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ABSTRACT

In this paper, the initial stage of stress corrosion cracking behavior of
austenitic stainless steel SUS304 was investigated in boiling 427 magnesium
chloride aqueous solution. Nucleation and initial propagation of stress
corrosion micro cracks were analyzed both in surface and in fracture surface
from microstructural aspect in a wide range of stress from around threshold
stress where no plastic deformation occurred macroscopically to 0.27% proof
stress. The main results are summarized as follows;

(1) Stress corrosion cracking behavior at the initial stage is dependent upon
the stress level. Namely, at higher stress levels, intercrystalline
cracking originating from triple grain boundaries occurred, but as the
stress level was lowered, it was replaced with transgranular one accompa-
nied with corrosion grooves.

(2) Micro crack growth from the small corrosion grooves is an important factor
determining the value of the threshold stress of material used.

(3) At a stress level near 0.27% proof stress, the stress corrosion crack
nucleats from broken point of the passive film on triple grain boundaries
where the material is concentrically strained and it propagates to inter-
connect triple grain boundaries.
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INTRODUCTION

There are many published papers (e.g. Denhard, 1961) on stress corrosion
cracking (SCC) of austenitic stainless steels in chloride aqueous solution.
Attaching too much importance to acceleration of cracking, however, many of
these studies were conducted at stress levels high enough to cause plastic deforma—
tion. Thus, few (Kumada, 1973; Silcock, 1979,1982) were concerned in the -
nucleation mechanism and propagation characteristics of stress corrosion
cracking at lower stress levels that are more important in considering the
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s examine the microstructural characteristics of stress corrosion cracking,
Both an ordinary optical microscope and a scanning electron microscope (Hitachi

#odel S-450) were used for observation.

21 sustenitic stainless steels used for structural materials in
¥3 Euwisonment . Yurthermore, to elucidate the mechanism of fracture
»

: £% io have a good understanding of the process of fracture itself
fikeiuse marphology related to such process (Koterazawa and Shimo 1978)
i Aul hfan studied systematically. Moreover, in the previous studiés con-
ff;?i?f (?r fr?cturg morphology, the very early stage of stress corrosion
“racking that 1s substantially important has not b i

een fully d i
anpects left to be studied in future. Toa w0 e

;:oﬁgs g;esegt study, SCC tests were made with a wide range of stress from
- 8 p:zsfoigrzzzessIzhi;zszotgiistlghdeformation occurred macroscopically

: s s isti i
micro cracks at their initial stages &ereeeizzzizse;;iﬁlgs :ir;:;ess goFr051°“
fracture surface from microstructural point of view. As a resulte :E -
level dependency of stress corrosion crack behavior is recongni é ;hStress
fracture mechanism at higher stress levels is also discussed% g i

TEST MATERIALS AND EXPERIMENTAL PROCEDURES

I : .
wzrghizeztﬁgz,tzggs (ng@mi of the commercial austenitic stainless steel SUS304
materials. Table | shows the chemical iti i
steel. Twe materials that diff i i i e T
ered in grain size were used: (a) a i
- . 2 s received
?i;i;i:é ;tself that héd already undergone a solid solution treatment at 1353K
e ok yow;;er cogllng before supply, ASTM Grain Size No. 7.5, mean grain
> U.2% proof stress 244MPa; and (b) laborat i
underwent an hour solid solution : i e et -
treatment at 1423K followed b i
: L S y water cool
;?z:s6gece1geg7materlal in our laboratory, ASTM Grain Size No. 5.1 mean g;ZEn
pm, 0.2% proof stress 230MPa For usual st .
9 5 ress corrosion cracking test
at a wide stress range from around th o
; reshold stress to 0.27 proof st i
Specimens were used, while the nucleation a initi Spasatl ot
e u ! 0 nd initial propagation of st
corrosion cracking were mainly investigated using the latter specimen e

Th : .
te::eazzser;ais were shaped into the geometry shown in Figure 1. The parallel
o ese specimens was finished b
Eest ; y acetateperchlorate el =
bl I ] electropol
i 2511 immedlaFely before testing, specimens were immersed in methyl glcohol
gl Egz:a?;ng. They were tested under fully immersed condition in a
nt ba yroceram vessel) equi i

eran pped with a reflux condenser using a
constant load type uniaxial tension tester. The maximum tensile load 5t thi
e ximum tensil oad of this

i?: ;2;50@ant bath was composed of 427 magnesium chloride aqueous solution
ridg (Mgcin zgnégrmlty to gIS G 0576 by dissolving extra pure magnesium chlo-
, 6H, as specified in JIS K 8159 in deionized wate i
1de L r havin =
cific resistance over 50kQm. The total volume of bath was 0.5dm?. A%latzgis

were conducted at the boili i i
it ek ing point of the corrodant, which was always main-

In . . .
men052er t$ egaglnedstress corrosion cracking at its initial stage, the speci-

S unloaded and detailed observation w -

as conducted when crack
e ; ) cks grew to
1ar1§ iggpS logg covsrlng about a few grains. Furthermore, to examine particu~
racking characteristic on fracture £ i
Pt s e : re surface, these specimens were
1 atigue testing machine in air M
potential etching method (Ohtani ; S gl
1 and TIba, 1969; Ohtani, Aih
g ) ) ) 5 5 ni, Aihara and Takamoto
- SéN?y a potentlostaF was applied in an electroetchant (IN H,S0,+100mg/L ’
su:fa : én case when it is necessary to produce oriented etch pits on fracture
ces to see whether the fracture was intercrystalline or not.

RESULTS AND DISCUSSIONS

#esults of Stress Corrosion Cracking Tests

fhe O-t curves of Figure 2 show the results of 50hours stress corrosion crack-
ing tests. Estimates of the threshold stress from these curves gave for the
two kinds of test specimens, that is the as received material and the labora-
tory treated material, under the given test environment were around 130 and
1|0MPa, respectively. Test results given in the following two sections refer
wainly to the laboratory. treated material tested in the stress range from the
threshold stress to the 0.27% proof stress.

bependency of the Initial Stress Corrosion Cracking on the Stress Level

Many investigators (e.g. Smith, 1969) tried to explain the nucleation and
propagation of stress corrosion cracking at higher stress levels from electro-
chemical point of view, ascribing the nucleation or generation of stress
corrosion cracks to the preferential anodic dissolution in newly exposed
surface areas where the passive film was broken as a result of formation of
slip steps under an applied stress. The present authors also studied the
stress corrosion cracking at the stress level of 235MPa, which is close to the
0.2% proof stress. After 4minutes (around 5% of the estimated time to
failure), authors observed nucleation and propagation of cracking as shown in
Figure 3. At this level, though there were observed slip bands in the whole
surface of specimen, no nucleation of stress corrosion cracking was detected
in corrosion grooves along slip lines. It was found that the originated crack
propagated along grain boundaries to interconnect triple points as shown in

In this case, the ratio of crack propagation path through grain

Figure 4.
In this figure, the grain boundaries from

boundary is estimated about 98%.
which the cracks originated are shown by arrows.

In the past, there were papers asserting that in the highly concentrated
boiling magnesium chloride aqueous solution the stress corrosion cracking

directly occurred and propagated without any pitting. ~ In recent years,
however, it was reported (Kumada, 1973) that at lower stress levels the nucle-
ation and propagation of stress corrosion cracking were preceded by the forma-
tion of micro-corrosion pits. Also in the present study, this was recognized
at stress levels not higher than 180MPa. Figure 5 shows an example of such
stress corrosion cracking behavior, which was observed at a stress level of
180MPa after 20minutes (around 20% of the estimated time to failure). The
stress corrosion cracks generated still primarily at triple grain boundaries
as shown in Figure 5(a). 1In a smaller number of cases, however, these cracks
were nucleated at micro corrosion pits and propagated to interconnect these

pits as shown in Figure 5(b).

As the stress level was lowered, the number of slip lines in the surface
decreased and stress corrosion cracks sometimes propagated along transgranular
paths. The photograph of Figure 6(a) refers to the initial stress corrosion
crack observed in the surface at a stress level of 150MPa after 52minutes
(around 37% of estimated time to failure), while Figure 6(b)(c) are matching
photographs for fracture surface of this crack. As shown in Figure 6(a),
cracks at this stress level were often locally accompanied with corrosion
groove where few slip lines were observed. They propagated straightly in a
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diveetion ihat was perpendicular to the principal axis of stress. At this
#trwan lavel, the sawe type of nucleation and propagation of crack were
#hagived alen in case when no slip line could be detected. Many cracks formed
#f grain boundaries in surface where slip lines gathered propagated to a cer-
fain depth along such boundaries to form intercrystalline fracture surface.
the ratio of crack path through grain boundaries would be estimated to be
about 70% in the surface, while in the fracture surface it would become about
25%. From these facts, it could be concluded that there is a transition
region around a stress level of 150MPa where the major factor causing the
nucleation and propagation of initial stress corrosion crack in- surface changes
from slip deformation to corrosion groove formation.

At still lower stress levels, many stress corrosion cracks that originated
from corrosion grooves were observed. Figure 7 refers to such a surface
morphology showing the propagation of stress corrosion cracks at 132MPa after
120minutes (around 607 of the estimated time to failure). At this stress
level, few slip lines were detected and the cracks started from the bottom of
corrosion grooves. They propagated transgranularly to interconnect several
corrosion grooves, partly becoming fine cracks without any grooves. The ratio
of crack paths through grain boundaries could be estimated to be about 137 in
surface. This stress level was in a region where cracks originating from
corrosion grooves were dominant. Figure 8 is a matching photograph of fracture
surface of stress corrosion cracking at its initial stage that was produced at
the same stress level. Through examing the morphology of facet pits on
fracture surface, the percentage of grain boundaries in the fracture surface
was estimated around 13%, which was almost equivalent to the corresponding
estimation in surface.

The ratio of intergranular cracking which was evaluted at various stress levels
are summarized in Figure 9. In this figure, the broken line represents the
intergranular ratio of stress corrosion cracking in surface at its initial
stage, while the solid line shows that in fracture surface. This figure
evidently indicates that the characteristics of stress corrposion cracking at
its initial stage depend on the stress level. Intercrystalline cracking
originates from triple grain boundaries at higher stress levels, but it was
replaced with transgranular cracking accompanied with corrosion groove as the
stress level was lowered. Also in this figure, there is the difference in the
intergranular ratios between surface and fracture surface at the intermidiate
stress levels examined. This difference was remarkable in the transition
stress region where the major factor causing stress corrosion cracking changed
from the slip deformation to the corrosion groove formation. As one of the
reasons for this difference, it would be pointed out that the surface of
specimen was liable to cause easy plastic deformation because of its being
free from mechanical restrictions.

Nucleation and Propagation of Cracks from Triple Grain Boundaries at Stress
Levels around 0.27% Proof Stress

In the previous section, the dependency of the initial stress corrosion
cracking behavior on the stress level was shown. 1In this section, some
discussion will be made particularly about such cracking behavior at higher
stress levels. Figure 10(a) and (b) show morphologies of initial stress
corrosion crack observed in the surface of a test piece at the stress level of
235MPa which is around the 0.2% proof stress, while Figure 10(c) and (d) are
matching photographs of fracture surface. These figures indicate that at this
stress level the stress corrosion crack nucleates at triple grain boundaries
(Pickering and Swann, 1963) and propagate along grain boundaries to intercon-—
nect triple grain boundaries. Therefore, it was recognized that the fracture
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surface formed by stress corrosion cracking was the grain boundgry itself.

This was also indicated from the morphologies of the facet pits created

electrochemically on both sides of the fractaure surfaces. Furthermorg.

fracture surface were generally rather rounded under the effect of cgrr051ve
environment and there were detected some traces of electrochemical dissolu-

tion at triple grain boundaries as shown in photographs 10(e) and (f).

It is concluded from these observations that around 0.2% proog strgss

the stress corrosion crack starts from broken points of the passive ﬁllm

on triple grain boundaries where the material is cogcentrlcally stralngd

and it propagates to interconnect triple grain boundaries.

CONCLUSIONS

Stress corrosion cracking behavior at the initial stage of austenl?lc

stainless steel SUS304 was investigated in boiling 42% magnesium chlor}de

aqueous solution. Nucleation and initial propagation of stress corrosion

micro cracks were analyzed both in surface and in fractaure surface from

microstructural aspect in a wide stress range from around threshold stress

to 0.2% proof stress. The main results are summarized as follOW§;

(1) Stress corrosion cracking behavior at the initial stége is depend?nt

upon the stress level. Namely, at higher stress levels, intercrystalline

cracking originating from triple grain boundaries occurred, but as t?e

stress level was lowered, it was replaced with transgranular one accompanied
with corrosion grooves.

(2) Micro crack growth from the small corrosion grooves was an }mportant
factaor determining the value of the threshold stress of nmter}al used.

(3) At a stress level near 0.2% proof stress, the stress cor;051on créck
nucleates from broken point of the passive film on triple grain bougdrles
where the material is concentrically strained and it propagates to inter-
connect triple grain boundaries.
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Fig. 6. Stress Corrosion Cracking Behavior at Stress
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Fig. 2. Results of SCC Tests.
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Fig. 4. Crack Propagated along Boundaries

to Interconnect Triple Points of
Grain Boundaries.
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Fig. 5. Nucleation and Propagation
of Stress Corrosion Cracks
at Stress Level of 180MPa.

(a) Cracks Nucleated at Triple

Grain Boundaries.

(b) Cracks Nucleated at Micro

Pits.

Fig. 8. Fracture Surface of SCC at a Stress
Level of 132MPa.
(a)(b) Matching Photographs.
(c)(d) Facet Pits.
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Fig. 9. The Dependency of Intergranular
Cracking Ratio on Stress Levels.

Fig. 10. Morphologies of Initial Stress Corrosion Crack Observed
at the Stress Level of 235MPa.
(a)(b) Surface. (c¢)(d) Fracture Surface.
(e)(f) Some Traces of Electorochemical Dissolution on
Fracture Surface.
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