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ABSTRACT

Stregs corrosion cracking of audtenltic stainless steel
1s being investigated at Savannah RivYer Laboratory to develop
a fundamental understanding of the phenomenon. This 18 the
second of a series of reports that present the status of
studies relating specimen microstrucpture and dislocation
substructure tc the susceptibllity to stress corrosion
cracking. The results of thils reporfi, with the results
previcusly reported in DP-007, showﬂthat anodic dlsgdgolution
plays a majJor role in the nucleatlor and propagation of
stresg corrosion cracke., The susceptibllities of different
heats of the same type of ateel to ¢racking are gulte dif-
ferent, and these differences are not .attributable to
differences in the composition of m&jor alloyling elements,
materlal hardness, or dislocation substructure. It is also
shown that the relative rate of preferential attack at dis-
locatlon arrays and stacking faults in thin folls of type
304 stainless steel exposed to dllivbe NaCl solutions
increased with increasing temperature 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 STAINLESS STEEL

STATUS REPORT - SEPTEMBER 1, 1964

INTRODUCTION

Stress cerroslon cracking has caused sgeveral

failures of type 304

8tainless steel reactor components and other types of equipment at the

Savannah Rlver Plant.(l) Therefore, a continuing

Investigation of

fransgranular stress corroslon cracking in austeriitlc stainless steels
has been maintained at Savannah River Laboratory [in an attempt to pre~

vent further fallures by developing a fundamental

understanding of the

phenomenon. The studies relating speclmen microgtructure and dislo~
catlon substructure te stress corrosion susceptlhility were summarized

in DP-907!2, which presented the progress on the

program to March

1964, This report presents the progress made since that date. Addi-
tional work to relate envlironmental conditilons and susceptibllity to
cracking has been started and will be the topilc qf a subsequent report.

SUMMARY

Additlcnal evldence was obtalned that localized anodlc dissolution
plays a major role in the propagation of stress dorroslon cracks.
Several of the more important results are listed!below:

e Differences were observed in the relative susceptibllities to
crack nucleation and propagation for severﬁl different heats
of types 304 and 316 stainless steelsg. These differences

were not attributable to differences 1n the
major alloylng elements, material hardness,

composition of
or dislocation

gubstructure, The crack propagation in each of the gsteels
could be described by the empirical equation D = C; + Cp log t,
where D = maximum crack depth, t = time of exposure, and

¢, and C; = 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 stalnless steels
exposed to dllute NaCl solutlons ilncreased with increasing
temperature and was more rapld in heats that were most suscep-
tible to cracking in bulk tests. '

The formatlion of &tress corrosion cracks in type 304 stainless
steel samples wilth 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
"erack-producing" solutlon. General corrosion of the samples
was absent or slight when cracks formed.



DISCUSSION
EXPERIMENTAL PROCEDURES

The material used in these studles was from nine different heats,
representing three types of austenltic stalnless steel: five heats of
type 304 and two heats each of types 304L and 316L. The chemical com-
positions of the maJor alloylng elements in these steels are given in
Table I.

Three general specimen deslgns were used for the corrosion studles:
e Square sheet samples approximately 1/2 x 1/2 x 0.06 inch with

varicus heat treatments, degrees of ¢o0ld work, and surface.
preparatlons.

¢ U-bend samples wlth the general desién shown 1n Filgure 1.

e Thin folls (approximately 1000 A thick) prepared by wet grinding,
mechanical peclishing, and electrocheﬁical thinning to the
required thickness.

g

FIG. 1 DIMENSIONS OF U-BEND SPECIMEN

OBSERVATIONS
Relative Susceptibility Tests

English and griess'®! recently showed that although two heats of
type 347 stainless steel were nearly 1dentical in composition, specl-
mens from one heat were consistently more su5ceptible to cracking in
uranyl nitrate solutions than specimens from the other heat. Inspec-
tion of Savannah River Plant equipment had alsc indicated that




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

Ten U-~bend samples with surfaces wet ground !
were prepared from each of the filve heats of type
and the two heats of type 304L (Table I}. The sp
one hour at 1010°C and then water guenched before
tion. Duplicate U-bend specimens were tegted in
20, 30, 40, 60, and 90 minutes. After exposure t]
tioned, metallographically polished and etched, ai
depth 1in each sample was measured.

TABLE I

Chemlcal Analygis of Steels Used in the St

i different cracking
polutions. Since

ld be very lmportant
n cracking, detalled
ere bhegun.

rith 600-grit abrasive
304 stalnless steel
eclmens were annealed
the surface prepara-
2% MgCly at 154°% for
he gsamples were sec-
nd the maximum crack

Type Heat Compositiofi, %

Steel Numbez o] Mn P 3 S1 Cr Ni Mo
304 31614 0.035 1.03  0.020 0.020 0.38 18.35 9.14 -
304t8? 62232 0,044+ 0.80 0.021 0.016 0.58 18.68 9.13 0.26
304(8) 22806 0.060 0.86 - - 0.50 18,97 8.03
304 6112k 0,050 0.72 0.024 0,025 0.62 18.85 8.86 -
304 41158 0,068 0,71 0,018 0,018 0.4 18.42 9.53 -
s04L'2) 11880 0.022 1,16 0.010 0,016 0.32 1B.40 9. 45 -
304L'8) 50278 0.022 1,23 0,020 0.022 0.%9 18.36 9.18 ©.43
316L'8) 99888 0.028 1.52 0.01% 0.019 0.53 17.90 13.68 2.76
316L'8) 39685 0.025 1.85 0.022 0.009 O.49 17.47 13.60 2.6%

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

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

a relaticnship
D=¢C; +C5 log t

t

where D = maxlmum crack depth, exposure time,
congtants,
fitted to this type of equaticn and the empilrical

were determined by the method of least squares.

could be obtained for each heat of steel.

(1)

and Cl and C2 =
The data were
values of C; and C,

These results are



shown in Table II. The values of C, and C|, were different for each
heat of steel, but appeared to be related [to each other 1n a lilnear
fashion (Figure 2).

TABLE IT

An Empirlcal Analysis of Stress Cbrrosion Cracking
in U-Bend Samples of Stainlebs Steel!®’

Heat Type Correlation
Number Steel Empirical Eguation‘b’ Coefficlent
11880 304L D= 3.65 (iog t) - 3.92 0.79
31614 304 D= 6,19 (log t) H 2 0.88
22806 304 D=15.6 (log t) -111.9 0.77
f2232 304 D= 21.87 (log t) - 24.7 0.85
41158 304 D= 28.12 (log t) - 29.2 0.99
50278 304L D= 34,37 (log t) - 38.74 0.96
61124 304 D= 53.12 {log t) - 64.35 0.98

(a) Empirical equations determined method of least
aquares and relate to cracking U-Lend specimens in
42% MgCl: at 1549C. All the equations are of the
form D = Ca + Cz {log t)..

(t) D = maximum crack depth, mils
t = exposure time, mlnutes

70

60 - v

50

40
[
Cs vl

O
20 ,o/‘
10 //
Ao
J0 O -0 -20 -30 -40 -50 -60 -70 -80
I

FIG. 2 CORRELATION OF EMPIRICAL CONSTANTS DETERMINED FOR
DIFFERENT HEATS OF STAINLESS STEEL



The empirical relatlonshlp between crack depth and exposure time
allows the calculatlon of the time for crack nucleatio¢n, ty, from the
equation

to = e—‘c 1/02 : (2)

and the rate of propagation from

dp  0.4342 ¢, | (3)
at t -

No apparent correlatlon between time for crack nucleatlon and the pro-
pagatlon rate was found, which suggests that different factors influence
the two processes. Additionally, no correlations weré found between

to Or Cp and either the chemical composition or the hdrdness of the
heats. The effect of trace impurities has yet to be éxamined.

Influence of Metal Substructure on Relative Susceptibility

Previous work(*=1°' has shown that lattice defects have an impor-
tant Influence on stress corrosion cracking. 4 low stacking fault
energy and the existence of coplanar arrays of dislocdtlons are asso-
clated with increased susceptibility to cracking, whe#eas alloya that
exhlbit cellular arrangements of dlslocation tangles show low suscep-
tibility. These resulte Indicated that the dislocatiin substructures
might contribute to the differences in susceptibilitiés observed in the
different heats of stainless steel. Experiments wereftherefore begun
to characterize the substructure of different heats of stainless steel
with the same nominal alloy composltions. Corroslon tests of two heats
each of types 304, 304L, and 316L stainless steel (see Table I for
compositions) were made, and the substructures examined by transmission
electren microscopy.

All six heats of steel contained coplanar arraysiof dislocations
(Figure 3), and stacking faults were frequently observed in the 30%
and 30LL steels (Figure 4) and occasionally observed In the 316L steel;
extended dislocation nodes were also seen in several 6f the 304 and
3041, steels (Figure 5). These types of dislocation arrangements are
indlcative of low stacking fault energy.

The cracking susceptibilities of the different heats of gteel in
both the as-quenched and cold-reolled conditlions were determined by
exposing U-bend samples from each heat of steel tc boelling solutions
of deionized water and 42% MgCl, at 1549C. 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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FiG, 5 EXTENDED DISLOCATION NODES IN TYPE 304 STAMLESS STEEL

the susceptiblility to stress corroglon and are ghown in Table TIT.
{These data should not be compared Lo these reported in Tabls II since
these data concern surface oracks while the dats in Table IT concern
eracks inm the interior of the sample.)

TABLE 33171

Relative Suseeptibilities of U-Hend Samples $o
Stress Corvesion in 428 MgCls Solutlons

Ag~GQuenched .

from 10109%¢ (R} TOE Sold-Rolieg!P!
Heat Tyne Ha. af Hax B, of Max Louam
Rumber 3fsel Cracks Depth, mils Cracks Depth, mlls
%0278 H08L T X% B& 8
L1880 BOEL 2% 26 18 2%
%262% B1EL e 10 30 8
93883 B16L 16 5 % 2
Bapse 04 TH 32 i& 53
2a506 A0% 27 1% - -

{a} #xposed 30 minubten
{v} Exposed 55 minubes



eracking.

11 aix hieats of steel were susceptibls
1 eracking, as would be predic

Llon Furthermore, the type 316L 8
highest stacking fault ensrgles, showed the greatest resistance 10
However, samples Trom one heat of each type of siesl ware

Lo transgranular shrss
wed from bhe substruchure obsepr-

;,“

steeln, which appaven‘iy had the

more pasistant to cracking than were samples from the other heagi of

the same type of steel.
lurgiecal conditions

stacking fault energy or dislocation substructure

This difference was apparent in both mefal-
and zould not be attributed to 4dlifferences in

Trhus some other

va%i&blﬁ{s), in addition to the dislcocation ﬁuo%tructura, influences

bhe susceptiblilivy to transgranular

Thin Foil Exposures

Previocus regults
graphic defects ccecurred in typs 30

e

dilute chloride solutions and that corrns
Thisg prefesrentlal

{
panied that attask.'?®!
voldg in the foll and the sxtent of
exposure time. These regulis

had shown thatb

stress corrosion eracking.

preferential attack ad orysitallio-
stainiess steel Foils sxposed to
Toalon pr& iuot ?orma%i<n A0 DO

produced crgcek-Ilhs
atitack increaged with increasing

indicated that erack propagaition opourred

by ancdic dissolution at sites provided by crystallographic defects.

i : " ; 3'1905(

FIG, 64 LIMTED PREFERENTIAL ATTACK
M SPECIMENS EXPOSED 20 MINUTFES 7O
CILUTE CHLORIDE SOLUTIONS AT 20°C
HEAT 31614). Arrows poinf to otrocked reglons,

minutes

In further tests, to 1llustrate
the effects of Iincreasing exposure
temperaturs, thin folls of type 304
stainlesgs siteal as-quenched fTrom
1010%C were exsmined as-thirmed,
aftar 20 minutes éexposure {to a solu-
tion of deloniged HRONEOQ ppm C17
{as Watl) et 207C, and after B
arxpogure Lo the same chicride
solution at 100°C, The as-thinned
Fod [from heat 316145, which had
showrn a very short crack Inltistion
time in bulk samples) contained
coplanay arvaysg of dislocations,
stecking faults, and extended dlslo-
cation nodes, and exposure of the
foils for 20 minutes at 20%C had
1ittle effect on the appearance of
the foll; however some regiong of
praferential attsack were observad at
the foll edges (Figure 6}, Exposure
of ithe ¢911$ for 5 minutss in the
chloride solutions st 1000 cauzed

- 1% .
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FIG. 8 LIMITED PREFERENTIAL ATTACK IN FOIL EXPOSED 30 MINUTES
NODMLUTE CHLORIDE SOLUTION AT 100°C {Hear 11880)

Relotionship between Cracking ond Corrosien

Corrosion of metal in an agqueous media should Involve the formation
of metal ions and the liberation of hydrogen or Tormgbtion of hydroxyl
lons, thereby changing the pH of the medlum. Thus, some indleation of
the amouni of corrosion should be provided by changes in pH of the
environment.

Eight samples of btype 304L stainless steel were guenched from
1010°%C then tested in various solutions to determine whebher the
sugceptibllity to stress corrosion ¢racking could be related to changes
in the pH of the solutlions. These samples were exposed ag U-~bend
apecimens with dry ground surfaces for approximately 200 hours in boll-
ing delonized water to whlch was added Nall, LiCl, Nal, Mgll., or
¥iClz., The pH of each solution was measured at room temperature helore
and after test, and sach sample was examined metallographlically %o
determine whether crackling occurred. The resulte of this fest {Table
IV) show that, in general, the magnitude of the change in pH was
related inversely tc the exkent of atress corrosion cracking that
seourred in the sample.

Other samples of type 304 stainless stesl, with various amounts
of cold work and various surface preparations, were exposed for 24
nours in 424 MgCl, st 154°C. These specimens were 1/2 x 1/2 x 0.06
ineh in size and were exposed without externally spplled sirsss. The
results {Table V) showed that whenever stress corrosion cracks were
formed, ilittle or no general correceicn of the sample ceourred and when
generalized corrosion occurred no sracks were formed.

- 15 -



TABLE IV

Correlation of pH Changes and Formatlon
of Stress Corrosion Cracks

Chloride Salt PH of Solution
Content of Added to DBefore After Cracking
Soljution Solution _Test Tesat E% Change Observed
100 ppm NaCl B, T 8.9 z.2 No
100 ppm Lic1 5.6 8.6 2.0 No
1,000 ppm NaCl 5.8 8.7 2.9 No
10, 00C ppm NaCl 6.1 8.8 2.7 No
100 ppm (I*) Nal 6.0 8.5 12.5 No
10% Mglle MgClz 6.0 8.2 ;2.2 Yes
100 ppm NiCles 5.7 7.7 2.0 Yes
ho® MgCle MgCle 6.3 T.2 0.9 Yes
IABLE V

Correlation of Extent of Corrosion and
Formation of Stress Corresion Cracks

Sample
Deformation Sample
History Surface Generalized Cracks in
(% cold roiled) Condition Corrosion'a’ Surface

Annealed As-polished Yes No

" " "

1C5) n ! n "

n n "

ég n (1] n

30 " n n
Annealed Wet-ground No Yes

5 n 1] L

10 " Yes No
15 " Slight Yes

20 n NO H

30 " Yes No
Annealed Dry-ground Ne Yes

5 " Siight !

10 n NO n

1 n " n

22 f " n

3 0 n n n

(a) Determined by optical microscopy. If oxide deposlts
were observable, generalized corroslon was noted to
have occurred.

- 16 -



These results Indlcate that when general corrdsion cccurs the
anodle regions in the sample are relatlvely large and plts are pro-
duced, and that when little or no general correosion occurs the anodic
regions are highly localized and corrcsion in thege reglions produces
crack-like voids in the metal. The Inverse relationshlps between pH
changes and extent of eracking can be explained if|one agsumes that the
gquantity of metal corroded decreases with decreasiﬁg gslze of the anodle
reglon. Thus if the anodic reglons were highly lo¢alized, the quantity
of corrosion was low, the pH change was small, and!the corrosion caused
the production of crack-like volds in the metal, whereas when the anodic’
reglons were larger, more generallzed corrosion ccéurred, the pH changes
were larger, and plts were produced in the metal.

The results tc date do not offer any explanation of the effect
the salt in solution on the susgceptibllity fo stress corrosion crack-
ing; however, they do show that such an effect exists (samples cracked
in 100 ppm C1” solutions when NiCl, was the chloride-hearing salt but
did not crack when the chloride was added as Nall). Work along these
lines 1s therefore continuing to determine the role of the anion 1n
stress corrosion cracking.

Stress- Aging Tests

In 1963, Swann and Pickering'13®! reported that "studies of the
stress~-aging yleld phenomenon 1n alloys susceptible to transgranular
stress corresion cracking indicate that segregation of substltutiocnal
atoms to dislocatlons occurs during a stress corrosion cracking test."
They studled stress aging in several alloys and showed that "there is
a colncidence between the temperature ranges corresponding to the rapld
decrease In cracking time and the rapld increase in the stress-aging
effect."” Since cathodic charging experiments at SRL had previocusly
indlcated a posslble relatlonshlp between hydrogen plckup and stress
corroslion cracking,‘z) experiments were initlated to determine whether
cathodic charging had any effect on the stress-aging phenomensa.

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 stralned several percent before straining

0.150" + 0,002" 10-24 NC

}

L; t
i 2" '
2y |

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 aglng, the specimens were stralned several percent
more. This procedure produced a stress-aglng peak in the load-elongation
curve (Figure 10). Thils 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 immedliately after a cathodic charging treatment of 2 hours in

a 5% HpS0, solution at a current density of 0.25 amp/cm®. No stress
agling effect was observed in four of the flve cathodic-charged speci-
mens, and the magnitude of the effect in the remaining sgample wag less
than in uncharged samples tested at the same temperature.

Ao (stress-aging effect)

Drop in Iood during aging

Load

Aor= and incremggf t .
Cross - sectional area gf specimen

Elongation

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

.008

007

@ Unchorged Somples
Kelel O Cathodic Charged Somples

005 /t/

004 /

Aoglo

002 -O—
00! —— No Stress - oging
Observed ot 25°C
o o O - O
100 125 150 175 200

Temperature of Test, °C

FIG. 11 RELATIONSHIP BETWEEN STRESS-AGING EFFECT AND
TEST TEMPERATURE
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These results indlcate that the introduction of hydrogen decreased
the response to stress aging in much the same way as Swann and
Pickering‘ll) had observed for nltrogen. Nitrogen has also been shown
to increase the susceptibility to stress corrosion cracking, ‘12) how-
ever, this inerease in susceptibility has been ratlonallzed as belng
caused by the effect of nitrogen on the degree of local order, ®’ not
because of niltrogen segregation to dislocations. Additlonal experi-
ments are necessary to clarify the role of hydrogen and nitrogen in
the stress-aglng and stress corroslion procegses.

PROGRAM

The observations to date have indicated that ancdic dissolution
plays a major role in the stress corroslon processes although no
definltive experiment has yet been derived that 1llustrates fthe exact
mechanism. The role hydrogen plays in the cracking processes is not
vet clear. An extensive preogram 18 currently underway to determine
the relative cracking susceptibility for several Heats of types 304,
3041, 316, 316L, 321, and 347 stainless steels. These relatlve
sugceptibilities will be compared to the mechanical properties, anodilc
polarization curves, and impurity content of each heat of steel to
determine 1f any correlations exist.

- 19 -




10.

11.

12.

REFERENCES

R. H. McKane, H. C. Minton, and J. W. Wade. Stainlegs Steel
Fallures in Savannah River Plant Areas. USAEC Report DP-539,
E. I. du Pont de Nemours & Cc,, Savannah Rlver ILaboratory,
Alken, S. ¢. (1960).

M. R. Louthan, Jr. S8tress Corrosion Cracking of Type 304
Stainless Steel. USAEC Report DP~90T, E. I. du Pont de Nemours
& Co., Savannah River Laboratory, Alken, S. ¢. (1964).

J. L. English and J. C. Griess. "Stress Corrosion Cracking of
Austenitic Stainless Steel in Uranyl Sulfate Solutions.”
Corrosion 20(4), 138t-144t (1964).

J. F. Bates and A. W. Loginow. "Principles of Stress Corrosion
Cracking as Related to Steels." Corrosion 20(6), 189t-197t {1964).

P. R. Swann and D. Embury. "Relationship between Mlcrostructure
and the Stress Corrosion Fallure of High Strength Materials."
Paper presented at Second Internationgl Materials Symposium,
University of Californla, Berkeley {1964).

A. J. Forty. "Stress Corrosion of a-Brass and Similar Alloys."
Phygical Metallurgy of Stress Corrosicon Fracture., Interscience
Publishers, New York, pp. 99-120 (1959).

S. Barnartt, R. Stickler, end D. van Rooyen. "Stress Corrosion
Cracking Mechanism in Purified 16% Cr - 20% N1 Stainless Steels.”
Corrosion Sclence 3(1) 9-16 (1963).

F. R. Swann, "Dislocatlion Substructure vs. Transgranular Stress
Corrosion Susceptibllity of Single Phase Alloys." Corrosion
19(3), 102¢t-112t (1963).

D. L. Douglass, G. Thomas, and W. R. Roser. "Ordering, Stacking
Faults and Stress Correoslon Cracking in Austenitiec Alioys."
Corrosiony 20(1) 15t-28t (1964).

D. Tromans and J. Nutting. "Electron Microscope Studles of Stress
Corrosion Cracking." Fracture of Solids, Interscilence Publishers,
New York, p. 637 (1962).

P. R. Swann and H. W. Pilckering. "Implicatlons of the Stress Aging
Yield Phenomenon with Regard to Stress Corrosion Cracking."
Corrosion 19(11), p. 369t-372t (1963}).

H. H. Uhlig. Corrosion Handbook. John Wiley and Sons, Inc.,
New York, p. 160 (1948).

- 20 -




