
The Eight Forms of Corrosion( I) 
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It is convenient to cJassify corrosion by the fOTms in which 
it manifests itself, the basis for this c1assification being the 
appearance of lhe corroded melaI. Each form cao be 
identified by meTe visual observation. In most cases the 
naked eye is sufficient, but sometimes magnification is 
helpful ar required. Valuable information for the solution 
af a corrosion problem eao ofteo be obtai~ed through 
careful observation af the corroded test specimens or failed 
equipment. Examination before c1eaning is particu larly 
desirable_ 

Some of lhe eight forms af corrosion are unique , but 
ali of Ihem are more or less inlerrelated_ The eigh t forms 
are: -(1) uniform, or general attack, (2) ga lvanic, or 
Iwo-metal corrosion, (3) crevice corrosion, (4) pitting, (5) 
mtergranular corrosion, (6) selective leaching, (7) erosioo 
corrosion, and (8) stress corrosian. This listing is arb itrary 
but cavers practically ali carrosion failures and problems. 
The farms are not listed in any particular arder of 
importance. 

Below, the eight form s af carrasian are discussed in 
terms af their characteristics, mechanisms, and preventive 
measures_ Hydrogen damage, allhough not a form of 
corrosion , often accurs indirectly as a result of carrasive 
attack, and is therefore included_ 

Unifonn Attack 
Uoiform attack is the most commoo form of corrasion. 

lt is normally characterized by a chemica l or 
electrochemical reaction which proceeds unifarmly over tJle 
entire exposed surface or over a large area. The metal 
becomes thinner and eventually fails_ For example, a piece 
af steel ar zinc immersed in dilute sulfuric acid \ViII 
nannally dissolve at a uniform rate over its entire surface_ A 
sheet iran roaf will show essentially the same degree of 
rusting over its entire outside surface. Figure 1 shows a steel 
tank in an abandoned gold-smelting plant-Tlle circular 
section near the center af the photograph was thicker than 
lhe resl of lhe tank _ This section is now supported by a lace 
curtain af tank bottom metal. 

Uniform attack, ar general overall corrosion, represents 
the greatest destruction of metal on a tonnage basis. This 
form of .corTosian, however, is not of toa great concem 
fram the technical standpoint , beeause the !ife of 
equipment ean be accurately estimated on the basis of 
eomparatively simple tests_ Merely immersing specimens in 
the fluid involved is often sufficient. Uniform attack can be 
prevenled or reduced by (I) proper materiais, including 
coat ings, (2) inhibitors, or (3) calhodic protection_ 

Most of the other forms af eorrosion are insidious in 
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FIGURE 1 - Rusting of abandoned steel tank. 

nature and are eonsiderably more difficult to predict. They 
are also lacalized ; attack is limited to speeific areas or parts 
of a structure. As a result , they tend to cause unexpected or 
prernature fa ilures of plants, machines, or tools. 

Galvanic or Two-Metal Corrosion 
A potential difference usually exists between two 

dissimilar metaIs when they are immersed in a carrosive ar 
canduetive solution. If these metais are plaeed in contact 
(or otherwise electrically connected) , Ihis potential 
difference produees electron flow between them. Corrosion 
of the Iess eorrosion-resistant metal is usually increased and 
attack of the more resistant material is decreased as 
compared with the behavior of these metaIs when the; are 
not in contact. The Iess resistant metal beeomes anodic and 
the more resislanl metal cathodic. Usually lhe cathode or 
cathodic metal corrodes very littie ar not at alI in this type 
of couple_ Because of tJle eleetric currents and dissimilar 
metaIs invoIved, this form of corrosion is ca lled gaIvanic, o r 
two metal corrosion. I t is electrochemical corrosion bu t we 
shall restriet the teem galvanic to dissimilar-metal eriects for 
purposes of cla ri ty. 

The driving force for eurrent and corrosion is the 
potenlial deve loped between the two melals_ The so-called 
dry-cell battery depicted in Figure 2 is a good example of 
this point. The carbon eleetrode aets as a noble or 
eurrosion-resistant metal ( the eathode), and the zine as the 
anode which eorrades. The moist paste between the 
electrodes is the conductive (and eorrosive) environment 
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FIGURE 2 - Section of dry-cell battery. 

TABLE 1 - Standard EM F Series of Metais 

Metal·Metal lon 
Equilibrium 

!Unit Activity) 

A u-Au +3 

Pt-Pt +2 

Pd -Pd +2 

Ag-Ag + 

Hg-H92+2 

Cu-Cu +2 

Pb.Pb +2 

Sn-Sn +2 
Ni_Ni+2 

Co-Co +2 
Cd-Cd +2 
Fe-Fe +2 
Cr-Cr +3 
Zn-Zn +2 
AI_AI+3 
Mg-Mg +2 

Na-Na + 

K -K + 

Electrode Potential 
vs Normal Hydrogen 

Elect rod e at 25 C. Volts 

+1.498 
+1.200 
+0_987 
+0_799 
+0 _788 
+0 _337 

0,000 

-0, 126 
-0, 136 
-0 ,250 
-0 .277 
-OA03 
-OA40 
-0.744 
-0 ,763 
-1,662 
-2 ,363 
-2,714 
-2 ,925 

Source : A. J. De Bethune and N. A. S. Laud. Standard Aqueous 
Elect rod e Potential s and Temperatu re Coeff icients at 25 C: Cli fford 
A. Hampel, Skokie, 111. (1964). 

that carries lhe current. Magnesium may also be used as the 
anodic material or ou ter case. 

EMF and Ga/vanic Series 
The potential differences between metais under 

reversible, ar noncorroding conditions form the basis for 
predicting corrosion tendencies. Brief1y , the potentiaI 
between metais exposed to solu tions containing 
approximately one gram atomic weight of their respective 
ions (unit activity) are precisely measured at a constant 
temperature . Table 1 presents such a tabulation, often 
termed the electromotive force or em f series. For 
simplicity, ali potentials are referenced against the 
hydrogen elec trode (H, IH '), which is arbitrarily defined as 
zero. Potentials between metais are deten:nined by taking 
the absolute differences between their standard emf 
potentials. For example, there is a potential af 0.462 volt 
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TABLE 2 - Galvanic Series of Some Commercial Metais 
and Alloys in Sea Water Commercial 

I 
Noble ar 

ca thodic 

Act ive ar 
anodic 

I 

Metais and Alloys in Sea Water 

Platinum 

Gold 
Graphite 
T ítanium 
Sil ver 

[
Chl0rimet 3 (62 Ni, 18 Cr, 18 Mo) 
Hastelloy C (62 Ni, 17 Cr, 15 Mo) 

[
18-8 Mo sta in less steel (passive) 
18-8 sta inless steel (passivel 

[
ChrOmium staínless steeI11-30% Cr (passí ve l 
Inconel (passive) 

Si lver So lder 

[

Mone, (70 N; , 30 Cu) 

Cupron ickels (60-90 Cu, 40-10 Ni) 
Bronzes (Cu-Sn) 

Copper 
Brasses (Cu-Zn) 

[
ChlOrimet 2 (66 Ni, 32 Mo. 1 Fe) 
Hastelloy B (50 Ni, 30 Mo. 6 Fe, 1 Mn ) 

[
lnCanel (active) 
N icke l (act ive) 

T in 

Lead 
lead -t in so lders 

[
18-8 Mo stain less steel (active) 
18-8 sta inless steel (active) 

Ni-Resist (high Ni cast iran ) 
Chromium stainless steel, 13% Cr (active ) 

[
cast iron 
Stee l ar iron 

2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn) 
Cadmium 
Commercia ll y pure al uminum (11001 
Zinc 
Magnesium and magnesium all ays 

between reversible copper and silver electrodes and 1.1 volt 
potential between copper and zinco lt is not possible to 
establish a reversible potential for alloys containing two or 
more reac tive components, so only pure metais are listed in 
Table L 

In actual corrosion problems, ga lvanic coupling 
between metais in equilibrium with their ions·rarely occurs. 
As noted above, most galvanic corrosion effects result from 
the electrical connection of two corroding metais. AIso , 
since most engineering materiais are alloys, galvanic couples 
usually include one (ar two) metallic alloys_ Under these 
conditions, the galvanic series Iisted in Table 2 yields a 
more accurate prediction of galvanic relationships than the 
emf series. Table 2 is based oh potential measurements and 
galvanic corrosion tests in unpollu ted seawater conducted 
by The In temational Company at Harbor Island, N_C. 
Because of variations between tests, the relative positions of 
metais, ralher than their potentials, are indicated_ Ideally, 
similar series for metaIs and alloys in ali environrnents at 
various temperatures are needed, but this would require an 
almost infini te number of tests. 

In general, the positions of metais and alloys in the 
galvanic sedes agree closely with their const ituent elements 
in the emf series. Passivity influences galvanic corrosion 
behavior; note in Table 2 the more noble position assumed 
by the stainless steels in the passive state as compared with 
the lower position of these materiais when in the active 
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condition. Similar behavior is exhibited by InconeI, which 
can be considered as a stainless nickel. 

Another interesting feature of the galvanic sedes is the 
brackets shown in Table 2. The alloys grouped in these 
bracke ts are somewhat similar in base composition, for 
example, copper and copper alloys. The brackets indicate 
that in most practical applications there is a little danger of 
galvanic corrosion if metaIs in a given bracket are coupled 
or in contact with each otheI. This is because these 
materiaIs are close together in the series and the potential 
generated by these couples is not great. The farther apart in 
the sedes, the greater the potentiaJ generated. 

In the absence of actual tests in a given environment, 
the galvanic series gives us a good indication of possible 
galvanic effects. Consider some actual failu res in view of the 
data shown in Table 2. A yacht with a Monel hull and steel 
rivets became unseaworthy because of rapid corrosion of 
the rivets. Severe attack occurred on aluminum tubing 
connected to brass return bends. Domestic hot-water tanks 
made of steel fai! where copper tubing is connected to the 
tank. Pump shafts and vaIve stems made of steel or more 
corrosion resistant materiais fail because of contact with 
graphite packing. 

Galvanic corrosion sometimes occurs in unexpected 
places. For example, corrosion was noted on the leading 
edges of inlet cowlings on jet engines. This attack was 
caused by the fabric used on the engine inlet duct plugs. 
This was a canvas fabric treated with a copper salt to 
prevent mildew. Treatment of fabric is common practice 
for preventing mildew, flameproofing , and for other 
reasons. The copper salt deposited copper on the alloy 
steel, resulting in galvanic attack of the steel. This problem 

• was solved by using a vinyl-coated nylon, which contained 
no metal. 

These examples emphasize the fact that the design 
engineer should be particular1y aware of the possibilities of 
galvanic corrosion, since he specifies the detai!ed materiaIs 
to be used in equipment. It is some times economical to use 
dissimilar materiais in contact, for example, water heaters 
with copper tubes and cast iron or steel tube sheets. If 
galvanic corrosion occurs, it accelerates attack on the heavy 
tube sheet (inslead of the thin copper tubes), and long life 
is obtained because of the thickness of the tube sheets. 
Accordingly, expensive bronze tube sheets are not required. 
For more severe corrosion conditions, such as dilu te acidic 
solutions, the bronze tube sheets would be necessary. 

The potential generated by a galvanic celI consisting of 
dissimilar metais can change with time. The-·'poten tial 
generated causes a flow of current and corrosion to occur at 
the anodic electrode. As corrosion progresses, reac tion 
products or corrosion products may accumulate at either 
the anode or cathode or both. This reduces the speed at 
which corrosion proceeds. 

In gaIvanic corrosion, polarization of the reduction 
reaction (cathodic poIarization) usually predominates. 
Since the degree of cathodic polarization and its effective
ness varies with different metais and alIoys, it is necessary 
to know something about their polarization characteristics 
before predicting the extent Df degree of gaIvanic corrosion 
for a given couple. For exampIe, titanium is very noble 
(shows excelIent resistance) in sea water, yet galvanic 
corrosion on less resistant metaIs when coupled to titanium, 
is usually not accelerated very much or is much less than 
would be anticipated. The reason is that titanium cathod
icalIy polarizes readily in sea wateI. 

Summarizing, the galvanic series is a more accurate 
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TABLE 3 - Change in Weight of Coupled and Uncoupled 
Steel and Zinc, 9 and Uncoupled Steel and Zinc, 9 

Uncoupled Coupled 

Environment Zinc Steel Zinc Steel 

0 .05M MgS04 0 .00 ·0.04 ·0.05 +0 .02 
0.05M Na2 S04 -0 .17 ·0.15 ·0.48 +0 .01 
0.05M NaCI -0.15 -0. 15 ·0.44 +0.01 
0.005M NaCI .{) .06 ·0.10 -0.13 +0.02 

representation of actual galvanic corrosion characteristics 
than the emf series. However, there are exceptions to the 
gaIvanic series, as will be discussed Iater, so corrosion tests 
should be performed whenever possible. 

Environmental Effects 
The na ture and aggressiveness of the environmen t 

determine to a large extent the degree of two-metal 
corrosion. Usually the metal with lesser resistance to the 
given environment becomes the anodic member of the 
couple. Sometimes the potential reverses for a given couple 
in different environments. Table 3 shows the more or less 
typical behavior of steel and zinc in aqueous environrnents. 
Usually both steel and zinc corro de by themselves, but 
when they are cou pIed, the zinc corrades and the steel is 
protected. In the exceptional case, such as some domestic 
waters at temperalures over 82 C (I80 F), lhe couple 
reverses and the steel becomes anodic. Apparently the 
corrosion products on the zinc, in this case, make it act as a 
surface noble to steel. 

Tantalum is a very corrosion-resistant metal. It is 
anodic to platinum and carbon, but the cell is active only at 
high temperatures. For example, in the tantalum-platinum 
couple current does not begin to flow until 110 C (230 F) 
is reached and 100 ma/ft' flows at 265 C (509 F). 
Tantalum is cathodic to elean high-silicon iron in strong 
sulfuric acid, but the current drops rapidly to zero. Above 
145 C (293 F) the polarity of the cell is reversed . Tantalum 
should not be used in contact with anodic metais, beca use 
it absorbs cathodic hydrogen and becomes brittle. 

Galvanic corrosion also occurs in the atmosphere . The 
severily depends largely on the type and amount of 
moisture present. For example, corrosion is greater near the 
seashore than in a dry rural atmosphere. Condensate near a 
seashore contains salt, and therefore, is more conductive 
(and corrosive) and a better electrolyte than condensate in 
an inland location, even under equal humidity and tempera
ture conditions. Atmospheric exposure tests in different 
parts of the country have shown zioc to be anodic to steeI 
in ali cases, aluminum varied, and tin and nickel always 
cathodic. Galvanic corrosion does not occur when the 
metais are completeIy dry, since there is no electrolyte to 
carry the current between the two electrode areas. 

Distance Effect 
Accelerated corrosion due to galvanic effects is usually 

greatest near the junction, with attack decreasing with 
increasing distance fram that point. The distance affected 
depends on the conductivity of the soIution. This becomes 
obvious when lhe path of the current flow and the 
resistance of the circuits are considered. In high-resistance, 
Df quite pUfe, water the attack may be a sharp groove. 
Two-metaI corrosion is readily recognized by the localized 
attack near the junction. 
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FIGURE 3 ~ Area effect on steel-copper couple Unter
national Nickel Company). 

Area Effect 
Another importaot factor in galvanic corrosion is the 

area effect, ar the ratio af the cathodic to anodic areas. Ao 
unfavorable area fatio consists af a large cathode and a 
small anode. For a given current flow in the cell, the 
current density is greater for a small electrode than for a 
larger one. The greater the current density at an anodic 
area, the greater the corrosion rate. Corrosion af the anodic 
area may be 100 or 1000 limes greater than if the anodic 
and cathodic areas were equal in size. Figure 3 shows two 
good examples Df the area effect. The specimens are riveted 
plates of copper and steel both exposed in the ocean for 15 
months at the same time. On the left are steel plates with 
copper rivets; on the right , copper plates with steel rivets. 
Copper is the more noble, or more resistant, material to 
seawater. The steel plates in the le ft specimen are somewhat 
corroded, but a strong joint still exists. The specimen on 
the right has an unfavorable area ratio , and the steel rivets 
are completely corroded. The rate ar intensity of attack is 
obviously much greater 00 the specimen (the steel rivets) 
coupled to the large copper cathodic area. 

Violation of the above simple ' principIe often results in 
cost\y failures. For example, a plant installed several 
hundred large tanks in a major expansion program o Most af 
the older tanks were made of ordinary steel and completely 
coated on the inside with a baked phenolic paint. The 
solutions handled were only mildly corrosive to steel, but 
contamination of the product was a major consideration. 
The coating on the floor was damaged also because of 
mechanical abuse, and some maintenance was required. To 
overcome this situation, the bottoms of the new tanks were 
made of mild steel c1ad with 18-8 stainless steel. The tops 
and sides were of steel, with the sides welded to the 
stainless c1ad bottoms as ilIustrated by Figure 4. The steel 
was coated with the same phenolic paint, with the coating 
covering only a small portion of the stainless steel below 
the weld. 

A few months after start-up of the new plant, the tanks 
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FIGUR E 4 - Detail of welded steel and stainless clad tank 
construction. 

started failing because of perforation of the side walls. Most 
of the holes were located within a 2 inch band above the 
weld shown in Figure 4. Some of the all-steel tanks had 
given essentially trouble-free life for periods as long as 10 to 
20 years as far as side-wall carrosion was concerned. 

The explanation for the above failure is as follows. In 
general, all paint coatings are permeable and may contain 
some defects. For example , this baked phenolic coating 
would fail in double-distilled water service. Failure of the 
new tanks resulted fram the unfavorable area effect. A 
small anode developed on the mild steel side plates. TlUs 
area was in good electrical contact with the large stainless. 
steel bottom surface. The area ratio of cathode to anode 
was almost infinitely large, causing very high corrosion rates 
in the order of 1000 mpy. 

An interesting sidelight was the plant's c1aim that the 
tanks faHed because of a poor coatiog job oear the welds_ 
They demanded recoating by the applicator; this would 
have cost more thao the original job because af the need for 
sandblasting to remove the adherent phenolic coating 
instead of sandblasting a rusted surface. But failure wauld 
still occur at a rapid rate. 

The plant proved that galvanic corrosion was not an 
importaot factor by conduction corrosioo tests on speci
mens of equal area in boiling solutions. The solutions were 
boiled to accelerate the test, but bOiling removed dissolved 
gases and actual ly decreased the aggressiveness of the 
environment. This problem was solved by coating the 
stainless steel tank bottoms, which reduced the exposed 
cathode area. 

In another plant using similar solutions, failure of the 
coating was accelerated because of uncoated bronze man
hole doors. Bronze doors had been substituted from cast 
steel ones because delivery time for the former was better! 
10 this pIant, compara tive tests were made 00 two large 
tanks side by side in actual service, with the only known 
variable consisting of bronze doors, one coated and one not 
coated. TlUs test showed c1early the acceleration of failure 
beca use of the bronze. 

These examples demonstrate an axiom relating to 
coatings_ If one of two dissimilar metaIs in contact is to be 
coated, the more noble ar more corrosion resistant metal 
should be coated. This may sound like painling the lily to 
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FIGURE 5 - Proper insulation of a flanged joint. 

the uninitiated, but the above information should clarify 
this point. 

Prevention 
A number of procedures or practices can be used for 

combating or minimizing galvanic corrosion. Sometimes 
one is sufficient, but a combination of one ar more may be 
required. These practices are as fo llows: 

I. Select cambinations af metal5 as elase together as 
possible in the galvanic series. 

2. Avoid the unfavorable area effect of a small anode 
and large cathode. Small parts such as fasteners sometimes 
work well for holding less resistant mate riais. 

3. Insulate dissimilar metaIs wherever practicable. It is 
important to insula te completely if possible. A common 

• errar in this regard concerns bolted jain ts such as two 
fianges, like a pipe to a valve, where the pipe might be steel 
or lead and the valve a different material. Bakelite washers 
under the bolt heads and nuts are assumed to insulate tJle 
two parts, yet the shank of the bolt touches both fianges! 
This problem is solved by putting plastic tubes over the bolt 
shanks, plus the washers, so the bolts are isolated com
pletely from the tlanges. Figure 3 shows proper insulation 
for a bolted joiot. Tape and paint to increase resistance af 
the circuit are altematives. 

4. Apply coatings with caution. Avoid situations simi
lar to that described in connection with Figure 4. Keep the 
coatings in good repair, particularly the cne on the anodic 
member. 

5. Add inhibitors, if possible, to decrease the aggres· 
siveness of the environment. 

6. Avoid threaded joints for materiais far apart in the 
series. As shown in Figure 5, much of the effective wall 
thickness of the metal is cu t away during the threading 
operation. In addition, spilled Iiquid or condensed moisture 
can collect and remain in the tluead grooves. Brazedjoints 
are preferred, using a brasing alloy more noble than at least 
one of the metais to be joined . Welded join ts using welds of 
the same alloy are even better. 

7. Design for the use of readily replaceable anodic 
parts or make them thicker for longer life. 

8. Instail a third metal which is anodie to both metais 
in the galvanic contact. 

Beneficiai Applications 
Galvanic corrosion has several beneficiai ar desirable 

applications. As noted before, dry cells and other primary 
batteries derive their electric power by galvanic corrosion of 
an electrode. lt is interesting to note that if such a battery 
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F IGURE 6 - Ga l'lanic corrosioll at perfol·ation in t in and 
zinc-coated steel. Arrows indicate corrosive attack. 

is used to the point where the zinc case is perforated and 
leakage of the corrosive electroly te oecurs, lt becomes a 
galvanic corrosion p roblem! Some other beneficiaI applica
tions are brietly described below: 

Cathodie Protection. The concept of cathodic protec· 
tion is introduced at this point because it úften utilizes the 
principIes of galvanic corrosian. Cathodic protection is 
simply the protection of a metal structure by making it the 
cathode of a galvanic cell. Galvanized (zinc coating) is put 
on the steel, not because it is corrosion resistant, but 
because it is not. The zinc corrodes preferentially and 
protects the steel, as shown by Table 3 and Figure 6. Zinc 
acts as a sacrificial artode. In contrast, tio, which is more 
corrosion resistant than zinc, is sometimes undesirable as a 
coating because it is usuaHy cathodic to steel. At perfora
tions in the tin coating, the corrosion of the steel is 
accelerated by galvanic action. Magnesium is often con
nected to underground steel pipes to suppress their corro
sion (the magnesium preferential1y corrodes). Cathodic 
protection is also obtained by impressing a current fram an 
externaI power source through an inert anode. 

Cleaning Silver. Another use fui applieation concem s 
the use of galvanic corrosion for c1eaning silverware in the 
home. Most household silve r is cleaned by rubbing with an 
abrasive. This removes silver and is particularly bad for 
silver plate because the plating is eventually removed. Many 
of the stains on silverware are due to silve r sulfide. A sim pie 
electrochemical cleaning method consists of placing the 
silve r in an aluminum pan containing water and baking soda 
(do not use sodium chloride). The current generated by the 
contact between silver and aluminum causes the silve r 
sulfide to be reduced back to silver. No silve r is actually 
removed. The silver is then rinsed and washed in warm 
soapy water. It does not look quite as nice as a polished 
surface but it saves wear and tear on the silve r and also on 
the husband or wife (or child) who has to do tl,e job. 
Simultaneous use of ultrasonic c1eaning is fa ster and better, 
but this equiprnent is not generally ava ilable. 

One will sometimes see for sale a piece of magic metal 
which will do the same thing. The directions call for placing 
it in an enameled pano The so called magic metal is usually a 
piece of magnesiurn or aluminum. 

Crevice Corrosion 
Intense localized corrosion frequent ly occurs within 

crevices and other shielded areas on metal surfaces exposed 
to corrosives. This type of attack is usually associated with 
small volumes of stagnant solu tion caused by holes, gasket 
surfaces, lap joints, surface deposits, and crevices under bolt 
and rivet heats. As a result, this form of corrosion is called 
crevice corrosion ar. sometirnes, deposit or gasket corro· 
sion. 

Environmental Factors 
Examples of deposits which may produce crevice 

corrosion (or deposit attack) are sand , dirt , corrosion 
products, and other solids. The deposit acts as a shield and 
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FIGURE 8 - Gasket (crevice) corrosion on a large stainless 
steel pipe flange (E. V. Kunkell. 

creates a stagnant conditíoo there under. The deposit could 
a150 be a permeable corrosian product. Figure 7 shows 
crevice corrosion af a pUfe-silver heating cai! after a few 
hours cf operation. Solids in suspension or solution tend to 
deposit 00 a heating surface. This happened in this case , 
causing the corrosion shown. The silver Iining in the tank 
containing tltis coil showed no attack because no deposit 
forrned there. 

Contact between metal and nonmetallic surfaces can 
cause crevice corrosion as in the case af a gasket. Wood , 
plastics, rubber, glass, concrete, asbes tos, wax, and fabrics 
are examples af materiaIs lhat can cause this type af 
corrosion. Figure 8 is a good example of crevice corrosion 
at a gasket-stainless steel interface. The inside of the pipe is 
negligibly corroded. Stainless steels are particularly suscep
tible to crevice attack_ For example , a sheet of 18-8 
stainless steeI ean be cut by placing a stretehed rubber band 
around it and then immersing it in seawater. Crevice attack 
begins and progresses in the area where the metal and 
rubber are in contact. 

To function aS a corrosion site, a crevice must be wide 
enough to permit liquid entry, but sufficiently narrow to 
maintain a stagnant zone. For this reason;crevice corrosion 
usually occurs at openings a few thousandths of ao inch or 
Iess in widlh. lt rarely oceurs within wide (e.g_, 1/8 inch) 
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F IGURE 9 - Crevice corrosion, initial stage. 

grooves or slots. Fibrous gaskets, which have a wick action, 
form a completely stagnant solution in contact with the 
flange face; this condition forms as almost ideal crevice
corrosion site. 

Mechanism 
Until recently, it was believed that crevice corrosion 

resulted simply from differences in metal ion or oxygen 
coneentratioo between the crevice and its surroundings. 
Consequently, lhe term concentratioll cell corrosion has 
beeo used to describe this form Df attack. More recent 
studies' have shown that although metaI·ion and oxygen
conceotration differences do exist during crevice corrosion; 
these are not basic causes. 

To illustrate the basic mechanism of crevice corrosion, 
consider a riveted pia te sectian of metal M (e.g., iron ar 
steeI) immersed in aera ted sea water (pH 7) as shown in 
Figure 9. The avera ll reaetion involves lhe dissolution of 
metal M and the reduction of oxygen to hydroxide ions. 
Thus: 

Oxidation M -+ M+,+ e (1) 

Reduction 0 , + 2H, O + 4e -+ 40H - (2) 

Initially, these reactions oceur unifonnly over lhe 
entire su rface, including the interior of the crevice. Change 
conservatioo is maintained in both the metal and solution. 
Every electron produced during the formation of a metal 
ion is immediately consumed by the oxygen reduction 
reaction. AIso, one hydroxyl ion is produced for every 
metal ion in the solution. After a short interval, lhe oxygen 
wi thin the crevice is depleted because of the restricted 
convection, so oxygen reduction ceases in this area. This, 
by itself, does not cause any change in corrosion behavior. 
Since the area within a crevice is usually very small 
compared with the externai area, the overall rate of oxygen 
reduction remains almost unchanged. Therefore, the rate of 
corrosion within and without the crevice remains equal. 

Oxygen depletion has an importaot indirect influence, 
which becomes more pronounced with increasing exposure. 
After oxygen is depleted, no furlher oxygen reduction 
occurs, although the dissolution of metal M continues as 
shown in Figure la. This tends to produce an excess of 
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FIGURE 10 - Crevice corrosion,later stage. 

positive charge in the solu tion (M +) which is necessarily 
balanced by the migration of chloride ions in to the 
crevice.(2) This rcsults in an increased concentra tion of metal 
chloride within the crevice. Excep t for the alkali metais 
(e.g., sodium and potassium), metal salts, including chlo
rides and sulfates, hydrolize in water: 

(3) 

Equation (3) shows that an aqueous solution of a Iypical 
metal chJoride dissociates in to an insoluble hydroxide and a 
frce acid. For reasons which are not yet understood, both 
chloride and hydrogen ions accelerate the dissolution rates 
Equation (I) of most metais and alloys. These are both 
present in the crevice as a result of migration and 
hydrolysis, consequently the dissolution increases migra
lion , and Lhe result is a rapidly accelerating, or autocata
Iytic, processo The fluid within crevices exposed to neutral 
dilute sodium chloride possess a pH of 2 to 3. As the 
corrosion within the crevice increases, the rate of oxygen 
reduction on adjacent surfaces also inereases as shown in 
Figure 10. This cathodically protects lhe external surfaces. 
Thus, during crevice corrosion the attack is localize d within 
shielded areas, while the remaining surface suffers little or 
no damage. 

The above mechanism is consistent with the observed 
characteristies of crevice corrosion. This type of attack 
occurs in rnany mediums, although it is usually most 
intense in ones containing chloride. There is often a long 
incubation period associated with crevice attack . Six 
months to a year or more is sometimes required before 
attack commences. Howevcr, once started, it proceeds at an 
ever increasing rate. 

Metais or alloys which depend on oxide films or passive 
layers for corrosion resistance are part icularly susceptible to 
crevice corrosion. These films are destroyed by high 
concentrations of chloride or hydrogen ions, and dissolu-

(2)Hydrox ide ions also migratc from the outside, but thcy are less 
mobile than chloride, and consequently, migrate more slowly. 
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tion rate markedly increases. A striking example of this has 
been reported concerning a hot salíne water solution in a 
stainless steel (18-8) tank in a dyeing plant. A stainless steel 
bolt had fallen into lhe bottom of the stainless tank. Rapid 
attack with red rust developed under lhe bolt afler a brief 
period. Aluminum is also susceptible because of lhe AI, 0 3 
film required for corrosion protection. 

Combating-Crevice Corrosion 
Methods and procedures for combating or minimizing 

crevice corrosion are as follows: 
I. Use welded butt joints instead of riveted or bolted 

joints in new equipment. Sound welds and complete 
penetration are necessary to avoid porosity and crevices on 
lhe inside (if welded only from one side)_ 

2. Close crevices in existing lap joints by continuous 
welding, caulking, or soldering. 

3. Design vessels for complete drainage; avoid sharp 
corners and stagnant areas. Complete draining facilitates 
washing and cleaning and tends to prevent solids from 
settling on the bottom of the vessel. 

4 . Inspect equipment and remove deposits frequently. 
5. Remove solids in suspension early in the process of 

plant flow sheet, if possible. 
6. Remove wet packing materiais during long shut

downs. 
7. Provide unifonn environment, if possible , as in the 

.case of backfilling a pipeline trench. 
8. Use solid, nonabsorbent gaskets, such as Teflon, 

wherever possible. 
9. Weld instead of rolling in tubes in tube sheets. 

Filiform Corrosion 
Although not immediately apparent, filiform co" osion 

(fiIamentary corrosioo occurring 0 0 metal surfaces) is a 
special type of crevice corrosion. lo most instances, it 
occurs under protective film s, and for this reason is often 
referred to as underfilm corrosion. This type of corrosion is 
quite commoo; the most frequent example is the attack of 
enameled or lacquered surfaces of food and beverage cans 
which have been exposed to lhe atmosphere. The red
brown corrosioo filamen ts are readily visible. 

Filiform corrosioo has beeo observed on steel, magne
sium, and aluminum surfaces covered by tin, silver, gold, 
phosphate, enamel, and lacquer coatings. 1t has also been 
observed on paper-backed alurninum foil , with corrosion 
occurring at the paper-aluminum interface. 

Filiforrn corrosion is an unusual type of attack, since it 
does not weaken or destroy metallic components but only 
affects surface appearance. Appearance is very importaot in 
food packaging, and this peculiar form of corrosion is a 
major problem in the canning indus try. Although filiform 
attack 0 0 the exterior of a food ean does not affeet its 
cootents, it does affect the sale of such canso 

Under transpareot surface films, the attaek appears as a 
network of corrosion product trails. The filamen ts consist 
of ao active head and a red-brown corrosioo product tai! as 
illustrated in Figure lI. The filaments are I/ l O inch or less 
wide, and corrosion occurs only in the filament head. The 
blue-green color of the active heat is the characteristic color 
of ferrous ions, and the red·brown coloration of the 
inactive tail is due to the presence of ferric oxide or 
hydrated fe rric oxide. 

lnteraction between corrosion fiJaments is most in ter
esting (Figure 12). Corrosion filaments are initiated at edges 
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FIGURE 11 - Schematic diagram of a corrosion filament 
growing on an iron surface (magnifiedl. 
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FIGURE 12 - Schematic diagrams illustrating the interaction 
between corrosion filaments. (a) Reflectio n of a corrosion 
fitament, (b) spl itting of a corrosion filament, Ie) jo ining of 
corrosion filaments, and (d) "death tra p". 

and tend to move in stra ight lines. Filaments do noi cross 
inac tive tails af other filaments. As is ilIustrated in A, a 
corrosion filam ent upon striking llie inactive tail of another 
mament is reflected. The angle of incidence is usually equal 
lo lhe angle of refleetion. If an ac tively growing filament 
strikes the inactive tail of another mament at a 90 degree 
angle, it may become inactive or, more frequently, it splits 
into two new filaments, each being reflected at an angle of 
approximately 45 degrees as shown in B. The aetive heads 
of two filaments may joio, forming a single new fil ament if 
Ihey approach each other obliquely (C). Perhaps the most 
interesting interaction is the death trap iIlustrated in D. 
Since growing filament5 cannot cross inactive tails, they 
frequently become trapped and die as available space is 
deereased. Examples of death traps are easily found on lhe 
surface of discarded can lids, which have beeo exposed to 
moist atrnospheres. 

Environmental Factors. The most im portant environ
mental variable in filiform corrosion is the relative humidity 
of the atmosphere. Table 4 shows that fili fofm corrosion 
oecurs primarily between 65 and 99% relative humidi ty. If 
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TABLE 4 - Effect of Humidity on Filiform 
Corrosion Df Enameled Steel 

Relative Humidity, % 

0-65 
65-80 
80·90 

93 
95 
100 

Appearance 

No corrosion 
Very thin fil aments 
Wide corrosion filaments 
Very wide filament s 
Mostly blisters. scattered fil iform 
Bl isters 

Hydrolys,s (Iow pH) Fe(OH)3 

Fitm 

Mot ion -+-- - 0, 

O~ygen reduClion (high pH) 

Low 02 concen trotion (Io w oH). 

FIGURE 13 - Cross section of a corrosion filament on a 
steel surface. 

re lative humidity is lower Ihan 65%, lhe metal is unaf
fected ; at more thao 90% humidity corrosion primarily 
appears as blistering. Corrosion blisters are , of course, as 
undesirable as fili form eorrosion. Experimental studies have 
shown thal the type of protective eoating on a metal 
surfaee is relatively unimportaot since filiform corrosion 
has been observed under enamel, lacquer , and metallic. 
coatings. However, coatings with low water penneability 
suppress filiforlTI corrosion . 

Microscopic studies have shown that there is !ittle 'ar no 
corre lation between corrosion filam ents and metallurgieal 
structure. Filarnents tend to follow grinding marks and 
polishing direetion. 

The addi tion of corrosion inhibitors to enamel or 
lacquer coatings has relatively little influence 0 0 the nature 
and extent of corrosion filam ents. Beeau se a f the wormlike 
appearance of corrosion filamen ts, and their lInusual 
inte ractions, early investigators suspected the presence af 
microbiological activity. However, filaments have beeo 
observed to grow in the presenee of toxic reagents, 50 the 
presence ·of biological organisms can be eliminated as a 
contributing factor. 

Mechanism? The mechanism of fili form corrosion is 
not completely understood. The basic meehanism appears 
to be a special case of creviee corrosÍon as is illustrated in 
Figure 13. During growlh, lhe head of the filament is 
supplied with water from the surrounding atmosphere by 
osmotie action due to the high concentration of dissolved 
ferrou s ions. Osmosis tends to remove water from the 
inaetive taU, because of the low concentration of soluble 
salts (iron has preeipilated as ferrie hydroxide). Thus, as 
shown in Figure i3, atrnospheric water continuously 
diffuses in to lhe aetive head and out of lhe inactive lai\. 
Allhough oxygen diffuses through Ule film at ali points, lhe 
eoncentration of oxygen at the interface between the tail 
and the head is high beeause of late ral diffusion. Corrosion 
is restric ted to the heat where hydrolysis of the corrosi on 
products produees an acidic environmen t. Thus, filiform 
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corrosion can be viewed as a self-propagating crevice. 
Allhough Figure !3 adaqualely explains lhe basic corrosion 
mechanism, the unusual growth characteristics (i .e., lack of 
spreading) and interactions between filaments are not 
understood. 

Prevention. There is no completely . satisfactory way to 
prevent filiform corrosion. An obvious ,method is to score 
coated metal surfaces in low humidity environrnents. 
A1though this technique can be used in some instances, it is 
not always practical for long-time storage. Another preven
tive measure which has been employed consists of coa ting 
with brittle films. Jf a corrosion fiJament begins growing 
under a brittle coating, the film cracks at the growing head. 
Oxygen is lhen admitted lo lhe head , and lhe differenliaI 
oxygen concentration originally present is removed and 
corrosion ceases. However as noted above, corrosion fila
ments usually start at edges. Hence, a new corrosion 
filamenl begins aI lhe point of ruplure. AIlhough brittle 
films suppress the growth rate of corrosion màments, they 
do not offer much advantage since articles coated with such 
film must be handled very care fully to prevent damage. 
Recent developments with films of very low water perm
eability hold some promise in preventing filiform corrosion. 

Pitting 
Pitting is a form of extremely localized attack that 

results in holes in the metal. These holes may be small or 
large in diameter, but in most cases are relatively small. Pits 
are sometimes isolated ar so dose together that they look 
like a rough surface. Generally a pit may be described as a 
cavity or hole with the surface diameter about the same as 
or Iess Ihan lhe deplh. 

Pitting is one of the most destructive and insidious 
forms of corrosion. It causes .equipment to fai! because of 
perforation with only a small percen t weigh t 10ss of the 
entire structure. lt is often difficult to detect pits because 
of their small size, and because the pits are often covered 
with corrosion products. In addition, it is difficult to 
measure quantitatively and compare the extent of pitting 
because of lhe varying deplhs and number of pits lhal may 
occur under identical conditions. Pitting is also difficult to 
predict by labOIatory tests. Sometimes the pits require a 
long time (several months OI a year) to show up in actual 
service. Pitting is particularly vicious because it is a 
localized and intense form of corrosion, and failures often 
occur with extreme suddenness. 

Pit Shape and Growth 
Figure 14 is an example of pitting of 18-8 stainless steel 

by sulfuric acid containing ferric chloride. Note the sharply 
defined holes and lhe lack of attack on most of lhe melaI 
surface. This attack developed in a few days. However, this 
is an extreme example, since pitting usually require s 
months or years to perforate a metal sectibn. Figure 15 
shows a copper pipe lhal handled polable water and failed 
after several years' service . Numeraus pits are visible, 
together with a surface deposit. 

Pits usuaHy grow in the direc tion of gravity. Most pits 
develop and grow downward fram horizontal surfaces . 
Lesser numbers start on vertical surfaces, and only rarely do 
pits grow upward from the bottom of horizontal surfaces. 

Pitting usually requires an extended initiation period 
befare visible pits appear. This period ranges from months 
lo years, depending on bolh lhe specific melaI and lhe 
corrosive. Once started, however, a pi! pene trates the metal 
at an ever-increasing rate. In addition, pits tend to 
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FIGURE 14 - Pitting of 18-8 stainless steel by acid-chloride 

solution . 

FIGURE 15 - Pitt ing of a copper pipe used for cir inking 

water. 

FIGURE '16 - Pitting of stai nless steel condenser tube . 

No corrosian Pitting Overoll corrosian 

F IGURE 17 Diagrammatic representation of pitting 
corrosian as an intermediate stage. 

undermine or undercu t the surface as they grow. This 
aspect, illustrated in Figure 16, shows a magnified section 
of a 16% Cr stainless sleeI (Type 430) lube which failed 
because of small pinhole leaks. The tube contained circu
lating water for cooling nitric acid in a plant making this 
acid. The oulside of lhe tube (bottom) was exposed lo lhe 
process side, OI rutric acid side, and no measurable 
corrosion occurred on this .surface. The cooling water 
contained a small amount of chlorides. Pitting started on 
the inside (upper) surface and progressed outwards. The 
hole in the bottom surface is the actualleak . The tendency 
af pits to undercut the surface makes their detection much 
more difficult. Subsurface damage is usually much more 
severe than is indicated by surface appearance. 

Pitting may be considered as the intermediate stage 
between general overall corrosion and complete corrosion 
resistance. This is shown diagramatically in Figure 17. 
Specimen A shows no attack whatsoever. Specimen C has 



pH = 2 pH = 4 pH == 6 

pH "" 8 pH = 10 pH = 12 

FIGURE 18 - Corrosion of steel after 24 hours in 5% NaCI 
and 500 Ib / in. 2 oxygen pressu re (Continental Oil Co.1. 

metal removed ar dissolved uniformly over the entire 
exposed surface. Intense pitting occurred on specimen B at 
the points of breakthrough. This situat ion can be readily 
demonstrated by exposing three identical specimens of 18-8 
stainless steel to ferric chloride and increasing the concen
tration and/or the temperature as we move to tlle righ t in 
Figure 17. Very dilute, cold, ferric chloride produces no 
attack (in a short time) on A, but strong hot ferrie ehloride 
dissolves specimen C. Riggs, Sudbury, and Hutchinson3 

have observed a striking example of this during a study of 
the effects of high oxygen pressure and pH on the corrosion 
of steel by a 5% NaCI brine. Figure 18 shows that as pH is 
increased, the corrosion progresses from general corrosion 
to highly localized pitting. Beginning at pH 4, the pits are 
covered by a cap of corrosion products. At .pH 12, the 
corrosion products assume an unusual tubular shape and 
corrosion rates are 17,000 mpy at Ill e bottom of the tubes! 
The mechanism of this effect is discussed in the following 
section. 

Autocata/ytic Nature of Pitting 
A corrosion pit is a unique type of anodic reaetion. lt is 
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FIGURE 19 - Autocatalytic processes occurring in a 

corrosion pito 

ao autocatalytic processo That is , the corrosion processes 
within a pit produce conditions which are both simulating 
and necessary for the continuing activity of the pi 1. This is 
ilIustrated schematically in Figure 19. Here a metal M is 
being pitted by an aerated sodium chloride solution. Rapid 
dissolution occurs wi thin the pit, while oxygen reduction 
takes place on adjacent surfaces. This process is self-stimu
lating and self-propagating. The rapid dissolution of metal . 
within tlle pit tends to produce an excess of positive charge 
in this area, resu lting in the migration of chloride ions to 
maintain electro-neutrality. Thus, in the pit there is a high 
concentration af MCI and, as a result of hydrolysis [See 
Equation (3) ] , a high concentration of hydrogen ions. Both 
hydrogen and chloride ions stimulate the dissolution of 
most metais and alloys, and the entire process accelerates 
with time. Since the solubili ty of oxygen is virtually zero in 
concentrated solutions, no oxygen reduction occurs within 
a pit. lhe cathodic oxygen reduction on the surfaces 
adjacent to pits tends to suppress corrosion. [n a sense, pits 
catlrodieal1y protect the rest of the metal surface. 

Although Figure 19 indicates iJow a pit grows through 
self-stimuJation , it does not immediately suggest how this 
process is initiated. Evans4 has indicatcd how it could lead 
to the start of pitting. Consider a piece of metal M devoid 
of holes ar pUs, immersed in aerated sodium chloride 
solution. If, for any reason the rate of metal dissolution is 
momentarily high at one particular point, chloride ions will 
migrate to this poin!. Since chloride stimulates metal 
dissolution, this change tends to produce conditions which 
are favorab le to further rapid dissolution at this point. 
Locally , dissolution may be momentarily high because of a 
surface scratch, an emerging disloca tion ar other defect, or 
random variations in solution composition. It is apparent 
that during the initiation or early growth stages of a pit, 
conditions are rather unstable_ The 10cal1y high concentra
tion of chJoride and hydrogen ions may be swept away by 
stray convection currents in the solution since a protective 
pit cavity does not exist. The authors have observed that 
new pits are indeed unstable , since rnany becorne inactive 
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FIGURE 20 - Corrosion tube growth mechanism (Conti. 
nental Oil Co. L 

after a few minutes' growth. 
The gravity effect mentioned before is a direct result of 

the au tocatalytic nature of pitting. Since the dense , 
concentrated soIu tion within a pit is necessary for its 
continuing activity, pits are most stable when growing in 
the direction of gravity. Also, pits are general1y initia ted on 
the upper surfaces of specimens because chloride ions are 
more easi1 y retained under these conditions. 

The pits wi th tabular corrosion products shown in 
Figure 18 grow by a mechanism similar to _that described 
above. Figure 20 indicates the mech anism pro'posed by 
Riggs, Sudbury , and Hutchinson. At the interface between 
tile pit and tile adjacent su rface, iran hydraxide form s due 
to interaction between the OH- praduced by the cathodic 
reac tion and the pi t-corrosion product. This is further 
oxidized by the dissolved oxygen in lh e solution to 
Fe(OH)" Fe,04 , Fe2 O" and othe, oxides. This rust rim 
grows in the fonn of a tube as shown in Figure 20. The 
oxides forming the tube were identified by X·ray diffrac· 
tion. 

Comparison of Figures 20, 19, and lO shows that the 
mechanism of pi t grawth is virtually identical to that of 
crevice corrosion. This similarity has prompted some 
investigators to conclude that pitting is in reality only a 
speciaI case of crevice corrosion. This view has some merit , 
since alI systems which show pitting attack are particularly 
susceptible to crevice eorrosion (e.g. , stainless steels in sea 
water or ferri e chloride). However, the reverse is not always 
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correct: many systems which show crevice attack do not 
suffer pitting on freely exposed surfaces. It appears to us 
that pitting, although quite similar to crevice corrosion, 
deserves special consideration since it is a self-initiating 
form of crevice corrosion. Simply, it does not require a 
crevice, it creates its own. 

Solution Composition 
From a practicaJ standpoint, most pitting failure s are 

caused by 'chloride and chlorine-containing ions. Chlorides 
are present in varying degrees in most waters and solutions 
ma de with water. Much equipment operates in sea water 
.nd brackish waters. Hypochlorites (bleaches) are difficult 
to handle because of their strong pitting tendencies . 
Mechanisms for pitting by chlorides are controversial and 
not well established. Perhaps the best explanation is the 
acid.forming tendency of chloride salts and the high 
strength of its free acid (HCI). Most pitting is associated 
with halide ions, with chlorides, bramides, and hypo· 
chlorites being the most prevalent. Fluorides and iodides 
have comparatively Iittle pitting tendencies. 

Oxidizing metal ions with chlorides are aggressive 
pitters. Cupric, ferric, and mercuric halides are extremely 
aggressive. Even our most corrosion·resistant alloys can be 
pitted by CuCI2 and FeCI,. Hatides of lhe nonoxidizing 
metal ions (e.g., NaCI, C.C h) cause pitting but to a much 
lesser degree of aggressiveness. 

Cupric and ferric chlorides do not require the presence 
·of oxygen to promote attack because their cations ean be 
cathodically reduced. These ions are reducib le as follows: 

Cu* + 2e -+ Cu 

Fe+i++e-+Fe* 

(4) 

(5) 

In other words, they are electron accep tors. This is one 
reason ferrie chloride is' widely used in pitting studies. The 
reactions are not ~ppreciably affected by the presenee ar 
absence of oxygen. 

Pitting can be prevented ar reduced in many instances 
by the presence' of hydroxide, chromate, or silicate satts. 
However, these substances tend to accelerate pitting when 
present in small concentrations. 

Velocity 
Pitting is usually associated with stagnant conditions 

such as a liquid in a tank or liquid trapped in a low part of 
an inactive pipe system. Velocity , or inereasing velocity, 
often decreases pitting attack. For example, a stainless steel 
pump would give good service handling seawater if it were 
run continuously but would pit if it were shut down for 
extended periods. Figure 21 demonstrates this poin!. The 
material is Type 316 stainless steel, and the environmen t an 
acid-ferrie chloride mixture at e!evated tem pera ture. This 
test was run for 18 hours at the same time and in the same 
solution. Specimen C was exposed to high velocity fl ow 
(about 40 ft/sec) and specimen A to a few feet per second, 
while specimen fi was in a quie t or completely static 
solution. All specimens show pitting, but the depth of 
penetration in C is relatively smal\. Pitting is more intense 
on A, and B has deep and la rge wonn holes. 

Metal/urgical Variables 
As a c1ass, the stainless stee! alloys are more susceptible 

to damage by pitting corrosion than are any other group of 



FIGURE 21 - Effect of velocity on pitting of stainless steel. 

metaIs or alloys. As a result, numerous alloy studies have 
been devoted to improving the pitting resistance of stainless 
steels. The results are summarized in Table 5. 

Holding Types 304 and 316 sl~in less sleel in lhe 
sensilizing lemperalure range [950 lo 1450 F (5 10 lO 788 
C) ] decreases their pitting resistance. Austenitic stainless 
steels exhibit the greatest pitting resistanee when solution
quenehed above 982 C (1800 F). 

Severe eold-working inereases the pitting aUaek of 18-8 
stainless steels in fenie chloride. Preferential edge pitting is 
usually obseIVed on most wrought stainless products. 

Surfaee finish often has a marked effect on pitting 
resistanee. Pitting and loealized corrosion are less likely to 
oeeur on polished than on etehed ar ground surfaces. 
Generally, the pits that form on a polished surfaee are 
larger and penetra te more rapidly than those on rough 
surfaces. 

Ordinary steel is more resistant to pitting than stainless 
steel alloys. For example, the pitting of stainless steel 
condenser tubing exposed to brackish water or sea water 
often ean be alleviated by the substitution of steel tubes. · 
Although the general corrosion of steel is much greater than 
that of stainless stee!, rapid perforation due to pitting does 
not occur. 

Evaluation oi Pitting Damage 
Since pitting is a localized form of corrosion, conven

tjonal weight-Ioss cannot be used for evaluation or com pari
son purposes. Metal loss is very small and does not indicate 
the depth of penetration. Measurements of pit depth are 
complicated by the fact that there is a statistical variation 
in the depths of pits on an exposed specimen as shown in 
Figure 22. Nole Ihal lhe average pil dep th is a poor way lo 
estimate pit damage, since it is the deepest pit which causes 
failure . 

Examination of Figure 22 suggests that a measurement 
of maximum pit depth would be a more reliabie way cf 
expressing pitting conosion. This is conect, but such 
measurements should neve r be used to predict equipment 
tife since pit depth is also a function of sample size. This is 
shown in Figure 23, which shows the relative probability of 
finding a pit of a given depth as a function of exposed area. 
For examp1e, Ihere is a probability of 0.2 (20%) of a pil 
with a depth of d occurring on a sample with an area of I . 
On a specimen four times larger, it is a virtual certainty 
(probabilily ~ 1.0) Ihal a pil of Ihis depth will oeeur, and a 
90% chance that a pit twice as deep will also oecur. This 
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TABLE 5 - Effects of Alloying on Pitting 
Resistance of Stainless Steel Alloys 

Element 

Chromium 

Nic kel 

Molybdenum 

Silicon 

Ti ta nium and 

co lumbium 

Sulfur and 

seleni um 

Carbon 

Nitrogen 

-t 
l" 
·ii 

Õ 
:o 

D 

E 
o z 

O 

Effect on Pitting Resista nce 

I ncreases 

I ncreases 

Increases 

Decreases; increases wh en 

present with molybdenum 

Decreases resistance in FeCI3; 

other med iums no effect 

Decreases 

Decreases, especially in sensi · 

t ized condition 

I ncreases 

Averoge 
depth 

I 

Pit depth~ 

FIGURE 22 - Relationship between pit depth and the 

number of pits appearing on a corroded surface. 

Depth=o 

Depth = 30 

o 
o 2 3 4 5 6 

Specimen oreo (arbitrary units) 

FIGURE 23 - Pit depth as a function of exposed area. 

c1ear1y indicates that attempts to predict the lHe of a large 
plant on the basis 01' tests conducted on smaJJ laboratory 
spebmens would be unwise . However, for laboratory 
comparisons of pitting resistance, maximum-pit-depth 
measurements are reasonably accurate. 

Prevention 
The methods suggested for combating crevice corrosion 

generally apply also for pitting. MateriaIs that show pitting, 
or tendencies to pit, during conosion tests should not be 
used to build the plant ar equipment under consideration. 
Some materiaIs are more resistant to pitting than others. 
For example , the addition of 2% molybdenum lo 18-8S 
(Type 304) lo produce 18-8S Mo (Type 316) results in a 
very large increase in resistance to pitting. The addition 
apparently results in a more protective or more stable 
passive surface. These two materiaIs behave so differently 
that one is considered unsuitable for sea water service, but 
the other is sometimes recommended. The best procedure is 
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to use materiaIs that are known not to pit in the 
environment under consideration. As a general guide, the 
foHowing list Df metais and alloys may be used as a 
qualitative guide to sui table materiais. However, tests 
should be conducted before final selection is made. 

InJas;ng 
pitting 

Type 304 sta inless steel 
Type 316 stai nless steel 
Hastellov F, Nionel, o r Du rim et 20 
Hastelloy C or Ch lorimet 3 
Tita nium 

Adding inhibitors is sometimes helpful, but Ihis may be 
a dangerous procedure unless attack is stopped completely. 
If it is not, the intensity of the pitting may be increased. s 

Intergranular Corrosíon 
Grain·boundary effects are of Iittle or no consequence 

in most applications or uses of metais. lf a metal corrodes, 
uniform aUack results since grain boundaries are usually 
only slightly more reactive than the matrix. However, under 
certain conditions, grain interfaces are very reactive and 
intergranular corrosion resu lts. Localized attack at and 
adjacent to grain boundaries, with relatively li ttle corrosion 
of the grains, is intergranular corrosion. The alloy disinte
grates (grains faH out) and/ar loses its strength. 

Intergranular corrosion can be caused by impurities at 
the grain boundaries, enrichment of one of the alloying 
elements, or depletion of one of these elements in the 
grain-b oundary areas. Smal! amounts of iron in aluminum, 
wherein the solubility of iron is low, have been sh own to 
segregate in the grain boundaries and cause intergranular 
corrosion. lt has been shown tha t based on surface·tension 
considerations, the zinc content of a brass is h igher at the 
grain boundaries. Depletion of chromium in the grain
boundary regions results in in tergranular corrosion of 
stainless steels. 

Austenitic Stainless Steels 
Numerous faUures of 18-8 stainless steels have occurred 

because of intergranular corrosion. These happen in envi
ronments where the alloy should exhibit excellent corro
sion resistance. When these steels are heated in approxi
mately lhe temperature range 5 10 to 788 C, they become 
sensitized or susceptible to intergranular corrosion . For 
example, a procedure to sensitize intentionally is to heat ai 
649 C (1200 F) for I hour. 

The almost universally accepted theory -for inter
granular corrosion is based on impoverishment or depletion 
of chromium in the grain-boundary are as. The addition of 
chromium to ordinary steel imparts corrosion resistance to 
the steel in ITIany environments. Generally more than 10% 
chromium is needed to ITIake a stainless steel. If the 
chromium is effectively lowered, the relatively poor corro
sion resistance of ordinary steel is approached. 

In the temperature range indicated , Cr2 3 C6 (and 
carbon) is virtually insoluble and precipitates out Df solid 
solution if carbon contenl is about 0.02% or higher. The 
chromium is thereby removed from solid solution, and the 
result is metal with lowered chromium content in lhe area 
adjacent to the grain boundaries. The chrom ium carbide in 
lhe grain boundary is not attacked. The chromium depleted 
zone near the grain boundary is corroded because it does 
not contain sufficient corrosion resistance to resist attack in 
many corrosive environments. The common 18-8 stainless 
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FIGURE 24 - Oiagram matic representation of a grain 
boundarv in sensiti zed Type 304 stainless steel. 

Groin Grein 

Oisselved meto I 

FIGUR E 25 - Cross section of area shown in Figure 24 . 

steel (Type 304) usualJy contains from 0.06 to 0.08% 
carbon , so excess carbon is available for combining with the 
chromium to precipita te the carbide. This situation is 
shown schematically in Figure 24. Carbon diffuses towards 
the grain boundary quite readily at sensitizing tempera
tures, but chromium is much less mob ile. The surface 
already available at the grain boundary facilitates the 
fonnation of a new surface, namely tha t of the chromium 
carbide. 

There is some evidence to indicate that the chromium 
conte nt at the boundary may be reduced to a very low levei 
or zero. Assume that the chromium content is reduced to 
2%. Corrosion resistance is lowered, two dissimilar metal 
compositions are in contact, and a large unfavorable area 
ratio is present. The depleted area protects the grains. The 
nel effect is rapid attack in the impoverished area, with 
little or no attack on the grains. 

If tne alloy were cut into a t11in sheet and a cross 
section of the grain boundary area made, it would look 
something Iike Figure 25 . The corroded area would appear 
as a deep, narrow trench when observed at low magnifica
tions such as 10 diameters. 

Chromium carbide precipitates have been described for 
many years as particles beca use they are too small for 
detailed examination by the light microscope . Mahla and 
Nielsen of DuPont, using the electron microscope , have 
shown that the carbide forms as a film or envelope around 
the grains in a leaf-like structure. Figure 26, which is from 
their work, shows the residue after the metallic portions of 
the alloy were dissolved in strong hydrochloric acid. This 
emphasizes the point, indicated by Figure 25, thal ti1e 
carbides themselves are not attacked: the adjacenl metal 
depleted in chromium is dissolved. (n fact, this acid rapidly 
corrodes ali Df the 18-8 type alloys regardless of hea t 
treatment. 



FIGURE 26 - Electron photomicrograph of carbides isolated 
from sensitized Type 304 stainless steel. 

FIGURE 27 - Intergranular corrosion in weld decay zone. 
Right, Type 304, and left , stabilized with titanium. 

We/d Decay 
Many failures of 18·8 occurred in lhe early history of 

this material until the meehanism of in tergranular eorrosion 
was understood. Failures still oeeur when this effee t is no't 
considered. These are associated with welded stru etures, 
and the material attaeked intergranularly is ealled weld 
decay. The weld·decay zone is usually a band in lhe parenl 
pia te somewhat removed from the weld. Such a zone is 
shown in Figure 27 lo tlle righl of lhe weld. The sugary 
appearanee is due to the small protruding grains that are 
aboul lO drop off. This specimen was exposed lo boiling 
nilric acid afler welding. The absence of we1d decay to lhe 
lefl of lhe weld if explained under ContraI for Austenitic 
Stainless Steels. 

The metal in the weld-deeay zone must have been 
heated in the sensitizing range. Figure 286 is a tablecloth 
analogy of heat fl ow and temperatures associated with 
welding. Visualize a mountain-like block being moved on a 
lable under an elaslic slriped lableclolh. This moving block 
represenls lhe weld being made along lhe plale. The rise 
and fa ll of each slripe represents lhe rise and fa ll of 
temperature in the welded pIa te. The dark center line in 
Figure 28 is lhe cenler of lhe weld, which is the hottest 
(above tlle melting poinl). The lines wilh tlle x's represenl 
temperatures in the sensitizing zone. These x lines corre
spond to tlle weld·decay zone in Figure 28 . 

Figure 296 depicts in diffe rent form essentially the same 
picture. Thermocouples were placed at points A, B, C, and 
D, and temperatures and times recorded during welding. 
The melai at points B and C (and between these points) is 
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FIGURE 28 - Table cloth analogy of heat flow and 
temperatures during welding. Visualize a mountainlike block 
being moved beneath an elastic striped tablecloth. The rise 
and fal,1 of each stripe represents the rise and fa li of 
temperatu'; in a welded plate (DuPont Co.). 
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FIGURE 29 - Temperatures during electric·arc welding of 
Type 304 stainless steel (DuPont Co.). 

in the sensitizing temperature range for some time. Time 
and tempera ture re lationships vary with the size or thick
ness of lhe material welded, the time to rnake the weld, and 
lhe Iy pe af welding. For example, thin sheet is rapidly 
welded, whereas heavy plate may take several weld passes. 
For sheet' 1/8 inch thick or less, time in the sensitizing 
range is su fficiently short so as not to cause in te rgranular 
corrosion in environrnents not particularly selective or 
aggressive to stainless stee ls. Cross welds would essentially 
double the time in this range, and appreciable carbide 
preeipitation may occur. 

Time and temperature effects provi de one reason why 
electrie arc welding is used more than gas welding for 
stainless steels. The former produees higher and mOfe 
intense heating in shorter times. The latter wou ld keep a 
wider zone of metal in the sensitizing range for a longer 
time, which means greater carbide precipitation. 

It should be emphasized Ulat sensitized stainless steels 
do not fail in ali corrosive envi ronmen ts, beca use these 
steels are often used where the fuH corrosion resistance of 
the alloy is not required ar where selective eorrosion is not 
a problem. Examples are food equipment, kitchen sinks, 
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FIGURE 30 - Elimination of weld decay by Type 304L. 

automobile trim , and facings 011 buildings. However, it is 
desirab le to have ali Df the metal in the condilion Df its best 
corrosion resistance for the more severely corrosive applica
tions. 

ContraI for Auslenitic Stainless Steels 
Three methods are used to control ar minimize 

intergranular corrosion af the austenitic stainless steels: (I) 
employing high-temperature solution heat treatment , com
l110nly termed quench-annealing ar solution-quenching, (2) 
adding elements that are strong carbide formers (ca lled 
stabilizers), and (3) lowering tlle carbon con(ent to below 
0.03%. 

Commercial solution-quenching treatments consist of 
heating from 1066 (o 11 2 1 C (1950 to 2050 F) followed 
by water-quenching. Chromium carbide is dissolved at these 
temperatures, and a more homogeneous alloy is obtained. 
Most of the austenitic stainless steels are supplied in this 
condition. If welding is used during fabricat ion , the 
equipment must be quench-annealed to elimina te suscep
tibility to weld decay. This poses an expensive problem for 
large equipment and, in fact fumaces are not available for 
heat-treating very large vessels. [n addition, welding is 
sometimes necessary in the customer's plant to make 
repairs ar, for example, to attach a nozzle to a vesseL 

QlIenching, or rapid cooling from the solution tempera
ture, is very important. If cooling is slow, the entire 
structure would be susceptib le to intergranular corrosion. 

The strong carbide formers or stabihzing elem ents, 
columbium (or columbium plus tantalllm) and titanium, are 
used to produce Types 347 and 321 stainless steels, 
respectively. These elements have a much greater affinity 
for carbon than does chromium and are added in sufficient 
quantity to combine with ali of the carbon in the steel. The 
stabilized steels eliminate the economic and other objec
tions of saiu tion-quenching the unstabilized steels after 
fabrication or weld repair. The left plate in Figure 27 does 
not show weld decay, because it is Type 32 1. The same 
picture would be obtained if it were Type 347. 

Lowering tlle carbon to be\ow 0.03% (Type 304L) does 
not permit sufficienl carbide to form to cause intergranular 
attack in most applications. One producer calls these the 
extra-Iow-carbon (ELC) steels. Figure 30 shows a situation 
similar to Figure 27, except that here weld decay is absent 
in the low-carbon plate. The vertical trenches are due to a 
weld bead deposited on the back surface of the specimen . 

The original 18-8 steels contained approximately 0.20% 
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FIGURE 31 - Knife-line attack on Type 347 stainless steel. 

carbon, but this was quickly reduced to 0.08% because of 
rapid and serious weld-decay failures. Lowering the carbon 
content much below 0.08% was not possible unW it was 
discovered that it was possible to blow oxygen through the 
me lt to bum out carbon and until low-carbon ferrochrome 
was developed. 

These stainless steel have a high solubility for carbon 
, when in the molten state and therefore have a tremendous 
propensity for picking up carbono For example, the intent 
of lhe low-carbon grades is obviated when the welder 
carefully cleans the beveled plate with an oily or greasy rag 
before welding' 

A few isolated carbides that may appear in Type 304L 
are not destructive for many appHcations in which a 
continuous network of carbides would be catastrophic. In 
fact, the susceptibiJity to intergranu lar corrosion Df the 
austenitic stainless .steels can be reduced by severely 
cold-working the alloy. Cold-working produces smaller 
gra ins and many slip !ines, which provide a rnuch larger 
surface for carbide precipitation. This is not, however , a 
recommended or pract ical procedure. 

Knife-Iine A Itack 
The stabilized austenitic stainless steels are attached 

intergranularly, under certain conditions, because of chro
mium carbide precipitation. Columbium ar titanium fai! to 
combine with the carbono Figure 31 shows a section of a 
Type 347 (18-8 + Cb) drum which contained fuming nitric 
acid. Severe intergranular attack occurred in a narrow bank, 
a few grains wide, on both sides of the weld and 
immediately adjacent to 'it. Practically no corrosion is 
observable on the remainder of the container. This phenom
enoo was studied at Ohio Sta te University and the basic 
mechanism for failure estabHshed.7 It was christened 
knife-line attack because of its distinctive appearance. 

Knife-line attack (KLA) is similar to weld decay in lhat 
they- both result fram intergranular corrosion and both are 
associa ted with welding. The two major differences are (I) 
KLA occurs in a narrow band in the parent metal 
immediately adjacent to the weld, whereas weld decay 
develops at an appreciable distance from the weld, (2) KLA 
occurs in the stabilized steels, and (3) the thermal history 
õ f the metal is different. 

The mechanism for the failure of this drum is based on 
the solubility of columbium in tlle stainless steel. Colum-
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FIGURE 32 - Schematic chart showing solution and 
precipitation reactio ns in Tvpes 304 and 347. 

bium and columbium carbides dissolve in the metal when it 
is heated to a very high temperature and they remain in 
solution when cooled rapidly from this temperature. The 
columbium stays in solu tion when Lhe metal is then heated 
in the chromium carbide precipitation range; columbium 
carbide does not form , and the metal behaves (sensitizes) as 
though it were 18-8 without columbium. 

The temperature of lhe weld metal is high enough to 
melt lhe al loy during welding, say, 1650 C (3000 F). The 
metal adjacent to the weld is also at a high temperature 
because it is in contact with molten metal. The unmelted 
sheet is lherefore just below lhe melting point, which is 
around 1427 to 1483 C (2600 to 2700 F). A sharp lhermal 
gradient exists in the metal because of the relatively poor 
termal conductivity of 18-8 and beca use the welding 
operation on lhis thin (1 / 16 inch) sheet is rapid (to avoid 
buming lhrough). The lhin shee t coais rapidly after 
welding). 

This situation can be better explained by means of the 
chart shown as Figure 32. The stainless steel as received 
from the steel mill contains columbium carbides and 
essentially no chromium carbides because it was heat, 
treated by water-quenching fram 1066 C. Focus attention 
now on the narrow band of metal adjacen t to the weld. 
This \Vas heated to around 1427 C and caoled rapidly. 
According to lhe chart lhis band of metal has everylhing in 
solu tion (no precipitation of eilher carbide). If lhis metal is 
not heated in lhe sensitizing range of about 510 to 760 C 
(950 to 1400 F) as lhe drum was to relieve stress, only 
chromium carbide preeipitates, because the temperature is 
not high enough to form coJumbium carbide. If the drums 
were not heated after welding, failure would not have 
occurred, because no ca rbides would have been present. 

A simple experiment proves the mechanism. Take a 
sample of 18-8 + Cb, heat to 1260 C (2300 F), and quench 
in water. Now heat it for 1/2 hour at 649 C and coai. The 
entire sample sensitizes essentially the same as 18-8 (no 
Cb). 

The obvious remedy to avoid knife- line aUack is to 
heat the completed structure (after welding) to araund 
1066 C. According to the chart, chromium carb ide dissolves 
and columbium carbide forms, .which is the desired situa
tion. The rate of cooling after the 1066 C treatment is not 
important. 

Titanium-stabilized sta inless steeI (Type 321) is also 
subject to knife-line attack under conditions similar to 
Type 347. Type 304L steels have been given superior 
performance in cases where the stabilized steels exhibited 
knife-line attack. 
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FIGURE 33 - Intergranuíar corrosion ot ancient Greek 
bronze. 

/ntergranular Corrosion of Olher Alloys 
High-strength aJ uminum alloys depend on precipitated 

phases for strengthening and are susceptible to intergranular 
corrosion. For example, the Duraluminum-type alIoys 
(A I-Cu) are strong because af precipitation of lhe com
pound CuAI, . SubstantiaI potentiaJ differences between lhe 
copper-depleted areas and adjacent material have been 
demonstrated. When lhese alloys are soIution-quenched, to 
keep lhe copper in solutian, their susceptibility to inter
granular corrosion is very small but they possess low 
strength. Other precipitates, such as FeAI" Mgs AI" Mg, Si, 
MgZnz , and MnA I6, a]ong grain boundaries or slip tines in 
other aluminum-alloy systems show somewhat similar 
characteristics, but perhaps Iess drastic. Some magnesíum 
and copper base alloys are in the same category. 

Die-cast zinc all oys containing aluminum exhibit inte r
granular corrosion by steam and marine atmospheres. 

Intergranular attack can be rapid or slow. Figure 33 
shows an aneient Greek bronze, circa 500 B.C. 

Selective Leaching 
Selective leaching is the removal of one element from a 

solid alloy by corrosion processes: The most common 
example is the selective removal of zinc in brass alIoy 
(dezincification). Similar processes occur in other alloy 
systems in which aluminum, iran, cobalt, chromium, and 
other elements are removed. Selective leaching is the 
general te rm to describe these processes, and its use 
precludes the creation of te rrris such as dealuminumifica
tion, decobaltification, etc. Parting is a metallurgicaI term 
that is some times applied, but selective leaching is pre
ferred. 

Dezincification: Characten'stics 
Common yellow brass consists of approximately 30% 

zinc and 7f'ffo copper. Deziocification is readily observed 
wi th the naked eye, beca use the alloy assumes a red or 
copper color contrasting with the original yellow. There are 
two general types of dezincification, and both are readily 
recognizable. One is uniform , or layer-type, and the other is 
Iocalized, ar plug-type, dezincification. Figure 34 shows an 
example of uniform attack. The dark inner layer is the 
dezincified portioo, and the outer layer is the unaffected 
yellow brass. Penetration of abou! 50% of lhe pipe wall 
occurred after several years in potable-water service. 
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FIGURE 34 - Uniform dezincification of brass pipe. 

FIGURE 35 - Plug·type dezincification. 

Figure 35 is a good example of plug-type dezincifica
tioo. The dark areas are the dezincified plugs. The 
remainder of the tube is not corroded to any appreciable 
extent. This tube was removed fram a powerhouse heat 
exchanger with boiler water on one side and fuel combus
tion gases on the outside. Figure 36 is a section thraugh one 
of the plugs. Attack slarted on the water side of the tubing. 
Addition of zinc to copper 10wers the corrosion resistance 
of the copper. If the dezincified area were good solid 
copper, the corrosion resistance of the brass would be 
improved. Unfortunately, the dezincified portion is weak, 
permeable, and porous as indicated in Figure 36. The 
material is brittle and possesses little aggregate strength. 
This tube failed because af holes caused by some of the 
plugs being blown out by the water pressure (:dark.est areas 
in Figure 35) . 

Overall dimensions do not change appreciably when 
dezincification occurs. If a piece of equiprnent is covered 
with dirt or deposits, or not inspected closely, sudden 
unexpected failure may occur because of the poor strength 
of dezincified material. 

Uniform, or layer-type , dezincification seems to favor 
the high brasses (lúgh zinc cootent) and definitely acid 
environments. The plug types seem to occur more often in 
the low brasses (Iower zinc content) and neutral , alkaline, 
ar slightly acidic conditions. These are general statements, 
and many exceptions occur. Stagnant conditions usually 
favor dezincification because of scale formation or foreign 
deposits settling on the metal surface. This can result in 
ereviee eorrosion and/or higher temperatures because of the 
insulating effeet of the deposit (if a heat exehanger is 
involved). 

Metal structure and eomposition are important. Some 
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FIGURE 36 - Section of one of the plugs shown in Figure 
35. 
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FIGURE 37 - Effect of temperature on corrosion of three 
brasses. 

brasses contain over 35% zin~. In these cases, a zinc-rieh 
beta phase forms (duplex structure) and loealized eorrosion 
may oceur. Some times the beta phase is attacked first, and 
then dezincification spreads to the alpha matrix. 

Figure 37 shows the effect af temperature on eorrosion 
af three brasses by a 2N sodium chloride solution. Red 
brass contains 15% zinc, naval brass about 37% zinc, and 
Muntz metal 40% zinco The data are based on 10ss in tensile 
strength of the test specimens. This is a good measure 
beeause in dezincified portions of the alloy exhibit prae
tically no strength. 

Dezincification: Mechanism 
Two theories have been proposed fram dezincificatian. 

One states that zine is dissolved leaving vacant sites in the 
brass lattiee strueture. This theory is not proven. A strong 
argument against it is that dezincification to appreciable 
depths would be impossible or extremely slow because of 
difficulty of diffusion of solution and ioos through a 
labyrinth of small vacant sites. 

The cammonly aeeepted mechanism consists of three 
steps as follows: (I) the brass dissolves, (2) the zine ions 
stay in solution, and (3) the copper plates back on. Zinc is 
quite reactive, while capper is more noble. Zinc can corrade 

. slowly in pure water by the eathodic ion reduction of H2 O 
into hydrogen gas and hydroxide ions. For this reason 
dezincification can proceed in the absenee of oxygen. 
Oxygen also enters into the cathodic reaction and hence 
increases the rate of attack when it is present. Analyses of 
dezincified areas show 90 to 95% copper with some of it 
present as copper oxide. The amount of copper oxide is 



related to oxygen content of the environment. The porous 
nature of the deposit permits each contact between the 
solu tion and the brass. 

Dezincification: Prevention 
Dezincification can be minimized by reducing Ule 

aggressiveness of the environment (Le. , oxygen remova!) ar 
by cathodic protection, but in most cases these methods are 
not economical. Usually a less susceptible alloy is used. For 
example, red brass (15 % Zn) is a1most immune. Its 
improved performance is ilIustrated in Figu re 37. 

One of lhe first sleps in lhe developmenl of better 
brasses was lhe addition of 1% tin to a 70-30 brass 
(Admirally Metal). Furlher improvement was obtained by 
adding small amounts of arsenic, antimony, ar phosphoru s 
as inhibitors_ For example , arsenical Admiralt y Metal 
contains about 70% Cu, 29% Zn, 1% Sn, and 0.04% As_ 
ApparentJy lhese inhibiting elements are redeposited on the 
alloy as a film and lhereby hinder deposition of copper. 
Arsenic is also added to aluminum (2% AI) brasses. 

For severely corrosive environmen ts where dezincifica
tion occurs, ar for criticai parts, cupronickels (70 to 90% 
Cu, 30 to I O%·Ni) are utilized. 

Graphitization 
Gray cast iIOn some times shows the effects of seleetive 

leaching particularly in relatively mild enviIOnmen ts. The 
cast iron appears to become graphitized in that the surface 
layer has lhe appearance of graphite and can be easily cut 
with a penknife. Based on this appearance and behavior, 
this phenomenon was ehristened graphitization. This is a 
misnorner because the graphite is present in the gray iIOn 
before eorrosion oceurs. I t is also called graphitic corrosion. 

What acuta lly happens is selective leaching of lhe iron 
ar sleel matrix leaving lhe graphite nelwork. The graphile is 
cathodic to iron, and an excellent galvanic ceU exists. The 
iron is dissolved leaving a poIOus mass consisting of 
graphite , vOids, and rust. The cast iIOn loses strength and its 
metallic properties. Dimensional changes do not oceur, and . 
dangerous situations may develop without detection. The 
surface usually shows rusting that appears superficial, but 
the metal has lost its strength. The degree of loss depends 
on the depth of the altack. Graphitization is usually a slow 
processo If the case iron is in an enviIOnment whieh 
corrodes this metal rapidly, ali of lhe surface is usually 
removed and more-or-Iess uniform corrosion oecurs. 

Graphitization does not oecur in nodular or malleable 
cast irons because the graphite network is not present to 
hold together the residue. White cast iron has essentially no 
free carbon and is not subject to graphitization_ 

Other AlIay Systems 
Selective leaching by aqueous environments occurs in 

other alloy systems under appropriate conditions, especially 
in acids. Selective rem oval of aluminum in aluminum 
bronzes has been observed in hydIOfluoric and other acids. 
A two-phase or duplex structure is more susceptible. 
Massive effects were observed in creviees on alummum 
bronze where the solution contained some chloride ions. 

Selective leaching has been observed in connection with 
removal of silicon from silicon bronzes (Cu-Si) and also 
removal of coball from a Co-W-Cr aJloy. It should be 
emphasized that these are rate cases and not as well known 
as dezincification. 

Some times selective corrosion of one element . in an 
alloy rnay be beneficiaI. Enriclunent of silicon observed in 
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FIGURE 38 - Erosion corrosion of stainless alloy pump 

impeller. 

the oxide film on stainless steels resultes in better passivity 
and resistance to pitting. 

High Temperatures 
The senior author's early work on high-temperature 

oxidation of stainless stcels showed se lective oxidation of 
ehromiumWhen there is competion for oxygen , tlle ele
ments with higher free energies for their oxide formation 
(higher affinity for oxygen) are oxidized to a greater 
degree. In the case of stainless steels, this results in a more 
prote ctive scale. However, the remaining or substrate metal 
will be deficient in chIOmium. This phenomenon was 
cJearly demonstrated by Trax and Holzwarth ' Pitting of 
Type 430 (J 7% Cr) trim on aulomobiles was altributed to 
depletion of chIOmium during bright-annealing operations. 
Chromium contents as low at I 1% were determined at and 
near the surface of the steel. Another unusual case showed 
the se lect ive corrosion of chromium and iron from Inconel 
(7 5% Ni, 15% Cr, 9% Fe) by polassium-sodium-fluoride
chloride salt baths aI about 802 C. The aJloy was destroyed 
by conversion to a spongy mass. 

ErosÍon CorrosÍon 
Erosion corrosion is the acceleration ar increase in rate 

of deterioration or attack on a metal beca use of relative 
movement between a eorrosive fluid and the metal surface. 
Generally, this movement is quite rapid , and mechanical 
wear effects or abrasion are involved. Metal is removed 
from the surfaee as dissolved ions, or it fonns solid 
corrosion pr.oducts which are mechanically swept from the 
metal surface. Sometimes movernent of the environment 
decreases corrosion, particularly when localized attack 
occurs under stagnant conditions, but this is not erosion 
corrosion beeause deterioration is not increased. 

Erosion corTosion is characterized in appearance by 
grooves, gullies, waves, rounded holes, and valleys and 
usuaHy exltibits a directional pattern. Figure 38 shows a 
typical wavy appearance of an erosion-corrosion failure. 
This pump impeller was taken out of service after 3 weeks 
of operation . Figure 39 is a sketch representing erosion 
corrosion of a heat-exchanger tube handling water. In rnany 
cases, failures because of erosion corrosion oceur in a 
relatively short lime, and lhey are unexpected largely 
because evaluation corrosion tests were run under staUc 
conditions ar because the erosion effects were not con
sidered. 

Most metais and alloys are susceptible to erosion-corro-

, 



___ Woter flOw 

Corrosion fi lm 

FIGURE 39 - Erosion corrosion of condenser tube wall. 

5000 

~ 4000 

2 e 3000 
o 

~ • u 

Õ 
1" 

2000 

ti. 1000 

o 

o 0.025% copper 
tJ. 0.012% copper 

x 0.005% copper 
o 0007% coppe, i 

:/ No copper -

V 
Simp1e immersion 

/,.. testo No copper 

/ COIPe\o~ded I \J 
35 40 45 50 55 60 65 

·C 

FIGURE 40 - Effect of temperatute and co pper-ion addition 
on erosion corrosion of Type 316 by sulfuric acid slurry 

. (velocity, 39 h/sec.). 

sion damage. Many depend upon the development of a 
surface film of some sort (passivity) for resistance to 

~ corrosion. Examples are aluminum , lead, and stainless 
steels. Erosion corrosion resu lts when these protective 
surfaces are damaged or worn and the metal and alloy are 
attacked at a rapid rate. Metais that are soft and readily 
damaged or worn mechanically , such as copper and lead, 
are quite susceptible to erosion corrosion. 

Many types of corrosive mediurns could cause erosion 
corrosion. These include gases, aqueous solutions, organic 
systems, and liquid metais. For example, hot gases may 
oxidize a metal and then at high ve locity blow off an 
otherwise protective scale . Solids in suspension in liquids 
(slu rries) are particularly destructive from the standpoint of 
erosion corrosion. 

All types of equipment exposed to moving fluids are 
subject to erosion corrosion. Some of these are piping 
systems, particularly bends, elbows, and tee·s~ valves; 
pumps~ blowers~ centrifugais; propellers~ impellers; agita
tors; agitated vessels; heat-exchanger tubing sllch as hea ters 
and condensers; measuring devices sllch as an orifice~ 
turbine blades; nozzles; ducts and vapor lines ; scrapers~ 
cutters; wear plates; grinders; mills; baffles; and equiprnent 
subject to spray. 

Since corrosion is involved in the erosion-corrosion 
process, alI af the factors that affect corrosion should be 
considered. However, only the factors directly pertinent to 
erosion carrosion are discussed here. 

Sur[ace Films 
The nature and properties of the protective film s that 

form on some metais or alloys are very important from the 
standpoint of resistance to erosion corrosion. The ability of 
these films to protect the metal depends on tl1e speed or 
ease with which they form when originally exposed to the 
environrnent, their resistance to mechanical damage or 
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FIGURE 41 - Erosion corrosion of hard lead by 10% 
sulfuri c acid Ivelocity 39 fi/sec.). 

wear, and tl1eir rate af reforming when destroyed OI , 

damaged. A hard , dense, adheren t , and continllous fi1m 
would provide better protection than one that is easily 
removed by mechanical means or worn ofr. A brittle filrn 
tha t cracks or spaUs under stress may not be protective. 
Some times the nature af the protective film th at forms on a 
given metal depends upon the specific environment to 
which it is exposed, and this determines its resistance to 
erosion corrosion by the flui do 

Stain1ess stee ls depend on passivity fo r resistance to 
corrosion. Consequently these materiaIs are vulnerab le to 
erosion corrosion. Figure 40 shows rapid attack of Type 
316 stainless steel by a sulfuric acid-ferrous sulfate slurry 
moving at h igh velocity. The rate of deterioration is abou t 
4500 mpy at 55 C (13 1 F). This material showed no weight 
loss and was completely passive under stagnant conditions 
as shown by the x on the abscissa a t 60 C ( 140 F). The 
impeller shown in Figure 38 gave approximately 2 years' 
tife , wltich was reduced to 3 weeks when the solutian 
pumped was made more strongly reducing, thus destroying 
the passive film. 

Lead depends on the formation of a lead su lfate·lead 
oxide protective surface for long life in sulfuric acid 
envirooments, and in many cases more thao 20 years' 
service is obtained. Lead gains weight when exposed to 
sulfuric acid because of the surface coating ar corrosion 
product formed , except in strong acid wherein 111e lead 
sulfate is soluble and not protective. However, lead valves 
fa iled in less than 1 week and lead bends were rapidly 
attacked in a plant handling a 3% sulfuric acid solution at 
90 C (194 F). As a resu lt of these failures, erosion corrosion 
tests were made and the results are plotted in Figure 4 1. 
Under sta tic conditions the lead showed no deterioration 
(slight gain in weight) as shown by the poin ts on tile 
abscissa . Under high-velocity conditians, attack increa sed 
with temperature as shown by the CUIve . 

Variations in amount of attack on steel by water with 
different pH va lues but constaot velocity are apparently 
due to the nature and composi tion of the surface scales 
formed . Figure 42 shows the effect of pH af dis till ed water 
at 50 C (I22 F) on erosion corrosion of carbon steel. Little 
attack is shown for pH specimens ex.hibiting high rates of 
deteriora tion was granular in nature aod consisted of 
magnetic Fe3 ü4. Below a pH of 5 the scale cracked, 
probabl.y because of internai stresses, and fresh metal was 
exposed. lo regions of low attack the corrosion products 
were Fe( OH), and Fe(OH)" which are more protective 
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FIG URE 42 - Effect of pH of distilled water on erosion 
co rrosion of carbon steel at 50 C (velocity 39 ft/sec). 

probably beca use they hinder transfer of oxygen and ions. 
Erosion corrosion tests in boiler feedwater at 121 C (250 F) 
using a different type of testing equipmenl, and also 
power-plant experience, substantiate the results indicating 
higher attack at pH 8 as compared with slightly lower 
values . 

Tests 011 copper and brass in sodium ch loride solu tions 
wilh and without oxygen show that copper is attacked 
more thao brass in the oxygen-saturated solu tions. The 
copper was covered with a black and yellow-brown film 
(CuCI, l. The brass was covered with a dark gray film 
(CuO). The better resistance of the brass to attack was 
aUributed to the greater stabili ty ar protectiveness af the 
dark gray film. Difficuity was encountered in obtaining 
reproducible results until a controlled alkali cleaning and 
drying procedure for the specimens was adopted. This 
indicates that surface films formed on copper and brass 
because of atmospheric exposure, abrading, or other 
reasons can have a definHe effect on erosion-corrosiofl 
performance under same conditions. 

Titanium is a reactive metal but is resistant to erosion 
corrosion in many environments beeause af the stabili ty of 
the Ti02 film formed. It shows excellent resistanee to sea 
waier and chloride solu tions aod also to fuming nitric acid. 

The behavior of stee l and low·alloy·steel tubes handling 
oils at high temperatures in petroleum refineries depends 
somewhat on the sulfide film s formed. IVhen the film 
erodes, rapid attack oeeurs. For example, a normally 
tenacious sulfide film beeomes porous and nonprotective 
when eyanides are present in these organie systems. 

The effective use of inhibitors to decrease erosion 
corrosian depends, in many cases, 00 the nature aod type 
of films formed 00 the metal as a result af reactioo between 
the metal and the inhibitor. 

Velocity 
Velocity of the environmen t plays ao important role in 

erosion corrosian. Velocity often strongly inDuenc;s the 
mechanisms of the corrosion reüctions. It exhibits mechan
ical wear effects at high values, particularly when the 
solution contains salids in suspension. Figure 40 and 41 
show la rge increases in attack because of velocity. Figure 42 
indicates that misleading results could be obtained when 
only statie tests, ar tests at low veloeities, are made . The 
specimeos in the tank were subjected to only -a miJd 
swirling motion. Table 6 shows the effect of velocity on a 
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TABLE 6 - Corrosion of Metais by Sea Water 
Moving at Different Velocities 

Typical corrosion rates, mdd 

Material 1 ft/sec(I) 4 ft/sec(2) 27 ft/sec(3) 

Garbon steel 
Cast iron 
Si licon bronze 
Admiralty brass 
Hydraulic bronze 
G bronze 
AI bronze (10% AI) 
Aluminum brass 
90-10 Cu Ni (0.8% Fel 
70-30 Cu Ni (0.05% Fel 
70-30 Cu Ni (0.5% Fel 
Monel 
Stainless steel type 3 16 
Hasterloy_C 
Titanium 

34 
45 

1 

2 
4 
7 

5 
2 
5 
2 

<1 
<1 

1 
<1 

O 

(1)lmmersed in t idal current. 
(2) ' mmersed in sea water flume. 
(3)A h d . ttac e to Jmmersed rotating d isk. 
Source; Internationa l Nickel Co. 

72 

2 
20 

1 

2 

254 
270 
343 
170 
339 
280 
236 
105 

99 
199 

39 
4 

<1 
3 
O 

variety af metaIs and alloys exposed in sea water. These 
data show that the effect of velocity may be nil or 
extremely great. 

I nereases in veloeity generally result in increased 
attaek, particularly if substantial rates of flow are involved. 
The effeet may be nil ar increase slowly until a criticaI 
velocity is reached. and then the attack may increase at a 
rapid rate. Table 6 lists several examples exhibiting little 
effect when the velocity is increased from J to 4 fI/sec, but ' 
destructive attack at 27 fI /sec. This high velocity is below 
the criticai va lue for other materiais Iisted at the bottom of 
the table. 

Erosion corrosion can oeeur on metaIs and alloys that 
are completely resistant to a particular environment at low 
veloeities. For example, hardened straight ehrornium stain
Iess steel valve seats and plugs give excellent service in most 
steam applications, but grooviog or. so-called wire drawing 
occurs in high-pressure steam reducing ar throttling valves. 

Inereased veloci ty may increase or reduce attack, 
depending on its effeet on the eorrosion mechanism 
involved. lt may illcrease attaek on steel by increasing the 
supply of .oxygen, carbon dioxide, or hydrogen su lfide in 
contact with the metal surfaee, ar velocity may increase 
diffusion or transfer af ions by redueing the thiekness of 
the stagnant film at the surface. 

Velocity can decrease attaek and inerease the effeetive
ness of inhibitors by supplying the chemical to the metal 
surface at a higher rate. lt has been shown that less sodium 
nitrite is needed at high velocity to proteei steel in tap 
water. Similar meehanism s have been postulated for olher 
types of inltibitors. 

Higher veloeities may also decrease attack in some cases 
by preventing the deposition of siit or dir! wJtich would 
cause crevice carrasion. On the other hand, solids in 
suspension moving at high velocity may have a scouring 
effect and thus destroy surface protection. This was the 
case in eonnection with Figure 40, which involved rapid 
erosion corrosion af Type 3 16 een trifugaIs handliog a 
sulf urie aeid slurry. 

, 
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FIGURE 44 - Erosion corrosion of Type 347 stainless steel 
by white fuming nitric acid at 108 F. 

Erosion corrosion studies af aluminum and stainless 
alloys in fuming nitric acid produced unusual and interest
ing results. Attack on aluminum increased and attack 011 

Type 347 stainless steel decreased as velocity was increased, 
because af the different corrosion mechanisms involved. 
Figure 43 shows increasing attack 00 aluminum with 
increasing velocity. Aluminum eao form films of aluminum 
nitrates and aluminum oxide in fuming nitric aeid. Little or 
no atlaek oceurs at zero or very low veloeities. At 
intermediate velocities of 1 to 4 ft/see, the action of the 
solution is suffieient to remove the nitrate film but not 
strong enough to destroy the more adherent oxide fil m. 
Veloeities above 4 ft/see apparently remove mu.cl) of tlle 
oxide, and erosion corrosion oecurs at a faster rate . 

Figure 44 shows deerease in atlaek on Type 347 
stainless steel as veloeity is inereased. Under stagnant 
eonditions this steel in nitrie acid is attacked autocatalyti
eally because of formation of nitrous acid as a cathodic 
reaction product. Increasing velocity sweeps away the 
nitrous acid and thus removes one of the corrosive agents in 
the environmeot. 

Many stainless steels have a strong tendency to pit and 
suffer crevice eorrosion in sea water and other ehlorides. 
However, some of these materiais are used suceessfu lly in 
sea water, provided the water is kept moving at a 
substantial velocity. This motion prevents form aHon of 
deposits and retards the initiation af pits. 

Turbulence 
Many erosian -corrosion failures oeeur because turbu

lence or turbulent flow conditions exisi. Turbulence results 
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FIGURE 45 - Impingement failure of elbow in steam 

condensate Une. 

in greater agitation of the liquid at the metal surface than is 
the case for lameUar (straigh t line) flow. Turbulenee results 
in more intimate contact between the environment and the 
metal. Perhaps the most frequent1y occuring example of 
this type of failure occurs in the inlet ends of tubing in 
condensers and similar shell-and-tube heat exchangers. It is 
designa ted as inlet-tube corrosion. The attack is usually 
confined to the first few inches of lhe tubing at the inlet 
erid. Turbulence exists in this area because the liquid is 
flowing essential1y from a large pipe (Ule exchanger head) 
into a small diameter pipe (the tubes). Lamellar flow 
develops after the liquid has progressed down the tube a 
relatively short distance. 

The type of flow obtained depends on lhe rate and 
quantity of fluid handled and also on tlle geometry or 
design Df the equipment. In addition to high velocities, 
ledges, crevices, deposits, sharp changes in cross section, 
other obstructions that disturb the lamellar flow pattern 
may result in erosion corrosiotl. Impellers and propellers are 
typical components operating under turb ulen t conditions. 

lmpingemenf 
Many fail ures are directly attributed to impingement. 

Figure 45 is an example of this type of failure. The vertical 
and horizontal runs of pipe were relatively unaffected, but 
the metal faiJed where the water was forced to tum its 
direction of flow. Other examples are steam-turbine blades, 
particularly in the exhaust or wet-steam ends; entrainment 
separators; bends; tees; externaI components of aircraft ; 
parts in front of inlet pipes in tanks; cyclones ; and any 
other applications where impingement conditions exist. 
Solids and some times bubbles of gas in the liquid increase 
lhe impingernent effeet. Air bubbles are an important 
faetor in accelerating impingement attack. 

Figure 46 shows severe erosion corrosion , caused by 
impingement in less than 1 year of se rvice, of a slide va lve 
in contact with a fluidized catalyst and oil at 482 C (900 F) 
in a refinery. This was originally solid steel about 3 inches 
in diameter. Figure 47 shows two types of erosion 
corrosion in a thermal crackíng furnace for oit. The tube 011 

lhe left contained superheated steam. lt cracked, and 
escaping steam formed the two holes shown. This steam 
impinged 011 an oi! tube, shown on the right , and a leak 
developed. Catalytic cracking (eatalyst in suspension) expe
rience indicates that an angle of 25 degrees can cause 



FIGURE 46 - Erosion corrosion of slide val\le at 900 F in 
petroleum refinery. 

impingement attack. 

Ga/vanie Effeet 
Galvanic, or two-metal, corrosion cao influence erosioo 

corrosion when dissimilar metaIs are in contact in a f10wing 
system. The galvanic effect may be ni! under sta tic 
conditions but may be greatly increased when movement is 
preseot. Figure 48 shows thal attack on Type 316 by itself 
was nil in high ve locity sulfuric acid bu t increased to very 

high values when its alloy was in contact with lead. The 
passive film was destroyed by the combined forces af 
galvanic corrosion and erosion corrosion. Cauples of lead 
and Type 3 16 showed no corrosion under sta tic conditions. 

Cracks in lhe Fe304 scale formed in the lower pH ranges of 
Figure 42 doubtiessly conlributed to increased attack 
because the scale is cathodic to the substrate steel by about 
500 mV. 

Velocity changes cao produce surprising galvanic 
effects. In seawater at low velocity the corrosion of steel is 
not appreciably affected by coupling with stainless steei, 
copper, nickel, or titaniuITI. At high velocities the attack 00 

steel is much less when cDupled to stainless steel aod 
titanium lhao wheo coupled to copper Dr oickel. This is 
attributed to the more effective cathodic polarization of 
stainless steel and titanium at high velocities. 

Nature of Metal or Alloy 
The chemical composition , corrosion resislance, hard

ness, and metallurgical history of metaIs and alloys can 
influence the performance of these materiais under ero
sion-corrosion conditions. The composition of the metal 
largely determines its corrosion resistance. If it is ao active 
metal, or ao alJoy composed of active elements, its 
corrosion resistance is due chiefly to ils ability to fonn and 

22 

FIGURE 47 - Impingement by escaping steam from cracked 
tube OeftL 
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FIGURE 48 - Effect of contact with lead on erosion 
corrosion of Type 316 by 10% 5ulfuric acid (\Ielocity 39 
ft/sec.). 

maintain a protective film. If it is a more noble metal , it 
possesses good inherent corrosion resistance. A material 
with better inherent resistance would be expected to show 
better performance when ali other factors are equal. For 
example, an 80% nickel-20% chromium aIloy is superior to 
ao 80% iron 20% chromium atloy because nickel has better 
inherent resistance than iron. For the same reason, a 
nickel-copper alloy is better thao one of zinc and copper. 

The addition of a third elem ent to an alloy often 
, increases its resistance to erosioo corrosion. The addition of 
iron to cupronickel produces a marked increase in resis
tance to erosion corrosion by sea waler as shown in Table 
6. The addition of moiybdenum to i8-8 to make Type 3 16 
makes it more resistant to corrosion and erosion corrosioIl. 
lo both cases, the additioo of the third eiemen l produces a 
more stable protective filmo Aluminum brasses show better 
erosion corrosion resistance than straigh t brass. 

Resistance of steel and iron-chromiul11 alloys to acid 
mine waters under erosion-corrosion conditions showed a 
straight-line increase in resistance with increasing chromium 

, 
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up to 13%. At this content and above. no attack occurred. 
Low-alloy chromium steeIs show bettcr erosion-corrosion 
resistance thao straight carbon steels in high temperature 
boi ler feedwater. Type 3 Ni-Resist (30% nickel, 3% chro
mium cast iron) showed praclically no attack by sea watcr 
arter 60 days under erosioll-corrosion conditions, whereas 
ordinary cast iron was badly deteriorated. 

Erosion-corrosion resistance af stainless steels and 
stainless alloys varies depending upon their compositions. 
Durimet 20 (30% Ni, 20% Cr, 3.5% Cu, 2% Mo) exhibits 
better performance than 18-8 steels in fuming nitric aí!id, 
sea water, and many other environments not only because 
af better inherent resistance, but a1so because af the more 
protective films formed . 

The soft metaIs are more susceptible to erosion 
corrosion because they are more subject to mechanical 
wear. Hardness is a fairly good criterion for resistance to 
mechanical eIOsion or abrasion, but it is not necessarily a 
good criterion for predicting resistance to eIOsion corro
sion . There are many methods for pIOducing hard metaIs 
and alloys or for hardening them . One sure method for 
pIOducing good erosion-corrosion resistance is solid-solu
tion hardening. This involves adding one elemen l to another 
to pIOduce a solid solLition tha! is corros10n resistant and is 
inherently hard. It cannot be softened or further hardened 
by hea t treatment. The best and most familiar example is 
high-silicon (14.5% Si) iron. Il is perhaps lhe most 
universally corrosion resistant of the nonprecious metais, 
and lhe only alloy that call be used in many severe 
erosion-corIOsion conditions. 

A good example of poor performance by a high
hardness material concerned the centrifugaIs and conditions 
'discussed in connection with Figure 40. Both Type 316 and 
Type 329 stainless steels showed no measurable corrosion 
in the sulfuric acid slurry under static conditions, even 
when the Type 329 was age-hardened to 450 Brinell 
hardness. Under the erosion-corrosion conditions in the 
centrifugaI, however, lhe hard Type 329 steel deteriorated 
more than 10 times faster than lhe soft (150 BrineU) Type 
316. 

Cast iron sometimes shows better performance than 
steel under erosion-corrosion conditions, particularly in hot 
strong sulfuric acid. The iron in the cast iron is corroded, 
but the remaining graphitized layer consist1ng of the 
original graphite network and corrosion products provides 
some protection. 

Combating Erosion Corrosion 
Five methods of prevention or minimization of damage 

due to erosion corrosion are used. In order of importance, 
or extent of use, they are (1) materiais with better 
resistance to erosion corrosion, (2) design, (3) alteration af 
lhe environment, (4) coating, and (5) cathodic protection_ 

Better MateriaIs. The reasons for using better materiaIs 
which give better performance are abvious. This method 
represents the economical solution to most erosion
corrosion problems. 

Design. This is an important method in that the !ife of 
present1y used, ar less costly materiais, can be extended 
considerably or the attack practically e!iminated. Design 
here involves change in shape, ar geometry, and not 
selection of material. Erosion-corrosion damage can be 
reduced through better design as illustrated by lhe foUow
ing exam pIes. Increasing pipe diameter helps from the 
mechanical standpoint by decreasing velocity and also 
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ensures lamellar flow. Increasing the thickness of material 
strengthens vulnerable areas. In one instance of severe 
erosion corrosion of lead, maintenance costs were reduced 
to a satisfactory levei by using a sweeping bend and 
doubling lhe lhickness af the pipe. The design of olher 
equiprnent, such as inlets and outlets, should be streamlined 
to remove obstructions for the same reasans. Readily 
replaceable impingement plates or baffles should be in
serled. ll1let pipes should be directed towards the center of 
a tank instead of near its wall. Tubes should be designed to 
extend severa! inches beyond the tube sheet at the inlet 
end. In several cases, tife of tubing was practically doubled 
by increasing the length 4 inches. The protruding tube ends 
were attacked, but operation was not affected. 

Ferrules, or short lengths of flared tubing, can be 
inserted in the inlet ends. These could be made of the same 
material as the tubes or of material with better resistance. 
Bakelite and other plastic ferrules are readily available and 
widely used in condensers. The end of the ferrule should be 
Peathered to blend the flow. If this is not done, erosion 
corrosion occurs on lhe tube just beyond the end of the 
ferrule because of the step present. Galvanic corrosion must 
be considered when using metallic inserts. The !ife of tubing 
in a vertical evaporator was doubled by turning the 
evaporator upside down when the inlet or bottom ends of 
the tubes became thio. The outlet ends, which were not 
appreciably attacked, became inlet ends. Equipment should 
be designed so parts can be replaced readily. Tube bundles 
that can be readily removed and repIaced by spares can be 
repaired at leisure. Buckets aod conveyor flights that are 
easily replaced on centrifugaIs and olher cooveying equip
ment reduce costs of erosion ·corrosioo. Use of pumps with 
interchangeable parts in different alloys helps reduce costs 
when ao unsatisfactory alloy is originally selected. In one 
case, some of the blades of a steam turbine were out ofline 
and the protruding blades' suffered severe erosion-corrosion 
damage from water droplets in the steam. Misalignment 
fram one pipe section to the next can cause erosion 
corrosion in both flanged and welded joints. Good design 
implies pIOper construction and workmanship. 

Alteration of the Environrnent. Deaeration aod the 
addition of inhibitors are effective methods, but in many 
cases they are not sufficiently economical for minimizing 
erosioll-corrosion damage. Settling and filtration are helpful 
in removing solids. Whenever possible, the temperature of 
the environment should be reduced. This has been done in 
many cases without appreciably affecting the processo 
Temperature is out worst enemy in erosion corrbsion, as it 
is in ali types of corrosion. 

Coatings. Applied coatings of various kinds that pro
duce a resilient barrier between the metal and its environ
ment are sometimes utilized but are not always feasible for 
solving erosion-corrosion problems. Hard facings, or \velded 
overlays, are sometimes helpful, provided the facing has 
good corrosion resistance . Repair of attacked areas by 
welding is often practical. 

Cathodic Protection. This helps to reduce attack, but it 
has not found widespread use for erosion corrosion. One 
plant uses steel plates on condenser heads to provide 
cathodic protection of the inlet ends of tubes in heat 
exchangers handling sea water. Others use zinc plates. Zinc 
plugs are frequently used in water pumps. 

Fortunately, ali pumps, valves, lines, pipes, elbows, 
etc., do not fai! because of erosion corrosion. However, 
serious trouble may develop if erosion corrosion is not 



considered. 

Cavitation Damage 
Cavitation damage is a special form of erosion corrow 

sion which is caused by the formation and collapse of vapor 
bubbles in a liquid near a metal surface. Cavitation dam age 
occurs in hydraulic turbines, ship propellers, pump impel
lers, and other surfaees where high-veloci ty liquid flow -ª!!.4.. 
~ssure changes are encountered. Before considering cavi
tationdamage,íet us examine the phenomenon of cavitaw 

tion. Jf the pressure on a liquid such as water is reduced 
sufficiently, it boils at room temperature. Consider a 
cylinder fu ll of waler which is fitted wilh a lighl pislon in 
contact with the water. If the piston is raised away from 
the water, pressure is reduced and the water vaporizes, 
formíng bubbles. If lhe pislon is now pushed loward lhe 
water, pressure is increased and bubbles condense or 
colJapse. Repealing Ihís process ai hígh speed such as in lhe 
case of an operating water pump, bubbles af water vapor 
form and collapse rapidly. Calculations have shown that 
rapid ly collapsing vapor bubbles produce shock waves wilh 
pressures as hígh as 60,000 Ib/ín 2 Forces Ihis high can 
produee plastic deformation in many metais. Evidenee of 
this is indicated by the presenee of slip Unes in pump parts 
and other equipment subjeeted to cavitati on. 

lhe appearance of cavitation damage is somewhat 
similar to pitting, except that the pitted areas are closely 
spaced and lhe surface is usualJy considerably roughened. 
Cavitation damage has been attribu ted to both corrosion 
and mechanical effects. In the former case, it is assumed 
Ihal lhe collapsing vapor bubbles deslroy prolective surface 
film s which results in increased corrosion. Tltis mechanism 
is shown schernatically in Figure 49. The steps are as 
foll ows: (1) a cavitation bubble forms on lhe prolective 
film ; (2) lhe bubble colJapses and deslroys lhe film; (3) lhe 
newly exposed metal surface corrodes and the film is 
reformed; (4) a new cavilalion bubble forms ai lhe same 
spol; (5) lhe bubble colJapses and deslroys lhe film, and (6) 
the exposed area corrodes and the film reforms. lhe 
repetition of this process results in deep holes. 

Examination of Figure 49 shows that it is not neeessary 
to have a proteetive filrn for cavitation damage to oceur. An 
imploding cavi tation bubble has suffieien t force to tear 
metal particles away from the surface. Dnce the surface has 
been roughened at a point, this serves as a nuc\eus for new 
cavitation bubb les in a manner similar to that shown in 
Figure 49. In actual practice, it appears that cavitation 
damage is the result of both mechanieal and chem ical 
action. 

Table 7 presents the results of some cavitation-damage 
tests using a high speed vibrator. These tests conclate very 
well wi th performance under ac tual operating conditions. 

In general, cavitation damage can be prevented by the 
techniques used in preventing erosion corrosion ou tlined 
above. Also, there are some specific measures. Cavitation 
damage can be reduced by ehanging design to minimize 
hydrodynamic pressure differences in process flow streams. 
More corrosion resista nt tnaterials may be substituted 
(compare casl iron and 18-8 slainless steels In Table 7). 
Smooth fini shes on pump impellers and prapellers reduce 
damage since smooth surfaces do nol provide sites for 
bubbJe nuc\eation. Coating metallic parts with resilient 
coatings such as rubber and plastic have also proven 
beneficiaI. It is important to use caution in applying such 
coatings, sinee bonding failures between the metal-cóating 
interface frequently occur during operation. Cathodic 
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FIGURE 49 - Schematic representation of steps in cavitaw 

tion (R. W. Henkel. 

protection also reduces cavitation damage. The mitigating 
effeel of ealhodie prolection ís apparently due lo lhe 
formalion of hydrogen bubbles on .lhe melai surface whích 
cushions"Lhe shock wave produced during cavitation. 

Fretting Corrosion 
Fretting describes corrosion occuring at contaet areas 

between materiaIs under load subjected to vibra tion and 
slip. It appears as pits ar grooves in the metal surrounded 
by corrosion produets. Fretting is also caJled friction 
oxidation, wear oxidation, chafing, and false brinelling (so 
names beeause the resulting pits are similar to the identa
tions made by a Brínell hardness lesl). It has been observed 
in engine components, au tomotive parts, bolted parts, and 
other machinery. Essentia lly, fretting is a special case of 
erosion corrosion which occurs in the atmosphere rather 
than under aqueous conditions. 

Fretting corrosion is very detrimental because of the 
destruction of metallic components and the produc tion of . 
oxide debris. Seizing and galling often accur , together with 
loss of tolerances and loosening of mating parts. Further, 
fretting causes fatigue fracture since the loosening of 
components permits excessive strain, and the pits formed 
by fretting aet as stress raisers. 

A c1assic case of frett ing is that wltich occurs at bolted 
tie plates on railroad rails. Frequent tightening of these 
plates is required because the parts are not lubricated and 
frett ing corrosian proceeds rapidly. Another common case 
of fretting corrosion oecurs at the interface between a 
press-fitted ball bearing shafl as shown in Figure 50. 
Fretting corrosion in this are a leads to loosening and 
subsequent failure. 

The basic requiremen ts for the occurrence of fretting 
corrosion are: (I) lhe inlerface musl be under load; (2) 
vibratian or repeated relative motion between the two 
surfaces musl occur, and (3) lhe load and lhe relative 
motion of the interface must be sufficient to produce slip 
or deformation on the surfaces. 

The relative motion necessary to produce fretting 
corrosion is extremely small; displacements as Iittle as 10-8 

cmf cause fretting damage. Repeated reI ative motion is a 
necessary requirement for fretting corrosion. It does not 
occur on surfaces in continuous motion, such as axle 
bearings ar the ball bearings shown in Figure 50, but rather 
on interfaces which are subject to repeated small relative 
displacemenls. This poiol is besl illuslraled by consídering 
fretting corrasion occurring on automobile axles during 
long-distance shipment hy rai! or boat. This is caused by the 
load on these surface-s and the continuous vibration or 
jiggling which oecurs dunng shipment. Normal operation of 

• 
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TABLE 7 - Relative Resistance of Metais to Cavitation Damage by the Vibratory Test Method 

Composition, % 

Weight loss at 25 C for 
last 60-min exposure, 

mg{hr 

Nonferrous Form Cu Sn Zn Mn S; Fe Pb AI Freshwater Seawater 

Bronze (Cu, Zn, Sn) 
Brass (C u, Zn) 
Brass (Cu, Zn) 
Brass (Cu, Zn) 
Bronze (Cu, AI) 
Bronze (Cu, Sn, Ni) 
Bronze (Cu, Sn, Pb) 
Bronze (Cu, Si) 
Bronze (Cu, Si, Mn) 
Bronze (C u , Zn, AI, 

Mnl 
Bronze (Cu, Zn, Fe, 

Mnl 
Bronze (Cu, Sn, Zn) 

Nickel (Cu, Fe, Si! 
Nickel (Cu, Fe, Mn) 
Nicke l (Cu) 

Iro n 
Iron 
lron 

FerroU5 

- Iron (Cu, Ni, Cr, Si) 
Iron (Mo) 
Iro n (Mn, Cu, Ni, Cri 
Steel 
Stee l 
Steel 
Steel 

Steel 
Steel (Ni, Cri 
Steel (Ni) 
Stai n less steeJ (Cr) 
Stain less steel (Cr) 
Sta inl ess stee l (Cr, Ni) 
Stai nJ ess steel (Cr, Ni) 

Rol led 
Rol led 
Rolled 
Ro ll ed 
Cast 
Cast 
Cast 
Cast 
Cast 

Forged 

Cast 
Cast 
Cast 
Drawn 
Rolled 

Form 

Cast 
Cast 
Cast 
Cast 
Cast 
Cast 
Rolled 
Rolled 
Rolled 
Cast 
Cast 
Rolled 

Rolled 
Rolled 
Cast 
Rolled 

60 
60 
85 
90 
89 
87.5 
88 
92-94 
94 

60-70 

58 
88 
32-33 
29 
70 

C 

3 .1 
3.4 
3 .. 
3 .0 
3_3 
3.0 
0.35 
0.27 
0.20 
0.37 
0_26 
0.34 
0 .1 9 
0_08 
0_09 
0.15 
0.07 

11 
10 

10 

S; 

2 .3 
1.3 
2.3 
1.9 
1.3 
1-2 

0.31 
0_32 
0_20 

0.57 
0_38 
0.50 
0_37 

39 
40 
15 
10 

(I) 

20-30 

40 
2 

Cu 

6.0 

6_0 

( 1)1.0% max. present, but not determined ana lytically . 
Source: T rans. ASME, Vol. 59 (1937). 

Mo 

OAO 

FIG URE 50 - Example of t y pical fretting corrosion loca
bon_ 

3-4 

5 

4 

(I) 

1.5 

62-63 
68 
30 

(I) 

2 
(I) 

(I) 

2 

10 

(I) 

(J) 

(I) 

69.5 
77.8 

115.2 
134.9 

15.3 
54_6 

60 .. 
42 _6 

52.4 

19.2 

53.0 
65.8 
20.0 

53 .3 
86.2 

65.2 
68 _7 

101.3 
122.8 

14.5 

62" 
48_5 

40A 
54.5 

19.9 

55.4 
57A 
21 A 
53_2 

87.6 

Composition, % 

Weight 105s at 25 C for 
last 60-min expoane, 

mg/hr 

S P Mn Freshwater Seawater 

0 .12 
0 .08 

0.07 
0.25 

0_75 
0_75 

0.59 

50.1 
69.8 
89.7 
41.6 
54.1 
85_3 
34_2 
68_3 
78_2 

44.8 
72.9 
20_0 
61.3 
11.8 
20_6 
13.5 
16.1 

80_9 
115.3 
100_2 

51 A 
63_9 
95_3 
39_6 
77_8 
82 .. 
53_6 
80_9 
22_0 
64.0 
10.8 
23_0 

13.4 
15 .3 

4.0 14.4 

0.10 0 .04 
OA5 
OA5 
0.02 
0 .04 
0 .04 
0 .02 
0 .02 
0 .03 
0 .02 

0.51 

'_0 
0.67 
0.48 
O_50 
1.10 
0_60 
0.52 
0_60 
OA7 
0.43 
0.50 
OA8 

1-3 12-15 

0 _40 
0_03 
0_04 
O_O. 
0 _03 
0_02 
0 _02 
0 .02 

0_60 

17.2 

12.2 
16-20 
18.4 

1.18 
2.2 
0 .34 
0.32 
8-12 
8.7 0 .14 0_'9 
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an automobile does not show this difficulty because the 
relative motion between the axle bearing surfaces is very 
large (complete revolutions) . 

The two major mechanisms proposed for fretting 
corrosion are the wear-oxidation and oxidation~wear 
theories, which are schematically illustrated in Figures 5 1 
and 52, respectively. The wear-oxidation mechanism is 
based on the concept that cold welding or fusion occurs at 
the interface between metal surfaces under pressure, and 
during subsequent relative motion, these contact points are 
ruptured and fragments af metal are removed. These 
fragments, because of their small diameter and the heat due 
to fri ction, are immediately oxidized. This process is then 
repeated with the resulting loss of metal and accumulation 
of oxide residuc. Thus, the wear-oxidation hypothesis is 
based on the concept that frictional wear causes the damage 
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FIGURE 52 - Schematic illustra tio n of the axidation-wear 

theory of fretting corrosion. 

aod subsequent oxidation is a secondary effect. 
The oxidation-wear concept, illustrated in Figure 52, is 

based on the hypothesis that most metal surfaces are 
protected from atmospheric oxidation by a thio adherent 
oxide layeI. When metaIs are placed io cootact under load 
aod subjected to repeated relative motion, the oxide layer is 
ruptured at high points and results in oxide debris as shown 
schematicaHy in Figure 52. It is assumed that the exposed 
metal reoxidizes and the process is repeated. The oxidation 
wear theory is essentially based 00 a concept of accelerated 
oxidation due to frichona] effects . 

Consideriog Figures 51 and 52 and the two theories 
outlined above, it is obvious that both theories lead to the 
same conclusion: namely, the production of oxide debris 
and destruction of metal interfaces. Recent investigations 
suggest that both of the above mechanisms opera te during 
fretting corrosion. The presence of an oxide layer does not 
appear to be necessary in every case, since fretting damage 
has been observed 00 almast every kiod of surface including 
the noble metaIs, mica, glass, aod ruby. Oxygen, however, 
does have an effect since its presence acceJerates fretting 
attack of many materiais, especially ferrous alloys. The 
actuaI mechanism of the . fretting corrosion is probably a 
combination of the mechanisms illustrated in Figures 51 
and 52. 

F retting corrosion can be minimized ar practically 
eliminated in many cases by applying one or more of the 
following preventive measures: 

1. Lubricate with Iow-viscosity, high-tenacity oUs and 
greases. Lubrication reduces friction between bearing sur
faces and tends to exclude oxygen. Also,. phosphate 
coatings (Parkerizing) are often used in conjuoctioo with 
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TABLE 8 "":' Fretting Resistance of Variou$ Materiais 

Poo. 

Alumiflum on casl iron 

Aluminum on Sla inle .. slee l 
Magoe,ium on ca'( iron 

Cast iron on chrome plate 

Average 

Cas! iron on caSl iron 

Cópper on ca,t iron 
BrJ~ on cast iron 

Zinc 00 ""sI iroo 

Laminated pla' tic on caSl iron CaSl iron on s ilver plate 

Bakelile 0" cast iron 

Hard 1001 Slee l on Slainle .. 

Chrome plate on chrome 
plate 

Ca'l iron on copper p lale 

Cost iro" on amalgamate-d 
coppe r plate 

CaSl iron on calt iron wilh 
rough surlaee 

G~d 

Laminated pla.!ic on gold 
plale 

Hard (001 sleel on 1001 Sleel 
Cold-rolled steel on cold-

rolled Sleel 
Cast iron on cast iro" with 

phosphate coating 
Cast iron on casl iron wilh 

coating 01 rubber cement 
CaSl iron on cast iro" wilh 

coating 01 l ungsten sul · 
fide 

Cast iro" on cast iron wilh 
rubber ga,kel 

CaSl iron On cast iron with 
Molykote lubricant 

Cast iror> on lin plate Magne, ium 00 co ppe r plale Ca.1 iron on 'Iainle" with 

Ca'l iro n on cast iron wilh 
coat i"gof shellac 

Zirconium o" ~irconium 
Molykote lubricant 

Source: J. R. McOowell , ASTM Special Technical Publication No. 144, p . 24, Ameriean Society 

fOf Testi"9 Malerials, Phi ladelphia (19521. 

lubricants since these coatings are parous and provide oil 
reservoirs. 

2. Increase the hardness of one ar both of the 
contactiog materiais. This cao be accomplished by choosing 
a combination of hard materiaIs or hard alloys. Table 8 lists 
the relative fretting corrosioo resistaoce of various material 
combinations. As showo, hard materiais are more resistant 
than soft materiais. AIso, increasing surface hardness by 
shot-peening ar cold-working increases fretting resistance. 

3. lncrease friction between mating parts by rougheo
ing the surface. Often, bearing surfaces which will be 
subjected to vibration during !>hipment are coated with lead 
to prevent fretting corrosioo. When the bearing is placed in 
service, the lead coating is rapidly work away. 

4. Use gaskets to absorb vibratioo and to exçlude 
oxygen at bearing smfaces. 

5. lncrease load to reduce slip between mating sur
faces . 

6. Decrease the load at bearing surfaces. It is important 
to note that decreasing the load is not always successful, 
since very smallloads·are capable of producing damage. 

7. If possible, increase the relative metioo between 
parts to reduce attack. 

Stress Corrosion 
Stress corrosion cracking (SeC) refers to cracking 

caused by the simultaneous presence of tensile stress aod a 
specific corrosive medium. Many investigators have c\assi- , 
fied ~ll cracking failures occu"rring in corrosive mediums as 
SCC, including failures due to hydrogen embrittlemenl. 
However, these two types of cracking failures respond 
differently to environmental variables. To illustrate, cathod-
ic protection is ao effective method for preventing sec, 
whereas it rapidly accelerates hydrogen-embrittlement ef
fects. Heoce, the importance of considering see and 
hydrogen embrittlement as separa te phenomena is obvious. 
For this reasoo, the two cracking phenomena are discussed 
separately in this chapter. 

During SCC, the metal ar alloy is virtually unattacked 
over most of its surface, while fine cracks progress through 
it. This is illustrated in Figure 53. This cracking pheno
menon has serious consequences since it can occur at 
stresses within the range of typical design stress. The 
stresses required for see are compared with the total range 
of strength capabiJities for Type 304 stainless steel in 
Figure 54. Exposure to boiJing MgCI, at 154 C (310 F) is 
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FIGURE 53 - Cross section of stress corrosion crack in 
stainless steel. 

shown to reduce the strength capability to approximately 
that available at 649 C. 

The two c\assic cases af SCC are season cracking af 
brass, and the caustic embrittlement af steel. Both af these 
obsolete terms describe the environmental conditions pres
ent which lead to SCC. Season cracking refers to lhe SCC 
"failure af brass cartridge cases. During periods af heavy 
rainfall, expecially in the tropics, cracks were observed in 
the brass cartridge cases a1 the point where the case was 
crimped to the bulle!. lt was later found lhat the important 
environmental component in season cracking wasaQ1monia 
resulting from the decomposition af organic matter. An 
example a f this is shown in Figure 55 . 

Many explosic.ns af riveted baileIs occurred in early 
ste'lrn-driven locomotives. Examination of these failures 
showed cracks or brittle failures at the rivet holes. These 
areas were cold-worked during riveting operations, and 
analysis of the whitish deposits found in these areas showed 
caustic, or sodium hydroxide, to be the major componenL 
Hence, brittle fracture in the presence of caustic resulted in 
the term caustic embrittlement. Figure 56 shows a plate 
which failed by caustic embrittlemenL The cracks are 
numeraus and very fine and have been revealed by 
application of a penetration dye solu tion. While stress alone 
will react in ways well known in mechanical metallurgy 
tie., creep, fatigue, tensile faUure) and corrosion alone will 
react to praduce characteristic dissolution reactions; the 
simultaneous action of both sometimes praduces the 
disastrous results shown above. 
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FIGURE 54 - Comparison of fracture stresses by various 
techniques compared with stress corrosion cracking . Material: 
Type 304 stainless (R. W. Staehle, Ohio State University). 

FIGURE 55 - Season cracking of German military amm uni· 

tion. 

Not alI metal-environment combinations are susceptible 
to cracking. A good exarnple is the comparisan between 
brasses and austenitic stainless steels. Stainless steels crack 
in chloride environments but not in ammonia containing 
environments, whereíls brasses crack in ammonia containing 
environrnents but not in chlorides. Further, the number of 
different environments in which a given allay will crack is 
generally smal!. For example, stainless steels do not crack in 
sulfuric aGid, nitric acid, acetic acid, or pure water, but they 
do crack in chloride and caustics. 

The important variables affecting sec are temperature , 
solution composition, metal composition, stress, and metal 
structure. Tn subsequent sections these factors will be 
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FIGURE 56 - Carbon $leel plate from a caustic storage tank 
fai led by caustic embrittlement (Imperial Oil, Limited. 
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FIGURE 57 - Intergranular stress corrosion cracking of brass 

(E. N. PughL 

discussed together with comments 00 crack morphology. 
mechanisms. and methods of preven tioo. 

Craek Morphology 
Stress corrosion cracks give the appearance of a brittle 

mechanical fracture while, in fact, they are the result of 
local corrosian processes. However, even though sec is not 
strictly a mechanical process, it is stiB convenient to label 
the process and general features af Figure 53 as a crack. 

Both intergranular and transgranular sec are observed. 
Intergranular cracking proceeds along grain boundaries, 
while transgranular cracking advances without apparent 
preference for boundaries. Figure 53 is an example of 
transgranular cracking, and Figure 57 shows the inter
granular mode of cracking. Intergranular and transgranular 
cracking often occur in the same all oy, depending on the 
environment ar the metal structure. Such transitions in 
crack modes are known in the high-nickel alloys, iron
chromium alloys, and brasses. 

Cracking proceeds generally perpendicular to the 
applied steess_ Cracking in Figures 53 and 57 is of this type. 
An interesting case is shown in Figure 58 , in whlch the 
metal is subjected to uniform biaxial tensile stresses (the 
hemispherical head of a pressure vessel under internai 
pressure). The cracks appear to be randomly ürien ted. 
Cracks vary also in degree of branching. In some cases the 
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FIGURE 58 - Stress corrosion cracking of the head of a 
6AI-4V·Ti alloy tank exposed to anhydrous N204. 

80 

Relotive stress corrosion 
70 resistonce of commerciol 

310 stoinless steels 

.~ 60 

g 50 
Q 

\'~~ -'<'?~ 

~~rgY f--T,pe 34y-L 
~4.L ' ;:'.\ 

\~ 
e-lf\ 

\ \. 
:::40 ,., , , -, 
~ 

10 

o 
O., 

~ \\ 

~ ~ 
0.5 1 5 10 50 100 

Frocture time, hr 

, 

'" 500 1000 

FIGURE 59 - Composite curves illustrating the rei ative 
stress corrosion cracking resistance ~or commercial stainless 
steels in boiling 42% magnesium chloride. 

cracks are virlua lly without branches (Figure 56), and in 
other cases they exhibit multibranched river delta patterns 
(Figure 53)_ Depending on the melaI structure and compo
sition and upon the environrnent composition, crack 
morphology can vary from a single crack to extreme 
b;anching. 

Stress Effeets 
I ncreasing the stress decreases the time before cracking 

occurs, as shown in Figure 59. There is some conjecture 
concerning the minimum stress required to prevent crack
ing. Thls minimum stress depends 00 temperature , alloy 
compositioo, and environment composition. In some cases 
it has been observed to be as low as abou I 10% of the yield 
stress. In other cases, crackiog does not occur below about 
70% of the yield stress. For e.ch alloy-environmenl 

, 



FIGURE 60 - The wedging action of corrosion Ilroducts. 
This crack in stainless steel has proceeded in its circular path 
under the influence of stresses produced only by corrosion 

products. 

combination there is probably an effective minim um, or 
thresh old, stress. This thresh old value must be used with 
considerable caution since envi ronmental conditions may 
change during opera tion. 

The criteria for the stresses are simply that they be 
tensile and af suffieient magnitude. These stresses may be 
due to any source : applied, residual, thermal, ar welding. In 
fact, numerous cases af see have becn observed in which 

• there is no externally applied stress. As·welded steels 
contain residual stresses near lhe yield point. 

eorrosion products have been shown to be anothcr 
source of stress. Stresses up to 10,000 Ib/ in.2 can be 
genera ted by corrosion products in eonstricted regions. A 
stress eorrosion crack wh ich has been propagated by 
corrosion product stresses is shown in Figure 60. In this 
figure, the corrosion products appear to exerl a wedging 
ac ti an. 

Time to Cracking 
The parameter of time in see phenamena is important 

since the major physieal damage during see oecurs during 
the later stages. As stress corrosion cracks peneira te thc 
material, the eross·seetianal arca is reduced and lhe final 
cracking failure results entirely from machined actiol1. This 
is illustrated in Figures 61 and 62. Figure 61 i llu~trates Ule 
rate of cracking as a funetio n of crack depth for a specimen 
under constant tensile load': Initially, the rate of crack 
movement is more ar less constant, but as cracking 
progresses the cross-sectional area of the specimen decreases 
and the applied tensile stress increases. As a result, the rate 
of crack movement increases with crack depth until rupture 
occurs. Illlmediate ly preceding rupture , the cross section of 
the material is reduced to the point where the applied stress 
is equal to ar greater than the ul timate strength of 111 C 

meta l, an d failure occurs by mechanical rupture. Figure 62 
ilIustra tes lhe re lationship bctween lhe time of exposure 
and the extension of a specimcn during seco The widtJl af 
the crack is narrow during the ea rly stages of cracking, and 
litt le change in extension is observed. During later stages, 
the crack widens. Prior to rupture, extensive plastic 
deformation oeeurs and a .large change in extension is 
observed. 
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FIGURE 61 - Rate of stress corrosion crack propagation as a 
function of crack depth during tensile loading. 
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F IGURE 62 - $pecimen extension as a function of time 
dur ing constant·load stfess corrosion cracking testo 

A common and importaot question frequen tly asked 
concern ing SCC is: How long sholl ld a SCC test be 
conducted? Figures 61 and 62 indi cate Iha l tJle test shou ld 
be avoided sioce very little physical and mechan ical 
evidence of cracking is apparent unlil il has aceurred. 

t:l1viro11lnel/tal Fàctors 
At present there apperas to be no general pattern to the 

environments which cause SCC of va rious all oys. sce is 
wcll known in var ious aqueous mediullls, but it also occurs 
in eerta in liquid me tais , fused salts, and nonaqueous 
inorganic liqu ids (Figure 58). 

The presence of oxidizers often has a pronounced 
inOuence 00 cracking tendencies. Figure 63 shows lhe 
comb ined effec ts of chloricle and dissolved oxygen OH the 
SCC of Type 304 stainless steel. In fact , the presence of 
dissolved oxygen or other oxidizing species is cr itica I to lhe 
cracking of austenitic stainless stecls in chl oride solutions, 
and ir the oxygen is remaved, cracking wi ll not accur. 

Table 9 Iists a number of environment·alloy sys tems in 
which cracking occurs. New environments which cause see 
in various alloys are constantly being faund . Thus, it is 
always necessary to evalua te a given alloy in stress corrosion 
tests when the environmental composition is changed . It is 
usually characte ristic of crack.producing enviroomen ts tha t 
the alloy is negligibly attackcd in the nonstressed condUion. 
Although SCC of steel is frequently reported in h ydrogen 
sulf1de so lutions and cyanide·con ta ining Solulions, as shOWIl 

in Table 9, these fai lures are undoubtedly due lO hydrogen 
embrittlement rather than SCC. 

As is the case with most chemica l reactions, see is 
accelerated by increasing lemperature. In SOme sys tems, 
such as magnesium alloys, cracking occurs read ily a t room 
temperature . [n o ther systems, boiling temperatures are 
required. Most alloys susccptiblc to cracking wil l begin 
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FIGURE 63 - Proposed relationship between chloride and 
oxygen content of alkaline phosphate-ueated boiler water. 
and susceptible to stress corrosion cracking of austenitic 
stainless steel exposed to the steam phase with intermittent 
wetting_ 

TABlE 9 - En wi ronments That May Cause Sttess Corrosion of Metais and Alloys 

Environment 

Aluminum alloys NaCI-H10 2 $Olulion, 

CoPPIJf alloy. 

Gold "lIoy. 

NaCI $OlUlions 

Sea wal"" 

Ammonia vapar5 and 
SO lul ;ons 

Amin~ 

Waler. waler vapor 
feCI) solution. 
Ace,;c acid·sal l solUlion. 

Incanel Cautlic soda solUlion. 
Lead Leild acelate $OIUlion. 
M<I!F'''';um alloy. NaCI·K2CTO~ .olul ion. 

Monel 

Nickel 

Rural and coas ,ai 
8Imo.phe,es 

Distilled ... aler 
Fused cauSlic $(Ida 
Hydrofluoric acid 
Hydrofluo.i1 iclc acid 
Fu~dCiluSlic~ 

M.rerial Environment 

Ordinary .Ieel. NaO H soIuliollS 

N~OH-N"lSiOl $OIUlion. 
Cale;um. Dmmonium. and 

sodium nitrale solu-

Slainleu ...... 1. 

lIons 
Mi~ed acld . 

(H1 S04"HNOl l 
HCN .oIUlion. 
Acidic H1S SOlu,iono 

Mollen Na ·P'b elloy. 
Acid ch lOfide 5OIUlion. 

.uch as MgCll and 

NaCI.H101 50lution. 
Su ... aler 

NaOH-H1S solutions 
Condensing Steam from 

chlocide "'a ters 
Titanium allovs Red fuming ni!ric acid. 

sea_ler.N1 0 4 . 
methanol .HCI 

eraeking ai leasl as low as 100 C (212 F). The effeel of 
temperature in the cracking of austenitic stain less steels is 
shown in Figure 64. Similar data for the caustic embrittle· 
rnent of as·welded steel a re presen ted in Figure 65. 

The physical state of the environment is also impor
tant. AlIoys exposed to single-phase aqueous environments 
are some times less severely attacked than metais at the 
saroe temperature and stress when exposed to alterna te 
wetting and drying conditions. 

The autoclave9 is used for st ress·corrosion tests under 
vapor ccndensation conditions involving chloride·con· 
laining waler ai 204 C (400 F). Liquid eondensing on the 
top of the au toclave drips on the specimen and f1as'h-dries, 
thus concentrating the chloride. At these temperatures 
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FIGURE 64 - Effect of temperature on time for crack 
initiation in Types 316 and 347 stainless steels in water 
containing 875 ppm NaCI !W_ W. Kirk , F. H. Beck. and M. G_ 
Fontana_ Stress Corrosion Cracking of Austenitic Stainless 
SteeJs in High Temperature Chloride Waters. in T . Rhodin 
(ed.l. ~ Physi cal Metallurgy of Stress Corrosion Fracture. 
Interscience Publishers. Inc_. New York (19591. 
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FIGURE 65 - Effects of temperature and concentration on 
the cracking of as-welded carbon steel in sodium hy droxide 
based on service experience_ 

sodium chloride is present in the vapor phase . Cracking of 
18-8 stainless steels in 2 hours at app lied stresses as lowas 
2000 Ib/in. 2 occurs under these condit ions. The specimen 
immersed in the liquid requires high stresses and tong times 
for cracking. Similar results are obtain ed when the speci· 
men is âlternate ly immersed in and removed from the 
water. 

Good correlation is obtained between these tes ts and 
actual service failures. Figure 66 is an excellen t example. 
This high-pressure autoc1ave was fo rged from 18·8 stainless 
sleel wi th a 2 inch wall and eost $20,000. It was in 
9peration for o nly a few batches with tota l times in hours. 
Dy-Chek penetrant was used to emphasize the appearance 
of the many cracks on the outside surface . This surface wás 
cooled by a good grade of city \Valer. The cooling jacket 
system drained afteI each operation_ The droplets of water 
c1inging to the autociave surface dried and th e chloride 
concentrated. 

Figure 67 shows eraeking of an 18-8 lank from the 
outside surface. Cracks are accentuated by dye penetrant. 
This vessel handled warm distilled water. 

Th: outside was covered with an insu lating material 

, 



FIGURE 66 - Stress corrosion of Type 304 autoclave 
(Mallinckrodt Chernical Worksl. 
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FIGURE 67 - Externai stress corrosion of Type 304 vessel. 

cantaining a few parts per million of ch loride. Rain 
penetrated the insulation and leached out the chlorides, and 
then the solutian dried and cancentrated. This plant 
experienced many such cracks on insu lated vesse ls and 
lines. Similar experiences are frequent and have been called 
externai SCc. 

Figure 68 shows lhe location af cracks in a verti cal 
stainless steel condenser . Splashing in the dead space cau sed 
al ternate wetti ng and drying. This problem was solved by 
simply venting the dead space so the tubes were wet at ali 
time~ 
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FIGURE 68 - Cracking of Type 316 t ubes in dead space area 
(J . A. Collins). 
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FIGURE 69 - Stress corrosion cracking of iron-chromium
nickel wires in boiling 42% magnesium chloride (H. R. 
Copson, Effect of Composition Cracking of Some Alloys 
Containing Nickel, in T. Rhodin (ed.l , Physical Metallurgy of 
Stress Corrosion Fracture, Interscience Publishers, Inc., New 
York {19591. 

Metallurgical Factors 
The susceptibility of SCC is affected by the average 

chemical compositian, preferential orientatian of grains, 
composi tion, and distribution af precipitates, dislocation 
interaclions, and progress of the phase transformation (ar 
degree of metastability). These factors further interac t with 
the environmental composition and stress to affect time to 
cracking, but these are secondary considerations. 

Figures 69 (Ni added to 18 Cr-Fe base) and 70 show 
lhe effects af alloy composition in austenitic stainless steels 
and mild steels. In both cases there is a minimum in time to 
cracking as a function of composition. In fact, this 
observation of a minimum in time to cracking versus 
composition is a comman (although not universal) observa· 
tion in other alloy systems (e.g .• Cu-Au). 

In the past it has been a common generalization lhat 
pure metais do not crack. This has been challenged by 
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FIGURE 70 - Effect of carbon content on the cracking time 
of mild steel exposed to boiling calei um ammonium nitrate 
{R. N. Parkinsl. 

observations Df cracking in 99.999% pure copper exposed 
in ammoniacal solutions containing Cu(NH 3 h 2+ complex 
ions. 1o While generally the use of pure metaJs is ofteo ao 
available avenue for preventing cracking, it should be 
pursued only with caution. 

High-strength aluminum alloys exhibit a much greater 
susceptibility to sec in directions transverse to the rolling 
direction Ihan in Ihose parallel to lhe longitudinal direc
tion. This effeet is due to the distribution af precipitates 
which resuJts from rolling. 

Figure 71 shows the increase in resistance to stress 
corrosion as the amount of ferr ite is increased in cast 
stainless steels. Pools of ferrite in the austenitic matrix tend 
to block lhe progress of cracks. 

Mechanism 
Although stress corrosion represents one of the most 

important corrosion problems, the mechanism involved is 
not well understood. This is one af lhe big unsolved 
questions in corrosioo research. The main reasoo for this 
situation is the complex interplay of metal , interface , and 
environment properties. Further, it is unlikely that a 
specific mechanism will be found which applies to ali 
metal-enviranrnent systems. The most reliab le and ~seful 
informatioo has beeo abtained fram empirical experiments. 
Same of the passible operating steps or processes involved 
are discussed immediately belaw. 

Corrosioo plays ao importaot part in the initiatian af 
cracks. A pit, trench, ar other discaotinuity 00 the surface 
of the metal aets as a stress raiser. Stress concentratian at 
the tip of the notch increases tremendously as the radius of 
notch decreases. Stress corrosion cracks are aften observed 
to start at the base af a pit. 

Ooce a crack has started, the tip af the advancing crack 
has a small radius and the attendant stress concen tra tion is 
great. Using audio-amplification methods, Pardue l 

1 showed 
that a mechanical step or jump can oceur during crack 
propagation. lo fact , pings were heard. 

The conj oiot actioo of stress and corrosion requi red for 
crack propagation was demonstrated by Priest. 12 An 
advancing crack was stapped when cathodic protection was 
applied (corrosion stopped, stress condition not changed). 
Wheo cathodic protectioo was remaved , the crack started 
moving again. This cycle was.repeated several times. In this 
research, lhe progress of lhe crack was photographed and 
projected at the actual speed of propagation. 

Plastic deformation of ao allay cao occur in the regiao 
immedia tely preceding lhe crack tip because of high 
stresses. If the alloy is metastable, a phase transformation 
could occur (e.g. , austenite to martensite in "the nickel 
stainless steels). The newly formed phase could have 
different strength, susceptibility to hydrogen, ar reactivity. 

• 
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FIGURE 71 - Effect of ferrit e on stf9SS required to índuce 
stress corrosion cracking in several cast stainless alloys. Type 
304 and 316 with zero ferrite alsa platted. Specímens 
exposed 8 h~urs in condensate from 875 ppm chloríde water 
at 400 F. (M. G. Fontana, F. H. Beck, J. W. Flowers. Metal 
Progr., Valo 86, p. 99 (1961) December. 

If th.e alloy is not metastable, lhe coldworked (plastically 
defonned) regian might be less corrosion resistao t than the 
matrix because of the continuous emergence of of slip 
steps. This is a dynamic process and could expIain why 
severely deformed metais (befare exposure to a corrosive) 
do not exhibit sufficiently high corrosion rates to account 
for rapid penetration af cracks. 

The role af tensite stress has been shown to be 
important in rupturing protective films duriog both initia
tion and propagation of cracks. These films could be tamish 
film s (as in lhe case of brasses), Ihin oxide films, layers 
richer in the more noble component (as in the case af 
copper-gold alloys and some of lhe stainless steels and 
alloys), or other passive film s. Breaks in the passive film or 
enriched layer on stainless steel allows more rapid corrosion 
at various points on the surface and thereby initiates cracks. 
Breaking of films ahead of the advancing crack would.not 
permit healing, and propagation wauld continue. Rapid 
local dissolution without stifling is required for rapid 
propagation. 

In the case of intergranular cracking, the grain
boundary regions could be more ano.dic, ar less corrosion 
resistant, because of precipitated phases, depletion, enrich
ment, a r adsorption, thus providing a susceptible path for 
the crack. Another example of local dissolution concerns 
mild steels which crack in nitrate solutions. In this case, 
iron carbide is cathodic to ferrite. 

These examples indicate the complex interplay be
tween metal and environment and account for the speci-
ficity af environmental cracking of metaIs and alloys. , 

Methods of Prevention 
As mentioned above, the mechanism of SCC is imper

fectly understood. As a consequence, methods of pre
venting this type of attack are either general ar empirical in 
nature . SCC may be reduced or prevented by application of 
one or more Df the following methods: 

I. Lowering lhe stress below lhe Ihreshold value if ane 
exists. This may be dane by annealing in the case of 
residual stresses, thickening the section, or reducing the 
load. Plain carbon steels may be stress-relief annealed at 
593 to 649 C (1100 to 1200 F), and lhe austenitic stainless 
steels are frequently stress relieved at temperatures ranging 
from 8 16 to 927 C ([500 to 1700 F). 

2. Eliminating the criticaI environmenfal species by, 
for example, degasification, demineralization, ar distilla
tion. 

3. Changing the alloy is one possible recourse if neilher 



Fotique Corrosion fatigue 

FIGURE 72 - Schematic illustration of fatigue and corro
sion-fatigue failures_ 

, 
the environment nor stress can be changed. For example, it 
is cammoo practice to use Inconel (raising the nickel 
content) when Type 304 stainJess sleel is not salisfactory. 
Although carbon steel is less resistant to general corrosion , 
it is more resistant to sec than are the stainless steels. 
Thus, under conditions which tend to produce sec, carbon 
steels are aften foun d to be more sa tisfactory than the 
stainless steels. For example, heat exchangers used in 
contact with sea water or brackish waters are aften 
constructed of ordinary mild steel. 

4 . Applying calhodie proteetion to the slruelu re wilh 
an externai power supply or consumable anodes. Cathodic 
protection should only be used to protect installatians 
where it is positively known that sec is the cause of 
fracture, since hydrogen embrittlement effects are aceeler
ated by impre'ssed cathodic currents. 

5. Adding inhibi lors lo lhe system if feasible. Phos
phates and other inorganic and organic carrosion inhibitors 
have been used suceessfully to reduee SCC effecls in mildly 
corrosive mediums_ As in ali inhibitor applications, sum
cient inhibitor should be added ta prevent the possibility af 
localized corrosion and pitting. 

Corrosion Fatigue 
Fatigue is defined as lhe tendeney of a metal to 

frac ture under repeated cyclie st ressing. Usually, fatigue 
failures accue at stress leveIs below the yield point and after 
many cyclic app lica tions of this stress. A schematic 
ilIustration of a typical fatigue fracture in a cylindrical bar 
is shown in Figure 72. Charac teristically , fatigue failures 
show a large smooth area and a smaJler area which h as a 
roughened and somewhat crystalline appearance . Studies 
have shown lhat during the propagation of a fatigue crack 
through a metal, the frequent cyclic stressing tends to 
hammer ar pound the fractured surfact smoo th . A crack 
propagates until the cross-sec tional area -of -the metal is 
reduced to the point where the ultim ate strcngth is 
exceeded and rapid britt le fracture occurs. The surfacc of a 
brittle frac ture usually has a roughened ap pearance. The 
unusual appearance of fatigue fraclures has led to the 
common misstatement which attributes such failures lO 
meta l crystallization. This is obviously incorrect, since ali 
metais are crystalline, and the roughened surface which 
appears on the roughened frac ture is the result of brittle 
ffac ture and not crystallization. 

Fatigue tests are conducte d by subjecting a metal to 
cyclic stfesses of variallS magnitudes and measuring the 
time to fracture. Results of sueh tests are shown in Figure 
73 . The fatigue life of steel and other ferrous materiais 
usually becomes independent of st ress at low stress leveIs. 
As shown in F igure 73, this is called lhe fatigue limit. In 
general , it is assumed that if a metal is stressed bel ow its 
fa tigue limi t. it will endure an infini te number of cycles 
without fracture_ If the specim en used in the fatigue test is 
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FIGUR E 73 - Schematic iIIustrat ion of the fatigue behavior 
of ferrous and monoferrous alloys. 

notched prior to testing, the fatigue resistance is reduced, as 
sh own in Figure 73. The fatigue res istance is directly 
rela ted to the radius ar the sharpness of the notch. As the 
notch radius is reduced, lhe fatigue resistance is likewise 
redu ced. Nonferrous metais such as aluminum and magne
sium do not possess a fati gue limit. Their fa tigue resistance 
increase s as lhe app lies stress is redu ced but does not 
become independent of stress leveI. 

Corrosion fatigue is defin ed as the reduction of fatigue 
resistance due to the presence of a corrosive medium. Thus, 
corrosion fa tigue is not defined in terms cf the appearance 
of lhe failure, but in terms c f mechanical properties_ Figure 
72 illu strates a typicaI corrosion fatigue failure. There is 
usually a large area covered with corrosion products and a 
smaller raughened area result ing from the final brittle 
fra cture . It is important to note that the presence of 
corrosion products at a fatigue-fractu re poinl does not 
necessarily indica te corrosion fatigue. Superficial rusting 
can occur during ordinary fatigue fracture , and lhe presence 
of rust or other corrosion products does not necessarily 
mean lhat fa tigue life has been affeeted. This ean only be 
delermined by a corrosion fa tigue test. 

Corrosion fatigue is probably a speeial case of SCC. 
However, the mode of fracture and the prevent ive measures 
differ and it isjustifiable to consider it separately. 

Environmental Factors . Environmenta l factors strongly 
influence corrosion fatigue behavior. In ordinary fa tigue the 
stress-cycle frequency h as only a negligible influence on 
fatigue resistance. This factor is of great convenience in 
fa tigue tes ting sinee tests can be conducted rapidly at high 
ra tes of cyclic stressing. However, corrosian-fa tigue resist
ance is markedly affected by the stress-cyc1e freque ncy. 
Corrosion fatigue is most pronounced at low st ress frequen
cies. Tlús dependence is read ily understood since low
freque ncy cycles result in greater conta ct lime between 
metal and corrosive . Thus, in evalu ating corrosion fatigue 
resistance, it is important to conduet the test under 
conditions identica l to th ose encountered in prac tice. 

Corrosion fatigue is also influenced by th e corrosive to 
which the me tal is exposed . Oxygen content , temperalure, 
pH, and solution composition influence corrosion fatigue. 
For example, iron, steel, stain less stee ls, and aluminum 
bronzes possess good carrosion fat igue resis tance in waler. 
In sea water, alunünulll bronzes and austenitic stainless 
steels reta in only about 70 to 80% of their norma] fatigue 
resistance. High-chromiu m alloys retain only about 30 to 
40% of Lheir normal fati gue resistance in cont acl with sea 
water. It is apparent lha! corrosion fa tigue must be defined 
in terms of the metal and its environmen t. 

Mechanism. The mechani sJ11 af corrosion fatigue 
has no t been st udied in deta i! , but the cause Df this 



FIGURE 74 - Cross section of a carbon steel plate removed 
from a petroleum process stream showing a large hydrogen 
blister. Exposure time: 2 years (Imperial Oi! Limited, 
Dntaria, Canada). 

type of attackjs qualitatively understood. Corrosion-fatigue 
tests af iron and ferraus-base materiais show that their 
fatigue life eUlVes resemble those of nonferrous metais. 
Also, corrosion fatigue seems to be most prevalent in 
mediums which produce pitting attack. These two facts 
indicate that fatigue resistance is reduced in the presence of 
a corrosive because corrosion pits aet as stress raise rs and 
ini tiate cracks. lt is most Iikely that the corrosion is most 
intense at the crack tip, and as a consequence, there is no 
stable pit radius. Since the pit or radius continuously 
decreases due to simu ltaneous mechanical and elcctro
chcmical effects, the fatigue curve of a fe rrous metal 
exposed to a corrosive resembles that of a nonferrous 
metal. A corrosion-fatigue failure is usually transgranular 
and does not show the branching which is characteristic of 
many stress eorrosion eracks. The fi nal stages of eorrosion 
fatigue are identical to those occurring during ordinary 
fa tigue: final fractuTe is purely mechanical and does not 
require the presence af a corrosive. 

Prevention. Corrosion fa tigue can be prevented by a 
number of methods. lncreasing the tensile strength of a 
metal or all oy improves ordinary fat igue but is detrimeÍ1tal 
to eorrosion fatigue. In the case of ordinary fatigue 
resistance, alloys with high tensile strength resist the 
formation of nucleating craeks. It should be noted, how
ever, that once a erack starts in a high-tensile-strength 
material it usually progresses more rapidly than in a 
material with lower strength. During corrosion fat igue, a 
crack is readily initiated by corrosive action~ henee, the 
resistance of high-tensile material is quite low. Corrosion 
fatigue may be eliminated or reduced by ceducing the stcess 
on the component. This can be accomplished by altering 
the design, by stress-relieving heat treatments, ar by 
shot-peening the surface to induce compressive stresses. 
Corrosion inhibitors are also effective in reducing or 
eliminating the effects of corrosion fatigue. Corrosion
fatigue resistanee aIso ean be improved by using coatings 
sueh as electrodeposited zinc, chromium, nickel, copper, -
and nitride coatings. When electcodeposited coatings are 
applied it is important to use plating techniques Ihat do not 
produce tensile stresses in the coating oc change hydrogen 
ioto the metal. 

Hydrogen Damage 

Characteristics 
Hydrogen damage is a general term which refers to 

mechanical damage of a metal caused by the presence of. Df 

in teraction with, hydrogen. Hydrogen damage may be 
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FIGURE 75 - Schematic iIIustration showing the mechanism 
of hydrogen blistering. 

classified into four distinet types: ( 1) hydrogen blistering, 
(2) hydrogen embrittlement, (3) decarburiza tion, and (4) 
hydrogeri ãttaek . 

Hydrogen blistering results fram the penetration of 
hydrogen into a metal. An example of blistecing is shown in 
Figure 74. The result is local defarmation and in extreme 
cases, complete destructiooof the vessel wall. Hydragen 
embrittlement also is caused by penetration of hydrogen 
ioto a metal , wh..ieh results in a loss of duetility and tensile 
strength. Decarburization, or the removal of carbon from 
steel, is oflen produced by moist hydrogen at high 
temperatures. Decarburization lowers the tensile strength of 
steel. Hydrogen attack cefers to the in teraction between 
hydrogen and the componen! af an alloy aI high tempera. 
tures. A typical example of hydrogen attack is lhe 
disintegration of oxygen-containing copper in the presence 
of hydrogen. Decacburization and hydrogen attack are 
high-temperature processes. 

Hydrogen blistering and hydrogen embrittlement may 
oecur during exposure to petraleum, in chemical process 
streams, during pickling and welding operations. or as a 
result of corrosion. Sinee both of these effeets produce 
mechanical damage, catastrophic [aBure- may result if they 
are not prevented. 

Environmental Factors 
Atomic hydrogen (H) is lhe only species capable of 

diffusing Ihrough steel and other metais. The molecular 
form of hydrogen (H2 ) does not diffuse through meta is. 
Thus, hydrogen damage is produced only by lhe atomic 
form of hydrogen. There are various sourees of nascent or 
atomic . hydrogen-high temperatu re moist atmospheres, 
corrosion processes, and electrolysis. The reduction of 
hydrogen ions involves the production of hydrogen atoms 
and the subsequent forrnation of hydrogen molecules. 
Hence, both corrosion and the application of eathodic 
protection, electroplating, and other processes are major 
sources of hydrogen in metais. Certain substances such as 
suIfide ions, phosphorous, and arsenic compounds reduce 
the rate of hydrogen-ion reduction. Apparent1y most of 
these function by decreasing the rate at which hydrogen 
combines to fonn molecules. In the presenee of such 
substances there is a greater eoncentration of a tomic 
hydrogen on lhe metal surface. 

Hydrogen Blistering 
A sehematic illustration of the mechanism of hydrogen 

blistering is shown in Figure 75. Here, lhe cross-sectional 
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FIGURE 76 - Time to failure vs tempering temperature for 

4340 steel at stress leveis of 50, 75. and 90% y ield stress. 
Specimens exposed to wetting and drying 3.5% NaCI sol ution 

at room temperature. 

view af the wall af a tank is shown. The interior contains an 
acid electroJyte, and the ex terior is exposed to the 
atmosphere . Hydrogen evolution occurs 00 the inner 
surface as a result af a corrosion reaction or cathodic 
protection. At any time, there is a fixed concentration cf 
hydrogen atorns 00 the metal surface, and some af these 
diffuse into the metal rather than combining into mole
eu les, as shown. Much of the hydrogen diffu ses Ihrough lhe 
8teel and combines to [orm hydrogen molecules on the 
exterior surface. If hydrogen atoms diffuse into a void, a 
common defect in rim med steel s, they combine into 
molecular hydrogen. Since molecular hydrogen cannot 
diffuse, the concentration and pressure of hydrogen gas 
within the void increases. The equilibrium pressure of 
molecular hydrogen in contact with ate mic. hydrogen is 
severa! hundred thousand atmospheres, which is sufficient 
to rupture any known engineering material. 

Hydrogen Embrittlement 
The exact mechanism of hydrogen embritt lement is not 

as well known as that of hydrogen blistering. The initial 
cause is the same, penetration of atomic hydrogen into the 
metal structure. For titanium and other strong hydride
forming metaIs, dissolved. ,hydrogen reacts to form brittle 
hydride. -,. 

There are indications that a large fraction of alI the 
environmentaUy activated cracking of ferritic and marten
sitie iron-base alloys and the titanium-base alJoys is due in 
some way to the interaction of the advancing crack with 
hydrogen. The general characteristics of such cracking 
suscep tibility are ilJustrated in Figure 76 for lhe cracking of 
Type 4340 sleei (C-0.40, Mn·0.70, P·0.04, S·O.ü4, Si-0.30, 
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FIGURE 77 - Static fatigue curves for various hydrogen 
concentrations obtained by baking 4340 steel different tim es 
at 300 F, 

, 
Ni-I .8, Cr-0.8 , Mo-0.25). This figure" shows tilal higher 
strength leveIs are more susceptib le to cracking and that 
higher stresses cause cracking to oecur more rapidly. These 
tre nds are in fact general for 1110st alloys subject to 
hydrogen embrittlement ;- i.e ., the alloys are most suscep
tible to cracking in their highesl slrength leveI. The 
tendency fo r em brittlement is also increased with hydrogen 
concentration in the metal as shown in Figure 77 . This 
figu re l 4 shows that after a given length of time, cracking 
occurs at successively higher stresses as the cath odically 
charged hydrogen is removed by baking t reallllenls and lhe 
tremendous differe nces in stresses involved . 

Most of the mechanisl11s which have been proposed for 
hydrogen embrit tlement are based on slip in terference by 
dissolved hydrogen. This slip in te rfercnce lllay be due lo 
the accumulation of hydrogen near dislocation sites or 
microvoids, but the precise mechanism is still in doubt. 

Hydrogen embrittlemenl is dislinguished frolll SCC 
generaUy by the interactions with applied currents. Cases 
where the app lied current makes the specimen more anodic 
and accelerates cracking are considered to be SCC, with the 
anodic-dissolu tion process contributing to the progress of 
cracking. On the other hand, cases where cracking is 
accentua ted by current in the opposite direction which 
accelerates the hydrogen-evolu tion, reactions are considered 
to be hydrogen embrittlement. These two phenomena are 
compared with regard to cracking mode and applied current 
in Figure 78. 

Prevention 
Hydrogen blistering may be prevenled by appiication 

of one or more of the following preventa tive measures: 
I. Using Clean Slee!. Rim med steeis tend to have 

numerous voids, and the subslitulion of killed steel greatly 
increases the resistance to hydrogen blistering because af 
the absence of voids in this material. 

2. Using Coatings. Metallic, inorganic, and organic 
coatings and liners are often used to prevent the hydrogen 
blistering of steel containers. To be successful, the coating 
or liner must be impervious to hydrogen penetration and be 
resistant to the mediums contained within the tank. Steel 
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FIGURE 78 - Schematic d ifferentiation of anodic stress 
corrosion cracking and cathodically sensitive hydrogen em· 
brittlement (R . W. Staehle). 

clad with austenitic stainless steel ar nickel is often used for 
this purpose. also, rubber and plastic coatings and brick 
linings are frequently employed. 

3. Using Inhibitors. Inhibitors can prevent blistering 
since they reduce corrosion rate and the rate of hydrogen· 
ion reduction. Inhibitors, however, are primarily used in 
closed systems and have limited use in once·through 
systems. 

4. Removing Poisons. Blistering usually oceurs in 
eorrosive mediums containing hydrogen-evolution poisóns 
such as sulfides, arsenic eompounds, eyanides, and phos
phorous-containing ions and rarely oeeurs in pure acid 
corrosives. Many of these poisons are eneountered in 
petroleum proeess streams, whieh explains why blistering is 
a major problem in the petroleum industry. 

5. Substituting A1loys. Nickel·containing steeIs and 
nickeI·base alloys have very low hydrogen diffusion rates 
and are often used to prevent hydrogen blistering. 

Although hydrogen embrit tlement, Iike hydrogen blis· 
tering, results fram the penetration of hydrogen into a 
metal or alloy, methods for preventing this form af damage 
are somewhat different. For example, the use of clean steeIs 
has relatively little influence on hydrogen embrittlement 
since the presence of voids is not involved. Hydrogen 
embrittlement may be prevented by application of ooe ar 
more of the following preventa tive measures: 

I. Reducing Corrosion RARate. Hydrogen embrittle· 
meot occurs frequently duriog pickling operations where 
corrosion of the base metal produces vigorous hydrogen 
evolution. By careful inhibitor additions, base-metal corro
sion can largely be eliminated durillg pickling with a 
subsequent decrease in hydrogen pickup. 

2. Altering Plating Conditions. Hydrogen pickup 
during plating can be controlled by the proper choice of 
plating baths and carefuI control of plating current. If 
electroplaling is performed under condilions of hydrogen 
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evolution, poor deposits and hydrogen embrittlement are 
lhe result. 

3. Baking. Hydrogen embrittlement is an almost rever· 
sible process, especially in steels. That is, if the hydrogen is 
rernoved, the mechanical properties of the treated material 
are only slightly different from those of hydrogen·free 
steel. A common way Df removing hydrogen in steels is by 
backing aI relatively low temperatures [93 to 149 C (200 to 
300 F) l. See Figure 77. 

4. Substituting AlIoys. The materiais most susceptible 
to hydrogen embrittlement are lhe very·high·strength steels. 
Alloying with nickeI or molybdenum reduces suscep tibility. 

5. Practicing Proper Welding. Low·hydrogen welding 
rods should be specified for welding if hydrogen embrittle· 
ment is a problem. AIso, it is important to maintain dry 
conditions during welding since water and water vapor are 
major sources of hydrogen. 
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DISCUSSION 

Question: 
Do you have parting eorrosion with Inconel? 

Answer: 
Selective leachiog? No, I have never seen it in Inconel. I 

have seen it in silicon containiog stainless type alloys. 
Maybe someone else has. 

Comment: 
We have, in a pump made of Mone!. The nickel 

dissolved, Ieaving the copper. 

Comment: 
Fo.r instance, one of the strong bits of evidence that 



copper is not dissolved and redeposited, somebody found 
lwins in lhe deposiled eopper, (due lo cold working). It is 
of academic importance because the end result is the same. 

Question: 
Do you see much problem with corrosion with liquid

vapor phase? 

Answer: 
The water line or liquid line corrosion? Yes, I have seen 

it in steels, copper alloys, brass and that sort of thing, but it 
is not too common. Well, it is almost a concentration celI 
effecl. It would fali more in lhal calegory because for 
instance, in a strong acid tank or an acid tank where you 
are exposed to air and dissolved oxygen as in the surface 
layers, you ean gel lhal effeel. 

Comment: 
My favorite topic was that you get inadeqLlate atm()s

phere over the concentrated sulfuric-. Concentrated sulfuric 
does not aUack steel worth mentioning. But, if you vent 
that tank, you can get blistering in the steel, and so on. I 
wenl along for years happily telling people lo put a venl on 
their tank, until somebody finally asked me where do you 
find one of these tanks. There are vents that can be put on 
tanks to control the humidity. On cast iran, we did the 
same thing. We ran fuH scale tests, took the pipe, and 
demonstrated that the gray cast iron was several times 
superior to carbon steeJ. The immediate question that 
comes up today is does ductile iron perform the sarne way. 
Our data says that it does. Vou do not have the same 
mechanical locking that you do with plain graphite, but 

• ductile iron pipe is also better than carbon steel. However, 
when you get down to the nitty gritty of it, and when you 
want to buy some piping, you frequently find that on cost 
and availabilily, you might as well pul the pipe in Type 304 
and be done wilh i t. 

Comment: 
This brings up a poin t. I am on one of these 

government committees, Office 01' Pipeline Safety Stand
ards. We receive accident reports. In many cases it is cast 
iran, it is a gas Hne, ar it is an oil line or something, usually 
natural gas, and you have graphitization. Vou see, you 
dissolve Fe and you have still the same dimension, but it 
does not have any strength. Due to vibration, trucks 
passing, or a construction operater hitting it wi th a 
bulldozer, the pipe cracks, and the gas leaks, àõa -then there 
is an expIosion in an apartment building ar something. 
Fortunately, they have gone to ductile irob, which is not 
bri ttIe, but I am sure there are a million miles of pipeline 
still in lhe ground made up of old easl iron lhat is badly 
graphilized and very brittle. 

Question: 
You mention in your -write-up that pitting is auto

catalytic. I have seen severa I cases where the pits for some 
reason or other are stifled. After a while, they stop growing. 
I have noticed in the Hterature what 2 or 3 peopIe 
mentioned, and what comes to mind immediateJy in Inco 
mentions that for MoneI, for some reason, the pit growth is 
stifled over 2.0 or 30 mils. Can you comment on this? 

Answer: 
Well, I eannol explain it. In faet, lhat is what makes il 

so difficult to study. DI. Greene and I have a paper that is 

• 
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15 or more years old, on a study of the pitting of stainless 
steel. This is what happened. Sometimes, pits would form 
and grow, and other times they would stop. Why it does 
that, I do not know. r think in most cases, the danger is 
there because the pit tends to grow fasteI. Why it stops in 
some cases, I do not know. 

Question: 
Do you think that this phenomena would be more 

prevalent in steel where oxygen pitting ar something causes 
a more shallow pock mark rather than a deep pit? 

Answer: 
I tend to regard pitting as something where lhe depth is 

greater than the diameteI. Df course, they do have these big 
craters that are called pits. One of the nicest pieces ofwark 
that has been done in this regard was done by Floyd 
Brown. I had the idea years ago, but I could not talk aoy of 
my students in to doiog lhe experiment. lt was to find out 
what is the compositioo of the eovironrnent at the bottom 
of the pit or the crack , or the crevice. This is to let the pit 
form, then freeze the specimen . Vou machine off lhe ice, 
and now you have lrapped lhal Iiquid in lhe pit. By 
micro-chemical methods you can analyze it. You caonot 
stick a pipette ar something down ioto a pit ar a crack. The 
pH can go way down in chloride environments, as low as 4. 
In other words, it is very acidic at the bottom 01' the pit as 
9Pposed to 6 or 7 on the outside. lo spite of the fact that 
some times a pit stops, if you see any evideoce 01' pitting in 
corrosion testiog, you run like hell because it is so 
unpredielable. 

Question: 
We, from time to time , will say that pitting rate is one 

third poweI. Is lhat a good rule of thumb? In other words, 
the deplh of attack can bc plotted as one third power. 

Answer: 
For a rate of penetration of pitting? I would say no; 

that meaos it slows up, doesn't it? I would be afraid of that. 
If it were the third power, I would go along with i1. 

Comment: 
No, I mcao one third power. 

Comment: 
Well, I lhink it mighl depend OIl lhe lype of melaI. You 

get these galvanic couples. 

Comment: 
Vou are right, it depends on the metal, Iike 00 the 

stainless sleel. I would lhink lha I il could be pretty 
destructive. 

Question: 
What is koife-line attack? 

Answer: 
Well, this is one reason why the so-called extra low 

carbon stainless steels took ave r. We firsl ran ioto this in 
1950. This was back in the jet-assist program, the pre
rocket era. They used fuming nitric as a fuel. They bought 
S0me 347 (columbium stabilized stainless steel) tanks to 
store it, and it only attacked the parent metal right next to 
the weld. The mechanism is that , if you heat this steel up to 
a very high temperature, and then coo] it rapidly, such as 



would happen if you were welding very thin material. Vou 
cannol spend l11uch time welding, so il coais rapidly. 
Everything stays in a solution: solu l11bium , carbon , eve ry
thing else. As yOll heat back up [you see the chormium 
carbide rorms at lower temperalure say 1200 F (649 e)J, 
but lhe columbium carb ide does not tie up the carbon until 
you get up to 1900 F (1038 e). So to sum it up, if you take 
a piece of Type 347 , heat it to above 2250 F (1232 e) and 
quench it, columbium and carbon are in solution, and now 
you heat it back up lo l200 F (649 e) , but chromium 
·carbide forms , so it is just like the columbium going along 
for the ride. Of course, the way to solve it would be to heat 
it up to 1900 F (1038 e), then the chromium carbide 
disso lves, and columbium carbide for111s , and thal is wilat 
you want. In other words, the columbium is added, not lo 
improve corrosion resistance (general corrosion) , but to tie 
up the carbon so you do not get chromiurn carbide 
formalion that gives you intergranular sensitivity. 

Question; 
We have using your Type 347 rod to weld Type 304 L. 

I f you weld it, you shoul d have have any prob lerns, but if 
you develop a leak and re-weld it , won't you have knife- Iine 
attack on the Type 347 weld? 

Answer: 
Let's take the first part, they use Type 347 rod lo weld 

Type 304. Well , this was one af lhe first rnisconceptions of 
the use of columbium, to avoid the conventional weld 
deeay . In fact, I í:lsk rny students this quest ion every year 
on lhe eXí:lm. This doesn't do you one bit of good, because 
the weld decay is way out in lhe pa rem plate in lhe Type 
304, so now if they repair we lds, aga in you have to follow 
the therrnal history. If it is healed to a high temperature, 
cooled rapidly, and then sensitized, you will get the 
knife-line attack. But, you can delermine whether or not it 
is going to happen by looking at the thermal history of the 
metal itself, because when you are welding, you are doing 
some sort of heal treatment. In a cross weld, it wourd help 
as far as the previous weld is concerned, but it sure does not 
help the parent plate. 

Question: 
What is lhe influence of the higher nickel-this pheno

menon with the cal umbium in the higher nickel alloys? 

Answer: 
Maybe an Inco or Carpente r man could answer that. 

Comment: 
In the 20C83, we use columbiul11 . I would say there are 

two differences between it and Type 347 (at leasl one 
difference and one 5imilarity). We find that with the higher 
nickeI, we have a little bit more of a problem with carbon, 
50 we have to put in more columbium than you do in Type 
347, so we put in much more than we have in the ratio in 
Type 347. Vou can get the knife-line type problem that we 
have just beeo talking about." Vou have to go back to the 
1200 F (649 e) temperature for some considerable time 
though. Ju st welding on top of a weld , you WOI1 ' t normalJy 
se it , unless it is a really big weld \Vi th a lot of heat input. 
So, you can't sort of put one weld 011 top of another and 
not get in to trouble on sheet and tubing and lhat type of 
thing. But, on a very heavy sect ion )'OU might get into 
trouble. 
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Question: 
Isn't there a difference in lhe temperature in solubility 

for higher níckel alloys? 

Answer: 
I am nol sure if there is. If there is, il is not really 

relevan!. If you are taling of welding, I would say that lhe 
columbium ar the titaniulll would pretty well be a solu tion 
by 1850 or 1900 F (10 I O or 1038 e), and columbium may 
be a little higher (we start to go in about l800 F (982 e). 
But, if you are welding, you go way above Ihat anyway, so 
I don' t know that it really matters toa much. Vou go high 
enough to put them in solutíon. I don ' t th ink nickel plays a 
role in that way. 

Comment: 
Well, I think as a general sta tement you can say that 

the more complex alloys behave differentIy than 18-8 
tYRes. In fact, this probab ly would make the basis for a real 
good' stiIdy. 

Comment: 
Well, I mentioned this specifically because I think we 

are going to see more about the problcm of conservation of 
materiais, the proper utilization of materiaIs. I think we are 
going to see more c1ad constructioo. When you get into 
this, we are going to get in to stress relicving, and somebody 
is goi ng to get bitten. 

Comment: 
I am glad you brought that point up. This is going to be 

one of the big problems in the coaI conversion business. 

Question: 
Gett ing back lo this gentleman's question of weldiflg of 

the Type 304L with the Type 347 rod, why weld with 
Type 347, why not use a Type 308L rodo 

Comment: 
I hate to tell you this, but that 'plant welds everything 

with a Type 347. The Type 347 makes a good rod, it is 2 to 
5% ferrite, it handles well , it welds well , and they like it. 

Question: 
We presently have an Incoloy 825 reactor contí:lining a 

fluidized bed operatíng at around 900 F (482 e). We have 
signs of excessive erosion-carrosion in the reaeto r, toward , 
the bottom area of it. I was wondering if you would 
GQml11en t 00 effe ctive mea'ns of combating this wilh a 
particular metaJli zed coating, such as chromium or tungsten 
carbide. The reactor composition of the reactor gases 
contain about 10% HCI , 6% water , carbon dioxide and 
oxygen, nitrogen, and maybe up to 50 ppm free chloride. 

Answer: 
I think if you can get the tungsten carbide on there, it 

might do a good job. Let me tell you why I am saying tha!. 
We had a coai conversion meeting at Ohio State University 
in April, 1974. Somebody asked the quest ion abou t the 
Type 347 hne in this pilot plant. Somebody asked what was 
the line made of. He said Type 347. How long does it last? 
Well, not very long. Well , how long? Three to four hours. 
See, this was an elbow, and the fluid contaíns fly asll. This 
is an ingenious solution to the problem. It does not apply 
direct ly to yours. They had a sweeping elbow so they 
wou ld not get as much as erosioo corrosion. So they used a 



straight right anglc , this pipe this way and this one this way, 
then they had a plu g screwed in , facing the flui d coming at 

, 
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it and then they made the plugs out of tungsten carbide , 
and it is working fine. 
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