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Abstract

In this study, the influence of the corrosive solution temperature on the stress corrosion
cracking (SCC) behavior of the AISI 310 and AISI 316 stainless steels rolled plates using a
constant load method was investigated. For the AISI 316, the relationship between the time
to failure and the test temperature fell into a linear function for the temperatures from 143
to 152°C and an exponential function for the temperatures from 132 to 143°C. These regions
are considered to correspond to a SCC-dominated region and a hydrogen embrittlement-
-dominated region. Microstructural analyses showed that in the SCC-dominated region the
fracture mode was transgranular, but it was intergranular in the hydrogen embrittlement-
-dominated region. For the AISI 310 steel, the relationship between the time to failure and
the test temperature fell into a linear function for the temperatures from 132 to 152°C. The
fracture mode was transgranular for all temperatures, which strongly indicated that this steel

showed SCC only.
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1. Introduction

The stress corrosion cracking (SCC) susceptib-
ility of austenitic stainless steels in chloride has
been extensively investigated using various meth-
ods [1-3]. However, there is no general cracking
mechanism that explains precisely the stress cor-
rosion phenomenon, that is, each specific material-
-environment combination presents its particularit-
ies.

The SCC cracking mechanisms for austenitic stain-
less steels can be grouped in anodic and cathodic de-
pending on the main cause of the cracking propagation
either the active path dissolution of the material at the
crack tip, passive film rupture, or fracture associated
to the presence of diffuse hydrogen in the crystalline
structure (hydrogen embrittlement) [4].

According to [5], depending on the austenitic stain-
less steel type, the environment and the temperat-
ure, a determined cracking mechanism may change or
not show up, which influences directly the cracking

propagation mode and, consequently, the SCC resist-
ance of these steels.

It is reported that the austenitic stainless steel
AISI 316, differently from the type 310, under-
goes phase transformation from v (austenite) — o’
(martensite) due to applied stress or hydrogen char-
ging [6]. It is worthwhile mentioning that phase
martensite is directly related to the brittle fracture
and predominance of intergranular stress corrosion
cracks in this austenitic stainless steel.

Therefore, the diffusion of hydrogen into the ma-
terial together with the presence of stress induced
martensite may influence significantly the SCC beha-
vior of these austenitic stainless steels [7].

Also, considering that the microstructure and the
corrosion reaction kinetics affect considerably the sus-
ceptibility of the austenitic stainless steels in a cor-
rosive environment, this study aims to investigate the
influence of the corrosive solution temperature on the
SCC susceptibility of the AIST 316 and AISI 310 aus-
tenitic stainless steels rolled plates.
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Table 1. Chemical composition of the austenitic stainless
steels studied (wt.%)

Material C Si Mn Cu Cr Ni Mo Fe

AISI 316 0.03 0,5 1.4 0.01 16 9 2 Bal
AISI 310 0.05 05 1.5 0.2 24 188 0.2 Bal
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Fig. 1. Smooth specimen geometry (dimensions in mm).

2. Experimental procedure

A constant-load lever arm apparatus was used
to evaluate the influence of the temperature on the
susceptibility to SCC of the AISI 316 and AISI
310 austenitic stainless steel specimens in aerated
boiling MgCly test solution. In order to obtain the
test temperatures studied (from 132 to 152°C), the
aqueous MgCly solution concentration varied from 30
to 45 wt. % of MgCly. Chemical composition (wt.%) of
the stainless steels used is shown in Table 1.

3mm thick smooth rectangular tensile specimens,
as can be seen in Fig. 1, obtained from the cold rolled
plates, were used for the SCC tests. The preparation
of the specimens was in accordance with ASTM G58
and ASTM ES8 standards.

After polishing to 1000 grit emery paper and de-
greasing with acetone and washing with distilled wa-
ter, specimens were put in a glass vessel in which
the test solution was placed. The glass vessel was
coupled to a reflow condenser so that all measurements
were monitored continuously under closed-circuit con-
ditions. Sealing between glass vessel and specimen was
done by silicon rubbers. The tests were conducted at a
tensile load corresponding to the nominal stress level
of 300 MPa, which was associated with SCC domin-
ated failure in this type of environment for austenitic
stainless steel. Time-to-failure was the SCC parameter
evaluated.

The SCC fracture mode was studied on fully rup-
tured SCC specimens. Starting from the tested speci-
mens, 20 mm thickness specimens were removed and
polished to diamond finish, and optical micrographs
were taken after etching.

Fig. 2. Microstructure of AISI 316 stainless steel (as
rolled).
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Fig. 3. Time to failure versus test temperature for AISI
316 stainless steel.

3. Results and discussion
3.1. AISI 316 stainless steel

Figure 2 shows the microstructure of the cold rolled
AIST 316 stainless steel. Deformed grains in the rolling
direction can be noted. Although this steel presents
a duplex structure comprised of austenite and delta-
ferrite, the presence of delta-ferrite in the austenite
grain boundaries is not observed clearly. This is at-
tributed to the fact that during the final cold rolling
stages, the metastable delta ferrite is dissolved in the
matrix transforming to austenite.

Figure 3 depicts the time-to-failure versus the solu-
tion temperature for the AISI 316 stainless steel ob-
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1: 148°C.

Fig. 5. Intergranular cracking for type 316 in the region 2:
132°C.

tained from the SCC tests. For this steel, the rela-
tionship between the time to failure and temperature
falls in a linear function (straight line), shown as re-
gion 1, from 143 to 152°C. However, for lower solution
temperatures (132 to approximately 143°C), shown as
region 2, the function deviates considerably from the
linearity.

According to several researchers [2—4], the pres-
ence of these two regions in the graph indicates that
(1) there were two SCC mechanisms and (2) a change
of the predominant SCC mechanism occurred as the
solution temperature increased.

In order to identify modification in the SCC frac-
ture mode that evidenced the presence of these two
mechanisms as a function of the temperature, micro-
structural analyses of the materials tested in temper-
atures inside both regions were carried out.

Figures 4 and 5 show stress corrosion cracks in spe-
cimens tested in region 1 and 2, respectively.

It can be seen from Fig. 4 that the fracture mode in
the region 1 is predominantly transgranular, which is
characterized by the occurrence of the crack propaga-
tion under a relatively straight and smooth cracking
path through the middle of the grains. It can also be
noted that the lower amount of SCC cracks nucleated
in the bulk material in this region.

On the other hand, it can be seen from Fig. 5 that
the fracture mode in the region 2 is predominantly in-
tergranular, which is characterized by the occurrence
of the crack propagation under a nonplanar and tor-
tuous cracking path along the austenitic grain bound-
aries. It can also be noted that the higher amount of
SCC cracks nucleated in the bulk material in this re-
gion.

According to Nishimura et al. [8], the predomin-
ance of transgranular cracks in the region 1 indicates
that the dominant SCC mechanism is the active path
dissolution of the material at the crack tip. Addition-
ally, as can be seen in Fig. 3, the time to fracture in
this region is considerably lower than that observed in
the region 2, which shows the much more deleterious
effect of this SCC mechanism in the material.

Concerning to the region 2, the predominance of
intergranular cracks may be attributed to the hydro-
gen embrittlement mechanism. The occurrence of this
cracking mechanism in the AISI 316 steel is due to
the fact that the austenite in its microstructure is
metastable and it is very susceptible to stress induced
martensite formation. This martensite, formed along
the austenite grain boundaries, increases the diffusion
of hydrogen produced by the electrochemical reac-
tions at the metal surface. In addition, the martensitic
structure has a high hydrogen diffusivity coefficient
and lower hydrogen solubility limit compared to those
of the austenite, which may explain the crack pref-
erential path is intergranular through the martensite
structure facilitated by the higher diffusion rates of
hydrogen [3, 9].

It is also worthwhile mentioning that at high tem-
peratures (region 1), the corrosion rate is much higher
than the corrosion rate at low temperatures (region 2).
As a result, the metal dissolution at the crack tip is
faster than the hydrogen diffusion to the crystal struc-
ture and this is the main reason to the predominance
of the SCC mechanism in the region 1 [10].

3.2. AISI 310 stainless steel

Figure 6 shows the microstructure of the cold rolled
AIST 310 stainless steel. The deformed polygonal aus-
tenite grains and the presence of deformation twins
inside several grains can be noted. This steel presents
a microstructure similar to the AIST 316 comprised of
austenite and delta-ferrite. Similarly to the AISI 316
stainless steel, the presence of delta ferrite in the aus-
tenite grain boundaries is not easily detected.
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Fig. 6. Microstructure of AISI 310 stainless steel (as
rolled).
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Fig. 7. Time to failure versus test temperature for AISI
310 stainless steel.

Figure 7 depicts the time-to-failure versus the solu-
tion temperature for the AISI 310 stainless steel ob-
tained from the SCC tests. For this steel, the rela-
tionship between the time to failure and temperature
falls in a linear function (straight line) for all temper-
atures in the range studied (132 to 152°C). This in-
dicates that, differently from the AISI 316 steel, this
steel does not show a cracking mechanism changing as
the temperature increases. Additionally, it can be seen
from Fig. 7 that the times to fracture for the AISI 310
are higher than those for the AISI 316, which demon-
strates that this steel is more resistant to SCC.

In order to verify whether the cracking fracture
mode is really the same for all temperatures, micro-
structural analyses of the AISI 310 steel for several
temperatures from 132 to 152 °C were also carried out.

Fig. 8. Transgranular cracking for type 310 at the temper-
ature of 152°C.

Fig. 9. Transgranular cracking for type 310 at the temper-
ature of 140°C.

Figures 8, 9 and 10 show stress corrosion cracks
in AIST 310 steel specimens tested in three different
temperatures.

It can be noted clearly from figures that the crack-
ing fracture mode was predominantly transgranular
once the crack propagation occurred under a relat-
ively straight and smooth cracking path through the
middle of the grains. According to several researchers
[4-7], this indicates that there was the presence of the
SCC mechanism only and the absence of the hydrogen
embrittlement mechanism in lower temperatures.

This may be attributed to the fact that the aus-
tenite in the microstructure of AISI 310 steel is much
more stable once this steel contains much higher Ni
content (austenite stabilizer) in its chemical compos-
ition compared to the AISI 316 steel. As a result,
this steel practically did not present stress induced
martensite in its microstructure, which reduces sig-
nificantly the hydrogen diffusion on the metal surface
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Fig. 10. Transgranular cracking for type 310 at the tem-
perature of 135°C.

into the structure and, consequently, the susceptibility
of the material to hydrogen embrittlement [6-8].

It is worthwhile mentioning that increasing the
amount of stress induced martensite content in the
structure increases the susceptibility of the material
to hydrogen embrittlement [10]. According to Eliezer
et al. [11], the most probable SCC mechanism of the
AIST 310 steel is the passive film rupture.

4. Conclusions

a) Using an SCC constant load method, the effect
of the temperature on SCC of the austenititic stain-
less steel AISI 316 was evaluated. For this steel, two
regions were observed: one with the predominance of
the SCC failure mechanism for temperatures from 143
to 152°C, and other with the predominance of the hy-
drogen embrittlement failure mechanism for temper-
atures from 132 to approximately 143°C.

b) It was observed by microstructural evaluation
that the predominant cracking fracture mode for the
SCC mechanism was transgranular and that the pre-
dominant cracking fracture mode for the hydrogen em-
brittlement was intergranular.

c¢) The reason for the intergranular fracture mode
for the AISI 316 stainless steel in lower temperatures
may be attributed to the formation of stress induced
martensite at the austenite grain boundaries.

d) The effect of the temperature on SCC beha-
vior of the austenitic stainless steel AISI 310 is quite
different from that observed for the AISI 316 steel.
For this steel, the SCC failure mechanism for all tem-
peratures (from 132 to 152°C) was observed only. The
cracking mechanism was predominantly transgranular
at test temperatures and no intergranular cracking be-
havior was observed, probably, due to the absence of
martensite transformation. Furthermore, the AISI 310
steel showed longer times to fracture compared to the
AISI 316 steel, which indicates that this steel exhibits
a higher SCC resistance.
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