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Abstract Intergranular stress corrosion cracking (SCC)
mechanism in sensitized stainless steel (Type 304) was
investigated experimentally. A tetra-thionic potassium
(K5S40¢) chemical solution was used to mimic polythionic
acid SCC which the most aggressive SCC type. During the
SCC test, the steel specimen was subjected to three-point
bending with constant strain at room temperature, and
simultaneous monitoring of acoustic emission and corro-
sion potential were employed to monitor SCC initiation
and progression. At the early stage, transient phenomenon
of local anodic dissolution was observed. Upon initiation of
SCC, passivation film fracture and dissolution of metal at
specimen surface take place. Through microscopic obser-
vation of SCC tip, it was found that the SCC tip advanced
along the grain boundary with further mechanical loading.
This suggested that the stress component plays a significant
role of SCC propagation, in addition to the effect of the
localized metal dissolution along Cr-depleted grain
boundaries.
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Introduction

Intergranular (IG) stress corrosion cracking (SCC) is one
of the most commonly observed types of local corrosion
damage, for sensitized stainless steel in chloride, high
temperature and high pressured water and polythionic
acid. Polythionic acid SCC of Type-304 steel was fre-
quently experienced in desulfurization equipments in
petro-refinary industry, where the polythionic acid is
produced by oxidation of iron sulfide, and furnace tube
and heat exchangers in the desulfurization process provide
potential feasibility to this catastrophic disaster [1-3].
Countermeasures are recommended by the NACE stan-
dard RP 0170-2004 [4] and have been taken at every shut
down maintenance. These involve, (1) shut-out of the wet
atmosphere by dry air or nitrogen gas and (2) neutral-
ization of the acid (wash by 2 % Na,CO; or 1.4-2 %
soda-ash solution). Indeed, the severity of the polythionic
acid SCC is higher than other SCCs by chloride ion and
high temperature water, which may destroy the equipment
at room temperature in a day [1, 3]. The crack propaga-
tion velocity of polythionic acid SCC is very fast, faster
than the macroscopic crack propagation velocity of other
SCC.

Despite of its importance, studies on the polythionic
acid SCC are very few and its mechanism has not been
well-understood. Hosoya et al. [S] proposed a non-toxic
solution (tetra-thionic potassium K;S40¢) to simulate the
polythionic SCC. Several other similar studies indicated
that the tetrathionate solution produces IG-SCC at room
temperature in a short period of time [6-9]. Consequently,
such a tetrathionate solution has been commonly used in
experiments which produces IG-SCC quickly, and enables
the investigation of IG-SCC mechanism [6, 7] and the
feasibility of monitoring technique [8, 9].
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Among new techniques monitoring crack propagation in
metals, one of them is the corrosion potential fluctuation
(CPF), also referred to as electrochemical noise analysis
[10, 11]. In CPF, a high resolution (V) monitoring system
detect the initiation of localized corrosion of metal in
solution, and the non-faradic reactions due to local anodic
dissolution are detected with characteristic potential fluc-
tuations. Another monitoring technique is acoustic emis-
sion (AE), although anodic dissolution does not produce
any AE. Some studies [9, 12] used AEs for mechanistic
study of IG-SCC, including polythionic SCC, and reported
that the AEs were produced by IG-SCC associated grain
boundary separation. The reason how such fast intergran-
ular cracking occurs was, however, not discussed. If active-
path type SCC (APC-SCC) takes place in IG-SCC, it
requires extremely high anodic current density of a few
amperes per square centimeter. Such a high current density
cannot be achieved by ohmic and diffusional resistance
[13, 14].

Therefore, simultaneous monitoring of AE and CPF is
expected to supply important information in the mecha-
nistic study of SCC, and to become a powerful tool in SCC
monitoring. The paper aims to bridge this gap by con-
ducting a combined AE and CPF study of polythionic acid
SCC, which will help to understand the IG-SCC mecha-
nism as well as in situ monitoring of material and structural
integrity.

Specimen and experimental setup

A solution of 0.1 mass% tetra-thionic potassium (K,S40¢)
at pH 2 is used, which was reported to cause IG-SCC at
room temperature [6—8]. By controlling the amount of
sulfuric acid (H,SO,4) at 25 °C, the pH of solution was
adjusted to be about 2.0—this value was reported to be
useful for accelerated SCC test [8]. Specimen used in this
study was Type-304 stainless steel plate of 115 mm length,
35 mm width, and 2 mm thickness, and mechanically
polished to obtain smooth surface. After polishing, the
specimen was fully sensitized at 650 °C for more than 24 h
in vacuum. By etching with oxalic acid, it was observed
that the typical grain sizes were in the range of about
30-100 pm.

Experimental setup is shown in Fig. 1. Specimens
underwent three-point bending to induce a surface stress of
400 MPa (¢ = 1.2 %), and the applied strain is estimated
from the radius of curvature of the specimen. As shown in
Fig. 1, a glass cell with diameter of 25 mm is glued on the
specimen surface, which contains the corrosive solution.
AEs were monitored by four resonant type AE sensors
(JT-Toshi, Type M304A, frequency band from 0.2 to
1.5 MHz) mounted on the surface of the specimen, and
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Fig. 1 Experimental setup for three-point bending SCC test inte-
grated with simultaneous damage monitoring technique of acoustic
emission and corrosion potential fluctuation

amplified to 80 dB by preamplifiers, digitized by an A/D
converter and fed to a personal computer. The corrosion
potential was monitored by a Ag/AgCl reference electrode
immersed in the solution, and digitized by a digital volt
meter (ADVANTEST, RE6871E) and fed to the same
personal computer. The vertical resolution of the volt meter
is 0.1 pV and sampling interval is 0.25 s.

Experimental results and discussion
Potential fluctuation and AE

Since the polythionic SCC is significantly influenced by
corrosion potential, the timing of corrosion potential and
AE generation was studied. Figure 2 compares the changes
in corrosion potential and cumulative AE hit counts with
test time. To evaluate the AE signals amplitude, the root
mean square value (i.e., AE energy) is calculated and
plotted as shown by gray symbols. Here, it is noted that the
equilibrium potential of Ag/AgCl electrode is +225 mV
versus normal hydrogen electrode (N.H.E). The corrosion
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Fig. 2 Changes in corrosion potential fluctuation, cumulative AE
count and AE energy
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potential shifts quickly to active potential of —500 mV
versus Ag/AgCl (—275 mV vs. N.H.E.) and recovers to
—100 mV (4125 mV vs. N.H.E.) at the beginning of the
test. It was observed that the specimen surface is covered
by black film within 20 ks.

After 50 ks, potential fluctuation is frequently observed.
Figure 3a shows the magnified view of the range from 60
to 90 ks in Fig. 2. The potential shows a characteristic
fluctuating signal, exhibiting rapid drop and recovery; this
is the RD-type CPF. These signals are caused by non-
faradic reaction due to local anodic dissolution, such as
pitting and IG corrosion (grain boundary attack). There-
fore, RD-type CPF signals are often recognized as coming
from SCC initiation, and thus are very useful to identify the
timing of SCC initiation. As shown in Fig. 3a, strong
amplitude of the CPFs was observed in the time range of
50-100 ks. However, the frequent RD-type CPFs gradually
decreased. In fact, as shown in Fig. 3b, the amplitude of
fluctuation is smaller than that of Fig. 3a. At this stage
(after about 100 ks), however, the AE counts were rapidly
increased, and finally reached to the cumulative AE counts
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Fig. 3 Enlarged period of test time in Fig. 2: a 60-90 ks and
b 120-150 ks

of 600 events. In addition, their AE energy became larger
with the increase of AE count. In fact, at 150 ks, SCC was
observed by eye inspection during the test.

In general, AE is produced by the release of elastic
strain energy when small facture occurs due to mechanical
loading. On the other hand, dissolved metal does not pro-
duce any AE. As shown in Fig. 2, the SCC test produced
both AE and CPF. Their timing yield useful information on
SCC initiation and progression and the role of mechanical
loading, influencing SCC. The detailed investigation is
described later.

Crack morphology

After SCC with about 5 mm long crack was clearly
observed, the SCC test was stopped (at about 180 ks, see
Fig. 2). The specimen was washed with ethanol and puri-
fied water by ultrasonic washing machine, so that the
corrosive solution in the crack propagation path of SCC
was removed. A typical example of crack morphology is
shown in Fig. 4. We observed very clear IG-SCC in
Fig. 4a, which is the main SCC that propagates perpen-
dicular to the direction of the maximum tensile stress.
Around this crack, many grain boundary defects (grain
boundary dissolution) were also observed. In addition,
scanning electron microscope was used to observe the main
IG-SCC as shown in Fig. 4b and c, exhibiting clear I1G
cracking. This morphology is often observed in polythionic
acid SCC [1, 3]. Furthermore, hydrogen embrittlement
produces similar morphology [15]. If such a crack was
caused by anodic dissolution of metal (i.e., Cr-depleted
zone at grain boundary), it should not produce any AEs.
However, if there is contribution of mechanical separation
against grain boundary, it possibly produces AEs as what
has been observed in the present study.

Referring to Fig. 2, the corrosion potential from anodic
dissolution was observed first. Subsequently numerous AEs
were detected when SCC is observed. Thus, it is expected
that the SCC progression is contributed by mechanical
loading. In order to investigate how the tensile stress
affects SCC progression, the specimen after SCC test was
further applied with mechanical loading.

Bending test for specimen with SCC

After the SCC test, the specimen was cut for bending test in
atmosphere. One cut line was across the main SCC to
observe the depth of SCC. The length, width, and thickness
of the cut specimen are about 50, 8.5, and 2 mm, respec-
tively. A hydraulic tester (Shimadzu Corp, EHF-1) is used
for four-point bending test, where the inner span is 10 mm
and outer span is 30 mm. The position of main SCC was
set in inner span. The load was gradually applied with the
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Fig. 4 Micrographs of IG-SCC taken by optical microscope (a) and
scanning electron microscope (SEM) (b, ¢). ¢ Magnified area in (b)

displacement control. Two AE sensors were mounted on
the specimen surface to monitor the generation of small
crack during the test. Figure 5 shows the transverse section
around the main SCC using SEM. Before the bending test,
the depth of SCC was about 0.7 mm, while the crack tip
progressed to be 1.2 mm after the test. Figure 6a shows the
relationship between the load and displacement. This figure
also plots the cumulative AE count as indicated by dashed
line. Among them, the large AE associated with Mode I
fracture is plotted by triangle marks. The result showed that
the load increases linearly up to 30 N. After that, the load
suddenly decreased and showed constant value. At this
point, the number of AE is rapidly increased and several
large AEs were also detected. In fact, AE sources were
identified by difference of traveling velocity among the two
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Fig. 5 SEM photos of IG-SCC observed from side surface in the
specimen for four-point bending test. The left photo is before bending
test and the right one is after the test, showing crack significantly
advances
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Fig. 6 Load-displacement curve of SUS304 with SCC subjected to
four-point bending (a). a The timing of AE generation and cumulative
AE count. b Source location of AEs detected during four-point
bending
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Fig. 7 Snapshot of
microscopic picture of
IG-SCC path at the
applied bending strain of
1.1, 1.4, and 1.6 %
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Fig. 8 SEM picture
around SCC tip. a The
tip at strain of 1.4 %
and b, ¢ the crack path
at 1.6 % strain
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AE channels, indicating that AEs were located on main
SCC position (see Fig. 6b). These results thus suggested
that the tip of SCC advanced due to purely mechanical
loading using four-point bending test. It also suggested that
crack progression emit many AEs.

To clarify how the crack propagates along the grain
boundary, microscopic observation was conducted using
SEM. As mentioned above, the specimen with SCC was
cut for mechanical test. One side was used for the four
point bent test with AE (see Fig. 5). Another specimen
with SCC was used in this experiment. The jig of three-
point bent for SCC test (see Fig. 2) was again used as
mechanical loading. Since the SCC test was conducted at
1.2 % strain, bending strain was increased up to 1.6 %. The
snapshot of microscopic picture was taken by SEM, when
the applied strain was 1.1, 1.4, and 1.6 %.

Figure 7 shows the picture of representative crack path
with low magnitude. Until the strain of 1.1 %, very fine
crack was observed. With increasing strain, the crack path
was clearly observed, namely the crack opening displace-
ment becomes wider. Figure 8a shows the crack tip of SCC
at the strain of 1.1 %. However, at strain of 1.4 %, the
crack was found to advance along the grain boundary as

21596

a

1Bpm

)
LE]

SCC progress

28kU

shown in Fig. 8b. The surrounding area shown in Fig. 8c
suggests that the crack advanced with several hundred pm
along the grain boundary. In addition, other crack tip is
observed as shown in Fig. 9a (at the strain of 1.4 %). After
applying strain up to 1.6 %, the crack propagates again as
shown in Fig. 9b. Note that after the SCC test, the speci-
men was washed with ethanol and purified water by
ultrasonic washing machine, so that it is expected that the
corrosive solution (anion species) was minimized (or very
little) in the crack propagation path of SCC. Thus, it is
reveled that mechanical loading plays an important role of
SCC progression, accelerating SCC propagation.

Effect of stress on SCC progression

By referring the above-experimental results the mechanism
of IG-SCC, in particular crack growth, is summarized as
follows. Figure 10 shows the schematic mechanism of
grain boundary separation and IG-SCC. First, the depleted
zone is attacked by the anodic dissolution, and the attacked
grains are mechanically exfoliated by the tensile stresses.
This is due to the fact that (see Fig. 2) the CPF (from local
anodic dissolution) was first detected, and subsequently AE
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Fig. 9 Snapshot of

microscopic picture (a)
of IG-SCC path at the

applied bending strain

of 1.4 (a) and 1.6 %

(b). This area is

different from that in

Figs. 7 and 8
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Fig. 10 Schematic of proposed mechanism of initiation and progres-
sion of IG-SCC. a Cr-depleted layer develops at grain boundary due
to sensitization. b Grain boundary attack occurs due to local anodic
dissolution, producing RD-CPF. ¢ Grain boundary separation (inter-
granular cracking) produces due to stress concentration around
IG-attack

(from mechanical fracture) was produced. The number of
AE and their amplitude increased when the testing time
was longer.

After grain boundary dissolution (referred to as the
IG-attack), stress concentration takes place at the tip of
grain boundary. The concentration encourages the grain
boundary separation due to large tensile stresses, which
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produces AE. This can be confirmed from the experimental
evidence (e.g., “Bending test for specimen with SCC”
section shows that the IG crack advanced when mechanical
loading was applied on the IG-SCC specimen). Such a
crack propagation process produces AEs (Fig. 6) and it was
very similar to the IG-SCC morphology (Figs. 8, 9).

It can be summarized that the IG cracking is attributed
to the synergistic interaction of electrochemical and
mechanical actions. Besides, the tensile stress accelerates
the grain boundary separation, possibly due to the grain
boundary decohesion stresses. The decohesion strength
may be decreased owing to volume reduction by anodic
dissolution or hydrogen embrittlement. Indeed, previous
studies reported that hydrogen embrittlement of austenitic
stainless steel showed clear IG cracking and produced
many AEs [15]. Although in the present study the role of
hydrogen embrittlement to IG-SCC propagation remains
unclear, the decohesion strength of grain boundary and
separation due to mechanical loading is found to dominate
the IG-SCC mechanism.

Conclusion

One of the famous SCC types, the IG stress corrosion
cracking (IG-SCC), is mainly produced by grain boundary
dissolution (IG-attack) due to electrochemical action. This
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study aims to investigate the mechanism of IG-SCC in
sensitized stainless steel (Type 304), in particular how
mechanical loading affects IG-SCC. A tetra-thionic
potassium (K,S40¢) chemical solution was used to produce
IG-SCC at room temperature. During the SCC test,
simultaneous monitoring of AE and CPF were employed to
monitor SCC initiation and progression. In the early stage,
many RD-type CPF signals (from transient phenomena of
local anodic dissolution) were observed, indicating the
initiation of SCC, i.e., passivation film fracture and dis-
solved metal at specimen surface took place. Subsequently,
many AEs were detected and their amplitude and the
number increased with testing time. It can hypothesize that
these AEs were produced by mechanical fracture (not
anodic dissolution). Thus, the present IG-SCC behavior is
attributed to the synergistic interaction of electrochemical
and mechanical actions. In order to clarify the role of
mechanical loading to IG-SCC, microscopic observation
by scanning electron microscope was employed to observe
the SCC tip behavior when mechanical loading was
applied. It was found that the SCC tip advanced along the
grain boundary with further mechanical loading. This
suggested that the stress component plays a significant role
during SCC propagation, in addition to the effect of the
localized metal dissolution along Cr-depleted grain
boundaries. The study also verified that the simultaneous
monitoring of AE and CPF may supply important infor-
mation in the mechanistic study of SCC, and thus it is a
useful approach in SCC monitoring.
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