or prevent the onset of pitting and 
reduce the rate of growth of established shallow pits. The application of CP reduces corrosion by forcing the 
passive and active areas to exhibit a more anodic potential, i.e., protective potential. For example, the criteria 
for cathodically protecting steels in most waters and soils is accomplished by changing the steel's potential by 
about 200 mV in the anodic direction. 
The electromotive voltage or galvanic potential between these different metal surfaces, can easily reach 500 
mV open circuit. The passive area is protected and becomes passive by developing an invisible complex 
chromium oxide film. This passive oxide film must be maintained by the presence of a dissolved oxidizer such 
as O2, FeCl2, or Fe3+ ions. 



Recommendations. Proper material selection for piping, flanges, and weld rods can make the greatest 
improvement in resistance. Even low carbon steel has better resistance to pitting in stagnant seawater piping 
systems. Seal design is important. The thicker the O-ring and the greater the quantity of the proper lubricant, 
the better for corrosion resistance. Proper filtering to prevent entrained abrasive is critical. Surface abrasion 
damages passivation. Corrosive agents can sometimes be countered with inhibitors. Flow rates above several 
feet per second (~1.5 m/s, or 5 ft/s) can reduce, but should not be expected to prevent, such pitting corrosion 
damage unless no locations can become active. To be effective, the flow must deliver the repairing/maintaining 
oxidizer and wash away any acids. Timely breakdown inspections are one way of possible early detection of 
damage, as shown by internal rust pits, carbuncles, and rust deposits. 
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High-Velocity Effects 

Swift-moving water may carry dissolved metal ions away from corroding areas before the dissolved ions can be 
precipitated as protective layers. Gritty suspended solids in water scour metal surfaces and continually expose 
fresh metal to corrosive attack. 
In freshwater, as water velocity increases, it is expected that corrosion of steel first increases, then decreases, 
and then increases again. The latter occurs because erosive action serves to break down the passive state. 
The corrosion of steel by seawater increases as the water velocity increases. The effect of water velocity at 
moderate levels is shown in Fig. 48, which illustrates that the rate of corrosive attack is a direct function of the 
velocity until some critical velocity is reached, beyond which there is little further increase in corrosion. At 
much higher velocities, corrosion rates may be substantially higher. 
 

 

Fig. 48  Effect of velocity of seawater at atmospheric temperature on the corrosion rate of 
steel 
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The effect of changes in water velocity on the corrosion resistance of stainless steels, copper alloys, and nickel 
alloys shows much variation from alloy to alloy at intermediate velocities. Type 316 austenitic stainless steel 
may pit severely in typical seawater especially when stagnant (as indicated by the example above) and at 
velocities of less than 1 or 1.5 m/s (4 or 5 ft/s), but is usually very corrosion resistant at higher velocities. 
Aluminum brass alloy (C68700) has satisfactory corrosion resistance if the seawater velocity is less than 2.4 
m/s (8 ft/s). 
Copper alloy C71500 (copper nickel, 30% Ni) has excellent resistance to swift-moving seawater and to many 
types of freshwater. Because copper alloy C71500 is also subject to biofouling, velocities should be kept above 
1.5 m/s (5 ft/s) since higher velocities inhibit attachment. 
In seawater at high velocity, metals fall into two distinctly different groups: those that are velocity limited 
(carbon steels and copper alloys) and those that are not velocity limited (stainless steels and many nickel 
alloys). 
Metals that are not velocity limited are subject to virtually no metal loss from velocity effects or turbulence 
short of cavitation conditions. The barrier films that form on these metals seem to perform best at high 
velocities with the full surface exposed and clean. It is in crevices and under deposits that form from slow-
moving or stagnant seawater that local breakdown of the film and pitting begin. 
Erosion-corrosion is a form of corrosion, typically affecting pipelines, that involves a combination of pitting 
and erosion. When movement of a corrosive over a metal surface increases the rate of attack due to mechanical 
wear and corrosion, especially abrasive particles, the attack is called erosion-corrosion. It is encountered when 
particles in a liquid or gas impinge on a metal surface, causing the removal of protective surface films, such as 
air-formed protective oxide films or adherent corrosion products, and exposing new reactive surfaces that are 
anodic to noneroded neighboring areas on the surface. This results in rapid localized corrosion of the exposed 
areas in the form of smooth-bottomed shallow recesses. As temperature increases, the protective film may 
become more soluble and/or less resistant to scouring. Hence, the same flow rates, but at higher temperature, 
can cause an increase in corrosion rates or new forms and modes of corrosion. 
Nearly all turbulent corrosive media can cause erosion-corrosion. The attack may exhibit a directional pattern 
related to the path taken by the corrosive as it moves over the surface of the metal. 
Figure 49 shows the interior of a 50 mm (2 in.) copper river waterline that has suffered pitting and general 
erosion due to excessive velocity of the water. The brackish river water contained some suspended solids that 
caused the polishing of the copper pipe surface. The horseshoe-shaped pits (facing up stream) are typical of the 
damage caused by localized turbulence. The copper pipe was replaced with fiberglass-reinforced plastic piping. 
 

 

Fig. 49  Erosion pitting caused by turbulent river water flowing through copper pipe. The 
typical horseshoe-shaped pits point upstream. Approximately 0.5× actual size 
Impingement corrosion is a severe form of erosion-corrosion. It occurs frequently in turns or elbows of tubes 
and pipes, and on surfaces of impellers or turbines. It occurs as deep, clean, horseshoe-shaped pits with the 
deep, or undercut, end pointing in the direction of flow. Impingement-corrosion attack can also occur as the 
result of partial blockage of a tube. A stone, a piece of wood, or some other object can cause the main flow to 



deflect against the wall of the tube. The impinging stream can rapidly perforate tube walls. Water that carries 
sand, silt, or mud will have an additional severely erosive effect on tubes. 
The energy transfer is the rate of change of the momentum of the flowing medium. As this energy transfer takes 
place over a smaller and smaller area per unit time, the energy or power density of the process becomes 
damaging to the substrate. 
A beneficial extension of this effect at sufficiently high power densities is abrasive machining and cutting. At 
slower rates and lower power densities, it is called impingement corrosion. Steam erosion is another form of 
impingement corrosion, occurring when high-velocity wet steam impacts a metal surface. The resulting attack 
usually produces a roughened surface showing a large number of small cones with the points facing in the 
direction of flow. 
Example 19: Impingement-Corrosion Failure of a Ferritic Malleable Iron Elbow. Leakage was detected in a 
malleable iron elbow after only three months in service. Life expectancy for the elbow was 12 to 24 months. 
The 21 mm (0.82 in.) ID 90° elbow connected segments of 19 mm (0.75 in.) pipe with a wall thickness of 2.9 
mm (0.11 in.). The piping alternately supplied steam and cooling water to a tire-curing press. The supply line 
and elbow were subjected to 14 heating and cooling cycles per hour for at least 16 h/day, or a minimum of 224 
cycles/day. Steam pressure was 1035 kPa (150 psi), and water pressure was 895 kPa (130 psi). Based on pump 
capacity, the water-flow rate was estimated at 1325 L/min (350 gal/min). Water-inlet temperature was 10 to 15 
°C (50 to 60 °F); water-outlet temperature was 50 to 60 °C (120 to 140 °F). The water had a pH of 6.9. 
The elbow was cast from ASTM A 47, grade 35018, malleable iron and had a hardness of 76 to 78 HRB. 
ASTM A 47 (Ref 80) covers applications for normal ambient conditions up to 400 °C (750 °F). Composition of 
the iron was:  
Element Content, % 
Carbon 1.95 
Manganese 0.60 
Silicon 1.00 
Sulfur 0.15 
Phosphorus 0.05 
Copper 0.17 
Chromium 0.03 
Nickel 0.02 
Molybdenum 0.001 
 
Investigation. Specimens were cut from two areas on the elbow, one just below the point of leakage (region A, 
Fig. 50a) and another further downstream (region B, Fig. 50a). The deepest penetration in the first specimen 
was at the top, just below the point of leakage, where the wall thickness had been reduced to 1.6 mm (0.062 
in.). Maximum wall thickness was 9.5 mm (0.37 in.). 
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Fig. 50  Malleable iron elbow in which impingement corrosion caused leakage and failure 
at the bend. (a) Section through the elbow showing extent of corrosion and point of 
leakage. Regions A and B are locations of specimens shown in micrographs (b) and (c), 
respectively. (b) Micrograph of a nital-etched specimen from region A (just below the 



failure area) showing ferritic surface (light areas) corroded away, exposing the subsurface 
pearlitic zone (dark areas). 67×. (c) Micrograph of a nital-etched specimen from region B 
(an uncorroded area of the elbow) showing a typical ferrite zone at the surface, a 
subsurface pearlitic zone (with twice the thickness of the ferrite zone), and a ferritic 
malleable microstructure in the interior. 67× 
 
Metallographic examination of the first specimen showed that moderate but irregular attack had occurred (Fig. 
50b). A small area of ferrite remained at the top, but the surface ferritic zone (light areas, Fig. 50b) had been 
eroded and corroded away on the remainder of the surface, exposing the pearlitic zone (dark areas, Fig. 50b). 
The interior of the specimen showed a ferritic malleable microstructure. 
The second specimen, which showed no signs of attack, had a typical ferrite zone at the surface, then a 
subsurface pearlitic zone with about twice the thickness of the ferrite zone, and a ferritic malleable 
microstructure in the interior of the specimen (Fig. 50c). 
Conclusions. Examination of the micrographs (Fig. 50b and c) indicated that the elbows had been given the 
usual annealing and normalizing treatment for ferritizing malleable iron. This resulted in lower resistance to 
erosion and corrosion than pearlitic malleable iron. 
Recommendations. It was recommended that replacement elbows be heat treated to produce a pearlitic 
malleable microstructure, which has longer life under the given conditions of service. (Additional information 
on the heat treatment and properties of ferritic and pearlitic malleable irons is provided in the article “Malleable 
Iron” in Properties and Selection: Irons, Steels, and High-Performance Alloys, Volume 1 of ASM Handbook.) 
In piping systems, erosion-corrosion can be reduced by increasing the diameter of the pipe, thus decreasing 
velocity and turbulence. The streamlining of bends is useful in minimizing the effects of impingement. Inlet 
pipes should not be directed onto the vessel walls if this can be avoided. Flared tubing can be used to reduce 
problems at the inlet tubes in a tube bundle. 
Cavitation erosion is the one of the most severe form of erosion-corrosion. It occurs principally when relative 
motion between a metal surface and a liquid environment and thermodynamic conditions in the liquid causes 
vapor bubbles to develop and then rapidly collapse. When the bubbles collapse, they impose hammerlike blows, 
which produce stresses on the order of 400 MPa (60 ksi), simultaneously with the initiation of tearing action 
that appears to pull away portions of the surface. The tearing action can remove any protective oxide film that 
exists on the surface of a metal, exposing active metal to the corrosive influence of the liquid environment. It 
has been shown that corrosion is not essential to cavitation erosion, however, as discussed in the article 
“Liquid-Impact Erosion” in this Volume. 
Cavitation erosion occurs on rotors, pumps, on the trailing faces of propellers and of water-turbine blades, and 
on the water-cooled side of diesel-engine cylinders. Here high velocities give rise to extremely low-pressure 
areas, vapor bubbles develop by a phase change in thermodynamically unstable liquids, and then the bubbles 
collapse cataclysmically as higher pressures and/or lower temperature make the vapor state thermodynamically 
unstable. The massive momentum change of liquid rushing in to fill the void at collapse of the vapor bubble 
destroys the protective film on the metal surface or disrupts and often plastically deforms the metal itself. 
Damage can be reduced by operating rotary pumps at the highest possible head of pressure to avoid formation 
of momentarily stable vapor bubbles. For turbine blades, aeration of water serves to cushion the damage caused 
by the collapse of bubbles. Neoprene or similar elastomer coatings on metals are somewhat reasonably resistant 
to damage from this cause. To reduce cavitation damage to diesel-engine cylinder liners, the addition of 2000 
ppm sodium chromate to the cooling water has proved effective, as has the use of Ni-Resist (high-nickel cast 
iron) liners. Table 5 rates some metals frequently used in seawater in four groups on the basis of their resistance 
to cavitation erosion in seawater. 

Table 5   Ratings of some metals for resistance to cavitation erosion in seawater 
Group No. and characteristics Alloys 
Group I  
Most resistant. Subject to little or no damage. Useful under extremely 
severe conditions 

Stellite hardfacing alloys 
 
Titanium alloys 
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Austenitic and precipitation-
hardening stainless steels 
 
Nickel-chromium alloys such as 
Inconel alloys 625 and 718 
 
Nickel-molybdenum-chromium 
alloys such as Hastelloy C 

Group II  
These metals are commonly used where a high order of resistance to 
cavitation damage is required. They are subject to some metal loss under 
the most severe conditions of cavitation. 

Nickel-copper-aluminum alloy 
Monel K-500 
 
Nickel-copper alloy Monel 400 
 
Copper alloy C95500 (nickel-
aluminum bronze, cast) 
 
Copper alloy C95700 (nickel-
aluminum-manganese bronze, 
cast) 

Group III  
These metals have some degree of cavitation resistance. They are 
generally limited to low-speed low-performance applications. 

Copper alloy C71500 (copper-
nickel, 30% Ni) 
 
Copper alloys C92200 and 
C92300 (leaded tin bronzes M 
and G, cast) 
 
Manganese bronze, cast 
 
Austenitic nickel cast irons 

Group IV  
These metals normally are not used in applications where cavitation 
damage may occur, except in cathodically inhibited solutions or when 
protected by elastomeric coatings. 

Carbon and low-alloy steels 
 
Cast irons 
 
Aluminum and aluminum alloys 

Applies to normal cavitation-erosion intensities, at which corrosion resistance has a substantial influence on the 
resistance to damage. Source: Ref 81  
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Introduction 

THE MECHANICAL PROPERTIES of polymeric materials are often segregated into short-term and long-term 
properties. The category of short-term properties includes such things as tensile and impact strengths. Long-
term properties include creep, stress relaxation, and creep (stress) rupture. Both categories of properties are 
affected by exposure to external chemical environments. 
With any polymeric material, chemical exposure may have one or more different effects. Some chemicals act as 
plasticizers, changing the polymer from one that is hard, stiff, and brittle to one which is softer, more flexible, 
and tougher. Often these chemicals can dissolve the polymer if they are present in large enough quantity and if 
the polymer is not crosslinked. Other chemicals can induce environmental stress cracking (ESC), an effect in 
which brittle fracture of a polymer will occur at a level of stress well below that required to cause failure in the 
absence of the ESC reagent. Finally, there are some chemicals that cause actual degradation of the polymer, 
breaking the macromolecular chains, reducing molecular weight, and diminishing polymer properties as a 
result. Each of these effects is examined in subsequent paragraphs. 
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Plasticization, Solvation and Swelling 

Certain interactions between liquid chemicals and polymers can be understood through the use of solubility 
parameters. The Hildebrand solubility parameter is the square root of the cohesive energy density, the later 
being the energy required to vaporize one mol of a liquid (Ref 1). Solubility parameter values for both low 
molecular weight liquids and polymeric materials are tabulated in many references (Ref 2, 3). When linear or 
branched thermoplastic polymers are exposed to large enough quantities of solvents having solubility 



parameters within approximately ±2 H of that of the polymer, dissolution of the polymer will occur. In smaller 
quantities, these solvents will be adsorbed by the polymer. With polymer-solvent combinations having 
solubility parameter differences outside this range, some adsorption of the solvent by the polymer may still 
occur. When large differences between solvent and polymer solubility parameters exist, the solvent will have 
no apparent effect. Amorphous polymers absorb chemicals more readily than crystalline polymers, and the rate 
varies inversely with the degree of crystallinity. Cross-linked polymers will not dissolve but will swell 
significantly when exposed to chemicals having similar solubility-parameter values. 
The impact of these interactions on the mechanical properties and failure of an affected polymer are many. One 
effect can be plasticization of the polymer by the adsorbed chemical. Plasticization of a polymer can result in 
the polymer being transformed from a rigid, glassy material to a soft flexible material (Ref 4, 5). Great 
advantage is taken of this effect in the polyvinyl chloride (PVC) industry. The PVC can be altered from the 
rigid material from which plastic pressure pipes are made to the extremely soft, flexible material from which 
medical tubing is made through the judicious use of plasticizers (Ref 6). However, the plasticization effect 
reduces both tensile strength and stiffness of the affected plastic and also accelerates the creep rate of the 
material if it is under stress. If an application of a particular plastic requires a certain minimum level of strength 
or stiffness, unintentional plasticization by exposure to a chemical that the plastic can adsorb could accelerate 
failure by reducing those properties (Ref 7). 
Plasticizer loss from an intentionally plasticized polymer may also have an adverse effect on polymer 
performance. Plasticizer migration from PVC is a well known phenomenon (Ref 8) that results not only in 
embrittlement and/or a loss of flexibility of the PVC part but also loss of the plasticizer chemical(s) into the 
environment. Plasticizer migration from flexible PVC products also results in some small amount of shrinkage 
of the products. This may be problematic if close dimensional tolerances are necessary. 
The effects mentioned previously will occur in both amorphous and crystalline plastics, but they may not be as 
visibly evident in crystalline ones. Crystalline plastics often do not appear to be as affected by interactions with 
solvents, since diffusion of solvent into the crystalline regions is much more limited (Ref 9). Adsorption of 
solvents into the amorphous regions of a crystalline polymer will create the discussed effects within those 
regions of the polymer morphology; this can result in changes in polymer mechanical properties. For example, 
nylon plastics will absorb moisture from the air. An extremely dry nylon may be rather brittle, while that same 
nylon exposed to 50% relative humidity for several days can be quite tough. However, the short-term tensile 
strength and modulus of the hydrated nylon will be somewhat reduced, as will the long term (creep rupture) 
strength of the material. Creep deformation of the hydrated nylon will proceed more rapidly than that in the dry 
material at the same level of stress. Hydrocarbon liquids will have similar effects on polyethylene. 
In crosslinked rubber products, swelling will result when exposure to chemical solvents occurs (Ref 10). The 
swelling can be rather extreme when the solubility parameter difference between rubber and solvent is small. 
Highly swollen rubbers will exhibit a severe loss of strength and stiffness, a high creep rate, and a high rate of 
stress relaxation or compression set. This last phenomenon can have an extremely adverse effect on rubber 
gaskets and o-rings by allowing the compressive stress in such a seal to decrease to a level so low that leakage 
of the seal can occur. Even with polymer/solvent pairs for which the solubility parameter difference is 
somewhat greater and swelling seems not as severe, these effects can occur. Rubber compounds are sometimes 
intentionally plasticized like PVC in order to achieve a desired level of compressibility, flexibility, and so forth 
while using a specific polymer as the base for the compound. Loss of these intentional plasticizers into the 
environment will have the same effects as with PVC. 
With respect to identifying adsorbed chemicals in plastics, since the chemical is adsorbed, it can usually be 
extracted in some way and identified. In some cases, simply heating the plastic will drive off the chemical, 
which can be collected and fed into a gas chromatograph (GC) or a GC/mass spectrometry (GC/MS) analysis. 
Sometimes extraction with a second chemical solvent is necessary, one that is a better solvent for the plasticizer 
than the polymer is. The extract can then be tested for the presence of other chemicals to identify plasticizers. 
When the quantity of absorbed chemical is great, an infrared spectrum of the plasticized plastic can be obtained 
by Fourier transform infrared (spectroscopy) (FTIR). An FTIR spectrum of the unplasticized plastic, or a 
reference spectrum from a spectral library of such, can then be subtracted from the subject spectrum by the on-
board computer of the instrument. The resultant subtraction spectrum will often be that of the absorbed 
chemical, which can then be identified by its infrared spectrum. 
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Environmental Stress Cracking 

Environmental stress cracking (ESC) of plastics has been defined as “… the failure in surface initiated brittle 
fracture of a specimen or part under polyaxial stress in contact with a medium in the absence of which fracture 
does not occur under the same conditions of stress” (Ref 11). Virtually all plastics are stress cracked by some 
chemical environments. The biggest problem with this is that each plastic has its own set of stress cracking 
reagents, and those chemicals that stress crack one type of plastic will have no effect on others. Thus, the 
potential stress cracking effect of a specific chemical on a specific plastic must be known from prior work or 
elucidated by direct experiment in order to know whether or not a problem exists. 
Several physical characteristics are typical of environmental stress crack failures: 

• Failure is always nonductile, even in plastics that would normally exhibit a ductile yielding failure 
mechanism. 

• The brittle fracture is surface initiated. 
• The surface at which cracking initiated was in contact with a chemical reagent. 
• The plastic was mechanically stressed in some way; internal (residual) stresses or externally applied 

stresses both qualify. 

Chemicals that induce ESC usually have no other apparent effect on the plastic in question; that is, no swelling 
(or dissolution in large quantities of the chemical) and no physical or chemical changes in the polymer that 



might be detected by analytical methods. In the absence of a mechanical stress, the ESC chemical has no 
discernible effect. Conversely, the magnitude of stress that will cause ESC will not cause fracture if imposed in 
the absence of the stress cracking reagent. Thus conventional chemical resistance tests run on plastics, in which 
unstressed tensile bars are soaked in a chemical and withdrawn periodically for testing, give no indication of the 
possibility of ESC for any polymer-reagent system. It is only in the presence of both mechanical stress and 
chemical environment that ESC occurs. 
Failures from ESC may occur early or late in the life of a product. In some cases, ESC will occur as soon as a 
part is loaded, if the reagent is already present on the surface of a previously unstressed part. Stress cracking 
reagents also impact the creep rupture properties of plastics by shortening the time for brittle fracture to occur 
over that which exists in the absence of the reagent. Sometimes ESC reagents will create brittle fracture at a low 
stress level in a polymer-like polyethylene that normally fails in a highly ductile manner. These effects are 
summarized in the schematic creep rupture curves of Fig. 1. High density polyethylene exhibits ductile failure 
(elongations to break of several hundred percent) at stresses near to its reported yield stress. At lower stresses 
and longer failure times, a different molecular mechanism controls failure, and brittle fracture occurs at 
elongations of less than five percent. Presence of an ESC reagent on the surface of a plastic can dramatically 
shorten the time for failure to occur at a given stress level and change the failure mechanism from highly 
ductile to macroscopically brittle. 
 

 

Fig. 1  Effect of environmental stress cracking agents on creep rupture performance 
One condition in which the possibility of ESC should be considered is when there is an apparent stain or other 
deposit residue on the surface of a fractured part. Even though stress cracking chemicals are not adsorbed into 
the plastic to any significant extent, surface residues are often left behind that can be identified. Once the 
chemical that left the deposit is known, reference to prior work reported in the literature may tell whether or not 
it is an ESC agent for the particular plastic in question. If no previously identified problems with that chemical 
can be found, laboratory stress cracking tests of the polymer/chemical combination can be conducted to assess 
the likelihood of ESC. 
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Polymer Degradation by Chemical Reaction 

Another effect that chemical environments can have on plastics is to actually degrade the polymer; that is, to 
break down the polymer chains into lower molecular weight compounds that no longer have the desirable 
strength or toughness properties of the original. Certain polymer types are more susceptible than others to 
specific degradation mechanisms, but all polymers can be degraded by at least one mechanism. The most 
common degradation mechanisms are discussed in the following paragraphs. 
Hydrolysis. Polymers created by stepwise reactions, for example, polyesters and nylons, form water as a 
reaction product along with the polymer. Under certain circumstances of exposure to aqueous environments, the 
polymerization reaction can essentially be reversed and the polymer broken down. Normally, these hydrolytic 
degradation reactions occur at extremely slow rates, and certainly nylon and polyester fabrics can be repeatedly 
washed in water without adverse effect. However, at conditions of either low (>4) or high (<10) pH, the rate of 
hydrolysis may become perceptible and result in molecular weight reduction and mechanical property 
diminution. 
These polymer types can also degrade during processing (i.e., extrusion or injection molding) if there is 
moisture in the material. Even at neutral pHs, the elevated temperatures used for polymer molding or extrusion 
(175 to 250 °C, or 350 to 500 °F, or more) will cause hydrolytic degradation if there is moisture in the resin. 
Because of this, polymer resin manufacturers advise drying of the material just prior to processing to reduce the 
moisture content to a low enough level that hydrolysis will not occur while the resin is heated in the 
manufacturing equipment. It is often the case with plastics that are susceptible to hydrolytic degradation that a 
reduced polymer molecular weight is found during the failure analysis. The challenge for the analyst then 
becomes deciding whether the degradation occurred during fabrication of the part or on exposure to an aqueous 
service environment. 
Thermal Degradation. High molecular weight polymers will also break down upon exposure to elevated 
temperatures. Sufficient thermal energy can be input to a polymeric material to break the covalent chemical 
bonds that hold polymer molecules together. This bond breakage (chain scission), if it occurs in the polymer 
backbone, will reduce molecular weight. Chain scission of side chain branches may also alter the polymer 
structure sufficiently to change appearance or mechanical properties enough to create a premature failure. 
As with hydrolysis, thermal degradation can occur both in processing and in an end-use environment. In 
molding or extrusion operations, the molten plastic is exposed not only to elevated temperatures but also to 
mechanical shearing. The combination of the two may reduce molecular weight to the extent that performance 
properties will suffer. Thermally degraded plastics also tend to discolor and sometimes a plastic product is 
deemed a failure because it no longer has the desired cosmetic appearance due to thermal degradation. These 
same changes may be observed in end-use environments, albeit at much slower rates due to the lower 
temperatures at which plastics are usually used. 
Thermal degradation of polymers is a chain reaction that begins when an atom (usually a hydrogen atom) is 
abstracted from the polymer chain, leaving behind an unpaired electron from the broken covalent bond at an 
atom on the chain (Ref 12). The free radical thus formed may react in several different ways, one of which 
results in chain scission and molecular weight reduction. Fortunately for plastics usage, there are chemical 
additives compounded into polymers that will react with the unpaired electron, interrupt the chain reaction, and 
postpone or at least greatly retard thermal decomposition. If thermal degradation is believed to be a contributing 
factor to failure, the type and amount of these additives should be checked to be certain that failure was not due 
to degradation in an unprotected polymer material. 
Oxidation. Many polymers, especially the olefins and others with long olefinic segments in the polymer chain 
backbone, will oxidize when exposed to oxygen-containing environments. As with thermal degradation, 
oxidation usually commences by formation of a free radical on the polymer chain. An oxygen atom from the 
environment will then react with the unpaired electron to form a hydroperoxy radical. This will then degrade by 



one of several reactions, some of which result in chain scission and property loss (for details of oxidation 
chemistry, see Ref 12). 
As with thermal degradation, chemical additive stabilizers and antioxidants can be added to the polymer that 
will break the chain reaction in a variety of ways, preserving polymer properties at least until the additives have 
been consumed. If oxidative degradation is a possible contributing factor to a premature failure, it becomes 
necessary to determine what allowed it to occur. It may be that the stabilizers were not present originally in the 
proper types or amounts. If the polymer resin did contain antioxidants, then it must be determined what caused 
them to become ineffective. In some cases stabilizers can bloom to the surface of a plastic part and be removed 
by ablation, dissolution, or evaporation into the environment (Ref 13). In other cases, the additives may simply 
have been consumed doing the job for which they were intended, and premature oxidation occurred because the 
service environment was at a higher temperature than the design engineer anticipated. All these can lead to an 
oxidized polymer with reduced mechanical properties, unacceptable appearance, or other deficiencies. 
Photodegradation. With many polymeric materials, ultraviolet (UV) radiation can be the source of energy that 
will abstract an atom from the polymer backbone and start the degradation process. It is well known that 
prolonged outdoor exposure of plastics will initially cause color changes that may be undesirable. Oxidation 
initiated by UV radiation will result in eventual loss of properties as well. Once again, there are chemical 
additives that will retard these processes, but eventually they will be consumed and degradation will proceed. 
The plastics design engineer must be certain that the UV radiation stabilizers are present in the proper types and 
amounts to yield a product that will operate for its intended life without undergoing an inordinate amount of 
degradation from the exposure. There are both accelerated indoor and outdoor test methods that are used to 
assess the level of stability to UV exposure of a plastic material. 
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Surface Embrittlement 

An adverse effect of polymer degradation on plastic part performance does not require changes in the bulk of 
the material in that part. In many cases, it is only necessary to cause degradation in a thin surface layer of the 
part in order for performance to be compromised. This phenomenon has been observed in both long-term and 
short-term properties of many polymeric materials. 
In fact, polymer degradation is often limited, at least initially, to the surfaces of exposed plastic products. 
Oxidative degradation initiated by either purely thermal means or by UV radiation occurs initially at the 
surfaces, because that is where oxygen concentration is the greatest. In order for oxidation to occur deeper in a 
specimen, it must diffuse in. Because oxygen reacts very rapidly with free radical species, oxidation below the 
surface of a polymer part is diffusion limited and occurs very slowly compared to surface oxidation. Hydrolytic 
degradation also occurs first and most rapidly at surfaces since that is where the concentration of water is the 
greatest. Since often all that is needed for premature failure to occur is to generate a sufficient level of 
degradation at the surface, even if the bulk material within the plastic part is unaffected, the fact that 
degradation is initially limited to the surfaces creates problems for product performance. 
The impact of surface degradation on short-term properties has been demonstrated by many authors. Numerous 
studies have shown that considerable reductions in tensile strength, impact strength, and toughness have been 
observed for oxidation degradation extending only a short distance into a specimen (Ref 14, 15). Figure 2 
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illustrates this effect in polyethylene. Choi (Ref 17, 18) demonstrated that the creep rupture behavior of a 
polyethylene pipe resin could be compromised by a certain level of oxidative degradation occurring only in the 
first 50 μm below the surface of a 2.5 mm (0.1 in.) thick specimen. Figure 3 (Ref 17) illustrates how surface 
degradation of a plain strain tension specimen alters the ductile brittle transition in polyethylene creep rupture. 
 

 

Fig. 2  Effect of thin brittle film on stress-strain behavior of high density polyethylene. 
Source: Ref 16  
 

 

Fig. 3  Effect of surface embrittlement from varied UV exposure times on creep rupture 
behavior of polyethylene at 80°C (175 °F). Source: Ref 17  
 



The existence of this surface embrittlement phenomenon requires that the evaluation of surface-initiated brittle 
fracture in an otherwise ductile polymer include characterization of material taken only from the surface. The 
results can be compared to similar testing of the core of the failed part or to testing of a control sample of the 
material to determine whether or not degradation of material at the surface is a contributing factor. 
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Temperature Effects 

One final effect of environment on polymer performance is that of temperature. Polymeric materials will 
exhibit a transition between two very different types of mechanical behavior as the environmental temperature 
passes through what is called the “glass transition temperature” (Tg) (Ref 19). Figure 4 shows how the modulus 
of an amorphous polymer changes as temperature is increased or decreased through this critical region. At 
temperatures well below Tg, this polymer behaves like a glassy material, with a relatively high modulus and low 
energy to break. At temperatures well above Tg, the same polymer has two or three orders of magnitude lower 
modulus and will either flow like a very viscous liquid or fail in tension at high extension, depending on 
whether or not the polymer is cross-linked. In the temperature range over which the glass transition is 
occurring, a mixed mechanical property behavior will occur, with reduced modulus and increased ductility 
versus the glassy state but not as extreme as the rubbery state. 
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Fig. 4  Modulus versus temperature for a typical linear polymer. Source: Ref 19  
This phenomenon also manifests itself in semicrystalline polymers, where the amorphous component of the 
material also exhibits a Tg. The Tg is always lower than the melting temperature (Tm) of a semicrystalline 
polymer. The extent to which mechanical properties are altered as temperature changes around Tg depends on 
the relative amounts of crystalline and amorphous material that exist in the polymer in question. Of course, 
when temperature is above both Tg and Tm, the material exhibits either rubbery or viscous fluid behavior 
depending on whether or not it is cross-linked. 
The actual temperature range over which the glass transition phenomenon occurs will vary somewhat as the rate 
of deformation of the polymer changes. High-speed (high strain rate) deformation favors nonductile failure 
while low-speed (low strain rate) deformation favors more ductile failure. The actual numerical value of Tg will 
vary with the rate of testing used to make the measurement. Thus, when assessing temperature effects on failure 
mode, it is necessary to know how the environmental temperature compares to the polymer Tg. It is also 
necessary to factor in loading rate, especially when the environmental temperature is near Tg. 
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Conclusions 

Environmental effects on polymeric materials cover a broad range of different behaviors. Plasticization, 
solvation, and swelling, involving diffusion of the chemicals into the polymer, do not alter the molecular 
structure irreversibly. Their effects can be reversed if the chemical is removed from the material, for example, 
by evaporation. Environmental stress cracking occurs without significant absorption of an environmental 
reagent by the polymer but will promote brittle fracture in normally ductile plastics at levels of stress or strain 
well below those that would usually cause failure at all. Actual degradation of a polymer, which reduces 
molecular weight and therefore mechanical properties, does not need to be particularly pervasive in order to be 
problematic. Degradation of a thin surface layer of material on a plastic part can facilitate premature failure or 
brittle failure under conditions where ductile failure would normally occur. All of this is further exacerbated by 



the effects of changing temperature and strain rate. All of these conditions may need to be considered in 
determining cause of failure in a product manufactured from a polymeric material. 
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Introduction 
*REFRACTORY MATERIALS are used in various industrial applications to line the interior of a multitude of 
vessels (mainly made of steels). The two primary objectives are to minimize heat losses and to prevent various 
fluids and solids from coming in direct contact with the outer skin (again, most of the time, made of steels). 
Unlike thin organic linings and coatings, refractory linings may consist of one or many times two layers or 
more with thicknesses varying from at least 100 mm (4 in.) up to 500 mm (20 in.) or more. Refractories are 
either shaped materials (bricks and various other formats, including lances, tubes, nozzles, and so forth) or 
unshaped or monolithic materials (delivered to the users in bags, sacks, or other containers for bulk materials). 
Technical ceramics recovered a very wide diversity of materials. This article mainly discusses structural 
ceramics used in gas turbine components, the automotive and aerospace industries, or as heat exchangers in 
various segments of the chemical and power generation industries. 
The most common cause of premature failures of refractories is corrosion. However, corrosion is infrequently 
the cause of premature failure for technical ceramics. Corrosion of refractories occurs mainly when refractory 
materials are in contact with metallurgical slags or glasses (solids, S, + liquid, L, type of reaction), but 
atmosphere corrosion also occurs under specific circumstances (under reducing or oxido-reducing conditions), 
as, for example, under attack from carbon monoxide or alkalis and other condensable gases (S + gas, G, type of 
reaction). 
Corrosion of technical ceramics is attributed to either S + G or S + L types of reactions (G for high-temperature 
combustible gases, in turbine-, diesel-, or other-fuel-engines; L mainly for molten salts or even aqueous 
solutions under special circumstances). 
This article is divided into three sections. The first section, “Basic Principles,” covers fundamental aspects of 
chemical corrosion (as opposed to electrochemical corrosion). The second section is a compilation of corrosion 
resistance characteristics of specific classes of refractories and structural ceramics, and the third section is 
devoted to the prevention strategies that minimize corrosion failures of both classes of materials. 
For the present purpose, refractories are defined as mainly coarse-grain ceramics made of either natural and/or 
synthetic raw materials, with an overall open porosity greater than 10%. Refractories are used as containment 
materials (containing heat and mass). Refractories for heat containment only are called insulating materials. 
Insulating materials are not covered specifically in the context of corrosion failures. The accepted definition for 
industrial refractories is, according to the ASTM (Ref 1), “Nonmetallic materials having those chemical and 
physical properties that make them applicable for structures, or as components of systems, that are exposed to 
environments above 538 °C (1000 °F).” Nowadays, refractories are made of not only oxides and nonoxide 
compounds (carbides, nitrides, and carbons), but also of metallic additions. With the new generations of “black 
refractories,” which contain 7% or more carbon materials (mainly natural graphite), adding one or two metallic 
additions to act as “antioxidants” or to protect carbon is mandatory. 
The technical ceramics, on the other hand, constitute an ill-defined class of materials. They are often called 
“engineering ceramics” or “advanced ceramics,” subdivided into “structural ceramics” (which exhibit superior 



mechanical properties as compared to traditional ceramics) and “functional ceramics” (which exhibit superior 
electrical, magnetic, or optical properties, again as compared to traditional ceramics). For the present purpose, 
technical ceramics are defined as fine-grain (as opposed to coarse) ceramics made of high-purity powders, 
oxides, and/or non oxides (same as for refractories), with very little batch-to-batch variability and as little as 
possible liquid-solid sintering. Technical ceramics nevertheless possess a fired density as close as possible to 
theoretical density (with small pores and very little apparent porosity—a major difference when compared to 
refractories). 
The refractory materials to be considered can be classified as:  

• Basic refractories: magnesia- or doloma-based, with or without graphite, with some chromia and 
alumina additions in the case of MgO, and magnesia and minor amounts of zirconia additions, in the 
case of doloma (CaO · MgO) 

• Alumina and alumino-silicate refractories: high-alumina, with or without minor addition of graphite 
and carbon, magnesia, or silicon carbides; high-alumina with clays and then the fireclays and silica 
refractories 

• Others: includes zircon-zirconia and silicon carbide refractories 

The technical ceramics to be considered are high-purity materials of alumina or zirconia (stabilized), or silicon-
carbide, silicon-nitride, or boron-nitride. 
Refractories and structural ceramics are generally thought to be inert and corrosion resistant (as compared to 
metallic alloys), and they are, relatively so, at room temperature, under dry atmosphere, and over long time 
intervals. With increasing temperatures and specific chemical, mechanical, and physical gradients, the 
propensity to degradation increases rapidly. 
Degradation, deterioration, decomposition, and wear are all words used to describe corrosion of these materials. 
Corrosion of refractories and ceramics is indeed a complex phenomenon to describe, and no single word 
properly fits. Corrosion involves a combination of different mechanisms, such as dissolution and invasive 
penetration (where diffusion, grain boundary, and stress corrosion may all be present), and oxidation-reduction 
reactions (where absorption, desorption, and mass transport phenomena all come into play). 

Footnote 

* *Adapted with permission from Corrosion of Refractories and Ceramics by M. Rigaud in Uhlig's Corrosion 
Handbook, 2nd Edition, John Wiley & Sons, 2000 
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Basic Principles 

It is generally accepted that corrosion of refractories and ceramics are the result of some specific chemical 
reactions rather than electrochemical reactions. It is then appropriate to estimate first the driving force or the 
propensity of a given reaction to occur, using the appropriate thermodynamic calculations. This should be done 
in two steps:  
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1. Verify the available thermodynamic data for the thermal stability of each constituent. 
2. Make the appropriate thermodynamic calculations to estimate the free enthalpy variations (ΔG)r, for all 

possible reduction or oxidation (redox) reactions that may occur between constituents themselves and 
between constituents and the environment (gases and/or liquids). 

To select the best material for a specific application, however, thermodynamic calculations are not enough. This 
is only the first part of the story. Identification of the mechanisms, which will control the degree of 
advancement of the reaction, is also duly required. Kinetic models and kinetic data then are needed. 
In this context, the principles of penetration, dissolution, and spalling are considered. 

Thermodynamic Calculations 

To make the appropriate calculations, first evaluate the thermal stability of each constituent. Then, consider the 
melting and dissolution behavior under equilibrium conditions. Finally, assess the redox potentials, taking into 
account the partial pressure values of the initial constituents and of all the compounds that can be formed at 
different temperatures and encountered in the system considered. 
Thermal Stability. Several polymorphic transitions may occur, and these can change the microstructural 
integrity of the solids as they are being heated. Some are reversible, and some are irreversible, with some well-
known disruptive transformations, as for silica or zirconia. Other transitions are the decomposition of mixed 
oxides (e.g., ZrSiO4 → ZrO2 + SiO2), the devitrification of glassy phases, and the crystallization of high-
temperature phases for amorphous or poorly crystallized ones (e.g., the graphitization of carbon). For such 
modifications, large volume variations may occur, creating sufficiently large compressive, tensile, or shear 
forces to cause microcracks, hence porosity, an important aspect of the corrosion of refractories. 
Other volume changes or debonding may occur due to thermal mismatch when solids are heated. All noncubic 
lattice refractory compounds, for example, Cr2O3 (hexagonal); Fe2O3 (trigonal); and ZrO2 (monoclinic), are 
susceptible to disruptive intercrystalline debonding, since they exhibit thermal expansion anisotropy. Another 
cause of debonding is the juxtaposition of two constituents of different properties, such as different thermal 
expansion coefficients (e.g., alumina-mullite, mullite-silica, and magnesia-chromite). In fact, in most 
refractories, phase boundary microcracking can be expected. 
Melting Behavior and the Use of Phase Diagrams. For many years, compositions of refractories were limited to 
individual minerals as mined. With time, it was recognized that nature did not proportion the oxide contents of 
the minerals in the most suitable ratio for optimum refractory performance. As pure oxides became available 
and affordable in terms of cost (first alumina, then magnesia), improvements in performance (in particular, 
corrosion resistance) became possible. The use of phase diagrams was then recognized as a very good research 
tool to accelerate such improvements. 
Phase diagrams are used to design refractories and to understand the role of slags (of the same nature as the 
liquid phase formed in the refractories). The early book by Muan and Osborn (Ref 2) is a reading requirement 
for new researchers in this field, as are the reviews by Kraner (Ref 3) on phase diagrams for fired refractories 
and by Alper et al. (Ref 4), on fusion-cast refractories. Phase equilibria in systems containing a gaseous 
component have also been examined; in particular for the effects of oxygen partial pressure on phase relations 
in oxide systems. The relative importance of these issues has greatly increased with the advent of the so-called 
carbon-bonded refractories, magnesia-dolomite and alumina-based systems with carbon and graphite. Also, the 
roles of oxycarbides, oxynitrides, and silicon-aluminum oxynitrides, as well as metals and alloys in refractories, 
have been documented. These aspects are treated in the following paragraphs and sections. 
In general, the corrosion resistance of a refractory is high if formation of low-melting eutectics and of a large 
amount of liquid can be avoided. Phase diagrams can be used to predict the formation of these phases. Of 
course, the better the system is defined, the easier it is to make an accurate prediction. There are, nevertheless, 
many limitations; for example, phase diagrams are readily available for no more than three constituents, while 
in practical cases of magnesia or dolomite basic refractories, one needs to characterize the CaO-MgO-FeO-
Fe2O3-Cr2O3-SiO2 system. At any rate, for the basic refractories, a particularly important feature is the 
CaO/SiO2 ratio and its effect on the quantities of low-temperature phases to be expected. 
Oxidation and Reduction Behavior. As for melting or solid-liquid reactions, the thermodynamic calculations of 
gas-solid reactions are a powerful tool for describing the stability of refractory and ceramic materials (in 
particular, the carbon-containing refractories that are now very widely used). Gas-solid reactions are important 



not only for dealing with the direct oxidation of carbon in air but also for evaluating the reduction of aggregates 
(MgO, Al2O3, SiO2, etc.) by carbon (indirect oxidation of carbon) and the role of the antioxidants, being more 
reducing than carbon in most systems. A powerful use of thermodynamics is to assess oxidation-reduction 
behavior of multicomponent systems using elaborate computer codes, such as Chem Sage or Solgasmix (Ref 5, 
6). Graphical displays such as Ellingham diagrams and volatility and predominance diagrams are often used to 
describe the simplest systems of the type S1 + G1 → S2 + G2 (Ref 7). For the Ellingham diagrams, all the 
condensed phases of the reactions are assumed to be pure phases, and therefore, at unit activity, but deviations 
from unit activity are common. Corrections must be applied. Predominance diagrams and volatility diagrams 
are graphical representations in which the gaseous products are considered at various nonstandard conditions, 
and these diagrams are used for complex systems involving several gases (e.g., metal-oxygen-carbon-nitrogen, 
under a wide range of partial pressures). These diagrams, the equivalent to Pourbaix diagrams for studying 
corrosion of a solid in aqueous media, are used to predict the direction of reactions and the phases present. 
From thermodynamic calculations, it is possible to explain why and how redox variations are harmful to any 
refractory containing iron oxides as impurities; how the reduction of magnesia to magnesium gas and the 
reoxidation to MgO can be used with great advantage for MgO-carbon bricks (a destruction-reconstruction 
mechanism that leads to the dense-zone magnesia formation theory); how nonoxide refractories (and nonoxide 
structural ceramics) without exception are subject to high-temperature oxidation; and finally, how, in the 
presence of alkalis, refractory chromites (Cr3+) can be oxidized in part to toxic chromates (Cr6+). The alkali 
chromites (Na2Cr2O7 or Na2CrO4) are water leachable and therefore present an environmental contamination 
risk in disposal sites. 

Kinetic Considerations 

Penetration, dissolution, and spalling are the most important phenomena that control the kinetics of the 
corrosion of industrial refractories and technical ceramics. They apply as well to the S + L reactions as to the 
solid S + G reactions. 
Liquids can be either slags or fluxes, molten salts, or molten metals, each presenting their own peculiarities. 
Slags are characterized by their basicity/acidity ratio (CaO/SiO2 ratio either greater or lower than 2 to 1) and 
fluidity or viscosity (very much a function of temperature and overheat, measured by ΔT = Tservice - Tmelting of 
the lowest melting eutectic compounds in the system). Molten salts are known for their low melting 
temperature, high fluidity, and high fugacity (high volatility of alkalis). Molten metals are less reactive toward 
refractories but are not inert. 
The solid refractory material, S, has already been defined as a multiphase material having a texture with 
intricate surface properties, most often used under a thermal gradient and usually containing some inherent 
amount of liquid (ℓ) at the hot face, where ℓ may be equivalent to L, in terms of affinity. 
Various hot gases, reactive or nonreactive, with or without dusts, are represented by G. The reactivity of G can 
be determined by starting with the acid-base series shown hereafter, noting that the strongest acids and bases 
are volatile, and by using thermodynamic data in predominance and volatility diagrams:  
Order listed Acids and bases 
Gases  

N2O5 (G) 
SO3 (G) 
SO2 (G) 
CO2·ZrO2  
B2O3·ZrO2  

From most acidic to most basic 

V2O5·ZrO2  
Solids  

SiO2  
TiO2  
ZrO2  
Fe2O3  
Cr2O3  

From most acidic to neutral 

Al2O3  
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FeO 
NiO 
MnO 
MgO 
CaO 
Na2O (S or G) 

From neutral to most basic 

K2O (S or G) 
Penetration. It is useful to distinguish between physical penetration and chemical invasion. Physical 
penetration, without dissolution at all, occurs when a strictly nonwetting liquid is forced into the pores of a solid 
by gravity or external forces. Chemical invasion occurs when dissolution and penetration are tied together. Both 
physical and chemical penetration are favored by effective liquid-solid wetting and by low-viscosity liquid. 
Silicates, particularly silicate glasses, are usually viscous; simple oxidic compounds and basic slags are less 
viscous. Halides and elemental molten metals are, in general, the most fluid liquids. 
Penetration is the result of an interplay between capillary forces (surface tension), hydrostatic pressure, 
viscosity, and gravity. Mercury penetration in a capillary glass tube is the best example of physical penetration. 
The rate of penetration in a horizontal pore dℓ/dt, with a pore radius, r, is given by the following expression:  

cos
4
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where γℓg is the surface tension of mercury in air, θ the wetting angle of mercury on the glass wall, η the 
viscosity of the penetrating liquid, Hg, over a length, ℓ, at time, t. This expression is valid only at constant 
temperature, whereas γℓg and η are liquid properties greatly influenced by temperature. Such an equation has 
often been used to describe the penetration of liquids in refractories without distinction between physical and 
chemical invasion. However, in the case of chemical invasion, the penetration-dissolution causes changes in 
composition (which, in turn, affect the value of γℓg and η) and changes in porosity geometry. 
When the pore size distribution is narrow (i.e., pores of the same size), penetration and filling of the porosity by 
capillarity produces a relatively uniform front moving gradually from the hot face and remaining parallel to it. 
When pore size distribution is wide (i.e., very large and very small pores) or when open joints, cracks, or gaps 
between bricks in a refractory wall are accessible at the hot face, rapid and irregular liquid intrusions occur. 
There are many penetration paths in a refractory, and the texture of the material is of primary importance. It is 
important to distinguish between interconnected versus isolated porosity, between open and total porosity, and 
between pore sizes and unbounded boundaries between grains (aggregates, and/or matrix) due to thermal 
mismatches during heating. 
For a given temperature gradient, the pertinent eutectic temperature of the penetrating liquid determines its 
maximum liquid penetration depth. 
Dissolution. The simplest case of pure dissolution is represented by the reaction S1 + L1 → L2, where L2 is a 
solution L1 + S1, S1 having a continuous surface. A general equation useful to describe such a dissolution 
process is:  
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(Eq 1) 

where j is the rate of dissolution per unit area at a given temperature, T; K is the surface reaction rate constant; δ 
is the thickness of the boundary layer in the liquid phase; Csat is the concentration of the dissolving solid, in the 
liquid, at the interface; C∞ is the concentration of the dissolving phase in the bulk of the liquid; and D is the 
effective diffusion coefficient in the solution for the exchange of solute and solvent. 
The parameter δ is further defined by the expression:  
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(Eq 2) 

where (dc/dy) is the concentration at the interface. 
The dissolution rate, j, may be visualized as the ratio of a potential difference (Csat - C∞) divided by a resistance 
term:  
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Three different cases will be briefly treated. 
The first case is when K >>> D/δ, that is, when the chemical reaction takes place so rapidly at the solid-solvent 
interface that the solution is quickly saturated and remains so during the dissolution process. In this case, the 
dissolution rate, j, is controlled by mass transport. Equation 1 reduces to Eq 3:  
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(Eq 3) 

The transport process is enhanced by convection due to density differences between bulk and saturated solution 
(natural convection) and/or by the hydrodynamics of the system under forced convection. Expressions for the 
boundary layer, δ, have been derived from first principles, for both natural (or free) and for forced convection, 
for a variety of simple geometries, and Eq 3 has been validated many times. This process is often called direct 
dissolution. 
The second case is when K <<< D/δ, that is, when the dissolution rate is phase-boundary controlled as opposed 
to mass-transport controlled. Equation 1 reduces to Eq 4:  

j = K(Csat - C∞)  (Eq 4) 
The phase-boundary reaction rate is then fixed by the movement of ions across the interface and, hence, is 
governed by molecular diffusion. The effective diffusion length over which mass is transported is proportional 
to (Dt)1/2 and, therefore, the change in thickness of the specimen, proportional to the mass dissolved, varies with 
t1/2. This process is often called indirect dissolution. 
The third case is when K ; D/δ, both phase boundary and mass-transport are controlling; in this case of mixed 
control, the potential difference (Csat - C∞) can be seen as divided into two parts. (Csat - C*) is the part that 
drives the phase boundary condition, and (C* - C0) is the part that drives the transport process, so as to keep the 
dissolution rates for each process equal. 
The dissolution rate is extremely temperature sensitive, largely determined by the exponential temperature 
dependence of diffusion, and can be expressed by the following equation;  

1

1 1expcj A B
T T

  
= − −  

  
 

 
(Eq 5) 

where A is the dissolution rate at temperature T1 and B is a model constant. 
In most practical dissolution problems, the reaction of a solid in a solvent leads to a multicomponent system; 
the chemical composition is no longer defined by a single concentration. There is not a single saturation 
composition at a given temperature; instead of pure dissolution, the reaction is of the type S1 + L1 → L2 + S2 
with the formation of S2 causing the interface composition to change. 
For porous solids such as refractories with open porosity and with matrix materials being fine and highly 
reactive, both dissolution and penetration occur; hence, most slagging situations involve chemical attack of the 
matrix or low-melting constituent phases, which disrupts the structure and allows the coarse-grained aggregates 
to be carried away by the slag movement. When penetration is more important than dissolution, structural 
spalling, another mechanism of degradation, needs to be considered. 
Structural or Chemical Spalling. While spalling is a general term for the cracking or fracture caused by stresses 
produced inside a refractory, chemical or structural spalling is a direct consequence of corrosion penetration. It 
should not be confused with pure thermal or pure mechanical spalling. Structural spalling is a net result of a 
change in the texture of the refractory, leading to cracking at a plane of mismatch, at the interface of an altered 
structure and the unaffected material. 
When slag penetration does not cause direct loss of material, the slag partially or completely encases a volume 
of refractory, reducing its apparent porosity (by sometimes more than one half) and causing differential 
expansion with the associated development of stresses. As a result, there is a degradation in material strength 
and stiffness, the appearance of microcracks and, eventually, totally disruptive cracks parallel to the hot face of 
the lining. This is structural spalling. 
Quantification of the mass of spalled materials from the hot face has been attempted by Chen and Buyukozturk 
(Ref 8), who combined slag dissolution and spalling effects into one expression in terms of the residual 
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thickness, X, and the rate of thickness decrease. They proposed expressions as a function of the hot-face 
temperature, TH, and the maximum depth of slag penetration DP, referred to the location of the hot face at time, 
ti, during the (i - 1)th and ith spalling. 
The same authors have developed a very interesting notion to approximate the value of DP, using a critical 
temperature criterion; they postulated that, for a given system, slag penetration occurs only when temperature 
reaches a critical value, Tc, which could be related to the temperature above which a certain percentage of liquid 
phase may still exist in the refractory (always under a thermal gradient). 
Corrosion by Gases and Dusts versus Liquids. For corrosion by gases and dusts, the same qualitative 
relationships are applicable as for gas and liquid penetration into a refractory, except that wetting is not a factor. 
In gas corrosion, the driving force is the pressure gradient. Gas penetration is less rapid, in terms of mass, than 
that of wetting liquids; reactions do not necessarily commence at the hot face. However, the depth of 
penetration of gases can be much greater than that of liquids. 
Moving down a thermal gradient, gases may condense locally to form a liquid, which then may initiate a 
dissolution-corrosion process and migrate still further into the solid. Alternatively, gases may react chemically 
to form new compounds (liquid or solid). Once condensation has occurred, the basic criteria for liquid corrosion 
apply. The condensed liquid fills the pores and debonds the ceramic material, creating thermal-expansion 
mismatches, weakening, softening, swelling, and slabbing. 
Sulfur dioxide, usually from combustion or smelting operations, provides good examples of the condensation-
corrosion patterns experienced in practice. Condensation leads to the formation of sulfate in magnesia at 1100 
°C (2000 °F), in lime at 1400 °C (2550 °F), and in alumina at 600 °C (1100 °F). When alkali vapors (Na2O) are 
present with SO2, condensation of Na2SO4 overlaps with SO2 attack. Volatile chlorides also play a role. 
When dusts are carried out in hot gases, they may lead to deposition or abrasion. Deposition leads to scaling or 
caking with either beneficial or life-shortening consequences. Dusts entrained in gases that condense within 
refractories or ceramics may facilitate the gradual adhesion of solid particles to the working surface. The 
resulting buildup can be either a hard scale or lightly sintered cake acting as a protective barrier. In less obvious 
cases, dust and condensing gases fuse together to create an invasive liquid. In other instances, scaling and 
caking of refractory walls may not be acceptable to a particular process, and periodic descaling operations can 
lead to degradation of refractories. 
Although no deposition may occur, abrasion can take place when refractory or ceramic linings are bombarded 
by dusts. The extent of abrasive wear depends on the impinging particle size, shape, hardness, mass, velocity, 
angle of impact, the fluid dynamics of the system, and the viscosity of the eluant gas, among other parameters. 
Abrasion exacerbates corrosion. 
Exposure of a refractory or a ceramic either to a liquid or to its saturated vapor is thermodynamically the same. 
The differences lie in the transport mechanism. In approximate order of decreasing thermodynamic power, the 
oxidizing gases are NOx, Cl2, O2, HCl, CO2, H2O, and SO2, and the reducing gases are reactive metal vapors, 
NH3, H2, CxHy, CO, common metal vapors, and H2S. 
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Corrosion of Specific Classes of Refractories and Technical Ceramics 

A simple, all-encompassing, general theory of corrosion of refractories and structural ceramics does not exist. 
The interplay between dissolution, penetration, and texture is not sufficient to take into account all the 
interactions possible with so many parameters involved. This complexity may provide the reason for the 
shortage of reliable comparative information on the resistance of ceramics to chemical corrosion. Carniglia and 
Barna (Ref 9), have provided useful compilations on refractories, and McCauley (Ref 10) and Lay (Ref 11), on 
technical ceramics. 

Industrial Refractories 

To assess the corrosion resistance of different types of refractories, a rule of thumb is to consider the 
temperature limits above which corrosion is considered to be excessive, as established considering the expected 
durability. From one application to another, this durability does vary greatly, as does the mode of degradation: 
corrosion-dissolution, penetration and structural spalling, or both. In Table 1, two cases are distinguished: 
slagging resistance and hot gas corrosion resistance. The first case is represented by a reaction of the type S + 
L, where L can be either a slag (from ironmaking, steelmaking, copper smelting, etc.) or a flux (from other 
nonferrous metallurgy), either basic (CaO/SiO2 > 2) or acidic (Ca/SiO2 < 2, on a molar ratio), where S is a 
given refractory with a given texture. The second case is represented by a reaction of the type S + G, where G 
can be various hot gases, with or without dusts, either oxidizing (oxygen, air, or CO2) or reducing (CO, H2). In 
Table 1, six types of refractories, from basic magnesia to acid silica and neutral zircon-zirconia are considered. 

Table 1   Corrosion resistance of refractories based on the maximum temperature 
criterion 

Temperature limit in indicated atmosphere, °C (°F) 
Slags and fluxes Hot gases 

Type of refractory 

Basic Acid Oxidizing Reducing 
Group 1  
Magnesia (M) 1700 (3090) NR >2000 

(>3630) 
1700 
(3090) 

Doloma (D) 1700 (3090) NR >1800 
(>3270) 

1700 
(3090) 

(M), (D), or (M + D) + 
graphite 

1800 (3270) 1700 (3090) 800 (1470) 1700 
(3090) 

Magnesia-chrome (MK) 1700 (3090) 1600 (2910) 1800 (3270) NR 
Group 2  
High-alumina (A) 1600 (2910) 1600 (2910) 1900 (3450) 1900 

(3450) 
(A) + graphite 1700 (3090) 1700 (3090) 600 (1110) 1700 

(3090) 
Group 3  
Clays + (A) (65% Al2O3) 1300 (2370) 1300 (2370) 1450 (2640) NR 
Clays + (A) + C 1550 (2820) 1550 (2820) 600 (1110) 1700 
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(3090) 
Group 4  
Super-duty fireclays (F) 1200 (2190) 1250 (2280) 1400 (2550) NR 
Medium-low duty (F) NR 1100 (2010) 1200 (2190) NR 
Group 5  
High-silica NR 1400 (2550) 1750 (3180) 1600 

(2910) 
Group 6  
Zircon-zirconia 1450–1600 (2640–

2910) 
1500–1700 (2730–
3090) 

>2000 
(>3630) 

1800 
(3270) 

Silicon carbide <1400 (<2550) 1500 (2730) 1200 (2190) 1600 
(2910) 

 
NR, not recommended. Temperature limit not reached for “normal” durability 
Basic Refractories. Basic bricks are commonly used for the refractories in various industries; for example, in 
metallurgical industries, in steelmaking, and so forth. Magnesia is the most commonly used basic refractory, 
followed by doloma. Magnesia bricks are made of various magnesia raw materials (sinters from natural 
magnesite, sinters from seawater magnesia, or grains of fused magnesia). Many other types of magnesia bricks 
are used, in combination with chrome (MK), alumina (NA), and doloma (MD). The most corrosion resistant 
magnesia bricks are made of fused magnesia grains. Magnesia-chrome bricks were the best bricks available 
before magnesia-carbon bonded bricks containing flake graphite additions were developed for their slagging 
resistance. Dolomitic refractories are made of burnt natural dolomite, usually low in iron oxide (0.3%) and 
alumina (0.2%). As for magnesia, very efficient doloma-carbon bricks have been developed. As shown in Table 
1, doloma performance may match that of magnesia for specific applications. 
High-Alumina Refractories. High-alumina refractories are those that contain more than 65% Al2O3, up to 92–
95% Al2O3 composed of α-alumina (pure Al2O3, 99.3+ %), and mullite (Al2O3)3 · (SiO2)2 or calcined bauxites. 
For high corrosion resistance, electrofused products of alumina or mullite should be considered. As for any type 
of refractory, there are many different classes of products: fired and unfired, with many different bond systems, 
a commonly used one being a phosphate chemical bond system for common purposes. Corrosion-dissolution 
resistance is improved with increasing alumina content, but slag penetration resistance of such bricks then 
decreases. Hence, the structural spalling resistance also decreases. Improvements have been achieved with 
addition of chrome or silicon carbide, and, more importantly, of carbon. 
High-Alumina Refractories with Clay. High-alumina bricks with clay refractories have alumina content 
between 45 and 65%; they may contain calcined kaolin, andalusite, or mullite mixed with calcined fire clays 
(chamotte) and binders. Corrosion resistance varies greatly with mineral composition and relatively low 
refractoriness (measured by the lowest temperature at which at a liquid phase is present in the material). The 
maximum temperature limit, as indicated in Table 1, may not apply for specific applications. 
Fireclay Refractories. Super-duty, medium-duty, and low-duty fireclays are products with alumina content 
varying between 40 and 45%, 30 and 40%, and 25 and 30%, respectively. They are used in a wide variety of 
kilns and furnaces because of their low price but are limited to low-temperature applications (1200 to 1250 °C, 
or 2190 to 2280 °F). 
Silica Refractories. Silica bricks contain typically >93% SiO2 with minor amounts of lime (CaO <3.5%), 
alumina (Al2O3 <2%), and iron oxide (Fe2O3 <1.5%). They have high corrosion resistance to acid slags but are 
sensitive to high temperatures and to thermal shock, even at medium temperature levels. Bricks with reduced 
porosity and lower alumina content may be used to prevent rapid degradation in the presence of alkalis, when 
hot gas corrosion prevails. However, fused amorphous silica products exhibit very good thermal shock 
properties, as long as recrystallization can be prevented. 
Zircon-Zirconia and Silicon Carbide Refractories. Among the several available zircon-zirconia refractories, 
zircon bricks containing mainly zircon sand (ZrSiO4) have a good wear resistance and poor wettability by 
molten metals at processing temperatures up to 1450 °C (2640 °F). 
Zircon is decomposed to zirconia and silica at 1540 °C (2800 °F). The most common zircon-zirconia bricks are 
the very special electrofused, A-Z-S bricks, containing alumina-zirconia-silica and made especially for glass-
melting furnaces. Refractory materials with high zirconia content require the use of stabilized zirconia (CaO or 
MgO in solid solution) to avoid cracking on heating, due to monoclinic to tetragonal transformation in the 



temperature range of 1000 to 1200 °C (1830 to 2190 °F), with a large volumetric change. Properly prepared 
zirconia shapes have very high corrosion resistance and are not wetted by metals including steels. 
Silicon carbide refractories are the nonoxide refractories most often used with carbon blocks, usually under 
reducing conditions. Many different types of silicon carbide refractories are available. They have the following 
advantages over oxide refractories: high thermal conductivity, superior spalling resistance, superior abrasion 
resistance (and, hence, high corrosion resistance against nonoxidizing slag, as in some nonferrous metallurgical 
applications). Properties and costs of SiC refractories vary greatly, depending on the sintering aid used, but they 
do tolerate many more “impurities” than do structural SiC ceramics, which are discussed in the following 
sections. 

Technical Ceramics 

The fundamental principles of corrosion of industrial refractories also apply to corrosion of structural ceramics, 
in both the S + L and S + G cases. Nevertheless, as porosity of structural ceramics is much lower, dissolution is 
more important than penetration. For the S + L case, the corrosion resistance of structural ceramics to molten 
salts determines their usefulness as components in the chemical industry, such as pumps and heat exchangers. 
The S + G type of reaction is important for structural ceramics used as kiln furniture in industrial furnaces and 
as components in gas turbine and diesel engines. 
Corrosion by Molten Salts. Comparative information is presented in Table 2 on the corrosion resistance to 
fused salts, alkalis, and low-temperature oxides for two different classes of structural ceramics, oxides and 
nonoxides. The data in Table 2 show that both dense oxides and nonoxides are susceptible to attack at low and 
intermediate temperatures. The normally protective SiO2 layer that forms on SiC and Si3N4 may explain why 
such ceramics have a poor corrosion resistance in basic salts. 

Table 2   Corrosion resistance of structural ceramics to fused salts, alkalis, and low-
melting oxides 

Resistance to indicated material at indicated temperature(a), °C (°F) Ceramics at 
purity 
 
(>99.5%) 

NaCl NaCl + 
KCl 

KNO3  Na2CO3  Na2SO4  KOH Na2O V2O5  

Alumina A, 1000 
(1830) 

A, 800 
(1470) 

A, 400 
(750) 

A, 900 
(1650) 

A, 1000 
(1830) 

B, 500 
(930) 

B, 500 
(930) 

C, 800 
(1470) 

Zirconia 
(stabilized) 

… C, 800 
(1470) 

… C, 900 
(1650) 

A, 1000 
(1830) 

B, 500 
(930) 

C, 500 
(930) 

C, 800 
(1470) 

SiC (reaction 
bonded) 

B, 900 
(1650) 

C, 800 
(1470) 

A, 400 
(750) 

C, 900 
(1650) 

C, 1000 
(1830), air 

C, 500 
(930), air 

C, 600 
(1110) 

C, 800 
(1470) 

Si3N4 (RBSN) … … A, 400 
(750) 

C, 750 
(1380), air 

C, 1000 
(1830), air 

C, 500 
(930) 

C, 500 
(930) 

C, 800 
(1470) 

Si3N4 (HPSN) A, 800 
(1470) 

B, 900 
(1650) 

… C, 900 
(1650), air 

B, 1000 
(1830), air 

C, 500 
(930) 

B, 500 
(930) 

C, 800 
(1470) 

BN (HP) … … … C, 900 
(1650), air 

C, 1000 
(1830), air 

C, 500 
(930) 

C, 500 
(930) 

… 

(a) A, resistant to attack up to temperature indicated; B, some reaction at temperature indicated; C, appreciable 
attack at temperature indicated 
Values have been compiled from the combination of references (Ref 10, 11, 12) and refer to the chemical 
inertness of pure crystalline materials, with purity >99.5%. For this reason, the data in Table 2 are of limited 
generality. For example, it is to be expected that ceramics with less purity will be attacked more rapidly. The 
code A, B, C, should be used only for comparing the materials considered. It is to be assumed that the 
information is based on short-term observations at ambient pressure. McCauley (Ref 10) provides a more 
complete coverage of the subject, including attack by glasses, aqueous solutions, and molten metals, but no 
further generalizations can be made from the specific studies that they reviewed because of limitations in the 
scope of the studies. 
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Corrosion by Hot Gases. The S + G reactions discussed subsequently refer to oxidation at high temperatures in 
air and oxygen, gaseous corrosion in the presence of condensed deposits, and reduction or oxidation by hot 
gases, CO (G), H2 (G), H2S (G), and H2O (G). High-temperature oxidation in air or oxygen is the most 
important type of corrosion for carbide- and nitride-based ceramics. Although the corrosion of structural 
ceramics in hot gases is similar in some aspects to the oxidation of metals and the same theories are used to 
describe the processes, there are some important differences:  

• Ceramics have a much higher oxidation resistance than do metals. 
• Because oxidation occurs at much higher temperatures, the corrosion products formed are liquids and 

gases, as well as solids; this can lead to either weight gains or losses, causing practical experimental 
difficulties of interpretation. 

• The textures of ceramics are not as homogeneous as those of metals, and so it is very difficult to 
determine the controlling mechanism of the oxidation process without considering both the 
manufacturing characteristics and the intrinsic nature of the raw materials used. 

Gaseous corrosion in the presence of condensed phase deposits, in combustion applications, is the second most 
important type of corrosion, with sodium sulfate and vanadate being the most corrosive deposits. Nonoxide 
ceramics are particularly sensitive to this type of environment. 
In Table 3, the corrosion resistance of dense structural ceramics to hot gases are presented using the same code 
as in Table 2. The oxidation resistance of nonoxide ceramics is clearly less than that of alumina and zirconia. 

Table 3   Corrosion resistance of structural ceramics to hot gases 
Resistance to indicated gas at indicated temperature(a), °C (°F) Ceramics at 

purity 
 
(>99.5%) 

Air Steam CO H2  H2S F (gas) 

Alumina A, 1700 
(3090) 

A, 1700 
(3090) 

A, 1700 
(3090) 

A, 1700 
(3090) 

… … 

Zirconia 
(stabilized) 

A, 2400 
(4350) 

C, 1800 
(3270) 

… … … … 

SiC (reaction 
bonded) 

A, 1200 
(2190) 

B, 300 
(570) 

A, >1000 
(>1830) 

A, >1000 
(>1830) 

A, 1000 
(1830) 

A, >800 
(>1470) 

Si3N4 (reaction 
bonded) 

B, 1200 
(2190) 

A, 220 
(430) 

A, >800 
(>1470) 

… A, 1000 
(1830) 

… 

Si3N4 (hot pressed) B, 1250 
(2280) 

A, 250 
(480) 

A, >900 
(>1650) 

A, >800 
(>1470) 

A, 1000 
(1830) 

A, >1000 
(>1830) 

BN (hot pressed) C, 1200 
(2190) 

C, 250 
(480) 

A, 2000 
(3630) 

A, >800 
(>1470) 

… … 

(a) A, resistant to attack up to temperature indicated; B, some reaction at temperature indicated; C, appreciable 
attack at temperature indicated 
Alumina. Alumina is considered to be one of the most versatile materials that resist corrosive attack by acids, 
alkalis, molten metals, molten salts, as well as oxidizing and reducing gases, even at high temperatures. It is 
widely used in many high-temperature laboratory and pilot-plant scale applications, such as for crucibles, tubes, 
and special shapes. 
Zirconia and Thoria. Thoria is the most thermodynamically stable oxide and the one with the highest 
refractoriness, with a melting point of about 3300 °C (5970 °F). Unfortunately, it is not a readily available 
material, being used essentially in the atomic energy industrial sector. Zirconia is also a very stable pure oxide, 
but it has to be used only when stabilized, fully or partially, with CaO, MgO, or Y2O3 additions. Such additions 
make the solid solutions •ZrO2-X• more vulnerable to acid attacks and to alkalis. 
Silicon Carbide. Silicon carbide has very good resistance to acidic solutions (even HF) and molten metals but is 
prone to attack under severe alkaline (basic) conditions, in particular in air. The SiC ceramics, produced by 
reaction sintering and containing free silicon, are more susceptible to oxidation and chemical corrosion than is 
single-phase SiC obtained by hot pressing. The SiC is very susceptible to attack by alkali-containing phases, 
such as sodium or potassium sulfate. On oxidation, SiC forms a layer of SiO2, but the possibility of forming 



SiO (G) increases with temperature and when the partial pressure of oxygen is decreased. The transition 
between passive oxidation (SiO2 protective layer) and active oxidation [SiO (G), without protection] occurs at 
low pressures and high temperatures. SiC ceramics are more sensitive to hot corrosion than is Si3N4 (Ref 13). 
Silicon Nitride. Thermodynamic calculations of equilibria in the system Si3N4-O2 reveal that several reactions 
resulting in the formation of solids SiO2, Si2N2O, SiO, and gaseous N2, N2O, NO, SiO, and SiN are possible. 
Reactions leading to the formation of SiO2 (S) are characterized by the most negative change in free enthalpy, 
but at high temperatures and low-oxygen partial pressure, the possibility of reactions leading to the formation of 
SiC increases (significant at 1300 °C, or 2370 °F, and higher). The notion of passive and active Si3N4 oxidation 
has been well documented, but the controlling factor can be either diffusion of oxygen to the Si3N4/SiO2 
interface, diffusion of nitrogen to the SiO2/air interface, or diffusion of impurity ions and sintering aids from the 
inner layers to the surface of the ceramic. A detailed survey of the subject is presented in Ref 14. 
For hot corrosion to complement the data listed in Table 2, only one significant result obtained on reaction-
bonding silicon nitride (RBSN) will be recalled. Although Si3N4 exhibits high corrosion resistance in the stream 
of combustion products of pure fuel (10-5% Na and V, 0.5%) below 1400 °C (2550 °F), it corrodes rapidly at 
900 °C (1650 °F) when fuel contains 0.005% Na, 0.005% V, and 3% S. In liquid media, Si3N4 resists attack by 
acids up to ~100 to 200 °C (~210 to 390 °F). The Si3N4 exhibits higher resistance in alkaline solutions than in 
alkali melts and is rapidly attacked by (Na2SO4, Na2SO4 - NaCl, Na2SO4 + V2O5) melts but has good resistance 
to chloride melts NaCl + KCl up to 600 °C (1110 °F), and up to 1100 °C (2010 °F) in NaF. 
Boron Nitride. Boron nitride (BN) ceramics are usually prepared by hot pressing and normally contain a small 
proportion of boric oxide, a useful impurity that helps pressing but is detrimental for its oxidation behavior at 
high temperatures. The BN ceramics are reported to be attacked by strong acids but are relatively inert towards 
alkalis. The nonwetting behavior of BN, similar in some ways to pure graphite, may account for this behavior. 
Boron nitride starts to oxidize at about 700 °C (1290 °F). Oxidation mechanisms differ from Si3N4 and SiC, 
because in this case the oxide layer firstly formed, B2O3, is liquid and tends to evaporate to BO (G), BO2 (G), 
and B2O3 (G) as temperature increases. Under reducing conditions, pure BN may be usable up to 1800 °C 
(3270 °F). The most valuable characteristic of BN is its resistance to wetting by metals and alloys. 
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Minimizing corrosion of refractories and technical ceramics under severe conditions at high temperature is a 
very important task that requires the following three sets of problems to be addressed simultaneously:  

• Material selection considering both intrinsic and extrinsic characteristics, such as the design and 
configuration of the component, and overall learning from past experience, when appropriate 

• Installation methods and maintenance procedures, considering that each material is a part of a bigger 
identity and taking a systematic approach 

• Process control to minimize variability and extreme values, defining the key variables in the operation 

Material Selection 

For refractories and for technical ceramics as well as for any other type of material, the selection problem 
involves one of two situations:  

• Selection of the materials to meet the needs of a new process or a new design 
• Substitution for an existing design to improve reliability and performance 

To tackle the first situation, the essential qualifications for a new case are the thermal, chemical, and 
mechanical constraints to be met. Definition of those constraints is not always satisfactorily done, and, soon 
after, the case falls into the second type of situation, where the essential step is to determine if the material to be 
replaced has failed to meet the user's expectancy due to a design deficiency (wrong shapes selection for 
instance), a manufacturing deficiency (in the making of the material up to its final shape), or a faulty 
installation. The latter can involve wrong procedure, for instance inadequate expansion allowances, for 
refractories as well as ceramics, or too much mixing-water addition in monolithic refractories, or improper 
zoning, and so forth or, at last, an unexpected variation in the process, causing higher than expected constraints. 
The criteria to choose from to meet the thermal qualifications are the refractoriness in relation to the maximum 
service temperature, the microstructural stability, and dimensional integrity under changing thermal 
environments in relation to the thermal stress and thermal shock resistances. The main criteria to meet the 
chemical qualifications is the corrosion resistance. Durability for refractories and technical ceramics is a matter 
of both phase composition and texture. The texture (nature and dimension of the grains, coarse or fine, mono-
size or multiple sizes) and the porosity as well as the bonding criteria (type of sintering) for maximum thermal 
stress resistance are, on the whole, opposed to those for maximum corrosion resistance. The main mechanical 
criterion that affects material selection is the load-bearing capability at the service temperature. This capability 
may be embodied in the hot strength (hot modulus of rupture for refractories) or in the creep resistance (for 
technical ceramics). 
To deal with failures by corrosion only, the most significant improvements for refractory materials have been 
obtained through texture control, recalling that total porosity of 12% or so (at service temperature) is close to 
the minimum required to maintain good thermal shock resistance and acceptable insulating properties. 
While maintaining the porosity at this value, further improvements are possible through reducing the pore-size 
distribution so that the larger pores are of a smaller size, and through reducing the permeability of the refractory 
by using fused grains instead of sintered grains to reduce the openness of the porosity. 
For structural ceramics, if high strength is more important than thermal shock resistance, porosity can be 
controlled to very low values (<0.5% in many cases). For these materials, various sintering and densification 
techniques have been developed, such as reaction-bonded sintering and hot pressing, using very pure, fully 
densified powder of very small grain size. Porosity control for corrosion resistance in structural ceramics is, 
nevertheless, important. For example, to achieve full density, Si3N4 and SiC can be impregnated, either with an 
organosilicon compound that is subsequently decomposed to produce a pore-filling oxide, or with a material 
that is subsequently exposed to a nitriding or a carbiding treatment. 
Factors Governing Penetration. Once porosity has been adjusted to its optimal value (fixed for a refractory, nil 
for a structural ceramic), penetration can be minimized by: (1) adjusting the composition of the penetrant fluid; 
(2) adjusting the wetting/nonwetting characteristics of the same fluid; (3) adjusting the thermal gradient in the 
material, if at all feasible; and (4) glazing or coating the working face, or in some specific cases, the back or 
cold face, when oxidation of nonoxide constituents is important. 



Composition Adjustment of the Penetrant Fluid. The composition of the penetrant fluid changes during 
penetration because dissolution and penetration occur simultaneously. If either the melting temperature or the 
viscosity of the liquid penetrant increases, the depth of penetration can be minimized. This desirable result can 
be achieved by carefully selecting the matrix additives; for example, a small amount of microsilica can be 
added to a cement-free alumina-spinel used in the steelmaking applications. 
Changing the Wetting Characteristics. In steelmaking applications, wetting characteristics can be changed by 
adding nonoxides to traditional oxide compositions and using nonfired instead of fired products; for example, 
by using carbon-bonded refractories and graphite. Insertion of graphite in magnesia-based materials limits 
penetration and improves corrosion resistance by a factor of 10. Graphite is not readily wetted by CaO-SiO2 
slags and is, therefore, a barrier to penetration. Of course, graphite can be oxidized and should not be used in 
every situation. Impregnation of pitches and tars modifies the bonding phases in refractories and influences 
penetration phenomena very significantly. Numerous other examples are available in the technical literature, for 
example, the use of specific additives such as BaSO4 and CaF2 in alumina-silica based castables to hold liquid 
aluminum alloys. 
Adjusting the Thermal Gradient. To minimize corrosion, it is important that the penetrating liquid solidify as 
closely as possible to the hot face so that the rate of penetration is minimized. For a given hot-face temperature, 
the thermal gradient should be as steep as possible. This can be achieved by vigorously cooling the cold face, 
by using highly conductive material, and by increasing the thermal conductivity of the lining by conductive 
backup material. 
Use of Glazing or Coating. Sacrificial coatings can be used in some specific situations in which penetration is 
an important factor. For black (carbon-containing) refractories and for structural ceramics sensitive to oxidation 
(nonoxide ceramics), the protection of the back face to avoid oxidation has been identified as an important 
factor. Glazing the hot face using compounds of low melting temperature has to be analyzed very carefully, 
because glazing can lead to less penetration but more dissolution. Preoxidation treatment to form a protective 
oxide layer on Si3N4 or SiC materials can be beneficial. Uses of multiple layers of new materials, such as 
“Sialons” (silicon-aluminum oxynitride) and “Simons” (silicon-magnesium oxynitride), have also been studied. 
Factors Governing Dissolution. Penetration and dissolution act together and interact, so that the factors 
controlling them are, to a certain extent, inseparable. Dissolution is controlled by both the chemical reactivity 
and the specific area of the constituents: the smaller the grains, the faster they dissolve. In refractories, 
however, the smallest grains, by design, bond with the coarser grains (the aggregate), and since this bonding 
occurs by liquid-solid sintering, the matrix materials (the bonding phases) have the lowest melting temperatures 
and the highest reactivity. In general, the dissolution of the bonding phases (or the matrix) leads to debonding 
between the coarser grains, the dissolution of which is inherently slower and usually apparent only at the 
refractory hot face. 
To minimize dissolution of the matrix, the composition can be altered to raise its melting temperature by 
increasing the chemical purity of the matrix, so as to decrease the importance of segregated impurities. Practical 
examples include the use of tabular alumina instead of bauxite grains and of very high-purity instead of low-
purity magnesia grains. Alternatively, to raise the melting temperature of the matrix, finely powdered matrix 
additives can be included in the refractory mix. Because the matrix is a flux in sintering, these additions require 
higher sintering temperatures to optimize the bonding and the mechanical properties of the resulting products. 
The logic of reducing or eliminating additives of low melting temperature for improved corrosion resistance is 
compelling, but the consequence is that the sintering temperature must be raised. 
A thorough knowledge of the different binder systems (for nonfired refractory products) and the different 
bonding systems (after firing) goes a long way to explain the different dissolution characteristics of the many 
refractory materials and ceramics of a given type. The texture and, in particular, the porosity are key parameters 
to be considered. Dissolution of the coarse grains becomes a life-limiting factor only when penetration and 
matrix invasion are sufficiently minimized. 
Factors Governing Oxidation. Oxidation of carbon-bonded refractories is considered first. Carbon and graphite 
oxidation is very detrimental because there, material losses lead to porosity. The low specific gravity of carbon 
causes a 5% material loss to lead to 7 to 10% porosity. To minimize the rate of carbon and graphite oxidation, 
new additives, called antioxidants or oxygen inhibitors, have been successfully used. Some general reviews on 
the role of antioxidants, in such cases, are available, but this topic is outside the scope of this chapter. Among 
the many additives (Ref 15) now available, the metallic aluminum-based alloys are the most commonly used, 
sometimes in conjunction with various nonmetals such as silicon carbide and boron compounds. These 
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additives are used to delay carbon debonding and graphite oxidation. In addition, they often act as pore-
blockers, and many of them have a net positive effect on the mechanical strength of the refractories. 
Oxidation of nonoxide structural ceramics can be improved by using protective coatings. The use of a 
chemically vapor deposited (CVD) layer of the same composition as the substrate is a very promising 
application of coatings to regard the hot corrosion of structural ceramics (Ref 16). Other methods investigated 
are cathode sputtering and thin multilayer coating. 
As an example, a potential high-temperature oxidation protection scheme could involve a coating system 
consisting of a refractory oxide outer layer for erosion protection, a silica glass inner layer for an oxygen 
diffusion barrier and crack sealant, another refractory oxide layer for isolation from the carbon surface, and a 
refractory carbide inner layer for a carbon diffusion barrier. This system, as other current or potential protection 
technologies, involves interfaces between metal oxides and carbides or oxynitrides. The oxidation resistance of 
nonoxide ceramics is a dominant problem that restricts the wider usage of these materials. 

Installation Methods and Maintenance Procedures 

The problems of installation and maintenance are much more acute in corrosion failures of refractories than 
technical ceramics, simply because of the sizes and volumes considered in each case. Refractory problems 
occur often in large units involving two (or even three) layers of linings of different thicknesses and different 
qualities, delimiting large zones, with variable constraints from one zone to another. 
The first problem is then one of continuity in the lining; when using bricks of various shapes, the gaps between 
bricks act as very large pores at the scale of the lining. The use of mortar in joints is then the next issue. In 
many applications, it can be demonstrated that the best mortar is no mortar and that joint attack can be reduced 
to a minimum by dry-laying accurately sized bricks. The standard of size tolerances is extremely variable 
among manufacturers around the world, and the success of one product against another has been, in some 
instances, directly related to differences in brick size tolerances and to the type of mortar used to compensate 
for such poor brick tolerances. 
For construction, at least for basic bricks, it is preferable to lay them as headers (bricks laid with the length 
perpendicular to the face of the wall) rather than as stretchers (length parallel to the face of the wall). 
Nowadays, there is a great tendency to replace bricks (due in part to the shortage of skilled brick layers) by 
monolithics. Among the monolithics, there is a tendency to replace bricks by refractory castables, either cast 
and vibrated in place, or pumped, gunned, or finally shotcreted, the latest technique to be used. In every case, 
the recommended procedures for installing monolithics are very critical and have direct consequences on the 
corrosion resistance, in particular when too much mixing water is used, creating exaggerated porosity (see the 
section “Material Selection”). The errors in installation methods can be many, from excess water to poor 
mixing, causing segregation, poor flow characteristics, setting that is too fast or too slow, poor drying, poor 
curing, wrong selection of the first heat-up rate, and poor anchoring systems when anchors have to be used. 
This list is not exhaustive. In general, errors in installation methods on such unfired materials before use 
(castables, ramming mixes, plastics) are less forgiving than errors in bricklaying. 
To detect installation faults, profiling of the lining at the shutdown of the unit to reline is a must. During tear-
out, it is important to record residual thicknesses and locations of holes (if any) in the lining. The profile taken 
should be used to assist in material selection, definition of zoning, and control of installation procedures, and, in 
specific cases, of materials-maintenance procedures. 
Poor installation procedures, poor commissioning controls, and poor production control can ruin the best efforts 
in terms of material selection. More detailed information to illustrate such issues can be found for a number of 
specific cases, such as Ref 17 as regards pneumatic steelmaking. When a premature failure occurs, it is 
important to be able to differentiate between slagging with clear evidences of partial melting (rounded grains) 
from creep, abrasion, or spalling due to thermal or mechanical loads rather than structural spalling due to 
penetration. Although slagging is the most common cause of industrial refractories failures, many mechanisms 
other than chemical attack can act simultaneously or separately to enhance the degradation rate of the materials. 

Process Control 

Inherent variabilities in any given process or radical changes in the input or output parameters have many times 
unforeseen effects on corrosion failures of refractories and technical ceramics. On the slagging issue only, 



viscosity, velocity, actual time contact, temperature, partial pressures, total pressure, heat transfer, and mass 
transfer have a direct effect on failure rates. 
As an example, Ref 18 includes an enlightening section on the importance of the scheduling of production in 
basic oxygen furnace steelmaking plants, as well as another section on the effects of operating variables on 
lining life. 
“Operational consistency and control of the melting process are key ingredients in meeting the demands of 
modern-day steelmaking. Key variable standard operating procedures (KVSOP) should be developed for all 
aspects of the operation and be frequently audited to make certain that they are being routinely and correctly 
implemented,” according to Ref 18 (page 12). It is also well recognized that operators who have the control 
over the operating variables can influence refractories failures and extend the lifetimes of linings. Often, 
however, several variables are changed in the same time period, and separating the individual influences 
becomes difficult. Of course, the same philosophy is applicable to technical ceramics: knowledge on how they 
are being used, the variables describing the environment in which they have to perform, and the minimization 
of the amount of variations or of the cyclic nature of the constraints help in avoiding premature failures. 
As a final consideration, corrosion resistance of refractories and technical ceramics should be considered as a 
measure of a complex process involving many intrinsic and extrinsic parameters. Pragmatically, the definition 
of all parameters and their evolution with time is as important as the definition of the material and of its 
installation and commissioning into service. 
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Hydrogen Damage and Embrittlement 
 

Introduction 

HYDROGEN DAMAGE is a term used to designate a number of processes in metals by which the load-
carrying capacity of the metal is reduced due to the presence of hydrogen. The detrimental effects of hydrogen 
on metals are often enhanced when the hydrogen is present in combination with residual or applied tensile 
stresses. Many types of hydrogen damage are not really due to corrosion processes at all. However, because 
hydrogen damage has many similarities regardless of the source of the hydrogen, damage processes caused by 
corrosion and manufacturing problems are both described in this article. 



Many metals and alloys are susceptible to hydrogen damage; however, specific forms of hydrogen damage are 
generally more common within particular alloy systems. Hydrogen damage in one form or another can severely 
restrict the use of certain materials. 
This article is divided into three parts. The first part is an introduction to the general forms of hydrogen 
damage, and the second part is an overview of the different types of hydrogen damage in all the major 
commercial alloy systems. These two sections cover the broader topic of hydrogen damage, which can be quite 
complex and technical in nature. 
The third part of this article focuses on failure analysis where hydrogen embrittlement of a steel component is 
suspected. Many of the types of parts that were commonly diagnosed with hydrogen embrittlement in the 1980s 
and 1990s were low-cost commodity products, such as self-tapping screws and small spring clips. The financial 
resources available to perform a failure analysis in such cases are often limited, if nobody was injured. 
Therefore, the third section gives practical advice for the failure analysis practitioner or for someone who is 
contemplating procurement of a cost-effective failure analysis of commodity-grade components suspected of 
hydrogen embrittlement. Because of the wide economic impact in commodity-grade components, it is 
worthwhile to look at failure analysis for this specific type of hydrogen damage. The third section of the article 
is intended to be able to be understood and used by engineering managers, quality engineers, design engineers, 
and manufacturing engineers and technicians. Some prevention strategies for design and manufacturing 
problem-induced hydrogen embrittlement are also provided. 
 

Hydrogen Damage and Embrittlement  

 

Overview of Hydrogen Damage Processes 
Hydrogen is known to cause various problems in many metals and is readily available during the production, 
processing, and service of metals from operations such as:  

• Refining (precipitates upon solidification from supersaturated concentrations) 
• Acid cleaning (pickling) 
• Electroplating 
• Contact with water or other hydrogen-containing liquids or gases 

Depending on the type of hydrogen-metal interaction, hydrogen damage of metal manifests itself in one of 
several ways. The types of interactions between hydrogen and metals include the formation of solid solutions of 
hydrogen in metals, molecular hydrogen, gaseous products from reactions between hydrogen and alloying or 
segregated impurity elements, or brittle intermetallic hydride compounds. 
Specific types of hydrogen damage, some of which occur only in specific alloys under specific conditions 
(Table 1), are classified in this article as follows:  

• Hydrogen embrittlement 
• Hydrogen-induced blistering 
• Cracking from precipitation of internal hydrogen 
• Hydrogen attack 
• Cracking from hydride formation 
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Table 1   Specific types of hydrogen damage 
Specific damage 
process/mechanism 

Most common in Comments 

Hydrogen embrittlement High-strength steels and heavily 
cold-worked low-carbon steels, 
ambient temperatures 

Needs sustained stress. Not relevant for 
impact-induced cracking 

Hydrogen-induced 
blistering 

Low-strength steels at ambient 
temperatures 

Hydrogen forms gas-filled blisters 

Cracking from precipitation 
of internal gaseous 
hydrogen 

Heavy steel sections Induced by high-temperature exposure 
followed by rapid cooling 

Hydrogen attack Steels subject to combined high-
temperature and high-pressure 
hydrogen. Also affects copper 

Irreversible chemical reactions of 
hydrogen with matrix or alloy elements 
form high-pressure pockets of gases 
other than molecular hydrogen. 

Cracking from hydride 
formation 

Transition, rare earth, alkaline-
earth metals, and their alloys 
(includes titanium, tantalum, 
zirconium, uranium, and thorium) 

Brittle hydrides often form 
preferentially where the stress is 
highest. 

 
The first three types are usually observed at ambient temperatures and are closely related to one another. 
Hydrogen damage usually manifests itself as hydrogen embrittlement in high-strength steels and as hydrogen-
induced blistering in low-strength steels. The solubility and diffusivity of hydrogen in steel sharply decrease 
with lowering temperatures; therefore, when a heavy section of steel containing hydrogen at elevated 
temperature is rapidly cooled to ambient temperature, the hydrogen remaining in the steel precipitates out in the 
gaseous state. The pressure of the hydrogen gas is often great enough to produce internal cracks. Hydrogen 
attack is an elevated-temperature phenomenon, in which hydrogen reacts with metal substrates or alloy 
additions. A number of transition and rare earth metals form hydrides, and the formation of metal hydrides can 
result in cracking. 
Hydrogen damage is a complex phenomenon that takes on several forms, and many mechanisms have been 
proposed, which include (Ref 1):  

• Hydrogen pressure theory 
• Reduced surface energy (surface adsorption) theory 
• Decohesion theory 
• Enhanced plastic flow theory 
• Decarburization (hydrogen attack) 
• Hydride formation 

The pressure theory assumes that embrittlement is caused by the pressure exerted by gaseous hydrogen on the 
crack front. For example, when steel is saturated with hydrogen at elevated temperature and then is cooled, 
gaseous hydrogen precipitates in microvoids, and an extremely high pressure of the gas can be developed. 
Flakes in heavy forgings and underbead cracks in weldments can be explained by the pressure theory. 
Hydrogen charged into steel during aqueous corrosion or cathodic charging can also produce a very high 
pressure at the surfaces of closed voids or pores. 
The reduced surface energy theory states that the absorption of hydrogen decreases the surface free energy of 
the metal and enhances crack propagation. This theory may explain the crack propagation of high-strength 
steels in low-pressure gaseous hydrogen. The decohesion theory (Ref 2) holds that dissolved hydrogen tends to 
migrate toward regions of hydrostatic (often termed as triaxial) tensile stress and weakens the material by 
lowering the bond strength between metal atoms. This theory is the one that is most applicable to the type of 
hydrogen embrittlement generally found in newly processed parts that crack during shipping or are found 
cracked at some point during the assembly process. Grain boundaries of steel are apparently particularly 
sensitive to this type of atomic bond weakening. 



The enhanced plastic flow theory is based on fractographic evidence, where the grain facets of intergranular 
fracture after hydrogen stress cracking reveal dimples at high magnifications (1000 to 5000×). This, however, is 
complicated by the influence of grain-boundary precipitates, which may act as sites for nucleation of both voids 
and hydrogen during its migration in grain boundaries. The formation of methane gas bubbles at grain 
boundaries is another mechanism (see, for example, Fig. 4 in the article “Intergranular Fracture” in this 
Volume). For titanium alloys, the repeated formation and rupture of the brittle hydride phase at the crack tip is 
the dominant mechanism. Probably no one mechanism is applicable to all metals, and several mechanisms may 
operate simultaneously to embrittle a material. Whatever the mechanism, the end result is an adverse effect on 
the mechanical properties of the material. 
 

 

Fig. 1  Cadmium-plated AISI 8740 steel nut that failed by hydrogen embrittlement. 
Failure occurred seven days after installation on an aircraft wing structure. See also Fig. 
2. 5×. Courtesy of Lockheed-Georgia Company 
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Hydrogen Embrittlement 

Hydrogen embrittles several metals and alloys, and the effects can range from a slight decrease in the percent 
reduction of area at fracture to a brittle macroscopic fracture at a relatively low applied stress (often well below 
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the yield strength). Even small amounts of hydrogen can have a deleterious effect, particularly for high-strength 
steels with tensile strengths of 1240 MPa (180 ksi) or more. A few parts per million of hydrogen dissolved in 
steel can cause hairline cracking and loss of tensile ductility. Even when the quantity of gas in solution is too 
small to reduce tension-test ductility, hydrogen-induced delayed fracture may occur. 
Although hydrogen embrittlement has been evaluated extensively, it takes on several forms. The various forms 
or manifestations of hydrogen embrittlement and the terminology associated with it can be very confusing, 
because the term has been used without clarified definitions. One classification breaks hydrogen embrittlement 
into three types (Ref 3, 4):  

• Internal reversible hydrogen embrittlement 
• Hydrogen environment embrittlement 
• Hydrogen reaction embrittlement 

This division is roughly equivalent to the classification of hydrogen embrittlement in steels that is defined in 
Properties and Selection: Irons, Steels, and High-Performance Alloys, Volume 1, ASM Handbook, as follows 
(Ref 5):  

• Hydrogen environmental embrittlement 
• Hydrogen stress cracking 
• Loss in tensile ductility 

This latter division focuses on the mechanical effects of HSC and loss of ductility from reversible hydrogen 
embrittlement, as opposed to the other categories that are based more on the nature of hydrogen. Either 
approach could be considered, but this article considers the former based on Ref 4. 

Internal Reversible Hydrogen Embrittlement 

Internal reversible hydrogen embrittlement has also been termed slow strain rate embrittlement and delayed 
failure. The mechanical effects, as described subsequently, may range from loss of ductility to cracking. To be 
fully reversible, of course, embrittlement must occur without the hydrogen undergoing any type of chemical 
reaction or causing microscopic cracks to be initiated. 
Internal reversible hydrogen embrittlement can occur after a very small average concentration of hydrogen has 
been absorbed from the environment. However, local concentrations of hydrogen may be substantially greater 
than average bulk values, because the absorbed hydrogen diffuses into grains or (as is more likely) 
preferentially into the grain boundary. Degradation is enhanced by slow strain rates, which thus suggests time-
dependent diffusion as a controlling factor. Moreover, embrittlement is usually most severe at room 
temperature during either sustained stresses or slow strain rate tension testing. Higher temperatures cause 
hydrogen to diffuse away from areas of localized concentration. The effect of hydrogen is also strongly 
influenced by other variables, such as:  

• The strength (or hardness) level of the alloy 
• The microstructure 
• The magnitude of the applied stress 
• The presence of a localized triaxial tensile stress 
• The amount of prior cold work 
• The degree of segregation of tensile low melting-point elements such as phosphorus, sulfur, nitrogen, 

tin, or antimony at the grain boundaries 

This is the classical type of hydrogen embrittlement. Its unique aspect is the delayed nature of the fractures; that 
is, after a specimen is charged with hydrogen, fracture does not occur instantly but only after the passage of a 
certain amount of time. This time-dependent nature (incubation period) for embrittlement by hydrogen is also 
why it is most noticeable at low strain rates. Internal reversible hydrogen embrittlement has also been observed 
in a wide variety of other materials, including nickel-base alloys and austenitic stainless steels, provided they 
are severely charged with hydrogen. However, most attention has been given to the delayed cracking under 



stress of high-strength steel components exposed to hydrogen from processing treatments such as 
electroplating, pickling, and other sources. In steels, a few parts per million of dissolved hydrogen can cause 
hairline cracking and loss of tensile ductility. While hydrogen embrittlement causes strength reduction along 
with reduced ductility, the hardness remains the same. 
The loss of tensile ductility, one of the earliest documented forms of hydrogen damage, occurs in steels and 
other alloys exposed to hydrogen. It generally affects lower-strength alloys. Fracture does not necessarily occur, 
as it does with higher-strength alloys; these alloys experience only a decrease in tensile elongation and 
reduction in area, depending on strain rate and hydrogen content. This type of embrittlement in steel is 
reversible; that is, ductility can be stored by relieving the applied stress and aging at room temperature, 
provided microscopic cracks have not yet initiated. 
Hydrogen stress cracking is characterized by the brittle fracture of an alloy due to hydrogen exposure from 
either some time prior to manufacturing or from environmental hydrogen. It is also commonly considered a 
subcritical crack growth mechanism that often produces time-delayed fractures in production parts (especially 
high-strength steels) even with no externally applied stress. The phenomenon is characterized by the 
simultaneous interactions of sustained static or very slowly changing loads on susceptible materials that have 
internal dissolved atomic hydrogen. 
Hydrogen stress cracking involves the absorption of hydrogen, followed by hydrogen diffusion to regions of 
high tensile stress, particularly those associated with notches. Because it is a diffusion-controlled process, more 
slowly applied stresses and, in particular, sustained or static stresses are more likely to allow the hydrogen 
embrittlement problem to manifest. This gives hydrogen more time to diffuse to the potential crack plane(s). 
Thus, there is a delay time, or incubation time, before cracking occurs. In this regard, hydrogen stress cracking 
has also been referred to as static fatigue, sustained-load cracking, or hydrogen-induced delayed fracture. 
This type of hydrogen damage occurs most often in high-strength steels (tensile strength in excess of about 
1240 MPa, or 180 ksi), although it can also occur in relatively soft steels that have been heavily cold formed. 
The factors that influence the likelihood of cracking include the hardness or strength level, stress level, the 
duration of the sustained load, and the concentration of hydrogen. The cracking is most prevalent at ambient 
temperature, and it can occur under load when the quantity of gas in solution is too small to reduce ductility. 
The cracking tendency decreases with increasing temperature, and the hydrogen-embrittlement phenomenon 
virtually disappears in steels above 200 °C (390 °F). 
Cracks typically initiate internally, usually below the root of a notch at a region of maximum localized tensile 
triaxial stress. Tensile residual stresses may also promote the initiation of hydrogen stress cracking. Crack 
branching is much less prevalent in hydrogen embrittlement than in stress-corrosion cracking (SCC). The crack 
path is often intergranular, especially for high-strength steels. However, hydrogen-induced fractures are not 
always intergranular (Ref 5). In high-strength steels, cracking is often intergranular, but transgranular cleavage 
is also observed. For ductile low-strength steels, the fracture mode is ductile, with decreases in the dimple size. 
Cracking Threshold. For an alloy exhibiting a specific strength level and microstructure, there is a stress-
intensity value, KI, below which, for all practical purposes, hydrogen embrittlement cracking does not occur. 
This threshold crack tip stress-intensity factor (Kth) is an experimentally determined quantity that depends on:  

• The nominal strength of the unembrittled part 
• The amount of hydrogen present in the steel 
• The location of the hydrogen in the microstructure 
• The presence of other embrittling elements or microstructural phases 

The actual value of the tensile stress that creates a crack in a particular component depends on these factors. For 
example, prior temper embrittlement of high-strength alloy steels enhances hydrogen stress cracking. The 
threshold stress intensity for crack growth is lowered, and intergranular fractures occur. The influence of 
temper embrittlement on hydrogen stress cracking is particularly pronounced as the yield strength is decreased 
(Ref 5). Very low-impurity-content steels do show high threshold stress-intensity values and freedom from 
intergranular fracture (Ref 6). 
Hydrogen from Preservice Pickling and Electroplating. As noted, hydrogen stress cracking can occur from 
hydrogen pickup from manufacturing. Properly performed pickling alone is not usually a direct cause of 
hydrogen damage (unless internal voids or other imperfections lead to local formation of atomic hydrogen), 
because much of the absorbed hydrogen diffuses out of the metal shortly after it is absorbed. Heating at 150 to 
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200 °C (300 to 390 °F) hastens the removal of hydrogen. Also, the addition of suitable inhibitors to the pickling 
solution eliminates or minimizes attack on the metal and the consequent generation of nascent hydrogen. Salt 
baths operated at approximately 210 °C (410 °F) can be used for descaling titanium alloys, superalloys, and 
refractory metals to avoid the possibility of hydrogen charging associated with pickling. 
Plating solutions and plating conditions selected to produce a high-cathode efficiency minimize the amount of 
hydrogen generated on the metal surface. Because the metallic coatings plated on metal often prevent the 
hydrogen from leaving the base metal, elevated-temperature baking after plating is generally required to allow 
the hydrogen to move to microstructural positions in the part interior that are less damaging to the atomic bonds 
of the iron matrix. 
In one hydrogen-damage failure caused by improper baking after electroplating, several cadmium-plated 
American Iron and Steel Institute (AISI) 8740 steel nuts cracked in seven days after installation on an aircraft 
wing structure (Fig. 1). Examination of the fracture surface (Fig. 2) showed predominantly intergranular 
fracture typical of hydrogen embrittlement. The nuts had not been baked for a sufficient time; thus, hydrogen 
picked up during the plating process was not deactivated. 
 

 

Fig. 2  Fracture surface of failed cadmium-plated nut in Fig. 1. (a) Macrograph of 
fracture surface; 15×. (b) Scanning electron micrograph of the area in the box in (a) 
showing typical intergranular fracture; 3950×. Courtesy of Lockheed-Georgia Company 
 
Procedures for prevention of hydrogen damage in electroplating and preparation for electroplating are described 
in ASTM A 143, “Standard Practice for Safeguarding against Embrittlement of Hot Dip Galvanized Structural 
Steel Products and Procedure for Detecting Embrittlement.” Other relevant standards include:  

• ASTM F 1940, “Standard Test Method for Process Control Verification to Prevent Hydrogen 
Embrittlement in Plated or Coated Fasteners” 

• ASTM F 519, “Standard Test Method for Mechanical Hydrogen Embrittlement Evaluation of Plating 
Processes and Service Environments” 

• ASTM G 142, “Standard Test Method for Determination of Susceptibility of Metals to Embrittlement in 
Hydrogen-Containing Environments at High Pressure, High Temperature, or Both” 

• ASTM F 1459, “Standard Test Method for Determination of the Susceptibility of Metallic Materials to 
Gaseous Hydrogen Embrittlement” 

Hydrogen Environmental Embrittlement 

Hydrogen embrittlement, in classic form, is reversible, in that the damage should be eliminated by removing the 
hydrogen. However, hydrogen can also cause permanent damage from exposure to environmental hydrogen 
during service. Gaseous environments containing hydrogen are also damaging. Hairline cracking usually 
follows prior-austenite grain boundaries and seems to occur when the damaging effect of dissolved hydrogen is 
superimposed on the stresses that accompany the austenite-to-martensite transformation. Hairline cracking is 
readily recognized by metallography and is most common near the center of fairly bulky components, where 
constraint of plastic deformation is high. Affected areas are recognized on fracture surfaces by their brittle 
appearance and high reflectivity, which usually contrasts with the matte appearance of surrounding regions of 
ductile fracture. This has led to such areas being described as flakes or fisheyes. These and other forms of 



hydrogen damage are described in subsequent sections on blistering, precipitation of internal hydrogen, 
hydrogen attack, and hydride formation. 
However, in terms of the various types of in-service environments, hydrogen embrittlement can also occur. This 
type of situation may be complicated by more factors than the preservice type of delayed HSC. In particular, 
hydrogen from corrosion reactions may be a factor, or SCC mechanisms may be involved. In particular, the 
distinction between SCC and hydrogen embrittlement can be difficult. However, the distinction is well defined 
in terms of electrochemical potentials (Fig. 3) (Ref 7), where hydrogen embrittlement occurs in a lower region 
associated with hydrogen formation. Current mechanisms of corrosion-assisted, sustained-load cracking are 
variations of two basic theories: crack advance by anodic dissolution or hydrogen embrittlement. The 
controlling factors in these two are as follows: 
 

 

Fig. 3  Potential ranges of environmentally assisted cracking by (I) hydrogen 
embrittlement, (II) cracking of unstable passive film, and (III) cracking initiated at pits 
near the pitting potential. Vertical dashed lines define potential range over which 
nonpassivating films may crack under stress Source: Ref 7  
 
Anodic dissolution (SCC) is characterized by:  

• Grain-boundary precipitate size, spacing, and/or volume fraction 
• Grain-boundary precipitate-free zone (PFZ) width, solute profile, or deformation mode 
• Matrix precipitate size/distribution and deformation mode 
• Oxide rupture and repassivation kinetics 

Hydrogen embrittlement is characterized by:  

• Hydrogen absorption leading to grain-boundary or transgranular decohesion 
• Internal void formation via gas pressurization 
• Enhanced plasticity (adsorption and absorption arguments exist) 

Hydrogen embrittlement and SCC are also sometimes distinguished in terms of application and the source of 
the hydrogen atoms. If the hydrogen is coming from an intentional manufacturing process, and that hydrogen 
facilitates cracking at lower than expected stresses, whether the hydrogen production itself is intentional or not, 
the term hydrogen embrittlement is used. If the service conditions (moisture, for example, or chloride ions) 
allow the removal of atoms from their intended location in the component (corrosion), and if the hydrogen from 
this reaction facilitates cracking, then SCC is used. 
Regardless of the definition, environmental factors causing the cracking must be properly evaluated, and 
obviously, in-service conditions may involve more environmental factors than hydrogen charging during 
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manufacturing. Therefore, the electrochemical definition of hydrogen embrittlement (Fig. 3) has more 
specificity for complex environmental conditions in service. 
In-Service Cracking from Hydrogen Charging in an Aqueous Environment. When metal corrodes in a low-pH 
solution, the cathodic partial reaction is reduction of the hydrogen ion. Although most of the reduced hydrogen 
reacts to form H2 and leaves the metal surface as gaseous hydrogen, a part of the reduced hydrogen enters into 
the metal as atomic hydrogen. The presence of certain chemical substances that prevent the recombination of 
hydrogen to form molecular hydrogen enhances the absorption of nascent (atomic) hydrogen into the metal. 
These substances are called cathodic poisons, and they include phosphorus, arsenic, antimony, sulfur, selenium, 
tellurium, and cyanide ion. Among the cathodic poisons, sulfides are among the most common. Environments 
containing hydrogen sulfide can cause severe embrittlement of steels and some other high-strength alloys. On 
the other hand, corrosion inhibitors lower the corrosion rate and thus the amount of hydrogen charged into the 
metal. 
In-Service Atmospheric and Aqueous Corrosion. Most high-strength steels are susceptible to hydrogen 
embrittlement when they are stressed and exposed to fresh or sea water and even during atmospheric exposure. 
The susceptibility of steels to hydrogen embrittlement generally increases with increasing tensile strength. 
Steels having a tensile strength greater than approximately 1000 MPa (150 ksi) are susceptible to 
embrittlement. Above a tensile-strength level of 1250 MPa (180 ksi), most alloy steels, such as AISI 4130 and 
4340, and precipitation-hardening stainless steels are susceptible to hydrogen embrittlement cracking in marine 
atmospheres when the residual or applied tensile stresses are sufficiently high. The cracking occurs after some 
time has passed. Steels with tensile strengths less than 690 MPa (100 ksi) appear to be much more resistant to 
hydrogen embrittlement cracking, and the structures made with such steels have been used in service without 
serious problems in various environments, as long as they do not contain hydrogen sulfide. 
As noted, hydrogen-embrittlement cracking of high-strength steel in aqueous environments may be sometimes 
erroneously called SCC. Cracking of high-strength steel in aqueous environments is caused by hydrogen 
absorbed into the steel during corrosion. It is not caused by an anodic dissolution mechanism, such as the 
chloride SCC of austenitic stainless steels or caustic cracking of low-alloy steels. The analyst should bear in 
mind, however, that sometimes the boundary between SCC and hydrogen embrittlement may not be very clear, 
depending on the understanding of the physics, chemistry, and metallurgy of a particular situation. The more 
important concern for most failure analysts or their clients or internal customers is whether the investigation can 
provide insight on prevention strategies. In both SCC and hydrogen embrittlement, the presence of hydrogen is 
clearly a significant factor contributing to the ease of crack formation. 
When working on failure analysis cases involving hydrogen damage, it is important to realize that the 
electrochemical conditions at the tip of a pit or an advancing crack are not the same as those of the bulk 
solution. This is because the solution chemistry in the region of the pit or crack tip may be quite different from 
that of the bulk solution. In a laboratory study, when wedge-opening loading specimens were exposed to 
sodium chloride solutions, the pH value of the solution at the crack tip was measured to be approximately 3.5, 
regardless of that of the bulk solution. At the crack tip, where diffusion is limited, the pH value of the solution 
is lowered by the acidic hydrolysis reaction, and in such a low-pH solution, the cathodic partial reaction is the 
reduction of the hydrogen ion. As a result, nascent hydrogen is generated at the tip of the pit or crack and 
absorbed into the metal. It has also been shown that hydrogen can be generated at the crack tip even when an 
anodic potential is applied to the bulk metal. 
In-Service Failures in Environments Containing Hydrogen Sulfide (Sulfide Stress Cracking). High-strength 
steel pipes used in drilling and completion of oil and gas wells may exhibit delayed cracking in environments 
containing hydrogen sulfide. This type of fracture is referred to as sulfide stress cracking. The basic cause of 
sulfide stress cracking is embrittlement resulting from hydrogen absorbed into steel during corrosion in sour 
environments. The presence of hydrogen sulfide in the environment promotes hydrogen absorption into steel, 
thereby making the environment more severe and thus more likely to cause hydrogen embrittlement. Although 
hydrogen sulfide gas, like gaseous hydrogen, can cause embrittlement, water ordinarily must be present for 
sulfide stress cracking to occur. 
The susceptibility to sulfide stress cracking increases with increasing hydrogen sulfide concentration or partial 
pressure and decreases with increasing pH. The ability of the environment to cause sulfide stress cracking 
decreases markedly above pH 8 and below 100 Pa (~0.001 atm) partial pressure of hydrogen sulfide. The 
cracking tendency is most pronounced at ambient temperature and decreases with increasing temperature. For a 
given strength level, tempered martensitic steels have better sulfide stress cracking resistance than normalized-



and-tempered steels, which in turn are more resistant than normalized steels. Untempered martensite 
demonstrates poor resistance to sulfide stress cracking. It is generally agreed that a uniform microstructure of 
fully tempered martensite is desirable for sulfide stress cracking resistance. 
Researchers in sulfide stress cracking are not in agreement as to the effect of alloying elements on the sulfide 
stress cracking resistance of carbon and low-alloy steels, with the exception of one element. Nickel is 
detrimental to sulfide stress cracking resistance. Steels containing more than 1% Ni are not recommended for 
service in sour environments. 
Welds and associated heat-affected zones (HAZs) are often less resistant to sulfide stress cracking than the 
adjacent base metal. The high hardness and residual stresses resulting from welding are believed to increase the 
susceptibility. In a laboratory study of the sulfide stress cracking resistance of submerged arc weldments in a 
hydrogen-sulfide-saturated aqueous solution of 0.5% acetic acid and 5% sodium chloride, no failures were 
observed for the welds with hardness values below 191 HB (91 HRB); all of the welds with hardness values of 
225 HB (20 HRC) or higher cracked. Steels with hardness values less than 22 HRC are considered acceptable 
for sour service. Metallic materials resistant to sulfide stress cracking for oil-field equipment are covered in 
National Association of Corrosion Engineers standard (MR-01) “Sulfide-Stress-Cracking-Resistant Metallic 
Material for Oil-Field Equipment.” 
In-Service Cathodic-Protection-Related Damage. Marine structures and underground pipelines are cathodically 
protected either with sacrificial anodes or with impressed current. Although the cathodic protection of such 
structures usually does not cause HE, high-strength steel can be embrittled by cathodic protection. 
In-Service Cracking from Gaseous Hydrogen. Steel vessels and other equipment that contains hydrogen gas at 
high pressures at ambient temperature are susceptible to fracture by hydrogen embrittlement. Many high-
strength steels are subject to severe embrittlement in tension tests conducted in high-pressure hydrogen gas, and 
the cracking tendency increases with increasing pressure of hydrogen. As has been noted many times in this 
article for many types of hydrogen damage, the cracking susceptibility of steels in gaseous hydrogen generally 
increases with increasing hardness. 
Generally, high-strength steels and high-strength nickel alloys display severe degradation of tensile properties 
in hydrogen gas. Austenitic stainless steels, aluminum alloys, and alloy A286 show very little embrittlement in 
this environment; most other engineering metals and alloys are affected to a lesser degree. Seamless steel 
vessels have been used for the containment of hydrogen gas at moderately high pressure without any reported 
problems. When austenitic stainless steels, such as AISI 304L and 309S, are exposed to high-pressure hydrogen 
gas (69 MPa, or 10 ksi), the macroscopic tensile ductility is markedly reduced, although the microscopic 
fracture may be dimpled microvoid coalescence. The loss in tensile reduction of area can be correlated with a 
change in dimple size (Ref 8). 
Hydrogen gas at atmospheric pressure can cause embrittlement in martensitic high-strength steels. Subcritical 
crack growth is observed with high-strength steel at very low stresses in pure hydrogen gas, and oxygen in 
small quantities stops the crack growth. Oxygen is believed to form an oxide barrier at the crack tip by 
preferential adsorption, thereby protecting the crack tip from the damaging effects of the hydrogen. 

Fracture Characteristics 

Crack Origin. When a hydrogen-damage failure is caused by hydrogen embrittlement or hydrogen-induced 
blistering, the crack typically originates in the interior of the part or very close to the metal surface. In metals of 
relatively low strength and hardness and in high-strength metals that are not subjected to significant levels of 
applied or residual tensile stresses, cracking almost always originates in the interior of the metal. In high-
strength metals subjected to applied or residual tensile stresses, especially if a severe stress raiser such as a 
sharp notch is present at the surface, cracking is likely to originate near the surface. 
Crack Morphology. A hydrogen-assisted crack is usually a single crack that shows no significant branching 
(Fig. 4). The crack path can be either intergranular or transgranular, and the crack path sometimes changes from 
one to the other as it propagates. Intergranular fracture becomes more likely at higher strength and with 
impurities. When transgranular fracture from hydrogen occurs in less ductile ((body-centered cubic, or bcc) 
alloys, the mechanisms may be brittle cleavage or quasi-cleavage. In more ductile low-strength steels or face-
centered cubic (fcc) alloys, fracture may be by dimpled microvoid coalescence. Therefore, the results of 
metallographic and electron fractographic examinations should be carefully interpreted for failure analysis. 
Examination at low magnification should precede examination at higher magnifications. Examination of the 
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fracture surface at high magnifications (1000× or more) may yield clues on the potential mechanisms of 
intergranular fracture in the grain boundaries. 
Deposits on the Fracture Surface. Corrosion products are ordinarily not present on the surface of hydrogen-
damaged fractures, unless the surfaces have been exposed to corrosive environments. Foreign matter, if present, 
is in trace amounts only, unless the fracture surfaces had been exposed to contaminants. Energy-dispersive x-
ray analysis allows the determination of the elements on the fracture surface. 
Laboratory cracking tests are used to verify that the material is susceptible to hydrogen damage under a given 
environmental condition or to distinguish between hydrogen damage and SCC. One method of distinguishing 
between hydrogen embrittlement and SCC is to note the effect of small impressed electric currents on time-to-
failure in constant-load test. If cracking has occurred by a stress-corrosion mechanism, application of a small 
anodic current shortens the time to failure. When hydrogen embrittlement is the cracking mechanism, a 
cathodic current accelerates cracking. Electrochemical methods are also used to determine whether hydrogen 
can be charged into metal in given solutions. 
Example 1: Hydrogen Embrittlement of a Type 431 Stainless Steel Mushroom-Head Closure. The type 431 
stainless steel mushroom-head closure shown in two views in Fig. 4 fractured in service at a hydrogen pressure 
of 3000 atm. Fracture occurred at room temperature after miscellaneous chemical service that included 
exposures to hydrogen at temperatures from ambient to 350 °C (662 °F). 
The fracture surface displayed areas of both transgranular cleavage, as shown in the stereo pair of Fig. 5, and 
intergranular separation, as shown in the stereo pair of Fig. 6, which is characteristic of hydrogen embrittlement 
of high-stress steels. Debris from the final reaction to which the part was exposed has resulted in artifacts on the 
transmission electron microscopy (TEM) replicas, but there appears to be no evidence of grain-boundary 
corrosion in Fig. 6. This is an important finding, in that it differentiated this intergranular fracture, which was 
caused by hydrogen embrittlement, from similar ones produced by SCC. Only by meticulous fractographic 
examination can clues be gained that make it possible to distinguish between these two fracture mechanisms. 
 

 

Fig. 4  Two views of a fracture from hydrogen embrittlement of a type 431 stainless steel 
mushroom-head closure (Example 1). This is not typical; HE cracking on cylinders is 
usually circumferential. 
 



 

Fig. 5  Transgranular cleavage in an area of the surface of the hydrogen embrittlement 
fracture of the type 431 stainless steel mushroom-head closure shown in Fig. 4. See also 
Fig. 6. When viewed in three-dimension, this stereo pair shows a massive ridge running 
from top to bottom at the left, with pronounced cleavage steps on its right-hand slope. The 
corrosion debris remaining from service and extracted by the replica may be seen 
projecting from the surface. TEM; 2400× 
 

 

Fig. 6  Intergranular separation in an area of the surface of the hydrogen embrittlement 
fracture of the type 431 stainless steel mushroom-head closure of Fig. 4 and 5. When 
viewed in three-dimension, the somewhat rounded separated-grain surfaces show cavities 
akin to dimples in appearance but more probably sites of previous intergranular 
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inclusions. The corrosion debris may be seen projecting from the fracture surfaces. TEM; 
6600× 
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Hydrogen Damage and Embrittlement  

 

Hydrogen Reaction Embrittlement 

Although the sources of hydrogen may be any of those mentioned previously, this type of embrittlement is quite 
distinct from hydrogen environment embrittlement. Once hydrogen is absorbed, it may react near the surface or 
diffuse substantial distances before it reacts. Hydrogen can react with itself, with the matrix, or with a foreign 
element in the matrix. The chemical reactions that comprise this type of embrittlement or attack are well known 
and are encountered frequently. The new phases formed by these reactions are usually quite stable, and 
embrittlement is not reversible during room-temperature aging treatments. 
Atomic hydrogen (H) can react with the matrix or with an alloying element to form a hydride (MHx). Hydride 
phase formation can be either spontaneous or strain induced. Atomic hydrogen can react with itself to form 
molecular hydrogen (H2). This problem is frequently encountered after steel processing and welding; it has 
been termed flaking or fisheyes. Atomic hydrogen can also react with a foreign element in the matrix to form a 
gas. A principal example is the reaction with carbon in low-alloy steels to form methane (CH4) bubbles. 
Another example is the reaction of atomic hydrogen with oxygen in copper to form steam (H2O), resulting in 
blistering and a porous metal component. 
Hydrogen-Induced Blistering. Blistering is observed in low-strength steels and other metals. It is caused by 
atomic hydrogen diffusing to internal defects or inclusions, where it precipitates as molecular (diatomic) 
hydrogen. This generates substantial pressure, which produces blisters. Shatter cracks, flakes, and fisheyes are 
terms that describe cracks or the surface appearance of a fracture in castings, forgings, wrought alloys, or 
weldments. These defects are caused by the presence of excessive hydrogen in the liquid melt prior to 
solidification. Microperforation may also occur, mainly when steels are exposed to very high-pressure 
hydrogen near room temperature. 



Hydrogen-induced blistering is most prevalent in low-strength alloys, and it is observed in metals that have 
been exposed to hydrogen-charging conditions, for example, acid pickling or corrosion in environments 
containing hydrogen sulfide. When hydrogen is absorbed into metal and diffuses inward, it can precipitate as 
molecular hydrogen at internal voids, laminations, or inclusion/matrix interfaces, and it can build up pressure 
great enough to produce internal cracks. If these cracks are just below the surface, the hydrogen-gas pressure in 
the cracks can lift up and bulge out the exterior layer of the metal, so that it resembles a blister (Fig. 7). The 
equilibrium pressure of the molecular hydrogen in the void, which is in contact with the atomic hydrogen in the 
surrounding metal, is great enough to rupture any metal or alloy. The absorbed hydrogen may come from 
various sources. 

 

Fig. 7  Hydrogen-induced blistering in a 9.5 mm (3/8 in.) thick carbon steel plate (ASTM 
A 285, grade C) that had been in service one year in a refinery vessel. 1.5× 
 
Corrosion-generated hydrogen causes blistering of steel in oil-well equipment and in petroleum-storage and 
refinery equipment. In the refinery, hydrogen-induced blistering has been found most frequently in vessels 
handling sour (hydrogen-sulfide-containing) light hydrocarbons and in alkylation units where hydrofluoric acid 
is used as a catalyst. Storage vessels with sour gasoline and propane are highly prone to blistering, but sour 
crude storage tanks are less prone to blistering, apparently because the oil film of the heavier hydrocarbons acts 
as a corrosion inhibitor. In storage vessels, blistering is generally at the bottom or in the vapor space where 
water is present. Gas-plant vessels in catalytic hydrocarbon-cracking units are particularly prone to blistering, 
because the cracking reaction generates cyanides. The presence of cyanides, hydrogen sulfide, and water 
enhances hydrogen absorption into steel. Hydrogen-induced blistering also occurs on steel plates used as 
cathodes in industrial electrolysis. 
Line pipe transmitting wet sour gas can develop hydrogen-induced cracking in the pipe wall. When line-pipe 
steel is exposed to sour brine in the absence of applied stress, a number of cracks parallel to the longitudinal 
axis of the pipe may develop through the wall, and the tip of one crack may link up with another in stepwise 
fashion (Fig. 8). This type of cracking is called stepwise cracking, and it can significantly reduce the effective 
wall thickness of the pipe. It is believed that a single, straight longitudinal crack is less harmful than stepwise 
cracks. The presence of hydrogen sulfide in the corrodent greatly promotes the absorption of hydrogen into 
steel. Thus, the fugacity of hydrogen generated during sulfide corrosion is extremely high—often on the order 
of 103 MPa (10,000 atm). 
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Fig. 8  Stepwise cracking of a low-strength pipeline steel exposed to hydrogen sulfide 
(H2S). 6× 
 
Hydrogen-induced cracks in line-pipe steels are always associated with certain metallurgical features, such as 
inclusions, large precipitate particles, or martensite bands. Elongated inclusions, such as type II manganese 
sulfides and glassy silicates, are particularly detrimental to hydrogen-induced cracking resistance. The oxygen 
content in molten steel markedly affects the shape of sulfide inclusions in rolled steel. Manganese sulfides in 
semikilled steel deform to a lesser extent during hot rolling than those in silicon-aluminum killed steels. 
Semikilled steels usually contain ellipsoidal manganese sulfides (type I MnS) and generally have better 
hydrogen-induced cracking resistance than fully killed steels having elongated manganese sulfides (type II 
MnS). Although the hydrogen-induced cracking resistance of steel increases with decreased sulfur content, 
lowering the sulfur level alone does not provide immunity to hydrogen-induced cracking. Most modern steels 
are produced in the killed form, because the usually more-economical continuous casting processes only work 
for killed steels. 
The presence of martensite banding in line-pipe steel increases the susceptibility to hydrogen-induced cracking. 
The formation of martensite can be controlled by selecting suitable steel compositions and the proper 
thermomechanical treatment. Addition of approximately 0.3% Cu is known to improve the hydrogen-induced 
cracking resistance of steel, but the beneficial effect of copper prevails only in environments with relatively 
high pH (approximately 5 or more) and diminishes in low-pH (3.5 or less) solutions. 
Flakes. Heavy steel forgings often contain a number of hairline cracks in the center part, and such cracks are 
called flakes. On fracture surfaces, flakes appear as small areas of elliptical bright cracks. Flakes are formed 
during cooling after the first forging or rolling and not during cooling after solidification. Flakes are caused by 
localized hydrogen embrittlement resulting from internal hydrogen. 
The primary source of hydrogen in steelmaking is moisture in the atmosphere and in the additives, and the 
hydrogen content of molten steel after refining can be as high as 5 to 8 ppm. Hydrogen dissolves more in the 
fcc crystal structure than in the bcc crystal structure, and the solubility decreases exponentially with decreasing 
temperature. The lattice solubility of hydrogen in steel is much smaller than 0.1 ppm at room temperature. 
Therefore, on cooling, hydrogen precipitates as molecular hydrogen at inclusions or micropores, and because 
such regions are already embrittled by hydrogen, flakes are readily formed by the gaseous hydrogen pressure. It 
is generally known that flakes form at temperatures below 200 °C (390 °F). Flakes are generally oriented within 
the forging grain or segregated bands. Flaking sensitivity increases with increasing hydrogen content. 
Fisheyes are another example of localized hydrogen embrittlement. The term is used to describe small, shiny 
spots occasionally observed on the fracture surface of tension specimens from steel forgings or plates having a 
high hydrogen content. Fisheyes are associated with reduced tensile ductility. Fractographic examination 
usually reveals microscopic stress raisers, such as pores or nonmetallic inclusions, within the fisheye. Baking or 
prolonged room-temperature aging of tension specimens frequently eliminates fisheyes and restores tensile 
ductility. 
When this type of hydrogen damage occurs in welding, it is called underbead cracking. This form of cracking 
develops in the HAZ of the base metal and runs roughly parallel to the fusion line. Because cracking caused by 
hydrogen may occur hours or days after welding, it is also known as delayed cracking. The factors controlling 
this type of cracking are dissolved hydrogen, tensile stress, and low-ductility microstructure, such as martensite. 



Hydrogen can be transferred to the molten weld pool from the arc atmosphere. Sources of hydrogen include the 
shielding gas, flux, or surface contamination. As the weld metal cools, it becomes supersaturated with 
hydrogen, which diffuses into the HAZ, which is in a state of high triaxial tensile stress. As the austenite 
transforms into martensite on rapid cooling, the hydrogen is retained in this region, and, as a result, the metal is 
embrittled by its presence. The stresses generated by external restraint and by volume changes due to the 
transformation can easily produce cracks in this region. More information on hydrogen damage in welds is 
available in the article “Failures Related to Welding” in this Volume. 
Hydrogen attack occurs at high temperatures rather than at or near room temperature. Hydrogen reacts with 
carbon or carbides within the steel to form methane gas. This may simply decarburize the steel, lowering its 
strength, or may produce cracks or fissures. This problem does not occur below 200 °C (390 °F). Steel exposed 
to high-temperature, high-pressure hydrogen appears to be unaffected for days or months and then suddenly 
loses its strength and ductility. However, it is important to note that hydrogen attack is different from hydrogen 
embrittlement. Hydrogen attack is irreversible damage, and it occurs at elevated temperatures, whereas 
hydrogen embrittlement is often reversible and occurs at temperatures below 200 °C (390 °F). 
During hydrogen attack of steel, methane bubbles form along grain boundaries; these bubbles subsequently 
grow and merge to form fissures. Failure by hydrogen attack is characterized by decarburization and fissuring 
at grain boundaries (Fig. 9) or by bubbles in the metal matrix. This type of hydrogen damage is most commonly 
experienced in steels that are subjected to elevated temperatures in petrochemical-plant equipment that often 
handles hydrogen and hydrogen-hydrocarbon streams at pressures as high as 21 MPa (3 ksi) and temperatures 
up to 540 °C (1000 °F). 
 

 

Fig. 9  Section of ASTM A 106 carbon steel pipe with wall severely damaged by hydrogen 
attack. The pipe failed after 15 months of service in hydrogen-rich gas at 34.5 MPa (5000 
psig) and 320 °C (610 °F). (a) Overall view of failed pipe section. (b) Microstructure of 
hydrogen-attacked pipe near the midwall. Hydrogen attack produced grain-boundary 
fissures that are radially aligned. 
 
The severity of hydrogen attack depends on temperature, hydrogen partial pressure, stress level, exposure time, 
and steel composition. Additions of chromium and molybdenum to the steel composition improve the resistance 
to hydrogen attack. On the basis of industrial experience, the American Petroleum Institute prepared a materials 
selection guide for hydrogen service at elevated temperatures and pressures (Ref 9). This is known as the 
Nelson diagram, and it is very useful for proper selection of materials for high-temperature hydrogen service. 
Moisture in hydrogen enhances decarburization of steel. Hydrogen gas with a dewpoint of -45 °C (-50 °F) does 
not decarburize hypoeutectoid steels. Also, the decarburization effect of hydrogen on these steels at 
temperatures below 700 °C (1290 °F) is negligible. Although hydrogen can severely decarburize steel under 
certain conditions of temperature and dewpoint, decarburization is not limited to hydrogen atmospheres only, 
and it may occur in a variety of hydrogen-free heat treatment atmospheres, such as oxygen, air, and carbon 
dioxide, and in molten salt baths. 
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Damage by hydrogen embrittlement or blistering may also occur in steel after rapid cooling after prolonged 
exposure to high-temperature, high-pressure hydrogen. The excess hydrogen cannot then escape during cooling 
and causes cracking or blistering. 
Hydrogen attack can also occur in copper. At elevated temperature, hydrogen absorbed in tough pitch copper 
internally reduces Cu2O particles present in the copper, forming pockets of steam. Because water vapor cannot 
diffuse away, the steam pressure in the pockets can be very high, causing cavities or blisters. Similar behavior 
can occur in silver. 
Cracking from Hydride Formation. A number of transition, rare earth, alkaline-earth metals, and the alloys of 
these metals are subject to embrittlement and cracking due to hydride formation. Among these metals, the 
commercially important ones are titanium, tantalum, zirconium, uranium, thorium, and their alloys. The 
presence of hydrides in these metals can cause significant increases in laboratory-measured strength and large 
losses in ductility and toughness. As in other types of alloys, excess hydrogen is readily picked up during 
melting or welding, and hydride formation takes place during subsequent cooling. The use of vacuum melting 
and the modification of compositions can reduce susceptibility to hydride formation. Hydrogen can often be 
removed by annealing in vacuum. Welding generally requires the use of inert gas shielding to minimize 
hydrogen pickup. 
The hydride particles often have the form of platelets and show preferred orientation within the parent lattice, 
depending primarily on the metal or alloy composition. The large volume change associated with hydride 
formation leads to a strong interaction between the hydride-formation process and externally applied stresses. 
Applied stresses can cause preferential alignment of hydrides or realignment. In most cases, the hydride phase 
has a much lower ductility than the matrix. 
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Susceptibility of Various Metals 
Most metals and alloys are susceptible to hydrogen damage, and many are susceptible to more than one type of 
hydrogen damage. Carbon and low-alloy steels can fail by several types of hydrogen damage. Failure by 
hydrogen embrittlement is often encountered with high-strength steels, especially when the tensile strength is 
above 1034 MPa (150 ksi). Low-strength steels are considered resistant to hydrogen embrittlement, but they are 
susceptible to hydrogen-induced blistering. In high-temperature hydrogen environments, carbon and low-alloy 
steels are also subject to hydrogen attack. However, steels are not susceptible to cracking caused by hydride 
formation. 
 

Hydrogen Damage and Embrittlement  

 

Stainless Steels 

The susceptibility of the different types of stainless steels (austenitic, ferritic, martensitic, and precipitation 
hardening) to failure by hydrogen damage varies widely. 
Austenitic Stainless Steels. Although austenitic stainless steels are very susceptible to chloride SCC, they are 
more resistant to hydrogen embrittlement than bcc steels. This may be due to the larger size of the interstitial 
site in the center of the unit cell. Another factor in the resistance of austenitic stainless steels to hydrogen 



damage may be the low hydrogen diffusivities in these steels. Hydrogen diffusivity in austenite is several orders 
of magnitude lower than that in ferrite. However, because the outgassing rate is lower, low-energy trapping of 
hydrogen can occur in fcc iron-base alloys at imperfections generated by deformation (e.g., dislocations and ε 
or α martensite) (Ref 2). There is a general correlation between hydrogen resistance and austenite stability. 
Ferritic Stainless Steels. In the annealed condition, ferritic stainless steels are very resistant to hydrogen 
damage, because of their low hardness. However, in the cold-worked or as-welded condition, ferritic stainless 
steels are susceptible to hydrogen embrittlement. 
Martensitic and precipitation-hardening stainless steels have high strength and are subject to hydrogen 
embrittlement. The susceptibility to cracking increases with increasing yield strength, and almost any corrosive 
environment can cause failure by hydrogen embrittlement in these types of stainless steels. Even a mild 
environment, such as fresh water at room temperature, may cause cracking in especially susceptible alloys. In 
one case, for example, a precision bolt of 17-4 PH (type 630) stainless steel cracked from hydrogen 
embrittlement when exposed for approximately nine months in a warm seacoast atmosphere while in contact 
with 7075 aluminum alloy (Ref 10). 
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Nickel-Base Alloys 

Hydrogen embrittlement of nickel-base alloys is exemplified by three forms: brittle (usually intergranular) 
delayed fracture, a loss in reduction of area while often retaining a microvoid coalescent fracture, or a reduction 
in properties such as fatigue strength. Although cleavage-type cracks have been reported in nickel-base alloys, 
they are not the predominant mode of fracture. Table 2 lists alloys and environments in which hydrogen 
embrittlement is known to occur. 

Table 2   Nickel-base alloys exhibiting hydrogen embrittlement 
Alloy Environment 
600 Cathodic charge/tensile test 
C-276, C-4, MP35N, 625, 718 … 
Pure nickel Cathodic charge H2SO4  
K500 Sour oil and gas environment 
X750 5% NaCl + 5% CH3COOH + H2S 
718, A286, 625 Hydrogen gas (34 MPa, or 5000 psi) charged at room temperature 
Pure nickel, 600 Hydrogen gas charged at 723 K, tested at room temperature 
K500 Cathodic charge, seawater 
 
Annealed Nickel Alloys. With few exceptions, fully annealed nickel-base alloys are essentially immune to 
hydrogen-induced delayed failure, but alloy B-2 is susceptible to hydrogen embrittlement in H2S-containing 
environments even in the annealed condition. Some nickel alloys do not show significant susceptibility to 
hydrogen embrittlement. These alloys include alloys 825, G, and G-3, and alloy 20Cb3, as well as austenitic 
nickel-base alloys with correspondingly high iron contents. 
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Large reductions in the ductility of nickel-base alloys due to hydrogen embrittlement have been observed at 
strain rates near 10-4 to 10-6 s-1. Only when the strength level of the alloys is increased by cold working or by 
heat treatment is the incidence of hydrogen embrittlement significant. Also, only the low-iron-containing alloys 
(generally less than 10% Fe) are significantly affected by hydrogen-induced delayed fracture. 
The fracture mode may remain microvoid coalescence, but annealed nickel has been shown to be susceptible to 
intergranular hydrogen embrittlement. This phenomenon of intergranular fracture appears to be related to the 
sulfur content/segregation in nickel. 
Nickel-Base Superalloys. In general, hydrogen embrittlement has not been a serious problem with heat-resistant 
alloys. However, laboratory tests have shown that certain nickel-base alloys are susceptible to embrittlement 
when exposed to highly oxidizing environments or to pure hydrogen at a pressure of 34 MPa (5 ksi) and a 
temperature of 680 °C (1250 °F). The susceptibility of precipitation-hardenable alloys, such as alloys X-750, 
alloy K-500, and alloy IN-718, has been reported from laboratory tests and from field exposures with less 
susceptibility at lower strength levels. Some of the solid-solution alloys, such as alloy C-276 and alloy 625, are 
susceptible to hydrogen embrittlement under conditions of hydrogen charging when cold worked to high 
strength levels. Aging at temperatures (540 °C, or 1000 °F) at which ordering and/or grain-boundary 
segregation can occur greatly increases this susceptibility to hydrogen embrittlement. 
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Aluminum and Aluminum Alloys 

Hydrogen damage occurs occasionally in aluminum and aluminum alloys, but it is not usually a serious 
problem. When a high-strength aluminum alloy is cathodically charged, its ductility is reduced. Hydrogen 
embrittlement of aluminum alloys can result in intergranular or transgranular cracking. Dry hydrogen gas does 
not cause significant hydrogen embrittlement in aluminum alloys, but SCC of Al-Zn-Mg alloys in moist gases 
probably involves hydrogen embrittlement. Problems with hydrogen in aluminum alloys arise mostly from 
formation of gas-filled voids during solidification. These voids can affect both cast and wrought products. In 
ingots for wrought products, the presence of hydrogen gas in voids inhibits healing on subsequent working and 
is responsible for such defects as bright flakes in thick sections and blisters on the surface of annealed or heat 
treated material. The principal effect of bright flakes is a reduction in short-transverse ductility. 
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Copper and Copper Alloys 

Copper and its alloys are not susceptible to attack by hydrogen, unless they contain copper oxide. Tough pitch 
coppers, such as C11000, contain small quantities of Cu2O. Deoxidized coppers with low residual deoxidizer 
contents—C12000, for example—may contain Cu2O but contain less than tough pitch coppers. These 
deoxidized coppers are not immune to hydrogen embrittlement. Deoxidized coppers with high residual 
deoxidizer contents, however, are not susceptible to hydrogen embrittlement, because the oxygen is tied up in 
complex oxides that do not react appreciably with hydrogen. 
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Titanium and Titanium Alloys 



Hydrogen damage in titanium alloys results from embrittlement caused by absorbed hydrogen. Hydrogen may 
be supplied by a number of sources, including water vapor, pickling acids, and hydrocarbons. The amount of 
absorption depends primarily on the titanium oxide film on the metal surface, and an adherent unbroken film 
can significantly retard hydrogen absorption. 
Titanium and its alloys become embrittled by hydrogen at concentrations that produce a hydride phase in the 
matrix. The exact level of hydrogen at which a separate hydride phase is formed depends on the composition of 
the alloy and the previous metallurgical history. In commercial unalloyed material, this hydride phase is 
normally found at levels of 150 ppm of hydrogen; however, hydride formation has been observed at levels as 
low as 40 or 50 ppm of hydrogen. Figure 10 is an example of hydrided titanium. 
 

 

Fig. 10  Severely hydrided unalloyed titanium 
 

At temperatures near the boiling point of water, the diffusion rate of hydrogen into the metal is relatively slow, 
and the thickness of the layer of titanium hydride formed on the surface rarely exceeds approximately 0.4 mm 
(0.015 in.), because spalling takes place when the hydride layer reaches thicknesses in this range. 
Hydride particles form much more rapidly at temperatures above approximately 250 °C (480 °F), because of 
the decrease in hydrogen solubility within the titanium lattice. Under these conditions, surface spalling does not 
occur, and the formation of hydride particles through the entire thickness of the metal results in complete 
embrittlement and high susceptibility to failure. This type of embrittlement is often seen in material that has 
absorbed excess hydrogen at elevated temperatures, such as during heat treatment or welding, and subsequently 
has formed hydride particles during cooling. 
There have been instances of localized formation of hydrides in environments where titanium has otherwise 
given good performance. Investigations of such instances suggest that the localized formation of hydrides is the 
result of impurities in the metal (particularly the iron content) and the amount of surface contamination 
introduced during fabrication. 
There is a strong link between surface-iron contamination and formation of hydrides of titanium. Severe 
hydride formation has been noted in high-pressure dry gaseous hydrogen around particles of iron present on the 
surface. Anodizing in a 10% ammonium sulfate solution removes surface contamination and leads to thickening 
of the normal oxide film. 
In chemical-plant service, where temperatures are such that hydrogen can diffuse into the metal if the protective 
oxide film is destroyed, severe embrittlement may occur. For example, in highly reducing acids where the 
titanium oxide film is unstable, hydrides can form rapidly. Hydrogen pickup has also been noted under high-
velocity conditions where the protective film erodes away as rapidly as it forms. 
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Hydrogen contents of 100 to 200 ppm may cause severe losses in tensile ductility and notched tensile strength 
in titanium alloys and may cause brittle delayed failure under sustained loading conditions. The sensitivity to 
hydrogen embrittlement from formation of hydrides varies with alloy composition and is reduced substantially 
by alloying with aluminum. 
Care should be taken to minimize hydrogen pickup during fabrication. Welding operations generally require 
inert gas shielding to minimize hydrogen pickup. Hydrogen can be removed from titanium by annealing in 
vacuum. 
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Transition and Refractory Metals 

Tantalum, zirconium, uranium, thorium, and alloys of these metals, when exposed to hydrogen, can sustain 
severe damage due to hydride formation. 
Tantalum absorbs hydrogen at temperatures above 250 °C (480 °F), resulting in the formation of tantalum 
hydride. Hydrogen absorption also can occur if tantalum is coupled to a more active metal in a galvanic cell, 
particularly in hydrochloric acid. As little as 100 ppm of hydrogen in tantalum cause severe embrittlement by 
hydride formation. 
Zirconium and its alloys are highly susceptible to embrittlement by hydride formation. Absorption of gaseous 
hydrogen into zirconium and its reaction with zirconium to produce the hydride ZrH2 occur at an extremely fast 
rate at 800 °C (1470 °F). This hydride is very brittle, and it may be crushed into a powder. The hydrogen may 
then be pumped off, leaving a powder of metallic zirconium. 
Zirconium alloys can pick up substantial amounts of hydrogen during exposure to high-pressure steam. 
Zirconium with 2.5% Nb corrodes in water at 300 °C (570 °F) at a rate of approximately 25 μm per year and 
picks up hydrogen at the rate of 2 to 4 mg/cm2 (13 to 26 mg/in.2) per day. Hydrogen can be removed from 
zirconium and its alloys by vacuum annealing. 
Uranium, uranium alloys, and thorium are susceptible to hydrogen embrittlement. Hydrides in thorium have 
been identified as ThH2 and Th4H15. The hydride in uranium is UH3. Uranium absorbs hydrogen from three 
sources: fused salt bath annealing, etching and electroplating operations, and corrosion. A hydrogen pickup of 1 
to 2 ppm as a result of salt bath annealing noticeably reduces elongation. Hydrogen absorbed during etching 
and electroplating is concentrated at the surface and does not degrade tensile properties. Corrosion of uranium 
in water or water vapor reduces tensile ductility. Uranium is embrittled in water over the pH range of 5 to 10. 
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Analysis of Hydrogen Embrittlement in Commodity-Grade Steels 

Debbie Aliya, Aliya Analytical 

Hydrogen embrittlement refers to the degradation of mechanical properties due to the presence of dissolved 
atomic hydrogen, and it often results in ambient-temperature and delayed cracking of steel parts that have 
recently been assembled. Because of the wide economic impact in commodity-grade components and the 
frequent difficulty in diagnosing HE failures, this section discusses preservice and early-service fractures of 
commodity-grade steel components suspected of hydrogen embrittlement. Preservice and early-service failures 
of commodity steels strongly suggest the delayed nature of hydrogen embrittlement, but in many cases, it may 
difficult to conclusively confirm hydrogen as the root cause; other factors besides hydrogen may be 
contributing. 



The sources of the difficulty in analyzing parts that are suspected of hydrogen embrittlement failure are many. 
One reason is because the effects of hydrogen embrittlement can be quite varied. In many cases, the loss of 
strength due to the presence of hydrogen is only one of many factors that allow an unexpected fracture. In other 
cases, the loss of strength is spectacular, leaving only 10% of the expected tensile strength compared to an 
unembrittled component. However, even in these severe cases, it may be difficult to prove with any degree of 
certainty that the most significant cause of the fracture was the presence of hydrogen. 
When the compromised mechanical properties in the subject part(s) are due to hydrogen embrittlement, there 
may be a tendency to focus on the reduction of hydrogen as a solution. In fact, the hydrogen concentration is 
only one of many factors that combine to create a realistic picture of “the physical root cause” of the 
unexpected hydrogen embrittlement fracture. 
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Preservice and Early-Service Failures 

Hydrogen embrittlement can be a likely potential problem in preservice and early-service fractures of 
commodity-grade steel components. In certain applications, where steels are processed so that their yield 
strength is a high percentage of their tensile strength (such as springs, spring clips, and externally threaded 
high-strength or self-tapping fasteners), hydrogen embrittlement can cause a lot of consequential economic 
damage. This is especially a problem when the cracks are found after assembly, and labor and other 
components of the assembly must be scrapped along with the cracked parts. Parts with very hard surface layers, 
intentionally produced by carburizing or carbonitriding, also increase the likelihood of hydrogen embrittlement 
problems. 
People employed in industries that use high volumes of small components also are sometimes faced with the 
prospect of creating lot-containment plans when only a few of a large batch of components were diagnosed 
with hydrogen embrittlement. This happens when any further failure is unacceptable for either safety or 
economic reasons. Significant expenditures for prevention of hydrogen embrittlement may be worthwhile 
economically if the damage of the often-inexpensive embrittled components causes a more complex and costly 
assembly to be scrapped. 
Hydrogen embrittlement problems are detected during shipping, inspection, and shortly after placement in 
service. If the part broke when it was subject to an impact condition, it would not usually be considered a 
hydrogen embrittlement problem, although it is possible that a preexisting hydrogen embrittlement condition 
allowed the impact event to separate the fragments more easily. This small example illustrates the difficulty 
encountered by anyone who tries to make up a simplified testing and data interpretation guideline for any type 
of failure. 
In these types of situations, the first step is to review the history of the failed part(s) and determine if conditions 
necessary for delayed hydrogen-induced cracking may be present. Hydrogen embrittlement in steels is most 
prevalent in components that:  

• Have been in contact with atomic hydrogen at some time during their processing 
• Are subject to sustained tensile stresses (applied and/or residual) 
• Have high hardness from strengthening by heat treatment, cold working, or surface treatment 

Other major factors include the hardness range specified and the consistency of actual hardness values; design 
stress level and actual stress consistency; dimensional consistency; composition, including intentional alloying 
elements and residuals; and microstructure. The significance of dimensional consistency should not be 
overlooked, because in some designs, small changes in dimensions can be associated with large changes in 
localized stress levels. 
These factors are briefly reviewed in a little more detail in the following sections. This is followed by 
discussions on the factors that may influence the threshold of delayed hydrogen stress cracking. 
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Hydrogen Sources. Many small commodity-grade components are produced with various secondary 
manufacturing operations that provide ready sources for the atomic form of hydrogen. The most common 
causes are toward the top of the list:  

• Electroplating 
• Acid cleaning 
• Phosphate conversion coating 
• Caustic cleaning 
• Heat treating where hydrogen is used as a protective atmosphere and parts are not tempered after 

exposure 
• Moisture pickup during melting and refining of molten steel 

Although caustic cleaning has been associated with embrittlement of steels, electroplating processes can be 
particularly damaging, because many of the baths produce heavy concentrations of atomic hydrogen at the 
interface of the base material and plated layer. While the hydrogen atoms can diffuse readily into the iron 
matrix of the steel, the zinc or cadmium plating acts as a barrier to any hydrogen atoms that may have otherwise 
randomly diffused away from the structural portion of the component. This creates a situation where hydrogen 
builds up in the steel. 
Note that the chemical reaction that creates the hydrogen during acid cleaning may be very similar to that which 
corrodes the base metal in SCC. However, the focus here is on pre- or early-service failures. Of course, many 
corrosion processes can generate hydrogen that can cause embrittlement, but pre- or early-service failures are 
obviously limited to the context of hydrogen charging during processing of the part. If the local hydrogen 
concentration and stress-level combination is more than the material can resist (over the threshold level), the 
crack starts to grow. However, the distinction between hydrogen embrittlement and stress corrosion still should 
be considered carefully in preservice situations. For example, evidence of hydrogen embrittlement due to an 
excessive time in the acid cleaning bath should be described as hydrogen embrittlement from the manufacturing 
process. However, evidence of hydrogen embrittlement due to corrosion of the assemblies that sat on a shipping 
dock unprotected from ice-melting salt might more correctly be described as SCC. 
Sustained tensile stresses are more likely to cause hydrogen embrittlement related cracking, because tensile 
stresses actually change the shape of the interatomic spaces. This makes it easier for the hydrogen atom to “fit” 
in. Thus, there is a synergistic effect for the efficiency with which hydrogen atoms cause embrittlement. The 
regions of a part that have high tensile stress are more likely to crack, not just because many cracks initiate in 
the presence of a tensile stress, but the tensile stress itself causes the hydrogen atoms to diffuse toward the areas 
of highest tensile stress. Grain boundaries stressed in tension seem to be a particularly attractive location for the 
hydrogen atoms. The actual manner in which the presence of the hydrogen in the high-tensile-stress grain 
boundaries reduces the material strength or otherwise embrittles the material is not entirely known or 
necessarily explained by one mechanism, such as the decohesive theory previously noted (Ref 1, 2). 
Many people who are involved for the first time in a hydrogen embrittlement problem may wonder why there is 
a sustained tensile stress before the part is put into service. In this regard, residual stresses from heat treating or 
assembly stresses are often much higher than most people realize and can produce residual tensile stresses in 
components. Thus, a practical understanding of residual stresses is important, along with techniques in the 
measurement of residual stresses (e.g., see “X-Ray Diffraction Residual Stress Measurement in Failure 
Analysis” in this Volume, or the article “Residual Stress Measurements” in Mechanical Testing and 
Evaluation,) Volume 8, in ASM Handbook.  
As an example of a part with a sustained tensile stress due to assembly, consider externally threaded fasteners. 
When a bolt is threaded through holes in two pieces of sheet metal, it must be tightened to hold the components 
securely in place. While most threaded fastener installation specifications still (in 2002) call out a minimum 
torque, it is the tensile clamping stress that actually provides the fastening effect. Thus, the whole body of the 
fastener between the underside of the head and the nut is in tension before the whole assembly is ever placed 
into service. Normally occurring stress concentration factors mean that the highest stress is at the root of the 
external thread. Because cracks can initiate wherever the local stress exceeds the local strength, thread roots are 
an area that has a higher chance than the surrounding material to initiate a crack. Again, the presence of the 
hydrogen allows cracking to occur at stress levels much lower than those required to propagate a crack in the 
absence of the hydrogen. 



As another example, consider a U-shaped spring clip that is inserted into a notch in a plastic molded part. In 
order for the clip to stay in place during its service life, the assembly is designed so that the clip is held in a 
position that is slightly pinched closed and from which it “wants” to spring back open. This configuration 
creates a tensile stress at the outer surface of the U-portion of the clip. The presence of any tool marks or 
scratches can increase the local stress level to an even greater degree. 
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Factors Affecting Delayed Hydrogen Stress Cracking 

As previously noted in the section “Internal Reversible Hydrogen Embrittlement,” there is a particular value of 
the stress or threshold that causes a particular component to crack due to hydrogen embrittlement. This 
threshold is dependent on a number of factors, including:  

• The nominal strength of the unembrittled part 
• The amount of hydrogen present in the steel 
• The location of the hydrogen in the microstructure 
• The presence of other embrittling elements or microstructural phases 

The latter item is particularly important, because other embrittling elements or phases in the grain boundaries 
can cause intergranular fracture or assist hydrogen concentration in the grain boundaries. It should also be noted 
that hydrogen embrittlement may be present in a component without causing a crack. If the combined levels of 
stress, hydrogen concentration, and susceptibility are not present, evidence of the embrittlement may not 
appear. 
The Nominal Strength of the Unembrittled Part. While higher-strength parts have less ability to deform in 
general, the effect of hydrogen is strongly nonlinear in this respect. Many older references (1970s and 1980s) 
use 40 HRC or tensile strength of 1240 MPa (180 ksi) as the lower susceptibility limit for hydrogen 
embrittlement. This is an important point, because components that have a local equivalent hardness value of 45 
HRC may lose up to 90% of the strength value that they would have without the hydrogen. This shows that a 
lower hardness and thus, lower-strength part (by standard static load test rating systems), may perform when a 
higher-strength part fractures! Design engineers who are not familiar with hydrogen embrittlement often have 
trouble understanding that the way to prevent recurrence of the fracture is to lower the specified strength. While 
components of much lower strength levels than 40 HRC have also been found to have hydrogen embrittlement, 
these situations are less common. The residual stress levels required to produce hydrogen embrittlement in 
steels of hardness values in the Rockwell B range are very high and are uncommon even after reasonably severe 
forming operations. Heat treated medium-carbon steels seem to have a greatly increased susceptibility to 
hydrogen embrittlement related cracks when their hardness level is above 43 HRC. Differences in purity levels 
and other microstructure features, as well as production volumes, may affect both the susceptibility of the steels 
to HE and the analyst's ability to detect that susceptibility due to the presence of actual cracks. 
The Amount of Hydrogen Present in the Steel. As more hydrogen is present, the embrittling effect increases. 
Some materials exhibit a threshold combination of stress and hydrogen concentration. Below this value, there is 
no danger of hydrogen embrittlement cracking (Ref 11). Because most industrial processes for high-volume 
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parts have significant variations in actual processing conditions, it may be extremely difficult to know what the 
actual range of hydrogen concentration is. It is obviously even more difficult to know which particular part had 
the most damaging combination of stress, hardness, and hydrogen concentration. Also, note that the type of 
hydrogen that causes the classical delayed hydrogen stress cracking is atomic or “nascent” hydrogen, while the 
formation of molecular (H2) hydrogen gas in steels or metals is a different type of hydrogen damage. 
The Location of the Hydrogen in the Microstructure. In general, the hydrogen is most damaging when it is in 
the grain boundaries. To compound this effect, the grain boundaries are often the most comfortable and 
accessible position for the hydrogen atoms, especially those that enter the steel through cleaning or plating 
processes or heat treating operations. Hydrogen atoms also tend to migrate and reside at many nonmetallic 
inclusion boundaries (boundaries of internal “impurities” such as sulfides or oxides) or at imperfections 
(dislocations) in a crystal lattice. It has been well known for decades that proper postplating baking of 
electroplated parts can minimize the occurrences of cracking due to hydrogen embrittlement. For many years, 
people thought that the hydrogen was removed from the steel by the baking process, and many older references 
state that baking removes the hydrogen. In fact, the currently accepted theory explains that the mild heat 
exposure recommended for postplating baking (generally, approximately 200 °C, or 390 °F) gives the hydrogen 
atoms that are concentrated in the grain boundaries enough thermal energy to diffuse to nonmetallic inclusion 
boundaries or dislocations, so called “deep traps.” It is much more difficult for the hydrogen to assist in crack 
propagation when it is in these deep-trap positions. 
The Presence of Other Embrittling Elements or Microstructural Phases. The fact is that it is often very difficult, 
especially within the budget and time allowed for many investigations, to determine with certainty whether 
other embrittlement phenomena have contributed to the brittle condition under investigation. Antimony, 
phosphorus, tin, sulfur, lead, and other low-melting-point impurities, which are generally very expensive to 
analyze, may be contributing to the embrittlement situation. These elements come from the raw steel and, 
similar to hydrogen, are more damaging when they are present in the grain boundaries. 
As with hydrogen, it is very difficult to find these other elements at the grain boundaries that they are 
supposedly embrittling, because they are generally present in very small amounts. The energy-dispersive x-ray 
spectroscopy (EDS) unit of a scanning electron microscope (SEM) that is so useful for many failure analysis 
projects is useless for this analysis, because the layers of antimony, tin, and so on are so thin that they are not 
detectable with an EDS. They would often be detectable with an Auger spectograph, if one had very clean 
(pristine) specimens. However, for many projects for small, inexpensive commodity components, it is difficult 
to convince the parties who have suffered the loss to invest in an Auger analysis, even if a clean-enough part is 
obtained. 
Thermal exposures can also cause intergranular fracture, such as the well-known temper embrittlement of low-
alloy steels. Some of the extended baking times that have been recommended for hydrogen embrittlement 
prevention in electroplated parts may actually increase the concentration of these other low-strength elements in 
the grain boundaries, even though the temperature ranges suggested are different from those that are said to 
cause temper embrittlement. 
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Diagnosing Hydrogen Embrittlement 

While the damaging effects of hydrogen on many metals have been well documented for decades, proving that 
components have been subject to hydrogen embrittlement can still be very challenging. Some of the reasons 
include the synergistic nature of hydrogen embrittlement with stress and grain-boundary conditions. If the 
microstructure has a noticeable second phase in the grain boundaries, the experienced and competent analyst 



refrains from giving a high-certainty diagnosis of hydrogen embrittlement. The effects of hydrogen 
embrittlement also can be varied, and many other damage mechanisms can cause fracture appearances that are 
very similar to those displayed by hydrogen embrittlement. 
Another difficulty is the detection of hydrogen as proof, because detecting the miniscule concentrations of 
hydrogen that could cause the loss of strength is difficult and costly. Analysis of the amount of hydrogen 
present in a part at the time of the fracture is also virtually impossible, because the hydrogen that facilitated the 
crack usually evaporates from the fracture surface shortly after the crack opens. Moreover, bulk hydrogen 
analysis often sheds little light on the concentrations of hydrogen present in the thin layers of material adjacent 
to what became the crack surfaces. 
Other reasons may be more closely related to budgetary constraints than technical limitations. Preservice and 
early-service failures of commodity steels may strongly suggest hydrogen embrittlement, but budgets may not 
allow for extensive analysis (depending on the extent of failure). The financial resources available to perform a 
failure analysis in such cases are often limited, if nobody was injured. In contrast, SCC (where parts are 
frequently components of costly equipment and often cause expensive, unplanned shutdowns) may require 
funds for a more comprehensive analysis. 
In any case, it is often less important to be certain that the root cause was hydrogen embrittlement than it is to 
become aware of underlying contributors, such as high hardness or good design to minimize localized tensile 
stresses in the components. Despite the difficulties in coming to a certain conclusion in a given situation, it is 
usually not very difficult to determine whether hydrogen embrittlement might have been a major contributing 
factor in a particular fracture. The following guidelines are given to help plan a failure analysis that is geared to 
find out whether hydrogen embrittlement was a likely significant factor in an unexpected fracture. Properly 
performing this analysis may help to diagnose what the problem is, whether or not hydrogen embrittlement is 
involved. 
Streamlining the analysis process does not imply that relevant tests may be left out or that a competent analyst 
does not have to collect background data and review the data before conclusions are drawn. The purpose of this 
section is to help make the best use of the failure analysis resources. People involved in failure analysis are 
often asked if they can do a hydrogen embrittlement test. What this often means is, “Can you do a fracture 
analysis and determine whether the fracture was due to hydrogen embrittlement?” Of course, it also sometimes 
means, “Can you test my as-manufactured parts to find out if they are free from the combination of factors that 
might cause hydrogen embrittlement?” Many other meanings are also possible. It behooves all concerned to 
clarify the meaning of the question prior to proceeding with the investigation. 
General Questions to Consider on the Possibility of Hydrogen Embrittlement. The following items are 
characteristics that should be considered in evaluating the possibility of HE:  

• Is the subject component broken? An intact part may be embrittled and just not broken yet. It is difficult 
to give a certain answer that an intact part is free of embrittling factors, unless a sustained load test is 
conducted to see if the part breaks. A broken part provides a fracture path to characterize. Intergranular 
fracture at the initiation site is another potential indicator of HE. 

• Was the part deformed noticeably before or during the cracking? Embrittlement means that the part 
broke in a macrobrittle manner and has more or less the same shape after the fracture that it had before, 
except for the extra surfaces. 

• Has the subject component been in service for more than a week? Most hydrogen embrittlement 
happens during assembly or relatively soon after being placed in service. Once something is in service, 
even if it turns out to be hydrogen embrittlement, there are other questions regarding service conditions 
that should be included in the investigation, and a more comprehensive and open-structured 
investigation is called for than the streamlined protocol suggested here. 

• Has the part been electroplated or coated with iron or zinc phosphate? Electroplating and phosphating 
can often cause high concentrations of atomic or nascent hydrogen to diffuse into the material. This is a 
known source of hydrogen. 

• Has the part been acid cleaned? The acid reacts with the iron and creates atomic hydrogen at the part 
surface. 

• Does the part have a hardness value over 40 HRC? Higher-hardness parts are more susceptible to 
hydrogen embrittlement. 
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• Did the part break due to a sudden impact load? It takes time for the hydrogen to diffuse to the final 
crack path. Of course, it is possible that the part was already cracked due to fabrication stresses, but 
nobody noticed until a sudden load was applied. The microfractographic features are different in this 
case from a part that fractured entirely due to hydrogen embrittlement. 

• Has the part been heavily cold worked? Heavy cold work, especially in parts that are not subsequently 
stress relieved, can create residual stress levels that are very near the yield strength of the material. This 
is an ideal situation for hydrogen-assisted cracks to propagate. 

Minimum Test Plan. Even if all the answers to an initial set of questions point to the probability of hydrogen 
embrittlement being the damage mechanism, other questions must be answered prior to coming to a valid 
conclusion, and other questions must be answered if an appropriate prevention strategy is desired. These other 
questions usually require testing. A minimum test plan for a suspected hydrogen-embrittled component follows. 
The analyst must keep in mind that many other damage mechanisms cause fracture appearances that are very 
similar to those displayed by hydrogen embrittlement. 
Moreover, it is also important to reiterate that hydrogen embrittlement can be manifested in various forms. 
Less-severe hydrogen embrittlement cracks may even grow by microvoid coalescence, rather than the 
intergranular cracking typical of high-strength steels. However, most of the hydrogen embrittlement cracks that 
initiate failure analysis projects do have some intergranular crack growth near the initiation site that grow under 
a sustained, static stress. In the more subtle mechanical-property degradation cases, the hydrogen causes a 
significant reduction in ductility, especially during slow strain-rate load test. 
Visual examination for fracture surface orientation. The goal is to determine the orientation of the stresses that 
caused the fracture. Are these stresses in line with what was expected from the loading that was applied? Is 
there a reason that there would be high residual stresses that could create the crack geometry? 
Visual examination, if possible, on larger parts, or optical or electron microscopy on smaller parts to determine 
crack initiation site. For small clips and threaded fasteners, the fracture surface often looks the same 
everywhere, so stress analysis principles are required to get an idea of where the origin might be. For example, 
as previously noted, in an externally threaded fastener, the initiation is usually at or near the thread root. If the 
crack does not travel through the thread root, it is likely that a manufacturing imperfection, such as a thread 
rolling lap, is present. This does not mean that the damage mechanism was not hydrogen-assisted cracking. 
However, if the goal is to determine “why this part cracked,” it is possible that the lap was an important factor 
that allowed the crack to propagate. 
Visual examination should also include focusing in on the general appearance, color changes, nicks, gouges, 
machining marks, other damage, and so on. Any such features should be studied and thought about in order to 
form a reasoned explanation of whether they might be indicative of a factor that contributed to the fracture. 
Even if the reasoning is incorrect, taking the time to formulate a line of reasoning increases the chances of a 
proper analysis. 
Scanning electron microscopy to determine the crack path with respect to the microstructure, especially at the 
initiation site. Classical hydrogen embrittlement generally creates intergranular cracks, especially in the area 
near crack initiation. However, as already mentioned, hydrogen can also have other effects that limit ductility 
on a macroscale but still allow some microductility. The presence of very small ductile dimples on grain-
boundary facets can be confusing to the beginning practitioner. It is important not to go to a high magnification 
before examining the part at lower magnifications. In plated parts, the crack may be intergranular at the 
initiation site and all around the edge of the fracture surface adjacent to the plated surface layers. The interior of 
the part may have cleavage or ductile dimples showing some microvoid coalescence. 
The presence of plating on the crack surface, easily detectable, in general, with the EDS microchemical analysis 
feature of a SEM, can indicate that a crack was present prior to the plating operation. If the crack path under the 
plating is intergranular, it could have been hydrogen-assisted cracking due to hydrogen in the raw material or 
from a heat treating operation; however, this is rather unusual in most modern steelmaking and proper heat 
treating operations. Quench cracks are often intergranular and usually happen before the part goes through the 
plating operation. This might allow plating to be deposited on the crack surface. 
Some of these problems are difficult to sort out without spending quite a bit of time doing careful, thoughtful 
lab work. Sometimes, it is impossible to distinguish hydrogen embrittlement from other forms of embrittlement. 
Optical metallography must be performed to determine whether there are any microstructural conditions that 
might be contributing to intergranular fracture, if the part does show intergranular fracture. For example, if the 



part is full of retained austenite or intergranular carbides, that might be a bigger problem than any hydrogen in 
the part. If the microstructure has a noticeable second phase at the grain boundaries, the experienced and 
competent analyst refrains from giving a high-certainty diagnosis of hydrogen embrittlement. This emphasizes 
the importance of a good, general materials background for the failure analyst. 
Recommendations on Prevention of Hydrogen Embrittlement. The final stage of an effective investigation is 
the process of making recommendations to prevent future failures. In fractures suspected of hydrogen 
embrittlement, recommendations on prevention and remedial action can be most important. Rather than 
concentrating on trying to prove the exact metallurgical factors that allowed the crack to happen, the project 
budget may be more effectively spent on educating those involved in the more practical aspects of prevention. 
One of the features of hydrogen embrittlement that often tips the balance in favor of additional expenditures for 
prevention is the fact that, for many applications, the fractures that result from the embrittlement do not happen 
until several hours or days have passed since the part was assembled. Suppliers of subassemblies are often 
subject to heavy financial penalties if they supply parts that are obviously defective. There have been many 
cases where the embrittled parts looked perfectly normal after assembly yet arrived in a cracked condition after 
a day or two. In industries that subscribe to the just-in-time delivery philosophy, unexpected delays due to 
broken parts and the associated sorting and part shortage problems can obviously be perceived to be a cause of 
economic damage. 
Following are guidelines for preventing hydrogen embrittlement. 
Specify a Proper and Appropriate Hardness Range. To minimize the chance of hydrogen embrittlement, reduce 
the hardness. Never specify a hardness range on a quench-hardened steel part that cannot be obtained on the 
alloy in question after effective tempering. While hydrogen embrittlement has been documented in steels as soft 
as 85 HRB, problems increase in frequency when the specified equivalent hardness range includes values as 
high as 40 HRC. While much of the literature reports results based on tensile strength values, it is often more 
practical to speak in terms of hardness levels. Aside from the fact that many of the parts that are subject to 
hydrogen embrittlement are too small to provide a tensile test coupon, the most susceptible parts are those that 
have a carburized or carbonitrided case. Even one layer of grains at the surface of the part may allow the part to 
become affected by hydrogen embrittlement. In this case, even the Rockwell hardness test is invalid. The actual 
test must be performed on a metallographic cross section, using an appropriate-load Knoop or Vickers 
microindentation hardness test. 
Specify Proper Heat Treating and Tempering. To minimize the chance of hydrogen embrittlement, always 
temper the parts after hardening heat treatments, or anneal or perform a thermal stress relief after severe cold 
forming. Residual stresses from hardening and cold forming are key factors that could allow the crack to 
propagate. Stress relief or tempering minimizes the residual stress level. Lower stress levels equate to higher 
tolerable levels of residual hydrogen from plating or cleaning operations or even from the raw-steel 
manufacturing operation. 
Ensure Good Cleaning Solution Maintenance. Proper maintenance of acid concentration, temperature, time in 
the bath, uniformity of any special or proprietary bath additives, as well as proper racking or tumbling to allow 
draining and rinsing after the cleaning help to minimize the chances of hydrogen embrittlement problems. 
Ensure Good Plating Solution Maintenance and/or Proper Selection of Plating Bath Composition. Some plating 
solutions inherently generate more hydrogen than others. Specifying a low-hydrogen plating process may 
provide some protection, although an extensive dialogue between the plating chemist and the part specifier may 
be required to provide significant protection. Proper and frequent maintenance of bath composition and 
temperature is also very important. 
Ensure Proper Postplating Baking Procedure. Most zinc and cadmium electroplating operations have an oven of 
some sort (batch or continuous) to bake the parts when they are plated. Baking within one hour of plating has 
been shown to be very effective at minimizing the danger of hydrogen embrittlement. Delaying the baking 
cycle beyond one hour after the parts exit the plating line, such as at shift-change time or when an employee 
forgets to bake the parts for a few hours or a few shifts, has been repeatedly shown to reduce the effectiveness 
of the baking. While the causes of this loss of effectiveness are not well understood, anyone using or 
manufacturing hardened or cold-formed electroplated parts can avail themselves of the knowledge gained from 
experience. 
A more difficult problem sometimes arises with the use of phosphate coatings. Iron phosphate and zinc 
phosphate corrosion-resistant coatings work by a combination of sacrificial (galvanic) action and oil barrier 
layer held between the open lattice of phosphate crystals on the steel part surface. The microcrystalline 
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structure of the phosphate is very delicate and can be easily damaged by the conveyor systems commonly used 
in the coating process lines. Most phosphate lines go directly from the phosphating operation to the oil 
impregnation step, because the platers have found that the parts may not meet the commonly specified salt-
spray-resistance requirements if they are detoured to a baking operation first. However, some platers have 
solved this problem. While zinc and iron phosphate are generally less expensive than zinc plating, the design 
engineer must consider the possibility that postcorrosion prevention-coating application baking is more readily 
available for plating than for phosphates. Both plating and phosphate coating can allow damaging amounts of 
hydrogen to diffuse into the steel. 
Following good manufacturing practices, in general, including minimization of surface imperfections, 
appropriate maintenance of forming, heat treating, and plating line equipment, and so on, goes a long way 
toward minimizing the chances of a given lot of parts experiencing hydrogen embrittlement. One example that 
is worth mentioning is laps in threads of externally threaded fasteners. Not only can laps reduce the effective 
load-bearing cross section, but they can entrap acid cleaning solution and plating solutions. If the parts cannot 
be completely dried, they can start to corrode in these hidden locations. This is an example where the boundary 
between hydrogen embrittlement and stress corrosion could become very indistinct. 
Perform destructive testing on samples from each production lot to minimize the chances of highly embrittled 
components going into service. ASTM committees have agreed on protocols for destructive tests of plated steel 
parts that can detect relatively low levels of embrittlement. However, these tests are not very useful where 
variability is great within lot hardness. They may give a false sense of security if the hardest parts are not in the 
sample and may cause unnecessary scrap if the service loads are lower than those required by the standard test 
method. These destructive tests are also quite time-consuming. They may cause shipments to be delayed if 
results are required prior to shipping, because the tests may take up to a few days to perform. The rising step 
load is one of the embrittlement-detection protocols that may be used on parts that are not cracked and that have 
specific requirements for structural integrity. 
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Introduction 

STRESS-CORROSION CRACKING (SCC) is a failure process that occurs because of the simultaneous 
presence of tensile stress, an environment, and a susceptible material. Although manifest mostly in metals, it 
can also occur in other engineering solids, such as ceramics and polymers. Removal of or changes in any one of 
these three factors will often eliminate or reduce susceptibility to SCC and therefore are obvious ways of 
controlling SCC in practice, as is discussed later. 
Stress-corrosion cracking is a subcritical crack growth phenomenon involving crack initiation at selected sites, 
crack propagation, and overload final fracture of the remaining section. Failure by SCC is frequently 
encountered in seemingly mild chemical environments at tensile stresses well below the yield strength of the 
metal. The failures often take the form of fine cracks that penetrate deeply into the metal, with little or no 
evidence of corrosion on the nearby surface or distortion of the surrounding structure. Therefore during casual 
inspection no macroscopic evidence of impending failure is seen. 
Stress-corrosion cracking continues to be a cause of significant service failures. It is very likely that for every 
alloy there is an environment that will cause SCC, but, fortunately, most of the ones of industrial significance 
are known and avoidable. Changes in one or more of the three necessary factors—material, stress, and 
environment—can prevent or mitigate SCC, either in design or after a problem has occurred in the field. 
Material selection and specification is the first line of defense. Lowering of the applied stresses and elimination 
of residual stresses can go a long way toward eliminating problems too. Sometimes minor changes or additions 
to the environment can help. Finally, proper design and operation to avoid such things as splash zones and 
wet/dry concentration also are important. 
Stress-corrosion cracking is a dangerous and severe degradation mechanism, but with proper understanding and 
care, failures can be avoided. Several processes in addition to SCC, such as corrosion fatigue, hydrogen 
embrittlement, and fretting corrosion can cause failure of metals exposed to an environment. All of these are 
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reviewed in other articles in this Volume. This article is intended to include a brief review of stress corrosion 
and a discussion of the analysis of SCC service failures and their occurrence in commercial alloys in actual 
service. The reader interested in more detail on the theories and mechanisms of SCC is referred to other 
Handbook articles (Ref 1, 2), review articles (Ref 3, 4, 5, 6, 7, 8), and the Selected References listed at the end 
of this article. 
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General Characteristics of SCC 

Based on extensive empirical investigations, a number of special characteristics of SCC have been observed 
and categorized. As of 1972, the characteristics of SCC were known to include (Ref 9):  

• Tensile stress is required. This stress may be supplied by service loads, cold work, mismatch in fitup, 
heat treatment, and the wedging action of corrosion products. 

• Only alloys are susceptible (no pure metals), although there may be a few exceptions to this rule. 
• Generally, only a few chemical species in the environment are effective in causing SCC of a given 

alloy. 
• The species responsible for SCC in general need not be present in large quantities or in high 

concentrations. 
• With some alloy/corrodent combinations, temperatures substantially above room temperature may be 

required to activate some process essential to SCC. 
• An alloy is usually almost inert to the environment that causes SCC. 



• Stress-corrosion cracks are always macroscopically brittle in appearance, even in alloys that are very 
tough in purely mechanical tests. 

• Microscopically, the fracture mode for SCC is usually different from the fracture mode for plane-strain 
fractures in the same alloy. 

• There appears to be a threshold stress below which SCC does not occur, at least in some systems. 

The passage of time has not negated these observations, and they are still considered to be valid. Three 
additional characteristics have been added:  

• Cathodic protection has been successful, in some cases, in preventing crack initiation and in stopping 
propagation of cracking that has already progressed, to a limited extent. 

• Addition of soluble salts containing certain specific anions can inhibit the crack-producing effect of a 
given environment on a given alloy. 

• Certain aspects of the metallurgical structure of an alloy (such as grain size, crystal structure, and 
number of phases) influence the susceptibility of the alloy to SCC in a given environment. 

Stress-corrosion cracks ordinarily undergo extensive branching and proceed in a general direction perpendicular 
to the stresses contributing to their initiation and propagation. Figure 1(a) shows transgranular, branched 
chloride SCC in a specimen of type 304 stainless steel in the annealed condition with a weld of type 308 
stainless steel. Figure 1(b) shows intergranular caustic SCC of 316L stainless steel. 
 

 

Fig. 1  Branching cracks typical of stress-corrosion cracking (SCC). (a) Chloride SCC of 
type 304 stainless steel base metal and type 308 weld metal in an aqueous chloride 
environment at 95 °C (200 °F). Cracks are branching and transgranular. (b) Caustic SCC 
in the HAZ of a type 316L stainless steel NaOH reactor vessel. Cracks are branching and 
intergranular. 
 
There are exceptions to the general rule that stress-corrosion cracks are branched. For example, some 
nonbranched cracks have been observed along with branched cracks in structural steel exposed to contaminated 
agricultural ammonia (Fig. 2). 
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Fig. 2  Picral-etched specimen of structural steel that was exposed to contaminated 
agricultural ammonia showing nonbranched stress-corrosion cracks. 75× 
 
The surfaces of some stress-corrosion cracks resemble those of brittle mechanical fractures, although they 
actually are the result of local corrosion in combination with tensile stress. In some metals cracking propagates 
intergranularly and in others, transgranularly. In certain metals, such as high-nickel alloys, iron-chromium 
alloys, and brasses, either type of cracking can occur, depending on the metal-environment combination. 
Features of stress-corrosion cracked surfaces revealed by macroscopic and microscopic examination are 
discussed in the sections “Macroscopic Examination” and “Microscopic Examination” in this article. 
Another characteristic of SCC is the existence of a minimum stress for failure, or threshold stress, for smooth 
specimens and components, and a threshold stress intensity for crack propagation for precracked specimens and 
components. 
Threshold Stress. The stress below which the probability is extremely low that cracking will occur is called the 
threshold stress, and it depends on temperature, the composition and metallurgical structure of the alloy, and the 
composition of the environment. In some tests, cracking has occurred at an applied stress as low as 
approximately 10% of the yield strength; for other metal-environment combinations, threshold stress is 
approximately 70% of yield strength (Ref 10). 
The effect of alloy composition on threshold stress is typified by the graph in Fig. 3, which illustrates the 
relationship between applied stress and average time-to-fracture in boiling 42% magnesium chloride solution 
for two 18-8 stainless steels (AISI types 304 and 304L) and two more highly alloyed stainless steels (AISI types 
310 and 314). As indicated by the nearly level portions of the curves, the threshold stress in this environment is 
approximately 241 MPa (35 ksi) for high-alloy stainless steel and approximately 83 MPa (12 ksi) for 18-8 
stainless steel. 



 

Fig. 3  Relative SCC behavior of austenitic stainless steels in boiling magnesium chloride. 
Source: Ref 11  
Threshold Stress Intensity. For most metal-environment combinations that are susceptible to SCC, there 
appears to be a threshold stress intensity, KISCC, below which SCC does not occur. The value obtained for this 
parameter can vary with the test specimen employed, the sensitivity of crack growth measurement, and the 
patience of the investigator. Average values of this parameter for maraging steels heat treated to various yield 
strengths and then exposed to aqueous environments are given subsequently in this article, along with a general 
description of the relationship of the rate of cracking to stress intensity for maraging steels and for other high-
strength steels. 
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Crack Initiation and Propagation 

The site of initiation of SCC may be submicroscopic and determined by local differences in metal composition, 
thickness of protective film, concentration of corrodent, and stress concentration. That is, grain boundary 
segregation or precipitation can cause the passive layer on the surface of the metal to be locally thinned, 
allowing pitting or grain boundary corrosion to start. This corrosion pit or trench, produced by chemical attack 
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on the metal surface, may act as a stress raiser and thus serve as a site for initiation of SCC. A preexisting 
mechanical crack, surface defect, fabrication flaw, or other surface discontinuity may also trigger SCC. 
Laboratory investigation has shown that generally there is some localized plastic deformation before cracking 
occurs, and local barriers to dislocation motion, such as grain boundaries and precipitates, play a role. 
The tip of an advancing crack has a small radius, and the attendant stress concentration is great. Using audio-
amplification methods, it has been shown in certain materials that a mechanical step or jump can occur during 
crack propagation. In fact, in one test pings could be heard with the unaided ear (Ref 12). In this test it was 
demonstrated that the action of both stress and corrosion is required for crack propagation. An advancing crack 
was stopped when cathodic protection was applied (corrosion was stopped, but the stress condition was left 
unchanged). When cathodic protection was removed, the crack again started to propagate. This cycle was 
repeated several times, and the progress of the crack was photographed and projected at the actual speed of 
propagation. 
The role of tensile stressing is important in the rupture of protective films during both initiation and propagation 
of cracks. These films may be tarnish films, such as those on brasses; thin oxide films; layers richer in the more 
noble element of a binary alloy, such as a copper-gold alloy; or other passive films. Breaks in the passive film 
or enriched layer at various points on the surface initiate plastic deformation or incipient cracking. Breaking of 
a film ahead of an advancing crack permits crack propagation to continue in the metal. Rapid local breaking of 
the film without particles of film filling the exposed crack is required for rapid crack propagation. Intergranular 
cracking occurs when grain-boundary regions are anodic to the main body of the metal and therefore less 
resistant to corrosion because of precipitated phases, depletion, enrichment, or adsorption. 
In wrought high-strength heat treatable aluminum alloys, paths of stress-corrosion cracks are always 
intergranular, because the thermal treatments required to achieve high strength never completely eliminate the 
electrochemical potential between grain boundaries and grain centers. Stress-corrosion cracking in high-
strength aluminum alloys is probably the most widely known example of the effect of grain orientation on the 
path of cracking. Where the grains are substantially elongated in the rolling direction, stress-corrosion cracks 
cannot easily propagate perpendicular to this direction, but they propagate very rapidly parallel to the rolling 
direction. However, newer alloys and tempers have been developed to provide a high resistance to SCC when 
rolled, extruded, or forged products are stressed in the short-transverse direction. 
In wrought austenitic stainless steels, crack paths are usually transgranular if proper heat treatment has been 
employed. However, if thermal processing has produced sensitization because of carbide precipitation, SCC 
frequently progresses intergranularly because the chromium-depleted zones along the boundaries of a grain are 
anodic to the main body of the grain. In wrought martensitic stainless steels, such as AISI types 403, 410, and 
431, intergranular cracking is the rule when heat treatment procedures, although not necessarily improper, 
result in similar carbide precipitation. 
The path of SCC in some metals is not governed completely by composition and structure of the metal but is 
also influenced by the environment. For example, the path of cracking in copper-zinc alloys can be made 
transgranular or intergranular by adjusting the pH of aqueous solutions in which these alloys are immersed. 
The crack propagation behavior of SCC systems is often depicted by the crack growth rate as a function of the 
applied stress intensity, a v-K curve. Figure 4(a) shows a schematic v-K curve, and Fig. 4(b) is an actual curve 
for a stainless steel in two chloride solutions. Three stages are characteristic of these curves:  

• Stage 1: Crack growth rate increases rapidly with stress intensity above the threshold, KISCC. 
• Stage 2: A plateau where velocity is independent of stress intensity 
• Stage 3: Velocity again increases rapidly with increasing K as KIc is approached. 

The existence of stage 2, the regime where the crack propagation velocity is independent of the driving force, is 
of particular interest. The plateau velocity is a function of the particular alloy/environment system and may 
vary by orders of magnitude with the alloy composition and heat treatment, pH, and electrochemical potential. 
Independence of the driving force indicates that the crack growth rate is controlled by the rate of a chemical 
reaction, the rate of supply of the embrittling anion or cation to the crack tip, or some other nonmechanical 
factor. 



 

Fig. 4  Stress-corrosion crack growth. (a) Schematic diagram of typical crack-propagation 
rate as a function of crack-tip stress-intensity behavior illustrating the regions of stage 1, 
2, and 3 crack propagation as well as identifying the plateau velocity and the threshold 
stress intensity. (b) Effect of stress intensity on the growth rate of stress corrosion cracks 
in type 304L stainless steel exposed to magnesium chloride and sodium chloride solutions 
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Mechanisms of SCC 

A number of mechanisms have been proposed to account for the subcritical crack propagation phase of SCC. 
The following is a brief review of a few of these mechanisms:  

• When fresh metal is exposed by plastic deformation at the crack tip, there is a competition between 
dissolution, which would blunt the crack, and passivation, which would prevent the environment from 
reaching the metal. Between these two extremes there exists a range where the fresh metal at the crack 
tip is attacked, but the crack walls are passivated. 

• The crack tip repassivates, but the passive layer eventually cracks and the fresh surface is attacked by 
anodic dissolution, which then repassivates again. This process gives discontinuous growth that could 
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produce the striations observed in some systems (see the subsequent section on the electrochemical 
theory). 

• The crack progresses by repassivation and cracking of the passive layer with no attack of the base metal. 
This is called the tarnish rupture model.  

• There is preferential dissolution of one microstructural constituent (such as a grain boundary) that is 
anodic with respect to the main body of the metal. 

• Adsorption of damaging ions weakens the atomic bonds at the crack tip, allowing them to be pulled 
apart at a lower-than-normal applied stress. More detail is given in the following paragraphs on the 
stress-sorption theory. 

• Adsorption of damaging ions promotes enhanced, highly localized plasticity that promotes slip at the 
crack tip, leading to crack growth. This theory is called adsorption-enhanced plasticity.  

• Hydrogen is generated at local cathodes, enters the metal, diffuses to the crack tip region, and causes 
propagation by hydrogen stress cracking. This mechanism is no doubt involved in the environmental 
embrittlement of high-hardness, high-strength carbon, alloy, and stainless steels. 

While each of these mechanisms explains some of the observed facts and may be active in one or more 
alloy/corrodent systems, no single theory has been generally accepted as the universal mechanism completely 
explaining stress-corrosion crack propagation in all alloy systems and environments. Two major theories are the 
electrochemical and stress-sorption theories. 

Electrochemical Theory 

According to the electrochemical theory, galvanic cells are set up between regions of exposed metal surfaces 
(e.g., metal grains and heterogeneous phases), and anodic paths are thus established. For example, the 
precipitation of CuAl2 from an Al-4Cu alloy along grain boundaries produces copper-depleted paths in the 
edges of the grains. When the alloy, stressed in tension, is exposed to a corrosive environment, the ensuing 
localized electrochemical dissolution of metal, combined with localized plastic deformation, opens up a crack. 
With sustained tensile stress, protective films that form at the tip of the crack rupture, causing fresh anodic 
material to be exposed to the corrosive medium, and the SCC is propagated. 
Supporting this theory is the existence of a measurable potential in the metal at grain boundaries, which is 
negative (or active) with respect to the potential of the grains. Furthermore, cathodic polarization will stop the 
cracking. This theory has been extended to include metals that do not form intermetallic precipitates but for 
which phase changes or segregation of alloying elements or impurities can occur during plastic deformation of 
metal at the crack tip. The resulting composition gradient then sets up galvanic cells. 

Stress-Sorption Theory 

According to the stress-sorption theory, SCC generally proceeds by weakening of the cohesive bonds between 
surface-metal atoms through adsorption of damaging substances in the environment. Because chemisorption is 
specific, damaging components are also specific. The surface energy of the metal is said to be reduced, 
increasing the probability that the metal will form a crack under tensile stress. Adsorption of any kind that 
reduces surface energy should favor crack formation. 
Only a monolayer of adsorbate is needed to significantly decrease the affinity of surface-metal atoms for each 
other or for atoms of substances in the environment. The only adsorbates presumed to be effective are those that 
reduce the attractive force of adjoining metal atoms for each other. 
Inhibiting anions compete with particles of damaging substances for adsorption sites, thereby making it 
necessary to apply a more positive potential to the metal to reach a concentration of damaging substances that is 
adequate for adsorption and resulting cracking of the metal. 
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Manufacturing Sources of Stress 

The preconditions for SCC may involve service stresses, but often the root cause can be attributed to 
manufacturing. For example, Fig. 5 shows the classic pattern of stress-corrosion crack branching in a type 316L 
stainless steel screen that was exposed to environment containing toluene (1000 to 2000 ppm), sulfur, chlorine, 
phosphorus, moisture, and other impurities in the exhaust fumes from large printing presses. The stainless steel 
screen held activated charcoal to recover the toluene (solvent for printing ink). The screen failed prematurely 
within one year following installation. The screen was used in an unannealed and unpassivated condition. The 
stainless steel sheet was perforated by punching the required number of holes. This cold-working operation 
raised the hardness from approximately 77 HRB to as high as 35 HRC in the necks between adjacent holes. 
This provided the conditions for premature failure by SCC. 
 

 

Fig. 5  Branching cracks typical of SCC. Cracking occurred in the work-hardened neck 
regions of a type 316L stainless steel screen that was exposed to printing press exhaust 
fumes containing toluene, sulfur, chlorine, phosphorus, moisture, and other impurities. (a) 
Unetched, picture width ~6 mm. (b) Enlarged view of the cracks; 10% oxalic acid 
electrolytic etch, picture width ~1.5 mm. Courtesy of Mohan Chaudhari, Columbus 
Metallurgical Services 
 
Preconditions leading to SCC include a variety of materials conditions such as tensile residual stresses, work 
hardening, surface condition, or stress concentrations. These preconditions also can be introduced in many 
ways by design and/or in conjunction with various production operations such as welding, thermal processing, 
surface finishing, fabrication, and assembly. Perhaps of greatest concern is the influence of high levels of 
residual stress, which can occur from metalworking, casting, machining, and fabrication—in particular, 
welding. Manufacturing aspects of principal metal forms (wrought, cast, and welded forms) are discussed in 
separate articles in this Volume, but a few additional examples are given in this article for SCC failures. 

Welding 

Prevention of SCC failures through proper weld procedures may include appropriate weld preheat, interpass 
temperature, and postweld heat treatment. For example, Fig. 6 is a micrograph of intergranular SCC in the heat-
affected zone (HAZ) of an ER308 stainless steel weld deposit on type 410 martensitic stainless steel that was 
not tempered following welding. The hardness was 40 to 45 HRC in the HAZ adjacent to this weld, whereas it 
should have been approximately 20 HRC for good resistance to SCC. Welding of martensitic stainless steels 
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like type 410 can cause SCC at a later date if it is not feasible to give the HAZ of the weld a satisfactory 
postweld heat treatment. For type 410 stainless steel, it should be tempered above 500 °C (930 °F), in which 
case there would be almost no susceptibility to SCC. However, if this steel is tempered at a temperature lower 
than 500 °C (930 °F), it will be susceptible to SCC when exposed to chlorides and other environments. 
 

 

Fig. 6  Cracks in heat-affected zones (HAZs) of type 410 stainless steel beneath weld 
deposits of ER308 stainless steel. (a) Section through the HAZ that was not tempered after 
welding showing an intergranular stress-corrosion crack. The weld deposit is at upper 
right. Electrolytically etched with HCl-methanol. 140×. (b) Fatigue crack initiated by an 
intergranular underbead crack (arrow). Note beach marks in fatigue region. 3× 
 
Welding is also one of the most frequently encountered sources of residual stress. Shrinkage of weld metal 
during cooling and the restraint imposed by the adjacent metal and welding fixtures is a source of residual 
stresses and a possible condition for SCC failures. Example 4 in this article describes a failure from SCC due in 
part to residual stresses and improper weld procedures. Following is an additional example. 
Example 1: SCC of a Type 304 Stainless Steel Pipe Caused by Residual Welding Stresses. A 150 mm (6 in.) 
schedule 80S type 304 stainless steel pipe (11 mm, or 0.432 in., wall thickness), which had served as an 
equalizer line in the primary loop of a pressurized-water reactor, was found to contain several circumferential 
cracks 50 to 100 mm (2 to 4 in.) long. Two of these cracks, which had penetrated the pipe wall, were 
responsible for leaks detected in a hydrostatic test performed during a general inspection after 7 years of 
service. 
Investigation. The general on-site inspection had included careful scrutiny of all pipe welds by both visual and 
ultrasonic examination. Following discovery of the two leaks, the entire line of 150 mm (6 in.) pipe, which 
contained 16 welds, was carefully scanned. Five additional defects were discovered, all circumferential and all 
in HAZs adjacent to welds. In contrast, scans of larger-diameter pipes in the system (up to 560 mm, or 22 in., in 
diameter) disclosed no such defects. 
Samples of the 150 mm (6 in.) pipe were submitted to three laboratories for independent examination. 
Inspection in all three laboratories disclosed that all the defects were circumferential intergranular cracks that 
had originated at the inside surface of the pipe and that were typical of stress-corrosion attack. A majority of the 
cracks had occurred in HAZs adjacent to circumferential welds. Some cracks had penetrated the entire pipe 
wall; others had reached a depth of two-thirds of the wall thickness. In general, the cracks were 50 to 100 mm 
(2 to 4 in.) long. Branches of the cracks that had approached weld deposits had halted without invading the 
structure (austenite plus δ-ferrite) of the type 308 stainless steel welds. All HAZs examined contained networks 
of precipitated carbides at the grain boundaries, which revealed that welding had sensitized the 304 stainless 
steel in those local areas. 
Additional cracks, also intergranular and circumferential and originating at the inner surface of the pipe, were 
discovered at locations remote from any welds. These cracks penetrated to a depth of only one-sixth to one-
fourth of the wall thickness through a solution-annealed structure, showing evidence of some cold work at the 
inner surface. 



The water in this heat exchanger was of sufficient purity that corrosion had not been anticipated. The water 
conditions were:  

• Temperature: 285 °C (545 °F) 
• Pressure: 7 MPa (1000 psi) 
• pH: 6.5 to 7.5 
• Chloride content: <0.1 ppm 
• Oxygen content: 0.2 to 0.3 ppm 
• Electrical conductivity: <0.4 mmho/cm 

Analysis of the pipe showed the chemical composition to be entirely normal for type 304 stainless steel. The 
material was certified by the producer as conforming to ASME SA-376, grade TP304. All available data 
indicated that the as-supplied pipe had been of acceptable quality. 
Several types of stress-corrosion tests were conducted. In one group of tests, samples of 150 mm (6 in.) type 
304 stainless steel pipe were welded together using type 308 stainless steel filler metal. Two different welding 
procedures were used—one consisting of three passes with a high heat input and the other consisting of ten 
passes with a low heat input. The welded samples were stressed and exposed to water containing 100 ppm 
dissolved oxygen at 285 °C (545 °F) and 7 MPa (1000 psi). Samples that were welded with the high heat input 
procedure, which promotes carbide precipitation and residual stress, cracked after 168 h of exposure, whereas 
samples that were welded with the low heat input procedure remained crack free. These results were considered 
significant because service reports indicated that the cracked pipe had been welded using a high heat input and 
a small number of passes and that the larger-diameter piping in the primary loop, which did not crack in 
service, had been welded with the use of a low heat input, multiple-pass procedure. 
Conclusions. The intergranular SCC of the 150 mm (6 in.) schedule 80S type 304 stainless steel pipe exposed to 
high-temperature, high-pressure, high-purity water in 7 years of heat exchanger service was believed to have 
been caused by:  

• Stress: The welding procedure, which employed few passes and high heat input, undoubtedly generated 
unacceptably high levels of residual stress in the HAZs. The cold working of the internal surface in a 
sizing operation also set up residual stresses in areas apart from the welds. Both conditions were 
conducive to SCC. 

• Sensitization: The high heat input welding caused precipitation of chromium carbides at the grain 
boundaries in the HAZs. This rendered the steel sensitive to intergranular attack, which, combined with 
the residual stress, afforded a completely normal setting for SCC. 

• Environment: Although the level of dissolved oxygen in the water was quite low, it was considered 
possible that, on the basis of prolonged exposure, oxygen in the range of 0.2 to 1.0 ppm could have 
provided the necessary ion concentration. 

Corrective Measures. All replacement pipe sections were installed using low-heat-input, multiple-pass welding 
procedures. When stress corrosion is identified as the mechanism of a failure, the proper corrective action can 
be either a reduction in stress (or stress concentration) or an alteration of the environment. When the cause of 
failure is inadvertent concentration of a corrodent or inadvertent exposure of the part to a corrosive foreign 
substance, such as use of a steam line to feed concentrated caustic during chemical cleaning, the preventive 
measure may be no more complicated than exclusion of the corrodent from that region of the system. In many 
instances, however, reduction of the level of residual stress is the most effective means of minimizing or 
preventing SCC. 

Metalworking 

Work hardening and/or high residual stresses occur from mechanical working or cold-forming operations. 
Example 22 in this article is one case of damaging tensile residual stress produced by expansion rolling of 
boiler and heat exchanger tubes into holes in tube sheets. Tensile residual stresses at the surface are generally 
detrimental in terms of SCC, while compressive residual stresses (from shot peening or other processes) are 
beneficial. Under some circumstances, severe uniform cold working improves the resistance of a metal to SCC. 
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For example, cold-drawn steel wire is more resistant to SCC than oil-tempered wire having equal mechanical 
properties. Also, cold reduction of low-carbon steel to 50% or less of its original thickness makes it relatively 
immune to cracking in boiling nitrate solutions at 100 to 200 °C (212 to 390 °F) for thousands of hours. 
In wrought forms, the relation between the direction of stressing and the grain direction of the metal influences 
SCC. Transverse stressing is considerably more detrimental than longitudinal stressing, and short-transverse 
stressing is more detrimental than long-transverse stressing. For example, Fig. 7 shows a fractured lug of a 
forged 7075-T6 aluminum alloy with cracks that initiated because of stresses acting across the short-transverse 
grain direction. Intergranular SCC developed when assembly of a pin in the machined hole produced excessive 
residual hoop stress in the lug. 
 

 

Fig. 7  Fractured lug of an alloy 7075-T6 forging. Arrows show sites at machined hole 
where stress-corrosion cracks originated because of stress acting across the short 
transverse grain direction. Keller's reagent. 2× 
 
Severe deformation of the grains in locations of sharp bends or where the metal has become stretched, as in 
deep-drawn parts, results in a condition that is more vulnerable to failure from mechanisms such as corrosion, 
fatigue, and SCC. The following is an example of an SCC failure where the effects of sensitization and SCC 
were intensified as a result of cold forming. 
Example 2: Stress-Corrosion Failure of a Strap-Type Clamp Made of 19-9 DL Heat- Resisting Alloy. The 
clamp shown in Fig. 8(a) was used for securing the hot air ducting system on fighter aircraft. The strap was 0.8 
mm (0.032 in.) thick, and the V-section was 1.3 mm (0.050 in.) thick; both were made of 19-9 DL heat-
resisting alloy with the following composition:  
 
Element Composition, % 
Carbon 0.3 
Manganese 1.1 
Silicon 0.6 
Chromium 19 
Nickel 9 
Molybdenum 1.25 
Tungsten 1.2 
Niobium 0.4 
Titanium 0.3 
Iron Bal 
 



The operating temperature of the duct surrounded by the clamp was 425 to 540 °C (800 to 1000 °F). The life of 
the clamp was expected to equal that of the aircraft. After 2 to 3 years of service, the clamp fractured in the area 
adjacent to the slot near the end of the strap (Fig. 8a) and was returned to the manufacturer to determine the 
cause of fracture. 
 

 

Fig. 8  Heat-resistant alloy clamp for securing the hot air ducting system on fighter 
aircraft that failed by stress corrosion. (a) Configuration and dimensions (given in inches). 
(b) Section through the fracture area showing an intergranular crack. Electrolytically 
etched with oxalic acid. 540×. (c) Specimen of the work metal showing carbide 
precipitation at grain boundaries and within grains. Electrolytically etched with oxalic 
acid. 2700× 
 
Investigation. Micrographic examination was made of a section through the strap near the fracture area 
including an intergranular secondary crack. This section (Fig. 8b) revealed a region of large grains at the 
surface that was approximately 0.05 mm (0.002 in.) deep. The large grains could have been the result of a 
sizing pass on the hot-rolled surface. Knoop microhardness values (50 g load) were 345 (25.6 HRC) for the 
metal in the core and 370 (28.6 HRC) for the metal near the surface. 
Electrolytic etching in oxalic acid revealed carbide precipitation at the grain boundaries (Fig. 8c) throughout the 
material but more prevalent in the area of large grains. 
Annealing a portion of the clamp by heating at 980 °C (1800 °F) and water quenching removed the 
intergranular network of carbides. 
Conclusions. The clamp fractured by SCC because the work metal was sensitized. Sensitization occurred during 
long-term exposure to the service temperature; the effects of sensitization were intensified as a result of cold 
forming. 
Recommendations. Failure of the clamp could have been prevented by using a work metal that was less 
susceptible to intergranular carbide precipitation. 

Stress Concentrations 

Stress concentrations that result from various types of deficiencies in manufacture often contribute to 
mechanical-environmental failures. Some common types of such stress concentrations are:  

• Those related to design 
• Notches or gouges caused by accidental mechanical damage 
• Electric-arc strikes 
• Cracks produced by incorrect heat treatment, such as quench cracks 
• Cracks, undercuts, and poor weld bead geometry from deficiencies in welding 
• Inclusions 
• Interfaces in layer-type bonded materials (applied by cladding, rolling, electroplating, spraying, brazing, 

or soldering) 
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• Case-core interfaces in case-hardened steels 
• Severe surface irregularities, such as rolling or forging laps, seams, or slivers 

Following is an example of SCC from a stress concentration in which alloy selection and design changes were 
required. 
Example 3: Effect of Alloy Selection and Part Design on SCC of Formed Silicon Bronze in Marine-Air 
Atmosphere. Electrical contact-finger retainers blanked and formed from annealed copper alloy C65500 (high-
silicon bronze A) failed prematurely by cracking while in service in switchgear aboard seagoing vessels. In this 
service they were sheltered from the weather but subject to indirect exposure to the sea air. About 50% of the 
contact-finger retainers failed after five to eight months of service aboard ship. Figure 9(a) shows one of the 
contact retainers that failed and the location of the crack. 
 

 



Fig. 9  Silicon bronze contact-finger retainer that failed from SCC in shipboard service. 
(a) Overall view of retainer showing cracking in corner (arrow). (b) Specimen taken from 
failure region showing secondary cracks (arrows). Etched with equal parts NH4OH and 
H2O2. 250× 
 

 

Fig. 10  Effect of grain size on time-to-fracture in ammonia atmosphere. Data are for 
copper alloy C26800 (yellow brass, 66%) at various values of applied stress. 
 
Nine contact fingers were mounted in each of the two slots of each retainer, and a bank of four to eight retainers 
held the electrical contacts for a typical circuit breaker system. When a retainer cracked, the usual consequences 
were open circuits across some contacts, short circuits, and arcing, with resultant overloading and damage to 
adjacent circuits as well. 
Investigation. Emission spectrographic analysis of failed retainers removed from the vessels showed that the 
composition was within the prescribed range for copper alloy C65500. On each defective retainer examined, a 
single crack was visible to the unaided eye (Fig. 9a). Each crack was on an end of the retainer, extending 
between an outer corner of one of the rectangular slotted openings and the periphery of the retainer, and nearly 
in line with the lengthwise direction of the slot. 
Viewing with a low-power stereomicroscope showed that each crack had originated at a slot corner and 
progressed outward and through the side walls, extending almost or completely to the outermost edge of the 
retainer. Examination of crack regions at higher magnifications with an optical microscope showed faceted, 
intergranular fracture patterns and extensive side cracking. No evidence of corrosive attack or corrosion 
products was visible, and no signs of incipient cracking could be detected at the three other corners of the 
cracked retainers. 
The results of the preceding examination of the cracks were confirmed by microscopic examination of 
polished-and-etched specimens taken from the cracked regions of several of the retainers. When observed at a 
magnification of 250×, each of the specimens examined showed an intergranular crack pattern and a 
microstructure closely resembling that shown in Fig. 9(b). 
Conclusions. The cracking was produced by stress corrosion as the combined result of:  

• Residual forming and service stresses 
• The concentration of tensile stress at outer square corners of the pierced slots 
• Preferential corrosive attack along the grain boundaries as a result of high humidity and occasional 

condensation of moisture containing a fairly high concentration of chlorides (seawater typically contains 
about 19,000 ppm of dissolved chlorides) and traces of ammonia 

Exposure to significant concentrations of ammonia and other corrodents could also have occurred while the 
vessels were in harbor at industrial locations. 
The absence of general surface attack and the formation of faceted, intergranular fracture patterns and extensive 
side or branch cracking were consistent with the characteristic pattern for failure by SCC of this alloy. 

The file is downloaded from www.bzfxw.com



The occurrence of cracking on only one corner of a retainer apparently reflected a characteristically uneven 
distribution of stress on the four corners of the workpiece during forming and in service, by which one corner 
was more highly stressed than the three others. Cracking on one corner appeared to relieve the stress on the 
other corners. 
Corrective Measures. Three changes were made to improve the resistance of the contact-finger retainers to 
SCC. The slots were redesigned to have inside corner radii of 3.2 mm (0.125 in.) to reduce the stress 
concentration associated with the square corners in the original design, and the formed retainers were shot 
blasted to remove uneven surface tensile stresses and to put the surface layer in compression. In addition, the 
retainer metal was changed to a different type of silicon bronze—copper alloy C64700. This alloy has a 
nominal alloying content of 2% Ni and 0.6% Si instead of the nominal 3% Si content in the alloy C65500 
originally used for the contact-finger retainers. Selection of copper alloy C64700 was made on the basis of tests 
for formability and resistance to SCC (moist ammonia atmosphere) done by the manufacturer after the service 
failures were encountered. 
All of the alloy C65500 retainers in shipboard service were replaced with retainers made to the improved 
design using alloy C64700. The parts were blanked and formed in the solution, heat treated and 37% cold-
reduced tempered, aged after forming, and then shot blasted. 
Over a period of several years, only a few isolated SCC failures of the replacement retainers were observed, and 
these occurred on other types of ships where there was exposure to high concentrations of ammonia and high 
humidity. 
Discussion. Of the various copper alloys considered for the retainers, all except alloy C64700 had to be formed 
in the annealed temper, with consequent lower strength and excessively unbalanced stress distribution. Alloy 
C64700, however, could be formed without difficulty in the half-hard (37% cold-reduced) condition. Retainers 
made from alloy C64700, although not completely immune to SCC in the tests performed by the manufacturer, 
were much less susceptible to this type of failure than retainers made from alloy C65500. 
The excellent formability of 37% cold-reduced alloy C64700 was a key factor in its successful use for the 
retainers. Cold reduction, either alone or in combination with artificial aging, has been found to minimize the 
susceptibility of alloy C64700 and other silicon bronzes to SCC. Better as-annealed resistance to SCC and 
greater improvement by cold reduction were found for alloy C64700 than for alloy C65500. 
Plastic deformation produced slip planes, lattice rotation, and curved bands in the grains, thus providing many 
new sites for attack that were “blind alley” paths for preferential corrosion. These alternate paths allowed only 
limited penetration of the new sites and decreased corrosion attack at grain boundaries. 

Other Examples of Residual Stress 

Residual tensile stresses that are damaging or potentially damaging in conjunction with environmental attack 
can be produced in many different types of manufacturing operations. In heat treating, for example, improper 
practices that may thermally induce conditions for SCC include:  

• Failure to preheat when required 
• Overheating during austenitizing or solution treating 
• Failure to provide required temperature uniformity in furnaces 
• Use of quenching practices too severe for a specific alloy or part shape 
• Undue delay in transferring workpieces from the quenchant to the tempering furnace 

Many different types of surface-finishing treatments or machining operations also can produce potentially 
damaging residual stresses. Electroplating, electrical discharge machining, and, under some conditions, 
conventional grinding and machining can affect surface integrity. Shot peening and surface rolling are often 
used to produce compressive stresses in metal surfaces, but the magnitude of stress imposed by peening is 
sometimes not great enough to overcome the effects of extremely high local tensile stresses. 
Assembly. Fitup and assembly operations are often sources of tensile stresses. Press fitting, shrink fitting, and 
assembly by welding are among the major operations in this category. Dimensioning and designing interference 
fits so as to keep the amount of interference small is desirable in order to avoid creating tensile stresses that 
could lead to SCC. However, this procedure also makes the assembly more likely to fail by such mechanisms as 



fretting, fatigue, and corrosion fatigue; accordingly, a compromise in dimensioning is often the safest 
procedure. 
Bolts, studs, and other threaded fasteners are often pretorqued so that they are under tensile stresses that are 
significant fractions of the yield strength, making them a frequent victim of SCC. Proper selection of fastener 
materials for the service environment is essential. The substitution of a straight-threaded connection for a pipe-
threaded connection is another corrective measure that has been used to reduce the stress concentrations. In one 
case, the use of pipe-threaded fittings in making connections to an aluminum alloy 2024-T431 valve body 
produced excessive stress in the threads and resulted in failure of the valve body by SCC in a service 
environment of hydraulic fluid that contained small amounts of moisture and chloride. Similarly, stresses on 
tapered threads on a cast aluminum-zinc alloy connector exposed to a semiindustrial atmosphere caused failure 
by SCC in less than one month. This connector had been overtorqued during tightening to seal the assembly for 
a preservice hydrostatic test. In this case, too, substitution of straight-threaded connections reduced the stress 
concentrations. 
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Sources of Stresses in Service 

The normal design stresses that a metal part or assembly was designed to withstand sometimes result in SCC 
failures, but often, other unexpected stresses introduced in service in various ways are a major contributing 
factor. Of major concern in connection with failure by mechanical-environmental processes is the combined 
effect of stress raisers and environment. 
Stress concentrations are frequently introduced in service by damage from accidental mechanical impact or 
local electrical arcing. Stress raisers or notches also frequently result from local wear, fretting, erosion, 
cavitation, and spalling. Stress raisers can also result from any form of localized corrosion, such as pitting, 
selective leaching, intergranular attack, and concentration-cell, crevice, or galvanic corrosion. 
Thermal expansion effects of various types introduce stresses in service. Exposure of metal parts to high and 
low temperatures, which is often accompanied by nonuniform heating rates and sharp thermal gradients, is a 
major source of stress in service. Differential thermal expansion, due to these thermal gradients or dissimilar 
metals in an assembly, is often an unexpected source of stresses that can lead to SCC. 
In heat exchangers, for example, thermal gradients can create strains having equivalent elastic stresses 10 to 
20× greater than residual or applied stresses. If the environment on the cold side of the heat exchanger is 
conducive to stress corrosion, these thermal stresses can produce cracking on this side. Because of the general 
distribution of the thermal stress, the result can be extensive cracking and sometimes complete fragmentation. 
In an AISI type 321 stainless steel ammonia converter in which the temperature produced by the chemical 
reaction was 910 °C (1670 °F), the temperature of boiler feedwater in an integral cooling jacket surrounding the 
converter was 205 °C (400 °F). The water jacket had deaerator tubes at the top to remove any steam formed in 
the jacket, but the tubes did not have sufficient capacity to carry away all of this steam. The resulting 
accumulation created a steam pocket and a vapor/liquid interface at a level opposite the 910 °C (1670 °F) 
interior of the converter, and leaks developed at and near the level of the interface. 
Removal and examination of portions of the wall in the damaged area revealed the presence of extensive SCC 
that had completely penetrated the wall from the water side. The tensile stress on the water side of the wall at 
the vapor/liquid interface was calculated to be approximately 90 MPa (13 ksi); the boiler feedwater in the 
cooling jacket contained one ppm or less of chlorides. 
To correct the problem, it was recommended either that tail gas, which also required heating, be fed through the 
jacket instead of boiler water or that the deaerator tubes be of a size to ensure flooding of the hot wall at all 
times. Diffusion of carbon, gaseous carbon compounds, hydrogen, nitrogen, oxygen, and other gases from the 
environment into the interior of metal parts is also a major source of stress in service. 
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Corrosion Product Wedging. The formation of corrosion products by local attack in confined spaces produces 
high stress levels in metals because the corrosion products occupy a larger volume than the metal from which 
they are formed. The wedging action of corrosion products in cracks and between tight joints in assemblies has 
been known to generate stresses of 28 to 48 MPa (4 to 7 ksi) and to initiate and propagate failure by 
mechanical-environmental processes. Where lamellar structures are subject to chemical attack or where weak 
lamellar structures are subject to stress from entrapped solid or gaseous corrosion products, exfoliation occurs; 
blisters are produced by gaseous corrosion products entrapped locally just below the surface of a metal part. 
Cyclic Stresses. In instances where SCC and corrosion fatigue are competing mechanisms, as might be 
expected in a component exposed to both cyclic loading and static tensile loading in a corrosive environment, 
the mechanism of propagation is determined by the stress-intensity factor and the time of exposure. When the 
maximum stress-intensity factor exceeds KISCC, both SCC and corrosion fatigue crack propagation may take 
place. Corrosion fatigue can still take place when the maximum stress intensity is less than KISCC. The loading 
conditions responsible for corrosion fatigue cracking are generally known, but the stress situations that typically 
cause initiation of SCC are not known to the designer because they usually involve sustained tensile stresses 
that are not anticipated and cannot be measured with precision. 
Cyclic stresses of mechanical origin generally arise from the rotary or reciprocating motion of mechanical 
devices, either from normal operation or from abnormal effects, such as vibration and resonance. Other major 
sources of cyclic stresses in service are fluid-flow effects, including the von Karman effect and cavitation, and 
thermal effects. A particularly damaging situation may develope when a small-amplitude cyclic flutter is 
superimposed on a mean sustained tensile load, such as occurs in the vicinity of a pump station on a pressurized 
pipeline. Threshold stresses under such situations can markedly decrease. Low-frequency tensile loading, such 
as occurs during hydrotesting, has been found in some circumstances to enhance stress-corrosion crack growth 
due to the induced dynamic straining. 
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Metal Susceptibility 

Stress-corrosion cracking can be produced in most metals under some conditions. Susceptibility of a given 
metal to SCC in a specific environment depends on its condition, that is, its overall and local chemical 
composition and its metallurgical structure, as determined by thermal processing and cold working. Some 
aspects of the metallurgical condition that are significant include:  

• Phase distribution 
• Grain size and shape 
• Grain boundary precipitation 
• Grain boundary segregation 
• Cold work 
• Inclusion type and distribution 

Effects of Composition. One effect of composition on SCC susceptibility, in general, is shown by Fig. 3, where 
more highly alloyed austenitic stainless steels display longer times to failure and higher threshold stresses than 
types 304 and 304L. This difference is primarily due to a difference in nickel content. Similar alloy effects 
could be given for other alloy systems, and some will be presented in the sections to follow. 
In considering the effects of metal composition on susceptibility to SCC, the presence of alloying elements and 
impurities in low concentrations (and even in trace amounts) must also be considered. In general, binary alloys 
that contain only very small amounts of elements other than the two major constituents are quite susceptible to 
failure by SCC. 



High-purity metals are generally much less susceptible to this type of failure than most commercial grades of 
metals and alloys. In fact, pure metals were long considered immune to SCC on the basis of experience and 
several theories of the mechanism of this failure process. However, it was later shown that SCC can be 
produced in almost any alloy or pure metal in certain environments and at a corrosion potential specific to the 
metal-environment combination. One example is the SCC of 99.999% pure copper in aqueous ammoniacal 
solutions containing Cu(NH3)4

2+ complex ions. 
Stress-corrosion cracking frequently occurs in commercial alloys such as low-carbon steels, high-strength 
steels, austenitic stainless steels and other austenitic alloys (especially in the sensitized condition), high-strength 
aluminum alloys, and brasses and certain other copper alloys (see Tables 1 and 2 and the sections of this article 
on various classes of metals). A partial list of alloy and environment systems exhibiting SCC (Ref 6) is:  
 
Alloy Environment 
Carbon steel Hot nitrate, hydroxide, and carbonate/bicarbonate solutions 
High-strength steels Aqueous electrolytes, particularly when containing H2S 
Austenitic stainless steels Hot, concentrated chloride solutions; chloride-contaminated steam 
High-nickel alloys High-purity steam 
α-brass Ammoniacal solutions 
Aluminum alloys Aqueous Cl-, Br-, and I- solutions 
Titanium alloys Aqueous Cl-, Br-, and I- solutions; organic liquids; N2O4  
Magnesium alloys Aqueous Cl- solutions 
Zirconium alloys Aqueous Cl- solutions; organic liquids; I2 at 350 °C (660 °F) 
 
This partial list increases over time. For example, transgranular SCC of copper and SCC of stainless steels and 
nickel-base alloys in high-purity water can be added to the list (Ref 2). The list can be used as a general guide, 
but it should be realized that SCC depends on many factors other than the bulk environment. Environments that 
cause SCC are usually, but not necessarily, aqueous, and specific environmental parameters must be in specific 
ranges for cracking to occur. 

Table 1   Specific ions and substances that have been known to cause stress-corrosion 
cracking (SCC) in various alloys when present at low concentrations and as impurities 
Damaging specific ions and 
substances 

Alloys susceptible to SCC Temperature 

Halogen group  
Fluoride ions Sensitized austenitic stainless steel Room 
Gaseous chlorine High-strength low-alloy steel Room 
Fused chloride salt Zirconium alloys and titanium alloys Above melting 

point of fused salts 
Gaseous iodine Zirconium alloys 300 °C (570 °F) 
Gaseous HCl and HBr High-strength low-alloy steels (rapid crack 

growth) 
Room 

Halides in aqueous solutions High-strength aluminum alloys Room 
High-strength steels Room  
Austenitic stainless steels Hot  
Oxygen group (H2-O-O2-H2 systems)  
O2dissolved in liquid H2O Sensitized stainless steels 300 °C (570 °F) 
Gaseous hydrogen at ambient 
pressure 

High-strength low-alloy steels Room 

Gaseous hydrogen at high 
temperature and pressure 

Low-strength and medium-strength steels >200 °C (>390 °F) 

Gaseous H2O High-strength aluminum alloys Room 
Gaseous H2O-O2-H2  High-strength uranium alloys … 
Hydroxides (LiOH, NaOH, KOH) Carbon steels; Fe-Cr-Ni alloys (caustic >100 °C (>210 °F) 
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cracking) 
Oxygen group (S, Se, Te systems)  
Polythionic acids (H2SnO6) Sensitized stainless steels, sensitized Inconel 

600 
Room 

H2S gas High-strength low-alloy steels Room 
Sulfide impurities in aqueous 
solutions 

Medium-strength to high-strength steels 
(accelerated hydrogen-induced cracking) 

Room 

MnS and MnSe inclusions High-strength steels (initiation sites for 
cracking) 

Room 

SO2 gas with moisture Copper alloys Room 
Nitrogen group  
N2O4 liquid High-strength titanium alloys 50 °C (120 °F) 
Fuming nitric acid Pure titanium; high-strength aluminum alloys >100 °C (>210 °F) 
Nitrates in aqueous solution Carbon steels >100 °C (>210 °F) 
Nitrogen oxides with moisture Copper alloys Room 
Aerated aqueous NH3 and 
ammonium salts in aqueous solution 

Copper alloys Room 

Nitrogen, phosphorus, arsenic, 
antimony, and bismuth, as alloying 
species in metal 

Stainless steels (in presence of Cl-) and copper 
alloys (in presence of aerated aqueous NH3); 
accelerated cracking 

Room 

Arsenic, antimony, and bismuth, as 
ions in aqueous solutions 

High-strength steels, accelerated hydrogen entry 
and hydrogen-induced cracking 

Room 

Carbon group (C, Si, Ge, Sn, Pb)  
Carbonate ions in aqueous solutions Carbon steel 100 °C (210 °F) 
CO-CO2-H2O gas Carbon steel … 
Lead ions in aqueous solutions High-nickel alloys … 

Table 2   Substances in atmospheric environments that contribute to stress-corrosion 
cracking (SCC) of various alloys 
Damaging substance Alloy Special aspects 
Oxygen Copper alloys Depends on oxygen concentration 
Hydrogen sulfide Many commercial alloys Sources: anaerobic bacteria; 

breakdown of organic products 
Oxides of nitrogen Carbon steels; copper alloys The oxides produce nitric acid and 

nitrates 
CO or CO2, plus 
moisture 

Carbon steels … 

Ammonia Copper alloys … 
Arsenic and antimony 
compounds 

Many commercial alloys Contained in insecticides and other 
sprays 

Sulfur dioxide Copper alloys The oxide produces H2SO3, H2SO4  
Chlorides plus 
moisture 

Aluminum alloys, austenitic stainless steels, 
titanium alloys, high-strength steels 

Marine exposure 

 
The effect of interstitial elements on the susceptibility of metals to SCC is adequately shown by the behavior of 
austenitic stainless steels containing trace amounts of elemental nitrogen when exposed to a boiling aqueous 
solution of magnesium chloride. Below 500 ppm of nitrogen, no cracking occurs; above 500 ppm, cracking 
occurs with great rapidity. The cracking is transgranular; therefore, the effect of the nitrogen must be attributed 
either to an influence on the slip process or to the stability of the protective film. 
Similar effects are observed in a broad range of alloys when cracking is intergranular. In this circumstance, it is 
reasonable to assume that impurities are concentrated in grain boundaries and that the chemical reactivity is 
associated with this segregation. Depending on the chemical interaction between these enriched grain 



boundaries and the environment, certain chemical reactions occur preferentially at the boundaries. This 
reactivity influences both the susceptibility of an alloy to SCC and the paths followed by any cracks that 
develop. 
The concentration of impurities in grain boundaries discussed in the previous two paragraphs does not refer to 
grain-boundary precipitation effects but rather to concentration of impurities that remain in solid solution at the 
grain boundaries and make the local chemical composition substantially different from that of the bulk of the 
material in the grains. 
Effects of Metal Structure. In general, any metal with a small grain size is more resistant to SCC than the same 
metal having a large grain size. This relationship, which applies whether crack propagation is intergranular or 
transgranular, is shown in Fig. 10 for copper alloy C26800 (yellow brass, 66%) in ammonia. 
Elongated grain structures characteristic of high-strength wrought aluminum alloy mill products markedly 
affect the path of SCC in susceptible alloys and tempers. Alloy 7075-T6, for example, in the form of sheet and 
plate has a high resistance to SCC when stressed in the direction of rolling or in the long-transverse direction 
but has a relatively low resistance when stressed in the short-transverse direction (normal to the plane of the 
plate). In aluminum alloy 7075-T6 extrusions, the threshold stresses in the longitudinal, long-transverse, and 
short-transverse directions are 414, 221, and 48 MPa (60, 32, and 7 ksi), respectively. For forgings, stressing 
across a flash line is generally regarded as at least as severe as stressing in the short-transverse direction. A high 
resistance in the short-transverse direction can be obtained, however, by an extended stabilization treatment to 
obtain a T7-type (lower strength) temper. 
In some metals, SCC follows special crystallographic planes. For example, SCC of titanium proceeds at a slight 
angle to the basal plane. If the basal plane is perpendicular to the potential plane of crack propagation, 
resistance to SCC is at a maximum. 
Two-phase brasses (those containing more than about 40% Zn) may crack merely in water. Single-phase 
brasses are resistant to cracking in water, and the presence of a corrodent, such as ammonia or an amine, is 
necessary to cause cracking in them. 
Crystal structure also has an effect on SCC. For example, ferritic and duplex stainless steels (body-centered 
cubic, bcc) are much more resistant to SCC when exposed to chlorides in aqueous solutions than austenitic 
stainless steels (face-centered cubic, fcc). The resistance of ferrite-containing cast austenitic stainless steels to 
cracking when exposed to 205 °C (400 °F) condensate from water containing 800 ppm of chloride is roughly 
proportional to the volume percentage of ferrite, because pools of ferrite in the austenite matrix interfere with or 
block the propagation of stress-corrosion cracks. 
In addition to the segregation effects discussed, alloys can also be rendered susceptible to intergranular SCC by 
the precipitation phases in the grain boundaries. The classic example of this is the sensitization of stainless 
steels and some nickel-base alloys, which causes them to suffer intergranular SCC in some environments. The 
precipitation of chromium-rich carbides in the grain boundaries results in depletion of the adjacent boundary 
regions, creating a favorable path for SCC propagation. This phenomenon is described in more detail in a later 
section of this article. 
Welding again plays a significant role in that it causes large changes in the metallurgical structure of both the 
weld metal and the heat-affected zone. These changes, coupled with the attendant residual stresses mentioned 
earlier, result in weld zones being the frequent site of SCC in service. 
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Environmental Effects 

The onset of SCC often depends on the subtleties of environment composition as well as alloy composition and 
structure. Frequently, minor changes in the environment or the alloy can lead to or prevent cracking. Hence the 
relationships between environments and alloy types presented in this section provide only general guidelines as 
to the probability of SCC. The environmental variables involved in SCC are quite numerous and complex. The 
ones that are commonly considered include:  

• Temperature 
• Pressure 
• Solute species 
• Solute concentration and activity 
• pH 
• Electrochemical potential 
• Solution viscosity 
• Stirring or mixing 

Specific Ions and Substances 

Stress-corrosion cracking is often caused by specific ions that are present as components of or impurities in the 
environment. The concentration of such impurities need not be large. For example, even when in the solution 
heat-treated or the annealed condition, austenitic stainless steels crack in aqueous solutions that contain as little 
as 2 ppm of chloride at 200 °C (390 °F). Sensitized austenitic stainless steels crack at room temperature in 
water containing approximately 10 ppm of chloride or 2 ppm of fluoride. Some copper alloys crack in 
environments that contain ammonia in similarly low concentrations. 
The dependence of the general pattern of SCC on the presence of one or more specific corrosive substances is 
sometimes called the specific-ion effect. The presence of ions known to induce cracking in a given type of alloy 
is widely used as a criterion for predicting whether or not cracking will occur. For example, the presence of 
chlorides in contact with austenitic stainless steels is always regarded as hazardous. Although this is a 
reasonable criterion for predicting SCC, it is known that specific ions are not always required and that 
environments as simple as pure water, dry hydrogen, and other pure substances can contribute to SCC. The 
combination of oxygen and chlorides in trace concentrations in alkaline phosphate-treated boiler water is 
sufficient to cause SCC of austenitic stainless steels in areas exposed to steam and intermittently wetted by 
boiler water. 
Aircraft parts, both of steel and of aluminum alloys, have failed because of the mildly corrosive action of the 
atmosphere; water vapor and trace contaminants in air can initiate and propagate SCC and can cause premature 
failure of such parts. Marine and industrial environments containing small quantities of halide ions are 
particularly aggressive in causing cracking of high-strength steels, corrosion-resistant steels, and aluminum 
alloys. 
Specific ions and substances that are known to have caused SCC of various alloys when present in low 
concentrations and as impurities are conveniently classified on the basis of the periodic table. Table 1 lists these 
damaging specific ions and substances, which are classified as the halogen group, the oxygen group (H2O-O2-
H2 systems and S, Se, Te systems), the nitrogen group, and the carbon group. For each damaging substance, the 
alloys that are susceptible to SCC and the approximate temperature or temperature range at which cracking has 
been observed are given. Stress-corrosion cracking will not always occur for each listed combination of 
damaging species, alloy type, and temperature, but these combinations should be considered suspect when the 
possibility of this type of failure is being assessed. 



In environments containing the damaging species of the halogen group, SCC can be caused by these species in 
the gaseous molecular form, in acids, in fused salts, and as ions in aqueous solutions. 
The data presented in Table 1 for the oxygen group demonstrate that simple environments, not necessarily 
specific ions, are sufficient to cause SCC. The oxygen group is divided into two systems. The first system 
includes the species based on water, oxygen, hydrogen, and combinations of these and is treated separately 
because these species are so widely present in the environments to which alloys are exposed. Caustic cracking 
of low-carbon steels in boilers by hot solutions containing sodium hydroxide, which is listed in this system, is 
described later in this article. In the second system of the oxygen group, the substances that most frequently 
cause cracking are those that contain sulfur. 
The nitrogen group includes as damaging species some substances that are present not in the environment but 
as alloying species in stainless steels and copper alloys. These alloying species are the elements nitrogen, 
phosphorus, arsenic, antimony, and bismuth. The other damaging species in the nitrogen group are present in 
the environment. 

Service Environments 

Commercial and consumer equipment is generally operated in two classes of service environments: controlled 
environments and noncontrolled environments. In controlled environments, the composition of the fluid is 
controlled; these environments include working (energy transfer) fluids as well as process streams and batches 
in the chemical and food industries. In operations of this type, the composition of the environment is controlled 
either to meet and maintain product quality requirements or to prevent corrosion of containers and other types 
of equipment. 
Noncontrolled environments include those to which products of the transportation and manufacturing industries 
are exposed. Here structures are exposed to a broad range of environments that can be anticipated by the design 
engineer but can rarely be controlled. As a prerequisite to investigating the possibility of SCC, the properties of 
a noncontrolled environment should be defined as accurately as possible. 
Even in controlled environments, unexpected impurities are sometimes introduced by accidents or improper 
operations, and SCC can be caused by transient as well as prolonged periods of deviation from normal 
operating conditions and from normal composition of the environment. 
Atmospheric environments contain a variety of damaging or potentially damaging chemical substances. Some 
of the substances in the atmosphere that contribute to SCC, the alloys they affect, and their special 
characteristics are given in Table 2. 
Working Fluids. Some types of working fluids are the liquids and gases used in power production systems. An 
important example is pure water used in production of electricity by steam turbine systems. In these systems, 
water is converted to steam, and the expanded steam is passed through a turbine and subsequently condensed. 
These environments are usually treated with corrosion inhibitors to minimize attack of structural materials. A 
common method is to maintain pH within a range where iron-base alloys are stable by adding such chemicals as 
phosphates, alkali or ammonium hydroxides, or amines. In addition to control of the pH of such working fluids, 
additions of reducing substances such as hydrazine and sodium sulfite are made to maintain a low concentration 
of oxygen, because oxygen accelerates corrosion. 
Other heat-transfer fluids include liquid sodium, which is used in liquid-metal-cooled fast-breeder nuclear 
reactors, and high-temperature gases such as helium, nitrogen, and carbon dioxide, which are used in gas-
cooled reactors. Any of these heat transfer fluids, including water, may contain impurities that are possible 
causes of SCC. In addition to the use of working fluids under essentially steady-state conditions in normal 
operation, transient changes in the composition of fluids can produce chemical effects that lead to SCC. Such 
transient changes can be caused by leakage in condensers, pumps, valves, seals, and fittings—for example, 
leakage of chlorides into a condenser cooled by seawater. Temporary use of a substitute working fluid in a 
given application can also have unexpected harmful effects. 
Process streams and batches differ from working fluids in that they usually are chemicals, foods, or other 
materials that are being processed into some final product form. The process streams and batches in themselves 
may not be aggressive with respect to SCC, but may become aggressive if damaging impurities are introduced. 
Leached Substances. Stress-corrosion cracking of a metal is frequently caused by damaging substances that 
have been leached from nonmetallic materials in contact with the metal. Sometimes the substances that cause 
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cracking are products of thermal decomposition of a material that is innocuous unless heated to its 
decomposition temperature. 
Damaging substances such as chlorides or sulfur compounds can be leached from concrete, gasket materials, 
insulating materials, and polyvinyl chlorides and similar plastic materials. 
Moisture can leach chlorides from the calcium chloride frequently added to concrete to aid in curing. Sulfur 
compounds and chlorides can leach from gasket materials under conditions of pressure and elevated 
temperature. Gasket materials include those composed of asbestos, cork, cellulose, or other organic fibers in 
combination with various binders or impregnants, and the vulcanized elastomeric materials that are used for 
automotive applications. 
The binders used in asbestos and fiberglass insulation frequently contain chloride compounds and are leached 
in the presence of moisture at room temperature or at elevated temperatures, depending on composition 
(Example 5 in this article describes SCC of stainless steel piping that resulted from leaching of chlorides from 
insulation in the presence of moisture). Polyvinyl chloride materials are usually harmless unless they are heated 
above the decomposition temperature or exposed to ultraviolet radiation. 
Concentration of Crack-Inducing Substances. In any environment (liquid, gas, or moist solid), substances 
capable of inducing SCC are frequently present at harmless levels, either as normal components or as 
impurities. However, several factors that are related to design or to service conditions can cause these 
substances to concentrate locally and produce SCC. 
Intermittent wetting and drying is a major cause of concentration of damaging and potentially damaging soluble 
substances in films of moisture on metal surfaces. Where a dilute aqueous solution is transmitted to a metal 
surface by capillary action through an absorbent fibrous material, the process is called wicking. Tests have been 
done on the effect of temperature on the time required to produce SCC in 1.6 mm (0.062 in.) thick AISI type 
304 stainless steel U-bends in a wicking experiment. Cracking was found to occur at much lower temperatures 
when alternate wetting and drying was used than when the specimens were kept wet continuously. 
In service, intermittent wetting and drying is often caused by changes in weather, rise and fall of tides, 
splashing of liquids as they are pumped into a vessel, and fluctuations in levels of liquids in storage. Also, 
intermittent condensation and drying occur on metal surfaces in many service environments because of 
fluctuations in temperature. If soluble substances are available, solutions sufficiently concentrated to cause SCC 
are readily produced on the metal surfaces. 
This phenomenon was found to have caused SCC failure of carbon steel cables on a bridge over a river where 
the cables were exposed to an industrial atmosphere that contained ammonium nitrate. The cables, which 
contained 0.7% C, failed after 12 years of service. Tests showed that when specimens from the cables were 
stressed in tension while immersed in 0.01 N ammonium nitrate or sodium nitrate at room temperature, they 

failed after 3 1
2

 to 9 months. No cracking was produced in similar tests in distilled water and in 0.01 N solutions 

of sodium chloride, ammonium sulfate, sodium nitrate, and sodium hydroxide. 
Gradual concentration of a damaging substance on a metal surface can result from diffusion effects caused by 
an imposed electric field, an electric field produced by corrosion processes, or by some other local condition 
and can lead to SCC in gases, liquids, and moist solid environments such as soil, concrete, or plaster. 
Concentration can also occur because of part shape, especially on assemblies in which close fit of parts creates 
crevices. Crevices provide both sites and proper conditions for concentration of impurities on metal specimens 
in aqueous media. Such crevices are common in assemblies using gaskets or sealants. Because of the tightness 
of such crevices, it is impossible for impurities to be removed from them. The impurities are thus concentrated 
by leaching, decomposition, or corrosion and frequently result in SCC. In heated crevices, such as in tube 
sheets of steam generators, impurities are concentrated when water flashes to steam, and SCC may occur if 
hydroxides are present. A similar situation can occur when ground water contacts a warm buried pipeline and 
the water evaporates, leaving its dissolved impurities behind to concentrate over time. 
Dried processing chemicals on metal surfaces, such as those that remain on poorly rinsed surfaces after 
pickling, cleaning, and similar operations, are available for corrosion attack at a later time when the surfaces are 
exposed to their normal environments. One example is the effect of residual fluoride on zirconium in corrosion 
testing. When zirconium specimens exposed to fluoride solutions in corrosion tests are properly cleaned after 
removal from the solution, they gain weight at a low rate when subsequently exposed to high-temperature 
water; however, when there is sufficient residual fluoride, the specimen loses weight because of corrosion that 
can initiate SCC. 



Preservice Environments 

Many SCC failures are caused by exposure of metal equipment to corrosive environments before the equipment 
is put into service. These environments include those associated with fabrication, testing, shipment, storage, and 
installation. 
Fabrication Environments. Substances to which metal parts and equipment are exposed during fabrication and 
processing often leave residues on the metal surfaces or introduce impurities into the metal. Stress-corrosion 
cracking caused by these residues or impurities frequently begins, and occasionally results in failure, during the 
production process. Sometimes impending failure is discovered during fabrication; other times it is not 
discovered until the equipment is in service. 
Examples of sources of such deleterious impurities are machining lubricants; protective coatings; fumes from 
adjacent processing lines; atmospheric impurities; welding and brazing fluxes; cleaning solutions; inspection 
fluids such as liquid penetrants; containers for processing; lubricants such as copper and lead, used in tube 
drawing; and plating and chemical-surface treatment solutions. 
Testing Environments. In product research and development, metal parts and assemblies are tested to determine 
load capacity and conformance to other requirements. Failures are sometimes initiated and/or propagated by 
test environments, such as in hydrostatic testing of pressure vessels, piping, and related equipment. For 
example, a titanium alloy Ti-6Al-4V vessel that was to contain N2O4 in service failed after approximately 13 h 
of hydrostatic testing at approximately 43 °C (110 °F) at 75% of yield stress. Here the testing environment, 
which closely simulated the service environment, was the cause of failure. In this case, failure was fortuitous 
because it established that the material-environment combination was not suitable for reliable performance of 
the intended application. 
The chloride content of water used to hydrotest austenitic stainless steel piping and pressure vessels must be 
closely controlled. Residual water that fails to drain from the system can concentrate by evaporation and lead to 
SCC, perhaps at a weld where there are high residual stresses. 
Other environmental impurities that may be harmful in hydrostatic testing include microbiological and bacterial 
contaminants, chlorides, and fluorides. Stress-corrosion cracking of titanium in methanol was first observed 
when methanol was used as a medium for hydrostatic testing. 
Shipping and Storage Environments. During shipping or storage, parts and assemblies may or may not be 
protected from the atmosphere. There have been instances in which allegedly protective materials have in fact 
contained species that caused, rather than prevented, SCC. Where suitable protection is not provided, the 
components can be continually or intermittently in contact with impurities in the surroundings. For example, 
metal parts shipped by sea are in danger if not fully protected from chlorides. Thus, to prevent initiation and 
propagation of SCC during shipment or storage, expected exterior environments and protective systems must be 
thoroughly evaluated and effective protective measures taken. 
Example 17 later in this article describes the SCC of aluminum alloy couplings, which occurred in a missile 
that was on a test stand near the seacoast for several months. The combination of tensile stresses and marine 
atmosphere caused the failure. 
Installation Environments. During installation of equipment, critical materials are often exposed to damaging or 
potentially damaging environments. Some of these environments are welding flux, marking materials, 
lubricants (applied to moving parts and to large bolts during installation), machining oils, test environments, 
and contaminants from fingerprints. Sometimes installation procedures such as bolting or crimping 
inadvertently introduce residual stresses that can lead to SCC in service. 
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Analysis of SCC Failures 

The procedures for analyzing failures suspected to have occurred by SCC are, in general, the same as those for 
other failures. Ideally, the failed part should be brought to the laboratory immediately after failure, with no 
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further disturbance and with all of the physical evidence intact. The part should be accompanied by a complete 
record of the manufacturing history and results of prior testing. Attention must also be given to chemical 
environments to which the part was exposed during manufacturing, shipment, storage, and service, particularly 
to such factors as concentration, temperature, pressure, acidity or alkalinity, normal or accidentally introduced 
impurities, cyclic conditions, and any deliberate or accidental changes in the control of these factors. 

On-Site Examination 

On-site examination provides an opportunity to observe and test the environmental conditions and mechanical 
processes involved. The relationship of the failed part to the overall operation as well as possible sources of 
stress can generally be established. Photographs and sketches are indispensable for recording the location of 
failure, the extent of fracture or cracking, the presence of corrosion products or foreign deposits, evidence of 
mechanical abuse, and other significant details. The investigator should look carefully for other stress-corrosion 
cracks, corrosion pits, mechanical damage, associated welds (fabrication or repair), and design issues. 

Sampling 

The samples required in addition to the failed parts may include related parts, specimens removed from parts, 
surface and corrosion deposits, and the environment to which the failed parts were exposed. Selection of 
samples and removal of specimens should be carefully planned, keeping in mind the main objectives of the 
investigation. Suitable precautions must be taken to avoid (a) destruction of evidence, for example, corrosion 
products or other surface deposits that could be of value in investigating the failure; (b) overheating, 
contaminating, and damaging the part and adjacent and remote related components and structures; and (c) 
contamination of any of the samples. For example, contrary to other types of failures, components that are 
suspected of having failed due to SCC should not have preservatives applied to the fracture surfaces. 
One technique for collection of associated corrosion products or surface deposits is to tape the flap of a clean 
envelope to the surface below the material to be sampled and then scrape the deposit with a clean knife or 
scalpel blade. Glass vials are also useful for collecting and retaining such samples. 
In sampling the environment to which the failed part was exposed, the investigator should be guided by the 
information already obtained about the operating conditions and history of the failure. The general environment 
should be sampled. Also, appropriate techniques should be used to obtain samples of and to characterize (for 
example, by pH and the presence of specific contaminants) the environment in immediate contact with the 
failure region. General information on chemical substances and environments likely to cause SCC in specific 
metals is provided in Table 1. 
Following visual examination, the fracture surface should be stripped with cellulose acetate tape to entrap any 
fracture surface deposits. The tape can be used for later microanalysis with the aid of an electron microprobe, a 
scanning electron microscope with an energy-dispersive system, or other suitable analytical equipment. After 
stripping, the fracture surface should be cleaned (ultrasonically, if possible) and degreased in reagent-grade 
acetone, which leaves minimal amounts of organic residues on the surface while removing almost all traces of 
cellulose acetate from stripping. 

Observation of Fracture Surface Characteristics 

Crack patterns, initiation sites and topography of crack surfaces, and evidence of corrosion all provide clues as 
to the causes, origins, and mechanisms of fractures. 
Crack Patterns. As previously discussed, SCC is almost without exception characterized by multiple branching 
on both the macroscopic and microscopic levels (for example, Fig. 5). In some cases, a family of cracks occurs, 
and numerous secondary cracks will be available for examination. The general plane of stress-corrosion crack 
growth, similar to other subcritical crack growth, is perpendicular to the maximum principal stress, permitting 
some conclusions to be inferred as to the direction and nature of the stresses causing cracking. Also, the relative 
size of the subcritical and final fracture areas is an indication of the stress magnitude. 
Stress-corrosion cracks may be intergranular, transgranular, or a combination of both. In aluminum alloys and 
low-carbon steels, intergranular fracture is common, although the fracture path may be immediately adjacent to 
the grain boundary rather than precisely along it. High-strength steels and α-brasses also usually show grain-



boundary fracture, with some cracking along matrix/twin interfaces in α-brasses. Transgranular fractures 
showing extensive branching are typical of SCC in austenitic stainless steels of the 18Cr-8Ni type (Fig. 11), and 
similar transgranular cracks with branches that follow crystallographic planes have been observed in 
magnesium alloys. 
 

 

Fig. 11  Annealed type 310 stainless steel after extended exposure to a chloride-containing 
environment while under load. Structure shows typical mode of transgranular SCC. 
Electrolytic: 10% chromic acid. 150× 
 
When SCC is transgranular, deviations may occur on a microscopic scale so that the crack may follow 
microstructural features such as grain and twin boundaries or specific crystal planes. When SCC is 
intergranular, the presence of flat elongated grains means that there is an easy stress-corrosion path normal to 
the short-transverse direction, which produces “woody” stress-corrosion surfaces. This behavior is typical of 
extrusions of high-strength aluminum alloys in which solution treatment does not cause recrystallization. 
Some stress-corrosion fractures show progression marks and alternating regions of SCC and overload fracture, 
with changes of shape of the crack front. The progression marks in the fracture surface shown in Fig. 12 could 
very easily be confused with fatigue. This fracture occurred in a forging that had not been used in service, and 
the fracture was due entirely to residual internal stress and atmospheric corrosion. Other features observed on 
SCC fractures include striations (Fig. 13), cleavage facets, and tongues, which can be easily confused with 
similar features on cleavage and fatigue fractures. 
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Fig. 12  Fracture surface of a high-strength aluminum alloy forging that failed from stress 
corrosion. Progression marks similar to those observed in fatigue fractures are evident. 
Source: Ref 13  
 

 



Fig. 13  Stress-corrosion cracking striations on the fracture surface of 316L stainless steel. 
The arrow indicates the crack-growth direction. 10,000×. Courtesy of I. Le May, 
Metallurgical Consulting Services Ltd. 
 
The branching pattern of stress-corrosion cracks is a feature that is distinct from corrosion fatigue. For example, 
Fig. 14 displays a fracture path of intergranular SCC and transgranular corrosion-fatigue cracking of a cartridge 
brass. The SCC shows some branching, compared to the lack of branching from corrosion fatigue (Fig. 14b). 
 

 

Fig. 14  Comparison of SCC and corrosion fatigue cracks in copper alloy C26000 
(cartridge brass, 70%). (a) Typical intergranular stress-corrosion cracks in tube that was 
drawn, annealed, and cold reduced 5%. The cracks show some branching. H4OH plus 
H2O etch, 150×. (b) Typical transgranular corrosion fatigue crack. Note the lack of 
branching in the inner, or fatigue, section of the crack. H4OH plus H2O etch, 186× 
 
Initiation sites and topography of crack surfaces can usually be ascertained by careful examination. These 
features are crucial in determining the causes and mechanisms of fractures. When a primary fracture has been 
damaged or corroded, secondary cracks and incomplete primary cracks may be opened to expose their surfaces 
for examination. 
Corrosion of Fracture Surfaces. Besides establishing the presence and identity of these substances on the 
fracture surface, an investigation (often extensive) of the environment and service history of the part must be 
carried out to determine the exact role (if any) of these substances in the failure. Where information on the 
environment and service history of the part are incomplete or where abnormal transient conditions may have 
existed, results of the investigation may be inconclusive. In some circumstances, tests that simulate service and 
investigations of the effects of variations in composition of the environment and in operating conditions are 
warranted. 
Fracture surfaces may also be examined for evidence of local hydrogen embrittlement from hydrogen generated 
by corrosion. For example, a fracture in a specimen of type 316 stainless steel is shown in two views in Fig. 15. 
The first view (Fig. 15a) shows the transgranular cracking features typical of austenitic stainless steel SCC in 
chlorides. The cleavage facets with feather marks were largely characteristic of the entire fracture. However, 
Fig. 15(b) displays an area of “rock candy” intergranular fracture that may have otherwise been overlooked. 
This may be evidence of local hydrogen embrittlement from corrosion. In this case, the grain facets show no 
evidence of corrosion. 
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Fig. 15  Surface of a fracture in type 316 stainless steel resulting from SCC by exposure to 
a boiling solution of 42 wt% MgCl2. The fracture in general exhibited the fan-shaped or 
feather-shaped transgranular cleavage features shown in (a). In a hasty scrutiny, the 
presence of local areas of “rock candy” intergranular fracture, such as those in (b), might 
be missed. This raises the question of whether corrosion-generated hydrogen caused local 
embrittlement. The separated-grain facets in (b) show no trace of corrosion. Both at 350× 

Macroscopic Examination 

Macroscopically, fractures produced by SCC always appear brittle, exhibiting little or no ductility even in very 
tough materials; in this way, they resemble corrosion fatigue and hydrogen stress cracking fractures. Many 
transgranular stress-corrosion cracks characteristically change fracture planes as they propagate, producing flat 
facets. Both these flat facets and the grain facets of intergranular stress-corrosion cracks are ordinarily 
observable at fairly low magnification. 
The fracture surfaces usually contain easily identifiable regions of crack initiation, slow, subcritical crack 
propagation, and final rupture. Final rupture usually occurs by tensile overload. Thus, the area of final fracture 
often shows some evidence of ductility, such as a shear lip or a herringbone pattern emanating from the zone of 
slow cracking. 
The area of slow crack growth often contains corrosion products or is stained or otherwise discolored with 
respect to the area of final fast fracture. However, the presence of staining or corrosion products on the fracture 
surface is by no means positive proof of SCC. Some SCC fractures are not stained or discolored, especially in 
materials with good corrosion resistance; in addition, many fractures become corroded before inspection can be 
accomplished. 
The zones of slow propagation of stress-corrosion cracks are usually much rougher in appearance than those of 
corrosion fatigue cracks and often do not contain fatigue beach marks or macroscopic evidence of cold work. 
However if either the stress component is removed or the environment becomes inactive, crack propagation will 
discontinue until these factors again become operative. This sometimes results in macroscopic markings similar 
in appearance to the beach marks characteristic of fatigue fractures. 
Both types of fracture can, and often do, initiate at corrosion pits or other stress raisers on the surface of the 
part. However, if the environment is sufficiently corrosive and if tensile stresses are present, SCC can be 
initiated even on smooth surfaces, whereas corrosion fatigue is more often initiated at a stress raiser. 
Fractures caused by either of these mechanisms always initiate at the surface of the part or at some location 
where the aggressive species can contact the metal. By corollary, if the crack is found to have a subsurface 
origin, corrosion fatigue and SCC can usually be eliminated as possible causes of failure. 



Cracks produced by stress corrosion and by some hydrogen damage processes generally have macroscopically 
rough fracture features, which are usually discolored from reaction with the environment. These mechanisms 
are easily recognized as macroscopically different from corrosion fatigue, but identifying the exact mechanism 
by macroexamination alone is not always possible. These cracks may not always have distinct origins; there 
may be much pitting in the region of crack initiation, and the crack may exhibit branching in this region. 

Microscopic Examination 

Careful correlation of microscopic fracture surface topography with macroscopic fracture surface features is 
essential. The crack-initiation region and the directions of crack growth must be identified accurately so that 
information concerning the sequence of events and the micromechanisms of fracture, as observed with electron 
microscopy, can be correlated with the circumstances of crack initiation and the mechanism of crack 
propagation. Frequently several different fracture micromechanisms are observed on a single fracture surface. 
Accordingly, correct identification of the initiating fracture mechanism and of any changes in micromechanism 
during fracture propagation is of vital importance in arriving at a correct understanding of the failure. 
In the scanning electron microscope, intergranular stress-corrosion cracks have the classic rock candy 
appearance, with little if any evidence of ductility on the grain facets. The transgranular cracks look like 
cleavage cracks, with flat facets covered by river lines. In some cases the facets have striations perpendicular to 
the microscopic growth direction, indicating that, on a microscopic scale, the SCC process was discontinuous, 
even though a macroscopic constant growth rate would be observed. These striations can easily be mistaken for 
fatigue striations, leading to an eroneous conclusion, and care must be taken to discern the correct mechanism, 
consistent with all of the evidence. 
It is difficult to distinguish between service failures by SCC and by hydrogen damage in high-hardness steel 
solely from microfractographic evidence. Fractures of both types mainly follow intergranular paths, although 
SCC is sometimes transgranular, and the surfaces of both types of fracture may be substantially corroded. Also, 
hydrogen evolution during SCC may be a factor in the cracking process so that the combination of hydrogen 
embrittlement and corrosion at the crack tip may be instrumental in producing grain-boundary separation. 

Chemical Analysis 

Chemical analysis is used in investigating cracking failures that may have been caused by SCC or other 
corrosion-related failures. Impurities and substances present at low concentrations or in trace amounts in the 
environment are of special interest where SCC is a possibility, because they are the substances that usually 
induce this type of failure. 
Identification of the chemical compounds present in any surface deposits on the metal is important in 
determining the identity of corrodents and the nature of the damaging corrosion processes. However, great care 
should be taken to ensure that surface deposits are representative of the service environment and are not 
residues of extraneous materials introduced during such operations as liquid penetrant or magnetic-particle 
inspections performed after the failure. X-ray diffraction, coupled with energy-dispersive spectroscopy (EDS) 
or x-ray fluorescence (XRF) spectroscopy, is particularly useful in identifying surface or corrosion deposits, 
and can quickly lead to an understanding of the environmental factors involved in the SCC failure. In analyzing 
SCC failures, the nominal chemical composition of the metal is usually of less concern than the substances 
present at low concentrations or in trace amounts (usually as impurities) and the metallurgical structure of the 
metal. 
Energy-dispersive spectroscopy in a scanning electron microscope of either the crack faces or crack deposits in 
metallographic section can detect the presence of the damaging ions or of changes from the metal composition, 
which can be clues to the cause of SCC. Long counting times may be needed because of the depth of 
penetration of the electron beam relative to the thickness of the surface layers. 

Metallographic Analysis 

Aspects of metallographic analysis that require special attention include:  
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• The crack path relative to the microstucture—intergranular or transgranular, through or around second 
phases, extent of branching, and so forth 

• Preferred grain orientation such that the direction of maximum stress is perpendicular to elongated grain 
faces 

• The possible existence of highly hardened surfaces resulting from improper machining practices, wear, 
or localized working, which can initiate stress-corrosion cracks in high-strength materials 

• The possibility that impurities have been dissolved in the surface layers as a result of high-carbon or 
high-sulfur activity in the environment 

• The possibility that processing has introduced hydrogen into the metal, which can result in hydrogen-
induced delayed fracture 

• Detailed analysis of grain-boundary regions to determine whether composition, precipitation, or 
structure had not been properly controlled or had changed such that the grain boundaries became 
preferential regions for stress-corrosion attack (sensitization of austenitic stainless steel has such an 
effect) 

• The possibility that an impurity may be present that is not specified for the alloy and that would render 
the alloy particularly susceptible to SCC. This might include, for example, the presence of arsenic or 
antimony in stainless steel—elements for which chemical analysis is usually not conducted. 

It is not sufficient to consider only nominal chemical composition in assessing the potential for SCC. The 
possibility of surface contamination or changes in surface mechanical properties, as well as other structural 
changes resulting from heat treatment, must also be carefully considered. 

Reference cited in this section 
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Simulated-Service Tests 

Test Conditions. Once the cause and mechanism of a failure have been established, it is desirable to verify the 
conclusions experimentally so that appropriate corrective measures can be taken. These tests should simulate as 
closely as possible the environmental and mechanical conditions to which the failed part was subjected in 
service. Ideally, this would involve testing a part in service; however, such testing is frequently not feasible 
because of such factors as time-to-failure or extraneous damage caused by failure of the part. Thus, simulated-
service tests may have to be performed in the laboratory. 
When conducting simulated-service tests, however, exact duplication of service conditions cannot always be 
achieved. Also, the size and shape of the failed part may not be conducive to laboratory testing. In this case, 
carefully selected test specimens should be machined from the original part, if possible, incorporating any 
design features that may have contributed to the failure, such as sharp bend radii or crevices. 
Because many parts fail only after long periods of time, it is often not feasible to perform a simulation test of 
similar duration. In these cases, the test may be accelerated by increasing the stress, temperature, or 
concentration of the corrodent. However, changing these conditions may produce a type of failure completely 
different from that observed in service. Increasing the stress may produce failure by overload rather than SCC, 
and increasing the temperature or concentration of the corrodent may produce general corrosion or pitting 
corrosion rather than SCC. Meaningful accelerated testing is accomplished largely by trial and error. Once 
failure of the test part or specimen has occurred, the failure must be investigated using appropriate techniques to 
ensure that the failure mechanisms and appearance are representative of that previously encountered. 



The following factors should be carefully considered in planning simulated service tests:  

• Environmental factors 
1. Temperature, which may be steady or fluctuating and may also affect stress 
2. Single-phase or two-phase environment, which may involve alternate wetting and drying 
3. Composition, including major and minor environmental constituents, concentration and changes 

thereof, dissolved gases, and pH 
4. Electrochemical conditions, which may involve galvanic coupling or applied cathodic protection 

• Mechanical factors 
1. Loading, which may be static or cyclic. If cyclic, mean stress may be zero, tensile, or 

compressive; also, if cyclic, stress-wave shape and period must be defined. 
2. Surface damage, which may have occured by denting, gouging, fretting, or wear 

• Combined mechanical and environmental factors 
1. Surface damage, which may have occured by cavitation or liquid-impingement erosion 

The common methods for evaluating the susceptibility of metals to SCC are described in Ref 11 and 14. 

References cited in this section 
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Carbon and Low-Alloy Steels 

The susceptibility to SCC of carbon steels generally increases as carbon content decreases. However, 
decarburized steel and bulk pure iron are resistant to cracking; thus, susceptibility must be at a maximum at 
some concentration of carbon between 0 and approximately 0.10%. The exact carbon content at which cracking 
occurs most readily is not known, but the susceptibility to cracking is high in steels containing 0.05% C (Ref 
15). The nature and concentration of other alloying elements in low-carbon steels have less effect on general 
susceptibility to SCC than microstructure does. 
Surveys of the stress-corrosion behavior of high-strength low-alloy steels in a variety of environments have 
shown that the strength of the steel is the most important single indication of sensitivity to SCC. Steels with 
yield strengths of approximately 1379 MPa (200 ksi) or higher are especially susceptible to this type of failure. 
On the other hand, SCC failures of mild steel and low-strength alloy steels are also quite common. 

SCC Environments 

Caustic cracking of steel is a serious stress-corrosion problem and has caused many explosions and other types 
of failures, particularly in steam boilers. It has also been identified at welds in continuous digesters in the pulp 
and paper industry. Caustic solutions in the form of 5 to 40% aqueous solutions are also widely used in oil 
refineries and petrochemical plants to neutralize sulfuric, hydrochloric, and hydrofluoric acid streams. The 
general conditions that cause caustic cracking are reasonably well understood, but failure by such cracking is 
still a problem. 
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Caustic-cracking failures frequently originate in riveted and welded structures near faying surfaces and in 
splash and wet/dry zones where soluble salts accumulate high local concentrations of caustic soda and silica. 
Crack propagation is ordinarily intergranular. Failures of this type have been produced at concentrations of 
sodium hydroxide (NaOH) as low as 5%, but a concentration of 15 to 30% NaOH plus a small amount of 
oxygen is usually required to induce caustic cracking. Failures typically take place when the operating 
temperature is in the range of 200 to 250 °C (390 to 480 °F). The concentration of NaOH necessary for 
producing cracking increases as temperature decreases. 
Cracking occurs where corrosion potential is such that only part of the steel surface is covered with an oxide 
film. Cracking can be prevented by anodic protection, which forms a continuous and more stable oxide film, or 
by cathodic protection, which completely reduces the oxide film. 
Reducing pH and adding strong oxidizing agents to passivate the steel surface are common modifications of 
boiler water treatment that are used to prevent caustic cracking. Inhibitors such as nitrates, sulfates, phosphates, 
and tannins have been used. However adjustment of boiler water composition and addition of inhibitors should 
be done only if the chemical behavior of the materials involved is fully understood and only after suitable 
laboratory testing, because adjustment of boiler water composition can destroy the effectiveness of many 
inhibitors. Common practice for most steam boilers is to control pH and to monitor the water supply or 
maintain an effective concentration of inhibitors. 
Reducing grain size has been found to be helpful in decreasing the susceptibility to caustic cracking of the low-
carbon steels generally used in boilers. Minor changes in steel composition are of little value because they do 
not alter sensitivity at grain boundaries—areas that are preferentially attacked in caustic cracking. Stress 
relieving after welding is advisable in order to avoid excessive residual stress around the welds. 
MEA/DEA Cracking. Monoethanolamine (MEA) and diethanolamine (DEA) solutions (typically 20 to 25%) 
are used in gas fields and refineries to remove hydrogen sulfide and carbon dioxide from produced gas or light 
hydrocarbon streams. The “rich” solution (loaded with H2S and CO2) causes hydrogen stress cracking and 
hydrogen blistering, while the “lean” solution (stripped of gases) can cause a form of SCC called amine 
cracking. Cracking has been experienced in both pressure vessels and piping at temperatures down to 40 °C 
(100 °F). Cracking is intergranular, with the crack surfaces covered by a thin layer of magnetite. The cracking 
is similar to caustic cracking, but the pH and temperature are lower. Invariably, the cracking was associated 
with non-stress-relieved welds, so all new equipment is stress relieved after welding and the existing units were 
heat treated in situ. 
Cracking in Nitrate Solutions. Stress-corrosion cracking of carbon and low-alloy steels in nitrate solutions has 
occurred in tubing and couplings used in high-pressure condensate wells and in storage tanks containing 
radioactive wastes. 
Cracking in nitrate solutions follows an intergranular path. Boiling solutions of several nitrates, including 
NH4NO3, Ca(NO3)2, LiNO3, KNO3, and NaNO3, have been found to produce cracking. In general, more acidic 
solutions have more potent effects. The threshold stress necessary to produce cracking decreases with 
increasing concentration of the nitrate in the solution. This threshold stress can be quite low. For example, 
exposure to boiling 4 N solutions of the nitrates listed has produced cracking in some carbon and low-alloy 
steels at tensile stresses lower than 69 MPa (10 ksi). Decreasing temperature increased time-to-failure. By 
extrapolation of these test results, it can be estimated that failure would occur in about 1000 h at room 
temperature. Room-temperature tests of bridge cable wire in 0.01 N nitrate solutions have produced failures 
after exposure for several months. 
Decreasing pH enhances nitrate cracking, and resistance to cracking can be improved by raising pH. Sodium 
hydroxide, which causes caustic cracking by itself, can be added to nitrate solutions to retard cracking. The 
reverse is also true: nitrate additions retard caustic cracking. Cathodic protection can prevent SCC in many 
nitrate solutions. Anodic polarization is harmful. In addition to sodium hydroxide, several other inhibitors 
prevent cracking. 
In low-carbon steels, carbon content has a strong effect on susceptibility to nitrate-induced cracking. Initiation 
of SCC is minimized when carbon content is lower than 0.001% (extremely low) or higher than approximately 
0.18%. The threshold stress for cracking is low at carbon contents of approximately 0.05% but increases at 
carbon contents above approximately 0.10%. Accordingly, decarburization of steel surfaces can lead to 
cracking in nitrate solutions. This effect of carbon content applies primarily to crack initiation. A stress-
corrosion crack that starts in a decarburized surface layer will continue to propagate into the higher-carbon 
interior region of the metal. Tests performed on notched specimens have shown that preexisting cracks will 



propagate in steels of high carbon content. Crack initiation and propagation in nitrate solutions appear to be 
closely related to carbon and, possibly, nitrogen in grain-boundary regions. It has been suggested that cracking 
proceeds by a mechanism in which carbon-rich areas act as cathodes that sustain dissolution of the adjacent 
ferrite. As would be expected, changes in composition or processing history of the steel so as to alter carbon 
distribution can appreciably influence susceptibility to SCC. Strong carbide-forming elements, such as 
chromium, tantalum, niobium, and titanium, are generally helpful in improving resistance to cracking. 
Reducing grain size and cooling slowly after annealing are also helpful. Steels with pearlitic or coarse 
spheroidized microstructures are usually less susceptible to cracking than steels containing fine carbides. 
Moderate cold working may increase susceptibility to cracking, but severe cold working is beneficial. Just as in 
caustic cracking, full stress-relief annealing after welding can prevent cracking of welded assemblies, which 
may contain fairly high residual stresses in the as-welded condition. 
Cracking in Ammonia. Carbon steel tanks containing anhydrous ammonia have developed leaks because of 
SCC. In one case, cracking developed in the interior surface of the head regions of tanks having cold-formed 
heads, but not in tanks that had been stress relieved after fabrication. Thus, residual tensile stresses, in 
combination with the applied stresses, were evidently sufficient for cracking to occur. Crack growth in the tanks 
that failed was slow, and the average service time before detection of leakage was three years. 
It has been shown that both plain carbon steels and quenched-and-tempered low-alloy steels are susceptible to 
SCC in ammonia. In this investigation, both intergranular and transgranular cracking occurred in the quenched-
and-tempered steels, but only intergranular cracking in the carbon steels. The higher-strength steels were more 
susceptible to cracking. 
These failures were not produced in pure ammonia, but occurred in ammonia mixed with air or air plus CO2. It 
is now known that the critical ingredient for cracking is oxygen and that nitrogen further aggravates cracking. It 
was discovered that addition of water (0.2 wt%) to liquid ammonia completely eliminated susceptibility to 
cracking. Water additions have become mandatory by U.S. Department of Transportation ruling for interstate 
transportation of ammonia in high-strength steel vessels (>620 MPa, or 90 ksi, yield strength). Since the 
adoption of this ruling, the problem of SCC of steel in ammonia has disappeared in the United States. 
Carbonate/Bicarbonate Cracking of Pipelines. This form of SCC is a major problem for gas transmission 
pipelines. Two forms of cracking have been identified: classical, high-pH SCC and non-classical, low-pH SCC. 
Cracking generally occurs in older tape wrapped and coal tar or asphalt coated pipe, and disbonding of the 
coating—so that ground water can get to the metal surface—is a prerequisite for both forms. When the classical 
form is observed, the pH values of the water under the pipe coating will be in the range of 8.5 to 11 and the 
carbonate/bicarbonate content of the water will be high. On the other hand, the nonclassical SCC occurs in the 
pH range of 6 to 8.5 in dilute bicarbonate water. The high-pH SCC will be found within approximately 12 miles 
of a compressor station, but the low-pH SCC has been seen as far as 75 miles from the nearest compressor. 
The conditions responsible are the carbonate-bicarbonate environment, the pipe surface in the critical potential 
range for cracking (-0.6 to -0.7 V versus the saturated calomel electrode, SCE, for a carbonate-bicarbonate 
environment), and the applied tensile stress. The cathodic potential also creates the critical potential for SCC. 
The hoop stress in the circumferential direction of the pipe is created by the internal pressure in the pipe. The 
heat of compression carried by the gas heats the pipe near the compressor stations, and the classical SCC 
growth rate increases exponentially with temperature. The high-pH cracks are intergranular and tight, while the 
low-pH cracks are transgranular with evidence of corrosion of the crack walls. Both forms are promoted by the 
slow pressure cycling of the pipeline associated with low and high demand periods through the day. 
There is no simple control for external SCC, even though one of the three conditions necessary for cracking 
must be prevented. This means keeping the cathodic potential outside of the critical range for cracking, which is 
difficult, if not impossible, at all points on a long pipeline. Keeping the temperature as low as possible slows the 
reaction rate, which helps to prevent cracking. Many of the pipeline failures have been located in the first 16 
km (10 miles) downstream of a gas compressor station, which is the high-temperature region on a gas pipeline. 
Applying a good coating to the pipe surface is also a deterrent, as is shot peening the pipe surface to remove 
mill scale and provide a good surface for coating bonding. Small pressure fluctuations have been found to 
promote cracking; thus, pressure control is helpful, but it is difficult to achieve in most situations. 
Mitigation involves awareness of the nature of soils along the pipeline, close monitoring of the cathodic 
protection system on the line, and periodic excavation of sections of the line for magnetic particle examination. 
Nondestructive inspection for longitudinal SCC cracks using “inspection pigs” passed through the pipeline is a 
developing technology. Predictive methods are reviewed in Ref 16. 
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Steam Turbine SCC. Stress-corrosion cracking of carbon and alloy steel steam turbine components has included 
cast steel casings, rotors, wheels, and bolting. Of particular concern has been the SCC of NiCrMoV alloy steel 
rotors and wheels. The basic cause is transfer of caustic and other ionic species from the boiler water to the 
turbine. In addition to caustic (NaOH), these species can include chlorides, sulfates, carbonates, oxygen, carbon 
dioxide and silica, all of which can cause SCC problems. So the SCC is basically caustic cracking, but the 
environment is made much worse by the other impurities. Some transfer can occur by carryover, that is, the 
entrainment of water droplets in the steam. Evaporation of the water in the turbine results in concentrated 
deposits. Other impurities evaporate from the boiler water and concentrate in any water that may condense in 
the cooler parts of the turbine. Again alternate wetting and drying will lead to high impurity concentrations. 
Leakage at bolted flanges or the turbine split line can lead to deposition on and SCC of bolting. Adequate 
control of steam purity is often difficult in industrial plants because of the variety of sources of make-up water. 
Selection of more resistant (i.e., lower strength) materials and care in operation are essential for long life. 

Steel Case Studies 

Example 4: Intergranular SCC of Carbon Steel Pipe Welds in a Kamyr Continuous Digester Equalizer Line 
(Ref 17). Several cracks in and next to welds leaked within 18 months of normal service. The pipe was 
Schedule 80 low-carbon steel and was used to transfer kraft liquor at 175 °C (350 °F) in a Kamyr continuous 
pulp digester. The pipe ranged in diameter from 75 to 125 mm (3 to 5 in.) (NPS 3 to 5) and had been field 
welded using E6010 root passes and E7018 for the cover passes. 
Investigation. Cracks were found to run in both the axial and circumferential directions in the welds and heat-
affected zones (HAZs) (Fig 16a) and were localized to these areas. The inside surfaces of the pipes were 
covered with a thin oxide layer, but there was no evidence of general or pitting corrosion. 
 

 

Fig. 16  Stress-corrosion cracks in steel pipe weld. (a) Magnetic particle enhancement of 
cracks in the weld of an equalizer line elbow section. Cracks were localized in the weld 
and HAZs. (b) Cracks initiated on the inside surface and propagated through the weld in 
a multiple branching mode. 
 
Scanning electron microscopy (SEM) examination showed that the subcritical cracks were primarily 
intergranular, and EDS detected significant levels of sodium in the deposits at the crack tips. 
Metallographically, the cracks had initiated at the inner surface and propagated through the weld metal to the 
outside diameter (Fig. 16b). The cracks were intergranular and branched in the ferrite/pearlite microstructure 
and were oxide filled (Fig. 17). The hardness of the pipe and the weld metal were in the range of 73 to 93 HRB. 



 

Fig. 17  Tip of an intergranular stress crack that partially penetrated the weld. The crack 
was covered with oxides. 
Discussion. Cracking initiated on the inside diameter surfaces of welds and HAZs. The absence of corrosion 
damage indicates that carbon steel is suitable for the service, provided the conditions leading to SCC could be 
eliminated. A primary factor was high residual tensile stresses in the welds and surrounding base metal. Non-
stress-relieved welds are known to be susceptible to SCC in caustic environments such as the kraft liquor. 
Conclusion. The most probable cause of the intergranular SCC in the pipe welds was high residual stresses that 
resulted from the welding procedure used and the lack of postweld heat treatment. 
Recommendations. The weld procedure should include appropriate controls on weld preheat, interpass 
temperature, and postweld heat treatment. 
Example 5: Leaking Carbon Steel Weldments in a Sulfur Recovery Unit (Ref 18). Two leaks were discovered 
at a sulfur recovery unit in a refinery. The leaks were at pipe-to-elbow welds in a 152 mm (6 in.) (NPS 6) 
diameter line, operating in lean amine service at 50 °C (120 °F) and 2.9 MPa (425 psig). Thickness 
measurements indicated negligible loss of metal, and the leaks were clamped. A year later, 15 additional leaks 
were discovered, again at pipe-to-elbow welds in lean amine lines. Further nondestructive testing located other 
cracks, giving a total of 35. These lines had been in service for approximately eight years. 
Investigation. Examination revealed that the leaks were stress-corrosion cracks, which had originated at the 
inside surface. Circumferential cracks were present in the weld metal, the HAZs, and the base metal up to 5 mm 
(0.2 in.) away from the welds (Fig. 18). 
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Fig. 18  Cross sections of pipe-to-elbow welds showing stress-corrosion cracks originating 
from the inside surface of the weld metal and the base metal 
 
Hardnesses were 133 to 230 HB in the weld metal, 182 to 227 HB in the HAZs, and 117 to 198 HB in the base 
metal, converted from Knoop readings. 
The microstructures of the pipes and the elbows were normal, the cracking was intergranular and branched (Fig. 
19, 20), and the cracks were oxide filled. 
 

 

Fig. 19  Micrograph showing tight intergranular SCC originating at the inside surface of a 
pipe 
 



 

Fig. 20  Scanning electron micrograph showing intergranular SCC (A) and initiation sites 
for pitting (B) on the inside surface of a pipe 
 
Discussion. It is industry practice to postweld stress relieve piping and pressure vessels in lean amine service if 
the temperature is expected to be above 95 °C (200 °F). It was therefore considered unlikely that these pipe 
welds had received such a postweld heat treatment. The observed results were characteristic of lean amine SCC. 
Recommendations. It was recommended that all welds in the piping system be inspected using shear wave 
ultrasonic testing. Most important, all welds in lean amine service were subsequently postweld heat treated. 
Example 6: SCC of Carbon Steel Hoppers by Ammonium Nitrate Solution. After 10 to 20 months of service, 
the carbon steel hoppers on three trucks used to transport bulk ammonium nitrate prills developed extensive 
cracking in the upper walls. The prills were used in blasting operations and required transportation over rough 
roads to a mining site. 
The prills were discharged from the steel hoppers using air superchargers that generated an unloading pressure 
of approximately 11 kPa (7 psi). A screw conveyor at the bottom of the hopper assisted in the unloading 
operation. Each hopper truck held from 9,100 to 11,800 kg (10 to 13 tons) of prills when fully loaded and 
handled approximately 90,700 kg (100 tons) per month. 
The walls of the hoppers were made of 2.7 mm (0.105 in.) thick flat-rolled carbon steel sheet of structural 
quality, conforming to ASTM A 245 (obsolete specification replaced by A 570 and A 611). The interior 
surfaces of all three hoppers had been painted before placement in service, after 7 days of service, and after 60 
days of service. All exterior surfaces were covered with a gray epoxy coating of the type used at the prill 
manufacturing plant. There were no specifications for the interior coatings, but one appeared to be a 
fluorocarbon and another an aluminum pigmented coating. 
Investigation. Visual inspection of the internal surfaces of the hoppers revealed extensive rusting under the 
paint, especially along edges and at corners. This inspection also revealed that most of the cracking was 
confined to the top areas of the hoppers, around manholes and at circumferential welds in the sheet-steel walls. 
The cracking occurred in areas where bare steel had been exposed by chipping and peeling of paint. The cracks 
were 5 to 20 cm (2 to 8 in.) long and were located in or adjacent to welds. Some cracks were perpendicular to 
the weld bead, but most followed the weld. In one hopper, cracks were found along the full length of 
approximately 20 intermittent welds that attached internal bracing to the walls. All cracks in the hopper walls 
could be seen from the outside, where they appeared as straight lines of rust breaking through the gray external 
coating. 
A rectangular section that included a weld was removed from the upper front edge of the wall of one hopper for 

metallurgical examination. A transverse section approximately 3.2 mm ( 1
8

 in.) from the weld was mounted to 

permit examination of both the interior and exterior edges of the hopper wall. Examination of metallographic 
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specimens after polishing and etching with nital revealed an extensive pattern of intergranular cracking (Fig. 
21) that had originated at the interior surface. 

 

Fig. 21  Nital-etched specimen of ASTM A 245 carbon steel. Micrograph shows SCC that 
occurred in a concentrated solution of ammonium nitrate. 100× 
 
Discussion. Ammonium nitrate solutions of certain concentrations are known to crack steel. A concentrated 
nitrate solution was produced on the upper walls of the carbon steel hoppers by dissolution of ammonium 
nitrate dust in atmospheric water vapor that had condensed when moist air had entered the hoppers during 
unloading and during standby periods when the manhole covers were left open. 
Conclusions. Failure of the hoppers was the result of intergranular SCC of the sheet-steel walls because of 
contact with a highly concentrated ammonium nitrate solution. The solution was produced by dissolution of 
ammonium nitrate dust in condensed atmospheric water vapor that formed intermittently on the upper walls of 
the tank. 
Corrective Measures. A three-coat epoxy-type coating with a total dry thickness of 0.3 mm (0.013 in.) was 
applied to the interior surfaces of the hoppers. Although high stress levels in the steel resulting from welding, 
unloading, and traveling on uneven roads contributed to the cracking, it was more economical to coat the 
interior surfaces of the steel hoppers properly than to design for minimum stress levels or to make a change in 

material. For example, equivalent aluminum hoppers would cost approximately 2 1
2

 times as much as the 

carbon steel hoppers, and stainless steel hoppers would cost five times as much. 
Example 7: Metallurgical Analysis of Steam Turbine Rotor Disc (Ref 19). Numerous cracks observed on the 
surface of a forged A470 Class 4 alloy steel steam turbine rotor disc from an air compressor in a nitric acid 
plant were found to be the result of caustic induced SCC. No material defects or anomalies were observed in the 
sample that could have contributed to crack initiation or propagation or secondary crack propagation. Chlorides 
detected in the fracture surface deposits were likely the primary cause for the pitting observed on the disc 



surfaces and within the turbine blade attachment area. It was recommended that the potential for water 
carryover or feedwater induction into the turbine be addressed via an engineering evaluation of the water 
treatment procedures, steam separation equipment, and start-up procedures. 
Problem. A steam turbine that drives an air compressor in a nitric acid plant is started using saturated steam but 
is normally operated using superheated steam. A rotor disc in the turbine was found to contain radial cracks 
near the rim, when it was magnetic-particle inspected. 
The steam turbine disc was fabricated from an A 470 Class 4 alloy steel forging, which is a common Ni-Cr-Mo-
V alloy steel steam turbine disc material. Approximately one-third of the disc was available for examination 
and sectioning. 
Investigation. The steam turbine rotor disc segment, which is shown as received for analysis in Fig. 22, was 
visually examined. Multiple cracks were visible over much of the surface of the damaged disc. The disc 
surfaces were examined using the dry magnetic-particle techniques. Multiple cracks oriented in the radial 
direction on the sides of the disc were observed. Figure 23 shows a close-up view of this damage. 
 

 

Fig. 22  The rotor disc segment as received for analysis 

 

Fig. 23  Macrograph showing a close-up view of the typical magnetic-particle indications 
observed on the disc side surfaces 
 
The microstructure of the disc was found to consist of tempered martensite and bainite. The micrograph in Fig. 
24 shows the typical appearance of the damage; some of the cracking had initiated from the bottoms of 
corrosion pits. The cracking morphology was mixed mode, that is, both intergranular (around grain) and 
transgranular (through grain). Figure 25 shows two immediately adjacent cracks exhibiting these two different 
crack morphologies. The disc surfaces and primary crack paths showed considerable evidence of ongoing 
corrosion in the form of pitting on the disc surfaces and buildup of corrosion deposits in the larger cracks. 

The file is downloaded from www.bzfxw.com



 

Fig. 24  Micrograph showing a typical example of cracking observed in the blade 
attachment area. The cracks have propagated from pit bottoms. 
 

 

Fig. 25  Micrograph showing two immediately adjacent cracks. The lower crack is 
primarily intergranular while the upper crack is primarily transgranular. 
 
A sample of the turbine disc segment was analyzed for chemical composition. The results of the compositional 
analysis of the disc material are presented in Table 3. The compositional requirements for A 470 Class 4 are 
listed in the table for comparison. The disc material meets the chemical requirements of the indicated 
specification. 

Table 3   Chemical composition of steam turbine rotor disc 
Content, wt% 
Element Disc Chemical requirements per ASTM A 470 Class 4 
Carbon 0.27 0.28 max 
Manganese 0.51 0.20–0.60 
Sulfur 0.011 0.018 max 
Phosphorus 0.010 0.015 max 
Silicon 0.28 0.15–0.30 
Nickel 3.55 2.50 min 
Chromium 0.41 0.75 max 
Molybdenum 0.41 0.25 min 
Vanadium 0.09 0.03 min 



The deposits present at the termini of laboratory-opened cracks were analyzed in situ using EDS. The typical 
results of an in situ EDS analysis of the crack surface deposits are presented in Fig. 26. The deposits contained 
major amounts of iron, silicon, calcium, potassium and chlorine, plus minor to trace amounts of aluminum, 
sulfur, sodium, magnesium, phosphorus, titanium, chromium, manganese, nickel, and zinc. The iron, nickel, 
manganese, and chromium are base metal constituents. The other deposit constituents likely came from 
feedwater carryover. 

 

Fig. 26  Results of the in situ energy-dispersive spectroscopy analysis of the deposits 
present in the fracture terminus areas of the laboratory opened crack sample 
 
The bulk metal hardness of the steam turbine disc was measured using the Rockwell test, and readings averaged 
20.2 HRC. This hardness value corresponds to a tensile strength of approximately 758 MPa (110 ksi) per the 
ASTM A 370 approximate tensile strength conversion. This value meets the specification requirements. 
Discussion. The multiple, radially-oriented mixed mode cracking observed in the disc is indicative of caustic-
induced SCC. Both sodium and potassium were identified at the fracture terminus areas. The source of the 
caustic could have been carryover, the introduction of feedwater into the turbine, or severe steam quality 
problems. Chlorine (as chlorides) was also detected in the fracture surface deposits. The chlorides were likely 
the primary cause for the pitting observed on the disc surfaces and within the turbine blade attachment area. 
Both pitting and SCC occur in wet environments. 
The disc composition, microstructure, and hardness appeared to be normal. No material defects or anomalies 
were observed that could have contributed to the cracking. 
Conclusions. The most probable cause of the numerous cracks in this steam turbine disc was caustic-induced 
SCC. 
Recommendations. An evaluation of several factors in the operation of the steam system of the plant would be 
required to identify the source of the caustic. The operation of the steam drum/steam separators and the 
effectiveness of the plant water treatment program needed to be addressed. Additionally, the procedure of using 
saturated steam during startup should be assessed with regard to the potential for inducting feedwater into the 
steam turbine. 
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Maraging Steels 

Stress-corrosion cracking of maraging steels has been studied extensively using U-bends, unnotched tensile 
specimens, machined notched specimens, and fatigue-precracked fracture toughness test specimens. As with 
high-strength steels, the more severe the notch, the greater is the susceptibility to SCC. 
As shown in the following table, the threshold stress intensity needed for SCC of maraging steels in aqueous 
environments decreases as yield strength is increased.  
 
Yield strength Threshold stress intensity 
MPa ksi MPa m  Ksi in  
1379 200 110 100 
1724 250 44 40 
2069 300 11 10 
 
This general trend of decreasing threshold values with increasing yield strength is similar to what is observed 
for other high-strength steels. At a given yield strength, maraging steels generally have somewhat higher 
threshold values than other high-strength steels. 
Crack-growth rates for maraging steels usually show the three-stage curve characteristic of other high-strength 
steels. At lower stress intensities, the rate of cracking increases exponentially with stress intensity. At higher 
stress intensities, a plateau is reached at which crack-growth rate is constant with increasing stress intensity. At 
still higher stress intensities, near the values for fracture toughness in air, there is a further increase in the rate of 
SCC with stress intensity. Crack-growth rate at a given stress intensity increases as yield strength increases. 
Path of cracking is usually intergranular along prior-austenite grain boundaries. Transgranular cracking has also 
occurred, and may preferentially follow the martensite-platelet boundaries. Whether or not the crack path 
depends on stress intensity, as in low-alloy steels, is not clear. Microscopic branching of the main crack into 
two cracks inclined to the plane of the precrack occurs frequently, but the conditions that cause branching are 
not known. Crack branching in specimens broken in air has been reported and is believed to be associated with 
banding of the microstructure. Thus the appearance of crack branching by itself cannot be taken as proof of 
SCC. 
For smooth specimens tested in water, adding chloride ions and increasing pH from 9 to 13 accelerates SCC, 
probably by accelerating pitting. With precracked specimens these variables generally have much less effect. 
Cathodic protection has not been found to be a consistently effective way to prevent SCC of maraging steels. 
High annealing temperatures that coarsen the microstructure are deleterious. Underaging heat treatments are 
also generally deleterious. Overaging heat treatments have produced mixed results. Generally, the best practice 
is probably the use of a low annealing temperature and the standard maraging heat treatment. Cold working 
either before or after aging improves resistance to SCC. Prestressing so as to leave residual compressive 
stresses at the notch roots is also helpful. 
Variations in major alloying elements have little or no effect on cracking behavior. Of the minor elements, 
carbon and particularly sulfur are very deleterious. Marked improvement in resistance to cracking can be 
obtained if the concentration of these elements is held to very low levels. 
As with other high-strength steels, there is no completely satisfactory way to prevent SCC in maraging steels 
other than by reducing the strength level. In some cases, cathodic protection, surface coatings, and prestressing 
can prevent SCC, but such techniques must be used with care. 
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Austenitic Stainless Steels 

Although the SCC of austenitic stainless steels has been studied extensively, it is not possible to predict the 
exact conditions under which failure will or will not occur. However, certain behavior patterns have been noted. 
Austenitic stainless steels should be quenched rapidly from high temperatures to avoid sensitization. Slow 
cooling from approximately 850 °C (1560 °F) to approximately 550 °C (1020 °F) in heat treatment or welding 
increases susceptibility to intergranular SCC (or to intergranular corrosion), but rapid cooling through this 
range prevents such damage. Heating or service exposure in this temperature range will also lead to 
sensitization of unstabilized grades of austenitic stainless steel. The extent of damage is a function of both time 
and temperature. In general, the damage is attributable to the precipitation of chromium carbides at grain 
boundaries, resulting in a depletion of chromium in the adjacent grain boundaries and matrix. The limits of the 
so-called sensitizing-temperature range cannot be defined exactly, because they are influenced by the 
composition of the stainless steel, especially the percentages of carbon and of stabilizing carbide-forming 
elements or combinations of such elements as titanium, niobium, and niobium plus tantalum. Grades containing 
these elements, such as type 321 or type 347, are termed stabilized grades, while those that do not, such as type 
304 or type 316, are called unstabilized. Low carbon grades, such as type 304L, are more resistant to 
sensitization than the corresponding grade with a higher carbon content. 
Also, whether sensitizing is damaging in a given instance depends on the requirements of the specific 
application, on the environment and stresses to which the steel is exposed, and on the prior thermal and 
mechanical working history of the steel. Holding at temperatures as low as approximately 400 °C (750 °F) and 
as high as approximately 900 °C (1650 °F) for prolonged periods has been reported to cause sensitization of 
unstabilized austenitic stainless steels. 

SCC Environments 

Chloride SCC. The SCC of austenitic stainless steel in chloride solutions is so widely known and researched as 
to be almost the classic example of the phenomenon. The cracking is normally transgranular, and in the 
scanning electron microscope the facets have a very brittle, cleavagelike appearance (e.g., Fig. 15a). Energy-
dispersive spectroscopy of crack deposits or of the fracture facets from chloride SCC will generally show the 
presence of chloride and enrichment of chromium relative to the base metal. This enrichment can be used to 
differentiate chloride SCC from other types of cracking. 
Factors that can influence chloride SCC (Cl-SCC) include steel composition, chloride ion concentration, 
oxygen concentration, temperature, stress level, and pH. Both stabilized and unstabilized stainless steels are 
susceptible to Cl-SCC, but the resistance to it increases with increasing nickel content, especially above 20%. It 
is also possible to use lower-nickel-content duplex stainless steels. These alloys contain 40 to 60% ferrite in 
their microstructure. Even if stress-corrosion cracks initiate in the austenite phase, they are soon blocked by 
ferrite and restricted from growing beyond a microscopic size. The same effect occurs in the normal, ferrite-
containing cast CF alloys. A further benefit of the duplex stainless steels is their higher strength giving higher 
design stresses and lighter weight. 
In service, Cl-SCC is usually only observed above approximately 65 °C (150 °F), but under certain conditions 
and in the laboratory, cracking can occur down very close to room temperature. The threshold stresses for Cl-
SCC are quite low, so it can be assumed that sufficient stress is always present, whether from the applied loads 
or pressures or from forming or welding residual stresses. 
When chlorides are known to be in the environment, measures to avoid SCC are usually taken, so the chlorides 
in the case of field failures are often from an unexpected source. Perspiration dripping on warm stainless steel 
can initiate cracking. Stress relief, coatings, and peening to produce residual compressive stresses are helpful in 
preventing SCC of austenitic steels. External SCC of stainless steel piping has been traced to rain water 
entering through damaged insulation jacketing and either leaching chlorides from the insulation or, at seacoast 



locations, the rain itself may contain traces of chloride and can reach the pipe surface and concentrate by 
evaporation. Internal SCC can occur after hydrotesting if the water contains even small amounts of chloride. 
There will almost always be areas that do not drain, and under the heat of the sun the water will evaporate, the 
solution will become concentrated, and cracking can initiate and grow. 
Caustic SCC. The austenitic stainless steels are also susceptible to SCC in caustic solutions, but the onset is at 
higher temperatures than for carbon steel—105 to 205 °C (220 to 400 °F), depending on concentration. Again, 
concentration of the sodium hydroxide by evaporation of water could change a set of conditions from one that 
is safe to one of a temperature and high pH where SCC would occur. 
It was thought for a long time that caustic SCC of stainless steel was always intergranular and therefore could 
be distinguished from transgranular Cl-SCC by metallography. It has since been found that both types of SCC 
can have similar crack paths and that this simple rule of thumb is not reliable. When examined by EDS and 
SEM, caustic SCC cracks will usually contain sodium and be enriched in nickel relative to the base metal. 
Polythionic acid stress-corrosion cracking (PASCC) occurs in refinery units processing sulfurous streams. It is 
a very severe, rapid form of intergranular SCC that attacks sensitized austenitic stainless steels such a weld 
HAZs in type 304. Polythionic acid is a generic term used to describe acids of the form H2SxO6. These acids 
form during downtime (turnarounds) after air enters the equipment and the temperature drops below the 
ambient dew point. The iron/chromium sulfide scales on the steel react with oxygen and water to form the 
corrodent. Testing has shown the damaging specie to be the tetrathionate ion, where x in the above formula has 
the value of four. The thiosulfate ion (S2O3

-2) is just as damaging, producing very high rates of crack 
propagation. The stresses required are very low, well within the range of welding residual stresses. Polythionic 
acid SCC can cause severe damage to plant equipment within a day or two following a shutdown. Guidelines 
are contained in NACE Recommended Practice RP-01-70 for avoiding PASCC during downtime. The practices 
include blanketing with dry nitrogen or very dry air or neutralizing the acids by spraying with a 2% aqueous 
sodium carbonate solution. The use of the stabilized grades of stainless steel, types 321 and 347, is helpful, but 
sensitization can still occur in service in weld HAZs, even in these grades, if they are not thermally stabilized 
after welding. 
High-Temperature Water SCC. In the mid-1970s there was an outbreak of incidents of SCC at the HAZs of 
pipe welds in boiling water reactor (BWR) service. This cracking also required that the steel in these zones be 
sensitized, and the residual stresses in the pipe circumferential welds were well able to support cracking, 
leading to leakage of reactor water. The reactor water contained a small amount of radiolytically produced 
oxygen, which was sufficient to provide the electrochemical conditions needed for SCC. The presence of 
chloride, sulfate, and carbonate impurities in the water increased the likelihood of cracking. Mitigation of the 
pipe cracking attacked each of the three factors involved in SCC. Nuclear grade steels were developed with 
extra low carbon contents to avoid sensitization and increased nitrogen to restore strength. Welding procedures 
and in situ thermal treatments were employed to reduce residual stresses. Hydrogen injection into the reactor 
water was introduced to lower the oxygen content of the water. 

Case Studies 

Example 8: SCC of Type 316 Stainless Steel Piping. A 680,000 kg (750 ton) per day ammonia unit was shut 
down following fire near the outlet of the waste heat exchanger. The fire had resulted from leakage of ammonia 
from the type 316 stainless steel outlet piping. 
As Fig. 27(a) shows, the outlet piping immediately downstream from the waste heat exchanger consisted of a 
46 cm (18 in.) (NPS 18) diameter flange, a 46 to 36 cm (18 to 14 in.) (NPS 18 to NPS 14) outside-diameter 
reducing cone, a short length of 36 cm (NPS 14) outside-diameter pipe, and a 36 cm (NPS 14) outside-diameter 
90° elbow, all joined by circumferential welds. The flange was made from a casting; the reducing cone, pipe, 

and elbow were made of 13 mm ( 1
2

-in.) thick plate. A 33 cm (13 in.) outside-diameter by 1.6 mm ( 1
16

 in.) 

thick liner wrapped with insulation was welded to the smaller end of the reducing cone. All of the piping up to 
the flange was wrapped with insulation. 
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Fig. 27  AISI type 316 stainless steel piping that failed by SCC at welds. Cracking was 
caused by exposure to condensate containing chlorides leached from insulation. (a) View 
of piping assembly showing cracks on inner surface of cone. Dimensions given in inches. 
(b) Macrograph of an unetched section through cone base metal near flange-to-cone weld 
showing branched cracks. 10× 
 
Investigation. Visual examination disclosed transverse cracks in the weld joining the flange and cone that ran 
into the base metal on either side. The cracks extended only a short distance into the flange but well into the 
reducing cone. Cracks also were found in a short section of the longitudinal weld in the 36 cm (NPS 14) 
outside-diameter pipe between the cone and the elbow. 
The piping assembly was cut into the individual components for ease of examination. The components were 
then liquid penetrant inspected. At the flange end of the cone there were numerous cracks across the inner top 
surface from the eight o'clock position to the four o'clock position. Only one of these cracks was visible on the 
outer surface. Figure 27(a) shows several of the cracks on the inner surface of the cone. 
Analysis of the insulation wrapped around the liner revealed chlorides in the form of sodium chloride, at a 
concentration of 190 to 300 ppm, produced by selective leaching. 
Metallographic examination of specimens from the cracked area of the cone revealed that both the weld joining 
the flange and the cone and the base metal of the cone contained several branched, transgranular cracks, all of 
which had originated at the inner surface (Fig. 27b). 
Discussion. The branched, transgranular cracks in the flange-to-cone weld and in the base metal of the cone 
were characteristic of chloride stress-corrosion cracks in type 316 stainless steel. There were two possible 
sources of chlorides: boiler feedwater and insulation. The boiler feedwater was an unlikely source because it 
was monitored regularly to guard against chlorides. However, the insulation material between the cone and its 
inner liner was known to contain leachable chlorides. 
Chlorides will not cause SCC unless an aqueous phase is present; therefore, the temperature of the outlet stream 
must have dropped below the dewpoint at some time. It is also possible that the absence of insulation at the 
flange caused a cool spot at which condensation could occur. 
Conclusions. The outlet piping failed in the area of the flange-to-cone weld by SCC as the result of aqueous 
chlorides; the chlorides were leached from the insulation around the liner by condensate. 



Recommendations. To prevent future failures, it was recommended that the chlorides be eliminated from the 
system, that the temperature of the outlet stream be maintained above the dewpoint at all times, or that the type 
316 stainless steel be replaced with an alloy more resistant to chloride attack. Use of a more resistant alloy, 
such as Incoloy 800, would be another reliable approach. 
Example 9: SCC in a Neck Liner. A CF-8M (cast type 316) neck liner or manway was removed from the top of 
a digester vessel. Repeated attempts to repair the part in the field during its life cycle of many years had failed 
to keep the unit from leaking. 
Investigation. Figure 28(a) shows the general appearance of the part. Visual inspection revealed extensive weld 
repair and evidence of a heavy buildup of material at the abrupt change in diameter to the lower neck of the 
body. Figure 28(b) is a cross section through the part that shows weld metal, a piece of wrought plate that had 
been welded in during a repair, and the original casting. Chemistries of the three constituents are presented in 
Table 4. The casting was a CF-8M modified with the molybdenum level at the top end of the range. The plate 
was standard 317L material. The filler metal was type 316, although marginal in molybdenum content. The 
cracking and repair work were concentrated above the change in diameter where the heavy corrosion products 
and caked-on pulp had collected. 
 

 

Fig. 28  Stress-corrosion cracking liner of cast neck liner. (a) Illustration of neck liner 
removed from a pulp digester vessel. Note the abrupt change in cross section that led to a 
caked-on buildup. Dimensions given in millimeters (inches). (b) Extensive SCC into the 
317 plate on the inner surface. (c) Close-up view of the cracks with the classic branched 
appearance of SCC 

Table 4   Chemistries of failed neck liner 
Content, % 
Element Casting Plate Weld 
Carbon 0.02 0.02 0.043 
Manganese 1.26 1.69 1.50 
Silicon 0.93 0.54 0.36 
Chromium 19.03 18.47 17.89 
Nickel 10.32 13.92 11.54 
Molybdenum 2.81 3.10 1.91 
Copper 0.09 0.16 0.13 
Sulfur 0.009 0.018 0.21 
Phosphorus 0.030 0.026 0.031 
 
Figure 28(c) is a micrograph showing one of the weld-metal cracks in Fig. 28(b). The crack has the branched, 
transgranular appearance typical of Cl-SCC in stainless steel. Metallography also indicated that prior cracks had 
not been completely removed before welding. 
Discussion. It appears the original casting suffered SCC in a low-oxygen area high in chlorides from repeated 
wet/dry cycles where there was a buildup of debris. Repair attempts had worsened the situation by increasing 
the stress levels with the addition of residual stresses and by leaving stress concentrators under the repairs from 
all of the previously cracked metal not being removed. 
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Conclusion. The damage to the neck liner was due to Cl-SCC in an area of debris buildup. 
Recommendation. The neck liner should be redesigned to eliminate the abrupt change where there was debris 
buildup. If redesign was impossible, an alloy more resistant to Cl-SCC, such as a duplex stainless steel or a 
high-molybdenum (4 to 6%) austenitic stainless steel, should be used. 
Example 10: Eddy-Current Inspection of Pitting and SCC of Type 316 Stainless Steel Evaporator Tubes in a 
Chemical Processing Operation. Eddy-current inspection was performed on a vertical evaporator unit used in a 
chemical processing plant. The evaporator contained 180 tubes, 25 mm (1 in.) in diameter. The tube material 
was type 316 stainless steel. The shell side fluid was condensate and gaseous methylene chloride, while the 
tube side fluid was contaminated liquid methylene chloride. Eddy-current inspection revealed 101 tubes that 
exhibited severe outer surface pitting and cracklike indications near each tube sheet. Several tubes exhibiting 
strong indications were pulled for visual and metallurgical examination. 
Investigation. It was observed that the indications correlated with rust-stained, pitted, and cracked areas on the 
outer surfaces. The condition was most severe along the portions of the tubes located between the upper tube 
support and top tube sheet. Figures 29(a) and (b) show a pitted and cracked area before and after dye-
penetration application. 
 

 

Fig. 29  Pitting and stress corrosion in type 316 stainless steel evaporator tubes. (a) Rust-
stained and pitted area near the top of the evaporator tube. Not clear in the photograph, 
but visually discernible, are myriads of fine, irregular cracks. (b) Same area shown in (a) 
but after dye-penetrant application to delineate the extensive fine cracks associated with 
the rust-stained, pitted surface. (c) Numerous multibranched, transgranular stress-
corrosion cracks initiating from the outer surface pits. 35×. Courtesy of J. P. Crosson, 
Lucius Pitkin, Inc. 
 
Metallographic examination revealed that the cracking initiated from the outer surface, frequently at pits, and 
penetrated the tube wall in a transgranular, branching fashion. The crack features were characteristic of Cl-
SCC. In many cases the cracking, rather than penetrating straight through the tube wall, veered off in a 
tangential direction at or about midwall, suggesting the possibility of a change in the residual stress field from 
tube drawing. Figure 29(c) shows SCC originating from pits on the outer surface of the tube. 
Conclusion. The results of the examination indicated that the subject tube failures occurred by way of SCC as a 
result of exposure to a wet-chloride-containing environment. 
Recommendation. A change in tube material was recommended to avoid future failures and loss of service. 
Example 11: SCC of Type 316 Stainless Steel Tubing. A steam-condensate line made of type 316 stainless steel 
tubing that measured 19 mm (0.75 in.) outside diameter by 1.7 mm (0.065 in.) wall thickness had been in 
service for five to six years when leakage occurred. The line was buried, with no wrapping, in a sandy, caustic 
soil. The line carried steam condensate at 120 °C (250 °F) with a 2 h heat-up/cool-down cycle. No chemical 
treatment had been given to either the condensate or the boiler water. Two sections of the tubing, with a 
combined length of approximately 330 mm (13 in.), were submitted for laboratory analysis of the cause of the 
leakage. 



Investigation. The outside surface of the tubing exhibited no signs of corrosion; however, on one of the sections 

there was a transverse crack along the edge of a 6.4 mm ( 1
4

 in.) diameter pitted area. Two adjacent areas were 

raised, resembling blisters, and also had transverse cracks along their edges. The cracks were irregular and had 
penetrated completely through the tube wall. The pitted area was believed to be a spall, and the blisters 
incipient spalls, resulting from SCC that originated at the inner surface of the tube. The cracks, the spall, and 
the blisters did not appear to have been related to any effect of the external environment. 
The inside surface of the tubing was covered with a brown, powdery scale, was slightly rough, and contained 
small pits. Some cracks were found that had originated at pits on the inner surface but had not completely 
penetrated the tubing wall (Fig. 30). The cracks were transgranular and branching, which is typical of chloride-
induced SCC of austenitic stainless steel. 
 

 

Fig. 30  Section through type 316 stainless steel tubing that failed by SCC because of 
exposure to chloride-contaminated steam condensate. Micrograph shows a small 
transgranular crack that originated at a corrosion pit on the inside surface of the tubing 
and only partly penetrated the tubing wall. Etched with aqua regia. 250× 
 
To check for chlorides, the inside of the tubing was rinsed with distilled water, and the rinse water was 
collected in a clean beaker. A few drops of silver nitrate solution were added to the rinse water, which clouded 
slightly because of the formation of insoluble silver chloride. This test indicated that there was a substantial 
concentration of chlorides inside the tubing. 
Conclusion. The tubing failed by chloride SCC (Cl-SCC) Chlorides in the steam condensate also caused 
corrosion and pitting of the inner surface of the tubing. Stress was produced when the tubing was bent during 
installation. 
Recommendations. Water treatment should be provided to remove chlorides from the system. Continuous flow 
should be maintained throughout the entire tubing system to prevent concentration of chlorides. No chloride-
containing water should be permitted to remain in the system during shutdown periods. Bending of tubing 
during installation should be avoided to reduce residual stress. 
 

Stress-Corrosion Cracking  

Revised by W. R. Warke 

 

The file is downloaded from www.bzfxw.com



Ferritic and Duplex Stainless Steels (Ref 2) 

Ferritic stainless steels have been reported to have high resistance to SCC and are highly resistant to SCC in the 
chloride and caustic environments that crack the common austenitic stainless steels. However laboratory 
investigations have shown that additions of small amounts of nickel or copper to ferritic steels may make them 
susceptible to cracking in severe environments. This is especially true for as-welded steels. Nevertheless 
cracking in chloride or caustic environments in service occurs very rarely. 
Materials factors that have been identified as detrimental to the chloride SCC (Cl-SCC) of ferritic stainless 
steels include the presence of certain alloying elements, sensitization, cold work, high-temperature 
embrittlement, and the precipitation of α′ (at 475 °C, or 887 °F) (Ref 20). Although it is not clear whether these 
effects are directly related to Cl-SCC or represent manifestations of other phenomena such as hydrogen 
embrittlement or stress-aided intergranular corrosion, the effects can be detected in the standard boiling 
magnesium chloride test. The alloying elements that are detrimental to the resistance of ferritic stainless steel to 
Cl-SCC include copper, nickel, molybdenum (in the presence of nickel), cobalt (in the presence of 
molybdenum), ruthenium, sulfur, and carbon (Ref 20). 
Any structural features that reduce the ductility of ferritic stainless steels, such as the formation of carbonitrides 
or α′ and cold work, can reduce the resistance of these steels to SCC. Ferritic stainless steels with chromium 
contents of 14% or more are subject to embrittlement at temperatures from approximately 370 to 540 °C (700 
to 1000 °F). Embrittlement results in loss of room-temperature toughness. 
Hydrogen embrittlement also has been identified as the cause of SCC of ferritic stainless steels when they are 
cathodically polarized in aqueous environments (Ref 21, 22). For example, the super ferritic stainless steels 29-
4C and Sea-Cure exhibit hydrogen embrittlement when they are cathodically polarized to potentials in the range 
of -0.9 to -1.4 V (saturated calomel electrode) (Ref 21). Hydrogen embrittlement of these alloys can also occur 
when they are exposed to acidic environments or in the presence of hydrogen-ion recombination poisons. The 
fracture mode of hydrogen embrittlement in these superferritic stainless steels is transgranular cleavage. 
Duplex stainless steels with 10 to 28% Cr and 4 to 8% Ni contain both austenite and ferrite. An attractive 
feature of these alloys is that they have much higher strength than either the austenitic or the ferritic stainless 
steels. Although duplex stainless steels are susceptible to Cl-SCC, the threshold stress for SCC is generally 
much higher for duplex stainless steels (Ref 23). The microstructural parameters that have a significant effect 
on the susceptibility to Cl-SCC are the presence of σ-phase and the ferrite content. The presence of σ-phase has 
been shown to be detrimental to SCC resistance in boiling 35% MgCl2 at 125 °C (257 °F) (Ref 23). Ferrite has 
been shown to affect the resistance to Cl-SCC in boiling 42% MgCl2, with the resistance reaching a maximum 
at 40% and decreasing on either side of this value (Ref 24, 25). 
Welding of duplex stainless steels may have a significant effect on the resistance to Cl-SCC. Welding can 
destroy the duplex structure of an annealed material by forming continuous regions of ferrite along the weld 
HAZ. In addition, welding can result in the formation of carbonitrides, α′, and precipitate-free zones, which 
contribute to the susceptibility to SCC. 
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Martensitic and Precipitation- Hardening Stainless Steels 

Higher-strength martensitic and precipitation-hardening stainless steels are subject to SCC and, to a greater 
degree, hydrogen stress cracking. Actually, failure of these alloys under conditions that appear conducive to 
SCC is so similar to failure caused by hydrogen damage that it is often questionable whether distinguishing 
between the two mechanisms is meaningful. These steels are susceptible to SCC in aqueous chloride 
environments with or without sulfides present. The mechanism of SCC in aqueous chloride environments such 
as marine environments is generally accepted to be hydrogen embrittlement. Martensitic and precipitation-
hardening alloys are susceptible to hydrogen embrittlement in marine environments at yield strengths above 
1035 MPa (150 ksi). 
Susceptibility to failure is determined primarily by metallurgical structure. As expected, increasing the yield 
strength of martensitic and precipitation-hardening stainless steels increases the probability of cracking. The 
environments that cause failure are not specific; almost any corrosive environment capable of causing hydrogen 
evolution can also cause cracking. Even as mild an environment as fresh water at room temperature may cause 
failure in especially susceptible alloys. 

Case Studies 

Example 12: SCC Failure of a Sensitized Valve Stem. A 9 cm (3.5 in.) diameter valve stem made of 17-4 PH 
(AISI type 630) stainless steel, which was used for operating a 61 cm (24 in.) gate valve in a steam power plant, 
failed after approximately four months of service, during which it had been exposed to high-purity water at 
approximately 175 °C (350 °F) and 11 MPa (1600 psi). The valve had been subjected to 25 hot cycles to 300 °C 
(575 °F) and 12.6 MPa (1825 psi) by the manufacturer and to occasional operating tests at 260 °C (500 °F) 
during service. Valve stems of 17-4 PH stainless steel had previously given satisfactory performance in similar 
service conditions. The bottom of the stem, from which the valve gate was suspended, was in the shape of a T. 
The valve stem was forged from 15 cm (6 in.) square billet stock and was reported to have been solution heat 
treated at 1040 ± 14 °C (1900 ± 25 °F) for 30 min and either air quenched or oil quenched to room temperature. 
Following rough machining and magnetic-particle, liquid penetrant, and ultrasonic inspection, the stem was 
reportedly aged at a temperature from 550 to 595 °C (1025 to 1100 °F) for 4 h and then final machined. The 
final hardness to be expected from this treatment was less than 35 HRC. Final inspection was done by the liquid 
penetrant method. 
Investigation. Each of the two surfaces of the fracture showed a semicircular stain (Fig. 31a) in a large area 
where fracture had propagated along prior-austenite grain boundaries without deformation. The stains remained 
even after ultrasonic cleaning in a solution of detergent in hot water. 
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Fig. 31  Power plant gate-valve stem of 17-4 PH stainless that failed by SCC in high-purity 
water. (a) A fracture surface of the valve stem showing stained area and cup-and-cone 
shearing at perimeter. 0.7×. (b) Micrograph showing secondary intergranular cracks 
branching from fracture surface. 50× 
 
Also shown in Fig. 31(a) is a narrow cup-and-cone shear-type area of failure that extends almost around the 
entire circumference of the fracture surface. This portion of the fracture was transgranular with some 

deformation, but not enough to affect outside-diameter measurements 6.4 mm ( 1
4

 in.) away. In one narrow 

region of the periphery, intergranular fracture extended to the surface with no cup-and-cone shearing; 
intergranular SCC began here. This point also coincided with the junction of the stem with a tapered fillet at the 
T-head, where the stress could have been slightly elevated. 
Metallographic examination of the structure adjacent to the fracture revealed a pattern of typical stress-
corrosion cracks that radiated from the fracture surface along the grain boundaries (Fig. 31b). A macroetched 
cross section displayed a region of coarse-grain material (ASTM 2) surrounded by a structure of finer and more 
uniform grain size that extended to the surface. The coarse grain size was abnormal, suggesting that the solution 
heat treatment that should have followed forging may have been either omitted or carried out at too high a 
temperature. The matrix was found to contain small areas of ferrite, which in turn contained fine precipitate. 
This type of structure has been found in specimens that have been slowly (furnace) cooled through the range of 
455 to 400 °C (850 to 750 °F) after aging. 
Brinell hardness readings along the length of the stem indicated a uniform hardness throughout. Hardness 

readings taken from a cross section of the stem 19 mm ( 3
4

 in.) from the fracture surface averaged 42 HRC. 

Because the hardness seemed too high for the reported aging temperature, a reheat treatment was undertaken as 
a double check. A portion of the failed stem was re-solution-treated at 1040 °C (1900 °F) for 1 h, oil quenched, 
then sectioned to permit aging at a variety of times and temperatures. The hardness values resulting from these 
aging treatments were:  
 
 
 
 
 
 



 
 
Aging treatment Hardness, HRC 
1 h at 480 °C (900 °F), air cool 44 
4 h at 495 °C (925 °F), air cool 41 
4 h at 525 °C (975 °F), air cool 39 
1 h at 550 °C (1025 °F), air cool 39 
2 h at 550 °C (1025 °F), air cool 37 
4 h at 550 °C (1025 °F), air cool 35 
 
These results indicated that the stem had been aged at 495 °C (925 °F) or less, rather than at the reported 550 to 
595 °C (1025 to 1100 °F). 
Conclusions. Failure was by progressive SCC that originated at a stress concentration, followed by ultimate 
shear of the perimeter when the effective stress exceeded the strength of the structure. Heat treatment had been 
improper. The solution heat treatment had been either omitted or at too high of a temperature, resulting in a 
coarse grain size. The aging treatment had been at too low of a temperature, creating a structure having 
excessive hardness, inadequate ductility, and unfavorable sensitization to SCC. 
Recommendations. To prevent failures of this type in other 17-4 PH stainless steel valve stems, the following 
heat treatments were recommended: after forging, solution heat treat at 1040 °C (1900 °F) for 1 h, then oil 
quench; to avoid susceptibility to SCC, age at 595 °C (1100 °F) for 4 h, then air cool. 
Example 13: Aircraft Attachment Bolt Failure. During a routine inspection on an aircraft assembly line, an 
airframe attachment bolt was found to be broken. The bolt was one of 12 that attach the lower outboard 
longeron to the wing carry-through structure. Failure occurred on the right-hand forward bolt in this longeron 
splice attachment. The bolt was fabricated from PH13-8Mo stainless steel heat treated to have an ultimate 
tensile strength of 1517 to 1655 MPa (220 to 240 ksi). A water-soluble coolant was used in drilling the bolt 
hole where this fastener was inserted. 
Investigation. Figure 32(a) shows a bolt shank with corrosion evident on surfaces in contact with the splice 
joint, while Fig. 32(b) shows the fracture and initiation site of the bolt failure. Surface pitting on the bolt shank 
and subsequent corrosion cracking are shown. Scanning electron microscopy (SEM) examination of the fracture 
revealed the topography to be intergranular at the initiation site and to a depth of 8.4 mm (0.33 in.) (Fig. 32c). 
The remainder of the fracture showed a mixed topography of cleavage and ductile dimples (Fig. 32d). 

The file is downloaded from www.bzfxw.com



 

Fig. 32  (a) Parallel lines of corrosion on the shank of a PH13-8Mo stainless steel aircraft 
attachment bolt. (b) Close-up of fracture surface of bolt showing corroded area. Arrows 
point to one possible crack arrest line. (c) Scanning electron microscopy fractograph of 
area B in (b). Note corrosion product (left) and ductile dimples in the center. 265×. (d) 
Scanning electron microscopy fractograph of area C in (b). Area of fast fracture shows 
cleavage and dimples. 265× 
 
Examination of corrosion products on the fracture by Auger emission spectroscopy and secondary imaging 
spectroscopy revealed the presence of elements typically found in tap water. Chemical analysis of the bolt 
material showed the composition to be within specification limits for PH13-8Mo stainless steel. Rockwell C 
hardness measurements taken on the bolt produced values ranging from 47 to 48 HRC, which would 
correspond to the specified ultimate tensile strength of 1517 to 1655 MPa (220 to 240 ksi). 
Conclusion. It was concluded from the study that failure of the attachment bolt was caused by stress corrosion. 
The source of the corrosive media was the water-soluble coolant used in boring the bolt holes. 
Recommendations consisted of inspecting for corrosion all the bolts that were installed using the water-soluble 
coolant at the spliced joint areas, rinsing all machined bolt holes with a noncorrosive agent, and installing new 
PH13-8Mo stainless steel bolts with a polysulfide wet sealant. 
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Nickel-Base Alloys 

Nickel-base alloys are often used because of their high resistance to corrosion and SCC in various 
environments. However, SCC can occur under specific combinations of environment, microstructure, and 
applied stress. The number of environments that have been recognized over the years to cause SCC in nickel-
base alloys are listed in Table 5. 

Table 5   Evolution of environments that have been determined to cause stress- corrosion 
cracking (SCC) of nickel and nickel-base alloys 
Period Environment 
ca. 1950 H2O-HF 

 
Fluosilicic acid 

ca. 1978 H2O-Cl- 
 
H2O-OH- 
 
Polythionic acid 
 
Chromic acid 
 
Acetic acid 
 
Molten caustics 
 
Steam 
 
Organic liquids 
 
Liquid Li, Hg, Sn, Zn, Bi, Pb 
 
H2O 
 
H2  

Late 1970s to present H2O-Cl--CO2-H2S-S8 
 
H2O-Br- 
 
H2O-I- 
 
Thiocyanates, tetrathionate, thiosulfate 
 
Sulfurous acid 

Source: Ref 26  

SCC Environments 
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Cl-SCC of Nickel Alloy. Even though there is data to indicate that Fe-Ni-Cr alloys containing more than 
approximately 35% Ni will not crack in chloride-containing environments, other studies have shown that 
cracking can occur under more severe conditions. Figure 33 shows some results for various alloys when tested 
in autoclaves in a deaerated 20.4% magnesium chloride solution. The temperature for the onset of SCC 
increases with increasing nickel content, and Alloy 200 and Alloy 600 were immune at the highest temperature 
tested. The same alloys were tested in sodium chloride and calcium chloride solutions with the same chloride 
ion concentration; the magnesium chloride solution was the most severe, with sodium and calcium following in 
that order. The results were summarized as:  

• Alloys B, B-2, 600, and 200 showed no SCC. 
• Alloys C-276 and C-4 were susceptible in magnesium chloride solution at 232 °C (450 °F). 
• Alloy G-3 was susceptible in both sodium and magnesium chloride solution at this temperature. 
• Alloys 825, 718, and 800 exhibited SCC only in these two solutions down to 175 °C (350 °F). 
• Alloy 28, M-352, L, and 20Cb-3 exhibited the lowest resistance to SCC of the alloys studied. 

 

Fig. 33  Effect of nickel on SCC in 20.4% MgCl2 deaerated with nitrogen. Source: Ref 26 

  
Caustic SCC. The nickel-base alloys 600 and 800 are susceptible to caustic SCC at very high temperatures in 
the sensitized condition. Most of the testing has been done at temperatures above 288 °C (550 °F). A 
stabilization heat treatment improves resistance, while the presence of sulfate, carbonate, or phosphate ions 
makes the SCC worse. Alloy 690, with higher chromium and lower carbon contents than 600, is much more 
resistive, and Alloy 200, commercially pure nickel, is reported to be immune under all conditions encountered 
in the industrial use of caustic solutions. Alloys 825 and C-276, which also contain Mo, were found to be 
susceptible in concentrated solutions such as 50% NaOH above 150 °C (300 °F). 
Polythionic Acid SCC. Intergranular SCC has been observed in sensitized Alloys 600 and 800 in polythionic 
acid, sodium tetrathionate, and sodium thiosulfate solutions. Sensitized Alloy 600 samples failed in less than 10 
h and at stresses as low as 70 MPa (10 ksi). Research has shown that the grain boundary chromium content in 
sensitized Alloy 600 can be below 5%, and, when it is, 100% intergranular SCC will occur in tetrathionate 
solutions. Levels of 8.3% and higher were found to be immune to intergranular fracture. Depending on the 
degree of sensitization, extremely dilute solutions can cause SCC. Stabilized versions of these alloys and 
higher-chromium alloys may not be susceptible to this form of SCC. 
High-Temperature Water SCC. While boiling water nuclear reactors had their problems with stainless steel 
piping cracking, the pressurized-water reactors had a different problem of extreme severity. This problem was 
cracking of the tubes in the steam generators, which are very large, vertical, shell and tube heat exchangers. 
Again the material was Alloy 600, but in this case it was susceptible to intergranular SCC when in the mill 
annealed condition. The environment was deaerated high-temperature essentially pure water. Severity increases 



with temperature and with trace impurities in the water. From the stress standpoint, most failures have occurred 
in highly strained areas, such as U-bends, and expanded regions where the tubes were rolled into the tube sheet. 
Mill annealed is a generic term, and different tube manufacturers use different procedures. The most 
susceptible microstructures were produced by treatments at temperatures less than 950 °C (1740 °F). The 
resulting structure was very fine grained with relatively heavy intragranular carbide precipitation and almost no 
grain-boundary carbides. A variety of thermal and mechanical treatments and design modifications have been 
applied to mitigate the problem, but a number of utilities have had to replace the steam generators at 
considerable expense. 
Another intergranular SCC problem that has occurred in the nuclear power industry is the cracking of the high-
strength nickel-base alloys X-750 and 718. These alloys are used for a variety of springs and fasteners in the 
reactors. Investigations found that crack susceptibility was associated with one particular heat treatment cycle. 
By changing out the components and replacing them with ones heat treated by a different thermal cycle, the 
problem has been eliminated. 

Case Studies of Nickel Alloys 

Example 14: SCC of an Inconel 600 Safe- End on a Reactor Nozzle. Cracking occurred in an ASME SB166 
Inconel 600 safe-end forging on a nuclear reactor coolant water recirculation nozzle while it was in service. The 
safe-end was welded to a stainless-steel-clad carbon steel nozzle and a type 316 stainless steel transition metal 
pipe segment (Fig. 34). An Inconel 600 thermal sleeve was welded to the safe-end, and a repair weld had 
obviously been made on the outside surface of the safe-end to correct a machining error. Initial visual 
examination of the safe-end disclosed that the cracking extended over approximately 85° of the circular 
circumference of the piece. 
 

 

Fig. 34  Cross section through recirculation inlet nozzle of reactor vessel. Shown are the 
nozzle, the safe-end that failed, and the thermal sleeve that created susceptibility to 
crevice corrosion. Dimensions given in inches 
 
Investigation. After the safe-end had been cut from the reactor, it was radiographically inspected on-site to 
confirm the extent of cracking. This inspection indicated major cracking over approximately 280° of the 
circumference. Limited ultrasonic inspection performed in the laboratory with a 1.5 MHz transducer, directing 
the incident sound beam from the large end of the safe-end toward the small end, demonstrated that the 
cracking could be detected nondestructively over approximately the same region that was indicated 
radiographically. 
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Eleven longitudinal cross sections were prepared for macroscopic examination, including locations near each 
end of the through-wall portion of the crack and sections selected on the basis of radiographic crack indications. 
Major cracking was found in all sections examined. At all locations, the crack originated near the tip of the 
crevice between the thermal sleeve and the safe-end, adjacent to the attachment weld for the safe-end, and 
extended outward through the safe-end wall. Over approximately 35° of the circumference, cracking 
propagated through the repair weld, while over a different 50° of the circumference, the propagation path was 
entirely within the safe-end base metal, penetrating the outside surface adjacent to the fusion line of the repair 
weld. 
Metallographic examination of selected cross sections showed the effects of repeated thermomechanical cycling 
during welding on the precipitate structure in the HAZ of the Inconel 600. There were very few matrix 
precipitates immediately adjacent to the fusion line of the heat shield attachment weld; this condition was true 
of the entire HAZ near the root pass. The cracking generally initiated in the HAZ some distance away from the 
tip of the tight crevice and, in its early stages, generally followed a path parallel to the fusion line (Fig. 35). 
Depending on the location, the crack could be found in regions of heavy or light carbide precipitation. 
Metallographic cross sections and SEM studies of the fracture surface were in agreement: the cracking was all 
intergranular in the base metal and intercolumnar where it penetrated the repair weld metal. No secondary 
cracking was found, nor was any discontinuity found that might have initiated the cracking. 
 

 

Fig. 35  Polished-and-etched cross section through the failed safe-end of the recirculation 
inlet nozzle. Note the intergranular nature of the failure. Etched in 8:1 phosphoric acid. 
53× 
 
Microanalyses disclosed the presence of sulfur at locations corresponding to the later stages of cracking, but not 
on the crevice surface between the safe-end and the heat shield. Chlorine was present at one point on the 
crevice surface. Other deposits on the crevice surface and the crack surface near the crevice were rich in iron. 
Discussion. The literature indicated that Inconel 600 is susceptible to intergranular stress corrosion in hot, high-
purity water, but it is only likely at stresses above the yield stress of the material. The analysis by the reactor 
vendor showed the primary bending plus membrane stresses due to service loading to be 78% of the yield 



strength. Further butt welds in austenitic piping materials can leave residual stresses of the order of the yield 
strength; therefore, the mechanism is reasonable. Whether or not the material is in a sensitized condition does 
not greatly influence susceptibility to cracking, and cracks propagated in the lightly sensitized region adjacent 
to the fusion line and in the heavily sensitized regions some distance from the fusion line. Therefore the 
furnace-sensitized condition of the material was not considered to be a significant contributing factor in the 
cracking problem. 
The role, if any, of the observed contaminants could not be clearly identified from this study, although there is a 
suspicion that they contributed to the failure. Further surface analysis would be required to clarify this point. 
The role of the tight crevice between the safe-end and the thermal sleeve thus comes into question. It was 
considered unlikely that a classical differential aeration cell could develop in the crevice in the uniform high-
purity water environment, but such regions could entrap air during outages, causing locally high oxygen levels 
upon startup. The presence of anionic contaminants could cause acidification of the crevice region, which might 
also enhance stress-corrosion mechanisms. The crevice is considered to be the principal contributing factor in 
this case. 
Conclusion. These observations led to the conclusion that the cracking mechanism was intergranular SCC. 
Example 15: SCC of Alloy X-750 Jet Pump Beams. Jet pumps, which have no moving parts, provide a 
continuous circulation path for a major portion of the core coolant flow in a boiling water reactor. Part of the 
pump is held in place by a beam-and-bolt assembly, wherein the beam is preloaded by the bolt. The Alloy X-
750 beams had been heat treated by heating at 885 °C (1625 °F) for 24 h and aging at 705 °C (1300 °F) for 20 
h. Jet pump beams were found to have failed in two nuclear reactors, and other beams were found to be 
cracked. 
Investigation. Metallurgical examinations of the failed beams revealed that intergranular SCC under sustained 
bending loading was responsible for the failure. The location of the cracking was consistent with the results of 
stress analysis of the part. 
Analysis also showed that the stress level could be reduced and a significant extension in life obtained by 
reducing the preload on the beams. 
Simulated service testing in oxygenated 288 °C (550 °F) water showed that X-750 was susceptible to SCC in 
this environment. Extensive research and testing revealed that high-temperature annealing at 1095 °C (2000 °F) 
for 1 h could reduce the susceptibility of the alloy to SCC in the reactor environment. 
Discussion. Alloy X-750, as originally heat treated and at the stress levels imposed in service, was susceptible 
to intergranular SCC in the high-temperature oxygenated-water environment existing in the boiling water 
reactor. By changing the heat treatment and lowering the stress, the probability of crack initiation could be 
extended to more than 40 years. 
Recommendations. It was recommended that all utilities operating boiling water reactors address the problem 
by beam replacement, reheat treatment, or preload reduction. Since this was done, additional cracking of jet 
pump beams is no longer a concern. 
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Aluminum Alloys 

Stress-corrosion cracking occurs in high-strength aluminum alloys in ordinary atmospheric and aqueous 
environments. The relative ratings of resistance to SCC for various alloys and tempers are published by the 
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Aluminum Association in Aluminum Standards and Data, and more detailed guidelines for comparing the high-
strength alloys, tempers, and product forms with respect to stressing direction are presented in MIL-Handbook-
5.  

SCC Factors 

Although proper selection of both material and structural design and regular inspection in service normally 
prevent such failures from operating stresses, there are some factors that may be overlooked. These situations 
frequently result from poor fitup during assembly of structural components or from residual stresses introduced 
into individual components during such operations as cold forming, welding, and quenching or straightening 
after heat treatment. Both initiation and propagation of cracking are accelerated by moisture, temperature, 
chlorides, and other industrial contaminants. 
Alloys and Heat Treatment. High-purity and commercially pure aluminum and the relatively low-strength 
aluminum alloys are not susceptible to SCC. Failures by this mechanism are chiefly associated with heat treated 
wrought products of the higher-strength alloys used in load-carrying structures, such as aluminum-copper, 
aluminum-zinc-magnesium, aluminum-zinc-magnesium-copper, and aluminum-magnesium (3% or more Mg) 
alloys. With these alloys, processing and heat treatment must be controlled to ensure high resistance to SCC. 
The relative resistance to SCC of various wrought aluminum alloys in relation to strength is given in Table 6. 

Table 6   Ratings of resistance to stress-corrosion cracking (SCC) of wrought commercial 
aluminum alloys 

Tensile strength Alloy series Type of alloy Strengthening method 
MPa ksi 

SCC rating(a)  

1xxx  Al Cold working 69–172 10–25 A 
2xxx  Al-Cu-Mg (1–2.5Cu) Heat treatment 172–310 25–45 A 
2xxx  Al-Cu-Mg-Si (3–6Cu) Heat treatment 379–517 55–75 B 
3xxx  Al-Mn-Mg Cold working 138–276 20–40 A 
5xxx  Al-Mg (1–2.5Mg) Cold working 138–290 20–42 A 
5xxx  Al-Mg-Mn (3–6Mg) Cold working 290–379 42–55 B 
6xxx  Al-Mg-Si Heat treatment 152–379 22–55 A 
7xxx  Al-Zn-Mg Heat treatment 379–503 55–73 B 
7xxx  Al-Zn-Mg-Cu Heat treatment 517–620 75–90 B 
 
(a) A, no instance of SCC in service or in laboratory tests; B, SCC has occurred in service with certain alloys 
and tempers. Service failures can be avoided by careful design and assembly and proper selection of alloy and 
temper. 
For thick wrought sections, special precipitation heat treatments, such as those that produce T7 tempers in 
aluminum-zinc-magnesium-copper alloys and T8 tempers in aluminum-copper alloys, have been developed to 
provide relatively high resistance to SCC in the more critical short-transverse stressing direction. Evaluation of 
the resistance of improved alloys and tempers in accelerated corrosion tests, however, can be markedly 
influenced by test procedures, and reliance should therefore be placed mainly on exposure to outdoor 
atmospheres or other service environments. 
Direction of Stressing. Cast products are isotropic with regard to cracking, and directionality is generally not 
important in the performance of sheet (except in structural applications, such as the stressed skins of aircraft 
wings), but resistance to cracking of wrought products can vary markedly with direction of stressing. Service 
failures of extrusions, rolled plate, and forgings have been caused chiefly by tensile stresses acting in the short-
transverse direction relative to the grain structure. It is important to consider the direction of stress relative to 
the grain structure when designing structural components and performing failure analyses. Exceptions may 
occur in thin forged sections that recrystallize during solution heat treatment and have low directionality. 
Effects of Temperature. The resistance to SCC of the non-heat-treatable aluminum-magnesium alloys and the 
naturally aged (T3 and T4 tempers) heat treated aluminum-copper alloys can be adversely affected in structures 
subjected to elevated temperatures. The effects depend on the specific alloy and temper, on temperature, and on 
time at temperature. 



Case Studies of Aluminum Alloys 

Example 16: SCC of Aluminum Alloy Fittings in a Marine Atmosphere. During a routine inspection, cracks 
were discovered in several aluminum alloy coupling nuts (Fig. 36a) on the fuel lines of a missile. The fuel lines 
had been exposed to a marine atmosphere for six months while the missile stood on an outdoor test stand near 
the seacoast. A complete check was then made, both visually and with the aid of a low-power magnifying glass, 
of all coupling nuts of this type on the missile. 
 

 

Fig. 36  Aluminum alloy coupling nut that cracked by stress corrosion in a marine 
atmosphere. (a) Overall view of coupling nut. (b) View of the crack. 6×. (c) and (d) 
Micrographs of a section through the crack near the origin, showing appearance before 
and after etching. Both 100× 
 
One to three cracks were found in each of 13 nuts; two of these nuts had been supplied by one vendor, and the 
other 11 had been supplied by another vendor. There were no leaks at any of the cracked nuts, and further 
checking using liquid penetrant techniques did not reveal any additional cracks. Subsequent examination of the 
remaining missiles on test stands at this site showed that some coupling nuts of this type on each of the missiles 
that had been exposed to the atmosphere for more than about a month had cracked in a similar manner. 

Investigation. The 13 cracked coupling nuts, which were on 6.4 to 19 mm ( 1
4

 to 3
4

in.) outside-diameter fuel 

lines, were removed for further inspection. The nuts had been anodized then dyed for identification. 
Visual and low-magnification examination showed that the cracks had originated in the round section at the 
threaded end and had propagated parallel to the axis of the nut across one of the flat surfaces. An actual-size 
view of one of the cracked nuts and a view of the crack at 6× are shown in Fig. 36(a) and (b), respectively. 
Spectrographic analysis of the 13 cracked nuts identified the material as aluminum alloy 2014 or 2017 (the 
composition ranges of these two alloys overlap, which prevented exact identification by spectrographic 
analysis). Chemical analysis of a white deposit removed from one of the cracks showed the presence of a high 
concentration of chloride. 
Metallographic examination of mounted specimens in the polished and polished-and-etched conditions revealed 
that the cracks, primary and secondary intergranular cracks showing intergranular corrosion, were similar to 
stress-corrosion cracks observed previously in aluminum alloys of this type. A cross section taken through the 
failure region of one nut, near the origin of the crack, is shown in Fig. 36(c) as it appeared before etching and in 
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Fig. 36(d) after etching. The microstructure and longitudinal (axial) grain orientation identified the material of 
the nuts as bar stock. 
Discussion. Tightening of the nuts resulted in sustained tensile stresses in the material. These were in the form 
of hoop stresses, which are higher than those encountered in most applications of this type of coupling nut 
because the parts had to be liquid oxygen clean (completely free of lubricants or organic materials); therefore, 
the nuts had to be tightened to high torque in order to obtain liquid-tight seals. 
Conclusions. Cracking of the aluminum alloy coupling nuts was caused by stress corrosion. Contributing 
factors included use of a material (aluminum alloy 2014 or 2017) that is susceptible to this type of failure, 
sustained tensile stressing in the presence of a marine (chloride-bearing) atmosphere, and an elongated grain 
structure transverse to the direction of stress. The elongated grain structure transverse to the direction of stress 
was a consequence of following the generally used procedure of machining this type of nut from bar stock. 
Corrective Measures. The materials specification for new coupling nuts for this application was changed to 
permit use of only aluminum alloys 6061-T6 and -T651 and 2024-T6, -T62, and -T851 (for identification 
purposes, the anodic coating on coupling nuts of the new materials was dyed a color different from that used on 
the aluminum alloy 2014 or 2017 nuts). Alloy 6061 is not susceptible to SCC, and alloy 2024 in the tempers 
selected has been shown to withstand much higher transverse tensile stresses than alloy 2014-T6 in alternate-
immersion tests in 3.5% sodium chloride solution. These tests have shown excellent correlation with exposure 
to marine atmospheres. 
Example 17: SCC of Aircraft Hinge Brackets. Forged aluminum alloy 2014-T6 hinge brackets in naval aircraft 
rudder and aileron linkages were found cracked in service. The cracks were in the hinge lugs, adjacent to a 
bushing made of cadmium-plated 4130 steel. 
Investigation. Examination of the microstructure in a lug of a typical failed hinge bracket revealed intergranular 
corrosion and cracking in the region of the cracks discovered in service. The fracture was neither located along 
the flash line nor oriented in the short-transverse direction, both of which are characteristic of most stress-
corrosion failures of forgings. 
It was evident from the interference fit of the bushing in the hole of the lug that a hoop stress of sustained 
tension existed in the corroded area. The overall condition of the paint film on the hinge bracket was good, but 
the paint film on the lug was chipped. Figure 37(a) shows the crack in the lug (arrow), and Fig. 37(b) shows 
branched secondary cracking adjacent to and parallel to the fracture surface. 



 

Fig. 37  Aluminum alloy 2014-T6 hinge bracket that failed by SCC in service. (a) Hinge 
bracket. Actual size. Arrow indicates crack. (b) Micrograph showing secondary cracking 
adjacent and parallel to the fracture surface. Etched with Keller's reagent. 250× 
 
Conclusions. Failure of the hinge brackets occurred by SCC. The corrosion was caused by exposure to a marine 
environment in the absence of paint in the stressed area. The stress resulted from the interference fit of the 
bushing in the lug hole. 
Corrective measures taken to prevent further failures consisted of:  

• All hinge brackets in service were inspected for cracks and for proper maintenance of paint. 
• Aluminum alloy 7075-T6 was substituted for alloy 2014-T6 to provide greater strength and resistance to 

SCC. Surface treatment for the 7075-T6 brackets was sulfuric acid anodizing and dichromate sealing. 
• The interference fit of the bushing in the lug hole was discontinued. The bushings, with a sliding fit, 

were cemented in place in the lug holes. 

Example 18: SCC of a Forged Aircraft Lug. During a routine shear-pin check, the end lug on the barrel of the 
forward canopy actuator on a naval aircraft was found to have fractured. The lug was forged from aluminum 
alloy 2014-T6. 
Investigation. As shown in Fig. 38(a), the lug had fractured in two places; the original crack occurred at the top, 
and the final fracture occurred at a crack on the left side of the lug. The surface of the original crack was flaky, 
with white deposits that appeared to be corrosion products. Apparently, the origin of the failure was a tiny 
region of pitting corrosion on one flat surface of the lug (back surface, Fig. 38a; arrow there shows location of 
pitting corrosion region). The opposite flat surface (front, Fig. 38a) had a shear lip at the fracture edge. 
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Fig. 38  Forged aluminum alloy 2014-T6 actuator barrel lug that failed by SCC. (a) View 
of the lug. 2×. Fracture at top was the initial fracture; arrow indicates location of a tiny 
region of pitting corrosion (on back side of lug) at which failure originated. Final fracture 
is at left. (b) Micrograph of an etched (Keller's reagent) section through surface of initial 
fracture showing branched cracking. 140×. 
 
A metallographic section through the initial fracture displayed intergranular branched cracking that had 
originated at the fracture surface, which was also intergranular (Fig. 38b). 
The bolt from the failed lug gave no indication of excessive loading and showed no evidence of deformation. 
Conclusions. The cause of failure was SCC resulting from exposure to a marine environment. The fracture 
occurred in normal operation at a point where damage from pitting and intergranular corrosion acted as a stress 
raiser, not because of overload. The pitting and intergranular attack on the lug were evidence that the surface 
protection of the part had been inadequate as manufactured or had been damaged in service and not properly 
repaired in routine maintenance. 
Recommendations. To prevent future failures of this type, the lug and barrel should be anodized in sulfuric acid 
and given a dichromate sealing treatment, followed by application of a coat of paint primer. During routine 
maintenance checks, a careful examination should be made for damage to the protective coating, and any 
necessary repairs should be made by cleaning, priming, and painting. Severely corroded parts should be 
removed from service. 
Example 19: Cracking of Aluminum Alloy Aircraft Undercarriage Forgings. During nondestructive testing by 
fluorescent dye penetrant and ultrasonic testing, aircraft undercarriage leg forgings were found to be cracked. 
The forgings were made of 2014 aluminum alloy, and were approximately 1040 mm (41 in.) long and 150 mm 
(6 in.) in diameter. The cracks were located in the area of the upper attachment point of the undercarriage leg 
forgings. 



Investigation. The major cracks were opened by saw cuts and impact blows. Figure 39 shows a typical opened 
crack, with one surface having been cleaned. The cracks originated an a region that was unprotected by a steel 
sleeve. Other forgings contained small cracks in the inside surface at the corresponding location. 
 

 

Fig. 39  Opened crack in part of an aluminum alloy aircraft undercarriage forging. Note 
suggestion of beach marks in the fracture, indicating that, in later stages, crack 
propagation occurred in a series of steps. -0.04× 
 
Metallographic examination showed that the microstructure was normal for the alloy. The small cracks were 
quite wide near the surface, presumably due to corrosion after crack inititiation (Fig. 40). In all cases examined, 
the cracks were intergranular and branched—typical of SCC in this alloy (Fig. 41). 
 

 

Fig. 40  Widening of cracks from the diaphragm region of the part shown in Fig. 39. 10.4× 
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Fig. 41  Typical stress-corrosion crack in an aluminum alloy forging. 277× 
 
A chemical analysis was performed on one of the forgings and it met specification. The hardness was 130 HB, 
which is indicative of the T6 condition. 
Some material was re-heat-treated and, together with as-received material from several forgings, was subjected 
to SCC testing. There was no significant difference among the as-received and re-heat-treated specimens; all 
were found to be susceptible to SCC. 
Conclusions. The cracks in the forgings were the result of SCC. The alloy was shown to be susceptible and the 
nature of the cracking was consistent with this failure mode. 
 

Stress-Corrosion Cracking  

Revised by W. R. Warke 

 

Copper and Copper Alloys 

Copper and copper alloys have excellent corrosion resistance in many industrial environments, in seawater, and 
in marine atmospheres, but are susceptible to SCC. The first documented case of SCC occurred almost 100 
years ago and involved the cracking of brass cartridge cases. These failures took place during the rainy season 
in India when the British army had stored the cartridges in horse barns, thus leading to the term season 
cracking. The high humidity and ammonia vapors in the horse barns, coupled with the residual stresses from 
forming the cartridge cases, led to the cracking. 

SCC Factors 

Effect of Environment. Stress-corrosion cracking in copper alloys occurs most frequently in environments that 
contain ammonia or amines, in either aqueous solutions or moist atmospheres. Cracking occurs at room 
temperature and at stress levels as low as 1% of the tensile strength of the alloy. Copper alloys experience SCC 
in some important industrial environments, including those containing ammonia, citrate, tartrate, moist SO2, 
sulfates, nitrates, nitrites, and even pure water. 
In aqueous solutions, pH has a strong influence on susceptibility to cracking and on whether crack paths are 
intergranular or transgranular, as shown for brass in ammoniacal copper sulfate solution in Fig. 42. Cracking 
occurs most rapidly in nearly neutral solutions, where the crack path is intergranular. The crack path is 
transgranular in both alkaline and acidic solutions, and the alloy is highly resistant to cracking when pH is less 
than 4. In ammoniacal solutions, intergranular SCC is normally associated with tarnishing conditions. The 
intergranular crack facets are generally smooth and featureless. The transgranular facets, on the other hand, 
have a cleavagelike appearance and may show crack-arrest marks, which are consistent with discontinuous 
crack propagation. Failure of copper and copper alloys will occur at low stresses in aqueous solutions or moist 
atmospheres. Figure 43 plots the relation between time-to-fracture at room temperature and initial tensile stress 
for brass partly immersed in concentrated ammonium hydroxide (curve A), exposed to the vapor of 
concentrated ammonium hydroxide (curve B), and exposed to a gaseous mixture of ammonia, oxygen, carbon 
dioxide, and water vapor (curve C). 



 

Fig. 42  Effect of pH on time-to-fracture by SCC. Data are for brass in ammoniacal 
copper sulfate solution at room temperature. 

 

Fig. 43  Effect of initial tensile stress on time-to-fracture by SCC at room temperature of 
brass in three corrosive environments. Curve A, partly immersed in concentrated 
ammonium hydroxide; B, exposed to the vapor of concentrated ammonium hydroxide; C, 
exposed to a gaseous mixture of ammonia, oxygen, carbon dioxide, and water vapor 
 
The presence of such oxidizing substances as dissolved oxygen and cupric, ferric, and nitrate ions accelerates 
SCC of copper alloys in ammoniacal aqueous solutions. In stress-corrosion tests in which brass was exposed for 
20 days to atmospheres containing (by volume) 0.1 to 1% SO2, the specimens cracked, but similar specimens 
that had been pretreated with the inhibitor benzotriazole were unaffected. Pretreatment of brass specimens with 
benzotriazole failed to prevent cracking in tests in which the stressed specimens were exposed for 72 h in an 
atmosphere containing (by volume) 2% ammonia and in an aged solution of ammonium hydroxide. 
Effect of Alloying Elements. High-purity copper is almost immune to SCC in most environments and in the 
practical range of service stresses. However intergranular cracking of high-purity copper has been observed 
under some conditions, apparently as a result of segregation of trace impurities at the grain boundaries. Stress-
corrosion cracking of pure copper in ammonia and in sodium nitrite has been documented. 
The resistance of copper to SCC is greatly reduced by the presence of low concentrations of arsenic, 
phosphorus, antimony, and silicon as alloying elements. Time-to-fracture for copper containing various 
concentrations of these alloying elements when stressed at an applied tensile stress of 69 MPa (10 ksi) is plotted 
in Fig. 44. As the concentration of each alloying element is increased, time-to-failure at first decreases, reaching 
a minimum between about 0.1 and 1%, then increases. 
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Fig. 44  Effect of presence of low concentration of arsenic, phosphorus, antimony, and 
silicon on time-to-fracture of copper by SCC under an applied tensile stress of 69 MPa (10 
ksi) in a moist ammoniacal atmosphere. Composition of test atmosphere was 80% air, 
16% ammonia, and 4% water vapor; temperature was 35 °C (95 °F), which was above the 
dew point. 
 
Results of similar tests on copper containing higher concentrations of the alloying elements aluminum, nickel, 
tin, and zinc are plotted in Fig. 45. Except for zinc, a minimum time-to-fracture is reached between 
approximately 1 and 5%; time-to-failure for copper containing zinc does not show a minimum for 
concentrations of 0.5 to 40%, but decreases with increasing zinc content for the concentration range shown in 
Fig. 45. Note that the common 70-30, or cartridge brass, is in the range of very short time-to-failure. In fact, 
most of the research on SCC of copper alloys has been done on the ammonia cracking of brass. 
 

 



Fig. 45  Effect of presence of low-to-moderate concentrations of aluminum, nickel, tin, and 
zinc on time-to-fracture of copper by SCC under an applied tensile stress of 69 MPa (10 
ksi) in a moist ammoniacal atmosphere. Composition of test atmosphere was 80% air, 
16% ammonia, and 4% water vapor; temperature was 35 °C (95 °F), which was above the 
dew point. 
 
The effect of zinc content on susceptibility of copper-zinc alloys to SCC when exposed to cooling tower water 
containing amines and dissolved oxygen is discussed in the subsequent case study. The alloys that failed in this 
application had nominal zinc contents of 25, 26, and 40%. Two replacement cast silicon bronzes that gave 
satisfactory service contained less than 5 and 1.5% Zn; a satisfactory replacement wrought silicon bronze 
contained less than 1.5% Zn. 
All of the previous discussion has pertained to copper-base alloys having the face-centered cubic or α-structure. 
It has also been reported that β-brass, containing approximately 50% Zn, will experience SCC in pure water. 
Both intergranular and transgranular cracking were observed. 

Case Studies 

Example 20: SCC of Copper Alloy C27000 Ferrules in Storage and in Service in Chemical Plants. A substantial 
number of copper alloy C27000 (yellow brass, 65Cu-35Zn) ferrules for electrical fuses cracked while in storage 
and while in service in paper mills and other chemical processing plants. The ferrules, made by three different 

manufacturers, were of several sizes. One commonly used ferrule was 3.5 cm (1 3
8

 in.) long by 7.5 cm (3 in.) in 

diameter and was drawn from 0.5 mm (0.020 in.) thick strip. 
Investigation. Ferrules from fuses in service and storage in different types of plants, along with ferrules from 
newly manufactured fuses, were evaluated by visual examination, by determination of microstructure, by 
examination of any existing cracks, and by the mercurous nitrate test, which is an accelerated test used to detect 
residual stress in copper and copper alloys. 
Ferrules that had been stress relieved after forming but not assembled to fuses passed the mercurous nitrate test; 
similar unassembled ferrules that had not been stress relieved after forming cracked before the required 30 min 
immersion period was completed. The mercurous nitrate test also showed that ferrules crimped to fuses were 
susceptible to cracking whether or not they had been stress relieved after forming. This last observation 
established that the crimping operation in assembly produced residual stresses, even on stress-relieved ferrules, 
that were high enough to make the ferrules susceptible to SCC. Metallography showed that the cracks that were 
found in ferrules on fuses either in service or from storage were of the multiple-branched type characteristic of 
SCC. 
Conclusions. The ferrules failed by SCC resulting from residual stresses induced during forming and the 
ambient atmospheres in the chemical plants. The atmosphere in the paper mills was the most detrimental, and 
the higher incidence of cracking of ferrules there was apparently related to a higher concentration of ammonia 
in conjunction with high humidity. 
Recommendations. The fuses were specified to meet the requirements of ASTM B 154. The three 
manufacturers used different methods to solve the problem. One changed to copper ferrules and fastened them 
to the fuse tube with epoxy cement (copper has insufficient strength for crimping). Another changed the ferrule 
material to a copper-iron alloy. The third manufacturer began using copper alloy C23000 (red brass, 85Cu-
15Zn), began subjecting the crimped ferrules to a stress-relief anneal using an induction coil, and made long-
range plans to change to plated steel ferrules. 
Example 21: SCC of Copper Alloy Tube Sheet. Tube sheets of an air compressor aftercooler (Fig. 46a) were 
found to be cracked and leaking approximately 12 to 14 months after they had been retubed. Most of the tube 
sheets had been retubed several times previously because of unrelated tube failures. Sanitary (chlorinated) well 
water was generally used in the system, although filtered process make-up water (river water) containing 
ammonia was occasionally used. 
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Fig. 46  Tube sheet from an air compressor aftercooler that failed by SCC. (a) 
Configuration of tube sheet. (b) Micrograph of a specimen etched in 10% ammonium 
persulfate solution showing intergranular crack propagation. 250×. (c) Macrograph of an 
unetched specimen showing multiple branching of cracks. 5× 
 

The tube sheets were 5 cm (2 in.) thick. The tubes, which were 19 mm ( 3
4

 in.) in outside diameter and 1.3 mm 

(0.050 in.) in wall thickness, had been expansion rolled into the holes in the tube sheets. 
Investigation. One of the cracked tube sheets was removed and submitted for laboratory examination. Chemical 
analysis showed that the tube sheet was made of copper alloy C46400 (naval brass). 
Metallographic examination of sections cut parallel and perpendicular to the tube-sheet surface revealed cracks 
that had penetrated through more than 90% of the tube-sheet thickness. The cracks had propagated 
intergranularly through the β-phase as shown in Fig. 46(b), a micrograph of a section taken parallel to the tube-
sheet surface. Some dezincification of the β-phase can also be seen in this micrograph. Figure 46(c), a 
macrograph of a section through a crack that was more than 2.5 cm (1 in.) deep, shows multiple branching. 
Sample sections of the tube sheet were subjected to the mercurous nitrate test. Cracks induced in the sample 
sections during the test indicated the presence of high residual stresses in the tube sheet. 
Discussion. The presence of ammonia in the river water used occasionally and the presence of residual internal 
stresses provided the conditions necessary for SCC of the tube sheets. The multiple branching of the cracks was 
characteristic of SCC, and the intergranular crack propagation corresponded to the usual course of SCC in brass 
in the presence of ammonia. 
Conclusions. The tube sheets failed by SCC as a result of the combined action of internal stresses and a 
corrosive environment. The internal stresses had been induced by retubing operations, and the environment had 
become corrosive when ammonia was introduced into the system by the occasional use of process make-up 
water. The slight amount of dezincification observed did not appear to have contributed substantially to the 
failures. 
Recommendations. It was made a standard procedure to stress relieve tube sheets before each retubing 
operation. The stress relieving was done by heating at 275 °C (525 °F) for 30 min and slowly cooling for 3 h to 



room temperature. No SCC failures have occurred in this equipment in the several years since the adoption of 
stress relief before retubing. 
Example 22: SCC of Copper Absorber Tubes in an Air-Conditioning Unit. Eddy-current inspection was 
performed on a leaking absorber bundle in an absorption air-conditioning unit. The inspection revealed 
cracklike indications in approximately 50% of the tubes. The tube material was phosphorus-deoxidized copper. 
Investigation. Two tubes with indications were pulled and examined visually and metallographically to 
determine the cause of cracking. The outer surfaces of the tubes were irregularly stained with a green-blue-
black film, apparently the result of reaction with the shell side lithium bromide solution. The inner surfaces 
were covered with a thin, crusty green-black deposit that easily flaked off from the surface. No significant 
corrosive attack was observed on the inner surfaces. 
One of the pulled tubes exhibited a large, irregular longitudinal crack, as shown in Fig. 47. The other tube 
exhibited a very fine longitudinal crack, as shown in Fig. 47(b). 
 

 

Fig. 47  Longitudinal crack and intergranular stress-corrosion cracks in copper air-
conditioning absorber tubes. (a) Longitudinal crack in one of the subject absorber tubes. 
0.75×. (b) Macrograph of fine, irregular crack observed on the outer surface of the second 
absorber tube after light acid cleaning to remove the corrosion product. 2×. (c) 
Micrograph showing profiles of the primary crack and two fine secondary cracks at the 
outer surface of the subject absorber tube. The crack profiles are typical of stress-
corrosion cracking, that is, intergranular and free of any localized grain deformation. 
75×. Courtesy of J.P. Crosson, Lucius Pitkin, Inc. 
 
Metallographic examination revealed that the cracks originated at the outer surface, were intergranular in 
nature, and were free of any localized grain deformation. Such features are characteristic of SCC in a copper 
heat exchanger tube. The crack path is shown in Fig. 47(c). 
Chemical analysis of the lithium bromide solution revealed significant quantities of nitrates in the solution. 
Such nitrates are normally added to the lithium bromide solution to act as corrosion inhibitors. 
Discussion. The service contractor responsible for maintaining the absorption unit suspected that mercury 
contamination from a manometer was the cause of the SCC. However, an electron probe microanalysis 
performed on a microspecimen did not reveal any mercury at or near the cracks. 
Cracking was from the shell side or outer surface of the tubes, where the tubes were in contact with nitrate-
inhibited lithium bromide. The source of ammonia was apparently the reduction of nitrates by hydrogen 
evolved during corrosion of the steel shell and/or tubes. 
Conclusion. The results of the examination indicated that the absorber tubes failed by SCC initiated by 
ammonia contamination in the lithium bromide solution. 
Example 23: SCC of a Brass Tube in a Generator Air Cooler Unit. An arsenical admiralty brass (UNS C44300) 
finned tube in a generator air cooler unit at a hydroelectric power station failed. The unit had been in operation 
for approximately 49,000 h. The cooling medium for the tubes is water from a river. Air flows over the finned 
exterior of the tubes, while water circulates through the tubes. The cooler unit had been experiencing tube leaks 
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with increasing frequency for three years. It was extremely difficult to determine the location of the leaks 
without destroying the cooler. Two previous leaks had been determined to have been caused by poor-quality 
rolling between the tube and tube sheet. Plant personnel suspected the possibility of fatigue cracks caused by 
flow-induced vibration. 
Investigation. The tube was removed from the cooler by the original equipment manufacturer and returned to 
the plant for an independent assessment of the failure mode. The tube reportedly contained two leaks, one at a 
distance of approximately 4 mm (0.16 in.) from the marked end of the tube and the other approximately 50 mm 
(2 in.) from the marked end. The as-received tube sample was approximately 1.5 m (5 ft) in length, with 
rectangular external fins to improve heat transfer. No cracks were observed in the tube, but examination of the 
external surface was limited because of the fins. The internal surface contained a friable deposit. 
The end of the tube that reportedly contained the leaks was removed from the remainder of the tube, cleaned of 
internal deposits, and leak tested; no leaks were found. Subsequently, the small tube section was cut 
longitudinally along the minor axis of the tube. The internal surface was examined using a stereomicroscope at 
magnifications of 7 to 45×. Several small cracks were observed. One small longitudinal crack, propagating 
from the inside diameter to the outside diameter, was observed at the very end of the tube. Two small transverse 
cracks were observed within a few millimeters of the end, with one being a through-wall crack. This through-
wall crack had been covered by the plug during leak testing. 
Sections of the cracked region of the tube were prepared for metallographic examination to evaluate the 
microstructure, crack morphology, and inside and outside diameter surface conditions. The typical 
microstructure of the cooler tube consisted of equiaxed alpha grains with annealing twins, as is normal for an 
admiralty brass in the annealed condition. 
The transverse through-wall crack contained branching secondary cracks. The mode of cracking was 
transgranular. Branched transgranular crack paths are characteristic of SCC. The cracks appeared to initiate in 
pits. Figure 48 shows a micrographic montage of the longitudinal crack. This crack, like the other, was 
transgranular. 
 

 



Fig. 48  Micrographic montage of a longitudinal crack in a brass tube from a generator 
air cooler. The inside diameter of the tube is at the bottom. Etched in potassium 
dichromate. 100× 
 
An additional segment was removed from the tube and chemically analyzed. The composition of the tube is 
presented in Table 7, along with the chemical requirements for UNS C44300, an arsenical admiralty brass. The 
cooler tube met the chemical requirements of the specification. 

Table 7   Results of chemical analysis 
Composition, wt% Element 
Cooler tube Chemical requirements for UNS C44300 brass(a)  

Copper 70.86 70.0–73.0 
Tin 0.95 0.9–1.2 
Arsenic 0.03 0.02–0.10 
Phosphorus <0.01 NR 
Antimony <0.05 NR 
Iron <0.05 0.06 max 
Lead <0.05 0.07 max 
Zinc bal bal 
 
(a) NR, no requirement 
A sample of the internal tube deposits that had been collected prior to hydrotesting was analyzed using energy-
dispersive spectroscopy (EDS). Crystalline compounds in the deposit were identified using powder x-ray 
diffraction (XRD) techniques. The internal deposits consisted of silicon oxide (SiO2), potassium aluminum 
silicate (KAlSiO4), calcium carbonate (CaCO3), and ammonium copper sulfite hydrate [(NH4)7Cu(SO2)4 · 
5H2O]. In addition to the elements contained in these compounds, EDS detected minor to trace amounts of 
titanium, manganese, iron, and zinc. Most of these deposits are common minerals found in water. Ammonium 
copper sulfite hydrate indicated the possible presence of ammonia. Therefore, approximately 0.5 g of internal 
deposit were analyzed for ammonia by the distillation/nesslerization method. The analysis confirmed the 
presence of ammonia in a concentration of 368 mg/g. 
Discussion. The branched transgranular cracking in the brass cooler tube was a result of SCC. The stresses in 
the tube were probably a combination of hoop stresses from the internal pressure, residual stresses from 
manufacturing, and possibly flow-induced stresses. The corrosive agent was ammonia, which was found in the 
internal deposits in the form of ammonium copper sulfite hydrate, a corrosion product of ammonia and copper 
in the brass. 
Conclusion. The cause of the tube leaks was ammonia-induced SCC. Because the cracks initiated on the inside 
surfaces of the tubes and because the river water is not treated before it enters the coolers, the ammonia was 
likely present in the river water and probably concentrated under the internal deposits. 
Recommendations. Two possible options are available to alleviate the cracking: either the ammonia can be 
eliminated or an alternate material can be used that is resistant to ammonia corrosion as well as to chlorides and 
sulfur species. Unless the ammonia is biologically produced, the first option is not practical; the ammonia could 
originate from any company upstream of the plant; locating the source would be very difficult, and continuous 
monitoring of the river water would be required. The second option is more viable. Alternate tube materials 
include a 70Cu-30Ni alloy or a more expensive titanium alloy. 
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Magnesium Alloys 

Commercial alloys of magnesium are generally resistant to failure by SCC in their major applications, in which 
they are exposed to the atmosphere. 
Effects of Environment. Exposure to the atmosphere has been shown to have little effect on SCC of some 
magnesium alloys, whether in marine, industrial, urban, or rural environments, while others are quite 
susceptible in these environments. Rainfall, dew, and high humidity accelerate SCC of magnesium alloys. 
Distilled water and other aqueous environments also produce SCC in susceptible alloys. The standard 
environment for accelerated SCC testing of magnesium alloys is a solution of sodium chloride and potassium 
chromate. 
Effects of Alloying. High-purity magnesium as well as magnesium alloys containing manganese, rare earths, 
thorium, or zirconium, but no aluminum or zinc, can be made to fail by SCC only by exposure to such 
corrodents as dilute aqueous fluoride solutions at stresses higher than those encountered in normal service. 
Experience and testing have shown that magnesium-zinc alloys that contain zirconium or rare earths, such as 
wrought ZK60 and ZE10, have intermediate SCC resistance. Aluminum-containing magnesium alloys, 
including those containing both aluminum and zinc, are the most susceptible to SCC, with failure times 
decreasing as the aluminum content increases, and the peak susceptibility occurring at approximately 6% Al. 
Thus the most commonly used commercial alloys, the AZ alloys, have the greatest susceptibility to SCC. 
Effect of Product Form. When judged on the basis of safe stress as a fraction of tensile yield strength, castings 
are generally somewhat less susceptible to SCC than wrought products of the same composition. Although 
wrought magnesium alloy products usually show some anisotropy in their mechanical properties, their 
resistance to SCC is not appreciably influenced by the direction of applied stress in relation to the direction of 
working. 
Path of cracking. Stress-corrosion cracking in magnesium alloys is generally transgranular and branched, but in 
magnesium-aluminum alloys, intergranular cracking sometimes occurs. The crack path may change with 
changes in environment for a given alloy and processing and with changes in alloy processing for a given alloy 
composition and environment. For example, grain boundary precipitation of a magnesium-aluminum 
intermetallic compound, which is cathodic to the matrix, promotes the intergranular crack path. This 
precipitation leading to intergranular SCC can occur during slow cooling of the alloy from elevated 
temperatures. 
The transgranular stress-corrosion cracks are typically crystallographic in appearance in the scanning electron 
microscope and are believed to occur by discontinuous cleavage. Very fine, parallel striations perpendicular to 
the direction of cracking may be discerned on the facets. 
Failures and Preventive Measures. Stress-corrosion failures of magnesium alloy structures in service, which are 
infrequent, are usually caused by residual tensile stresses introduced during fabrication. Sources of such stresses 
are restrained weldments, interference fits, and casting inserts. It has been reported that approximately 10 to 60 
magnesium aerospace components per year failed by SCC in the period from 1960 to 1970. Seventy percent of 
these failures involved either the high strength magnesium-aluminum casting alloy AZ91C-T6 or the wrought 
alloy AZ80-F. 
Effective preventive measures include stress-relief annealing of structures that contain residual stresses 
produced by welding or other methods of fabrication, cladding with a metal or alloy that is anodic to the base 
metal, and applying protective inorganic coatings, paint, or both to the surface. Magnesium-zinc alloys with no 
aluminum have intermediate susceptibility, and alloys that contain neither aluminum nor zinc are the most 
resistant to SCC. 
 
 
 
 



Stress-Corrosion Cracking  

Revised by W. R. Warke 

 

Titanium and Titanium Alloys 

Titanium is an inherently active metal that forms a thin protective oxide film. The apparent stability and high 
integrity of the film in environments that cause SCC of most structural alloys make titanium and its alloys 
resistant to SCC in boiling 42% magnesium chloride and boiling 10% sodium hydroxide solutions, which are 
commonly used to induce SCC in stainless steels. 
A number of environments in which some titanium alloys are susceptible to SCC and the temperatures at which 
cracking has been observed are listed in Table 8. Some of these environments are discussed in the following 
paragraphs. 

Table 8   Environments and temperatures that may be conducive to stress-corrosion 
cracking (SCC) of titanium alloys 
Environment Temperature 
Nitric acid, red fuming Ambient 
Hot dry chloride salts 260–480 °C (500–900 °F) 
Cadmium, solid and liquid Ambient to 400 °C (750 °F) 
Chlorine Elevated 
Hydrogen chloride Elevated 
Hydrochloric acid, 10% Ambient to 40 °C (100 °F) 
Nitrogen tetroxide Ambient to 75 °C (165 °F) 
Methyl and ethyl alcohols Ambient 
Seawater Ambient 
Trichloroethylene Elevated 
Trichlorofluorethane Elevated 
Chlorinated diphenyl Elevated 

Aqueous Environments 

Titanium alloys exhibit a wide range of behaviors in sodium chloride solutions and in seawater, and most data 
on SCC of titanium alloys have been generated for these environments. 
Metallurgical Factors. Commercial purity grades are immune to aqueous SCC. Other grades, such as mill-
annealed Ti-6Al-4V, require the presence of a preexisting crack, which then can grow by SCC in seawater. Still 
other grades, such as mill-annealed Ti-8Al-1V-1Mo, will experience SCC in the presence of either a notch or a 
precrack. A few alloys, such as step-cooled Ti-8Al-1V-1Mo, will exhibit SCC in the absence of any stress 
concentration. Susceptibility increases with increasing aluminum content, due to the presence of the ordered 
Ti3Al phase. Oxygen and tin increase susceptibility to SCC. These elements and step-cooling also promote the 
formation of the ordered titanium-aluminum phase. 
Crack propagation in α/β alloys is generally transgranular and cleavagelike in appearance in the alpha phase 
and ductile tearing in the beta phase. In β-alloys, cracking may be either intergranular or transgranular, 
depending on the alloy and microstructure. 
Environmental Factors. A number of environmental factors influence the SCC of titanium alloys in aqueous 
media:  

• Type and concentration of ionic species: Chloride, bromide, and iodide ions increase susceptibility, 
decreasing KISCC and increasing the crack growth rate. Some other species can have a neutral or 
inhibitive effect. 

• pH: Low pH also decreases KISCC and increases the crack growth rate. 
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• Temperature: The plateau crack growth rate increases with increasing temperature. 
• Potential: Either anodic or cathodic polarization of susceptible alloys inhibits SCC by increasing KISCC. 

However, increasing potential causes the crack velocity to increase. 

Hot Dry Chloride Salts 

Hot-salt SCC of titanium alloys was first observed in the mid-1950s. 
Metallurgical Factors. All commercial alloys, but not unalloyed titanium, have some degree of susceptibility to 
hot-salt cracking. The most susceptible alloys are Ti-8Al-1Mo-1V and Ti-5Al-2.5Sn, and the common Ti-6Al-
4V has intermediate susceptibility. 
Cracking is branched, stepwise, and discontinuous, and is predominantly intergranular. 
Environmental Factors. Hot-salt SCC of titanium alloys is a function of temperature, stress, and time of 
exposure. In general, hot-salt cracking has not been encountered at temperatures below approximately 260 °C 
(500 °F); greatest susceptibility occurs at approximately 290 to 425 °C (550 to 800 °F), based on laboratory 
tests. Time-to-failure decreases as either temperature or stress level is increased. Cracking requires the presence 
of both water and oxygen and will not occur with dry salts or in vacuum. 
Stress-corrosion cracking has been observed in chlorides, bromides, and iodides, but not in fluorides or 
hydroxides. With chlorides, the severity increases with the cation in the following order: magnesium, strontium, 
cesium, calcium, potassium, barium, sodium, and lithium. 

Other SCC Environments 

Chlorine, Hydrogen Chloride, and Hydrochloric Acid. In these environments, the mechanism of cracking is not 
completely understood, although it appears that both oxygen and water must also be present for cracking to 
occur. 
Nitrogen Tetroxide. In 1964, a Ti-6Al-4V pressure vessel containing high-purity liquid N2O4 failed during 
hydrotest. It has been found that N2O4 containing small amounts of dissolved oxygen causes cracking of 
titanium and some titanium alloys. No cracking occurs if the nitrogen tetroxide contains a small percentage of 
nitric oxide (NO) or water. The cracking may be transgranular, intergranular, or both, depending on alloy 
composition. It is intergranular in α-alloys and becomes mixed with increasing β-phase volume fraction. 
Methanol and Other Organic Solvents. The space program also led to an awareness of SCC of titanium alloys in 
anhydrous methanol in the early 1960s, as a result of catastrophic failures of pressurized missile tanks. Alcohols 
containing small amounts of water, chloride, bromide, and iodide promote cracking at ambient temperatures. 
Greater concentrations of water inhibit cracking. Higher alcohols may induce cracking, but to a lesser extent; 
the longer the chain, the less reactive the alcohol becomes. Unalloyed titanium and Ti-6Al-4V are considered to 
be immune to cracking in alcohols other than methanol. 
Alloys that are relatively immune to SCC in aqueous environments, such as commercially pure titanium (grades 
1 and 2) and β-alloys, will exhibit intergranular SCC in methanol. Stage I cracking, at low stress levels, in other 
alloys can be intergranular as well. Alloys that are susceptible to transgranular SCC in aqueous environments 
will crack in the same way in alcohol. 
Stress-corrosion cracking of highly susceptible titanium alloys has also been reported in chlorinated solvents 
and fluorinated hydrocarbons. Cracking in the chlorinated solvents is transgranular and similar in appearance to 
that in aqueous environments. 

Case Studies 

Example 24: Reaction Control System Oxidizer Pressure Vessels (Ref 27). Nitrogen tetroxide, a storable 
hypergolic oxidizer, was used in the service propulsion system (SPS) and in the reaction control system (RCS) 
on the Apollo program. The SPS provided the propulsion for orbit insertion, lunar flight, return from the moon, 
and deorbit for entry. The RCS provided for vehicle attitude control through roll, pitch, and yaw engines. 
Titanium alloy Ti-6Al-4V was chosen for pressure vessels in both systems as a result of laboratory tests on 
corrosion, stress corrosion, and impact ignition with N2O4. 
Qualification testing of the SPS pressure vessel for 46 days of exposure under a membrane stress of 690 MPa 
(100 ksi) was completed without problems in mid-1964. In January 1965, an RCS pressure vessel of the same 



alloy, protected from N2O4 by a teflon positive expulsion bladder, cracked in six adjacent locations. The cracks 
were parallel to each other and perpendicular to the maximum stress. The fracture surface had a red stain and 
was flat and brittle in appearance. Because no N2O4 was supposedly in contact with the vessel, it was believed 
that misprocessing may have caused the fractures. Subsequent testing of ten pressure vessels without bladders 
in June of that year was conducted to ascertain if misprocessing could be bracketed to certain manufactured 
pressure vessel lots over a period of time. Within 34 h after testing, one of the pressure vessels blew up (Fig. 
49), and within a few days most of the others had failed. 
 

 

Fig. 49  Stress-corrosion failure of an Apollo Ti-6Al-4V reaction control system (RCS) 
pressure vessel due to nitrogen tetroxide. (a) Failed vessel after exposure to pressurized 
N2O4 for 34 h. (b) Cross section through typical stress-corrosion cracks. 250× 
 
The cause of the failure was immediately suspected to be stress corrosion, but the aggressive fluid that 
contacted these surfaces was not immediately determined. Cracks occurred very close together on the inside of 
the pressure vessel, and the number of cracks per unit area was proportional to the local stress. Pressure vessels 
of the same design, when tested with N2O4 by Rockwell on the West Coast, did not fail. The RCS tank 
contractor, Bell Aerosystems Company, was soon able to demonstrate coupon failures in N2O4, but Rockwell 
could not, although over 300 specimens were cleaned and tested under more than 40 variables, including 
various contaminants. 
Chemical testing of the propellants used at Bell and Rockwell revealed no differences or out-of-specification 
conditions. Existing chemical techniques were not capable of accurately quantifying all species present in the 
N2O4, especially compounds of nitrogen; however, cooling of the propellants revealed a color difference in 
N2O4 between the supplies at Bell and Rockwell. The N2O4 at Rockwell, when cooled to -18 °C (0 °F), turned 
green because of the presence of nitric oxide (NO), but the N2O4 at Bell was yellow. The green color resulted 
from a mixture of N2O4 (yellow) and dissolved NO as N2O3 (blue). Rockwell supplies of N2O4 had been 
purchased earlier than those of Bell Aerospace. 
Investigation revealed that a change in the military specification MIL-P-26539 had been made during this time 
period to improve the specific impulse of N2O4 by oxygenating the trace quantities of residual NO. This simple 
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change had a devastating effect on its stress-corrosion behavior with titanium. Testing indicated as little as 
0.2% NO was probably sufficient to inhibit the SCC of titanium. 
Specifications were changed thereafter to require a minimum NO content of 0.6%; present grades contain 1.5 to 
3% NO. Addition of NO to existing supplies solved the problem. 
Early in the investigation, it was believed that no stress corrosion could occur in solutions as nonconductive as 
N2O4 (specific conductivity at 25 °C, or 80 °F, is 3.1 × 10-13 Ω-1 cm-1). However, because of the low 
conductivity of N2O4, only closely spaced local cathodes and anodes could carry corrosion currents. This 
resulted in a large number of cracks (up to 70 cracks/in.) rather than a single crack. This investigation also 
illustrated how past stress-corrosion test results or pressure vessel qualification can be voided by minor 
chemical changes in the corroding medium. This is further illustrated in the following discussion. 
Example 25: Service Propulsion System Fuel Tanks (Ref 27). The storable hypergolic fuel used for the SPS on 
the Apollo Service Module was a blend of 50% hydrazine and 50% unsymmetrical dimethyl hydrazine. It was 
contained in two titanium Ti-6Al-4V pressure vessels approximately 1.2 m (4 ft) in diameter and 3 m (10 ft) 
long. Because hydrazine compounds are toxic and dangerous to handle, a “referee” fluid with similar density 
and flow characteristics was used in system checkout testing. Methanol was chosen as a safe fluid based on 
subcontracted studies conducted for the program. Methanol had been successfully used as a fluid in a tri-flush 
cleaning process for propellant systems at that point in time. Among the other advantages, it had a low 
explosive potential, was miscible with both fuel and water, and would leave surfaces residue free. 
During an acceptance test of the Apollo spacecraft 101 service module prior to delivery, an SPS fuel pressure 
vessel (SN054) containing methanol developed cracks adjacent to the welds (Fig. 50). The test was stopped. 
This acceptance test had been run 38 times on similar pressure vessels without problems. Failure analysis could 
not reveal the cause of the cracking. The fractures had branching cracks characteristic of stress corrosion, yet 
fracture faces exhibited a somewhat featureless quasi-cleavage appearance without typical stress-corrosion 
features. The adjacent material was ductile and within chemistry. 
 

 

Fig. 50  Stress-corrosion cracking of a solution-treated and aged Ti-6Al-4V Apollo service 
propulsion system (SPS) fuel pressure vessel during a system checkout test. Fluid test 
medium was methanol. (a) Cross section adjacent to weld in cracked vessel. 65×. (b) 
Another crack near the same weld. 65× 
 
Misprocessing of pressure vessels during manufacturing was suspected, because the supplier had previously 
demonstrated that pickup of cleaning agents and contaminants on a Ti-6Al-4V pressure vessel prior to a heat 
treat aging cycle would result in delayed stress-corrosion failure. These included such contaminants as 
fingerprints, chlorinated kitchen cleansers, and liquid hand soap. A similar crack adjacent to the weld that 
occurred on the first development pressure vessel for this program was thought to be caused by such 
contamination. 



The spacecraft 017 service module was then put into test. An additional test was initiated to ensure that no 
marginal SPS pressure vessels would pass through system checkout. This additional test consisted of 25 
pressure cycles, followed by a 24 h pressure hold. After only a few hours into the hold cycle, the replaced SPS 
pressure vessel failed catastrophically. 
The investigation conducted after this failure disclosed that titanium will undergo SCC in methanol. Attack is 
promoted by crazing of the protective oxide film. It was learned that minor changes in the testing procedures 
could inhibit or accelerate the reaction. For example, the addition of 1% H2O inhibited the reaction completely. 
It could be restarted by a 5 ppm addition of chloride. Initial stress-corrosion testing in the laboratory was 
performed with available aluminum text fixtures, with 300-series stainless steel, and then with titanium. No 
failures occurred in aluminum fixtures (apparently it provided cathodic protection). Failures in stainless steel 
fixtures occurred at the specimen pin areas, not at the sharp notches used to initiate stress cracking. Failures 
occurred in only a few hours with stainless steel because it apparently accelerated the reaction by galvanic 
coupling. Specimens tested to the same stress levels in titanium fixtures often took several times as long to fail. 
The obvious solution to the problem was to replace the methanol with a suitable alternate fluid. Isopropyl 
alcohol was chosen after considerable testing. This incident further resulted in the imposition of a control 
specification (MF0004-018) for all fluids that contact titanium for existing and future space designs. 
This failure further illustrates the importance of trace chemicals in accelerating or inhibiting a failure. It also 
points out that test fixture materials can affect test results. Although it is preferable to use fixtures of the same 
alloy, it may not always be critical in the screening of possible stress-corroding fluids, because it is often 
desirable to accelerate stress-corrosion testing during the screening phase. This acceleration can be carried out 
by significantly increasing the stress (using a notch), by raising the temperature (usually), or by making the 
specimen the anode in a fluid. It is notable that failures involving stainless steel fixtures did not occur when 1% 
H2O was added to methanol, nor did failures occur in isopropyl alcohol, benzene, Freon TF, Freon MF (E.I. 
DuPont de Nemours & Co.), and distilled water and MMH, even if hydrogen chloride was added or bubbled 
through the solutions. 
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Liquid Metal and Solid Metal Induced 
Embrittlement 
William R. Warke 

 

Introduction 

METAL-INDUCED EMBRITTLEMENT is a phenomenon in which the ductility or fracture stress of a solid 
metal is reduced by surface contact with another metal in either liquid or solid form. This phenomenon from the 
presence of another metal in the molten state has been known for some time as liquid metal embrittlement. 
More recently, the term liquid metal induced embrittlement (LMIE) has been accepted as more descriptive of 
the situation. Furthermore, those cases where such embrittlement extends below the melting temperature of the 
embrittling metal, formerly known as stress alloying, are now termed solid metal induced embrittlement 
(SMIE). In either case, the metal-induced embrittlement is the result of subcritical crack growth in the structural 
metal, when it is stressed in tension in the presence of specific lower-melting-point metal and alloys. 
Metal-induced embrittlement has been known for many years and has been identified as the cause of numerous 
failures. Reference 1 cites some of the reviews published over the years and notes that there are at least four 
distinct forms of LMIE (Ref 2):  

• Type 1: Instantaneous fracture of a metal under an applied or residual tensile stress when in contact with 
certain liquid metals. This is the most common type of LMIE. 

• Type 2: Delayed failure of a metal when in contact with a specific liquid metal after a certain time 
interval at a static load below the ultimate tensile stress of the metal. This form involves grain-boundary 
penetration by the liquid metal and is less common than type 1. 

• Type 3: Grain-boundary penetration of a solid metal by a specific liquid metal, which causes the solid 
metal to eventually disintegrate. Stress does not appear to be a prerequisite for this type of LMIE in all 
observed cases. 

• Type 4: High-temperature corrosion of a solid metal by a liquid metal causes embrittlement, which is an 
entirely different problem from types 1 to 3. 

For the purposes of this Volume, this article summarizes some of the characteristics of metal-induced 
embrittlement. As noted, it shares many of these characteristics with other forms of environmentally induced 
cracking, such as hydrogen stress cracking and SCC. This article also briefly reviews some commercial alloy 
systems where LMIE or SMIE has been documented and describes some examples of cracking due to these 
phenomena, either in manufacturing or in service. The selected references at the end of the article provide a 
sample of literature citation from the 1990s on failures associated with metal-induced embrittlement. For more 
details on the occurrence, characteristics, and proposed mechanisms of these embrittlement phenomena, readers 



should consult other pertinent references, such as other articles on LMIE (Ref 3) and SMIE (Ref 4) in 
Corrosion, Volume 13 of ASM Handbook, and Ref 1. 
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Characteristics of SMIE and LMIE 

Solid metal induced embrittlement and liquid metal induced embrittlement both require the simultaneous 
presence of:  

• A susceptible structural metallic material 
• Surface wetting by an embrittling metal or alloy 
• Tensile stress, either applied or residual 

The following are some general characteristics of SMIE and LMIE:  

• Embrittlement is manifested as a loss in ductility and a decrease in fracture stress with no observable 
change in the flow characteristics of the structural metal, as subcritical crack growth or as delayed 
failure under static load. 

• For any given combination of structural metal and embrittling metal, there exist temperatures below and 
above which there is no embrittlement. The low-temperature behavior is generally believed to be 
controlled by the thermally activated transport of the embrittling species to growing crack tips, and the 
high-temperature limit is generally believed to be controlled by the decrease in strength of the structural 
metal. The temperature range of embrittlement is sometimes called the LMIE trough. 

• Both the lower-onset temperature and the high-temperature limit are raised by increasing strain rate. 
• The embrittling species must have access to potential initiation sites and to growing crack tips. For 

initiation to occur, the embrittler must wet (or adhere in solid form) to the structural metal surface; the 
passive layer can be removed locally, either chemically or by strain. 

• There is no correlation between aggressiveness of the embrittling metal toward the structural metal in 
the absence of stress and the tendency for cracking under stress. Low mutual solubility, little tendency 
for compound formation, and strong binding energies are considered favorable for embrittlement. 

• Embrittlement is favored by barriers to dislocation motion (grain boundaries or precipitates), high 
strength, and grain-boundary segregation. Thus, pure metals and single crystals are less susceptible to 
embrittlement but are not immune. 
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• The brittle fracture stress varies with the inverse square root of the average grain diameter. 
• The fracture path is usually intergranular in polycrystalline metals having cubic crystal structures and is 

frequently transgranular in hexagonal close-packed metals. 
• Changes in the alloy composition of either the structural or the embrittling metal have a strong influence 

on the embrittlement severity and extent. 
• For LMIE, subcritical crack growth rate is extremely rapid; plateau velocities of inches per second (0.1 

m/s) have been measured in fracture-mechanics-type tests. These tests also gave very low threshold 
stress intensities for crack growth. Because of the rapid crack growth, failure of small specimens or 
components is virtually instantaneous, once a sufficient stress is present. 

• In SMIE, smooth or notched specimens or components, under static loads, exhibit increasing time to 
failure with decreasing stress and a minimum stress for failure (i.e., a threshold). 

• It has been proposed that crack growth rate in SMIE is controlled by thermally activated surface self 
diffusion of embrittler atoms over adsorbed layers on the crack faces. Therefore, rate and time to failure 
are strongly temperature dependent. 
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Occurrence of SMIE and LMIE 

Metal-induced embrittlement exhibits another characteristic, which has been termed specificity. This term is 
meant to indicate that any given structural metal or alloy is only affected by certain specific embrittling metals 
or alloys. Other potential embrittlers do not cause either SMIE or LMIE or, at least, have not been tested, if at 
all, under conditions where embrittlement has manifested itself. For the purposes of service failure analysis, it is 
only necessary to list those embrittling metals that are active for commercially important metals and alloys and 
that are liable to be encountered in service (Table 1). This list is not exhaustive, and it should not be assumed 
that the absence of a potential embrittler from the table means that it is not capable of causing a service failure. 
Specificity does not have a strong theoretical basis, and, under some conditions, a supposed nonembrittler 
might cause a failure. 

Table 1   Metals that have been shown to cause liquid metal induced embrittlement, solid 
metal induced embrittlement, or both, of commercial alloys having the indicated base 
metals 
Structural alloy base metal Embrittling metal 
Aluminum Hg, Ga, Na, In, Sn, Bi, Cd, Pb, Zn 
Copper Hg, Ga, In, Li, Bi, Cd, Pb 
Nickel Hg, In, Li, Sn, Pb, Zn, Ag 
Steels  
   Ferritic/martensitic Hg, Ga, In, Li, Sn, Cd, Pb, Zn, Te, Cu 
   Austenitic Hg, Li, Zn, Cu 
Titanium Hg, Cd, Ag, Au 
 
It should be pointed out that alloys of these embrittler metals can also be embrittling. In fact, for service 
failures, the embrittling metal is probably not pure but is impure or an alloy. For example, tin- and lead-base 
bearing alloys and solders also cause metal-induced embrittlement. Furthermore, some alloy additions to 
embrittling metals have been observed to increase the severity of embrittlement, while other additions have had 
the opposite effect. 
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Failure Analysis of SMIE and LMIE 

Field failures that are the result of SMIE or LMIE can be analyzed using the standard techniques described 
elsewhere in this Volume. This article simply describes some of the unique features that assist in arriving at a 
clear conclusion that SMIE or LMIE is the most probable cause of the problem. 
Visual Examination. In general, the subcritical crack follows a path such that its fracture surface is 
perpendicular to the maximum principal stress. 
Solid metal induced embrittlement fractures exhibit a subcritical crack growth area and a final fracture area of 
different texture. The subcritical area may or may not be discolored and exhibit a characteristic color or sheen. 
In the case of LMIE, the fracture is, of course, covered by a visible layer of the embrittler metal. At room 
temperature, mercury or its alloys are liquid, and other metals are present as a resolidified coating. Mercury-
induced failures of aluminum alloys are characterized by the generation of significant quantities of white 
aluminum oxide. A small amount of aluminum dissolves in the mercury and oxidizes at the mercury-air 
interface. 
Scanning Electron Microscope (SEM) Fractography. Solid metal induced embrittlement fractures of most 
commercial metals and alloys are classically intergranular. Near the final fracture area, the grain facets are 
usually smooth and the grain edges sharply defined. As the source of the embrittler is approached, the fracture 
takes on a rounded appearance, because there is a layer of embrittler metal on the facets. The presence of this 
layer can be detected by energy-dispersive spectroscopy (EDS), with decreasing intensity nearer to the final 
fracture area. Long counting times and/or low electron accelerating voltages may be needed, because the 
embrittler layer can be much thinner than the penetration depth of the electron beam. This layer can also be 
detected by other surface analytical techniques, such as Auger electron spectroscopy or electron spectroscopy 
for chemical analysis. 
Liquid metal induced embrittlement fractures are not very easy to examine in the SEM. Removal of the coating 
of resolidified metal on the fracture surface is required, and this process may damage the underlying surface. 
The best that can be expected is to ascertain the fracture path. 
Metallography. Metallographic examination of SMIE and LMIE failures parallels what was described 
previously for SEM examination. In SMIE, a thin layer of embrittler metal is often detectable on the crack faces 
near the origin. The crack path in both SMIE and LMIE is characteristic of the particular structural metal and 
embrittler but is usually intergranular, especially for body-centered cubic and face-centered cubic alloys. 
Secondary cracks and crack branching are often observed, and, in LMIE, these cracks and branches are filled to 
the tip with resolidified embrittler metal. Liquid metal induced embrittlement is often confirmed by EDS in a 
SEM of the material in the primary and secondary cracks in metallographic sections. 
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LMIE and SMIE Service Failures 

The following examples of LMIE and SMIE cracking and fracture in manufacture and in service alert the 
reader to the potential for problems resulting from this phenomenon. Such failures are much less common than 
those due to other fracture mechanisms, but, when they do occur, they can lead to serious consequences. 
Because they are less common, they are more unexpected than others and can more easily be misinterpreted. 
Additional examples also are available in the Selected References list at the end of this article. 
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Aluminum-Mercury. The embrittlement of aluminum alloys by mercury is an easily studied model system and 
has been the subject of much research. However, there have been relatively few examples of such failures 
having occurred in service. One case has been described of mercury-induced cracking of aluminum alloy piping 
in a natural gas processing plant (Ref 5). As-produced natural gas from the wells was cryogenically treated to 
remove higher-value heavier hydrocarbons, called natural gas liquids (NGL), from the methane. Mercury at the 
parts per billion (ppb) level was produced with the natural gas and normally was removed by adsorption beds 
upstream of the cryogenic plant. After some years of operation, a leak was detected in the area of the heat 
exchangers in the cryogenic unit, and a leak was found in a vertical nominal pipe size (NPS) 10, Schedule 80, 
6061 aluminum alloy pipe. This pipe was the first one that the gas passed through, which operated at a 
temperature below the melting point of mercury. The pipe had been girth welded with 5356 filler metal using 
backing strips, and the leak occurred through one of these welds behind the backing strip. It was concluded that 
solid mercury had condensed out on the pipe walls during cryogenic operation. Then, when the plant was 
occasionally brought up to ambient temperatures for various reasons, the mercury melted and ran down, to be 
trapped behind the backing strips. These temperature excursions also caused stress and strain in the piping, 
which cracked the passive layer, allowed the mercury to wet the weld metal at the root of the weld, and led to 
LMIE crack propagation. Other mercury-contaminated welds were detected by x-ray radiography and removed, 
and the mercury absorption material was replaced. 
A similar failure has been reported in an aluminum alloy piping elbow in a cryogenic unit at an ethylene plant 
(Fig. 1) (Ref 6, 7). In this case, the mercury was received in shipments of feedstock that contain up to 40 ppb of 
mercury. The failure occurred in the girth welds at an elbow; these welds had been made using 5183 filler 
metal. Examination clearly showed that the failure was due to mercury condensation, and testing confirmed that 
the base metal and the weld metal were susceptible to embrittlement by mercury. 



 

Fig. 1  Mercury-induced cracking of aluminum alloy piping. (a) Weld cap with through-
wall branched cracking. (b) Cross section at the through-wall crack location. (c) 
Branched, intergranular cracking at a crack tip. 27×. Source: Ref 7  
 
Aluminum-Lead. Sustained load cracking (SLC) and delayed failures have been observed at ambient 
temperatures in 6351-T6 aluminum alloy, which contains small amounts of lead (>10 ppm). It is perhaps 
unclear whether these failures should be classified as SMIE or grain-boundary segregation. The lead is 
contained in the alloy and apparently diffuses to grain boundaries near stress concentrations, where it exists as 
metallic lead and leads to subcritical crack growth by intergranular separation. Failures have been observed in 
self-contained breathing apparatus, in self-contained underwater breathing apparatus cylinders (Ref 8, 9), and in 
piping at a NGL plant (Ref 10). 
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The latter case involved two half-pipe headers on a finned plate heat exchanger in a natural gas liquids plant 
after 13 years of service. A 28 cm (11 in.) long crack was found in one 6351-T6 aluminum alloy, NPS 4, 
Schedule 40 header, and another partial crack was subsequently found by ultrasonic inspection. Chemical 
analysis confirmed the alloy and indicated a lead content of 12 ppm. Metallographic examination showed the 
cracking to be intergranular through very coarse-grained regions of the pipe walls (about 10 grains through the 
6.0 mm, or 0.237 in., wall thickness). Other coarse-grained regions were located 90° circumferentially from the 
cracked areas. It was concluded that the pipes had been manufactured by extrusion through a bridged die, and 
that the extreme grain growth had resulted from the heat and strain of welding in the die. 
Coarse grains mean less grain-boundary area per unit volume, so a small amount of lead could build up to a 
higher level in the boundaries. Lead-induced SLC was identified as the most probable cause of failure. 
Copper-Mercury. The embrittlement of copper and copper alloys by mercury is another classic case of LMIE. 
Brass is very severely embrittled by mercury, and a number of studies have been carried out on this system. 
Again, however, reports in the literature of service failures are relatively rare. One report is provided in Ref 11, 
which describes the failure of three C22000 commercial bronze rupture discs by mercury embrittlement. The 
discs were part of a flammable gas-cylinder safety device designed to fail in a ductile mode when cylinders 
experience higher-than-design pressures. The subject discs failed prematurely (Fig. 2) below design pressure in 
a brittle manner. Fractographic examination using SEM indicated that failure occurred intergranularly from the 
cylinder side. Energy-dispersive spectroscopy analysis indicated the presence of mercury on the fracture 
surface, and mercury was also detected using scanning Auger microprobe analysis. The mercury was 
accidentally introduced into the cylinders during a gas-blending operation through a contaminated blending 
manifold. Replacement of the contaminated manifold was recommended, along with discontinued use of 
mercury manometers, the original source of mercury contamination. 



 

Fig. 2  Mercury-induced embrittlement of bronze rupture discs. (a) Premature, atypical 
rupture of a rupture disc. (b) SEM fractograph of a failed rupture disc, showing 
intergranular crack propagation. 554×. Source: Ref 11  
 
Carbon or Alloy Steel and Tin. Spacecraft separation springs were cold coiled from 13 mm (0.5 in.) 9254 alloy 
steel high-strength rod (Ref 12). The springs were electroplated with tin and subsequently given a hydrogen 
embrittlement relief heat treatment at 200 °C (400 °F). Dye-penetrant inspection revealed numerous cracks near 
one end of the springs. Metallographic examination and EDS revealed that the cracks were filled with tin. It 
was concluded that the ends of the springs that were resting on the hearth had been heated to or near to the 
melting point of the tin (230 °C, or 450 °F) and the springs had cracked due to the tin and the residual stresses 
from cold forming. 
It has also been reported (Ref 13) that tin-plated steel bolts, loaded to 90% of the yield strength, failed in a short 
time at 290 °C (550 °F). 
Carbon or Alloy Steel and Cadmium. Cadmium SMIE and LMIE of high-strength steel has been recognized for 
many years, particularly in the fastener (Ref 14) and aircraft industries (Ref 15). The term stress alloying was 
used to describe the phenomenon. A rough guideline suggested for the maximum recommended use 
temperature of cadmium-plated fasteners is 230 °C (450 °F). However, other tests have shown cadmium SMIE 
cracking down to 160 °C (325 °F) or even 120 °C (250 °F), depending on the strength level and test conditions. 
Examples of service failures due to cadmium-induced embrittlement are given for a fastener problem in Fig. 3 
and an aircraft component problem in Fig. 4. 
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Fig. 3  Service failure of a low-alloy steel nut by LMIE. Cadmium-plated, 4140 low-alloy 
steel (44 HRC) nuts were inadvertently used on bolts for clamps used to join ducts that 
carried hot (500 °C, or 930 °F) air from the compressor of a military jet engine. (a) The 
nuts were fragmented or severely cracked. (b) The fracture surfaces of the nuts were 
oxidized and tarnished; purple, blue, and golden-yellow colors were sometimes evident. 
(c) SEM revealed brittle intercrystalline fracture surfaces. (d) Energy-dispersive x-ray 
analysis showed that the fracture surfaces were covered with a thin layer of cadmium. 
Failure was therefore attributed to LMIE by cadmium. 
 



 

Fig. 4  Failed nose landing gear socket assembly due to LMIE. (a) Overall view of the air-
melted 4330 steel landing gear axle socket. Arrow A indicates the fractured lug; arrow B, 
the bent but unfailed lug. Arrow C indicates the annealed A-286 steel interference-fit plug 
containing the grease fitting that was removed from the fractured lug. (b) The segment of 
the fractured lug (A) that remained attached to the launch bar. (c) The forward section of 
the lug shown in (b) after removal from the launch bar. Arrow A indicates the primary 
fracture side; arrow B, the secondary overload side. (d) The fracture face looking at the 
forward end of the lug [arrow A in (c)]. Region A is the grease hole that accepts the 
interference-fit plug; the hole was inadvertently cadmium plated approximately three-
fourths of its length during original part processing and before the required brush tin 
plate. Arrows B indicate approximate origins; arrows C, the extent of intergranular crack 
growth predominantly from liquid metal embrittlement; Regions D, final catastrophic 
overload. (e) Shown are the interference-fit plug (arrow A) with a brush tin plate and a 
dry film (MoS2) finish, the threaded grease fitting (arrow B), and the sealing washer 
(arrow C). Arrow D indicates an upset area that occurred during shrink-fit insertion of 
the plug. The upset area provided high contact pressure between the plug and the hole, 
resulting in a high hoop tension stress condition. (f) A typical section adjacent to the 
interference-fit hole (arrow B) showing intergranular crack growth and the liquid metal 
diffusion of almost pure tin with a trace of cadmium at the grain boundaries (arrows C). 
SEM. 320× 
 
After a fire in an electrical switchgear building, some cadmium-plated, high-hardness (47 HRC) steel fuse-
holder clips were found to have broken. The fractures were intergranular, and cadmium was identified on the 
fracture face and in secondary cracks by EDS. The cadmium on the surface appeared to have melted. It was 
concluded that the clips had failed by cadmium SMIE or LMIE during the fire and not previously. 
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Carbon or Alloy Steel and Lead. Breyer (Ref 16) referred to several service failures that had occurred as a result 
of lead-induced embrittlement of leaded or lead-contaminated steels. These failures included:  

• Radial cracking of a gear during an induction heating operation to harden the teeth 
• Failure of leaded steel dies 
• Failure of shafts during warm punch straightening after heat treatment 
• Failure in the seventh stage of the compressor of jet airplane engines 
• Failure of fourth-stage compressor wheels of helicopter jet engines 

In an investigation of a series of failures of diesel locomotive axles, it was found that the cause was LMIE by 
the lead-base Babbitt metal in the traction motor suspension bearings (Ref 17). The Babbitt was a Pb-Sb-Sn 
alloy. Due to loss of lubrication, the bearings heated to a temperature above the Babbitt melting temperature, 
and LMIE cracks initiated and propagated into the axle surface. Fatigue cracking then proceeded from the 
LMIE cracks, leading to ultimate final fracture of the axle when a critical size was reached. 
Carbon or Alloy Steel and Zinc. There are occasional anecdotal reports of steel components fracturing when 
immersed in a hot dip galvanizing bath. These failures are believed to be associated with high hardness and 
high residual stresses often found in welding. 
Penetration of molten zinc can also occur when previously galvanized parts are welded. 
Carbon or Alloy Steel and Copper. “Copper checking” is a form of LMIE that occurs during hot working of 
some copper-containing steels. Any hot working operation in which the steel has been reheated in an oxidizing 
atmosphere can lead to this form of hot shortness and surface cracking. A layer of metallic copper is left at the 
interface between the iron oxide scale and the steel, and when the metal is strained, the copper penetrates the 
grain boundaries. 
A study of some other locomotive axles was reported in Ref 18. In these axles, the temperature of the bearings 
became sufficiently high to melt the bronze backing of the Babbitt metal bearing. It was concluded that the 
Babbitt metal melted at approximately 260 °C (500 °F) and was displaced or volatilized. Frictional heating 
continued until the bronze bearing shells melted at 900 to 925 °C (1650 to 1700 °F), and the molten copper 
alloy penetrated the grain boundaries (Fig. 5) of the stressed axles. Because of the high temperature, the axles 
were weak, and the final fractures occurred by torsion. 
 



 

Fig. 5  X-ray elemental composition maps made with the electron microprobe of a copper 
penetration crack in a failed locomotive axle. 270× 
 
Stainless Steel and Zinc. In the spring of 1975, a major disaster occurred in a chemical plant in Flixborough in 
the United Kingdom. The primary failure was determined to be the result of the collapse of a temporary pipe 
linking two reactors (Ref 19). Subsequently, secondary failures were found in another section of NPS 8, Type 
316L stainless steel pipe. The results of various metallurgical investigations of these secondary failures are 
summarized in Ref 20. There was a 125 cm (50 in.) long rupture in an elbow, an 8 cm (3 in.) crack in a straight 
section of pipe, and three areas containing numerous fine cracks. The 125 cm rupture was due to creep rupture. 
The other cracking, however, was determined to be due to zinc-induced embrittlement. Zinc was detected by 
EDS on the faces of the 8 cm crack, and zinc was found in crack branches off of the main crack. The three areas 
of fine cracking were also concluded to be due to zinc LMIE. The zinc was thought to have come from the 
melting during the fire of the coating on galvanized steel components in the structures above the NPS 8 line. 
A similar failure was detected in some Type 321 stainless steel piping on restarting the unit following a fire 
(Ref 21). Metallographic examination and electron probe microanalysis showed that zinc was present in the 
cracks and on the surface of the pipe. During the fire, considerable galvanizing was lost from platforms and 
structures above the bare pipe that cracked. 
Another incident of zinc LMIE occurred in a chemical plant under construction (Ref 22, 23). The piping was 
Type 304 and Type 316L stainless steel. After the pipe was put in place but not welded, the structural steel was 
painted with zinc-rich primer by both spraying and brushing. The piping was then welded. Several leaks were 
identified during hydrotest, and subsequent dye-penetrant examination revealed numerous cracks in the heat-
affected zones of the welds. Metallography and EDS again revealed the presence of zinc in the intergranular 
cracks. The pipe surfaces were found to contain spatters of the zinc-rich primer, and when welding was 
performed through spattered regions, LMIE cracks formed adjacent to the weld passes. 
Stainless Steel and Copper. In Ref 24, heat-affected zone cracking at butt welds in thin sheets of Type 304L 
stainless steel when the weld area had been contaminated with copper particles is reported. This reference also 
discusses cracking at tube-to-sheet welds due to copper contamination from adjacent tooling. The cracks were 
demonstrated to be from copper penetration along grain boundaries. The copper was visible in metallographic 
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sections and was analyzed by EDS in the SEM. Copper LMIE of austenitic and duplex stainless steels has been 
documented in the literature; no other reports of cracking in manufacture or service were available. 
Titanium-Cadmium. Liquid metal induced embrittlement and SMIE of titanium alloys by cadmium has been 
studied primarily with regard to fasteners (Ref 25). An example of LMIE is shown in Fig. 6. Another study 
found cracking of titanium bolts in the head-to-shank fillet after torquing and exposure to 150 °C (300 °F) for 
cadmium, nickel-cadmium, and vacuum cadmium plating. Cadmium SMIE of titanium alloys has been 
observed at temperatures as low as 90 °C (200 °F). 
 

 

Fig. 6  Failed Ti-6AI-4V shear fastener. The fasteners were cadmium plated for galvanic 
compatibility with the aluminum structure. (a) Photograph showing failure at the head-
to-shank fillet. (b) Intergranular fracture morphology. Failure was attributed to LMIE 
caused by excessive temperature exposure while under stress. SEM split screen. Left: 
105×. Right: 1050× 
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Introduction 

WHEN FAILURES OCCUR, the unscheduled outages result in loss of reliability and increased economic costs. 
A failure investigation can determine the primary cause of material, component, or system degradation. Based 
on this analysis, corrective action to mitigate or eliminate future failures can be initiated. Analysis of the failure 
generally requires the identification of the mode of degradation, whether it is mechanical, chemical, 
electrochemical, or a combination of several factors. This failure analysis can be complex, because more than 
one failure mechanism may be operative. The educational background and experience of the failure analyst can 
influence the failure investigation. The analyst must assess the importance of contributory causes to the rupture 
and the techniques required for the examination. A complex investigation may require several experts in 
different disciplines of engineering, physical science, metallurgy, or an understanding of corrosion science and 
engineering. 
High-temperature corrosion may occur in numerous environments and is affected by factors such as 
temperature, alloy or protective coating composition, time, and gas composition. High-temperature corrosive 
environments may include power-generation plants (coal, oil, natural gas, and nuclear), pulp and paper mills, 
waste incineration sites, numerous industrial chemical processes, diesel engines (power, land vehicle, and 
maritime), and gas turbine (land-based, marine shipboard, and aircraft). 
Predicting corrosion of metals and alloys or coated alloys is often difficult because of the range of composition 
of the corrosive gaseous or molten environments. Moreover, corrosion prediction is further complicated, 
because materials often degrade in a high-temperature environment by more than one corrosion mechanism. 
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High-Temperature Corrosion Mechanisms 

High-temperature corrosion of materials may occur through a number of potential degradation processes:  

• Oxidation 
• Carburization and metal dusting 
• Sulfidation 
• Hot corrosion 
• Chloridation 
• Hydrogen interactions 
• Molten metals 
• Molten salts 
• Aging reactions, such as sensitization 
• Environmental cracking (stress-corrosion cracking and corrosion fatigue) 

The presence of molten salts or metals may induce other mechanisms, such as galvanic corrosion, crevice 
corrosion, and pitting corrosion. Impingement by solid particles may contribute to erosion-corrosion or 
accelerate corrosion in the various gaseous or molten environments. 
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Oxidation. Most metals and alloys are often oxidized on exposure to temperatures above 300 °C (570 °F) in 
environments containing more than 1 vol% O2. Alloys are protected, to varying degrees, by the oxide layer. The 
thickness of the oxide is proportional to the parabolic rate kinetics. Oxidation of carbon steels from air or steam 
forms an oxide scale along the metal surface that grows and thickens with time. Gas composition influences the 
rate of oxidation. The effects of oxygen concentration and temperature are specific to each alloy. Scale growth 
rate increases with a rise in temperature. Table 1 provides suggested maximum temperatures for various alloys. 

Table 1   Suggested maximum temperatures for various alloys in continuous, isothermal oxidizing 
atmospheres without excessive scaling 

Temperature maximum Alloy designation 
°C °F 

Ref 

Carbon and alloy steels  
1010 steel 480 900 1  
SA-178, grade A 510(a)  950(a)  2 
SA-192; SA-210, grade A 510(b)  950(b)  2  
SA-209, grade T-1A 525(b)  975(b)  2  

1 Cr- Mo-Si; SA-213, grade T-11 565(b)  1050(b)  2  

2 Cr-1Mo-Si; SA-213, grade T-22 600(b)  1115(b)  2  

7Cr-Mo 650 1200 3  
9Cr-1Mo-V; SA-213, grade T-91 650(a)  1200(a)  2  
9Cr-Mo 675 1250 3  
Stainless steels  
201, 202 845 1555 4  
301 900 1650 4  
302, 304 925 1695 4  
309 1095 2000 4  
310 1150 2100 4  
316, 317, 321, 347 925 1695 4  
330 1150 2100 4  
405, 410 705 1300 4  
416 675 1245 4  
420 620 1150 4  
430 815 1500 4  
440 760 1400 4  
442 980 1795 4 
446 1095 2005 4  
Superalloys  
N-155 iron-base superalloy 1040 1900 1  
S-816 cobalt-base superalloy 980 1800 1  
Hastelloy X nickel-base superalloy 1205 2200 1  
HX (17Cr-66Ni-bal Fe) 1150 2100 1  
(a) Seamless tube. 
(b) Electric resistance welded tube 
Iron oxides alone are not protective above 550 °C (1020 °F) (Ref 5). Chromium, aluminum, and/or silicon 
assist in forming scales, which are more protective at higher temperatures (Ref 6). Chromium oxide is stable up 
to 983 °C (1800 °F), above which the oxide volatizes to gaseous CrO3. 
The temperatures listed in Table 1 may require modification, depending on the severity of the oxidation rate as 
influenced by the actual composition of environment and other operational factors. Preferential grain-boundary 
oxidation, thermal cycling, the presence of moisture, and chloride- or sulfur-containing gases cause service 
lives much shorter than those predicted from isothermal oxidation. Loss of oxide adhesion and integrity may be 



caused by mechanical damage via spallation or cracking of the oxide film from cyclic oxidation of chromia and 
alumina oxides formed on nickel-base alloys due to the mismatch of thermal expansion coefficients between 
the oxide and the base alloy (Ref 7). Small additions of lanthanum, yttrium, tantalum, ceria, zirconia, and/or 
niobia improve the scale adhesion and scale resilience to cyclic oxidation (Ref 5). 
Carburization is the formation of carbide corrosion products on exposure to temperatures above approximately 
760 °C (1400 °F) in gases containing methane, carbon monoxide, hydrocarbons, carbon, or other carbonaceous 
compounds. Carburization alone usually does not result in corrosion or alloy wastage, but adsorption and 
diffusion of carbon into the base alloy can lead to significant changes in the alloy mechanical properties and 
thus possible alloy embrittlement. Variables that affect the carburization rate are the temperature, exposure 
time, alloy composition, and partial pressures of H2, CH4, and H2S. Hydrogen sulfide tends to slow alloy 
decarburization rates. 
Carbon dioxide produced in an oxidizing environment is less corrosive than carbon monoxide, CO, which is the 
prevalent carbonaceous gaseous species in a reducing environment. Under simultaneous oxidizing and 
carburizing conditions, where hydrocarbons are present in the gas stream and/or with the introduction of oily 
components, stainless steels and nickel-base alloys are susceptible to severe carburization called “green rot” 
(Ref 8). Green rot occurs when internal chromium carbides are formed during carburization; subsequent 
oxidizing of the carbides at the grain boundaries may result in embrittlement. 
Metal dusting can be described as a catastrophic form of carburization occurring under conditions where the 
carbon activity, ac, of the gaseous atmosphere is greater than that of the metal. The degradation takes place in 
strongly carburizing atmospheres with carbon activities greater than 1 (ac » 1) and at intermediate temperatures 
between 400 and 900 °C (750 and 1650 °F). Although metal dusting has taken place at temperatures as high as 
1095 °C (2000 °F) in strongly reducing gaseous environments, metal dusting generally occurs at temperatures 
from 480 to 815 °C (900 to 1500 °F). 
Deterioration and material wastage by metal dusting in carburizing gases result in pitting and overall wastage of 
stainless steels, with or without an oxidizing environment (Ref 9, 10). Corrosion products in the pits consist of 
metal carbides, metal oxides, and graphite. The attack is localized, and carburization is confined to the pit. 
Slight modifications in the process conditions may significantly affect the occurrence and extent of metal 
dusting attack. The phenomenon can produce rapid metal wastage, producing pits and grooves as the affected 
metal disintegrates into a mixture of powdery carbon and metal particles (Fig. 1). Metal dusting corrosion has 
negatively impacted the efficiency and productivity of processes within numerous industries. These include 
petrochemical processing (processes involving steam reforming of methane or natural gas, such as ammonia 
and methanol production), direct iron-ore reduction, coal degasification, and heat treating. 
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Fig. 1  Metal dusting attack on the inner wall of a stainless steel tube 

There is no iron- or nickel-base alloy that is absolutely resistant to metal dusting attack. Research is focused on 
the reaction chain from the formation of alloy substrate oxide layers and deteriorating conditions. Accordingly, 
carbon and coke deposition and carbide formation and decomposition are investigated. For nickel-base alloys, 
the following mechanism was proposed (Ref 11, 12, 13, 14):  

1. Carbon transfer from the gas phase and dissolution of carbon into the metal phase at oxide defect sites 
2. Formation of a supersaturated solution of carbon in the nickel-iron matrix 
3. Deposition of graphite on the alloy surface in different orientations 
4. Growth of graphite into the metal phase by carbon atoms from the solid solution, attaching to graphite 

planes growing vertical to the metal surface 
5. Destruction of the metal phase by the inward-growing graphite under transfer of metal particles into the 

“coke” layer 
6. Further graphite deposition from the gas phase on these catalytically active metal particles (iron, nickel). 

Chemical reactions producing such high carbon activities, for example, in reformer applications, are:  

Hydrogen reformer: CH4 + H2O CO + 3H2  (Eq 1) 
In a temperature regime between 550 and 850 °C (1020 and 1560 °F), the prevailing gas composition may be 
due to the following reactions:  

Redox reaction: CO + H2 3H2O + C  (Eq 2) 

Boudouard reaction: 2CO CO2 + C  (Eq 3) 
In cases where carbon activities are calculated to be ac » 1 for the reactions given in Eq 2 and 3, metal dusting 
may occur as a catastrophic reaction of carbon monoxide and carbon with metallic materials. Reaction kinetics 
of metal dusting have been reported to be controlled by the temperature and the carbon-monoxide-to-carbon-
dioxide ratio in the gas (Ref 15). 
Nickel-base alloys are more resistant to carbon diffusion than most other alloys, and alloys with higher nickel 
content are superior to low-content nickel alloys. Carburization appears to be appreciable, with a penetration of 
0.2 to 0.8 mm (0.008 to 0.031 in.) in 50 to 55 days, in nickel alloys at 650 to 700 °C (1200 to 1300 °F). Nickel-
chromium alloys containing titanium, niobium, and aluminum are better than basic nickel-chromium alloys in 
carbon dioxide atmospheres at 700 to 800 °C (1300 to 1470 °F). The alumina scale-forming alloys appear to be 
much more resistant to carburization than the chromia scale-formers (Ref 16). 
Nitridation of alloys in ammonia environments is well known in ammonia and heat treating industries (Ref 17). 
Nitridation attack by N2 is known in the powder metal industry. It has been shown that the kinetics of 
nitridation in N2 are much higher than found in contact with NH3 at high temperatures (980 to 1090 °C, or 1800 
to 2000 °F) (Ref 18). Heat treating furnaces and accessories for heat treating powder metal products are 
typically exposed to N2 or N2-H2 atmospheres at elevated temperatures (~1090 °C, or 2000 °F). Both stainless 
steel and nickel-base alloys may suffer from severe nitridation attack, resulting in loss of creep strength and/or 
ductility. Alloys are susceptible to nitridation attack in combustion environments even when such environments 
are oxidizing. Increasing iron in the alloy increases its susceptibility to nitridation attack. Titanium and 
aluminum are also detrimental to nitridation attack (Ref 18). 
Carbon-Nitrogen Interaction. This type of high-temperature interaction can be found in centrifugally cast 
furnace tubes of alloys HK-40 (26Cr-20Ni) and HL-40 (30Cr-20Ni) used extensively in ethylene-pyrolysis 
furnaces for many years. In service, thick deposits of carbon or coke form on the intertube walls, and it is 
necessary to burn these deposits away periodically by means of steam-air decoking. Examination of failed 
furnace tubes has established an interaction between carbon diffused from the surrounding furnace atmosphere 
and nitrogen already present in the tubes. Metallographic examinations and chemical analyses have shown that 
a high nitrogen content can cause microscopic voids along grain boundaries, which in turn lead to premature 
failure by stress-rupture cracking. Void formation occurs only when carbon and nitrogen exceed a certain 
critical level. 
It has been determined that, in general, the inward diffusion of carbon from the carburizing atmosphere forces 
the migration of nitrogen present in the tube toward the outside surface. However, there may be exceptions. In 



one hydrogen-reformer furnace, for example, there was a joint inward diffusion of carbon and nitrogen, because 
the methane-gas feed contained 18% N. Analyses showed that the tubes contained 0.83% C and 0.156% N at 
the inside surface and only 0.42% C and 0.094% N at the outside surface. 
Example 1: High-Temperature Degradation of a Gas Turbine Transition Duct. The presence of carbides and 
carbonitrides in a gas turbine transition duct is seen in Fig. 2, from an investigation reported in Ref 19. The 
transition duct was part of a 100 MW power-generation gas turbine. The duct was fabricated from several 
panels of a modified nickel alloy, IN-617. After six years of operation, two such ducts failed during the next 
two years, causing outages. Failure was in the form of a total collapse of the duct. Carbides and carbonitrides 
were found in all of the transitions examined. Oxidation, oxide penetration, and oxide spallation also caused 
thinning of the duct wall. It was felt that the high oxygen and nitrogen partial pressures of the gases within the 
duct, combined with the high temperatures, facilitated nitrogen pickup. In some cases, continuous grain-
boundary precipitation was observed. 

 

Fig. 2  High-temperature degradation of a gas turbine transition duct. (a) Carbide, carbonitride 
precipitates, and oxide pentration along grain boundary. (b) Creep cracking along grain-boundary 
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precipitates (arrows) on IN-617 panel. Creep cavities along grain boundaries link up and lead to 
preferential cracking. Both micrographs show an area approximately 0.38 mm (0.015 in.) wide. Source 
Ref 19  

Sulfidation is a reaction of a metal or alloy with a sulfur-containing species to produce a sulfur compound that 
forms on or beneath the surface of the material. Sulfidation may involve the formation of oxides plus sulfides in 
reducing gases such as hydrogen-hydrogen sulfide mixtures. In most environments, Al2O3 or Cr2O3 form 
preferentially to the sulfides, but destructive sulfidation attack occurs at oxide crack sites (Ref 20). The reduced 
species, H2S, is more corrosive than the oxidized species, SO2. Gaseous reactions or molten phases, such as 
low-melting-point metal-sulfides eutectics, may cause sulfidation. Sulfidation of nickel results in the formation 
of eutectic Ni3S2 that has a melting point of 635 °C (1175 °F), with sulfur solubility of 0.005% (Ref 21). The 
eutectic formation causes the initiation and propagation of intergranular corrosion. The sulfidation rate of 
metals and alloys is usually many times higher than the corresponding oxidation rate. These metal sulfides 
generally are more complex and have lower melting temperatures than the corresponding oxides (Ref 6). 
Adding chromium improves resistance to sulfide attack and increases the temperature limit in a sulfidizing 
environment. Chromium sulfide formed below the surface of the protective oxide layer may lead to depletion of 
chromium and breakaway corrosion. Once sulfur has reacted with the alloy, sulfur tends to preferably react with 
chromium or aluminum to form sulfides; this may cause redistribution of the scale-forming elements or 
interfere with the formation of protective oxide scales. Nickel-chromium alloys have been successfully used at 
service temperatures of 750 to 1200 °C (1400 to 2200 °F). Manganese, silicon, and aluminum additions 
improve the resistance of nickel alloys to sulfur attack (Ref 21). 
Scaling rates of high-temperature stainless steels are higher in dry sulfur dioxide environments than in air, due 
to the formation of chromium sulfides below the protective chromia scale. The introduction of water vapor into 
air/sulfur dioxide environments accelerates sulfidation attack (Ref 22). Sulfidation of Ni-18Cr and Ni-28Cr 
alloys was observed to initiate by the formation of NiS, which prevented the continuous formation of Cr2O3 at 
sites with sufficient sulfur concentrations to form NiS (Ref 23). The higher chromium content of the Ni-28Cr 
alloy reduced the substrate area that was depleted of chromium (Ref 23). 
Sulfur can be transported through the Al2O3 and Cr2O3 protective scales under certain conditions, resulting in 
discrete sulfide precipitates observed at the scale/alloy interface (Ref 24). Sulfide concentrations above 
approximately 10 to 20 ppm have been shown to modify the adhesion strength and cyclic oxidation resistance 
of the protective oxide scales. Generally, CoCr binary alloys have a resistance to sulfidation that is superior to 
that of NiCr binary alloys because of the slower outward diffusion of cobalt ions through the scale during 
sulfidation and the relatively high melting point of the Co-Co4S3 eutectic (Ref 25). 
Example 2: Failure of a Nickel-Base Alloy Incinerator Liner. An alloy IN-690 (N06690) incinerator liner failed 
after only 250 h of service burning solid waste. The root cause of the failure was overfiring during startup and 
sulfidation of the nickel-base alloy. Figure 3 shows the perforation of the liner near a patch made of alloy 160. 
The original wall was 6.35 mm (0.250 in.) and was reduced to 1.27 mm (0.050 in.) thickness. The accelerated 
oxidation of the liner is shown in Fig. 4. Sulfidation is seen in Fig. 5. This sulfidation weakens the sheet, 
allowing the cracks to propagate. The thickness is approximately 0.8 mm (0.031 in.). A more detailed view of 
the sulfidation (Fig. 6) reveals the formation of chromium sulfides (gray area indicated by arrow) by the sulfur, 
which diffused in the alloy along the grain boundaries. 



 

Fig. 3  Perforation near alloy 160 patch showing that the original 6.35 mm (0.250 in.) wall thickness had 
been reduced to 1.27 mm (0.050 in.) or less in the general area of failure 

 

Fig. 4  Incinerator environment has led to accelerated oxidation of the IN-690 liner approximately 100 to 
150 μm deep. Oxidation first initiates along intergranular paths. Width represents approximately 0.572 
mm (0.0225 in.) 
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Fig. 5  Sulfidation penetration into IN-690 liner approximately 50 to 250 μm deep. The sulfidized 
weakened structure of the alloy has led to cracking. 

 

Fig. 6  Formation of chromium sulfides (gray areas, such as marked by arrow) along the surface, caused 
by diffusion of sulfur species along the grain boundaries of IN-690 liner. As expected, sulfide 
concentration decreases with depth, due to diffusion limitations. Precipitates formed along the diffusion 
front. 

Example 3: Perforation of a Nickel-Base Alloy Kiln (Ref 26). A kiln, 7.6 m (25 ft) long with a 1 m (3 ft) 
internal diameter and a 6.3 mm (0.25 in.) wall thickness, is used to regenerate spent charcoal returned by water 
utilities. This charcoal contains up to 0.57% S and 2.04% Cl. The kiln is made of Inconel 601 (N06601) welded 
using Inconel 617 (N06617) as a filler alloy. Wet charcoal is fed in at one end of the kiln and travels while 
being tumbled within the inclined rotating vessel. Temperatures range from 480 °C (900 °F) (Zone 1) to 900 °C 
(1650 °F) (Zones 2 and 3). Steam is introduced at the discharge end at 95 g/s (750 lb/h), 34 to 69 kPa (5 to 10 
psi), and 125 °C (260 °F). The kiln developed perforations within eight months of operation. 
Discussion. The sulfur and chlorine in the charcoal attacked the Inconel 601, forming various sulfides and 
chlorides (Fig. 7). The tendency is for the sulfur to attack the nickel first and then the chromium to form their 
respective sulfides. Figure 8 shows the light yellow (light gray) nickel sulfide grains and the dark chromium 
sulfide grains in a bright chromium-depleted matrix. The accompanying energy-dispersive spectroscopy spectra 
(Fig. 9) show the chemical makeup of these phases. 
 

 



Fig. 7  Sulfidation and chloridation attack on nickel alloy of charcoal-regeneration kiln. See also Fig. 8. 
Region 1 is an area of chromium sulfide islands (dark phase) interspersed in chromium-depleted region 
(bright phase). Region 2 has angular phase (consisting mostly of nickel sulfide) in the chromium-depleted 
region (bright phase). Dark, outer region contains cavities, corroded metal, and various debris, including 
mounting compounds. Far left region (not shown) is base metal. Micrograph shows an area 
approximately 6 mm (0.24 in.) wide. Courtesy of Mohan Chaudhari, Columbus Metallurgical Services 

 

Fig. 8  Sulfidation and chloridation attack on nickel alloy of charcoal-regeneration kiln, with greater 
magnification (at ~44×). Lower right is region of chromium sulfide islands (dark phase) interspersed in 
chromium-depleted region (bright phase). Middle region has angular phase (consisting mostly of nickel 
sulfide) in the chromium-depleted region (see energy-dispersive spectroscopy output in Fig. 9). Dark 
regions at top of the photo are cavities, corroded metal, and various debris. Micrograph shows an area 
approximately 1.5 mm (0.06 in.) wide. Courtesy of Mohan Chaudhari, Columbus Metallurgical Services 
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Fig. 9  Energy-dispersive spectroscopy corresponding to areas of Fig. 8. Courtesy of Mohan Chaudhari, 
Columbus Metallurgical Services 

Little or no chlorides were detected in the corrosion debris, because these compounds have low melting and 
sublimation temperatures. At the kiln operating temperatures, they are believed to have been lost to off-gassing. 
It was concluded that Inconel 601 of the kiln was affected by severe sulfidation attack. The welds, where 
Inconel 617 was used, were not attacked because of the higher resistance to sulfidation of the alloy. Inconel 617 
has lower nickel content and higher cobalt and molybdenum content. 
Recommendations. On-site testing was suggested, and test coupons of various alloys were installed before 
fabricating another kiln. The suggested alloys were RA85H, 800HT, HR-120, Haynes 556, and HR-160 (listed 
in ascending order of estimated life). 
Hot corrosion is a complex process involving both sulfidation and oxidation (Ref 27). Hot corrosion is a form 
of accelerated oxidation that affects alloys and coatings exposed to high-temperature gases contaminated with 
sulfur and alkali metal salts (Ref 28). These contaminants combine in the gas phase to form alkali metal 
sulfates; if the temperature of the alloy is below the dewpoint of the alkali sulfate vapors and above the sulfate 
melting points, molten sulfate deposits are formed (Ref 28). Molten sodium sulfate is the principal agent in 
causing hot corrosion (Ref 29, 30). 
Chloride salts can act as a fluxing agent and dissolve protective oxide films. Air in a marine environment 
ingested into the combustion zone of any marine gas turbine engine is laden with chlorides, unless properly 
filtered. Sodium chloride has been viewed as an aggressive constituent in the hot corrosion of gas turbine 
components in the marine environment (Ref 31, 32, 33). 
Two forms of hot corrosion exist. Type 1, high-temperature hot corrosion, occurs through basic fluxing and 
subsequent dissolution of the normally protective oxide scales by molten sulfate deposits that accumulate on the 
surfaces of high-temperature components such as hot section turbine blades and vanes. High-temperature hot 
corrosion usually occurs at metal temperatures ranging from 850 to 950 °C (1560 to 1740 °F). Type 1 hot 



corrosion involves general broad attack caused by internal sulfidation above 800 °C (1470 °F); alloy depletion 
is generally associated with the corrosion front. This attack involves molten ash and deposits containing sodium 
sulfate and/or potassium sulfate salts. Very small amounts of sulfur and sodium or potassium can produce 
sufficient Na2SO4. In gas turbine environments, a sodium threshold level below 0.008 ppm by weight precluded 
type 1 hot corrosion. Other impurities, such as vanadium, phosphorus, lead, chlorides, and unburned carbon, 
can be involved in lowering salt melting temperatures and accelerating hot corrosion. High chromium content 
(>25 to 30% Cr) is required for good resistance to hot corrosion. Nickel alloys with both chromium and 
aluminum show improved resistance to hot corrosion. 
Type 2, low-temperature hot corrosion, occurs in the temperature range of 650 to 750 °C (1200 to 1380 °F), 
where SO3 is relatively high or melts are deficient in the oxide ion concentration, leading to acidic fluxing that 
results in pitting attack. Sulfides are found in the pitted area (Ref 25). Low-temperature hot corrosion may 
involve a gaseous reaction of SO3 or SO2 with CoO and NiO, which results in pitting from the formation of 
low-melting mixtures of Na2SO4 in Ni-Cr, Co-Cr, Co-Cr-Al, and Ni-Cr-Al alloys (Ref 34). If other reactants are 
added, melting temperatures can be further lowered. The relative hot corrosion resistance of several alloys was 
evaluated in incinerator environments (Ref 20, 35, 36). 
Example 4: Failure of Gas Turbine Last- Stage Bucket. Turbine buckets in a 37.5 MW gas turbine made of 
Udimet 500 superalloy failed in service (Ref 37). The power plant was located 1 km (0.6 miles) from the 
Pacific Ocean and operates on No. 2 diesel fuel, which was supplied by tanker ship. Turbine bucket failures 
occurred on three units after 2500 to 6400 h of operation. 
Investigation. The buckets fractured at the tip shroud. These integral tip shrouds interlock with adjacent buckets 
to form a continuous band. A cross section of a single foil, with its internal grain structure and loading, is 
shown in Fig. 10. Metallographic examination revealed that two different microstructures existed in the shroud 
area: columnar grains and equiaxial grains, as sketched in the figure. This is due to the geometry of the casting 
and its heat flow consequences during solidification. The entire fracture surface was covered with dark scale; 
the airfoil surface and the underside of the shroud had thick scale ranging from dark-rust color to black, with a 
thinner layer on top of the dark layer. This thin layer was white in some areas. Pitting was evident, especially at 
the shroud fillet. There was erosion-corrosion that resulted in a maximum reduction in thickness of 0.91 mm 
(0.036 in.) at the airfoil tip. 

 

Fig. 10  Relation between microstructural elements in a bucket tip shroud and its principal stresses 

Discussion. The differing microstructure of the airfoil results in changes in mechanical properties. 
Type 2 hot corrosion was present at these third-stage buckets, which operate at approximately 650 °C (1200 
°F). Other contributing factors were:  

• Ingestion of sodium salts, which formed sodium sulfate 
• Sulfur in the fuel 
• Presence of potassium sulfate, other sulfates, and chlorides 

The file is downloaded from www.bzfxw.com



• Presence of salt in air, due to coastal location 

Stress analysis (finite-element modeling) on the shroud indicated that, due to the thinning by erosion-corrosion 
and scale formation, the stress levels increased from 430 MPa (62 ksi) at the central portion (where the crack 
occurred) to 550 MPa (80 ksi). From Fig. 11, it is seen that this change in stress would reduce the time to 
rupture by a factor of 1000. The columnar grains on the shroud tips are perpendicular to the applied force and 
intersected the entire thickness of the shroud. Fine-grain surface structure was lost to the type 2 corrosion. The 
long grain boundaries provided an easy path for crack initiation and propagation. The transition from columnar 
to equiaxial grains caused a step change in stress. Because normal operation includes cycling of loads and 
temperatures, the shroud tip fractured due to thermomechanical fatigue in its degraded state. 

 

Fig. 11  Degradation of rupture for Udimet 500 due to hot corrosion at 705 °C (1300 °F) 

Recommendations. Gas turbines operating in a marine environment with operating temperatures in the range of 
type 2 corrosion (650 to 750 °C, or 1200 to 1380 °F) should have special chromium- or silicon-rich coating to 
minimize corrosion. Fuel delivery, handling, and treatment should be high quality, to maintain fuel 
contamination within design limits. Inlet air filtration must be designed for the coastal site. If possible, 
changing the bucket tip by increasing its thickness and changing the casting technique to eliminate the 
columnar grain structure would reduce the stress and make the design more tolerant of corrosion. 
Chloridation. Chlorides accumulate rapidly on metallic surfaces of test samples. Typical deposits contained 21 
to 27% Cl when the flue gas contained 40 to 140 ppm HCl (Ref 38). Municipal wastes were characterized as 
having a 0.5% halide dry content, of which 60% was derived from organic, polymer sources (Ref 39). Chloride 
salts have melting temperatures as low as 175 °C (350 °F), which can act as a fluxing agent that dissolves 
protective oxide films. High-temperature components exposed to a marine environment are laden with 
chlorides. Molten SnCl2 (melting point, 246 °C, or 475 °F), SnCl2 + NaCl (melting point, 199 °C, or 390 °F), 
ZnCl2 (melting point, 283 °C, or 541 °F), eutectic PbCl2/FeCl3 (melting point, 175 °C, or 347 °F), and eutectic 
ZnCl2/NaCl (melting point, 262 °C, or 504 °F) (Ref 40) may cause rapid corrosion of carbon steel, if present. 
Attack by halogens at elevated temperatures occurs through the volatility of the reaction products. Oxides that 



form in combustion gases are porous and prone to fracture. Stainless steels are generally passive, but surface 
pitting may occur in chloride-containing environments. Nickel-base alloys can be expected to have superior 
corrosion resistance, as compared to stainless steel alloys (Ref 41). Clay containing aluminum silicate may 
inhibit chloride-related corrosion by raising the melting points of chloride salts through the formation of sodium 
aluminum silicates, which expel HCl and SO3 (Ref 42). Problems with chlorides can be mitigated if plastics and 
other sources of halogens are removed or minimized from the waste stream. Increasing the oxygen content and 
adding water vapor have also reduced the corrosion rate of various alloys by chlorides in a simulated waste 
incinerator environment (Ref 38). 
Hydrogen Interactions. Steam may decompose on metal surfaces at elevated temperatures to form hydrogen and 
oxygen. Selected applications may be able to produce atomic hydrogen and atomic oxygen. Loss in tensile 
ductility of steels and nickel-base alloys has been observed in gaseous environments with a total hydrogen 
content of 0.1 to 10 ppm at -100 to 700 °C (-150 to 1300 °F). Hydrogen attack or hydrogen damage occurs 
when gaseous hydrogen diffuses into the steel and reacts with the carbides to form methane, 4H + Fe3C • CH4 
+ 3Fe, and internal microcracks that lead to brittle rupture. The reaction rate is dependent on hydrogen 
concentration, diffusion, and total gaseous pressure and occurs at 200 to 600 °C (390 to 1110 °F). Hydrogen 
damage has been observed in utility boilers as low as 316 °C (600 °F) (Ref 43). Atomic hydrogen diffuses 
readily in steel, which may cause cracking and decarburization of steel. Hydrogen damage can occur in other 
high-strength alloys, resulting in loss of tensile ductility. Nickel alloys are much less susceptible to hydrogen 
damage than ferrous-base alloys. 
Hydrogen damage also results from fouled heat-transfer surfaces. There is some disagreement as to whether 
hydrogen damage can occur only under acidic conditions or whether it can happen under alkaline and acidic 
conditions as well. Hydrogen damage may occur from the generation of atomic hydrogen during rapid 
corrosion of the waterside tube surface, although it may occur with little or no apparent wall thinning. The 
atomic hydrogen diffuses into the tube steel, where it reacts with tube carbides (Fe3C) to form gaseous methane 
(CH4) at the grain boundaries. The larger methane gas molecules tend to concentrate at the grain boundaries. 
When methane gas pressures exceed the cohesive strength of the grains, a network of discontinuous, 
intergranular microcracks is produced. Often, a decarburized tube microstructure is associated with hydrogen 
damage as observed by metallographic examination. 
Hydrogen damage has been incorrectly referred to in the literature and in practice as hydrogen embrittlement; 
actually, the affected ferrite grains have not lost their ductility. However, because of the microcrack network, a 
bend test indicates brittle-like conditions. Hydrogen damage is one problem that began to occur when one 
failure mechanism (caustic embrittlement) was remedied, and the thrust of the utility industry moved toward 
higher-pressure boilers (Ref 43). Hydrogen damage and caustic gouging are experienced at similar boiler 
locations and, usually, under heavy waterside deposits. Hydrogen damage from low-pH conditions may be 
distinguished from high-pH conditions by considering the boiler-water chemistry. A low-pH condition can be 
created when the boiler is operated outside of normal recommended water chemistry parameter limits. This is 
caused by contamination such as condenser in-leakage (e.g., seawater or recirculating cooling water systems 
incorporating cooling towers), residual contamination from chemical cleaning, and the inadvertent release of 
acidic chemicals into the feedwater system. A mechanism for concentrating acid-producing salts (departure 
from nucleate boiling, deposits, waterline evaporation) must be present to provide the low-pH condition. Low 
pH dissolves the magnetite scale and may attack the underlying base metal through gouging:  

M+Cl- + H2O = MOH(s) + H+Cl-  
Hydrogen damage may be eliminated by proper control of the water chemistry and by removal of waterside 
deposits where concentrating boiler solids could occur. 
In high pH conditions, concentrated sodium hydroxide dissolves the magnetite according to the following 
reaction (Ref 43).  

4NaOH + Fe3O4 → 2NaFeO2 + Na2FeO2 + 2H2O  
After the protective oxide is destroyed, water or sodium hydroxide can react with iron to form atomic hydrogen.  

1) 3Fe + 4H2O → Fe3O4 + 8H 
 
2) Fe + 2NaOH → Na2FeO2 + 2H  
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Nickel and nickel-base alloys are susceptible in gaseous hydrogen environments. The same factors that affect 
hydrogen interactions in ferrous alloys are also operative for nickel-base alloys, although to a slightly lesser 
degree, because face-centered cubic (fcc) metals and alloys have a greater number of slip planes and have 
reduced solubilities for hydrogen compared to body-centered cubic alloys (Ref 44). Hydrogen in nickel-base 
alloys may lead to intergranular, transgranular, or quasi-cleavage cracking. The Fe-Ni-Cr (Incoloy) and Inconel 
alloys show ductility reductions when exposed to hydrogen, particularly age-hardenable alloys (Ref 44). 
Molten metal corrosion may cause dissolution of an alloy surface directly, by intergranular attack, or by 
leaching. Liquid metal attack may also initiate alloying, compound reduction, or interstitial or impurity 
reactions. Carbon and low-alloy steels are susceptible to various molten metals or alloys, such as brass, 
aluminum, bronze, copper, zinc, lead-tin solders, indium, and lithium, at temperatures from 260 to 815 °C (500 
to 1500 °F). Plain carbon steels are not satisfactory for long-term use with molten aluminum. Stainless steels 
are generally attacked by molten aluminum, zinc, antimony, bismuth, cadmium, and tin (Ref 45). Nickel, 
nickel-chromium, and nickel-copper alloys generally have poor resistance to molten metals such as lead, 
mercury, and cadmium. In general, nickel-chromium alloys also are not suitable for use in molten aluminum 
(Ref 46). Liquid metal embrittlement (LME) is a special case of brittle fracture that occurs in the absence of an 
inert environment and at low temperatures (Ref 47). Decreased stresses can reduce the possibility of failure in 
certain embrittling molten alloys. Stainless steels suffer from LME by molten zinc. Small amounts of lead 
embrittle nickel alloys, but molybdenum additions appear to improve lead LME resistance. There are no known 
metals or alloys totally immune to attack by liquid aluminum (Ref 48). The selection of fabricating processes 
must be chosen carefully for nickel-base superalloys. Liquid metal embrittlement can occur when brazing 
precipitation-strengthened alloys such as Unified Numbering System (UNS) N07041 (Ref 49). Many nickel 
superalloys crack when subjected to tensile stresses in the presence of molten (boron-silver) brazing filler 
alloys. 
Molten salts are often involved in sulfidation, chloridation, and hot corrosion, as discussed previously. The type 
of environment and the component metal temperatures are important factors in the promotion of fireside or 
external corrosion in tube steels in boilers. The corrosiveness of the environment depends on the surface 
temperature and the condition of and/or the corrosive ingredients in the medium. 
In the presence of molten ash products, the oxide, even in oxidizing environments, becomes unstable and 
dissolves. Alkali sulfates deposited on the fireside surfaces of boilers may react with SO3 or SO2 to form 
mixtures of alkali pyrosulfates (m.p. 400–480 °C) or alkali-iron trisulfates (550 °C, or 1030 °F) that cause 
fireside corrosion of reheater and superheater tubes (Ref 35). Molten sodium pyrosulfates (Na2S2O7: m.p. 400 
°C, or 750 °F) or potassium pyrosulfates (K2S2O7: m.p. <300 °C, or <570 °F) react with carbon steels by 
dissolving the protective oxide film and then reacting with iron to cause accelerated wastage. 
Waterwall fireside corrosion may develop when incomplete fuel combustion causes a nonoxidizing, reducing 
condition. Incomplete combustion causes the release of volatile sulfur and chloride compounds, which causes 
sulfidation and accelerated metal loss. Poor combustion conditions and steady or intermittent flame 
impingement on the furnace walls may favor an environment that forms sodium and potassium pyrosulfates and 
has a melting point below 425 °C (800 °F). Chlorides increase the corrosion rate. 
Metal attack occurs along the crown of the tube and may extend uniformly across several tubes. Corroded areas 
are characterized by abnormally thick iron oxide and iron sulfide scales. Corrosion in supercritical boilers 
produces circumferential grooving or cracking in the waterwall external surface, with fingerlike penetrations 
into the tube wall. Verification of waterwall fireside corrosion involves analyzing the fuel, the completeness of 
combustion, and the evenness of heat transfer. Carbon content in the ash that is greater than 3% is indicative of 
corrosive combustion conditions. 
Reducing conditions tend to lower the melting temperature of any deposited slag, which also increases the 
solvation of the normal oxide scales. A stable gaseous sulfur compound under reducing conditions is H2S. 
Under the reducing environment, iron sulfide is the expected corrosion product of iron reacting with 
pyrosulfates. 
Coal ash corrosion results when a molten ash of complex alkali-iron trisulfates forms on the external surfaces of 
tubes (reheater and superheater tubes) in the temperature range of 540 to 700 °C (1000 to 1300 °F). Liquid 
trisulfates solubilize the protective iron oxide scale and expose the base metal to oxygen, which produces more 
oxide and subsequent metal loss (according to a mechanism proposed by Reid, Ref 50):  

3K2SO4 + Fe2O3 + 2SO3= 2K3Fe(SO4)3 
 



9Fe + 2K3Fe(SO4)3 3K2SO4 + 4Fe2O3 + 3FeS 
 
4FeS + 7O2 2Fe2O3 + 4SO2 
 
2SO2 + O2 2SO3 
 
3K2SO4 + Fe2O3 + 2SO3 2K3Fe(SO4)3   

The greatest metal loss creates flat sites at the interface between the fly-ash-covered half and the uncovered half 
(2 and 10 o'clock positions to the gas flow). Corrosive coal typically contains a significant amount of sulfur and 
sodium and/or potassium compounds. 
Visually, ferritic steel exhibits shallow grooves (referred to as alligatoring or elephant hide). A sulfur print 
photographic paper dipped in a 2% sulfuric acid solution, the excess solution wiped off, and a tube cross section 
then placed on the paper reveals the presence of sulfides at the metal/scale interface. Coal ash corrosion reduces 
the effective wall thickness, thereby increasing tube stress. This, combined with temperatures within the creep 
range, may cause premature creep stress ruptures because of coal ash corrosion. 
Several corrective options to reduce failure through coal ash corrosion in boilers are employing thicker tubes of 
the same material; shielding tubes with clamp-on protectors; coating with thermal sprayed, corrosion-resistant 
materials; blending coals to reduce corrosive ash constituents; replacing tubes with higher-grade alloys or 
coextruded tubing; lowering final steam outlet temperatures; redesigning affected sections to modify heat 
transfer; and adding CaSO4 or MgSO4 to bind SO3 to a less-corrosive form. 
Fireside corrosion also can occur in oil-fired boilers. Oil ash corrosion is believed to be a catalytic oxidation of 
the material by reaction with vanadium pentoxide. Only a few ppm of vanadium accelerates this reaction. 
Vanadium pentoxide and sodium oxide form a liquid with a low melting point of approximately 540 °C (1000 
°F). Sodium oxide also reacts with sodium trioxide to form sodium sulfate, which also forms a low-melting-
point liquid (Ref 51). Magnesium additions mitigate oil ash corrosion. 
Aging Reactions. Long-term aging effects can cause metallurgical changes that alter the mechanical and 
corrosion properties of materials. Graphitization is a microstructural change that can occur in carbon and low-
alloy steels. Pearlite (alternating ferrite and Fe3C platelet structure) normally found in such steels transforms in 
time to graphite and ferrite at temperatures above 425 °C (800 °F), which causes loss of ductility and promotes 
embrittlement. Alloying additions of at least 0.7% Cr and 0.5% Mo to steels markedly improve resistance to 
graphitization. Weld sites are particularly susceptible to graphitization. Heat treatments or operating conditions 
that heat ferritic and austenitic stainless steels to 500 to 900 °C (930 to 1650 °F) cause segregation at the grain 
boundaries by the precipitation of complex chromium carbides, the formation of sigma phase, or the 
precipitation of other deleterious phases. The properties of precipitation-strengthened superalloys (processed at 
535 to 815 °C, or 1000 to 1500 °F) such as UNS N07041 may be altered by brazing (Ref 49). Normal welding 
can induce susceptibility of stainless steels without postweld heat treatment. Careful control of heat treatment 
can avoid intergranular corrosion of unstabilized stainless steels containing more than 0.03% C. Nickel-base 
superalloys are also susceptible to grain-boundary segregation. Nickel-base superalloys can be embrittled by 
less than 20 ppm sulfur segregation to alloy grain boundaries. 
Grain-boundary segregation may result in localized corrosion if the grain boundaries are not as resistant as the 
alloy matrix or if segregation causes depletion of corrosion-resistant elements. Pitting is another form of 
localized corrosion. Both dissolved oxygen and carbon dioxide can promote pitting of carbon steels. An 
alkaline pH can diminish corrosion, with the evolved gases likely to be neutral to acidic. Ash deposition, 
thermally induced stress, and particulate erosion may cause conditions that accelerate localized corrosion by 
cracking the protective oxide layer. 
Iron, nickel, and cobalt superalloys owe their unique strength, up to a fairly high threshold temperature, to the 
presence of strengthening particles such as inert oxide dispersoids, carbides, coherent ordered precipitates, and 
solid-solution strengthening agents in a fcc (with appropriate nickel additions) structure. Introduction of 
precipitates into the alloy through solid-solution reactions requires specific alloy chemistries and heat 
treatments to achieve the desired mechanical properties (Ref 46, 52). However, at prolonged exposures to high 
temperatures (760 to 1000 °C, or 1400 to 1830 °F), the phase rule alone suggests that a large number of new 
phases could nucleate within multicomponent superalloys to form a number of microstructural instabilities (Ref 
53). These instabilities can include transformation of a metastable phase to a more stable but incoherent phase, 
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as in carbide transformation; stress-induced differential diffusion of solute atoms (coarsening of M23C6 at grain 
boundaries); or dissolution of strengthening precipitates in critical areas of the microstructure. Structural 
instabilities of superalloys at elevated temperatures can also include the formation of new phases, such as 
sigma, mu, and Laves phases, which are brittle and possess cracklike morphologies that can adversely affect 
alloy tensile and stress-rupture ductility and impair resistance of the alloy to crack growth (Ref 53). 
Intergranular corrosion occurs at or adjacent to grain boundaries, with little corresponding corrosion of the 
grains. Intergranular corrosion can be caused by impurities at the grain boundaries or enrichment or depletion 
of one of the alloying elements in the grain-boundary area. Austenitic stainless steels, such as type 304, become 
sensitized or susceptible to intergranular corrosion when heated in the range of 500 to 800 °C (930 to 1470 °F). 
In this temperature range, Cr32C6 precipitates deplete chromium from the area along the grain boundaries 
(below the level required to maintain stainless properties). The depleted area is a region of relatively poor 
corrosion resistance. Controlling intergranular corrosion of austenitic stainless steels occurs through employing 
high-temperature solution heat treatment; adding elements (stabilizers) such as titanium, columbium, or 
tantalum that are stronger carbide formers than chromium; and lowering the carbon content below 0.03%. 
Protective coatings discussed later in this chapter and superalloy substrates generally have widely diverse 
compositions due to the intended balancing between mechanical properties and corrosion resistance. Depending 
on the actual temperature, chemical gradients between the coating and superalloy substrate may cause 
interdiffusion phenomena to occur. Interdiffusion between the coating and the substrate (Ref 54) can modify the 
oxidation and corrosion resistance of the coating and the mechanical properties of the coating/substrate system. 
Interdiffusion slowly changes the chemical composition of both the coating and the alloy and subsequently, 
may alter the microstructure of the coating and/or the substrate. The formation of metal sulfides in the 
protective coating may eventually lead to diffusion into the substrate via grain boundaries or other relatively 
easy diffusion pathways in the coating that may alter the long-term performance of a coating/alloy system in a 
hot corrosion environment compared to that observed in an oxidation environment. 
Interdiffusion is a complex process that requires use of multivariable diffusion couples in a phase-field 
approach (Ref 55) or knowledge of diffusion pathways in multicomponent phase diagrams (Ref 56) to model 
the process and provide an understanding of the contributions to interdiffusion. These methods are based on 
Onsager's formalism of Fick's law, which includes diffusion interactions among the chemical species (Ref 57). 
Environmental cracking can occur with a wide variety of metals and alloys in specific environments. 
Environmental cracking is defined as the spontaneous, brittle fracture of a susceptible material (usually quite 
ductile itself) under tensile stress in a specific environment over a period of time. Stress-corrosion cracking 
(SCC) and corrosion fatigue are some of the forms of environmental cracking that can lead to failure. 
Stress-corrosion cracking results from the conjoint, synergistic interaction of tensile stress and a specific 
corrodent for the given metal. The tensile stress may be either applied (such as caused by internal pressure) or 
residual (such as induced during forming processes, assembly, or welding). Stress-corrosion cracking involves 
the concentration of stress and/or the concentration of the specific corrodent at the fracture site. Stress-corrosion 
cracking fractures may be oriented either longitudinally or circumferentially, but the fractures are always 
perpendicular to the stresses. In boiler systems, carbon steel is specifically sensitive to concentrated sodium 
hydroxide; stainless steel is sensitive to concentrated sodium hydroxide, chlorides, nitrates, sulfates, and 
polythionic acids; and some copper alloys are sensitive to ammonia and nitrites. Stress-corrosion cracking 
failures produce thick-walled fractures that may be intergranular, transgranular, or both. Branching is often 
associated with SCC. Normally, gross attack of the metal by the corrodent is not observed in SCC failures. 
Failures caused by SCC are difficult to see with the naked eye. Metallographic and chemical analyses are 
performed to identify the constituents in the alloy and the bulk corrosion products. Stress-corrosion cracking 
failures frequently have been experienced immediately after chemical cleanings and initial startups. 
Copper alloys, specifically brasses, are susceptible to SCC. Most failures are steamside failures that have 
occurred where high concentrations of ammonia and oxygen exist, such as in the air removal section of the 
condenser. Stress-corrosion cracking failures are found often at inlet or outlet ends, where the tubes have been 
expanded into the tubesheet. 
Stress-corrosion cracking may be reduced by either removing applied or residual stresses or by avoiding 
concentrated corrodents. The reduction of corrodents by avoiding boiler upsets and inleakage is generally the 
most effective means of diminishing or eliminating SCC. A change in tube metallurgy also may reduce SCC. 
Stress-corrosion cracking is a brittle fracture of an otherwise ductile material that occurs under the combined 
action of a residual or applied tensile stress and an alloy-specific corrodent. Alloy composition, heat treatment, 



the exposure time, temperature, and solution media affect SCC. Fluctuating temperatures can accelerate SCC of 
austenitic stainless steels in the presence of chlorides, particularly at high stress points from design, operation, 
or fabrication. Nickel alloys have improved resistance to environmental cracking over steels and stainless 
steels, although nickel alloys are not immune to SCC. Stress-corrosion cracking of certain nickel alloys has 
occurred in high-temperature halogen ion environments, high-temperature waters, and high-temperature 
alkaline systems and environments containing acids and H2S. Stress-corrosion cracking is dependent on the 
stress level, chloride concentration, alloy composition, and temperature. Susceptible temperature ranges vary 
from 175 to 330 °C (350 to 625 °F). Higher temperatures tend to lower the chloride threshold concentration and 
stress levels required for cracking. Ferritic stainless steels are usually not considered susceptible to SCC. 
Stressed martensitic stainless steel grades can crack in chloride environments. 
Fatigue. Boiler tube cyclic stresses are stresses periodically applied to boiler tubes that can reduce the expected 
life of the tube through the initiation and propagation of fatigue cracks. The environment within the boiler 
would suggest that corrodents would also interact with the tube to assist in this cracking process. The number of 
cycles required to produce cracking is dependent on the level of strain and the environment. Vibration and 
thermal fatigue failures describe the type of cyclic stresses involved in the initiation and propagation of these 
fractures. 
Vibration fatigue cracks originate and propagate as a result of flow-induced vibration. This occurs where tubes 
are attached to drums, headers, walls, seals, or supports. Circumferential orientations are common to vibration 
fatigue cracks. Crack initiation sites generally occur on the fireside (external) tube portions. 
Thermal fatigue cracks develop from excessive strains induced by rapid cycling and sudden fluid temperature 
changes in contact with the tube metal across the tube wall thickness. This can be caused by rapid boiler 
startups above proper operation parameter limits. Water quenching by spraying from condensate in the 
sootblowing medium and from the bottom ash hoppers also can induce thermal fatigue cracks. Sudden cooling 
of tube surfaces causes high tensile stresses, because cooled surface metal tends to contract; however, this metal 
becomes restricted by the hotter metal below the surface. Procedures that can reduce these sudden cyclic 
temperature gradients diminish or eliminate thermal fatigue cracking. 
Corrosion fatigue failures are caused by the combined effects of a corrosive environment and cyclic stresses of 
sufficient magnitude. Corrosion fatigue usually lowers the minimum stress level and/or the number of cycles 
that will cause failure than in an inert environment. Corrosion fatigue cracks may develop at stress 
concentration sites (stress raisers) such as pits, notches, or other surface irregularities. Corrosion fatigue is 
commonly associated with rigid restraints or attachments. Corrosion fatigue cracking most frequently occurs in 
boilers that operate cyclically. The fracture surface of a corrosion fatigue crack is thick-edged and 
perpendicular to the maximum tensile stress. Multiple parallel cracks are usually present at the metal surface 
near the failure. Microscopic examination detects straight, unbranched cracks. The cracks often are wedge-
shaped and filled with oxide. The oxide serves to prevent the crack from closing and intensifies the stresses at 
the crack tip during tensile cycles, thereby assisting in the crack growth. 
Corrosion fatigue cracking can be reduced or eliminated by controlling cyclic tensile stresses (reducing or 
avoiding cyclic boiler operation or extending startup and shutdown times), redesigning tube restraints and 
attachments where differential expansion could occur, controlling water chemistry to reduce the formation of 
stress raisers such as pits, and removing residual stresses by heat treatment, if possible, by altering the alloy 
either by chemistry or microstructural changes by directional solidification or single crystal production, or 
applying a compressive strain on the outer surface of a alloy component by peening or similar process. 
Frequent cycling may reduce the design life of high-temperature components from that predicted for operation 
at steady state. Cyclic temperature conditions accelerate attack mainly through the loss of the protective scale 
(Ref 4). Depending on the severity of the thermal cycles on a high-temperature component, spallation of 
thermal barrier, chromized, and aluminized coatings is probable. In certain instances, such as in nickel-base 
superalloys in high-temperature oxidizing environments, the aggressive conditions can slow the fatigue fracture 
propagation. Stainless steels have good corrosion fatigue limits when compared to other steels. 
Erosion-corrosion is the acceleration or increase of deterioration of a metal because of the relative movement 
between a corrosive fluid and the metal surface. Erosion may accelerate corrosion of high-temperature 
components discussed previously. Generally, mechanical wear, abrasion, or abrupt changes in flow direction 
are involved. Metal or alloy loss results when the protective, passive surface films are damaged or worn, and 
rapid attack comes about. Metals or alloys that are soft and readily damaged or mechanically worn, such as 
copper or lead, are susceptible to erosion. Other factors controlling the rate of metal loss are related to the 
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quantity, impact angle, speed, and density of the eroding medium. Areas subject to erosion are pipe or tube 
bends, elbows and tees, valves, pumps, blowers, propellers, impellers, condenser or feedwater heater tubes, 
orifices, turbine blades, nozzles, wear plates, ducts and vapor lines, and equipment subject to sprays. Fireside 
tube surfaces within the boiler are affected by fly ash erosion, sootblower erosion, falling slag erosion, coal 
particle erosion, and steam erosion from another tube failure. 
The appearance of erosion-corrosion is characterized by grooves, gullies, waves, and rounded holes, which 
usually exhibit a directional pattern. Increases in velocity may cause no increase in attack until a critical 
velocity is reached. Erosion-corrosion can occur on metals and alloys that are completely resistant to a 
particular environment at low velocities. Greater velocity may either increase or decrease attack, depending on 
the nature of the corrosion or passivating mechanisms. Increasing the oxygen, carbon dioxide, or hydrogen 
sulfide concentration in contact with the metal surface may accelerate attack of steel. Reduced attack may occur 
from increased velocity either by raising the diffusion or transfer of ions that diminish the stagnant surface film, 
or by preventing deposition of salt or dirt that could cause crevice corrosion. 
Stress-Rupture Failures. Although not strictly a corrosion-related failure, stress ruptures are often involved 
when the temperature of a component is subjected to high temperatures where changes in the microstructure, 
and relatively rapid oxidation, are in play. In boiler environments, stress and temperature influence the useful 
life of the tube steel. The strength of the boiler tube within the creep range decreases rapidly when the tube 
metal temperature increases. Creep entails a time-dependent deformation involving grain sliding and atom 
movement. When sufficient strain has developed at the grain boundaries, voids and microcracks develop. With 
continued operation at high temperatures, these voids and microcracks grow and coalesce to form larger and 
larger cracks, until failure occurs. The creep rate increases, and the projected time to rupture decreases when the 
stress and/or the tube metal temperature is increased. High-temperature creep generally results in a longitudinal, 
fishmouthed, thick-lipped rupture that has progressed from overheating over a long period of time. High-
temperature creep can develop from insufficient boiler coolant circulation, long-term elevated boiler gas 
temperatures, inadequate material properties, or as the result of long-term deposition. A thick, brittle magnetite 
layer near the failure indicates long-term overheating. 
Failure from high-temperature creep can be controlled by restoring the boiler components to boiler design 
conditions or by upgrading the tube material (either with ferritic alloys containing more chromium or with 
austenitic stainless steels). Failure from overheating caused by internal flow restrictions or loss of heat-transfer 
capability can be eliminated by removal of internal scale, debris, or deposits through flushing or chemical 
cleaning. 
Boiler tubes exposed to extremely high temperatures—metal temperatures of 450 °C (850 °F) and often 
exceeding 730 °C (1350 °F) for a brief period—also fail from overheating. The overheating may occur from a 
single event or a series of brief events. Short-term overheating, generally, is related to tube pluggage, 
insufficient coolant flow due to upset conditions, and/or overfiring or uneven firing patterns. Loss of coolant 
circulation may be caused by low drum water levels or by another failure located downstream in the same tube. 
Inadequate coolant circulation can result in departure from normal nucleate boiling in horizontal or sloped tubes 
when steam bubbles forming on the hot tube surface interfere with the flow of water coolant to the surface. This 
restricts the flow of heat away from the tube. Normally, the short-term overheating failure experiences 
considerable tube deformation from bulging, metal elongation, and reduction of wall thickness. Normally, the 
rupture is longitudinal, fish-mouthed, and thin-lipped. Often, the suddenness of the rupture bends the tube. Very 
rapid overheating may produce a thick-lipped failure. A metallurgical analysis can determine tube metal 
temperature at the moment of rupture. Heavy internal deposits or scale often are absent from a short-term 
overheating failure. 
Because short-term overheating failure is caused most often by boiler upsets, rectifying any abnormal 
conditions can eliminate these ruptures. If restricted coolant flow or plugged sections are responsible, the boiler 
should be inspected and cleaned. Boiler regions with high heat flux may be redesigned with ribbed or rifled 
tubing to alleviate film boiling. Boiler operation should be monitored to avoid rapid startups, excessive firing 
rates, low drum levels, and improper burner operation. 
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High-Temperature Corrosion-Related Failures  

Robert B. Pond, Jr., M-Structures, Inc.; David A. Shifler, Naval Surface Warfare Center 

 

Protective Coatings 

The failure analyst may encounter protective coatings and thermal barriers when investigating components 
designed for high-temperature applications. Protective coatings may be higher alloys applied to a lower alloy by 
cladding or plasma spraying; diffusion coatings, such as nickel, cobalt, or iron aluminides, or overlay coatings, 
such as iron, cobalt, nickel, or cobalt-nickel Cr-Al-Y or Cr-Al-Hf coatings; or thermal barrier coatings (TBCs), 
such as yttria-stabilized zirconia. Some of the more common types are described as follows. 
Aluminides. High-temperature coatings provide a barrier from corrosive or highly oxidative environments that 
may degrade the substrate alloy, thus supplementing the inherent corrosion resistance of most high-temperature 
alloys. To provide optimal performance, coatings need to have good adherence to the substrate as well as 
ductility to resist thermal cycling; in addition, they must avoid defects that may provide easy pathways to 
deleterious gases and maintain corrosion resistance over the design life of the high-temperature component. 
Aluminide coatings on transition metals and alloys, such as iron, nickel, and cobalt, are β-FeAl, β-NiAl, and β-
CoAl, respectively. Diffusion aluminide coatings are typically processed via pack cementation, slurry-diffusion, 
or chemical vapor deposition (Ref 58). Other processes may include plasma spraying, hot dipping, or 
electrophoresis. Subsequent heat treatments help develop the proper mechanical properties and trigger further 
diffusion within the coating. The principal protective oxide generated by the high-temperature oxidation of 
these aluminide intermetallics is Al2O3, which causes subsequent improved oxidation and corrosion resistance 
of aluminide coatings, although less-protective oxides can form if other alloying elements are present in the 
substrate, either in solution or as precipitated phases (Ref 59). 
Two diffusional growth mechanisms characterize the pack aluminizing process on nickel-base superalloys, 
depending on the relative aluminum activity: low-activity aluminide and high-activity aluminide (Ref 60). 
Low-activity coatings grow predominately by outward diffusion of nickel from the substrate to form a two-zone 
structure. The outer zone is a single-phase β-NiAl layer saturated with other substrate alloying elements, such 
as chromium, cobalt, titanium, and molybdenum, that diffuse outwardly with the nickel from the substrate (Ref 
60). The content of any foreign element in the outer zone is limited by its solubility in NiAl. β-NiAl 
stoichiometry varies with aluminum content, decreasing from the outer surface toward the inner coating zone. 
The inner zone is β-NiAl containing a variety of second phases, such as carbides and sigma phase (Ref 60). The 
effects of nickel outward diffusion can lead to the enrichment of elements, such as chromium, cobalt, and 
molybdenum, in certain cases, in the substrate underlying the coating proper (Ref 60). 
High-activity coatings grow by inward diffusion of aluminum, resulting in the formation of a Ni2Al3 layer. A 
single diffusion layer typifies this coating type, prior to heat treatment. Because the coating is formed by 
predominantly inward aluminum diffusion, the substrate structure is reproduced in the coating, with all alloy 
elements being diluted in proportion to the amount of aluminum introduced. High-activity coatings subjected to 
heat treatment convert the initial Ni2Al3 layer into more ductile and oxidation-resistant β-NiAl. During this 
transformation, aluminum diffuses from the Ni2Al3 to meet and react with the nickel diffusing from the 
substrate, forming a three-zone coating structure. This gives rise to an outer zone after heat treatment that 
consists of a β-NiAl matrix saturated with foreign elements and containing numerous precipitates, due to their 
lower solubility in the β-NiAl phase: a single-phase β-NiAl in the middle zone, along with varying amounts of 
substrate alloying elements (Ref 60); and an inner zone with β-NiAl with a variety of dispersed phases created 
by outward diffusion of the nickel from the substrate, similar to the diffusion zone in a low-activity coating. 
Modified aluminide coatings are altered by the addition of a secondary element, such as chromium, platinum, a 
reactive element, or a combination of these elements (Ref 58). These coatings are generated either by 
incorporating the secondary element into the coating by pack codeposition, or by deposition of the modifying 
element prior to an aluminization process by electroplating, electrophoresis sputtering, chemical vapor 
deposition, or pack cementation (Ref 58). 
Chromium-modified aluminide coatings result in a microstructure that contains layers of chromium and NiAl 
(Ref 61). One commercial chrome-modified aluminide coating displayed a three-zone structure after thermal 



treatment: an outer zone, consisting of a fine dispersion of α-Cr in a hyperstoichiometric β-NiAl matrix; a 
middle zone, containing stoichiometric β-NiAl; and an inner zone, with α-Cr in a hypostoichiometric β-NiAl 
(Ref 62). 
Platinum, a relatively inert metal, is added to improve the hot corrosion resistance of an aluminide coating. This 
effect is strongly influenced by processing procedures for the coatings (Ref 63). Platinum has shown significant 
benefits on the oxidation resistance of both low-activity and high-activity platinum aluminide coatings (Ref 64). 
Platinum promotes the formation of thinner and purer Al2O3 scales during the early stages, lowers the rate of β-
NiAl degradation, and delays the onset of scale spallation. Platinum-modified aluminide coatings develop a 
spectrum of two-zone and three-zone structures of standard aluminides, depending on processing and the heat 
treatments involved (Ref 65). 
A chromium-silicon aluminide coating is formed by inward diffusion of the aluminum and silicon constituents 
generated during heat treatment from a molten metallic slurry on the surface of the substrate (Ref 65). 
Aluminum diffuses to nickel, and silicon diffuses to chromium to form a composite monolayered coating 
consisting of β-NiAl and chromium silicide (CrSi2) (Ref 66). A multistage process, developed to redistribute 
these key elements and structures, generates a multilayered coating that is more resistant to cracking and more 
stable at higher temperatures (Ref 67). The silicon content is limited on the outer surface of the coating, and 
layers of fine chromium silicides are distributed throughout the β-NiAl in discrete bands (Ref 67). 
Overlay Coatings. Coatings of MCrAlY are applied by either electron beam physical vapor deposition (EB-
PVD) or by thermal or plasma spraying, where M is iron, cobalt, nickel, or a combination of these elements. 
Typically, these coatings initially contained cobalt or nickel, with 15 wt% Cr, 12 wt% Al, and 0.1 to 0.9 wt% 
Y. To improve the coating resistance to type 2 hot corrosion, the cobalt was partially replaced with nickel, the 
aluminum content was reduced somewhat, and the chromium content was increased from 15 to 20 wt% to 
almost 32 wt%. Hafnium was used as a replacement for yttrium in some MCrAlX coatings, where X is the 
element (yttrium or hafnium) used to advance coating adhesion. In recent years, MCrAlY coatings have been 
air plasma sprayed as a cost-savings procedure and for reportedly better control of composition. There are 
various procedures and methods by which plasma spraying may be done, many of which are proprietary or 
patent-protected. The principal oxide in the outer portion of a MCrAlY overlay coating is Al2O3. Yttrium is 
more prevalent in the outer scale and promotes oxidation resistance under thermal cycling conditions by 
improving scale adhesion. Hafnium also promotes oxidation resistance and prevents sulfur from segregating to 
the coating/substrate interface, thus providing one mechanism of improving the overlay coating adhesion. 
Nickel, cobalt, or both, and chromium are found in the inner half of the coating nearer to the coating/substrate 
interface. Increases in chromium content improve both the hot corrosion resistance and the oxidation resistance 
of the overlay coating but tend to make the coating less ductile. 
Thermal barrier coatings usually consist of a porous layer of zirconium oxide (ZrO2) that is stabilized in the 
tetragonal crystalline structure by approximately 8 wt% yttria (Y2O3). The yttria-stabilized zirconia is applied 
by using either plasma spraying or EB-PVD over a bond coat that is usually MCrAlY (where M is cobalt and/or 
nickel) or diffusion aluminide. The bond layer is typically 75 to 125 μm, and the TBC is 125 to 375 μm thick. 
Application of the TBC system to the hot section component in a gas turbine has been able to decrease metal 
surface temperature to approximately 150 °C (300 °F). Thermal barrier coatings also smooth out hot spots, thus 
reducing thermal fatigue stresses. A thermally grown oxide (TGO) layer is formed during fabrication and grows 
thicker on exposure of the TBC. 
Thermal barrier coatings that have been applied by EB-PVD tend to produce a columnar structure with fine, 
ribbonlike voids, porosity within the columns aligned normal to the plane of the coating, and superior 
compliance to residual stresses. Plasma-sprayed TBCs have disklike voids aligned parallel to the coating plane 
and promote superior insulating efficiency. 
There are a number of degradation modes that can limit the life of a TBC (Ref 68) as a result of oxidation due 
to the possible porosity network in the TBC. Electron beam physical vapor deposition TBCs tend to spall at the 
TGO/bond coat interface or in the alumina layer (Ref 69). It was observed that the intermittent water vapor 
degraded the adherence of alumina to the bond coat under a TBC layer more severely than alumina formed on 
the same bond coat in the absence of a TBC (Ref 68). 
Hot corrosion exposure to vanadium salts and sulfur trioxide promote corrosion of stabilized zirconia by acid 
leaching of yttria. Loss of yttria destabilizes the zirconia, and thermal cycling causes rapid failure of the 
coating. This is potentially serious when burning low-grade fuels in a marine environment (Ref 70). For engine 
use, ZrO2 must be stabilized in its high-temperature tetragonal structure to avoid a destructive monoclinic-to-
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tetragonal phase transformation at 1100 °C (2010 °F). Scandia (Sc2O3) improves the vanadate hot corrosion 
resistance of stabilized zirconia. 
Ceramics. In some high-temperature applications, refractories are being used to replace superalloys. 
Refractories are mainly high-melting-point metallic oxides but also include substances such as carbides, 
borides, nitrides, silicides, and graphite (Table 2). Maximum service temperatures are always less than the 
melting points of pure ceramics, because refractories usually contain minor constituents, and actual incinerator 
and pyrolytic environments are vastly different from simple oxygen atmospheres. Refractories are used to act as 
a corrosion barrier or as a thermal barrier between the high-temperature environment. Refractory suitability 
depends on its resistance to abrasion; maximum service temperature; corrosion resistance to liquids, gases, and 
slag; erosion resistance; spalling resistance; resistance to thermal cycling, shock, and fatigue from high thermal 
gradients; oxidation or reduction reactions; its mechanical strength; and its inspection and maintenance 
requirements. 

Table 2   Melting points of common refractories 

Melting point Name(s) Formula 
°C °F 

Corundum, alpha alumina Al2O3  2054 3729 
Baddeleyite, zirconia ZrO2  2700 4892 
Periclase, magnesia MgO 2852 5166 
Chromic oxide, chromia Cr2O3  2330 4226 
Lime, calcia CaO 2927 5301 
Cristobalite, silica SiO2  1723 3133 
Carborundum, silicon carbide SiC 2700(a)  4892(a)  
Silicon nitride Si3N4  1800(b)  3270(b)  
Boron nitride BN 3000(a)  5430(a)  
(a) Sublimes. 
(b) Dissociates 
There are often property trade-offs required to attain the desired optimal, serviceable refractory. Insulating 
refractories generally have lower density, strength, corrosion resistance, and erosion resistance and higher 
porosity and void fraction than stronger, less insulating refractories. Refractories are generally susceptible to 
thermal shock and spalling. Monolithic refractories are often more susceptible to thermal shock than shaped 
refractories. Dense refractories tend to have high thermal conductivities, low porosity, relatively high strength, 
and improved corrosion resistance but tend to be susceptible to thermal shock. Insulating refractories have 
higher porosity, which improves thermal shock resistance but provides numerous pathways for molten and 
gaseous materials to promote corrosion and spalling. 
The corrosion resistance of refractories is based on the thermodynamics of the potential corrosion reactions, the 
reaction rates and kinetics of these possible reactions, the composition and form of the refractory material, and 
the surface chemistry of the refractory with corrosive gaseous, liquid, or solid environments. The spontaneous 
direction of the possible corrosion chemical reactions can be calculated, which can indicate which reactions are 
theoretically possible. The reaction kinetics are dependent on the specific environment (gaseous, liquid, or 
solid), surface chemistry, the material microstructure and composition, refractory phase(s), and the temperature. 
All ceramics or refractories used in an oxygen-rich environment are oxides or develop a protective oxide on 
their surface (such as SiO2 on SiC or Si3N4). Although oxide ceramics are inert and resist oxidation and 
reduction, they are not chemically inert. Ceramic corrosion between ceramic oxides and molten salt deposits 
generally can be explained as oxide/acid-base reactions (Ref 71). To determine if a particular slag is acidic or 
basic, the ratio of lime to silica in the slag is commonly used. As a general rule, the slag is basic if the 
CaO/SiO2 ratio (or CaO + MgO/SiO2 + Al2O3 ratio) is greater than one. If the ratio is less than one, the slag is 
considered acidic (Ref 72). Gases and liquids can penetrate deeply into highly porous refractories, which can 
exacerbate spalling and accelerate corrosion. Oxidizing gases, such as NOx, Cl2, O2, CO2, H2O, and SO2, 
reducing gases (NH3, H2, CxHy, CO, and H2S), and vapors of volatile elements and compounds may react with 
different refractories. Hydrodynamic mass transport by either convection or diffusion can markedly affect the 
corrosion rate of a refractory in an environment. Nonwetting refractories are relatively resistant to corrosion 
with liquids or gases. Molten aluminum, iron, silica, and other constituents derived from the waste stream can 



react with the crucible refractory to form new compounds or phases that can have different melting 
temperatures, dimensional stabilities, and corrosion resistances. The new phases or compounds can cause 
dimensional changes, which can cause problems in the chamber. High-purity refractories are more corrosion 
resistant, because certain minor impurity components have microstructures, phases, and defect structures that 
can introduce significant corrosion. High-purity refractories improve corrosion resistance by avoiding low-
melting eutectics. Alkali impurities should be minimized as much as possible. Solids, either as fine particulates 
or dust, can cause degradation of refractories through abrasion or deposition. 
Alumina-base refractories are usually available with silica and generally offer good corrosion resistance. 
However, high-alumina refractories degrade rapidly in hydrofluoric acid (HF), chlorides, molten or strong hot 
aqueous alkalis, and some molten metals (Ref 73). Alkalis flux the alumina-silica system. Chlorides cause 
increased porosity and removal of alumina or silica. Chromia (Cr2O3) improves the corrosion resistance of 
high-alumina refractories by reducing slag or liquid penetration (Ref 74). Favorable performance of alumina-
chromia occurs even when the slag has a high iron content, but the use of chromia may introduce environmental 
questions. Silica contained in high-alumina refractories reacts with iron oxide and alkalis from slag to form a 
glassy surface layer over the refractory, which eventually exposes new surfaces to further reaction. Silicon 
carbide is not attacked by acids but reacts readily with fused caustic, halogens, and certain metal oxides. Silicon 
carbide is also abrasion resistant and less prone to thermal shock than other refractories (Ref 75). The operating 
temperature of silicon carbide should be limited to 1300 °C (2370 °F) in reducing N2-H2-CO environments 
when no steam is present (Ref 76). 
Hafnium-base ceramics (HfC, HfN, and HfB2) are being developed for temperature applications exceeding 
2000°C (3630 °F) (Ref 77, 78). Both pure and alloyed hafnium compounds (tantalum, tungsten, and vanadium) 
were proposed for simple, oxidizing environments. 
Intermetallic Alloys. In recent years, alloying and processing have been used to create advanced materials that 
control the ordered crystal and grain-boundary structure, microstructural features, and composition to overcome 
the brittleness inherent in ordered intermetallics (Ref 79, 80, 81). Results have led to a number of intermetallic 
alloys (usually aluminides of iron, nickel, and titanium) with low densities, relatively high melting points, a 
useful degree of ductility, and high-temperature strength. These materials are useful in high-temperature 
applications, particularly in oxidizing environments, because sufficient aluminum is present to form thin, 
compact, and protective alumina (Al2O3) scales. 
Aluminides can exist over a range of compositions, but the degree of order decreases as the composition 
increasingly deviates from stoichiometric intermetallic compounds. Additional elements may be added without 
losing ordered structure. Titanium aluminides are usually based on Ti3Al (α-2) and TiAl (γ). The oxidation of γ-
TiAl-base alloys is complex and strongly affected by the oxidizing environment, alloy microstructure, and 
presence of trace alloying additions. At temperatures exceeding 800 °C (1470 °F), γ-based alloys typically 
develop a fast-growing, mixed oxide of TiO2 + Al2O3. Excessive alumina scale growth of γ-TiAl-base alloys 
cannot be sustained, because a metastable Z-phase is formed at 1000 °C (1830 °F) in pure oxygen (Ref 82). 
Further information on titanium aluminide alloys may be found in Ref 83. 
Excellent resistance to oxidation and carburization is exhibited by Ni3Al alloys, while Fe3Al alloys exhibit 
significantly better oxidation and sulfidation resistance than nickel-base alloys (Ref 84). The poor ductility of 
Ni3Al at room temperature is due to low cohesive strength at the grain boundaries. Intergranular fracture can be 
stopped by small additions of boron. Chromium added to boron-doped Ni3Al can avoid a drop in ductility 
observed at 700 °C (1290 °F), which is thought to be caused by hydrogen embrittlement (Ref 85). Hydrogen 
embrittlement also causes a loss in ductility of Fe3Al (Ref 86). Both mechanical and oxidation properties can be 
further improved by the addition of alloying elements. 
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Biological Corrosion Failures 
Thomas R. Jack, NOVA Chemicals Ltd. 

 

Introduction 

MICROORGANISMS can directly or indirectly affect the integrity of many materials used in industrial 
systems. Most metals, including iron, copper, nickel, aluminum, and their alloys, are more or less susceptible to 
damage (Ref 1, 2, 3). Only titanium and its alloys appear to be generally resistant (Ref 4). This review focuses 
initially on the mechanisms of microbially induced or influenced corrosion (MIC) of metallic materials as an 
introduction to the recognition, management, and prevention of microbiological corrosion failures in piping, 
tanks, heat exchangers, cooling towers, and so on. Numerous reviews of MIC have appeared over the last 
decade (Ref 2, 5, 6, 7, 8, 9, 10, 11, 12). Two recent publications (Ref 13, 14) present broader discussions of 
MIC, including a useful introduction to microbial problems seen with nonmetallic materials such as polymers, 
composites, concrete, glass, wood, and stone. 
Viable microorganisms can be found over a surprisingly wide range of temperature, pressure, salinity, and pH 
(Ref 1). In the 1950s, pioneering work by Zobell isolated sulfate-reducing bacteria (SRB) that grew at 104 °C 
(219 °F) and pressures of 1000 bar from oil-bearing geological formations deep underground (Ref 15). 
Microbial communities exist in environments as diverse as subzero snowfields to deep ocean thermal vents. 
Halophiles evolved to live at extreme salinities turn pink the evaporation pans used to win salt from seawater. 
Sulfur-oxidizing bacteria create very acidic conditions (pH < 1) by producing sulfuric acid as an end product of 
their metabolism, while other microorganisms survive the opposite end of the pH scale. Given these examples, 
it should not be surprising that microorganisms have been implicated in the accelerated corrosion and cracking 
of a correspondingly wide range of industrial systems. For example, the involvement of thermophilic SRB in 
the severe intergranular pitting of 304L stainless steel condenser tubes in a geothermal electrical power plant 
operating at >100 °C (> 210 °F) has been reported (Ref 16). In another example, microbiological activity and 
chloride concentrated under scale deposits were blamed for the wormhole pitting of carbon steel piping used to 
transport a slurry of magnesium hydroxide and alumina at pH 10.5 (Ref 17). 



Whatever the environmental conditions, microorganisms need water, a source of energy to drive their 
metabolism, and nutrients to provide essential building materials (carbon, nitrogen, phosphorus, trace metals, 
etc.) for cell renewal and growth. An understanding of these factors can sometimes help in failure 
investigations. Energy may be derived from sunlight through photosynthesis or from chemical reactions. The 
importance of photosynthetic metabolism is limited in the context of this article to above-ground facilities or 
submerged structures that receive sunlight. For closed systems and buried facilities, microbial metabolism is 
based on energy derived from oxidation reduction (redox) reactions. Under aerobic conditions, reduction of 
oxygen to water complements the metabolic oxidation of organic nutrients to carbon dioxide. Under anaerobic 
conditions, electron acceptors other than oxygen can be used. Figure 1 illustrates the range of pH and redox 
potential where anaerobic forms of microbial metabolism tend to be found (Ref 18). 

 

Fig. 1  The pH and oxidation reduction potential for growth of anaerobic bacteria able to reduce nitrate 
or sulfate (dots in plots) and for soils dominated by the microbial metabolism (boxes). Aerobic bacteria 
grow over a wide range of pH at Eh > 300 mV (normal hydrogen electrode). Source: Ref 19 

Whatever the metabolism, electrochemical reactions catalyzed by enzymes provide energy for cell growth. 
Many of these reactions are not important under abiotic conditions, because they are kinetically slow in the 
absence of organisms. By promoting these reactions, microbes produce metabolites and conditions not found 
under abiotic conditions. In some cases, electrons released by the oxidation of metals are used directly in 
microbial metabolism. In other cases, it is the chemicals and conditions created by microbial activity that 
promote MIC. Secondary effects can also be important. These include such things as the biodegradation of 
lubricants and protective coatings designed to prevent wear or corrosion in an operating system, or the 
alteration of flow regimes and heat-transfer coefficients due to the biological fouling of metal surfaces. 
Given the potential impact of MIC on a wide range of industrial operations, it is not surprising that 
microbiological effects are of significant concern in failure analysis and prevention. Microbially induced 
corrosion problems afflict water-handling operations and manufacturing processes in oil and gas production, 
pipelining, refining, petrochemical synthesis, power production, fermentation, waste water treatment, drinking 
water supply, pulp and paper making, and other industrial sectors. Microbially induced corrosion is also a 
concern whenever metals are exposed directly to the environment in applications including marine or buried 
piping, storage tanks, ships, nuclear waste containers, pilings, marine platforms, and so on. 
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Biological Corrosion Failures  
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Microbial Involvement in Corrosion 

Corrosion involves the oxidation of metal atoms, M, in an anodic region with a loss of electrons to a 
complementary reduction reaction in a cathodic region elsewhere on the metal surface (Fig. 2). In the reduction 
reaction, an electron acceptor, X, receives the electrons given up by the oxidation process. The driving force for 
corrosion is the free energy released by the overall chemical reaction resulting from combined cathodic and 
anodic half-reactions:  

  

(Eq 1) 

where n, p, and m are integer values chosen to charge balance the equations based on the number of electrons 
given up by the metal being oxidized or taken up by the electron acceptor being reduced. 
 

 

Fig. 2  Schematic diagram of a generic corrosion cell showing anodic oxidation of the metal (M) 
complemented by cathodic reduction of an electron acceptor (X). The corrosion rate can be controlled by 
the rate of arrival of X at the cathodic surface, a buildup of metal ions, M+, at the anode, or a buildup of 
reduced oxidant, Xn/m-, at the cathode. 

Because metals are good electrical conductors, the cathodic and anodic processes can occur at different 
locations on a metal surface exposed to a common electrolyte. Where anodes and cathodes frequently change 
location, general corrosion is seen, but when the anode becomes focused in one location, pitting results. In 
pitting, the rate of penetration is, to a large measure, a function of the relative size of the cathodic and anodic 
areas involved in the corrosion cell and is usually much higher than that seen for general corrosion. 
The rate of metal loss is determined by the slowest, or rate-determining, step in the corrosion process. For 
example, where the availability of electron acceptor X is limiting, the corrosion rate depends on the transport 
kinetics for the arrival of X at the metal surface from the surrounding solution (Fig. 2). Where the availability of 
X is not a constraint, other processes may be rate limiting. For example, a buildup of primary reaction products 
such as Mn+ on the anodic surface can polarize the anode, stifle the rate of metal oxidation, and limit the overall 
rate of corrosion by anodic polarization. Similarly, a buildup of primary cathodic reaction products, Xn/m-, can 
slow the overall process through cathodic polarization. A common example of this occurs under anaerobic 
conditions, where X = H+. In this case, reduction of protons from the electrolyte leads to formation of atomic 
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hydrogen on the metal surface. To escape the surface, atoms of hydrogen must combine to form molecular 
hydrogen that can then be lost to solution or enter the steel matrix, as shown in Fig. 3. 
 

 

Fig. 3  Schematic diagram of the cathodic surface of an anaerobic corrosion cell in which H+ is reduced to 
H on metal surface. The atomic hydrogen formed escapes the cathodic surface by combining to form 
molecular hydrogen, 2H → H2, that desorbs from the surface or by entry as atomic hydrogen into the 
metal matrix. 

Byproducts of the various reactions involved may limit the corrosion process by altering the environment at the 
metal surface (Eq 2–6). For example, reduction of protons at the metal surface (Eq 3) raises the local pH. This 
can lead to the formation of insoluble deposits. The formation of ferrous carbonate on a steel surface by the 
sequence of events shown in Eq 2 to 6 provides one example. Precipitation of calcium or magnesium ions from 
the electrolyte as insoluble carbonates that can passivate a metal surface is another:  

Fe → Fe2+ + 2 electrons  (Eq 2) 

2H+ + 2 electrons → 2H· (cathodic hydrogen)  (Eq 3) 

H2O ↔ H+ + OH-  (Eq 4) 

  (Eq 5) 

  (Eq 6) 
Microorganisms accelerate corrosion by changing the nature or kinetics of the rate-controlling reaction or 
process. They can be directly involved in the electron transfer processes in the electrochemical cell represented 
by Eq 1 or be less directly involved through a number of mechanisms, including depolarization of the anode or 
cathode, disruption of passivating films, or rapid regeneration or provision of the electron acceptor, X. 

Direct Involvement in the Corrosion Process 

Corrosion Mechanisms Involving SRB. Perhaps the best-known mechanism of MIC involves corrosion cells 
generated and sustained on steel surfaces by the action of anaerobic SRB. These organisms reduce sulfate to 
sulfide in their metabolism and are commonly found in mixed microbial communities present in soils and 
natural waters. In industrial systems, biodegradable materials, such as some of the hydrocarbons found in oil 
and gas operations (Ref 20) or susceptible components of coating materials (Ref 21, 22), can provide a source 
of nutrients for microbial growth. Cathodic hydrogen formed on a metal surface (Eq 3) by active corrosion or 
by cathodic protection (CP) can specifically promote growth of organisms, including SRB that are able to use 
hydrogen in their metabolism (Ref 23). Severe corrosion cells develop as sulfide, produced by the microbial 
reduction of sulfate, combines with ferrous ions, released by the corrosion process, to produce insoluble black 
iron sulfides:  

  (Eq 7) 



Various versions of this MIC mechanism have been suggested (Ref 9). Figure 4 illustrates a plausible 
mechanism base on a galvanic couple formed between iron and iron sulfide sustained and extended by the 
active involvement of SRB. The way in which electrons are transferred from iron sulfide to the SRB, for 
example, is not well resolved. It may occur directly or via formation of cathodic hydrogen, as shown in Fig. 4, 
or by another reaction involving reduction of H2S (Ref 6):  

H2S + electron → HS- + H·  (Eq 8) 

 

Fig. 4  Schematic diagram of the mechanism in an FeS corrosion cell created by the action of SRB. Iron 
sulfide sets up a galvanic couple with steel, sustained and extended by the further action of SRB. The 
bacteria use electrons from the corrosion process, possibly in the form of cathodic hydrogen, to reduce 
soluble sulfate. Enzyme assays for sulfate reductase and for hydrogenase have been developed as 
commercially available kits for assessing SRB activity in corrosion sites. The presence of specific iron 
sulfides is also used to identify this form of MIC. Acid-producing bacteria (APB) may have a role in 
providing nutrients to SRB, as suggested, and are often found in association. 

Typical rates of metal loss for unprotected line pipe steel in an SRB/FeS corrosion scenario are 0.2 mm/year 
(0.008 in./year) for general corrosion and 0.7 mm/year (0.028 in./year) for pitting corrosion (Ref 24), but the 
corrosion rate observed depends on the concentration of FeS involved (Fig. 5). Consistent with the importance 
of this corrosion process in industrial facilities, commercial test kits have been developed for enumerating or 
assessing the activity of SRB in operating systems (Ref 25). 
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Fig. 5  Rate of corrosion of unprotected steel in biologically active soil as a function of iron sulfide present 

Formation of MIC corrosion cells involving iron sulfide need not be limited to the SRB. Reference 26 describes 
the corrosive action of bacteria isolated from oil production facilities that are able to reduce thiosulfate to 
sulfide. These organic-acid-producing organisms could generate a corrosion cell based on iron sulfide but 
would not show up in SRB assays based on sulfate reduction. 
Corrosion by Microbially Produced Manganese (IV). Recent work has shown that microbially produced MnO2 
can corrode (Eq 9) steel, provided that contact is made with the metal surface (Ref 27):  

Fe + MnO2 + 4H+ → Fe2+ + Mn2+ + 2H2O  (Eq 9) 
Although the scenario is somewhat more complex than suggested by Eq 9 and 10 there is evidence that marine 
biofilms help to sustain the corrosion process by the rapid regeneration of MnO2 (Eq 10) (Ref 28). Manganese-
oxidizing organisms have been implicated in the MIC of 304L stainless steel welds (Ref 29). Formation of 
manganic oxide ennobles the potential of stainless steel in natural waters (Ref 30). Ennoblement shifts the 
potential above the repassivation potential to the pitting potential for stainless steel and furnishes the increased 
cathodic current density needed to propagate nucleated corrosion sites:  

  
(Eq 10) 

Other electron acceptors involved in microbial metabolism include oxygen, nitrate, iron (III), and carbon 
dioxide. All of these species could theoretically be involved as the electron acceptor, X, in the corrosion of 
metals (Eq 1) but evidence for direct MIC based on other electron acceptors is limited. A more general 
discussion of possible links between electrochemical reactions mediated in microbial metabolism and corrosion 
is provided in Ref 18. 

Indirect Involvement in the Corrosion Process 

Microorganisms can influence the corrosion process by a number of less direct mechanisms. 
Depolarization Mechanisms. As previously noted, a buildup of hydrogen on the cathodic surface can stifle the 
corrosion process through cathodic polarization (Fig. 3). Microorganisms with hydrogenase enzymes are able to 



use hydrogen and have been widely cited as accelerating anaerobic corrosion through cathodic depolarization. 
Even though this concept has been challenged (Ref 6), commercial kits for hydrogenase activity are available 
for assessing MIC in practical applications (Ref 25). 
Metabolites, such as organic acids produced by acid-producing bacteria (APB), may alleviate anodic 
polarization. Organic acids can form soluble chemical complexes with metal ions released by the corrosion 
process, reducing the buildup of Mn+ on anodic surfaces. Figure 6 illustrates the damaging effect of trace levels 
of acetate (the conjugate base of the organic acid acetic acid) in the corrosion of steel exposed to carbon-
dioxide-saturated brine. Acid-producing bacteria and organic acids at the levels shown in Fig. 6 have been 
identified in external corrosion sites in an extensive Gas Research Institute (GRI) program on pipeline MIC. 
Commercial kits and guides were produced for enumerating APB in field samples and for identifying related 
MIC sites (Ref 32, 33). Fungal production of organic acids has been implicated in the corrosion of 
posttensioned cables used in construction (Ref 34). 
 

 

Fig. 6  Initial corrosion rates for steel exposed to carbonated 3% NaCl solution with 0, 100, and 1000 
ppm acetate of 4, 9, and 18 mm/year (0.2, 0.4, and 0.7 in./year), respectively. This order is sustained after 
addition of 25 ppm of a corrosion inhibitor, despite a significant reduction in the corrosion rate in all 
cases. Source: Ref 31, reproduced with permission of National Association of Corrosion Engineers 
International 

Production of Corrosive Metabolites. Other microbial metabolites have been recognized as agents of MIC. The 
many scenarios involving various sulfur species that are produced and consumed by microorganisms have been 
reviewed (Ref 35), and as-yet poorly described microbially produced phosphorus compounds in MIC have been 
implicated (Ref 11). It has been suggested that hydrogen peroxide produced in biofilms plays a role in the 
crevice corrosion of 304 and 316L stainless steel (Ref 36). 
Alteration of Surface Environments to Create Concentration Cells. In many industrial water systems, 
colonization of metal surfaces by sessile microorganisms creates a new environment on the surface that may 
favor corrosion. During the colonization process, microbes from the aqueous phase quickly adhere to exposed 
steel surfaces and proceed to generate a slime made up of excreted extracellular polysaccharides (EPS). The 
slime envelops the organisms and creates a unique milieu for further development of microbial communities 
and possible MIC. The slime holds water, collects nutrients, and recruits other microbes as well as particulates 
and other debris from the liquid phase. Organisms in the biofilm are protected from direct exposure to biocides 
at dosages that would readily kill planktonic organisms freely suspended in the water phase. The metal surface 
is similarly shielded from doses of corrosion inhibitors added to the system. 

The file is downloaded from www.bzfxw.com



Corrosion commonly occurs due to concentration cells established under the biofilm, where oxygen levels are 
depleted and metabolite (e.g., organic acid) concentrations may be high. Slime-forming organisms are a 
recommended target of monitoring programs for cooling water systems (Ref 37) as are iron- and manganese-
oxidizing bacteria capable of laying down deposits of metal oxides on affected surfaces. Mobile anions such as 
chloride are attracted to the corroding surface under a biofilm and associated deposits by the release of 
positively charged metal ions. Concentration of chloride can accelerate the corrosion process further, especially 
in systems that rely on a passivating film on the metal surface to protect the underlying metal matrix from 
corrosion. 
Alteration of Passivating Layers. Some metals are protected from corrosion by the formation of a passivating 
film of metal oxide or other insoluble deposits. It has been suggested that microbial acceleration of corrosion on 
copper is the result of incorporation of EPS into the copper oxide on the metal surface (Ref 38). This disrupts 
the passivating film and is accompanied by a reduction in pH due to metabolic activity. In a more complex 
example, 316L stainless steel exposed to a flowing microbial culture of Citrobacter freundii in the laboratory 
was selectively colonized at grain boundaries (Ref 39, 40). This led to the local depletion of chromium and iron 
content relative to nickel in the subsurface region of the superficial oxide. A coculture of C. freundii and the 
SRB, Desulfovibrio gigas, similarly selectively colonized grain-boundary regions and enhanced the local 
depletion of iron and the accumulation of sulfur. The authors of the study suggested that these changes 
weakened the oxide layer, predisposing the metal to a higher frequency of pitting due to attack by chloride. It 
has been noted that microorganisms can also produce organic acids and create conditions for formation of HCl 
or metal chlorides, including FeCl3, under biofilms (Ref 2). These agents cause the passivating layer on 
stainless steel to fail, allowing pitting and crevice corrosion to proceed. 
Massive failures due to pitting in water system components, such as utility condensers made of stainless steel, 
were identified as an MIC problem in the 1970s (Ref 6). Corrosion damage was ascribed to metastable sulfur 
oxyanions produced by SRB in the reduction of sulfate or formed in the oxidation of biogenic iron sulfide to 
elemental sulfur in oxygenated water (Ref 41). Sulfur oxyanions, such as thiosulfate and tetrathionate, have 
been shown to reduce the pitting potential of stainless steel and promote the localized corrosion of both 
stainless steels and nickel-base alloys (e.g., Inconels) with or without the presence of chloride (Ref 6, 41). One 
proposed mechanism involves the release of elemental sulfur by the disproportionation or reduction of 
thiosulfate anions at the metal surface. The elemental sulfur enhances the anodic dissolution process and 
accelerates pitting. Active SRB help to inhibit repassivation of the metal surface where chloride is present as a 
pitting agent. 

Microbial Involvement in Environmentally Assisted Cracking 

Environmentally assisted cracking (EAC) of susceptible materials under stress can be exacerbated by microbial 
activity. Potentially affected forms of EAC include sulfide-stress cracking (SSC), hydrogen-induced cracking 
(HIC), stress-oriented hydrogen-induced cracking (SOHIC), near-neutral pH stress-corrosion cracking (SCC), 
and corrosion fatigue. Accelerated corrosion and enhanced hydrogen uptake can increase the probability of 
cracking as well as subsequent crack growth rates. 
Microorganisms can influence hydrogen uptake by a metal directly through the microbial production of 
hydrogen. Alternately, microbial activity can promote entry of cathodic hydrogen into the metal matrix through 
production of recombination poisons that prevent the formation and escape of molecular hydrogen from the 
metal surface (Fig. 3). Inside the steel, hydrogen concentrates in areas of stress, such as the plastic zone at the 
tip of a growing crack, or in areas of imperfection in the metal matrix, such as inclusions or grain boundaries. In 
the former location, hydrogen causes embrittlement of the metal and facilitates the cracking process in, for 
example, SCC (Ref 42). At imperfections, formation of molecular hydrogen can force voids to form in a metal 
matrix through a buildup of gas pressure. This can lead to macroscopic blistering and cracking within the steel 
matrix in the form of HIC or SOHIC. In general, these effects are of greater concern in higher-strength steels 
(Ref 43). 
Only a modest amount of work has been done on the involvement of microorganisms in EAC relative to the 
potential importance of this topic. The HIC of high-tensile-strength hard-drawn steel wire used for prestressing 
concrete pipe on exposure to laboratory cultures of the hydrogen-producing anaerobe, Clostridium 
acetobutylicum, has been demonstrated (Ref 44). While this simple experiment demonstrates a principle, the 



real-world situation is likely to be more complicated due to competing effects, such as passivation of the metal 
surface and consumption of hydrogen by the mixed microbial population likely to be present. 
Metabolites, such as hydrogen sulfide or thiosulfate, can act as poisons for the hydrogen recombination reaction 
and drive cathodic hydrogen into steel (Fig. 3). Sulfide can accelerate crack growth rates even at trace 
concentrations. Corrosion fatigue crack growth rates (per stress cycle) in RQT 701 steel exposed to seawater 
have been shown to increase with increasing levels of sulfide exposure in either biotic or abiotic environments 
(Ref 45). It has also been noted that hydrogen permeation through steel under CP in artificial seawater was 
greater for a mixed culture of bacteria producing 160 ppm of sulfide than it was for the same concentration of 
sulfide without bacteria. Attempts to demonstrate these effects more generally led to the conclusion that the 
microbial scenarios may involve inhibition of hydrogen permeation and crack growth as well as enhancement. 
Complex lab results have been reported on the enhanced permeation of hydrogen through carbon steel exposed 
to cultures of SRB isolated from oilfield waters (Ref 46). It was suggested that an initial enhancement in 
hydrogen flux caused by the bacteria was stifled for a time by formation of a protective iron sulfide 
(mackinawite) on the steel surface. Accelerated hydrogen permeation was later reestablished, an effect that the 
researchers attributed to production of additional sulfide and organic acids by the organisms disrupting the 
protective film. 
In addition to corrosion and hydrogen effects, the buildup of certain microbial metabolites in an environment 
may also foster crack growth by EAC. One example is the production of high levels of CO2 needed to sustain 
near-neutral pH SCC (Ref 42). This CO2 may arise in SCC sites on buried pipelines through biological activity 
in the surrounding environment or be formed more directly by biodegradation of susceptible components in 
protective coatings or other materials used in construction of a facility (Ref 21). 
Metabolic intermediates in the microbial oxidation and reduction of sulfur can also cause trouble (Ref 35). 
Metastable sulfur oxyanions (e.g., thiosulfate and tetrathionate) can promote severe intergranular stress-
corrosion cracking (IGSCC) of sensitized austenitic stainless steels and nickel-base Inconel alloys at very low 
concentrations in acidic to slightly acidic solution (Ref 41). As noted previously, metastable sulfur oxyanions 
can be produced by microbial activity or by secondary oxidation of biogenically produced iron sulfides. One 
suggested mechanism for their role in IGSCC involves disproportionation of the oxyanion to release elemental 
sulfur in the acidified crack tip. This would enhance anodic dissolution of chromium-depleted grain boundaries, 
enabling accelerated cracking. In this case, promotion of crack growth results from enhanced corrosion at the 
crack tip rather than a hydrogen embrittlement effect. 
General souring of an operating environment through the biological formation of hydrogen sulfide is a serious 
concern in the oil and gas sector. Significant concentrations of hydrogen sulfide require production facilities to 
be constructed for “sour service” to avoid integrity problems. Souring of oil and gas reservoirs during 
prolonged production or of gas storage caverns over time can threaten production infrastructure designed to 
handle “sweet” sulfide-free crude oil or gas. Consequently, control of in situ souring has attracted considerable 
effort (Ref 47). 
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Degradation of Protective Systems 

Microbiological influence on the integrity of metal systems need not involve direct mediation of corrosion or 
cracking processes. In some situations, microbiological activity predisposes metals to integrity problems 
through degradation of protective systems, including corrosion inhibitors, coatings, CP, or lubricants. 
Corrosion inhibitors are chemicals introduced into industrial systems to reduce the rate of metal loss. In some 
cases, these chemicals act as nutrients for MIC problems and are destroyed through biodegradation. In a long-
term audit of water recycle systems in a large oilfield, failure costs were found to be inversely related to the 
residual concentrations of treatment chemicals used to control corrosion, as one would hope. The chemical 
treatment package included a filming amine corrosion inhibitor and ammonium bisulfite as an oxygen 

The file is downloaded from www.bzfxw.com



scavenger. Closer inspection of the data, however, showed that the residual concentrations of the oxygen 
scavenger correlated with measured corrosion rates, indicating that the ammonium bisulfite was actually being 
used as a nutrient by the SRB responsible for the corrosion observed. The microbial population had to be 
independently controlled by targeted biocide addition (Ref 48). This problem of conflicting effects by different 
additives is a common issue in the design of cost-effective chemical treatment programs. 
As environmental concerns push treatment chemical suppliers to less toxic, biodegradable materials (see Ref 49 
for an example), competition between biocides intended to reduce microbial populations and corrosion 
inhibitors that may feed them will become more common. 
Protective Coatings. Buried structures and interior surfaces of tanks and piping are often protected by the 
application of protective coatings. While these coatings have improved over the years, many older coatings 
were susceptible to biodegradation in service. Microbial attack can be seen, for example, in some polyvinyl 
chloride (PVC) coatings. While the polymer itself remains relatively inert due to its large molecular size, 
biological degradation of plasticizers used to make the material flexible can occur (Ref 50). Loss of plasticizer 
in older PVC tape coatings on pipelines has led to embrittlement and coating failure in service. In a related 
example, the adhesive used to affix polyethylene tape coatings to line pipe has been found to be a source of 
nutrients for microbial sulfate reduction in external corrosion sites (Ref 21). Biodegradation of adhesive may 
contribute to the loss of adhesion seen when these coatings are exposed to biologically active soils (Ref 51). 
Coating failures of this sort block CP and have led to corrosion and SCC problems on operating pipeline 
systems (Ref 22, 42). 
The modern trend to more environmentally friendly, safer materials also affects the formulation of paints and 
coatings used to protect industrial systems. This has raised concern that these changes will coincidentally result 
in a loss of resistance to microbial degradation for products in service (Ref 52). A conflicting strategy of adding 
more biocides to new formulations has been proposed. 
Cathodic Protection. Buried or submerged structures and some interior surfaces in processing facilities are 
protected by imposition of an electrical potential that prevents oxidation of metal. This can be achieved through 
the use of sacrificial anodes or by an impressed current system. In either case, maintenance of a protective 
potential requires the provision of an adequate current density. Production of iron sulfides by active SRB can 
compromise CP potentials by draining current from exposed steel surfaces. Figure 7 shows the increase in 
current demand in a laboratory soil box with time as SRB active in the soil produce increasing quantities of 
electrically conducting iron sulfides around steel coupons at a fixed potential. An increased current demand has 
also been seen for stainless steel surfaces when a steady-state biofilm is present (Ref 53) and in lab experiments 
involving an anaerobic slime-forming APB (Vibrio natriegens) in pure culture (Ref 54). In the latter case, 
production of organic acids and exopolymers by V. natriegens affected the formation of calcerous scales that 
would normally seal the cathodically protected surface, reducing current demand. In locations where increased 
current demand cannot be met, the protective potential is lost. In the field, affected locations may show up as a 
local dip in close-interval-potential surveys. 



 

Fig. 7  Current demand needed to sustain a set CP potential increases with time for steel in soil as SRB 
produce increasing quantities of iron sulfide. 

Lubricants protect metal components from corrosion and wear in service. In some cases, these lubricants 
contain biodegradable hydrocarbons that support microbial growth where water is available and other 
conditions permit. Microbial growth is, in turn, often accompanied by the production of surfactants that 
stabilize water/oil emulsions. These extend the interface available for microbial activity and can be quite 
stubborn to break. The combined effect of biodegradation and emulsification can compromise the performance 
of lubricants, leading to failure of metal components (Ref 55). A case study involving the failure of bearings in 
a marine engine is given in Ref 56. Commercial kits are available to track microbial growth in lubricants and 
identify impending problems in large marine engines as well as other applications. 
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Failure Analysis 

Although MIC is acknowledged to occur on a wide range of metals, most reported failure analyses have 
focused on iron, copper, aluminum, and their alloys. This is not surprising, given the importance of these metals 
in industrial applications. 

Steel and Iron 

Industry Experience. Failure analysis for steel and iron can begin with an assessment of the susceptibility of an 
operating system to MIC, based on industry experience. It appears that almost any system with free water 
present can host microbial activity, provided there is a source of nutrients and an absence of toxic material. In 
processing facilities, an increase in pressure drop or loss of flow through piping systems (Fig. 8) or a marked 
decline in the efficiency of heat exchangers are indicators of possible biological fouling. A history of failures 
due to unexpectedly high corrosion penetration rates may indicate MIC. Favored locations for failures include 
low spots where water can collect in piping, dead-end or shut-in piping, tank bottoms at the interface between 
liquid hydrocarbons and underlying water, or areas heavily fouled with surface deposits (Fig. 9). Microbially 
induced corrosion problems are found in refineries, cooling water systems, sprinkler water systems, oilfield 
water-handling systems, oil pipelines, and pulp and paper mills but are not recognized as a major issue in steam 
systems (Ref 57). 



 

Fig. 8  Friction factors for flow through instrumented sidestreams under biocide treatment in an oilfield-
produced water system can indicate biofouling. In this case, biocide “A” loses control of microbial 
fouling after 80 days, relative to biocide “B,” in a comparison carried out in a field performance 
evaluation facility equipped with parallel test lines (see Fig. 14). 

 

Fig. 9  Dead-end piping reveals extensive black deposits through an open flange in refinery piping. 

For external corrosion, past experience of susceptible metal surfaces exposed to a wide range of natural 
environments has led to a general understanding of where corrosive conditions, including MIC, can be expected 
to occur (Ref 58, 59). 
For soils, corrosion rates for steel and iron have been correlated with the pH, oxidation reduction potential, 
resistivity, and water content of the soil as well as with the type of soil. Very dry soils that lack the electrolyte 
needed to support active corrosion cells are benign. Moist, aerobic soils, where oxygen can readily reach 
exposed steel, show corrosion rates typically in the range of 0.04 to 0.2 mm/year (0.002 to 0.008 in./year). 
Anaerobic soil environments, where oxygen is absent and where SRB have not precipitated extensive iron 
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sulfide deposits, show intermediate corrosion rates of 0.002 to 0.01 mm/year (0.00008 to 0.0004 in./year). 
Where the focused action of SRB has exposed unprotected steel to extensive iron sulfide deposits, very high 
corrosion rates, >0.2 mm/year (>0.008 in./year), can be seen. 
Attempts have been made to identify factors in soil environments that favor MIC by SRB for buried pipe (Ref 
60, 61). Table 1 summarizes conditions that correlate with elevated SRB populations. Based on correlations of 
this sort, predictive models have been developed to prioritize maintenance activities in particular areas. 

Table 1   Factors correlating with sulfate- reducing bacteria (SRB) numbers for buried pipeline sites 

Factor Correlation coefficient Range 
Bacterial numbers (acid-producing bacteria) 0.829 103-108 cells/g wet soil 
Total organic carbon in groundwater 0.645 0.05–1.2% 
Soil resistivity -0.642 500–30,000 Ω · cm 
Soil water content 0.626 5–36% 
Soil oxidation reduction potential -0.545 -316 to 384 mV (CSE) 
Sulfate in groundwater 0.455 0.3–200 mg/g wet soil 
Clay 0.407 N/A 
Note: CSE, copper-copper sulfate electrode. Source: Ref 60  
Anaerobic sediments in freshwater or marine environments generally host anaerobic microbial populations, 
including SRB that can create MIC problems. Guides have been developed at the University of Manchester 
Institute of Science and Technology to assess the potential risk of MIC due to SRB for sheet piling in sediments 
in ports and harbors and for design of CP systems on subsea pipelines (Ref 62). 
Identification of MIC Sites. Possible MIC sites are often tentatively identified by the rapidity, severity, and 
localized nature of the corrosion. Confirmation is based on analysis of metallurgical damage, microorganisms, 
corrosion products, deposits, and environmental factors. There is no single approach to this problem, but a 
number of guides have been published (Ref 5, 7, 32, 33, 37, 63). 
Guides for identification of internal and external MIC were developed through a major GRI program for natural 
gas pipelines. The guides provide a scorecard for the identification of MIC sites on mild steel, based on three 
types of evidence (Ref 32, 33):  

• Metallurgical: appearance of the corrosion damage 
• Biological: cell counts for SRB, APB, and general bacterial population 
• Chemical: identification of corrosion products and other deposits 

The metallurgical evidence is given the heaviest weighting, sufficient to pronounce MIC as being “very likely” 
in the absence of any other evidence from biological or chemical tests. Key features of the metallurgical 
fingerprint ascribed to MIC include corrosion pits composed of several smaller pits with hemispherical or 
cuplike appearance, striations in the direction of rolling in the steel pit bottom, and tunneling into the sides of 
the corrosion pit (Fig. 10). The guides provide appropriate photographs and methods for identification of these 
features. Biological analyses assess the number of viable SRB, APB, and anaerobic bacteria present. Chemical 
analysis of corrosion products has limited application in the scorecard and is more fully addressed later. 
Commercial kits have been developed for the analysis of the biological and chemical criteria used in the guides. 
Use of these tools is not confined to pipeline applications or soil environments. They are generally useful 
wherever the corrosion of carbon steel is observed (Ref 64). 



 

Fig. 10  Microbially induced corrosion showing striations in the bottom and tunneling into the walls of 
overlapping pits, as described in Ref 32  

A complementary approach to use of an MIC scorecard is based on the analysis of corrosion products and other 
deposits found on the corroded surface (Ref 20). This approach was developed for pipeline facilities suffering 
external corrosion (Ref 22). Qualitative chemical analysis can be done in the field to identify the presence of 
iron (II), iron (III), calcium, sulfide, and carbonate. Addition of acid to a sample can detect carbonate (by 
extensive bubble formation) and sulfide (by the odor of hydrogen sulfide or by its reaction with a color 
indicator such as lead acetate). Iron (II) and (III) can be detected in the resulting acid solution using standard 
ferricyanide and thiocyanate tests. Addition of a solution of oxalate to the test solution after buffering with 
excess sodium acetate yields a white precipitate if calcium is present. These qualitative chemical assays have 
been made available commercially in the form of a test kit through the GRI program noted previously. X-ray 
diffraction (XRD) analysis of crystalline material in corrosion products and associated deposits can provide 
more detailed insight (Ref 24). A summary of corrosion products indicating different corrosion scenarios is 
given in Table 2. 

Table 2   Indicator minerals found as corrosion products in various corrosion scenarios seen in pipeline 
excavations and laboratory soil box tests 

Corrosion scenario Corrosion products (color, chemistry, mineral form) Corrosion 
rate, 
 
mm/year 

Simple corrosion processes  
Abiotic aerobic corrosion (O2 is the 
electron acceptor, X, in cathodic 
reaction, Eq 2) 

Yellow/orange/brown/black iron (III) oxides, including 
lepidocrosite, goethite, magnetite, maghemite, hematite 

0.04–0.2 

Abiotic anaerobic corrosion (H+ as X 
in cathodic reaction, Eq 2) 

Pasty or dispersed white iron (II) carbonate (siderite) 0.002–0.01 

Anaerobic MIC (SRB with biotic iron 
sulfide as X, Eq 2) 

Black, finely divided iron (II) sulfides, including 
amorphous iron sulfide, mackinawite, greigite 

0.2 general 
 
0.7 pitting 

Secondary transformations involving MIC  
Aerobic → anaerobic MIC 
(SRB/“FeS”) 

Iron (II) sulfides, including marcasite and pyrite … 
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Anaerobic MIC (SRB/“FeS”) → 
aerobic 

Elemental sulfur, iron (III) oxides + residual 
anaerobic corrosion products 

2–5(a)  

(a) This very high corrosion rate may not be sustained beyond the period of secondary oxidation of the 
anaerobic site. 
The presence of a hard, white, calcium carbonate scale is good evidence that effective CP potentials were 
achieved on metal surfaces where it is found. Identification of the very severe corrosion scenario due to iron 
sulfide corrosion cells developed by SRB can be made based on analysis of corrosion products, as noted in 
Table 2. The observation of iron (II) sulfide in association with severe pitting or areas of significant metal loss 
in contact with dense, black corrosion products is definitive for this scenario. In some failure sites, extensive 
iron (II) sulfide present as a finely divided, black solid causes the general blackening of soil and corrosion 
deposits (Fig. 11). The additional presence of iron (III) suggests secondary oxidation has occurred, with 
potentially very serious corrosion consequences (Table 2) (Ref 24). In extreme cases, overlapping corrosion pits 
can lead to extensive areas of metal loss sufficient to cause pressurized piping or vessels to fail through rupture. 
This type of failure presents an inherently greater risk than formation of a leak due to perforation of the steel by 
isolated pitting. 
 

 

Fig. 11  FeS/SRB corrosion under disbonded polyolefin tape coating on a buried pipeline in a wet 
anaerobic location shows soft, black corrosion products rich in iron sulfides overlying severe pitting 

Table 2 does not include corrosion scenarios due to APB. This possibility can be assessed using the methods 
described in the MIC field guides described previously or by analysis of deposits for organic acids. 
A cryptic guide to the identification of corrosion in oil and gas operations offers two MIC scenarios (Ref 65). 
One, based on SRB, is identified by:  

• Slope-walled pits within pits 



• Attached SRB 
• A source of sulfate 

A second scenario, based on APB, is identified by: 

• Steep-sided, sharp-edged, “fibery”-bottomed pits 
• Attached APB 
• Trace organic materials (presumably organic acids) 

Reference 37 describes a wider range of tests and considerations for cooling water systems, and active and 
passive MIC scenarios are considered. In active scenarios, the organisms participate directly in corrosion 
processes. Microorganisms involved include SRB and acid producers. In this case, sulfur-oxidizing aerobic 
bacteria, such as Thiobacilli, that produce very acidic conditions and denitrifiers capable of reducing the pH to 
3 are considered as well as the organic APB. Consideration of aerobic organisms is consistent with highly 
oxygenated environments found in cooling water circuits. Passive corrosion scenarios include underdeposit 
attack due to concentration cells set up under biofilms by slime-forming microbes or iron- and manganese-
oxidizing bacteria (referred to as “metal depositors” by the researchers). Other organisms considered include 
algae that produce dense, thick mats of biomass on sunlit surfaces in cooling towers. These can foster 
underdeposit attack due to concentration cells and produce high levels of oxygen as well as nutrients for other 
organisms. In one case, ammonia released by the decay of algal biomass was blamed for SCC in a brass 
condenser. 
The following four factors in the identification of corrosion as MIC were looked for (Ref 37):  

• Presence of microorganisms or their byproducts 
• Microbiologically unique corrosion morphology 
• Specific corrosion products and deposits 
• Compatible environmental conditions 

The use of these factors for diagnosis of MIC scenarios in cooling water systems is addressed in Table 3. 

Table 3   Factors for the diagnosis of MIC scenarios in cooling water systems 

Microorganism (metabolite) Corrosion morphology Specific corrosion products 
 
and deposits 

Active MIC  
Sulfate-reducing bacteria 
(sulfide) 

Clustered hemispherical pits on stainless 
steel, Carpenter 20, aluminum, carbon steel. 
Rare on titanium. Copper poorly defined 
 
Very irregular pit surface in less noble metals 

Metal sulfides present 
 
Voluminous, brown, 
friable tubercles of iron 
(III) oxides over pit 

Acid producers (lower-pH 
organic acids for acid-
producing bacteria)(a)  

Corrosion is localized, moderate 
 
Striations in steel under tubercles, as for 
preferential acid dissolution of microstructure 
in rolling direction 

None stated 

Passive MIC  
Slimers (gelatinous mass with 
high microbial numbers) 

General corrosive attack under slime 
 
Pitting if SRB present 

Rusting may color surfaces 
brown 

(a) Acid producers are often associated with SRB but outnumber them in this case. Organisms such as 
Clostridia, Thiobacillus, and Nitrobacter are cited as potential acid producers. 
Source: Ref 37  
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Corrosion-Resistant Alloys of Steel 

Microbially induced corrosion on stainless steel leads mostly to pitting or crevice corrosion failures. Statistical 
analysis of corrosion failures seen in once-through cooling systems on the Rhine River show that a 
disproportionate number occur in stainless steel systems relative to carbon steel. Estimates of MIC as a percent 
of total corrosion failures for stainless steel systems may be as high as 20% but are probably <10% (Ref 66). 
Weldments in Stainless Steel. Most failures are associated with welds, because areas of joining tend to be 
inherently more susceptible to corrosive attack than the base material. Studies have shown that heat-tinted 
zones are especially vulnerable. These zones are created in a welding process where material above the scaling 
temperature is contacted by air. The result is a migration of chromium into the surface scale, leaving underlying 
material depleted and susceptible to corrosion. Removing the heat-tinted scale and underlying surface by 
pickling, electrochemical cleaning, or mechanical grinding prevents corrosion damage with or without bacteria 
(Ref 67, 68) for 304L, 308L, or 316L material. It has been suggested that pickling is the most effective 
approach (Ref 69). Heat tinting can be avoided by use of an effective inert gas blanket in the welding 
procedure. 
Microbially induced corrosion is perhaps the only mechanism that can perforate stainless steel piping in neutral 
aqueous service, such as river water cooling, in a matter of months (Ref 70). It is suggested that this may be due 
to the ratio of cathodic to anodic areas, where a single phase, for example, ferrite, is preferentially attacked 
relative to a large area of less susceptible material. Penetration rates of 17 mm/year (0.7 in./year) in United 
Numbering System (UNS) 30800 welds have been reported. Perforation of 316L stainless steel weldments in 
piping with 5.5 mm (0.2 in.) wall thickness in industrial water systems under intermittent flow in four months 
has been described (Ref 70). 
Preferential attack of some sort is a common feature of MIC case studies (Ref 63, 70, 71, 72, 73). Corrosion is 
often focused on the weld material or at the fusion line for the weld (Fig. 12a). Pit surfaces are often described 
as dendritic, consistent with preferential corrosion (Ref 63, 71, 72, 73), but the preferential attack of a single 
phase need not be a feature of MIC. From detailed study of UNS 30800 weld specimens, it has been concluded 
that either ferrite or austenite can be preferentially attacked, or they may corrode together, depending on a 
number of possible conditions (Ref 70). Abiotic attack by FeCl3 solutions has been found to give similar effects 
to MIC, based on comparison of chemically degraded specimens with samples from identified MIC sites (Ref 
70, 74). Preferential attack can also occur in a single phase, due to cold work effects on microstructure (Ref 70, 
74). 

 



Fig. 12  MIC of stainless steel weldments. (a) MIC showing a surface view of interdendritic attack at the 
fusion line of a stainless steel weldment. “A,” nondentritite; “D,” dendrite. (b) Cross section of MIC at a 
stainless steel weldment showing extensive corrosion of weld metal and fusion line, with a relatively small 
opening at the bold surface. Source: Ref 71. Reproduced with permission of National Association of 
Corrosion Engineers International 

As previously noted, microbially induced intergranular pitting and IGSCC can occur in sensitized stainless 
steels, where low chromium content at grain boundaries allows preferential dissolution (Ref 41). However, it 
has been found that transgranular pitting due to MIC in the heat-affected zone in socket-welded specimens of 
304 stainless steel exposed to flowing lakewater (500 to 600 ppm chloride) over 6 to 18 months was not 
focused in sensitized areas (Ref 74). Instead, pitting occurred along deformation lines left by cold working of 
the metal during manufacturing. Annealing the material at 1150 °C (2100 °F) was suggested as a way to 
remove these features and increase resistance of the material to MIC. No pitting was seen in the base metal for 
either furnace-sensitized or girth-welded specimens of 304 or 316 stainless steel after similar exposure (Ref 74). 
A number of trends seem apparent, based on past failure analyses:  

• Microbially induced corrosion is often associated with stagnant, untreated water being left in piping 
over extended periods (Ref 63, 64, 65, 66, 67, 68, 69, 70, 71, 72). It has been suggested that intermittent 
flow or low flow rates are most damaging (Ref 75). 

• Damage often occurs at many welds in an affected section of piping. In one power plant cooling system 
using lake water, radiography indicated that 50% of the welds in 316L piping showed indications of 
deep MIC pitting (Ref 72). 

• Pitting seems more prevalent in the bottom third of the pipe (Ref 63). 
• Low pH or high chloride concentrations in the pit environment enhance attack (Ref 76). 

It has been noted that higher alloying in weld combinations seems to improve resistance to MIC (Ref 76). This 
observation is supported by a systematic laboratory study of stainless steel (304, 316L, and 317L) and Ni-Cr-
Mo (alloy 625) alloy weldments cleaned of surface thermal oxides (Ref 77); however, later work on as-received 
welds showed that thermal oxides produced during the welding process can obscure this dependence. In all 
cases, exposure of specimens to lake water augmented by active SRB reduced the polarization resistance of the 
alloys relative to sterile controls. This was true even for alloys with 9% Mo content; however, no documented 
corrosion failures due to MIC in alloys with 6% Mo or more could be found to support the idea that elevated 
molybdenum content can provide added resistance to corrosion damage (Ref 2). 
It was recommended that failure analysis for stainless steel cooling systems include biological analysis of 
associated water and deposits, chemical analysis of water, and radiography of welds (Ref 63). Microbially 
induced corrosion in pitting at weldments in stainless steel was identified by (Ref 74):  

• The combination of bacteria present and morphology of pits 
• Corrosion features with small surface openings leading to bulbous cavities in the steel matrix at welds 
• The absence of other agents that could account for the attack 

While SRB in mixed populations are a favorite for laboratory studies, and sulfides are often found in associated 
deposits on affected metal surfaces in the field, the microbiology found in case studies tends to be complex. A 
wide range of organisms can be present, especially in cooling systems drawing on natural waters. All sorts of 
bacteria were found to be present in once-through cooling systems using untreated river water, including sulfur 
oxidizers, iron oxidizers, iron reducers, SRB, nitrogen oxidizers, and denitrifiers (Ref 66). Aerobes, anaerobes, 
SRB, and APB were reported to be present in slimes and nodules on the metal surface (Ref 74). The presence of 
iron oxidizers and slimers for MIC problems in UNS S30800 stainless steel welds has been cited (Ref 69), 
while Gallionella in characteristic MIC pits has been specifically identified (Ref 63). Enhanced numbers of 
manganese-oxidizing bacteria have been noted in deposits formed on corroded welds in 304L stainless steel 
specimens exposed to Lake of Constance water in lab studies (Ref 29). 
Surface deposits in nine case studies (Ref 63, 66, 67, 68, 72) contained iron, silicon, and sulfur in >75% of the 
samples analyzed (Fig. 13). Manganese, chromium, and aluminum were also frequently found (>50% of 
samples), but more soluble ions, such as chloride and potassium, were detected in less than half the samples. 
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Fig. 13  Most commonly found elements in nine deposits from MIC sites in stainless steel cooling water 
systems (expressed as percent of deposits showing element). Source: Ref 63, 66, 71  

At least two sorts of surface deposits were reported. Most of the surface of service water piping receiving lake 
water was covered by a tightly packed, black, slimy deposit that had a high content of manganese and iron, with 
trace sulfide, silicon, and aluminum present (Ref 72). No corrosion was reported under these deposits. Rust-
colored deposits found in a small area (6.5 cm2) at the weld were rich in chromium and iron, with sulfur, 
chlorine, aluminum, and silicon in smaller concentrations. This rust-colored deposit covered the opening of an 
extensive corrosion cavity in the underlying metal (Fig. 12b). This is a unique form of pitting associated with 
MIC in weldments in stainless steel. The cavity openings are often associated with rust-colored stains on the 
surface metal or with rust-colored deposits rich in iron and manganese (Ref 63, 66). 
Radiography or destructive testing of field specimens reveals the large cavities to be a series of pits branching 
off one another to give a bulbous and irregular void volume sometimes associated with tunneling in the 
direction of rolling along stringers of ferrite or austenite (Ref 63, 74). This form of pitting is focused on weld 
metal or the fusion line, with wall perforation occurring through a second small opening on the opposite metal 
surface. The frequent observation of sulfide in associated surface deposits (Fig. 13) implies that SRB are 
commonly involved at some stage, but iron-oxidizing bacteria, particularly Gallionella, found in the pits have 
come to be associated with this corrosion morphology. Gallionella oxidize Fe2+ to Fe3+ in their metabolism, 
leading to the formation of characteristic rust-colored deposits. The acidity of the hydrated ferric ion produced 
decreases the pH of the local environment. Whether Gallionella initiate pitting or are attracted to the anodic 
area by the release of ferrous ions through a previously existing anaerobic corrosion process is not clear. The 
latter seems more likely. Once iron-oxidizing organisms are established, reduction in the pH of the corrosion pit 
and concentration cells established by the buildup of iron (III) oxide deposits help to drive the corrosion 
process. 
Literature reports identify several possible MIC scenarios on stainless steel weldments. Table 4 summarizes the 
organisms and features that may be useful in failure analysis. 

Table 4   MIC scenarios that may play a role in the corrosion of weldments in stainless steel 

MIC by Mechanism Indicators Ref 
Manganese 
oxidizers 

Ennoblement of stainless steel 
potential due to MnO2  

Elevated manganese-oxidizing organisms, 
manganese, and possibly chloride in deposits 

29, 
30 

SRB primary Sulfides, SRB facilitate chloride 
attack in anaerobic systems 

Dark-colored corrosion products, with iron 
sulfide, chloride, and a high ratio of Fe2+/Fe3+; 
near-neutral pH 

71 

SRB secondary 
oxidation 

Pitting stabilized by thiosulfate 
formed by oxidation of sulfides 

Cyclic anaerobic, aerobic conditions; surface of 
corrosion products in pit oxidized red, orange, or 
brown 

71 

Iron-oxidizing Decrease of pH by oxidation of Red/orange corrosion products rich in Fe3+; 63 



bacteria Fe2+ to Fe3+ in pits iron-oxidizing organisms such as Gallionella; 
pH acidic 

SRB, sulfate-reducing bacteria 
Stainless Steels. Corrosion-resistant alloys can suffer MIC failures in the body of the material not associated 
with welds. Numerous reports of pitting and crevice corrosion due to MIC have been noted for austenitic (304, 
304L, and 316L) stainless steels (Ref 2). 
Microbially induced corrosion has been described in underdeposit corrosion in heat exchangers cooled with 
lake water in tubes made of American Iron and Steel Institute (AISI) type 304L stainless steel and nickel alloys 
(UNS N08800, N08025, and N08028) (Ref 78). Pitting was found under calcite (calcium carbonate) deposits 
after one year for N08800 and 304L, while deep pits were found after three years for molybdenum-containing 
alloys N08025 and N08028. Failure analysis found that microorganisms played a key role in the degradation 
process. Anaerobic methanogens promoted deposition of calcium carbonate, setting the stage for crevice 
corrosion. Oxygen introduced with flow on startup then oxidized biogenic sulfides produced by SRB during 
periods of stagnation, when anaerobic conditions prevailed. Formation of thiosulfate through oxidation 
stabilized metastable pitting in the affected alloys, promoting corrosion even at low chloride levels. It has been 
suggested that the same mechanism was responsible for perforation of 316 stainless steel weldments (Ref 71). 
Elemental mapping of deposits in and around the pits that formed under the calcite deposits showed:  

• High levels of nickel, iron, and sulfur around the pit 
• Chromium as the major metal component in the pit 
• Chlorine at low levels or not at all 

The calcite scale overlying corrosion stains on the metal surface was etched and contained enhanced levels of 
iron, nickel, and chromium derived from the corrosion process (Ref 78). 
An example of MIC in martensitic stainless steel under severe service conditions has been described (Ref 79). 
Rapid corrosion under a thick, slimy, jellylike deposit on stainless steel (UNS S40300) drive chain systems in 
clarifiers in a wastewater treatment plant led to 40% metal loss in the first year of operation. The steel had been 
tempered for wear resistance at the cost of reduced corrosion resistance. Components made of 304L substituted 
into service in the unit corroded at half the rate of 403 but were subject to unacceptable levels of wear. The gray 
outer layer of the slime was rich in silicon and oxygen, with carbon, sulfur, and chlorine present in decreasing 
amounts. The dark-black inner layer showed major amounts of sulfur, chromium, and oxygen. Sulfate-reducing 
bacteria, APB, slime formers, and pseudomonads were all identified in samples of water and slime. High levels 
of biogenic hydrogen sulfide were generally present in the water phase, but the atmosphere over the fluid in the 
clarifiers was aerobic. This led to proliferation of sulfide- and sulfur-oxidizing organisms (Thiothrix and 
Beggiatoa) at the interface, producing very acidic local conditions for exposed components of the chain system. 
The high chloride content of the wastewater (up to 200 ppm) was also an issue. Given the extreme operating 
environment created, in part, by microbial activity, finding materials able to offer a reasonable service life at an 
acceptable cost remains a challenge. 

Copper and Its Alloys 

Copper is widely used in a variety of applications, because it is relatively low-cost, strong, and corrosion 
resistant. In addition, it conducts heat and electricity well and is readily formed, machined, and joined. Copper 
and brasses (copper and zinc alloys) are used, for example, in electrical wiring, water piping, architectural 
applications, heat exchangers, condensers, bearings, and valves, while bronzes (silicon, tin, and aluminum-
amended copper) are used in bearings, impellers, pumps, screens, and special-purpose tubing. Cupronickel 
alloys are used in heat exchanger tubing and ships. 
Copper is more-or-less susceptible to MIC in all its forms; however, copper-base alloys do show significant 
resistance to biofouling (Ref 80). Copper-nickel alloys, in particular, are used in marine applications, because 
of their resistance to both fouling and corrosion. Resistance to biofouling appears to be based on the slow 
release of toxic copper ions. 
Elevated production of slime by microbial biofilms that develop on copper and its alloys suggests that EPS acts 
as a binding agent for copper ions that would otherwise inhibit microbial growth (Ref 81). The EPS 
exopolymers tend to be acidic and contain functional groups that bind metal ions. This capability has been 
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linked to the formation of copper concentration cells under biofilms, the transport of metal ions away from the 
corroding surface, and variations in potential on the underlying surface (Ref 82). Incorporation of EPS in the 
oxide surface film that normally protects copper and its alloys from corrosive attack is a key reason for the 
occurrence of MIC in potable water systems (Ref 38). While EPS may bind the metal ions released by 
corrosion, it also allows an influx of mobile anions to balance the buildup of positive charge at the corroding 
surface. Chloride and other aggressive anions can be concentrated under biofilms, leading to disruption of 
passive films that would otherwise protect the metal surface. 
Concentration cells set up under biofilms and production of corrosive metabolites, such as reduced pH, organic 
acids, and anaerobic sulfide, can lead to corrosion of copper and copper alloys. Copper is susceptible to pitting, 
especially in acidic media where oxidants are present. In alkaline media, production of ammonia or ammonium 
salts can promote SCC. 
Sulfide production by SRB is one of the most potent MIC scenarios. Sulfate-reducing bacteria can become 
established during long periods of stagnation or in periods of intermittent flow in water systems (Ref 75). 
Copper sulfides deposited in the protective film by bacterial activity are rapidly oxidized when a flow of 
oxygenated water is introduced into the system, resulting in exposure and corrosion of the underlying metal. 
Failure analysis can be based on identification of specific copper sulfides formed as corrosion products. These 
include digenite (Cu9S5), spionkopite (Cu39S28), chalcocite (Cu2S), and covellite (CuS). It is thought that 
digenite, formed initially, undergoes subsequent transformation to chalcocite, the most characteristic corrosion 
product for sulfate-reducing bacteria MIC scenarios (Ref 80). Djurleite (Cu1.96S) formed in a SRB scenario may 
deposit as a passivating film, but this is likely to lack the mechanical stability needed to provide lasting 
protection to the metal surface in most industrial situations (Ref 2). The biogenic origin of the sulfide in MIC 
scenarios on copper has been supported by stable isotope analysis showing enrichment of 32S in the corrosion 
products relative to the sulfate present in solution (Ref 35). 
Pitting morphology can also provide a key to the identification of MIC in failure analysis. Two forms of pitting 
have been identified with MIC in potable water systems (Ref 80). One of these has been dubbed “pepper-pot 
pitting.” In this form of damage, a conical cap of gray corrosion products (copper sulfate and cupric oxide) 
overlies a cluster of pits. Sulfides are present in some pits, and biofilms rich in EPS are invariably seen. In the 
second morphology identified with MIC, hemispherical pits are filled with crystalline cuprous oxide, with 
chloride often present at the metal surface. A tubercle over these pits is composed of pale-green basic copper 
sulfate carbonate (Cu(OH)x(SO4)y) and blue Cu(OH)2·CaCO3. Tubercles are covered by an outer layer of black 
cupric oxide, in some cases. Biofilm materials are seen associated with the original metal surface and with the 
tubercle. 
Example 1: MIC of Brass Piping. A failure of buried brass (92% Cu, 8% Zn) piping used to carry drinking 
water in wet clay soil after less than two years service was attributed to MIC (Ref 83). Excavation showed the 
presence of soil blackened by deposition of sulfides and high numbers of SRB around the pipe. The external 
pipe surface showed a loss of zinc consistent with selective leaching of this metal from the alloy, and the 
groundwater contained appreciable levels of chloride that may have assisted in the breakdown of the 
passivating film protecting the metal surface. 
A comparison was done of the corrosion failure of power station condenser tubing cooled by seawater for two 
copper alloys, an aluminum brass alloyed with arsenic (UNS C68700, ASTM B111, or CuZn20Al Deutsche 
Industrie-Normen (DIN) 17660), and a cupronickel 70-30 alloy with iron added (C71500, ASTM B111, or 
CuNi30Fe DIN17665) (Ref 84). Both kinds of tube had identical dimensions and had seen similar service, with 
failure occurring by perforation from internal pitting under sediment deposits. The presence of Cu2-xS in the 
corrosion products implicated MIC by SRB as the cause of failure, but this occurred more rapidly in the 
cupronickel alloy. The copper sulfide was close to stoichiometric Cu2S on the aluminum brass but enriched in 
sulfur on the cupronickel tube. In the latter, large spherical pits were seen, with perforation taking the form of 
large, round holes. In the aluminum brass, big elliptic pits were seen, with small holes perforating the tube wall. 
These differences were attributed to differences in the pitting mechanism for the two alloys. 
Alloy Cu-10%Ni (UNS C70600) is used extensively for condenser tubing in seawater applications, because it 
offers good corrosion resistance at reasonable cost. In polluted, brackish waters, however, severe localized 
corrosion has led to failures within three years of service. An investigation of MIC in these systems used on-
line monitoring techniques and found elevated numbers of SRB in both the water phase (107 cells mL-1) and in 
a surface biofilm (105 cells mL-1) (Ref 85). A chlorination treatment intended to control the microbial problem 
destabilized the protective oxide film on the metal surface and made matters worse. 



Example 2: SCC of Admiralty Brass Condenser Tubes. Microbes initiated SCC failures in admiralty brass 
condenser tubes in a nuclear plant cooled by freshwater (Ref 86). About 2500 tubes had to be replaced over a 
span of six years' operation. Analyses were carried out for microorganisms, water chemistry (for both intake 
and outfall), and corrosion products in the operating system and on test coupons exposed to the operating 
environment. Nitrate-reducing bacteria from the lakewater used in cooling were found to produce high levels of 
ammonia (5.8 mg/L) when established in biofilms. Ammonia levels at the metal surface were 300 times higher 
than background levels in the lake water. Copper amine complexes were identified in the surface deposits, and 
nitrate and oxygen in the incoming water were considered as accelerating factors for the cracking process. 

Aluminum and Its Alloys 

Aluminum is the third most abundant metal in the crust of the earth and second only to iron in commercial 
importance. It is nonmagnetic but electrically conducting and shows high thermal conductivity and reflectance. 
Its low density gives it a notable strength-to-weight ratio, and strength can be improved by alloying. It finds use 
in many household applications as well as structural roles, especially where weight is an issue. Incorporation of 
ceramic particles has created aluminum composite materials with enhanced stiffness, strength, and wear 
resistance that find application in markets such as the automotive industry. 
Aluminum is an active metal that owes its corrosion resistance to the formation of a protective oxide film. The 
metal and its alloys remain passive in the pH range circa 5 to 8.5 but corrode in more acidic or more alkaline 
environments consistent with the amphoteric nature of aluminum. In a few instances where the oxide is 
insoluble or where it is maintained by strongly oxidizing conditions, corrosion is limited. Under dilute aqueous 
conditions where MIC is found, this is not the case. In general, the presence of chloride facilitates the anodic 
reaction by formation of soluble aluminum chloride species that hydrolyze with the release of H+ to lower the 
pH at the metal surface. 
Aluminum and its alloys show good corrosion resistance in pure freshwater or seawater or in dry, well-drained 
soils, where the pH of the environment is near neutral and oxidation reduction potentials are likely to favor the 
protective oxide layer on the surface of the metal. Corrosion is more likely to be a problem in polluted waters or 
wet, marshy soils (Ref 87). 
Biological attack usually results in the formation of soft tubercles of aluminum hydroxide over anodic pits. 
Suggested mechanisms include the creation of oxygen concentration cells under microbial colonies in generally 
aerobic environments and the acceleration of the cathodic hydrogen reaction by anaerobic microorganisms in 
anaerobic environments. A wide range of microbes has been implicated. Microbially induced corrosion by SRB 
causes the formation of discrete hemispherical pits on aluminum in cooling water systems (Ref 37). Organic 
acids produced by many kinds of microorganisms (pH 3 to 4) greatly accelerate corrosion under biofilms. In the 
case of Cladosporium resinae, pit initiation occurs at points where the fungus adheres to the metal surface. The 
corrosion process can be closely related to the enzymatic activity of the microorganism (Ref 88). Identification 
of this form of MIC in failure analysis is based on observation of fungal mycelia associated with pitting on the 
metal surface. 
The microstructure and processing of metal specimens has been related to the damage caused by exposure of 
the aluminum aerospace alloy 2219-T87 to microbial cultures developed from environmental and life support 
waters from the U. S. aerospace program (Ref 89). These waters contained pseudomonads as well as SRB, 
Klebsiella and Enterobacter bacterial species. Enhanced corrosion damage was attributed to the accelerated 
evolution of hydrogen at the cathode of the corrosion cell, but evidence of organic acids was also noted. 
Welded areas were more susceptible to MIC, and anodized samples showed corrosion rates several orders of 
magnitude higher than corresponding sterile controls. 
The tensile stress-strain response of aluminum alloy 6061 (UNS A96061) and an alumina-particle-reinforced 
6061 composite was altered adversely by exposure of material specimens to a culture of the marine bacterium 
Pseudomonas NCMB 2021 (Ref 90). The ultimate strength and strain to failure was especially reduced in the 
case of the composite material. In both materials, localized pitting resulting from the biofilm-forming 
tendencies of the microorganism was identified as the primary cause for the reduction in mechanical properties. 
Boron-carbide-reinforced aluminum composites are also susceptible to MIC (Ref 2). 
Example 3: MIC of Aluminum Alloy Aircraft Fuel Tanks. An early case of MIC on aluminum was identified in 
aircraft wing tank failures in the 1950s. In this case, water condensed into the fuel tanks during flight led to 
microbial growth on the jet fuel. Pitting attack occurred under microbial deposits on the metal surface in the 
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water phase or at the water-fuel interface. The scope of MIC attack on aluminum components used structurally 
in seven different military and civil aircraft has recently been investigated (Ref 91). A wide range of 
microorganisms has been isolated from various locations on the aircraft, including 158 bacteria, 36 yeasts, and 
14 fungi, all of which were heterotrophic facultative aerobes or anaerobes. Only one SRB was detected. 
Exposure of aluminum 7075 to cultures of these isolates showed that 27 bacterial isolates and 3 fungi could 
seriously corrode the aluminum alloy over several weeks. Corrosive organisms included all the species of 
staphylococci, enterococci, and micrococci isolated as well as selected species of isolated bacilli, coryneforms, 
aspergillus, and penicillium. This work indicates a widespread potential for MIC wherever conditions permit 
microbial growth on aluminum or its alloys. 
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Monitoring Industrial Systems 

Monitoring methods for MIC have recently been reviewed (Ref 10, 92, 93). Monitoring is generally applicable 
to closed industrial systems where internal fouling and corrosion are a concern rather than to external surfaces 
exposed to the natural environment. The focus of monitoring is on the surface-bound sessile microbial 
population associated with events on the metal surface rather than on freely suspended planktonic organisms. 
Monitoring can be done to identify MIC as a factor in failure analysis or can be instituted as a routine procedure 
in susceptible systems to catch MIC problems in an early stage of development and assess the cost-
effectiveness of various management and control strategies. 
Practical aspects of designing a corrosion monitoring program have been recently reviewed (Ref 94). 
Monitoring systems should consist of both probes that respond to short-term events and sampling coupons that 
provide a time-averaged view of system conditions. These devices should be mounted in adjacent fittings, so 
that information obtained can be integrated in interpretation; however, locating these devices correctly can be a 
challenge. Probes and coupons must be mounted in locations that reflect worst-case conditions for system 
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failure. Dead legs and low spots are often targeted in systems with suspended solids or mixed fluid flow, 
because this is where water and sediments collect (Fig. 9). Monitoring devices should contact the water phase 
and be flush-mounted to avoid fluid-flow effects, including erosion. They should also be located where they 
will not be damaged or interfere with process flow or cleaning operations. 

Probes and Condition Monitoring 

Various probes are available to monitor conditions relevant to MIC in industrial systems. 
Fouling can be assessed by monitoring the pressure drop across a length of tubing with a known flow rate or by 
assessing the heat exchange efficiency from flow rate and temperature readings upstream and downstream of a 
heat exchanger. These measurements can be made on actual operating units on line but are also done using 
instrumented pipe loops and model heat exchanger units run in parallel to system flow. Figure 14 shows one 
such test unit with five parallel, instrumented pipe runs. Water flow from the target system is diverted through 
this unit, so that conditions are representative of the actual operating system. Measurements of friction factors 
and heat exchange efficiencies can indicate fouling. While deposits of any sort can affect flow and heat transfer 
in an operating industrial system, biofilms are especially effective. A 165 μm thick biofilm shows 100 times the 
relative roughness of a calcite scale and a thermal conductivity close to that of water—almost 100 times less 
than carbon steel (Ref 10). The assumption is generally made that a susceptible system showing extensive 
fouling is prone to MIC. Systems showing the effects of extensive fouling are operating inefficiently and may 
warrant remedial action, in any case. 
 

 

Fig. 14  Instrumented sidestreams in a biocide field test facility, each equipped with chemical injection 
pumps, pressure-drop measurement, corrosion probes, flush-mounted sampling, and weight-loss studs 
and flow meters 

Electrochemical measurements can be used to track biofilm development, the appearance of specific 
metabolites, and corrosion. 
Biological activity can be detected using various probes. In one design, the probe consists of a stack of 
corrosion-resistent stainless steel or titanium discs electrically isolated into two sets. An electrochemical 
potential is applied between the sets for a certain period each day, and the current needed to sustain the 
potential is measured. The rest of the time, the external potential is turned off, and the current flux between the 



sets of discs is monitored. Because biofilm activity is based on electrochemical reactions, changes in biological 
activity on the disc surfaces are reflected as changes in current. 
Another approach is based on the use of small silver, silver chloride, or silver sulfide electrodes capable of 
detecting chlorides or sulfides by changes in the potential between the Ag/AgCl or Ag/Ag2S electrode pairs 
(Ref 93). 
Corrosion Rates. Galvanic probes consist of a metal of interest in contact with a more noble metal. This sets up 
a galvanic couple that can be monitored readily. Changes in conditions within a system, such as addition of 
corrosion inhibitor or biofilm formation, are reflected by changes in the galvanic corrosion cell (Ref 93). 
More conventional approaches include electrical resistance probes, linear polarization resistance (LPR), 
electrochemical noise monitoring, and electrochemical impedance spectroscopy (EIS). The principles and 
operation of these techniques can be found elsewhere (Ref 95, 96, 97, 98). An annotated summary of various 
methods is presented in Table 5. 

Table 5   Electrochemical monitoring methods used for MIC 

Measurement Remarks 
Corrosion potential Easy to do, difficult to interpret without other information 
Redox potential Limited value—not selective and not directly related to corrosion; provides 

insight into aerobic/anaerobic status of system 
Linear polarization 
resistance 

Gives trend information for uniform corrosion; sensitive to fouling by 
nonconducting material such as hydrocarbons 

Electrochemical 
impedance 
spectroscopy 

For uniform corrosion rate and information on various corrosion-related 
processes; requires significant expertise to interpret; small amplitude 
polarization does not disturb microbial numbers or activity (Ref 99) 

Electrochemical 
relaxation 

Fast transient techniques yield information for uniform corrosion. 

Electrochemical noise No external perturbation; indicates localized corrosion events and rates; well 
suited to MIC 

Electrical resistance Resistance measurement reflects loss of conductor cross section by pitting or 
general corrosion; robust, and suited to systems with multiphase flow; fouling 
by electrically conducting iron sulfides can cause erroneous readings 

Source: Ref 98  
Literature has questioned the value of expensive probe-based monitoring, pointing out that instantaneous 
corrosion readings by electrical resistance or LPR probes are not particularly efficient at detecting the localized 
corrosion failures typical of MIC (Ref 92). Electrochemical noise and EIS are deemed more useful, presumably 
for the insight these techniques can provide, but the need for a high level of expertise in interpretation is noted. 
In general, carefully located weight-loss coupons are considered to be more effective (Ref 92). 

Sampling and Inspection 

Probe measurements alone will not indicate that development of a biofilm is responsible for fouling or that MIC 
is the mechanism of metal loss. This requires further sampling and analysis of conditions usually achieved by 
installation of removable coupons in the target system. Sampling provides a chance to assess the nature of 
deposits, microbial populations, weight-loss rates, and metallurgical damage directly; however, such analysis 
can be time-consuming and expensive. Where special pressure fittings are required to insert and withdraw 
samples, significant expense may also be incurred. Installation is best done during construction of a pressure 
system, to avoid the difficulty of hot taps and other issues related to later installation (Ref 94). Safety concerns 
and handling issues must also be considered, depending on the nature of the system. Fortunately, many target 
facilities, such as cooling water systems, are relatively accessible, free of contaminants, and operate at low 
pressures. 
Analysis of fluid samples provides information on the chemical and microbiological composition of the liquid 
phase; however, this may not represent the environment under biofilms or other deposits on the metal surface. 
Samples scraped from the interior of an operating system or withdrawn intact on removable coupons or studs 
provide better insight into processes and conditions that contribute to corrosion. Examples of removable studs 
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can be seen in the gallery of instrumented pipe runs in the field test facility shown in Fig. 14. Analysis of 
surface deposits and corrosion products can be carried out using quantitative chemical analysis or more 
sophisticated techniques such as XRD, as described previously, while organic acids and similar entities can be 
quantified using standard gas chromatographic methods. 
Tared coupons made of the same metal as the target system can provide time-averaged corrosion rates, but, for 
a range of reasons, these rates often do not match the instantaneous rates obtained by electrochemical probes. In 
extensive monitoring of six water return systems in a large oilfield waterflood operation, corrosion rates given 
by electrochemical probes, when integrated over time, were proportional to average corrosion rates obtained by 
weight-loss coupons but were 4 times higher (Ref 48). Corrosion rates from intrusive coupons mounted in an 
oilfield test loop gave pit depths significantly greater than seen on the pipe (Ref 100). This reinforces the point 
that location and mounting of weight-loss coupons is a key issue. Such discrepancies in monitoring results led 
to the observation, “Numbers are incidental; trends are everything. The most important element in a monitoring 
program is early detection of changes in the system” (Ref 92). 
Biological assays can be performed on liquid samples or on suspensions of solid deposits to identify and 
enumerate viable microorganisms, quantify metabolic or specific enzyme activity, or determine the 
concentration of key metabolites. 
Table 6 documents methods used to detect and describe microorganisms in terms of total cells present, viable 
cell numbers, and metabolic activity. Methods where commercial kits are available are noted. These kits are 
inexpensive and easy to use, even on site. Growth-based assays employ selective media to discriminate broad 
categories of microorganisms. 

Table 6   Inspection, growth, and activity assays for microbial populations 

Assay Method Comments 
Microorganisms 
 
   Cell numbers 
 
   Specific 
organisms 

Microscopic examination: Cell numbers 
are obtained with a Petroff-Hausser 
counting chamber. Fluorescent dyes can 
light up specific microbes. 

Requires a microscope with high 
magnification, phase contrast, and 
ultraviolet fluorescence, as appropriate. 
Cell counts are straightforward, but 
particulates and fluorescent materials 
may interfere. 

Most probable number: Sample is diluted 
into a series of tubes of specific growth 
medium. Cell numbers based on growth at 
various dilutions 

Commercially available kits can be 
inoculated in the field, but growth takes 
days to weeks. 

Viable cell counts 
 
   SRB 
 
   APB 
 
   Other organisms 

Dip slides: A tab coated with growth 
medium is immersed, then incubated 2 to 5 
days. Microbial colonies are counted 
visually. 

Crude numbers of bacteria, yeast, or 
fungi can be estimated in contaminated 
crankcase oil or fuels, for example. 
Commercial kits require minimal cost 
and expertise. 

Fatty acid methyl ester analysis: Methyl 
esters of fatty acids from field sample are 
analyzed by gas chromatograph. 

Fatty acid composition fingerprints 
specific organisms. The technique is 
available commercially. 

Probes based on nucleic-acid base 
sequences: Probes bind to DNA or RNA 
for specific proteins or organisms. 

Probes require special expertise and lab 
facilities. 

Identification of 
microorganisms 

Reverse sample genome probing: DNA 
from MIC microbes is spotted on a master 
filter. Labeled DNA from field samples 
will bind to that DNA, if the reference 
organism is present. 

The assay answers the question, “Is this 
organism present?” It can also be used to 
track changes in a population after 
chemical treatment, etc., but requires 
special expertise and equipment. 

Biomass Protein, lipopolysaccharide, nucleic acid 
analysis: Established methods, widely 
available 

Concentration of cell constituents 
correlates to level of organisms present in 
field sample. 

Metabolic activity Adenosine triphosphate (ATP): ATP is the “energy currency” of 



Fluorometer and supplies commercially 
available for field use 

microbial metabolism. Its concentration 
reflects the level of activity in a sample. 

Sulfate reduction 35S sulfate reduction: Radioactively labeled 
sulfate is incubated in field sample. H2S 
formed is liberated by acid addition, 
trapped on a zinc acetate wick, and 
measured by scintillation counter. 

A specialized lab technique useful in 
discovering nutrient sources for MIC and 
in quickly screening biocide activity in 
samples taken from the target system 

Enzyme activity Hydrogenase assay or sulfate reductase 
assay: Measures enzyme activity in a 
field sample as a rate of reaction 

Commercial kits are available. 
Hydrogenase activity may be related to 
MIC, while sulfate reductase assesses the 
presence of SRB. 

Table 6 also identifies assays that can be used to establish the presence of biomass in a field sample, identify 
the organisms present, and assess the activity of enzymes, such as hydrogenase, that are thought to accelerate 
corrosion through cathodic depolarization. More sophisticated assays based on nucleic acid sequences are also 
described. These are powerful techniques for characterizing microbial populations but remain in the domain of 
specialists with appropriate laboratory facilities, despite the number of practical applications published. A 
problem in the application of these techniques is the separation of sufficient DNA or RNA from field samples. 
A special technique (the polymerase chain reaction, PCR) is often used to amplify the material present to 
generate useful amounts for analysis. Unfortunately, PCR does not uniformly amplify all the material present. 
This can lead to a distorted picture of the makeup of the original population in the field sample. 
In practice, a monitoring program for MIC in an industrial system can be expected to detect the presence of 
microorganisms and assess the number of SRB and APB in the population as well as the level of enzyme 
activity for hydrogenase or sulfate reductase by using inexpensive, commercially available kits designed for on-
site use. A round-robin test comparing a number of these kits has been published (Ref 25). The information 
obtained can be used, along with other information from corrosion probes and coupon deposit analysis and 
damage assessment, to assess the susceptibility of an industrial system to MIC. These same assays are also 
useful to assess the performance of various control strategies such as biocide treatments. 
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Prevention and Control Strategies 

Control of MIC in industrial systems has been reviewed (Ref 8). Table 7 summarizes prevalent integrity-
protection strategies by facility type. In general, metal surfaces exposed to air are protected by the selection of 
appropriate materials and the use of protective coatings. Those in contact with soil or natural waters are 
primarily protected by coatings and CP. The internal surface of metal structures can be protected by a 
combination of materials selection, water removal (for nonaqueous systems), cleaning, and chemical 
treatments, with coatings and CP being applied in special cases. 

Table 7   Prevention of corrosion in industrial facilities 

Prevention approach Facility 
Materials 
 
selection 

Coatings Cathodic 
 
protection 

Water 
 
removal 

Cleaning Chemical 
 
treatment 

Upstream oil and gas … … … … … … 
   Well casings X … X … … X 
   Piping … … X … X X 
   Tanks, batteries … X X … X X 
External pipelines … X X … … … 
Internal pipelines … … … … … … 
   Gas … X … X X … 
   Oil … … … X X X 
Storage tanks X X X X X X 
Cooling systems (cooling towers, heat 
exchangers) 

X … X … X X 

Materials Selection. Most metals and alloys are more or less susceptible to MIC, with the possible exception of 
beryllium and titanium. In practice, materials selection is largely controlled by cost, with the consequence that 
cheaper materials, such as carbon steel, are often extended, through the use of protective coatings and CP, into 



applications where MIC can be a problem. In some cases, nonmetallic materials have been substituted for 
metallic ones to avoid corrosion or EAC; however, non-metallic materials are not without problems of their 
own, including microbial degradation (Ref 13, 14). 
Protective coatings can be used to prevent MIC on metal surfaces exposed to soil or natural waters or on 
internal surfaces in contact with operating fluids. A wide range of commercial products is available, but without 
exception, correct selection and application are critical to successful performance. 
Some coatings provide barrier protection by sealing the surface from contact with the local environment. These 
coatings offer a high electrical resistance and extremely low water permeability. Isolation of the steel surface 
provides effective protection for the underlying metal provided that the coating has been applied without defect, 
the coating material does not degrade in service, and the coating remains strongly bonded. In practice, some 
barrier coatings on pipelines have shown a tendency to lose adhesion and disbond in service (Ref 22). Where 
this allows an aqueous environment to reach the metal surface under the disbondment, MIC and other types of 
corrosion and EAC have been seen. Coating suppliers and applicators are aware of these past problems and 
have worked hard to develop products to avoid them. 
Another kind of external coating that has enjoyed success in service is one that fails in a manner that allows CP 
to reach the underlying metal surface. In practice, CP is often used in conjunction with protective coatings, 
especially on buried or submerged structures. Coatings that resist cathodic disbondment but are permeable 
enough to allow CP penetration are referred to as being CP compatible. This approach has had a good record of 
preventing pipeline failures, for example, even where coating disbondment, defects, or damage have occurred. 
Cathodic protection can prevent all kinds of corrosion, including MIC, if adequate potentials are sustained. 
Cathodic protection is generally applied to the external surfaces of structures buried underground or submerged 
in water but has also been applied to the inside of tanks, clarifiers, and heat exchangers, in some circumstances 
(Ref 101). 
The interrelationship between CP and MIC in marine systems has been reviewed (Ref 102). In the presence of 
anaerobic bacteria, including SRB, applied CP potentials must be more negative than usual to achieve good 
protection for exposed steel. Potentials of -950 mV (Cu/CuSO4) or polarization potentials of -200 mV are 
generally accepted as being protective. These potentials do not affect bacterial attachment to protected surfaces 
(Ref 54). Applied current densities up to 100 μA/cm2 fail to remove attached biofilms from stainless steel 
surfaces. It was further noted that CP seemed unable to stop localized corrosion initiation when a stable biofilm 
of SRB was already established on stainless steel in a chloride-containing medium (Ref 53). Potentials 
sufficiently negative to drive hydrogen evolution at the metal surface cause a significant increase in pH that 
may discourage bacterial attachment and activity (Ref 103); however, such potentials are neither practical nor 
prudent for field systems, where undesirable hydrogen effects and coating damage are likely to result. 
System Design and Operation. For water-handling systems, microbial problems are often associated with 
deposits formed by the settling of suspended solids or a buildup of metal oxides or scale as well as the growth 
of biofilms on susceptible surfaces. The key issue in preventing problems is good housekeeping, as indicated in 
the quote, “Keep the system clean. To the best of our knowledge, MIC has never been seen on a clean metal 
surface,” (Ref 104). Excluding water and other contaminants from nonaqueous systems prevents MIC. Natural 
gas transmission systems that enforce tight specifications on incoming gas quality do not suffer internal 
corrosion problems. 
In nonaqueous industrial systems where water is present, minimizing the water content and not allowing 
standing water to collect greatly reduces problems. This can be done by a combination of good system design 
and good housekeeping. Tanks and storage vessels for fuels and other hydrocarbons should be designed to 
permit frequent drainage of collected water at the bottom of the vessel (Ref 64). For large engines (in ocean-
going ships, for example), breaking emulsions and separating water from crankcase oils can be done by 
circulation of the oil through a centrifuge (Ref 55). Prevention and timely removal of deposits and scales can 
also be beneficial. For pipelines, cleaning devices called “pigs” can be run through the line pipe, pushed by the 
fluid flow. These tools can remove deposits, corrosion tubercles, and water collected at low spots (Ref 105, 
106, 107, 108), provided that the facilities have been designed for pigging and are equipped with appropriate 
launchers and receivers. 
Even with good housekeeping practices, chemical treatments including biocides are often employed to ensure 
system integrity. 
Chemical Treatments. Chemical treatment involves the planned addition of a site-specific combination of 
chemicals to an operating system. The treatment may include agents designed to inhibit corrosion, scavenge 
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oxygen, alter pH, control scaling, suspend solids, control microbial growth or activity, and so on. Designing 
cost-effective synergistic combinations of treatment chemicals requires careful consideration. Cost of the 
chemicals along with the cost of installing, monitoring, controlling, and maintaining injection systems can be 
significant, especially for distributed applications in widespread facilities such as oilfield operations. Risk 
analysis can be used to target treatments for maximum benefit (Ref 109). Selection of agents is generally done 
on the basis of past experience, but recommendations of the vendor must be verified by monitoring. 
Biocides are generally added to chemical treatment packages to control MIC or biological fouling. Good 
discussions of the application of biocides can be found in recent articles focused on cooling water systems (Ref 
110), water-handling systems (Ref 48), and oil and gas operations (Ref 109, 111, 112). 
Biocidal agents used in industrial applications include strong oxidants (such as chlorine or ozone), reactive 
aldehydes (such as glutaraldehyde), quaternary ammonium salts (such as cocodiamine), and more exotic 
chemicals. Some are administered in pure form (e.g., injection of gaseous chlorine), while others are formulated 
in a solution or carrier. Surfactants or emulsifiers may be added to penetrate or disperse deposits and biofilms. 
In practice, application is often combined with pigging or another form of mechanical cleaning to enable the 
maximum kill of organisms present during disruption and dispersal of surface deposits and sediment (Ref 10). 
In cold climates, alcohols may be added to product formulations to prevent freezing. 
Prescreening of potential biocides is commonly done before implementation to ensure site-specific 
performance. Even so, the efficacy of a biocide product can decline in service as organisms sheltered from its 
reach by biofilm slime or deposits multiply. A buildup of resistance often occurs more quickly when biocides 
are injected at a low continuous rate. Higher-concentration scheduled batch treatments tend to be more effective 
in the long term and can be cheaper. Using combinations of biocides at a lower concentration than they would 
be used individually can extend the range of treatment and reduce cost (Ref 113). Switching biocide products 
periodically can restore effective control in a system developing resistance to the continuous use of one product 
(Ref 8). 
Biocidal agents that come to be recognized as posing an unacceptable risk to the environment, workers, or the 
public continue to be phased out. For example, the International Maritime Organization has recently banned the 
use of tributyltin as an antifoulant in marine paints (Ref 114). Chromates, mercurials, copper salts, and 
chlorinated products provide other examples of agents that have been similarly removed from many past 
applications. Design of a biocide treatment must now also include the safe disposal of treated fluids after use 
(Ref 115). These trends continue to challenge those involved in biocide treatment to come up with new 
products and approaches that are cost-effective and acceptable. 
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Conclusions 

The role of the microorganisms in MIC is to alter conditions on the metal surface so as to trigger known 
corrosion mechanisms that would not occur in the absence of the microbes (Ref 69). This suggests that few 
MIC problems are definitively identified by inspection of metallurgical features in damaged areas. In many 
cases, it is only the rate and severity of localized damage, along with the absence of any other plausible cause, 
that triggers consideration of MIC as a possible mechanism. 
Because microorganisms have many direct and indirect ways of contributing to corrosion and EAC, 
examination of the damage to metal structures alone is usually insufficient to identify a MIC problem. 
Similarly, identification of the presence of microorganisms alone does not signify MIC. Microorganisms are 
found in many water-bearing systems without being the cause of integrity damage. Failure analysis must take a 
wider view to identify those combinations of damage, deposits, water chemistry, physical conditions, and 
microbial activity that indicate MIC. 
It is hoped that the information presented here provides sufficient background to enable a wider investigation 
and to allow some basis for comparison to past experience in failure analysis. A brief overview of management 
and mitigation tools has been provided to guide the response to identification of MIC as a potential issue in an 
operating system. 
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