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Abstract

The stress corrosion cracking (SCC) of three austenitic stainless steels was
investigated as a function of test temperature and applied stress in boiling
saturated magnesium chloride solutions (MgCl,) using a constant load method.
Both type 304 and type 316 exhibited similar corrosion elongation curves, while
the corrosion elongation curve of type 310 was different. The relationship
between the time to failure and a reciprocal test temperature fell in two straight
lines on a semi-logarithmic scale as well as the relationship between the
steady-state elongation rate and a reciprocal test temperature. These regions were
considered to correspond to a SCC-dominated region or Hydrogen
Embrittlement (HE)-dominated region. The same behaviour was observed for
applied stress dependence for these stainless steels.

The relationship between the time to failure versus steady state elongation
rate on a logarithmic scale became a straight line, whereas the slopes of the line
for the stainless steels were different for each other. It was found that the
linearity of the relationship can be used to predict the time to failure for the
stainless steels in the corrosive environment. The transition time to time to
failure ratio values had a different constant value for each region. From the
results obtained, it may be suggested that the cracking mechanism for type 304
and type 316 was different from that for type 310. This would be explained by
whether or not a formation of martensite takes place.

Keywords: austenitic stainless steels, magnesium chloride solution, steady-state
elongation rate, stress corrosion cracking, hydrogen embrittlement.
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1 Introduction

The stress corrosion cracking behaviour of austenitic stainless steels in chloride
and other corrosive solutions has been extensively investigated using various
methods [1-7]. Stress corrosion cracking in the broad sense for austenitic
stainless steels is caused by either stress corrosion cracking in the narrow sense
(denoted as SCC hereafter) such as active path dissolution [1-2] and film-rupture
[3-4], or hydrogen embrittlement (HE) [5-7]. Austenitic stainless steels such as
type 304 and 316 steels, but not type 310 steel, may undergo phase
transformation from y—a' martensite due to applied stress or hydrogen charging
[8-9] and a'-martensite is considered to be directly related to brittle fracture [10].
However, the role of martensite in SCC and HE is still not fully identified. It was
found that austenitic stainless steels suffered from cracking failure by two
different mechanisms of SCC and HE depending upon test temperature [11].

In this study, the failure characteristics of type 304, 316 and 310 austenitic
stainless steels were examined under constant loads in boiling saturated
magnesium chloride solutions once with variable test temperature and constant
applied stress and then with variable applied stress and at constant test
temperature to evaluate the role of martensite in determining the cracking
mechanism of austenitic stainless steels.

Table 1: Chemical compositions (wt%) and mechanical properties of the
austenitic stainless steels used.

C Si Mn P Ni Cr MO | Gvied | OTensile
(MPa) | (MPa)
SS304 | 0.06 | 0.35 | 0.96 | 0.027 | 8.13 | 18.20 - 276 691
SS310 | 0.05 | 0.84 | 1.27 | 0.016 | 19.30 | 24.76 - 275 575
SS316 | 0.06 | 0.70 | 0.96 | 0.031 | 10.15 | 16.98 | 2.22 | 323 636

2 Experimental

The specimens used were the commercial type 304, 316 and 310 austenitic
stainless steels whose chemical compositions (wt%) are shown in Table 1. The
geometry for stress corrosion cracking experiments is as follows: the gauge
length is 25.6 mm, the width 5 mm and the thickness 1 mm. The specimens
were solution-annealed at 1373 K for 3.6 ks under an argon atmosphere and then
water-quenched. Prior to experiments, the solution-annealed specimens were
polished to 1000 grit emery paper, degreased with acetone in an ultrasonic
cleaner and washed with distilled water. After the pretreatment, the specimens
were immediately set into a stress corrosion cracking cell. Stress corrosion
cracking tests were conducted in boiling saturated magnesium chloride solutions,
the boiling temperatures of which were changed by the change in the
concentration of magnesium chloride. For the experiments with variable test
temperature and constant stress (o = 300 MPa), the test temperature range was
between 408 K and 428 K. For the variable applied stress and constant test
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temperature, the applied stresses were in the range from 0 to 500 MPa and the
test temperatures used were 428 K (type 316), 416 K (type 304 and 310) and 408
K (type 304 and 316), where cracking failure was observed under constant
applied stress condition [11]. All experiments were carried out under an open
circuit condition.

3 Results

3.1 Corrosion elongation curve

Figure 1 shows the corrosion elongation curves for type 304 at 408 K and type
310 at 416 K under a constant applied stress condition (¢ = 350 MPa) in boiling
saturated magnesium chloride solutions, where the corrosion elongation curve of
type 304 at 408 K was similar to that of type 316 at 408 K. From these curves
the three parameters were obtained for each specimen: time to failure (7, ),

steady-state elongation rate (/) for the straight part of the corrosion elongation
curve and transition time to time to failure ratio (z,/¢,), where the transition
time (¢, ) is the time when the elongation curve begins to deviate from the linear
increase. For type 304 at 408 K, 7, was considerably shorter than for type 310 at
416 K and ¢, was close toz,. Thus the 7/, value was close to unity. For

type 310 at 416 K, ¢, was approximately half the time to failure.
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Figure 1: Corrosion elongation curves for type 304 steel at 408 K and type
310 steel at 416 K under a constant applied stress condition (¢ =
350 MPa) in boiling saturated MgCl, solutions.
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Figure 2: The logarithms of (£ ) versus the reciprocal of the test temperature

(1/T) (a) and Applied stress (o) versus £, (b) for type 310, 304 and
316 steels in boiling saturated MgCl, solutions.

3.2 Effects of test temperature and applied stress on ¢ I

Figure 2 (a) depicts the logarithm of 7, versus the reciprocal of the test

temperature for the three stainless steel types used in the experiments. For type
304, the relationship between 7, and 1/T falls in a straight line, shown as
region-I, until a test temperature of about 413K (1/T = 2.42x107), below which
the relationship deviates from the linearity. The region from 413K (I/T =

2.42x107) to a threshold test temperature, approximately 403K (1/T = 2.48x10°
%), below which little fracture takes place within a laboratory time scale, was

called region-II. For type 316, the parameter 7, was also grouped into two

regions; region-I at test temperatures above 424K (1/T = 2.36x107) and region-II
with test temperatures below 424K (1/T = 2.36x107) up to a threshold test
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temperature of about 408K (1/T = 2.45x107). The ¢ / values of type 310 showed

slight sensitivity to test temperature. The ¢ / values for type 310 were grouped in

a straight line which constitutes region-I until a threshold test temperature of
about 408K (1/T = 2.45x107*) without region-II. Therefore, in Figure 1, the
elongation curve for type 310 at 416K (1/T = 2.40x107) falls in region-I, while
that for type 304 at 408K (1/T = 2.45x107) falls in region-II.

Figure 2 (b) depicts applied stress o versus logarithm of ¢ 7 for the three

stainless steels at three test temperatures used. All relationships can be divided
into three regions shown by Arabic numerals 1-3 in Figure 3; region 1 is the
stress-dominated failure region, region 2 the stress corrosion cracking SCC-
dominated failure region and region 3 the corrosion-dominated failure region. In

region 2, ¢ P values for type 304 at 416 K and for type 316 at 428 K are shorter
than those at 408 K and 7, for type 304 is shorter than that for type 316. In

addition, the applied stress range in region 2 for type 316 at 408 K is narrower
than that for type 304 at 408 K; the maximum applied stress in region 2 is the
same for both steels, but the minimum applied stress for type 316 is higher than
that for type 304. At higher temperatures, the applied stress range in region 2 is
almost the same for these stainless steels. It was also found that the behaviour
of the steady state elongation corresponded to those in Figure 2 and the value of

t /t s was different depending upon region; 0.57 in region I and 0.63 in region
II.
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Figure 3: Fracture appearances for type 304 steel at 416 K and o = 300 MPa;
X550 (a) and for type 310 steel at 416 K and ¢ = 300 MPa; X650
(b) in boiling saturated MgCl, solutions.

3.3 Fracture appearance

Figure 3 shows the fracture appearances of type 304 (a) and 310 (b) in region 2
at 416 K. The fracture mode for type 304 and 310 is predominantly
transgranular. The transgranular fracture was observed over the whole test
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temperatures in region I and the whole applied stresses in region 2. Type 316 in
region 2 at 428 K exhibited the same transgranular fracture appearance as those
in Figure 6. On the other hand, as shown in Figure 4, the fracture appearance in
region 2 for type 316 at 408 K and all test temperatures in region II (408 K—423
K) is a mixture of intergranular and transgranular modes (a) at a low applied
stress (300 MPa) and predominantly intergranular mode (b) at a high applied
stress (400 MPa). The ratio of intergranular appearance to transgranular one
increased with increasing applied stress in region 2 and finally the fracture mode
became completely intergranular. The fracture appearances for type 304 at 408
K and at all temperatures in region Il were mostly intergranular and almost the
same as those for type 316. For type 310, the fracture mode was transgranular
over the whole applied stresses and at all test temperatures in region 2.
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Figure 4:  Fracture appearances for type 316 steel at 408 K and ¢ = 300 MPa;
X550 (a) and for type 316 steel at 408 K and ¢ = 400 MPa; X1000
(b) in a boiling saturated MgCl, solution.

4 Discussion

4.1 Characteristics of stress corrosion cracking

In the applied stress region where the SCC-dominated failure occurred, the
fracture mode for type 304 and 316 at 416 and 428 K was transgranular, while
that at 408 K was mostly intergranular, in particular at higher applied stresses.
In other words, for type 304 and 316 in boiling magnesium chloride solutions,
the fracture mode was transgranular at higher temperatures and intergranular at
the lower temperature. For type 310 only transgranular fracture was found as far
as stress corrosion cracking occurred in any temperatures in boiling magnesium
chloride solutions [11]. The minimum applied stress to induce intergranular
cracking for type 316 was significantly higher than that for type 304. In general,
transgranular cracking was characterized by a higher rate of elongation in both
SCC-dominated and stress-dominated regions and shorter time to failure. By
contrast the failure in intergranular cracking was slow and most of the time to
failure was in the steady state elongation region indicating the small mechanical
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elongation until failure. Consequently, intergranular cracking for these austenitic
stainless steels in the boiling magnesium chloride solution revealed more brittle
nature in comparison with transgranular cracking.
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Figure 5: The relation between time to failure (# /) and the logarithms of

(1), where m is the slope of the straight line. (a) for constant

stress and variable test temperature and (b) for constant test
temperature and variable stress.

4.2 A parameter for predicting time to failure

As shown in Figure 5 (a), the log-7, versus log- l 4 relationship for types 304

and 316 obtained as a function of test temperature became two straight lines with
the slopes of m = -1.95 and m = -1.30, where the former value was in region-I in
Figure 2 (a) and the latter in region-II in Figure 2 (a). In the case of type 310, the

log-1, versus log- [, relation for type 310 became a single straight line with

slope m = -1.95. Figure 5 (b) shows the relationships between the logarithm of
[ . and logarithm of ¢ ; in region 2 in Figure 2 (b) for all stainless steels. The

S
log [ & versus logt s curves in region 2 for types 304 and 316 become two

straight lines with a slope of m = -2 at 418 and 428 K and with a slope of m = -1
at 408 K, and type 310 also shows a straight line with m = -2. Thus, the
empirical equations for the stainless steels are as follows:

For type 304 and 316 at higher temperatures and type 310 steel in region 2 at
constant stress or constant temperature conditions

logl, =-2logt, +C, (1)
For type 304 and 316 in region 2

log/ =mlog?, +C; 2)
where m = -1.3 for constant stress condition and m = -1.0 for constant

temperature condition. C; and C, are constants and depend on material. It can be
seen in Figure 8 that type 304 at 416 K and type 316 at 428 K show the same C;
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value, although type 310 steel shows different C, value, and that the C, value of
type 304 at 408 K is different from that of type 316.
In addition to these characteristics, it can be said that steady-state elongation

rate (lss) is a useful parameter for predicting the time to failure ( tf)

independent of applied stress even in boiling saturated magnesium chloride
solutions as well as in hydrochloric and sulphuric acid solutions [13-14], because

[, can be obtained at a time within 10-20% of ¢ s from the corrosion

elongation curve.
4.3 A qualitative explanation of fracture mechanism

Type 304 is a metastable austenite and is highly susceptible to martensite
formation [16]. Type 316 is also a metastable austenite and is moderately
susceptible to martensite formation [17]. On the other hand, type 310 is known to
be less susceptible to martensite formation [18]. For metastable austenitic
stainless steels like types 304 and 316, the strain-induced formation of martensite
tends to take place along grain boundaries and particularly is facilitated by
hydrogen entry [19-20]. The presence of martensite is known to induce hydrogen
embrittlement (HE) because of very high hydrogen diffusivity coefficient and
very small hydrogen content compared to those of the austenite [17]. Thus,
martensite formed at grain boundaries is apt to be responsible for HE of
intergranular mode, and types 304 and 316 have higher susceptibility to
martensite-induced HE of intergranular mode, but type 310 has little
susceptibility to martensite-induced HE of intergranular mode.

On the other hand, transgranular cracking is caused by propagation of cracks
nucleated at slip steps and is not related to martensite formed at grain
boundaries. Thus stress corrosion cracking in the narrow sense of the word
(SCC) includes such transgranular cracking.

Types 304 and 316 suffered intergranular cracking at a lower temperature
(408 K) and transgranular cracking at higher temperatures (428 K for type 316
and 416 K for type 304). In determining the cracking mode a competition
between dissolution of material at slip steps inducing SCC and hydrogen entry
inducing HE is the decisive factor as well as the formation of martensite. The
hydrogen entry is determined by the difference between hydrogen absorption and
hydrogen escape. Transgranular SCC for types 304 and 316 was caused by
propagation of cracks nucleated at slip steps, not at martensite at grain
boundaries [21]. Therefore, the cracking mode would be determined by the
competition between the dissolution rate at slip steps and the hydrogen entry rate
at grain boundaries with martensite. As test temperature increases, the
dissolution rate increases. On the other hand, both hydrogen absorption rate and
hydrogen escape rate increase with increasing test temperature, whereas the
amount of hydrogen entry decreases, because the hydrogen escape rate becomes
superior to the hydrogen entry rate with increasing temperature. This means that
the amount of hydrogen entry decreases with increasing test temperature [22]. In
addition, it is considered that the amount of martensite decreases with increasing
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test temperature, which suggests that the hydrogen entry rate decreases with
increasing test temperature [23]. Thus, the dissolution rate becomes higher than
the hydrogen entry rate at higher temperatures. This will result in transgranular
SCC at higher temperatures.

On the other hand, it is known that the amount of martensite increases with
strain or applied stress [17]. At 408 K for types 304 and 316, the fracture mode
changed from a mixed transgranular and intergranular mode to a complete
intergranular mode with increasing applied stress. If cracking failure at 408 K is
caused by martensite-induced HE, the increase in intergranular mode with
increasing applied stress is in agreement with an increase in the amount of
martensite with increasing applied stress. Similarly, the minimum applied stress
to induce intergranular cracking for type 316 steel was significantly higher than
that for type 304 in agreement with the fact that type 316 is less susceptible to
stress-induced martensite formation than type 304. Furthermore, type 304 was
more susceptible to intergranular cracking in comparison with type 316 in
agreement with the fact that type 304 has the higher susceptibility to strain-
induced martensite formation in comparison with type 316.

Consequently, intergranular cracking observed at the lower temperature, that
is, 408 K for types 304 and 316 is due to grain boundary martensite-induced
hydrogen embrittlement (HE) and transgranular cracking for types 304 and 316
at higher temperatures at 416 and 428 K and for 310 is ascribed to stress
corrosion cracking in the narrow sense of the word (SCC).

5 Conclusions

The stress corrosion cracking behaviour of three austenite stainless steels with
different susceptibilities to stress-induced martensite formation was examined in
boiling saturated magnesium chloride solutions with different boiling
temperatures under constant load condition. The following conclusions can be
drawn:

(1) The cracking mechanism for type 304 was transgranular at a higher test
temperature more than 413K and intergranular at a lower test
temperature less than 412K. The cracking mechanism for type 316 was
transgranular at a higher test temperature more than 424K and a mixture
of transgranular and intergranular cracking at a lower test temperature
less than 424K. The cracking mechanism for type 310 was transgranular
at test temperatures higher than 408K and no intergranular cracking
behaviour was observed.

(2) The relationships between log /_ and - log ¢ / for types 304, 316 and

310 became a good straight line. Their slopes depended upon fracture
mode; -2 for SCC and -1 or -1.30 for HE.

(3) It was estimated that HE occurred by martensite formed along the grain
boundaries with hydrogen entry, while SCC took place by a propagating
crack nucleated at slip step by dissolution.
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