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ABSTRACT 

The influence of alloy microstructure on stress corrosion cracking 

of mild steel in caustic-nitrate synthetic nuclear waste solutions was 

studied. An evaluation was made of the effect of heat treatment on a 

representative material (ASTM A 516 Grade 70) used in the construction 

of high activity radioactive waste storage tanks at Savannah River Plant. 

Several different microstructures were tested for susceptibility to 

stress corrosion cracking. Precracked fracture specimens loaded in 

either constant load or constant crack opening displacement were ex­

posed to a variety of caustic-nitrate and nitrate solutions. Results 

were correlated with the mechanical and corrosion properties of the 

microstructures. 

Crack velocity and crack arrest stress intensity were found to 

be related to the yield strength of the steel microstructures. Fracto-

graphic evidence indicated pH depletion and corrosive crack tip chemistry 

conditions even in highly caustic solutions. Experimental results were 

compatible with crack growth by a strain-assisted anodic dissolution 

mechanism, however hydrogen embrittlement also was considered possible. 
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CHAPTER I . 

INTRODUCTION 

Background 

Certain radiosotopes produced as byproducts of the nuclear fuel 

cycle remain radioactive for centuries and require long term storage. 

In the past, much of the high-level radioactivity nuclear wastes 

have been stored in the form of neutralized (alkaline) nitric acid 

solutions and sludges in steel tanks. The tank storage method has 

been used for interim containment of wastes pending decisions on 

long-term disposal techniques. Mild steels, such as those used in the 

fabrication of nuclear waste storage tanks, are susceptible to environ­

mentally induced cracking, commonly known as stress corrosion cracking 

(SCC) , in the presence of either nitrate ion or hydroxide ion. Inves­

tigations indicated that cracks in waste tanks located at the ERDA 

Savannah River Plant were caused by SCC. A leak was reported from 

2 
waste storage tanks at the ERDA Hanford Plant; this leak most likely 

resulted from SCC. 

Stress corrosion cracking has been defined as the "rupture of 

metal, taking the form of cracks, that may occur under the conjoint 

influence of a corrosive environment and applied or residual [tensile] 

3 
stresses." Stress corrosion cracks typically propagate normal to the 

principal tensile axis in uniaxial loading, and propagate either across 

individual metal grains as transgranular stress corrosion cracking 

(TG SCC) or between the grains as intergranular stress corrosion 



2 

cracking (IG SCC) , depending upon the alloy and environment involved. 

In certain cases a transition between the two crack paths is developed 

4 5 
by varing conditions of stress, strain rate, solution pH or alloy 

composition. Many engineering structures are constructed of alloys 

which are susceptible to SCC in certain media. Carbon and alloy 

steels, stainless steels, brass, aluminum, nickel and titanium alloys 

all crack in a variety of media, often at tensile stresses well below 

yield. In many cases the environments which cause SCC seem relatively 

noncorrosive to the alloy. Unpredictable failures continue to add to the 

ever-increasing list of SCC-causing environments. Alloys once thought 

to be immune to SCC have failed after years of use. 

SCC was shown to cause cracking of waste storage tanks at the 

Savannah River Plant, Aiken, S. C. With the aid of remote observation 

and removal of sections of a waste tank wall, cracks were analyzed by 

Savannah River Laboratory. Most cracks originated in the heat affected 

zone of welds and propagated into the ASTM A 285 Grade B steel plates, 

from which the tanks were fabricated. Cracks were up to several centi­

meters in length and extended intergranularly in a direction generally 

perpendicular to the welds. This direction was also perpendicular 

to the maximum residual tensile stress induced by welding during fabri­

cation. The longitudinal welding stress may have exceeded the material's 

yield point near the weld centerline, and a large tensile stress probably 

extended into the heat affected zone. Numerous superficial cracks of 

1 to 25 mm length also were found near welds on the inner tank surface which 

contacted the caustic-nitrate waste solution. This indicated crack initi­

ation. at the inner surface in heat affected zones. The inner surface of 
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the examined tanks revealed little general corrosion but some shallow 

pitting. At least one crack was found to originate at an arc strike, a 

site of expected high residual stress. Studies also indicated that 

waste storage tank cracking was not directly related to radiation effects 

since cracking could be produced in nonradioactive synthetic waste 

o 

solutions. 

Savannah River Plant high activity waste solutions have been 

9 
s to red as concen t r a t ed n i t r a t e s a l t s a t high pH. Some of t h e was te 

m a t e r i a l s p r e c i p i t a t e from s o l u t i o n as a s l u d g e . Opera t ing c o n d i t i o n s 

during s e r v i c e i n cracked tanks cons i s t ed of a maximum s ludge tempera ture 

of 215 C, a maximum supe rna te temperature of 52°C, and an average s o l u t i o n 

pH of 14. In such s o l u t i o n s and in s y n t h e t i c waste s o l u t i o n s mild s t e e l 

e l e c t r o d e s have open c i r c u i t su r face p o t e n t i a l s i n the range g e n e r a l l y 

9 
observed for nitrate SCC. Since caustic embrittlement occurs at much 

lower potentials than does nitrate cracking, hydroxide ion is not con­

sidered the primary cracking agent in waste tank cracking. 

The studies at Savannah River Laboratory concluded that nitrate 

1 9 SCC was the major cause of cracks in the mild steel storage tanks. ' 

Stress relief heat treatment to 1100°F was effective in preventing crack 
o 

growth in test specimens, and stress relief was used in subsequent tank 

construction. To date, none of the heat-treated tanks has developed leaks. 

While the problem was alleviated, a degree of uncertainty involving SCC 

occurrences remains. Further studies were initiated to determine the 

influence of heat treatment and the resulting microstructures on the 

susceptibility of mild steel to SCC in synthetic nuclear waste solution. 

These studies constituted the work presented in this thesis. 
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Literature Review 

Intergranular stress corrosion of mild steels has been noted 

and studied for over fifty years. * Cracking was observed in a 

variety of liquid and gaseous media including: alkaline boiler 

11 12 
water or concentrated hydroxide solutions, ' " concentrated nitrate 

solutions, sulfides, cyanides, hydrocarbons, and coal gas 

17 18 
liquor. This resulted in failures of steam boilers, fertilizer 

19 20 17 
plants, bridges, and petroleum distillation equipment. Mild 

21 
steels are found to crack in an ever-increasing number of media, 

and emphasis is no longer placed on the specific natures of environ­

ments which cause cracking. Even seemingly innocuous, nonaggressive 

solutions of ammonium carbonate may crack mild steel under controlled 

21 
electrochemical potential conditions. 

No universally accepted theory exists for the mechanism of 

SCC of mild steel in concentrated nitrate or caustic solutions. 

Indeed, there is little agreement on the reason why any specific 

alloy-environment combination causes SCC, and some investigators are 

22 
unwilling to include IG cracking as a true example of SCC. Such 

people prefer to call intergranular failures "stress-assisted cor­

rosion" since a degree of intergranular penetration usually occurs 

23 

in the absence of stress. In addition, while some corrosion authori­

ties, such as Uhlig, propose a single mechanism to explain all 

23 
SCC, Staehle and others consider each case as unique with different 

22 

mechanisms operating. Fundamental differences of opinion pre­

vail in the field. 
Nearly all of the stress corrosion susceptibility data for carbon 
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steels or mild steels comes from tests that use smooth surfaced 

specimens. Most of the SCC susceptibilities are measured as total 

time to failure after application of tensile stress. Stress corrosion 

cracking is somewhat arbitrarily divided into the crack initiation 

stage and the crack propagation stage. Since crack initiation at a 

smooth surface is often the slower and more time-consuming stage of 

cracking, time to failure data (which do not differentiate the two 

stages of cracking) tend to reflect specimen surface properties and 

22 
crack initiation processes. 

Nitrate Cracking of Mild Steel 

Influence of Environment. Carbon and alloy steels crack in a 

variety of nitrate salt solutions. Cracking occurs rapidly enough 

to be studied in the laboratory at concentrations above about 2N and 

13 temperatures approaching the boiling point (about 90°C). The time 

to failure at a given stress shortens with both increasing temperature 

13 24 
and nitrate concentration. ' Gilchrist and Narayan, however, found 

that time to failure became independent of solution concentration above 

25 
0.25N in NH,NC« , in apparent disagreement with the general trend. 

Nitrate salts of the alkali metals Li, K and Na induce IG SCC of mild 

steels with relative severities that are in order of increasing 

13 
electrochemical potential of the cation. Solutions of these salts 

are relatively noncorrosive and produce only thin oxide films. More 

acidic salts such as Fe(N0o)„ and NH.NCL cause more pronounced 
3 3 4 3 

general corrosion to take place. Fe(NO,)„ promotes rapid dissolution, 

while NH.NC" produces a black, adherent oxide film and is apparently 

the most aggressive nitrate cracking agent. The aggressiveness of 

NH,NO_ solutions appears to be related to the pH, and pH adjustment by 



6 

addition of nitric acid to alkali metal nitrate solutions increases 

their aggressiveness. At equal pH values, the cracking severity in 

alkali metal nitrates is equivalent to the severity in ammonium 

•- - 1 3 
nitrate. 

The addition of hydroxide ion generally seems to inhibit 

nitrate cracking. SCC in NH.NO solutions is strongly inhibited by 

increasing hydroxide ion concentration in solutions over pH 7. 

26 
However in solutions of pH 3 to pH 7 there is less effect. The 

amount of caustic which can be added to nitrate solutions to inhibit 

cracking is limited however, because caustic solutions by themselves 

cause IG SCC (caustic embrittlement) cf mild steels. Caustic addi­

tions and high pH inhibit the cathodic reaction but accelerate the 

26 
general corrosion rate in NH.NCL solutions. Szklarska-Smialowska 

4 3 
attributed this acceleration to stifling of nitrate ion reduction 

26 
to nitrite and also to complexing of iron with evolved ammonia. 

The inhibiting effect of raising the pH of other nitrate solutions 

was ascribed to impeding of corrosion at anodic sites by precipi-

27 
tated hydroxides. Since general corrosion in NH.NO. increases with 

4 3 

pH, such would not appear to be the case in NH.NO solutions. Al­

though the pH at the tip of a stress corrosion crack is acidic in 

other aqueous solutions, such data are not available for nitrate cracking 

of mild steel. Nevertheless, the inhibiting effect of increased pH may 

be related to this feature. The anodic current density of strained steel 

electrodes increases rapidly following additions of nitric acid to 

13 
relatively nontarnishing nitrate solutions. Similar jumps in current 

density are seen if acid additions are made to tarnishing NH.NO., solutions 
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when no stress is applied to the electrode, and film breakdown was 

12 
proposed as the cause. Such effects indicate that acidic conditions 

favor rapid metal dissolution. 

Various ions in nitrate solutions have a pronounced effect on 

the cracking of mild steel. Sulfide ion was found to be particularly 

25 28 
damaging. ' Increasing the concentration of alkali metal nitrate 

13 
salts was shown to lower the apparent threshold stress for cracking. 

Similarly, additions of oxidizing ions such as KMnO, and K Cr.07 were 

13 
deleterious in nitrate solutions. Smialowski and Ostrowska also found 

29 
the presence of dissolved oxygen to be necessary for cracking, while 

30 
Hertzog and Portevin found no such dependence. Manganous ion appears 

to change the nature of corrosion products formed in NaN0_ solution and 

31 
shortens time to failure. A compact, adherent film was formed in the 

31 
presence of manganous ion, while little or no film was observed on 

13 31 
specimens exposed to pure sodium nitrate solutions. * Manganous ion 

was thought to shift the equilibrium corrosion potential to a region of 

31 
passivity where the general corrosion is decreased, but SCC is enhanced. 

Although acidic conditions promote cracking, passivity also seems to 

promote cracking. This suggests that cracking may occur under con­

ditions of localized acidity and rapid dissolution combined with over­

all passivating conditions. 

Chloride is among the ions which inhibit SCC of mild steel. 

Additions of chloride to nitrate solutions lengthen time to failure, but 

31 not monotonically. Because the chloride ion promotes pitting and 

general corrosion of steel, this effect probably overshadows the beneficial 

effect on SCC at high chloride concentrations. In addition, certain 
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commercial corrosion inhibitors are particularly effective in reducing 

SCC in steels; among them are the organic inhibitors quebracho and 

\a. and aL 

24,28,32 

-2 - -2 
valonea and also HPO. salts, H PO. salts, HAsO. salts and many basic 

salts. 

Nitrite ion is a well-known corrosion inhibitor for steel, 

however the influence of nitrite ion on nitrate cracking is not well 

understood. While the nitrite ion inhibits cracking in NH,N0_ environ-

33 13 
ments, additions of nitrite to NaNO- solutions accelerate cracking. 

It was shown while small nitrite ion additions reduced the overall 

corrosion rate in 50% boiling NH.N0,>, larger amounts increased the 

«- 2 8 
corrosion rate. 

Solution temperature is an important environmental parameter 

that influences nitrate cracking of mild steels. Cracking in nitrates 

is accelerated by increasing temperature, following an Arrhenius 

relationship. Activation energy for cracking in aerated 5N NH.NO was 

26 
found to be 42 kJ/mole (10 kcal/mole). The activation energy for 

overall corrosion in deaerated 5N NH.NO,, was evaluated as 40 kJ/mole 
4 3 

(9.6 kcal/mole), while for either air or hydrogen saturated solutions the 

corrosion activation energies in stirred and in unstirred situations 
were 21-25 kJ/mole (5 to 6 kcal/mole) and 42-46 kJ/mole (10 to 11 kcal/mole), 

-• i 3 1 
respectively. 

While the apparent activation energy for cracking in ammonium 

nitrate seems to be the same as the activation energy for corrosion in 

an unstirred solution, this does not necessarily mean that the entire 

cracking process is controlled by corrosion in placid environments. The 

reported value for cracking experiments comes from smooth-surfaced 

NH.N0


9 

specimen tests and must reflect crack initiation at a smooth surface 

as well as propagation. Crack initiation might be controlled by 

corrosion and the formation of grain boundary trenches. Crack pro­

pagation could be controlled by a different mechanism, and the solution 

conditions at the crack tip surface will likely be affected somewhat by 

plastic straining. 

The dependence of nitrate cracking on electrochemical surface 

potential and the relationship of this dependence to the passivation 

properties of steel is well established. In nitrate solutions a 

critical cutoff potential for SCC appears to exist. While at electrode 

potentials increasingly more anodic (positive) than the cutoff 

potential SCC occurs with decreasing time to failure, potentials more 

cathodic (negative) induce immunity. This points to the feasibility of 

cathodic protection as a means of alleviating nitrate cracking of steels. 

In a 60% Ca(N0_)9 - 3% NH,N0_ solution the critical cutoff potential is 

24 
about -280 to -340 mV versus a standard calomel electrode (SCE). The 

cutoff potential shows a temperature dependency, becoming more anodic 

24 
with increasing temperature in the range 80 to 110 C. Humphries 

and Parkins reported a cutoff potential of -740 mV (SCE) in boiling 

34 
4N NH,N0_ with a minimum time to failure occurring at +460 mV. In 

boiling 4N NaN0_, however, a cutoff of -640 mV was observed with a 

minimum time to failure also at +460 mV. The potential at the minimum 

time to failure corresponds to a value just to the passive side of the 

steel's critical passivating potential (peak current density on the 

anodic polarization curve). Figure 1 shows a typical anodic polariza­

tion curve for a passivating metal. Potentials just above and below the 
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critical passivating potential are often associated with pronounced 

incidence of SCC. Szklaraska-Smialowska found two minima in time to 

failure in an aerated 5N NH.NO_ solution: one at -390 mV and one at 
4 3 

26 
+60 to +460 mV. The critical passivating potential in this case 

was at potentials somewhat more anodic or cathodic than this value, 

as expected. A cutoff potential was also observed at about -640 mV. 

At potentials more negative than this, failures occurred by general 

corrosion. The cathodic polarization curve in NH.NO solutions also 

showed a peak in current density thought to be associated with forma­

tion of a soluble ferrous-ammonia complex and hence with enhanced 

26 
general corrosion. However, electrodes previously passivated in 

nitric acid or in nitrite solution showed no such peak. The large 

increase in time to failure at the cutoff potential was attributed 

to reduction of nitrate ion to nitrite. The increase in general 

corrosion at more cathodic potentials was linked to ammonia evolved 

26 
by nitrate ion reduction. The cutoff potential also appears to be 

influenced by stress, being shifted to more negative values with 

increasing applied stress. 

Passivity plays an important role in nitrate cracking. The 

relationship between passivation properties of steel in nitrate 

solutions and the dependence of nitrate cracking on surface potential 

confirms this importance. Since passivity is often associated with 

the formation of protective oxide films, oxides could be important 

in the nitrate cracking of steel. The electrochemical potential 

determines which oxides and/or soluble species develop during 

36 
corrosion and might influence whether general corrosion or SCC 
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becomes more probable. Humphries and Parkins found in AN NH,NO_ 

solutions that magnetite (FeJD.) formed on steel at the cathodic 

potentials which caused SCC, while nonprotective hematite (a-Fe?0 ) 

34 
formed at the more anodic potentials. At anodic potentials 

corresponding to minimum time to failure (+460 mV) hematite was 

the predominant oxide. Szklaraska-Smialowska also found magnetite 

at cathodic potentials near the critical cutoff potential in 

26 
5N NH,N0„ solution. Flis verified the existence of magnetite at 

SCC potentials but found the hematite in 5N NH,N0„ solutions only 
4 3 

37 
at extremely anodic potentials. Potential-pE conditions which 

favored cracking were found to correspond to regions of stability of 

Fe_0 . Since magnetite was usually found instead, it was surmised 

that accumulation of carbon on corroding metal surfaces influenced 

the oxide phase, promoting formation of semiprotective magnetite 

rather than protective, passivating maghamite Cy-Fe^CO . It should 

be noted, however, that thermodynamic data for elevated temperatures 

are sparse, and a change of the stability regimes of various chemical 

species with temperature might be involved. Nevertheless, nitrate 

cracking of steel seems to be associated with semiprotective oxides 

and partial passivation. 

The open circuit potential of specimens immersed in nitrate solu­

tion becomes more anodic (positive) with buildup of the oxide film. 

Application of stress reduces the extent of this polarization and 

38 
causes the potential to be somewhat less anodic. Notched tensile 

specimens were observed to undergo negative jumps in potential as 

39 large as 75 to 100 mV. It was proposed that these jumps resulted 
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from strain and rupture of the oxide film. As mentioned previously 

such jumps in potential occur even in the absence of applied stress 

in NH.NO solution, indicating the nonprotective nature of films 

grown in such a medium. This may be related to the severity of SCC in 

NH NO compared to other nitrates. The measurement of potential 

differences between filmed and unfilmed surfaces in 5% NH.NO- showed 
4 3 

the difference to be about 160 mV; it was thought that this would 

cause film-free metal to act as an anode and corrode preferentially. 

Such data support the well-known film rupture theory of SCC which views 

cracking process as localized dissolution at breaks in the corrosion 

product film. 

Potential differences were measured between grain faces and 

grain boundaries in ferrous and nonferrous alloys. ' Such 

measurements support an electrochemical model of SCC and indicate 

preferential dissolution of active grain boundaries in the metal. 

Grain boundaries should be in a higher lattice energy state due to 

the local disorder and strain in the crystal structure and therefore 

at a more active potential than grain faces. Studies by Logan 

showed that the incidence of intergranular cracks in steel was related 

to the degree of crystallographic mismatch between adjoining metal 

41 
grains. Maximum grain boundary surface energies should occur in a 

42 
BCC alloy if the mismatch is between about 15 and 40 degrees. X-ray 

analysis of grains bordering intergranular cracks showed mismatches 

which ranged from 7 to 46 degrees with the majority lying between 10 to 

41 
30 degrees. These results indicate that nitrate cracking could be 

caused by preferential electrochemical dissolution of steel grain boundaries 
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Various ferrite crystal planes exhibit different open circuit 

43 
potentials and anodic polarization curves in ammonium nitrate solutions. 

This indicates that certain crystal planes in iron will be preferentially 

corroded by nitrate solutions. It was suggested that this effect might 

43 be particularly important in crack initiation. However, Logan 

found no evidence of preferential nitrate cracking in grain boundaries 

41 
that border grains of a particular crystallographic orientation. 

Cementite precipitates (Fe„C) may cause preferential grain 

boundary corrosion in steels. Cementite undergoes little cathodic 

44 
polarization and is thus an efficient cathodic site. Such sites 

would enhance the anodic dissolution of adjoining ferrite, and this 

principle is commonly used in the metallographic etching of two-phase 

alloys such as mild steels. 

Influence of Stress/Strain. Tensile stress greatly accelerates 

intergranular corrosion penetration in mild steels in nitrate solutions 

and causes crack formation. The stress may either be externally 

applied stress or residual stress from heat treatment, welding or 

8 45 
forming operations. ' Even stresses set up by differential 

contraction of adjacent phases in steels during solidification can 

induce stresses large enough to cause cracking. It was calculated that 

the tensile stress in the ferrite matrix surrounding a cementite 

46 
precipitate may reach values up to 276 MPa (40,000 psi) . This 

approaches the yield point in mild steels, and was suggested as a 

27 
possible reason for IG cracking of steel. 

Elimination of residual (tensile) stresses by stress relieving 

19 47 48 heat treatment is effective in inhibiting cracking. ' ' Another 
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method of inhibition which is particulary effective in preventing 

surface initiation of cracks is the introduction of compressive 

27 
stresses by shot peening or nitriding. 

It is generally agreed that a certain degree of plastic 

deformation is necessary in order to obtain cracking in nitrate 

solutions. ' In general, time to failure increases rapidly with 

13 
decreasing tensile stress. A threshold stress, below which cracking 

did not occur in a prolonged testing period, appeared to be below 

13 
the yield point in low carbon steels but was well above the yield 

49 
point in higher carbon steels. An anamolous decrease in time to 

failure with decreasing tensile stress was found by Zahik. between the 

yield point and elastic limit in 0.01% C steel. No explanation 

was offered for the maximum in time to failure at a stress 10% higher 

than the elastic limit. The complicated effects of prestraining on 

nitrate cracking might be involved. 

Increasing stress levels change crack morphology. Parkins and 

Usher demonstrated that at low stress levels and low nitrate concen­

trations only a few nonbranching cracks were formed. At high stress 

levels and at high nitrate concentrations numerous branching cracks 

were observed. Such behavior is seen in the cracking of other alloys 

under plane strain loading conditions. 

The stress state at the tip of a crack in an elastically loaded 

body is typically described by a scaling factor known as the stress 

intensity factor, K. This factor is proportional to the applied stress 

and to the square root of the crack length. 

Under plane strain, crack opening load conditions the stress 
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intensity factor is denoted K . By use of precracked fracture 

specimens the stress corrosion crack velocity can be determined as a 

function of K_. In many SCC systems the crack velocity decreases with 

decreasing K to a very small value that approaches zero crack growth 

rate (Figure 2). K at this apparent termination of cracking is called 

the threshold stress intensity for stress corrosion cracking or K . 

Above K the crack growth rate generally rises rapidly with increasing 

K . This region is called Stage I crack growth (Figure 2) and is 

characterized by a single, nonbranching crack. Crack velocity in 

Stage I cracking is so dependent upon stress intensity that only the 

longest crack (highest K ) is favored for rapid growth-. However at 

somewhat higher stress intensities, the crack velocity may become 

relatively independent of Y^. This region is called Stage II crack 

growth (Figure 2) and is characterized by many branching cracks. 

At yet higher stress intensities crack growth rate may increase with 

increasing K up to the onset of mechanical failure in so-called 

Stage III cracking (Figure 2) . 

The relationship between crack velocity and K.̂  seems to describe 

13 
the observations of Parkins and Usher. Non-branching cracks observed 

at low stress appear consistent with Stage I growth, and the branching 

cracks observed at high stress appear to be Stage II growth. The effects 

of nitrate concentration also may be explained. Since steel specimens 

demonstrate apparent Stage II cracking at high nitrate concentrations 

but Stage I cracking at low nitrate concentrations, the crack growth 

rate - K curve must be shifted to lower stress intensities (Figure 2). 

27 
There is evidence that increasing nitrate concentration decreases K_ . 
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Traditional time to failure data emphasize the slow, time-

consuming crack initiation stage of the cracking process but do not 

22 
differentiate between the two stages of SCC. Most smooth surfaced 

specimen tests reported in the literature are loaded to an initial 

stress intensity below K . That is, no sharp cracks are deliberately 
LoLiL> 

introduced into the surface before testing, and the natural surface 

flaws are smaller than those required for a stress intensity larger 

than K . Corrosion and grain boundary trenching (which are generally 
slow processes) will increase the surface flaw size to some critical depth 

51 
during the crack initiation period. At this time the stress intensity 

reaches &-_„ and crack propagation can proceed. Since smooth surfaced 

test specimens usually are of small cross section, cracking proceeds for 

a relatively short time before mechanical failure occurs. The importance 

of crack initiation stage in smooth, specimen tests also is indicated by 

the effective inhibition of cracking by compressive surface stresses, 

The effect of prior deformation on SCC in nitrate solutions is 

ambiguous. While prior straining in tension was shown to accentuate 

27 
nitrate grain boundary attack of a polished steel surface, other 

studies showed increased resistance to SCC after either cold rolling or 

49 53 
prestraining in tension. ' However, there is renewed susceptibility 

49 52 to cracking when cold rolling is followed by prestraining in tension. ' 

Such effects appear to depend on the carbon content of the steel, and one 

explanation for such behavior was that deformation affected the amount 

54 of soluble carbon segregated at grain boundaries. It was surmised 

that carbon-rich grain boundaries acted as cathodes which facilitated 

intergranular corrosion of the adjacent ferrite surfaces. This was 
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supported by electron microscopy and microhardness measurements. 

Deformation introduced many dislocations into the ferrite which were 

thought to redistribute interstitial atoms such as carbon during 

54 
dislocation propagation. Henthorne and Parkins were unable to 

correlate susceptibility to dislocation substructure, however corrosion 

attack on the walls of cracks seemed to correspond to dislocation 

tangle cell sxze. 

Strain rate also affects the incidence of SCC. Henthorne and 

Parkins found that increasing strain rate increased tha threshold 

stress at which a crack could be detected. They correlated such an 

effect with the incubation time necessary after initial yielding for 

a deep crack to form which, can then propagate rapidly. As mentioned 

before, straining electrodes are not anodically polarized to as great 

38 
an extent as unstrained electrodes in nitrates. 

Some investigators discuss the importance of the discontinuous 

manner in which tensile specimens yield in nitrate solutions. Discon^ 

tinuous specimen elongation may be purely a reflection of the mechanical 

properties of the material rather than an indication of discontinuous 

corrosion attack. Flis and Scully demonstrated the same stress-strain 

behavior in specimens loaded in tension in both nitrate solution and 

liquid paraffin at the same temperature. Henthorne and Parkins 

agreed with this interpretation of discontinuous yielding, and showed 

that the electrode potential jumps during SCC testing commenced at the 

material's upper yield point and were more pronounced in constant load 

(increasing stress) tensile tests than in constant deflection (decreasing 

49 stress) tensile tests. This indicates that strain is important in 
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causing changes in the electrochemical surface properties of a specimen. 

However, there is no evidence that discontinuous yielding is particularly 

important in nitrate cracking. 

Influence of Metallurgical Properties. Carbon, the most 

significant alloying addition to iron, is extensively studied with 

regard to SCC in nitrates. Maximum susceptibility to SCC occurs with 

32 37 
carbon contents on the order of 0.01 to 0.05%. ' Susceptibility to 

27 52 58 59 
cracking decreases with both lower ' ' and higher carbon contents. 

The maximum solubility of carbon in ferrite is at the eutectoid temperature 

(0.0294% at 723°C) and therefore might be related to the carbon 

content that corresponds to maximum susceptibility. The mechanism by 

which carbon influences SCC has been the subject of much controversy. 

27 
The effects of discrete cementite precipitate particles and soluble 

• - *.-,-• -i 54,58,61,62 . . , , . . , T_ .. 
interstitial atoms in gram boundaries were examined. While 

Parkins pointed out the possible influence of interface stresses around 

52 
cement i te p r e c i p i t a t e s , Uhlig and o t h e r s mentioned the p o s s i b i l i t y 

rry rf 

of carbon enhancing the chemisorption of agressive ions. Flis 

emphasized the role of carbon in altering the anodic polarization 

37 
characteristics of steel. Humphries and Parkins showed with electron 

microscopy and microhardness measurements that the amount of carbon 

dissolved in grain boundaries was reduced by increasing amounts of 

54 cold work. Such redistribution seemed to match the findings of other 

studies: that minor amounts of deformation increase susceptibility 

49 while large amounts reduce susceptibility to SCC. Flis postulated an 

alteration of the oxide species which are stable on steel under SCC 
O "7 C. C 

conditions due to surface enrichment in carbon. ' While low carbon 
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steels of about 0.01% C crack exclusively along grain boundaries, 

Zabik found some degree of "transgranular" cracking through pearlite 

areas in higher carbon steels. However, the cracks in pearlite were 

parallel to cementite platelets and thus intergranular with respect 

to the two pearlite phases. 

Nitrogen is another interstitial constituent of steel which was 

thought to play a role in SCC susceptibility. An early theory by 

Waber and McDonald, that strain induced Fe.N was anodic to the matrix 
4 

66 
and provided a preferred path for dissolution, was discounted by 

Parkins by analyzing data for several nitrogen containing steels in 

52 
which no correlation with nitrogen content was found. The increased 

resistance to cracking imparted by large amounts of nitrogen contradicts 

such a mechanism. Small amounts of nitrogen CO.043%) when introduced 

62 
into a steel do induce susceptibility, however the influence of carbon 

32 
appears to be far more significant. 

A dominant role of interstitial oxygen was disproved by Long 

and Uhlig who demonstrated that oxygen up to 0.07% did not induce 

67 
susceptibility to nitrate cracking. 

The possibility of hydrogen embrittlement being involved in 

68 
SCC of mild steels was discounted by Logan and Yolken on several counts. 

Specimens that were exposed to acetic acid-hydrogen sulfide solutions 

failed transgranularly by a hydrogen embrittlement mechanism, whereas 

specimens of the same steel that were exposed to NH.NO- failed inter­

granular ly. A hydrogen embrittled specimen, designed with a hollow 

cavity in the interior, showed a rapid influx of hydrogen into the cavity. 

The nitrate exposed specimen showed less influx than a specimen exposed 

to distilled water Cwhich caused no cracking to occur). Hydrogen cracking 
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occurred extremely rapidly after crack initiation, while nitrate 

cracking progressed slowly. Finally, hydrogen embrittlement cracks 

originated at the root of starter notches while a pair of nitrate 

cracks began above the root of the starter notch, each on a side wall 

of the notch. 

Substitutional alloying elements have a pronounced effect on 

SCC in nitrate solutions. One study related the incidence of cracking 

to segregation of substitutional alloying elements rather than to 

interstitials. Using transmission electron microscopy Flis and Scully 

found corrosion along transgranular corrosion paths which they iden­

tified as prior austenite grain boundaries. It was suggested 

that these transgranular paths followed the segregation of substitu­

tional impurities. Aging at 250°C for up to 5 hours had no effect on 

the microscopic cracking path, apparently ruling out the role of 

carbon and other interstitial elements in SCC of carbon steel. 

Neither could cracking be related to the presence of dislocations or 

precipitates. These results are in contrast to most other investi­

gations in the literature, and fail to explain the observations of 

cracking along ferrite grain boundaries and the pronounced effect 

fip 
of tempering and aging heat treatments. 

Killed steels appear to be less susceptible to cracking in 

nitrate solutions than rimmed steels. This would indicate that aluminum 

and silicon added as deoxidizers are beneficial. Several investigators 

found that aluminum and titanium-killed steels were resistant to 

59,69,70 ,_., . ^ ,_-,., 71 
cracking, while others were unable to support such claims. 

Long and Lockington found that aluminum was only beneficial in quenched 
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and tempered steel, in which its nitride forming ability became of 

64 
paramount importance. The susceptibility of nontempered, aluminum-

59 killed steels was attributed to quenching stresses. It would appear 

that the benefit or detriment of alloying elements such as aluminum 

and titanium arises from the influence of such materials on the concen­

tration of interstitial atoms such as carbon, oxygen and nitrogen. 

This influence may also explain the apparent immunity of 1% Cr-

64 
0.5% Ti steels because both elements are strong carbide formers. 

The promotion of cracking by a 1% Ni addition was thought to be due to 

promotion of carbon solubility in grain boundaries. On the other hand, 

there is some indication that chromium or aluminum additions may be 

52 
beneficial by stabilizing a highly protective oxide film. Another 

alloying addition known to be detrimental is copper, although no ex-

72 
planation for its effect has been developed. 

The influence of post-annealing cooling velocity on nitrate 

cracking was studied using smooth surfaced specimens. It was demonstrated 

that susceptibility increased as cooling velocity increased from furnace 
on en fiQ 

cooling to air cooling to oil quenching to water quenching. ' * The 

effects of such a change in cooling velocity were assumed to be chemical 

62 
in nature. 

Tempering after quenching relieves internal stresses and in some 

cases reduces susceptibility to nitrate cracking. The effect of 

tempering is more complex than merely stress relieving, and tempering 

can in some cases induce greater susceptibility. For low carbon steels 

Uhlig and Sava found tempering in the range 250°C to 700°C reduced sus-

ceptibility. Tempering at other temperatures was almost totally ineffective. 
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Minimum susceptibility occurred in the tempering range above 550°C 

for higher carbon steels. This indicates that the effects of tempering 

are composition dependent. 

The composition-dependent effect of tempering on nitrate cracking 

is difficult to interpret. Long and Lockington found that prolonged 

tempering at low temperatures induced susceptibility to SCC in pure 

64 iron and in iron alloys containing manganese and nickel. Prolonged 

tempering at high temperatures reduced susceptibility again. These 

materials contained very small amounts of interstitials (up to 0.003%). 

The apparent activation energy for onset or loss of susceptibility was 

found to be 92 kJ/mole (22 kcal/mole) and 109 kj/mole C26 kcal/mole). 

These values are similar to the activation energies for atomic 

64 
diffusion of carbon and nitrogen in ferrite. In steels containing 

much larger amounts of interstitials such as mild steel and carbon and 

nitrogen steels the activation energies are quite different. Uhlig and 

Sava found that short term tempering reduced susceptibility to cracking 

but prolonged tempering reinduced susceptibility with activation 

energies of 146-176 kJ/mole (35-42 kcal/mole) for mild or carbon steel 

62 
and 200 kJ/mole (48 kcal/mole) for a nitrogen steel. These values 

are close to the activation energy cited for thermal dissolution of 

62 
nitrides (and presumably carbides), in steel. 

Other alloy steels demonstrate a totally different effect or 

lack of effect of tempering. Chromium, titanium and aluminum steels 

were shown to be insensitive to the effects of 30 minute tempering heat 

64 

treatments. Another study involving aluminum-killed steels demon­

strated that annealing reduced susceptibility, but similar annealing 
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59 
induced greater susceptibility in steels containing no aluminum. 

It was also shown that steels without aluminum could be made less 

susceptible if normalized, annealed at temperatures around 730°C to 

780°C and air cooled. However, prolonged annealing of normalized 

27 
steels at 700°C reinduces susceptibility. Because this treatment 

caused spheroidization, it was postulated that accumulation of carbide 

globules in grain boundaries caused susceptibility. This indicates 

that most spheroidized steels should be fairly susceptible to SCC. 

However, Flix claimed that any heat treatment which increased the 

content of carbides or soluble carbon in grain boundaries should 

37 
be beneficial and overlooked the effect of spheroidizing. 

The stress required for crack initiation in mild steels in 

nitrate solutions was shown to be proportional to the square root 

of the average grain diameter, d: 

oA = a + k d ̂  CD 
i o 

This relationship also was found for other alloys and the constant of 

proportionality "k" was related to the surface energy associated with 

73 
creation of two crack surfaces. Measurements of "k" in SCC tests 

indicated that surface energies were below those normally expected, thus 

73 
supporting an adsorption mechanism for SCC. However, this same grain 

size dependence also describes the plastic flow characteristics of a 

material and is known as the Hall-Petch relationship. Because the 

flow stress showed the same dependence on grain size as the SCC initiation 

stress, Henthorne and Parkins suggested that the grain size relationship 
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reflected the influence of dislocation dynamics rather than an 

73 adsorption phenomenon. They also suggested that a dislocation 

mechanism for SCC of mild steels might explain the effects of carbon and 

microstructure on cracking. 

Metallographic analysis of the cracking process in various 

steels indicates a profound influence of microstructure. Very 

low carbon steels crack exclusively by intergranular fracture with 

intense grain boundary dissolution and pitting being evident. Higher 

carbon steels undergo intergranular cracking around ferrite grains 

with some "transgranular" cracking through pearlite areas. Intense 

dissolution is found near pearlite, but the pearlite seems to block 

propagation of individual cracks. The use of fractography indicated that 

cracks that traveled through pearlite actually traveled between the 

lamillae of ferrite and cementite and were thus interphase cracks. 

The cracks in patented and drawn steels seem to follow ferrite in grain 

boundaries of the elongated regions of bainite or pearlite. Parkins 

showed accentuated dissolution of ferrite adjacent to carbide particles 

27 
in grain boundaries. Corroded areas adjacent to grain boundaries and 

carbide particles had white borders or halos instead of being coated with. 

black oxide film. Such findings support an electrochemical dissolution 

model of SCC with grain boundaries acting as anodes and carbide particles 

as cathodes. 

Caustic Cracking of Mild Steel 

Influence of Environment. Service failures of boilers containing 

caustic solutions often originate at crevices in the riveted seams. SCC 

of mild steel in caustic solutions, also called caustic embrittlement, 
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appears to occur in a specific range of temperatures and caustic con­

centrations. While caustic cracking is not observed below about 

15% NaOH, a limiting concentration also seems to exist at about 40% NaOH, 

74 
above which service failures are not expected. Cracking occurs 

intergranularly in general, but some evidence of transgranular cracking 

is found. Caustic solutions cause the surface of steel to be covered 

with a thin, black, adherent magnetite film. The calculated potential -

pH diagram for high temperatures, however, indicates that soluble 

34 
hypoferrous ion (HFeO ) might be stable under cracking conditions. 

Specific additions to caustic solutions and the concentrations 

of these additives have a strong effect on caustic cracking. Increasing 

solution concentration of caustic in the range 20-50% NaOH appears to 

decrease time to failure. Oxygen in small amounts promotes caustic 

cracking while large concentrations apparently promote passivity and 

O O CO 

thus inhibit SCC. ' Small amounts of chlorides promote caustic 

77 78 
cracking, while large amounts reduce this effect. * Additives that 

enhance susceptibility to caustic cracking include: small amounts of 

79 75 79 74 79 
lead oxide, small amounts of silicates, ' small amounts of nitrates, ' 

79 
small amounts of oxidizers such as permanganates and chromates and 

small amounts of sulfates. Larger amounts of these same additives, 

80 
however can inhibit cracking. Other additions said to inhibit caustic 

77 83 
embrittlement include acetates, carbonates, lignin sulfonates and 

81 
tannins (two commerically used corrosion inhibitors). Weir, however, 

reported that silicates, chlorides and phosphates had no effect on 

82 
cracking. A careful electrochemical study of the effect of additives 

indicated that such confusing effects on caustic cracking were related 


