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5.1 Introduction

System failures and subsequent failure investigations have become
increasingly important in modern societies. Besides liability issues, an
important reason for conducting a failure investigation is to identify
the mechanisms and causes of a problem to prevent its reoccurrence.
The recommendation of remedial action is indeed an important aspect
of the failure analysis process. Neglecting to get to the underlying
causes of corrosion failures and to take corrective action can expose an
organization to litigation, liability, and loss of customer and public con-
fidence in its product(s). Such risks are unacceptable in the modern
global competitive business environment.

Conducting a failure analysis is not an easy or straightforward task.
Early recognition of corrosion as a factor in a failure is critical because
much important corrosion information can be lost if a failure scene is
altered or changed before appropriate observations and tests are
made. To avoid these pitfalls, certain systematic procedures have been
proposed to guide an investigator through the failure analysis process.
But failure analysis is ultimately best learned by experience, and a
failure analyst must earn proper credentials by living through actual
investigations and having successfully solved a variety of problems.

The use of correct and consistent terminology in failure analyses is
vital. The value of information in reports is greatly diminished by inat-
tention to this detail, especially if the information is to be subsequently
stored, retrieved, and processed by computers. Unfortunately, critical
terminology is often used too loosely in practice. This chapter starts
with key concepts for identifying corrosion damage. This is followed by
a review of guides for conducting corrosion-failure investigations and
a discussion on the usefulness of case histories in failure analysis. The
chapter concludes with fundamental remedial measures.

5.2 Mechanisms, Forms, and Modes of
Corrosion Failures

In practice, the terms mechanisms, forms, and modes of corrosion fail-
ures are often used interchangeably, leading to some confusion. Such
loose usage does not do justice to the significant serious work that has
been invested in defining these separate concepts. A clearer picture
should emerge from the material that follows.

5.2.1 Forms of corrosion

Form of corrosion is generally well known from one of the most endur-
ing books on corrosion engineering.1 The different forms of corrosion
represent corrosion phenomena categorized according to their appear-
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ance. Dillon2 considered Fontana’s basic forms of corrosion and divided
them into three groups, based on their ease of identification. The three
categories used are

■ Group 1. Readily identifiable by ordinary visual examination.
■ Group 2. May require supplementary means of examination.
■ Group 3. Verification is usually required by microscopy (optical,

electron microscopy, etc.).

The main forms of corrosion are shown in Fig. 5.1, together with the
respective group categories. In this figure, the number of forms has
been expanded somewhat from Fontana’s original grouping of eight
basic forms. A description and an example of each basic form of corro-
sion follows.

Uniform (or general) corrosion. Uniform corrosion is characterized by
corrosive attack proceeding evenly over the entire surface area or a
large fraction of the total area. General thinning takes place until
failure. On the basis of tonnage wasted, this is the most important
form of corrosion. However, uniform corrosion is relatively easily mea-
sured and predicted, making disastrous failures relatively rare. In
many cases, it is objectionable only from an appearance standpoint.
The breakdown of protective coating systems on structures often
leads to this form of corrosion. Dulling of a bright or polished surface,
etching by acid cleaners, or oxidation (discoloration) of steel are exam-
ples of surface corrosion. Corrosion-resistant alloys and stainless
steels can become tarnished or oxidized in corrosive environments.
Surface corrosion can indicate a breakdown in the protective coating
system, however, and should be examined closely for more advanced
attack. If surface corrosion is permitted to continue, the surface may
become rough, and surface corrosion can lead to more serious types of
corrosion.

An example of uniform corrosion damage on a rocket-assisted
artillery projectile is illustrated in Fig. 5.2.3 The cause of failure was
poor manufacturing practices, which included acid pickling prior to
the phosphatizing surface protection treatment, inadequate rinsing
after the phosphate coating process, excessive drying temperatures,
and a poor-quality top coat applied without a primer. Undesirable
effects of the corrosion damage include loss of troop confidence (who
would like to handle a rusty container packed with TNT!) and a possi-
ble impairment of accuracy. Specifying an abrasive blast as phosphate
pretreatment, adequate spray rinsing, lower drying temperatures, and
the use of a primer-top coat combination were recommended to over-
come this problem.
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Figure 5.1 Main forms of corrosion regrouped by their ease of recognition.
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Pitting. Pitting corrosion is a localized form of corrosion by which cav-
ities, or “holes,” are produced in the material. Pitting is considered to
be more dangerous than uniform corrosion damage because it is more
difficult to detect, predict, and design against. Corrosion products
often cover the pits. A small, narrow pit with minimal overall metal
loss can lead to the failure of an entire engineering system. Pitting cor-
rosion, which, for example, is almost a common denominator of all
types of localized corrosion attack, may assume different shapes, as
illustrated in Fig. 5.3. Pitting corrosion can produce pits with their
mouth open (uncovered) or covered with a semipermeable membrane
of corrosion products. Pits can be either hemispherical or cup-shaped.

Corrosion Failures 335
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Figure 5.2 Uniform corrosion damage on a rocket-assisted
artillery projectile.
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In some cases they are flat-walled, revealing the crystal structure of
the metal, or they may have a completely irregular shape.4

Pitting corrosion occurs when discrete areas of a material undergo
rapid attack while most of the adjacent surface remains virtually unaf-
fected. Such localization of the anodic and cathodic corrosion process-
es is characterized by the surface area ratio (Sa/Sc) for these two
processes, where Sa and Sc are the areas supporting, respectively, the
anodic and cathodic reactions. The Sa/Sc ratio, or degree of localiza-
tion, can be an important driving force of all localized corrosion prob-
lems because a corrosion situation corresponds to equal anodic and
cathodic absolutes currents (see the section on Mixed Potential
Diagrams in Chap. 1, Aqueous Corrosion). Corrosive microenviron-
ments, which tend to be very different from the bulk environment,
often play a role in the initiation and propagation of corrosion pits.
This greatly complicates the prediction task. Apart from the localized
loss of thickness, corrosion pits can also be harmful by acting as stress
risers. Fatigue and stress corrosion cracking may initiate at the base
of corrosion pits.

Crevice corrosion. Crevice corrosion is a localized form of corrosion usu-
ally associated with a stagnant solution on the microenvironmental lev-
el. Such stagnant microenvironments tend to occur in crevices (shielded
areas) such as those formed under gaskets, washers, insulation materi-
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Figure 5.3 Typical variations in the cross-sectional shape of pits.
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al, fastener heads, surface deposits, disbonded coatings, threads, lap
joints, and clamps. Because oxygen diffusion into the crevice is restrict-
ed, a differential aeration cell tends to be set up between crevice
(microenvironment) and the external surface (bulk environment). The
cathodic oxygen reduction reaction cannot be sustained in the crevice
area, giving it an anodic character in the concentration cell. This anod-
ic imbalance can lead to the creation of highly corrosive microenviron-
mental conditions in the crevice, conducive to further metal dissolution.
The formation of an acidic microenvironment, together with a high chlo-
ride ion concentration, is illustrated in Fig. 5.4. Filiform corrosion is
closely related to crevice attack. It occurs under protective films such as
lacquers and is characterized by an interconnected trail of corrosion
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Figure 5.4 Microenvironment created by corrosion in a crevice.
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products. Active corrosion occurs at the head of the filament, where a
corrosive microenvironment is established, whereas the trailing tail is
largely inactive (see Figs. 1.10 and 1.11 in Chap. 1, Aqueous Corrosion).
Even though filiform corrosion is often largely a “cosmetic” problem, the
impeccable appearance of a product can be very important, as, for exam-
ple, in the food packaging industry.

Crevice corrosion damage in the lap joints of aircraft skins has become
a major safety concern, particularly after the Aloha airline incident.
Corrosion damage to aircraft fuselages is an example of atmospheric cor-
rosion, a topic that is described more fully in a separate chapter. On April
28, 1988, a 19-year-old Boeing 737 aircraft, operated by Aloha, lost a
major portion of the upper fuselage near the front of the plane, in full
flight at 24,000 ft.5 The extent of the damage is shown schematically in
Fig. 5.5. Miraculously, the pilot managed to land the plane on the island
of Maui, Hawaii, but one flight attendant died, and several passengers
sustained serious injuries. In the Aloha Boeing 737 aircraft, evidence
was found of multiple site fatigue damage leading to structural failure.
The resulting National Transportation Safety Board investigation report
issued in 1989 attributed the incident to the failure of the operator’s
maintenance program to detect corrosion damage.6 Earlier, in 1981, a
similar aircraft had suffered an in-flight break-up with more than 100
fatalities. Investigations pointed to corrosion-accelerated fatigue of the
fuselage skin panels as the failure mechanism.7

The three basic types of aircraft fuselage lap splices are shown in
Fig. 5.6. A particular aircraft design normally incorporates two or
three different types of splices in the fuselage. The fuselages of com-
mercial aircraft are typically constructed from 2024 T3 aluminum
alloy. The lap joints are riveted and sealed by some manufacturers,
whereas others employ a combination of riveting and adhesive bond-
ing.8 Corrosion damage in the crevice geometry of the lap joints is
highly undesirable. Fatigue cracking in the Aloha case was not antici-
pated to be a problem, provided the overlapping fuselage panels
remained firmly bonded together.9

Corrosion processes in this crevice geometry and the subsequent
buildup of voluminous corrosion products inside the lap joints lead to pil-
lowing, a dangerous condition whereby the overlapping surfaces are sep-
arated (Fig. 5.7). The prevalent corrosion product identified in corroded
fuselage joints is aluminum oxide trihydrate, with a particularly high-
volume expansion relative to aluminum, as shown in Fig. 5.8. The buildup
of voluminous corrosion products also leads to an undesirable increase
in stress levels near critical fastener holes; rivets have been known to
fracture due to the high tensile stresses resulting from pillowing.10

Corrosion damage on commercial and military aircraft, such as the
pillowing in lap splices described above, is becoming a major concern

338 Chapter Five
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in the context of the global aging aircraft problem. By the turn of the
century, 64 percent of the U.S. commercial carrier fleet will be at least
20 years old. In 1970, the average age of this fleet was under 5 years.7

It is well known that the costs and safety risks associated with aircraft
corrosion damage are highest in aging fleets. Lengthy and detailed
inspection and maintenance procedures, as part of periodic checks and
overhauls, represent a substantial portion of the corrosion costs. A per-
tinent example involving a recently inspected 28-year-old Boeing 747
has been documented.6 This aging aircraft, placed on a more stringent
inspection program, required 65 days and 90,000 person hours of work
in a major overhaul. Apart from replacement parts and maintenance
personnel costs, the lost revenue resulting from this lengthy ground-
ing must be factored into the operator’s corrosion costs.

Galvanic corrosion. Galvanic corrosion occurs when dissimilar metallic
materials are brought into contact in the presence of an electrolyte. Such
damage can also occur between metals and alloys and other conducting

Corrosion Failures 339

)Lap joint corrosion problems
and multiside damage become
major issues in aging aircraft

Miraculously, the pilots manage
to land the aircraft safely

Fuselage section fails
at 24,000ft under internal
pressure

Figure 5.5 A schematic description of the Aloha “incident.”
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materials such as carbon or graphite. An electrochemical corrosion cell is
set up due to differences in the corrosion potentials of the dissimilar
materials. The material with the more noble corrosion potential then
becomes the cathode of the corrosion cell, whereas the less noble mate-
rial is consumed by anodic dissolution. The area ratio of the two dissim-
ilar materials is extremely important. If the anode-to-cathode surface
area ratio is small, or Sa/Sc high, the galvanic current can be concen-
trated on a small anodic area. The corrosion rate, visible as thickness
loss over time, can then become very high for the anode. For example, if
aluminum rivets were used on steel plates, the rivets would corrode
extremely rapidly (Fig. 5.9).

The galvanic series (Fig. 5.10) shows the relative nobility of a range of
materials in seawater. In general terms, the further two materials are
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Figure 5.6 The three basic types of lap splices used for construction
of aircraft fuselage.
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Figure 5.7 Pillowing of lap splices.

Figure 5.8 Relative volume of aluminum corrosion products.
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apart in the galvanic series, the greater the risk of galvanic corrosion.
However, this series does not give any information on the rate of corrosion
attack. Furthermore, the relative position of the materials can change in
other environments. It is important to realize that galvanic corrosion
effects can be manifested not only on the macroscopic level but also with-
in the microstructure of a material. Certain phases or precipitates will
undergo anodic dissolution under microgalvanic effects. Because the prin-
ciple of galvanic corrosion is widely known, it is remarkable that it still
features prominently in numerous corrosion failures. Figure 5.11 illus-
trates the main factors affecting a galvanic corrosion situation.11

One well-known landmark that has undergone severe galvanic cor-
rosion in its history is the Statue of Liberty. An excellent publication
edited by Baboian, Bellante, and Cliver12 details corrosion damage to
this structure and remedial measures undertaken. It also provides a
fascinating historical engineering perspective. The Statue of Liberty
was officially inaugurated on October 28, 1866, on Bedloe’s Island, in
the New York harbor. The design of the statue, which rises more than
91 m into the air, essentially involves a rigid central pylon and a sec-
ondary frame, to which further framework, the armature, and the skin
are attached. The entire skeleton was manufactured out of wrought
iron (more specifically, puddled iron), a common construction material
of that era. Copper was selected as skin material for ease of shaping
the artistic detail, durability, and good strength to weight ratio for
materials commercially available at the time.13
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Figure 5.9 Galvanic coupling caused by riveting plates.
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Crucial components in attaching the copper sheets to the armature
were the copper saddles, depicted in Fig. 5.12. These U-shaped com-
ponents wrapped around the armature iron bars and were riveted to
the copper skin. Some 1500 of these copper saddles were used. During
construction in the United States, shellac-impregnated asbestos was
placed between the armature and the skin, but this disintegrated
with time and, through wicking action, acted as an undesirable trap
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Figure 5.10 Galvanic series of some commercial metals and
alloys in seawater.
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for corrosive electrolyte. The statue was never “water-tight.” For
example, significant leakage took place through the torch where addi-
tional lights had been retrofitted. From the galvanic series and the
unfavorable area ratio, it is apparent that the skin attachment
arrangement is particularly vulnerable to severe galvanic corrosion,
as depicted in Fig. 5.12. The expansive force of the iron corrosion
products disfigured the copper skin extensively. It was this galvanic
corrosion problem that most necessitated a massive restoration 
project,12 at a cost exceeding $200 million in private funding.

After testing for galvanic compatibility and considering the need for
mechanical requirements close to those of the original wrought iron, it
was decided to replace the iron armature with one of AISI type 316L
stainless steel. This stainless alloy was selected on the basis that elec-
trical contact with the skin was unavoidable. Inspection of the galvan-
ic series reveals that assuming the stainless steel remains passive, the
larger copper surfaces will tend to act as the anodes. As a further, sec-
ondary precaution, a Teflon barrier was applied between the new
stainless armature and the copper skin and saddles.

Selective leaching. Selective leaching refers to the selective removal of
one element from an alloy by corrosion processes. A common example
is the dezincification of unstabilized brass, whereby a weakened,
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Figure 5.11 Factors affecting galvanic corrosion.
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porous copper structure is produced. The selective removal of zinc can
proceed in a uniform manner or on a localized (plug-type) scale. It is
difficult to rationalize dezincification in terms of preferential Zn dis-
solution out of the brass lattice structure. Rather, it is believed that
brass dissolves with Zn remaining in solution and Cu replating out of
the solution.1 Graphitization of gray cast iron, whereby a brittle
graphite skeleton remains following preferential iron dissolution, is a
further example of selective leaching.

Erosion corrosion. Erosion corrosion is the cumulative damage
induced by electrochemical corrosion reactions and mechanical effects
from relative motion between the electrolyte and the corroding sur-
face. Erosion corrosion is defined as accelerated degradation in the
presence of this relative motion. The motion is usually one of high
velocity, with mechanical wear and abrasion effects. Grooves, gullies,
rounded edges, and waves on the surface usually indicating direction-
ality characterize this form of damage. Erosion corrosion is found in
systems such as piping (especially bends, elbows, and joints), valves,
pumps, nozzles, heat exchangers, turbine blades, baffles, and mills.
Impingement and cavitation are special forms of erosion corrosion. In
the former, moving liquid particles cause the damage, whereas 
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Figure 5.12 Galvanic corrosion of the Statue of Liberty.

0765162_Ch05_Roberge  9/1/99 4:48  Page 345



collapsing (unstable) vapor bubbles induce surface damage in the lat-
ter. Fretting corrosion, which refers to corrosion damage at the asper-
ities of contact surfaces, may also be included in this category. This
damage is induced under load and in the presence of repeated relative
surface motion, as induced, for example, by vibration. Pits or grooves
and oxide debris characterize this damage, typically found in machin-
ery, bolted assemblies, and ball or roller bearings. Contact surfaces
exposed to vibration during transportation are exposed to the risk of
fretting corrosion.

Environmental cracking. Environmental cracking (EC) is a very acute
form of localized corrosion. Because of the intrinsic complexity of the
situations leading to different forms of EC, the parameters leading to
this class of problems have often been described in qualitative terms
such as those in Table 5.1. Table 5.1 lists the factors contributing to
one of three forms of EC, that is, stress corrosion cracking (SCC),
fatigue corrosion, and hydrogen embrittlement.

SCC is the cracking induced from the combined influence of tensile
stress and a corrosive medium. The impact of SCC on a material seems
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TABLE 5.1 Characteristics of Environmental Cracking

Fatigue Hydrogen induced
Factor SCC corrosion cracking

Stress Static tensile Cyclic � tensile Static tensile

Aqueous corrosive Specific to the alloy Any Any

Temperature Accelerates Accelerates < Ambient: increases
increase < Ambient: increases

Pure metal Resistant Susceptible Susceptible

Crack morphology Transgranular Transgranular Transgranular
Intergranular Unbranched Intergranular
Branched Blunt tip Unbranched

Sharp tip

Corrosion products Absent Present Absent
in cracks

Crack surface Cleavagelike Beach marks Cleavagelike
appearance and/or striations

Cathodic Suppresses Suppresses Accelerates
polarization

Near maximum Susceptible but Accelerates Accelerates
strength minor
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to fall between dry cracking and the fatigue threshold of that material
(Fig. 5.13). The required tensile stresses may be in the form of directly
applied stresses or residual stresses. Cold deformation and forming,
welding, heat treatment, machining, and grinding can introduce resid-
ual stresses. The magnitude and importance of such stresses is often
underestimated. The residual stresses set up as a result of welding
operations tend to approach the yield strength. The buildup of corro-
sion products in confined spaces can also generate significant stresses
and should not be overlooked. SCC usually occurs in certain specific
alloy-environment-stress combinations (Fig. 5.14) and has been shown
to be, at least for aluminum alloys, very dependent on grain orienta-
tion (Fig. 5.15).

Usually, most of the surface remains unattacked, but with fine
cracks penetrating into the material. In the microstructure, these
cracks can have an intergranular or a transgranular morphology.
Macroscopically, SCC fractures have a brittle appearance. SCC is
classified as a catastrophic form of corrosion because the detection of
such fine cracks can be very difficult and the damage not easily pre-
dicted. Experimental SCC data is notorious for a wide range of scat-
ter. A disastrous failure may occur unexpectedly, with minimal overall
material loss.

Hydrogen embrittlement is sometimes classified separately from
SCC. It refers to the embrittlement and resulting increased cracking
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risk due to uptake of hydrogen into the material’s structure. The
cathodic reduction of water to form hydrogen is a potential source of
embrittlement. Hydrogen stress cracking and sulfide stress cracking
are terms used for hydrogen embrittlement from interactions with
hydrogen gas and hydrogen sulfide, respectively.
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Figure 5.15 SCC susceptibility of 7075-T651 aluminum alloy immersed in 3.5% NaCl
solution.
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In practice, materials used for their strength are the most suscepti-
ble to suffer from SCC problems when some environmental elements
render them vulnerable. Such vulnerability exists for stainless steels
when chloride ions are present in the environment, even at very low
concentrations. Unfortunately, the term stainless steel is sometimes
interpreted too literally. Structural engineers need to be aware that
stainless steels are certainly not immune to corrosion damage and can
be particularly susceptible to localized corrosion damage and SCC. The
austenitic stainless steels, mainly UNS S30400 and UNS S31600, are
used extensively in the construction industry. The development of SCC
in S30400 bars, on which a concrete ceiling was suspended in a swim-
ming pool building, had disastrous consequences.

In May 1985, the heavy ceiling in a swimming pool located in Uster,
Switzerland, collapsed with fatal consequences14 after 13 years of ser-
vice. The failure mechanism was established to be transgranular SCC,
as illustrated in Fig. 5.16. The presence of a tensile stress was clearly
created in the stainless rods by the weight of the ceiling. Chloride
species dispersed into the atmosphere, together with thin moisture
films, in all likelihood represented the corrosive environment. A char-
acteristic macroscopic feature of the failed stainless steel rods was the
brittle nature of the SCC fractures, with essentially no ductility dis-
played by the material in this failure mode.

Subsequent to this failure, further similar incidents (fortunately
without fatalities) have been reported in the United Kingdom,
Germany, Denmark, and Sweden. Although chloride-induced SCC
damage is recognized as a common failure mechanism in stainless
steels, a somewhat surprising element of these failures is that they
occurred at room temperature. As a general rule of thumb, it has often
been assumed that chloride-induced SCC in these alloys is not a prac-
tical concern at temperatures below 60°C.

Under the assumption that a low-pH–high-chloride microenviron-
mental combination is responsible for the SCC failures, several factors
were identified in UK pool operations that could exacerbate the dam-
age. Notable operational changes included higher pool usage and pool
features such as fountains and wave machines, resulting in more dis-
persal of pool water (and chloride species) into the atmosphere. The
importance of eliminating the use of the S30400 and S31600 alloys for
stressed components exposed to swimming pool atmospheres should
be apparent from this example.

Intergranular corrosion. The microstructure of metals and alloys is
made up of grains, separated by grain boundaries. Intergranular cor-
rosion is localized attack along the grain boundaries, or immediately
adjacent to grain boundaries, while the bulk of the grains remain
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largely unaffected. This form of corrosion is usually associated with
chemical segregation effects (impurities have a tendency to be
enriched at grain boundaries) or specific phases precipitated on the
grain boundaries. Such precipitation can produce zones of reduced cor-
rosion resistance in the immediate vicinity. A classic example is the
sensitization of stainless steels. Chromium-rich grain boundary pre-
cipitates lead to a local depletion of chromium immediately adjacent to
these precipitates, leaving these areas vulnerable to corrosive attack
in certain electrolytes (Fig. 5.17). This problem is often manifested in
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Figure 5.16 Transgranular SCC on stainless steel supporting rods.
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the heat-affected zones of welds, where the thermal cycle of welding
has produced a sensitized structure.

Knife-line attack, immediately adjacent to the weld metal, is a special
form of sensitization in stabilized austenitic stainless steels. Stabilizing
elements (notably Ti and Nb) are added to stainless steels to prevent
intergranular corrosion by restricting the formation of Cr-rich grain
boundary precipitates. Basically, these elements form carbides in pref-
erence to Cr in the austenitic alloys. However, at the high temperatures
experienced immediately adjacent to the weld fusion zone, the stabiliz-
er carbides dissolve and remain in solution during the subsequent rapid
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Figure 5.17 Sensitization of stainless steel in the heat-adjacent zone.
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cooling cycle. Thereby this zone is left prone to sensitization if the alloy
is subsequently reheated in a temperature range where grain boundary
chromium carbides are formed. Reheating a welded component for
stress relieving is a common cause of this problem. In the absence of the
reheating step, the alloy would not be prone to intergranular attack.

Exfoliation corrosion is a further form of intergranular corrosion
associated with high-strength aluminum alloys. Alloys that have been
extruded or otherwise worked heavily, with a microstructure of elon-
gated, flattened grains, are particularly prone to this damage. Figure
5.18 illustrates the anisotropic grain structure typical of wrought alu-
minum alloys, and Fig. 5.19 shows how a fraction of material is often
sacrificed to alleviate the impact on the susceptibility to SCC of the
short transverse sections of a component. Corrosion products building
up along these grain boundaries exert pressure between the grains,
and the end result is a lifting or leafing effect. The damage often initi-
ates at end grains encountered in machined edges, holes, or grooves
and can subsequently progress through an entire section.

5.2.2 Modes and submodes of corrosion

As part of a framework for predicting and assuring corrosion perfor-
mance of materials, Staehle introduced the concept of modes and sub-
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modes of corrosion.15 In this context, a corrosion mode was to be defined
by the morphology of corrosion damage, as shown for the four intrinsic
modes in Fig. 5.20. Submode categories were also proposed to differen-
tiate between several manifestations of the same mode, for a given
material-environment system. For example, Staehle illustrated two
submodes of SCC in stainless steel exposed to a boiling caustic solution.
A transgranular SCC submode prevailed at low corrosion potentials,
whereas an intergranular submode occurred at higher potentials. The
identification and distinction of submodes is very important for perfor-
mance prediction because different submodes respond differently to
corrosion variables. Controlling one submode of corrosion successfully
does not imply that other submodes will be contained.

A useful analogy to differentiating corrosion submodes is the distinc-
tion between different failure mechanisms in the mechanical world.
For example, nickel may fracture by intergranular creep or by trans-
granular creep, depending on the loading and temperature conditions.
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The organization of corrosion damage into modes and submodes is
important for rationalizing and predicting corrosion damage, in a man-
ner comparable to mechanical damage assessment.

5.2.3 Corrosion factors

Six important corrosion factors were identified in a review of scientif-
ic and engineering work on SCC damage,16 generally regarded as the
most complex corrosion mode. According to Staehle’s materials degra-
dation model, all engineering materials are reactive and their strength
is quantifiable, provided that all the variables involved in a given sit-
uation are properly diagnosed and their interactions understood. For
characterizing the intensity of SCC the factors were material, envi-
ronment, stress, geometry, temperature, and time. These factors rep-
resent independent variables affecting the intensity of stress corrosion
cracking. Furthermore, a number of subfactors were identified for
each of the six main factors, as shown in Table 5.2.
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Figure 5.20 The four intrinsic modes of corrosion damage.
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The value of this scheme, extended to other corrosion modes and
forms, should be apparent. It is considered to be extremely useful for
analyzing corrosion failures and for reporting and storing information
and data in a complete and systematic manner. An empirical correla-
tion was established between the factors listed in Table 5.2 and the
forms of corrosion described earlier (Fig. 5.1). Several recognized cor-
rosion experts were asked to complete an opinion poll listing the main
subfactors and the common forms of corrosion as illustrated in the
example shown in Fig. 5.21. Background information on the factors
and forms of corrosion was attached to the survey. The responses were
then analyzed and represented in the graphical way illustrated in
Fig. 5.22.
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TABLE 5.2 Factors and Contributing Elements Controlling the Incidence of a
Corrosion Situation According to Staehle16

Factor Subfactors and contributing elements

Material Chemical composition of alloy
Crystal structure
Grain boundary (GB) composition
Surface condition

Environment
Chemical definition Type, chemistry, concentration, phase, conductivity
Circumstance Velocity, thin layer in equilibrium with relative humidity, 

wetting and drying, heat-transfer boiling, wear and
fretting, deposits

Stress
Stress definition Mean stress, maximum stress, minimum stress, constant 

load/constant strain, strain rate, plane stress/plane strain,
modes I, II, III, biaxial, cyclic frequency, wave shape

Sources of stress Intentional, residual, produced by reacted products, 
thermal cycling

Geometry Discontinuities as stress intensifiers
Creation of galvanic potentials
Chemical crevices
Gravitational settling of solids
Restricted geometry with heat transfer leading to 
concentration effects

Orientation vs. environment

Temperature At metal surface exposed to environment
Change with time

Time Change in GB chemistry
Change in structure
Change in surface deposits, chemistry, or heat-transfer 
resistance

Development of surface defects, pitting, or erosion
Development of occluded geometry
Relaxation of stress
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The usefulness of this empirical correlation between the visible
aspect of a corrosion problem and its intrinsic root causes has not been
fully exploited yet. It is believed that such a tool could be used to

1. Guide novice investigators. The identification of the most impor-
tant factors associated with different forms of corrosion could serve to
provide guidance and assistance for inexperienced corrosion-failure
investigators. Many investigators and troubleshooters are not corrosion
specialists and will find such a professional guide useful. Such guidelines
could be created in the form of computer application. A listing of the most
important factors would ensure that engineers with little or no corrosion
training were made aware of the complexity and multitude of variables
involved in corrosion damage. Inexperienced investigators would be
reminded of critical variables that may otherwise be overlooked.

2. Serve as a reporting template. Once all relevant corrosion data
has been collected or derived, the framework of factors and forms could
be used for storing the data in an orderly manner in digital databases
as illustrated in Fig. 5.23. The value of such databases is greatly dimin-
ished if the information is not stored in a consistent manner, making
retrieval of pertinent information a nightmarish experience. Analysis
of numerous corrosion failure analysis reports has revealed that infor-
mation on important variables is often lacking.17 The omission of
important information from corrosion reports is obviously not always
an oversight by the professional author. In many cases, the desirable
information is simply not (readily) available. Another application of the
template or framework thus lies in highlighting data deficiencies and
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Figure 5.21 Opinion poll sheet for the most recognizable forms of corrosion problems.
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the need of rectifying such situations. As such, the factors represent a
systematic and comprehensive information-gathering scheme.

5.2.4 The distinction between corrosion-
failure mechanisms and causes

One thesis is that the scientific approach to failure analysis is a detailed
mechanistic “bottom-up” study. Many corrosion-failure analyses are
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Figure 5.22 Expert opinion of the factors responsible for pitting corrosion.
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approached in this manner. A failed component is analyzed in the labo-
ratory using established analytical techniques and instrumentation.
Chemical analysis, hardness testing, metallography, optical and elec-
tron microscopy, fractography, x-ray diffraction, and surface analysis are
all elements of this approach. On conclusion of all these analytical pro-
cedures the mechanism of failure, for example “chloride induced trans-
granular stress corrosion cracking,” can usually be established with a
high degree of confidence by an expert investigator.

However, this approach alone provides little or no insight into the real
causes of failure. Underlying causes of serious corrosion damage that
can often be cited include human factors such as lack of corrosion aware-
ness, inadequate training, and poor communication. Further underlying
causes may include weak maintenance management systems, insuffi-
cient repairs due to short-term profit motives, a poor organizational
“safety culture,” defective supplier’s products, incorrect material selec-
tion, and so forth. It is thus apparent that there can be multiple causes
associated with a single corrosion mechanism. Clearly, a comprehensive
failure investigation providing information on the cause of failure is
much more valuable than one merely establishing the corrosion mecha-
nism(s). Establishing the real causes of corrosion failures (often related
to human behavior) is a much harder task than merely identifying the
failure mechanisms. It is disconcerting that in many instances of tech-
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nical reporting, causes and mechanisms of corrosion damage are used
almost interchangeably. Direct evidence of this problem was obtained
when searching a commercial engineering database.18

In contrast to the traditional scientific mechanistic approach, sys-
tems engineers prefer the “top-down” approach that broadens the defi-
nition of the system (see Chap. 4, Corrosion Information Management)
and is more likely to include causes of corrosion failures such as human
behavior. This is more consistent with the lessons to be learned from
the UK Hoar Report, which stated that corrosion control of even small
components could result in major cost savings because of the effect on
systems rather than just the components.19

5.3 Guidelines for Investigating Corrosion
Failures

Several guides to corrosion-failure analysis have been published.
These are valuable for complementing the expertise of an organiza-
tion’s senior, experienced investigators. These investigators are rarely
in a position to transfer their knowledge effectively under day to day
work pressures. The guides have been found to be particularly useful
in filling this knowledge “gap.”

The Materials Technology Institute of the Chemical Process
Industries’ Atlas of Corrosion and Related Failures20 maps out the
process of a failure investigation from the request for the analysis to the
submission of a report. It is a comprehensive document and is recom-
mended for any serious failure investigator who has to deal with corro-
sion damage. The step-by-step procedure section, for example, contains
two flow charts, one for the on-site investigation and the other for the
laboratory component. The procedural steps and decision elements are
linked to tables describing specific findings and deductions, supported
by micrographs and actions. Some of the elements of information con-
tained in Sec. 4.5 of the MTI Atlas (the section that relates the origin(s)
of failure to plant or component geometry) are illustrated in Figs. 5.24
and 5.25.

In the NACE guidelines,2 failures are classified into the eight forms
of corrosion popularized by Fontana, with minor modifications. The
eight forms of corrosion are subdivided into three further categories to
reflect the ease of visual identification (Fig. 5.1). Each form of corro-
sion is described in a separate chapter, together with a number of case
histories from diverse branches of industry. An attempt was made to
treat each case study in a consistent manner with information on the
corrosion mechanism, material, equipment, environment, time to fail-
ure, comments, and importantly, remedial actions. It is interesting to
note that if stress, geometry, and temperature factors had also been
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described for each case history, the complete set of corrosion factors
proposed by Staehle would have been documented.

5.4 Prevention of Corrosion Damage

Recognizing the symptoms and mechanism of a corrosion problem is
an important preliminary step on the road to finding a convenient
solution. There are basically five methods of corrosion control:
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Figure 5.24 Decision tree to guide on-site investigations
dealing with corrosion damage.
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■ Change to a more suitable material
■ Modifications to the environment
■ Use of protective coatings
■ The application of cathodic or anodic protection
■ Design modifications to the system or component

Some preventive measures are generic to most forms of corrosion.
These are most applicable at the design stage, probably the most
important phase in corrosion control. It cannot be overemphasized
that corrosion control must start at the “drawing board” and that
design details are critical for ensuring adequate long-term corrosion
protection. It is generally good practice to

■ Provide adequate ventilation and drainage to minimize the accumu-
lation of condensation (Figs. 5.26 and 5.27)
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Figure 5.25 Recommendations for relating the origin(s) of failure to plant geometry.
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■ Avoid depressed areas where drainage is inadequate (Fig. 5.27)
■ Avoid the use of absorptive materials (such as felt, asbestos, and fab-

rics) in contact with metallic surfaces
■ Prepare surfaces adequately prior to the application of any protec-

tive coating system
■ Use wet assembly techniques to create an effective sealant barrier

against the ingress of moisture or fluids (widely used effectively in
the aerospace industry)

■ Provide easy access for corrosion inspection and maintenance work

Additionally, a number of basic technical measures can be taken
to minimize corrosion damage in its various forms. A brief summary
of generally accepted methods for controlling the various forms of
corrosion follows.

5.4.1 Uniform corrosion

The application of protective coatings, cathodic protection, and mate-
rial selection and the use of corrosion inhibitors usually serves to con-

362 Chapter Five

(a)

BAD

(b)

GOOD

Unobstructed
drainage

Moisture collects
here

Figure 5.26 Lightening holes in horizontal diaphragms.
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trol uniform corrosion. Some of these methods are used in combina-
tion. For example, on buried oil and gas pipelines the primary corro-
sion protection is provided by organic coatings, with the cathodic
protection system playing a secondary role to provide additional pro-
tection at coating defects or weaknesses.

5.4.2 Galvanic corrosion

For controlling galvanic corrosion, materials with similar corrosion
potential values in a given environment should be used. Unfavorable
area ratios (Sa/Sc) should be avoided. Insulation can be employed to
physically separate galvanically incompatible materials (Fig. 5.28),
but this is not always practical. Protective barrier coatings can be used
with an important provision (i.e., coating the anodic material only is
not recommended) because it can have disastrous consequences in
practice. At defects (which are invariably present) in such coatings,
extremely rapid corrosion penetration will occur under a very unfa-
vorable area ratio. It is much better practice to coat the cathodic sur-
face in the galvanic couple. An example of rapid tank failures that
resulted from a tank design with coated steel side walls (the anode)
and stainless clad tank bottoms (the cathode) is described by Fontana.1
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If dissimilar materials junctions cannot be avoided at all, it is sensible
to design for increased anodic sections and easily replaceable anodic
parts. Corrosion inhibitors may be utilized, bearing in mind that their
effects on different materials will tend to be variable.

5.4.3 Pitting

Material selection plays an important role in minimizing the risk of
pitting corrosion. For example, the resistance to chloride-induced pit-
ting in austenitic stainless steels is improved in alloys with higher
molybdenum contents. Thus AISI type 317 stainless steel has a high-
er resistance than the 316 alloy, which in turn is more resistant than
the 304 grade. The following pitting index (PI) [Eq. (5.1)] has been pro-
posed to predict the pitting resistance of austenitic and duplex stain-
less steels (it is not applicable to ferritic grades):

PI � Cr � 3.3Mo � xN (5.1)

where Cr, Mo, and N � the chromium, molybdenum, and nitrogen con-
tents, x � 16 for duplex stainless steel, and x � 30 for austenitic alloys.

Generally speaking, the risk of pitting corrosion is increased under
stagnant conditions, where corrosive microenvironments are estab-
lished on the surface. Drying and ventilation can prevent this accu-
mulation of stagnant electrolyte at the bottom of pipes, tubes, tanks,
and so forth. Agitation can also prevent the buildup of local highly cor-
rosive conditions. The use of cathodic protection can be considered for
pitting corrosion, but anodic protection is generally unsuitable.
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Environmental modifications such as deaeration, chloride ion removal,
and the addition of corrosion inhibitors can reduce the risk of pitting.
However, the beneficial effects on existing pits with established high-
ly corrosive microenvironments may be minimal. Furthermore, if the
pitting attack is not eliminated completely through the use of corro-
sion inhibitors, penetration can actually be accelerated due to the con-
centration of metal dissolution onto a smaller area.

5.4.4 Crevice corrosion

Whenever possible, crevice conditions should be avoided altogether.
Welded joints offer alternatives to riveted or bolted joints. In heat
exchangers, welded tube sheets are to be preferred over the rolled vari-
ety. Harmful surface deposits can be removed by cleaning. Filtration
can eliminate suspended solids that could otherwise settle out and
form harmful crevice conditions; agitation can also be beneficial in this
sense. Where gaskets have to be used, nonabsorbent gasket materials
(such as Teflon) are recommended. Cathodic protection can be effective
in preventing crevice corrosion, but anodic protection is generally
unsuitable. Environmental modifications are not usually effective once
crevice corrosion has initiated because the corrosive microenviron-
ment inside the crevice is not easily modified.

5.4.5 Intergranular corrosion

The susceptibility of alloys to intergranular corrosion can often be
reduced through heat treatment. For example, in sensitized
austenitic stainless steels, high-temperature solution annealing at
around 1100°C followed by rapid cooling can restore resistance to
intergranular corrosion resistance. In general, alloys should be used
in heat-treated conditions associated with least susceptibility to inter-
granular corrosion. Composition is also an important factor. Grades of
stainless steels with sufficiently low interstitial element levels (car-
bon and nitrogen) are immune to this form of corrosion. The stabilized
stainless alloys with titanium and/or niobium additions rarely suffer
from this form of corrosion, with the exception of knife-line attack.
The L grades of austenitic stainless steels, such as 304L and 316L
with carbon levels below 0.03 percent, are widely used in industry and
are recommended whenever welding of relatively thick sections is
required.

For aluminum alloys it is advisable to avoid exposure of the short
transverse grain structure. Protective films such as anodizing, plating,
and cladding can reduce the intergranular corrosion risk. Shot peen-
ing to induce cold working in the surface grains can also be beneficial.
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5.4.6 Selective leaching

Selective leaching is usually controlled by material selection. For
example, brass is resistant to dezincification if traces of arsenic, phos-
phorous, or antimony are added to the alloy. Modern brass plumbing
fixtures are made exclusively from these stabilized alloys. Brass with
a low Zn content generally tends to be less susceptible. In more corro-
sive environments the use of cupro-nickel alloys has been advocated.

5.4.7 Erosion corrosion

Materials selection plays an important role in minimizing erosion cor-
rosion damage. Caution is in order when predicting erosion corrosion
behavior on the basis of hardness. High hardness in a material does not
necessarily guarantee a high degree of resistance to erosion corrosion.

Design features are also particularly important. It is generally
desirable to reduce the fluid velocity and promote laminar flow;
increased pipe diameters are useful in this context. Rough surfaces are
generally undesirable. Designs creating turbulence, flow restrictions,
and obstructions are undesirable. Abrupt changes in flow direction
should be avoided. Tank inlet pipes should be directed away from the
tank walls and toward the center. Welded and flanged pipe sections
should always be carefully aligned. Impingement plates of baffles
designed to bear the brunt of the damage should be easily replaceable.
The thickness of vulnerable areas should be increased. Replaceable
ferrules, with a tapered end, can be inserted into the inlet side of heat-
exchanger tubes to prevent damage to the actual tubes.

Several environmental modifications can be implemented to mini-
mize the risk of erosion corrosion. Abrasive particles in fluids can be
removed by filtration or settling, and water traps can be used in steam
and compressed air systems to decrease the risk of impingement by
droplets. Deaeration and corrosion inhibitors are additional measures
that can be taken. Cathodic protection and the application of protec-
tive coatings may also reduce the rate of attack.

For minimizing cavitation damage specifically, steps that can be tak-
en include the minimization of hydrodynamic pressure gradients,
designing to avoid pressure drops below the vapor pressure of the liq-
uid, the prevention of air ingress, the use of resilient coatings, and
cathodic protection.

5.4.8 Stress corrosion cracking

The use of materials exhibiting a high degree of resistance to SCC is a
fundamental measure. Modification of the environment (removal of
the critical species, corrosion inhibitor additions) is a further impor-
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tant means of control. In principle, reduced tensile stress levels is a
means of controlling SCC. In practice, maintaining tensile stress lev-
els below a critical stress intensity level is difficult because residual
stresses often play an important role. These are difficult to quantify.
Stress-relieving heat treatments usually do not eliminate residual
stresses completely. Furthermore the wedging action of corrosion
products can lead to unexpected increases in tensile stress levels.
Stress raisers should obviously be avoided. The introduction of resid-
ual compressive surface stresses by shot peening is a further remedial
possibility. Fit-up stresses should be minimized by close control over
tolerances.

Serious attempts are still being made to elucidate and quantify the
parameters controlling the incidence of cracking. For this purpose
empirical equations have often been derived from laboratory tests.
Equation (5.2), for example, summarizes the effects of different alloy-
ing elements on the resistance of ferritic steels exposed to a boiling
8.75N-NaOH solution during slow strain tests.21 The stress corrosion
index in that environment (SCIOH) integrates the beneficial (�) or
deleterious (�) effect of the alloying elements (in %) when the steels
are in contact with such a caustic environment.

SCIOH � 105 � 45C � 40Mn � 13.7Ni � 12.3Cr 
� 11Ti � 2.5Al � 87Si � 413Mo (5.2)

The optimum choice of a steel for a particular application should be
made in the light of expressions such as Eq. (5.2), which reflects the
corrosivity of the environment as a function of the metallurgical com-
position and structure. But other practical considerations such as
availability of the materials, maintainability, and economical require-
ments inevitably dictate the use of an alloy out of its safe envelope, in
which case the application of coatings, cathodic protection, and/or
some other protection scheme, appropriate for the operating condi-
tions, have to be considered. Another important consideration is the
accidental damage that can locally modify the pattern of stresses
imposed on a metallic component or can destroy some of the protective
barriers.

Microstructural anisotropy is an important variable in SCC, espe-
cially for aluminum alloys. Tensile stresses in the transverse and
short transverse plane should be minimized. Components should be
designed with grain orientation in mind (Fig. 5.19). The use of cathod-
ic protection for SCC control is restricted to situations where hydro-
gen embrittlement effects do not play any role, because hydrogen
embrittlement-related SCC damage will be accelerated by the
impressed current.
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5.5 Case Histories in Corrosion Failure
Analysis

Most corrosion failures are not unique in nature. For any given failure,
it is likely that a similar problem has been encountered and solved
previously. Practicing failure analysis experts rely heavily on their
experience from previous cases; it is the extensive experience gained
in previous cases that makes them highly effective and successful in
their profession. A number of excellent paper-based resources docu-
ment corrosion case histories.2,22 Investigators of all experience levels
frequently consult such collections of case histories. By learning as
much as possible from previous cases, the laboratory work and testing
effort of the investigation can be minimized.

A collection of documented corrosion-failure case histories represents
a valuable corporate asset. However, information retrieval from a paper-
based system can be laborious and time consuming. Typically, hundreds
of failure analysis reports are generated each year by an active team of
investigators and thousands of such reports are stored in filing cabinets,
with no convenient mechanism available to reuse this valuable infor-
mation. Searching for patterns in accumulated documents and databas-
es is a process regularly performed in large organizations. The
weakness in managing large volumes of paper-based information tends
to be sporadically compensated by in-depth surveys of available infor-
mation. For example, a survey of failure analysis reports of landing gear
failures in the Canadian Forces revealed that 200 case histories had
been investigated over the past 25 years.23 The survey was successful in
determining the dominant failure mechanisms and ranking the impor-
tance of root causes as shown in Table 5.3.24 However, the fundamental
need for more efficient methodologies for improving knowledge reuse is
not addressed by surveys of this nature. Some new promising options
are emerging from the field of computerized knowledge discovery (see
Chap. 4, Modeling, Life Prediction, and Computer Applications).

368 Chapter Five

TABLE 5.3 Breakdown of Causes of Landing Failures as a Function of the Failure
Mechanism

Material Field 
Mechanisms-Causes Design selection Manufacturing maintenance

Overload 8 4 13
Fatigue 59 22 65 24
Cosmetic pitting 3 6 2 6
SCC 7 34 7 6
Structural pitting 22 17 6 41
Wear 9 10
False call 13 16
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