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ABSTRACT 

Stress corrosion cracking of au tenitic stainless steel 
is being investigated at Savannah Ri er Laboratory to develop 
a fundamental understanding of the p enomenon. This is the 
second of a series of reports that p esent the status of 
studies relating specimen microstruc ure and dislocation 
substructure to the susceptibility t stress corrosion 
cracking. The results of this repo , , with the results 
previously reported in DP-907, show lthat anodic dissolution 
plays a major role in the nucleatio' and propagation of 
stress corrosion cracks. The susce tibilities of different 
heats of the same type of steel to racking are quite dif­
ferent, and these differences are n t .attributable to 
differences in the composition of m jor alloying elements, 
material hardness, or dislocation s bstructure. It is also 
shown that the relative rate of pre erential attack at dis­
location arrays and stacking fault, in thin foils of type 
304 stainless steel exposed to dil~te NaCl solutions 
increased with increasing temperat~re and was more rapid 
in heats of steel which were most $usceptible to cracking 
in bulk tests. ' 
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STRESS CORROSION CRACKING OF AUSTENITIC ST INLESS STEEL 
STATUS REPORT· SEPTEMBER 1, 196 

INTRODUCTION 

Stress corrosion cracking has caused severa failures of type 304 
stainless steel reactor components and other typ s of equipment at the 
Savannah River Plant. Ill Therefore, a continuin investigation of 
transgranular stress corrosion cracking in auste itic stainless steels 
has been maintained at Savannah River Laboratory in an attempt to pre­
vent further failures by developing a fundamenta understanding of the 
phenomenon. The studies relating specimen micro tructure and dislo­
cation substructure to stress corrosion suscepti ility were summarized 
in DP-907 121 , which presented the progress on th~ program to March 
1964. This report presents the progress made si~ce that date. Addi­
tional work to relate environmental conditions arid susceptibility to 
cracking has been started and will be the topic df a subsequent report. 

SUMMARY 
I 

Additional evidence was obtained that local~zed anodic dissolution 
plays a major role in the propagation of stress qorrosion cracks. 
Several of the more important results are listed !below: 

• Differences were observed in the relative susceptibilities to 
crack nucleation and propagation for sever~l different heats 
of types 304 and 316 stainless steels. These differences 
were not attributable to dii'ferences in the. composition of 
major alloying elements, material hardness, or dislocation 
substructure. The crack propagation in each of the steels 
could be described by the empirical equation D = C1 + C2 log t, 
where D = maximum crack depth, t = time of exposure, and 
C1 and C2 = constants characteristic of the heat of steel. 

• The relative rate of preferential attack at dislocation arrays 
and stacking faults in thin foils of type 304 stainless steels 
exposed to dilute NaCl solutions increased !with increasing 
temperature and was more rapid in heats that were most suscep­
tible to cracking in bulk tests. 

• The formation of stress corrosion cracks in type 304 stainless 
steel samples with various degrees of cold work and different 
surface preparations was inversely related ;to the extent of 
general corrosion that occurred in the sample exposed to the 
"crack-producing" solution. General corrosion of the samples 
was absent or slight when cracks formed. 
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DISCUSSION 

EXPERIMENTAL PROCEDURES 

The material used in these studies was from nine different heats, 
representing three types of austenitic stainless steel: five heats of 
type 304 and two heats each of types 304L ~nd 316L. The chemical com­
positions of the major alloying elements ip these steels are given in 
Table I. i 

' 

Three general specimen designs were uted for the corrosion studies: 

• Square sheet samples approximately 1 2 x 1/2 x 0.06 inch with 
various heat treatments, degrees of old work, and surface, 
preparations. 1 

I 

• U-bend samples with the general desi~n shown in Figure 1. 

• Thin foils (approximately 
mechanical polishing, and 
required thickness. 

1000 A thibk) prepared by wet grinding, 
electroche~ical thinning to the 

I 

FIG. 1 DIMENSIONS OF U- BEND SPECIMEN 

OBSERVATIONS 

Relative Susceptibility Tests 

English and Griesslsl recently showed that although two heats of 
type 347 stainless steel were nearly identical in composition, speci-

' mens from one heat were consistently more susceptible to cracking in 
uranyl nitrate solutions than specimens from the other heat. Inspec­
tion of Savannah River Plant equipment had also indicated that 
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different heats of austenitic stainless steels ha 
susceptibilities when exposed to dilute chloride 
these differences in relative susceptibility shou 
in understanding the mechanism of stress corrosio 
investigations of the relative susceptibilities w 

different cracking 
elutions. Since 
d be very important 

cracking, detailed 
re begun. 

Ten U-bend samples with surfaces wet ground ith 600-grit abrasive 
were prepared from each of the five heats of type 304 stainless steel 
and the two heats of type 304L (Table I). The sp cimens were annealed 
one hour at 1010°0 and then water quenched before the surface prepara­
tion. Duplicate U-bend specimens were tested in 2% Mg01 2 at 154°0 for 
20, 30, 40, 60, and 90 minutes. After exposure t e samples were sec­
tioned, metallographically polished and etched, a d the maximum crack 
depth in each sample was measured. 

TABLE I 

Chemical Anal sis of Steels Used in the S ud 

Type Heat Compos! tioii, % 
~ ~ _c_ .J:llL_ -·- _s _ _a_ Cr .1!!_ ....!!2..._ 

}04 }1614 0.0}5 1.03 0.020 0.020 0.}8 18. 5 9.14 
3041al 62232 0,044 o.8o 0.021 0.016 0.58 18. 8 9.13 0.26 
}04(aJ 22806 0.060 0,86 o.so 18. 7 8.0} 
304 61124 0.050 0.72 0.024 0.025 0.62 18. } 8.86 
304 41158 o.o68 0,71 0.018 0.018 0. 4} 18. 2 9·53 

304L(al 1.16 
I 

9·45 11880 0.022 0.010 0.016 0.42 18.~0 
304L(a 1 50278 0,022 1.23 0.020 0.022 0.49 18.~6 9.18 0.43 

316L 1a 1 99888 0.028 1.52 0.014 0.019 0.53 17.do 13.68 2.76 
316L1al 32685 0.025 1.85 0.022 0.009 0.49 17-~7 13.60 2.69 

(a) Heats of steel used in the study of the influence Or substructure. 

The depth of cracking increased with increas1ng exposure time and 
a semilogarithmic plot of maximum crack depth against time showed that 
a relationship 

D ~ 0 1 + 0 2 log t ( 1) 

where D ~maximum crack depth, t ~ exposure time, and 0 1 and C2 ~ 

constants, could be obtained for each heat of steel. The data were 
fitted to this type of equation and the empirical values of C1 and C2 

were determined by the method of least squares. These results are 
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shown in Table II. The values of C1 and C2 were different for each 
heat of steel, but appeared to be related to each other in a linear 
fashion (Figure 2). 

TABLE II 

An Empirical Analysis of Stress c rrosion Cracking 
s Steel(a) in U-Bend Sam lea or Stainle 

Heat Type Correlation 
Number Steel (b) Coefficient 

11880 304L D a 3-65 (log t) - 3-92 o. 79 

31614 304 D • 6.19 (log t) + 2 0.88 

22806 304 D a 15.6 (log t) -, 11.9 0.77 

62232 304 D a 21.87 (log t) -' 24.7 0.85 

41158 304 D a 2tl.l2 (log t) - 29.2 0.99 

50278 304L D a 34.37 (log t) - 38.74 0.96 

61124 304 Da53.l2 (log t) _, 64.35 0.98 

(a) Empirical equations determined method of least 
squares and relate to cracking U-bend specimens in 
42% MgCl2 at l54°C. All the e tiona are of the 
form D a c, + C2 (log t). 

(b) D • maximum crack depth, mila 
t c exposure time, minutes 
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FIG. 2 CORRELATION OF EMPIRICAL CONSTANTS DETERMINED FOR 
DIFFERENT HEATS OF STAINLESS STEEL 
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The empirical relationship between crack depth a d exposure time 
allows the calculation of the time for crack nucleati n, t 0 , from the 
equation 

( 2) 

and the rate of propagation from 

dD 0.4342 C2 
1 

(

3
) 

dt t ' . 

No apparent correlation between time for crack nuclealion and the pro­
pagation rate was found, which suggests that different factors influence 
the two processes. Additionally, no correlations wer~ found between 
t 0 or C2 and either the chemical composition or the hardness of the 
heats. The effect of trace impurities has yet to be ~xamined. 

Influence of Metal Substructure on Relative Susceptibility 

Previous work( 4
- 101 has shown that lattice defects have an impor­

tant influence on stress corrosion cracking. A low s~acking fault 
energy and the existence of coplanar arrays of dislocations are asso­
ciated with increased susceptibility to cracking, wheteas alloys that 
exhibit cellular arrangements of dislocation tangles ~how low suscep­
tibility. These results indicated that the dislocati~n substructures 
might contribute to the differences in susceptibiliti~s observed in the 
different heats of stainless steel. Experiments were 1 therefore begun 
to characterize the substructure of different heats off stainless steel 
with the same nominal alloy compositions. Corrosion tests of two heats 
each of types 304, 304L, and 316L stainless steel (se~ Table I for 
compositions) were made, and the substructures examinJd by transmission 
electron microscopy. 

All six heats of steel contained coplanar arrays:of dislocations 
(Figure 3), and stacking faults were frequently observed in the 304 
and 304L steels (Figure 4) and occasionally observed in the 316L steel; 
extended dislocation nodes were also seen in several ~f the 304 and 
304L steels (Figure 5). These types of dislocation arrangements are 
indicative of low stacking fault energy.(sl 

The cracking susceptibilities of the different heats of steel in 
both the as-quenched and cold-rolled conditions were determined by 
exposing U-bend samples from each heat of steel to boiling solutions 
of deionized water and 42% MgC1 2 at 154°C. The number of cracks that 
were visible along the edges of each sample were counted and the 
deepest crack was measured. These values were considered a measure of 
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NEG. 17868 1 O,OOOX NEG. 1769E 

a. Heat 31614 (304 ). Dislocation b. Heat 99888 (316L ). 
15,800X 

Dislocations 
pileups at grain boundarY. beginning ta form cell structure. 

NEG. 1B1aC 

c. Heat 11880 (304L ). Dislocation 
arrays and start of stacking 
fault formation. 

21 ,OOOX 

FIG. 3 COPLANAR ARRAYS OF DISLOCATIONS IN SEVERAL HEATS OF 
STAINLESS STEEL 
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33,000X 7,800X 
a. Heat 31614 (304). L Heot 11880 (304L ). 

NEG. ns.;;e 
21 'ooox 

c. Heat 62232 (304 ), 

FlG. 4 STACKING FAULTS IN SEVERAL HEATS OF STAINLESS STEEL 



5fl,IJOOX 

a. Oi"&!ocution ne1work containing 
alternate extended and contrccted 
d!slocction nodes. 

b. Sketch showing region circled in Figure Sa, 
Arrow .A points to on t~xtended dislocation 
nod&, B to a controc!·tHi node, and C to 
dis locutions. 

FIG. 5 EXTENDED DISLOCATION NODES IN TYPE 304 STAINLESS HEEL 

the stH5Gept1bil1 ty to stress corros1on and are .shown Jn Table III. 
(These data should not be compared to those reported in Tabl-e II s1.nce 
these data conc:.e:rn surface <:.racks l'lh11e the data in Table II C(.>rwePn.. 

cracks i.n the :i.nterior of the sample.) 

TABLE Ul 

Relative: Susceptibilities c:t U-knd Zamplee to 
Streas Corrosion in 4~ MgCl2 Solutiona 

As .. Quenched 
from l010°C (a J ~~ Col4-Rolled101 

Heat Type No. of Maximum No. of Maximum 
~ ~ Cracks DeQthl mils Craaka Dep;th• mils 

50278 304L 77 33 88 48 
11680 )04L 21 26 18 24 

32625 316L :!2 10 10 8 
99888 316L Hi 5 3 2 

62232 304 74 32 46 53 
22806 304 27 14 

(a) Expoe:ed 40 minute a 
(b) .Exposed 55 m.lntltea 
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i\11 -::::~·,.x heats of steel were .suscept,1ble to transgrc.nular stress 
C(;.Pros:ion e-racking, as would be predicted from the substructure '.Jbser­
va.t:Lc;ns. Furthermore, the tY11e 3161. steels .. wh.i.ch appare:nt..ly had the 
h1gh.sst stacklng fault energies, showed the greatest resistance to 
cracklng. However, samples from one heat of each type of steel. we.-::'e 
mo.re resistant to cracking than 1-vere samples from the -other heat os."' 
the same type of steel. This difference was apparent .in both meta1-
1urg:lca1 conditions and could not be attributed to differences :ln 
staek:i.ng fault energy or dislocation substruc..ture. Thus some ether· 
vrJr:1.ab1e( s) .. in addition to the d:1.elocat.ion Htl.bstructux•e, J.:nfluences 
Lf;_e suscept.ibll:ity to transgranular stress corros_ton c.ra.c1-::1ng~ 

Thin Foil Exposures 

Previous results had shown that pr'ef'erent:ta1 att-ack at cr:_tstallo­
gra._p.h:i<~ defects occ.urred :in type 304 sta:i.nless :str:.,~2l .f\:.'.1.13 e.::q:;r.):::~ed to 
dJ1.ute ehloride solutions and that eorr\>Gion product :forma'c1on acc<>m­
_pan:l.ed that attack.\ 2 ) This preferent:l.a.I .attack produced crl:;.ck-1.ik(· 
vc.1.ds in the fo:l.l and the extent of attack increased 1'./':i.th tncreasi.ng 
<::;xponure time~ These results :i.nd.lcr-4ted. that crack propagation c.Jeeu:r:r'ed 
by anodic dt.ssoltit.ion at sites prov.1.ded by crystallographic defects. 

11, 100X 

FIG. 6 LIMITED PREfERENTI,I,L ATTACK 
IN SPECIMENS EXPOSED 20 MINUTES TO 
DILUTE CHLORIDE SOLUTIONS AT 20°C 
\HEAT 31614), Arrows point to on-od:ed regions. 

In further tPsts, to 11Justrate 
the effects of tnc-:r.·eas i.ng exposnre 
temperature_. th.:l.n fo:i.Js of" type 
stainless stee.l as-quenched from 
l010°C were ex:3.mined as-th:i.nned) 
after 20 minutes exposu:r•:::> to a solu­
tion of df!:i.ontzed H2 0-10G ppm CJ.-
( as NaCJ.) at; 2()°C, a:r:;d after :> 
m.LnuteG exposure to tfle same ch.lor}_de 
soJ.ut:ton at .100°C. The as-th:Lnned 
fo:l..:Ls (from heat 31612;., whi.ch had 
shm•rn a. 'Iery- short crr:lCk tni.tiat Lon 
time :tn bulk se..mp1es) conta:Lned 
coplanar ar-rays of di.B:i.{.Jc.atJons_J 
stacking fauJ.ts~ and extended d.~.s:Lo­

cat:ton nod.esJ and exposure of the 
t'o.ils for 20 mi.nutes at 20°C had 
JittJe effect on the appearance of 
the i'oi.l; however some re-g:Lon%, of 
preferent:l.al attack were observed at 
the fo:i.l edges ( F:Lgttre 6) ~ Exposure 
of t.b_e fo:L.ls for 5 mi.rnJten ln the 
ch1oride .solutJ oni~ at l00°C- caused 
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NEG, Hl62 7SOOX 

FIG. 8 LIMITED PREFERENTIAL ATTACK IN FOIL EXPOSED 30 MINUTES 
IN DILUTE CHLORIDE SOLUTION AT 100°C (H•ot 11880) 

Relationship between Cracking and Corrosion 

Corrosion of metal in an aqueous media should involve the formation 
of metal ions and the liberation of hydrogen or formation of hydroxyl 
ions., thereby changing the pH of the medium. Thus, some 1ndJcation of 
the amount of corrosion should be provided by changes in pH of the 
environ<·nent. 

Eight samples of type ]04L stainless steel were quenched from 
l010°C then tested in various solutions to determine Hhether the 
susceptibility to stress corrosion cracking could be related to changes 
in the pH of the solutions. These samples were exposed as U-bend 
specimens with dry ground surfaces for approximately 200 hours in boil­
l.ng deionized water to which was added NaCl, LiCl, Nai, MgC1 2 , or 
NlC1 2 • The pH of each solution was measured at room temperature before 
and after test, and each sample was examined metallographically to 
determine whether cracking occurred. The results of this test ('l'able 
IV) show that, in general, the magnitude or the change in pH was 
related inversely to the extent of stress corrosion cracking that 
occurred in the sample. 

Other sa;nples of type 304 stainless steel, with various amounts 
of cold work and various surface preparations, were exposed for 24 
hours in 42% MgC1 2 at 154°C. These specimens were l/2 x 1/2 x 0.06 
inch in size and were exposed without externally applied stress. The 
results (Table V) showed that whenever stress corrosion cracks were 
formed, little or no general corrosion of the sample occurred and when 
generalized corrosion occurred no cracks were formed. 
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TABLE IV 

Correlation of pH Changes and Fo~tion 
of Stress Corrosion Crack§ 

Chloride Salt ;EH oi' Solution 
Content of' Added to Be.rore At'ter 

~ 
Cracking 

Solution Solution Test ~ Observed 

100 ppm NaCl 5·7 8.9 3.2 No 

100 ppm Ll.Cl 5.6 8.6 3.0 No 

1,000 ppm NaCl 5.8 8.7 2.9 No 

10,000 ppm NaCl 6.1 8.8 !2. 7 No 

100 ppm (r) Nai 6.0 8.5 ' 2.5 No 

10% MgCla MgCla 6.0 8.2 2.2 Yes 

100 ppm NiCla 5·7 7·7 2.0 Yes 

42% MgCla MgCla 6.;:> 7.2 0.9 Yes 

TABLE V 

Correlation of Extent of Corrosion and 
Formation of Stress Corrosion Cracks 

Sample 
Deformation Sample 

History Surface Generalized Cracks in 
(~ aold rolled) Condition Corrosion Ia l Surface 

Annealed As-polished Yes No 
5 " " 

10 " " 
15 " 
20 
30 " 

Annealed Wet-ground No Yes 
5 " " 

10 Yes No 
IS Slight Yes 
20 " No 
30 Yes No 

Annealed Dry-ground No Yes 
5 " Slight " 

10 No " 
15 " 
20 " 
;:>0 " 

(a) Determined by optical microscopy. If oxide deposits 
were observable, generalized corrosion was noted to 
have occurred. 
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These results indicate that when general corrosion occurs the 
anodic regions in the sample are relatively large and pits are pro­
duced, and that when little or no general corrosion occurs the anodic 
regions are highly localized and corrosion in these regions produces 
crack-like voids in the metal. The inverse relati$nships between pH 
changes and extent of cracking can be explained ifione assumes that the 
quantity of metal corroded decreases with decreasi*g size of the anodic 
region. Thus if the anodic regions were highly loealized, the quantity 
of corrosion was low, the pH change was small, andithe corrosion caused 
the production of crack-like voids in the metal, whereas when the anodic 
regions were larger, more generalized corrosion occurred, the pH changes 
were larger, and pits were produced in the metal. 

The results to date do not offer any explanation of the effect 
the salt in solution on the susceptibility to stress corrosion crack­
ing; however, they do show that such an effect exists (samples cracked 
in 100 ppm Cl- solutions when NiC1 2 was the chloride-bearing salt but 
did not crack when the chloride was added as NaCl). Work along these 
lines is therefore continuing to determine the role of the anion in 
stress corrosion cracking. 

Stress· Aging Tests 

In 1963, Swann and Pickering 1 ul reported that "studies of the 
stress-aging yield phenomenon in alloys susceptible to transgranular 
stress corrosion cracking indicate that segregation of substitutional 
atoms to dislocations occurs during a stress corrosion cracking test." 
They studied stress aging in several alloys and showed that "there is 
a coincidence between the temperature ranges corresponding to the rapid 
decrease in cracking time and the rapid increase in the stress-aging 
effect." Since cathodic charging experiments' at SRL had previously 
indicated a possible relationship between hydrogen pickup and stress 
corrosion cracking, lal experiments were initiated to determine whether 
cathodic charging had any effect on the stress-aging phenomena. 

Stress-aging tests were performed using annealed and quenched 
tensile specimens (Figure 9) machined from 304 stainless steel heat 
31614. Tests were conducted at room temperature, 100, 125, 150, 175, 
and 200°C. The specimens were strained several percent before straining 

~-2'''-,_.150"_• 0_.002_" -----ool~.,."' 
f-t------ 2f -------1 

FIG. 9 DIMENSIONS OF TENSILE SPECIMEN 
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was discontinued, and the specimen was held at load (stress-aged) for 
10 minutes. After aging, the specimens were strained several percent 
more. This procedure produced a stress-aging peak in the load-elongation 
curve (Figure 10). This peak was due to the increase in stress (load) 
required to re-initiate plastic flow. The height of this peak was a 
function of test temperature (Figure 11) . Similar specimens were 
tested immediately after a cathodic charging treatment of 2 hours in 
a 5% H2 S04 solution at a current density of 0.25 amp/cm 2 • No stress 
aging effect was observed in four of the five cathodic-charged speci­
mens, and the magnitude of the effect in the remaining sample was less 
than in uncharged samples tested at the same temperature. 

ll.cr (stress~ooing effect) 

Drop in load d'-'rino ogino 

' 

Au= Load incremqnt 
Cross-sectional area ~f specimen 

Elon9ation 

FIG. 10 SHAPE OF TYPICAL LOAD. ELONGATION CURVE SHOWING STRESS -AGING PEAK 

.008 

.007 

.006 

.005 
b 
b .004 

<I 
.003 

~002 

I I 
e Uncharged Samples 
0 Cathodic Charged Samples : 15" 

/ 
/ r 

/ 
......... 

/"' 

.00 1 f-- No Stress- aging 

0 

Obserrd of 25°C 

100 125 150 175 
Temperature of Test, °C 

/ 

200 

FIG. 11 RELATIONSHIP BETWEEN STRESS-AGING EFFECT AND 
TEST TEMPERATURE 
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These results indicate that the introduction of hydrogen decreased 
the response to stress aging in much the same way as Swann and 
Pickering I 11 l had observed for nitrogen. Nitrogen has also been shown 
to increase the susceptibility to stress corrosion cracking, 112 l how­
ever, this increase in susceptibility has been rationalized as being 
caused by the effect of nitrogen on the degree of local order, lel not 
because of nitrogen segregation to dislocations. Additional experi­
ments are necessary to clarify the role of hydrogen and nitrogen in 
the stress-aging and stress corrosion processes. 

PROGRAM 

The observations to date have indicated that anodic dissolution 
plays a major role in the stress corrosion processes although no 
definitive experiment has yet been derived that illustrates the exact 
mechanism. The role hydrogen plays in the cracking processes is not 
yet clear. An extensive program is currently underway to determine 
the relative cracking susceptibility for several heats of types 304, 
304L, 316, 316L, 321, and 347 stainless steels. These relative 
susceptibilities will be compared to the mechanical properties, anodic 
polarization curves, and impurity content of each heat of steel to 
determine if any correlations exist. 
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