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The intergranular stress corrosion cracking of sensitized 304 stainless steel in Na,S,03 solutionwas
detected by electrochemical noise (EN) and acoustic emission (AE) techniques. The parameters of
noise resistance (Ry), standard deviation (S;) and wavelet fractal dimension (D) were determined from
EN data, and K-means cluster and correlation methods were used to characterize the AE data. The
results show thatin the elastic deformation process the small transients in EN and low amplitude of AE
hits are related to the breakdown and recovery of passive film at the sensitized grain boundaries. With
the increasing of plastic deformation, the EN transients and AE hits’ amplitude are enhanced obviously
especially at the final fracture stage. The fractal dimension of sensitized 304 stainless steel in Na;S;03
solution is decreased from 1.9 to 1.0, which indicates that the corrosion type of 304 steel during the
stress corrosion cracking process is evolved from intergranular corrosion to crack propagation.The K-
means cluster results reveal that the extension of brittle intergranular crack and the rupture of ductile
bridging ligamentare the two AE sources and attributed to the intergranular stress corrosion cracking
of sensitized 304 stainless steel in Na,S,03 solution.

Keywords: stainless steel; intergranular stress corrosion cracking; electrochemical noise; acoustic
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1. INTRODUCTION

304 stainless steel is widely applied in the nuclear power industry for its excellent mechanical
properties and high corrosion resistance. However, the stress corrosion cracking (SCC) of 304 stainless
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steel is one of the greatest corrosion problems which occur in the service of pressurized water reactors
[1, 2]. Thus the characterization and detection of the SCC behavior of stainless steel has a great
practical significance to prevent the failure of structural components of power plants.

As the stress corrosion cracking of metal is resulted from the synergistic effect of mechanical
and electrochemical actions of specific metal/environment system, the SCC behavior of materials
should be investigated simultaneously from the electrochemical and mechanical aspects. In the
electrochemical aspect, electrochemical noise (EN) technique is quite possible to detect and evaluate
the corrosion process by the spontaneously generated potential and current fluctuations because of its
non-intrusiveness [4]. In 1983, EN technique was firstly applied to detect the SCC behavior of a-brass
in 1 M sodium nitrate solution [5].From then on, many studies about the SCC behavior were reported
by using EN technique, and the correlation between of SCC behavior and EN parameters under the
original signal/transients [6, 7] and statistical analysis [8] was made. In the mechanical aspect, acoustic
emission (AE) technique is a non-destructive dynamic testing method to detect the material
deformation and corrosion, and the SCC behavior of 304L, 316LN stainless steel were determined by
using correlation analysis [9], cluster analysis [3], cumulative parameters analysis [10] and power law
model [11] of AE signals. So under the combination of EN and AE techniques the SCC behavior such
as the initiation and propagation of cracks could be revealed and characterized [12, 13].

In our previous research, the transgranular stress corrosion cracking behavior of 304 stainless
steel in 0.5 mol/L NaCl + 1.5 mol/L H,SO4 solution was detected by EN and AE techniques, and the
mechanism involving in the transgranular stress corrosion cracking process was discussed by the
characterization of EN and AE parameters [3]. The objective of this study is the detection and
characterization of intergranular stress corrosion cracking behavior of sensitized 304 stainless steel in
Na,S;05 solution by means of EN and AE techniques. The relationship among the fractography,
corrosion type and AE sources of intergranular stress corrosion cracking behavior was built, and then
the mechanism of intergranular stress corrosion cracking was discussed.

2. EXPERIMENTAL

2.1 Material and heat treatment

304 stainless steel with the composition of 0.080%C, 18.9%Cr, 10.3%Ni, 2.0%Mn, 1.0%Si,
0.045%P, 0.03%S and Fe balance was applied in this experiment. In order to characterize the
intergranular stress corrosion cracking behavior, 304 stainless steel was firstly annealed at 1050°C for
1 hour followed by water quenching, and then sensitized at 650°C for 14 hours in a vacuum electric
furnace followed by air cooling. After heat treatment, the double loop electrochemical
potentiodynamic reactivation test (DL-EPR) was carried out for 304 stainless steel in 0.5mol/L
H.SO,4+0.01mol/L KSCN solution[14]. The degree of sensitization was calculated as 0.53, i.e. 304
stainless steel was heavily sensitized after the above heat treatment.
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2.2 Stress corrosion cracking

The intergranular stress corrosion cracking behavior of sensitized 304 stainless steel in
0.5mol/L Na,S,03 solution was evaluated by slow strain rate tensile (SSRT) test on a slow strain rate
stress corrosion testing machine with a strain rate of 1x107° s * at ambient temperature. The testing
specimen was 20mm in the original gauge length, 4mm in width and 2mm in thickness. After fracture,
the surface morphology and fractographyof 304 stainless steel were observed by a TDCLS4800
scanning electron microscope.

2.3 Electrochemical noise measurement

Electrochemical noise signals of 304 stainless steel during the SCC process were measured
with a sampling frequency of 2Hz by using a home-made system through zero resistance ammeter
(ZRA) mode, which described in reference [3]. Three electrodes with an exposed area of 240 mm?
were made from the same 304 stainless steel, and located in parallel positions with 5mm apart from
one another.

After test, the original electrochemical noise signals were firstly processed by a 5-order
polynomial fitting to remove the direct current (DC) component. And then the standard deviation of
electrochemical potential noise (Sg) and electrochemical current noise (S;) were calculated, and the
noise resistant R, was calculatedby R,=Sg/S; by using statistical analysis method. Meanwhile, the
fractal dimension D of electrochemical noise was determined by using wavelet-based fractal analysis
method. The details of fractal dimension calculation procedure could be found in Ref.[4,15].

2.4 Acoustic emission measurement

Acoustic emission signals of 304 stainless steel during the SCC process were detected by a
pSamos AE system from Physical Acoustics Corporation with two MICRO-80DS AE resonant type
piezoelectric sensors, two preamplifiers and a central system. One AE sensor was fixed at the top of
the specimen outside the corrosion cell, and the other sensor was located in the bottom of corrosion
cell. The amplification was fixed at 40dB with a threshold level of 29dB and sampling frequency of
1MHz. To eliminate electro-magnetic and mechanical disturbances, a high-pass filter with a cut-off
frequency of 20 kHz, and a low-pass filter with a cut-off frequency of 400 kHz were used.

After test, the characteristic parametersincluding amplitude, average frequency of AE hits,
cumulative hits and cumulative energy of AE signals were obtained and processed by using correlation
analysis and K-means clustering algorithm methods.

3. RESULTS

3.1 Stress corrosion cracking behavior

Fig. 1 is the stress-time curve of sensitized 304 stainless steel in ambient air and 0.5mol/ L
Na,S,03 solution. It can be seen that the sensitized 304 stainless steel in air had the tensile strength of
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830MPa and fracture time of 8.5x10* s. Whereas the tensile strength and fracture time of 304 stainless
steel in 0.5mol /L Na,S,03 solution were only one half and onefifthof that in air respectively. From the
loss of tensile strength and fracture time, the stress corrosion cracking susceptibility of sensitized 304
stainless steel in 0.5mol/L Na,S,0;3 solution was 49.7% and 79.7%, i.e. the stress corrosion cracking of
sensitized 304 stainless steel was occurred in 0.5mol/L Na;S,03 solution [16].
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Figure 1. Stress-time curves of sensitized 304 stainless steel in air and 0.5mol/LNa,S,03 solution

The side surface morphology of 304 stainless steel after fracture is shown in Fig. 2. There were
several cracks with fewmillimeters in length observed which perpendicular to the tensile direction
(Fig. 2a). By further analysis, it was found that all these cracks were in intergranular manner (Fig. 2b).
All these results implied that the intergranular stress corrosion cracking was occurred for sensitized
304 stainless steel in 0.5mol/ L Na,S,03 solution.
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Figure 2. Surface morphology of sensitized 304 stainless steel after SSRT test in 0.5mol/LNa;S,03
solution
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Fig. 3 is the fractography of 304 stainless steelin 0.5mol/L Na,S,03 solution. It can be observed
that the fractography of 304 stainless steel was composed by eighty percent of intergranular area
including several secondary cracks (Fig. 3a and 3b) and twenty percent of ductile area (Fig.3a and
Fig.3c). The intergranular aera of steel was in crystalline appearance, and caused by the intergranular
stress corrosion cracking of sensitized 304 stainless steel in 0.5mol/L Na;S;05 solution.The ductile
area was in bridging liagaments and dimples, and resulted by the overloading on the reduced cross-
section in the final tensile stage.
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Figure 3. Fractrography of sensitized 304 stainless steel in 0.5mol/LNa,S,03 solution, (a) overall
morphology, (b) intergranular area and (c) ductile area

3.3 EN data

Electrochemical noise record and stress-time curve of sensitized 304 stainless steel in Na;S,03
solution are shown in Fig. 4, and the details of EN transients are shown in Fig.5. During the elastic
deformation process (Stage 1, before 2000s), there were numerous EN potential and current transients
which fluctuated around zero.
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Figure 4. Electrochemical noise record and stress-time curve of sensitized 304 stainless steel in
0.5mol/LNa,S,03 solution
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Figure 5. Details of electrochemical noise transient and AE hits’ amplitude of sensitized 304 stainless
steel in 0.5mol/LNa,S,03 solution in stage 1 (a), stage 2 (b and c) and stage 3 (d)
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But the EN potential transients were varied in the opposite direction of EN current transients
(Fig.5a). This result implied that there was a repetitive breakdown and recovery of the passive film at
corrosion susceptible grain boundaries during the elastic deformation process [8]. It is the film rupture
at grain boundaries that the intergranular cracks were formed at the surface of sample, which is accord
with the Kovac’s result [18].

With the transition from elastic to plastic deformation (Stage 2, 2000-15500s), an abrupt
increase in EN current signal and decrease in EN potential signal were detected (Fig.4), which
indicated the exposure and enlargement of the new anodic surface due to the plastic deformation. As
the time prolonging, EN current signal was increased gradually and EN potential signal was decreased
constantly (Fig.5b and Fig.5c). This increase in EN current signal and decrease in EN potential signal
were caused by the continuous intergranular crack propagation and ductile bridging ligament rupture
[17].

After the formation of neck (Stage 3, 15500-17300s), EN signals showed several sharp
transients (Fig.5d). But on the whole, EN current signal was decreased slightly and EN potential signal
was increased a little (Fig.4). By correlated with the stress-time curve (Fig.6a) and slope of stress-time
curve (Fig.6b), this typical EN current transient with sharp increase and slower decrease had a good
correspondence to the slope of stress-time (Fig.6b), i.e. the stress relaxation. As the stress relaxation is
corresponded to the ductile fracture due to the rupture of ductile bridging ligament [18, 19], EN
transients was caused by the stress relaxation effect or the ductile crack propagation.
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Figure 6. Correlation of electrochemical noise transient with stress-time curve (a),and slope of stress-
time curve (b) in stage 3

Fig.7 is the electrochemical noise resistance R, and standard deviation of electrochemical
current noise S; during the SCC process, and the fractal dimension D of 304 stainless steel were
calculated and shown in Fig. 8. In the elastic deformation stage, 304 stainless steel has a higher
electrochemical noise resistance and a lower standard deviation with a fractal dimension of 1.5-1.9.
These results meant that 304 stainless steel was mostly in a passivated state, and the type of corrosion
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was intergranular corrosion [4]. As the stress-time curve was evolved into stage 2 and stage 3, the
electrochemical noise resistance was decreased obviously to a stable value, and the standard deviation
Sywas increased gradually, especially at stage 3. Meanwhile, the fractal dimension was almost kept in
a constant around 1.0. These characteristics implied that the corrosion resistance was reduced with the
increase of plastic deformation, and the type of corrosion was in a manner ofcrack propagation [4].
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Figure 7. Evolution of R, and S, of sensitized 304 stainless steel in 0.5mol/LNa,S,03 solutionwith
time
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Figure 8. Evolution of wavelet fractal dimension Dof sensitized 304 stainless steel in
0.5mol/LNa,S,03 solutionwith time

3.4 AE data

The amplitude of acoustic emission hits and stress-time curve ofsensitized 304 stainless steel in
Na,S,03 solution are shown in Fig. 9, and the details of AE hits are shown in Fig.5. During the elastic
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deformation process (stage 1, before 2000s), a large number of AE hits with amplitude lower than
40dB were observed (Fig.5a and Fig.9). In the first half of plastic deformation (before 9000s), the
amplitude was still in lower value (Fig.5b). But in the second half of plastic deformation (9000-
15500s), AE hits had a higher amplitude of 60-80dB due to the rupture of ductile bridging ligament
(Fig.5c). In the final fracture (stage 3), AE hits with amplitude of 60-100dB was generated (Fig. 5d)
[17], which indicated the ductile fracture shown in Fig. 3c was mainly occurred during the last 2000s
of the test.

10Q
! 100
9
: ™ Stress
8Q B00 o
g | g
L AE hits  © =
2 o 7 o\ o 00 &
E_ i @) OO 7]
< 5C i QO © 0O )
| -0 o090 O { 100
40 @ © © oO Ro ]
I’fl“"? 0© ' v“r (OQ:%:.':".&
) (S} =~ 50 (e CCOSER d
3 (‘4%((!(&'{», Q 1((((’&'((... .‘x’&«"«((‘;!'c‘(’(‘«o@“&‘&‘f&((fc.l & J
0 3000 6000 9000 12000 15000 18000

Time/s

Figure 9. Amplitude of AE hits and stress-time curve of sensitized 304 stainless steel in
0.5mol/LNa,S,03 solution
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steel in 0.5mol/LNayS,03 solution

Fig. 10 is the AE cumulative hits and cumulative energy plots of sensitized 304 stainless steel
in Na,S,03 solution. It can be seen that three stages could be classified during the IGSCC process. In
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stagel, the AE cumulative hits’ number and the cumulative energy was in a lower state. In the first half
of stage 2, AE cumulative hits number and the cumulative energy was increased slightly, but still in a
lower state. In the second half of stage 2 (9000-15500s), AE cumulative hits number was enhanced
obviously, and the cumulative energy was increased in a step growth, which meant that the ductile
crack was propagated discontinuously. In the final stage, AE cumulative hits number and cumulative
energy was increased steeply. Based on the observations in Fig. 2 and Fig. 3 and theexperimental
results in references [10, 18], two AE sources might exist in this IGSCC system, namely brittle
intergranular crack and ductile bridging ligament rupture. So AE signals could be classified into two
clusters, i.e. clusterlis the AE signal from britle intergranular crack, and cluster 2 is the AE signal from
ductile fracture.
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Figure 11. AE hits’ amplitude (a) and average frequency (b) of sensitized 304 stainless steel in
0.5mol/LNa,S,03 solution with time under cluster analysis
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Figure 12. Correlation diagram of AE hits’amplitude with the average frequency of sensitized 304
stainless steel in 0.5mol/LNa,S,03 solution under cluster analysis

Fig.11 is the amplitude and average frequency distribution of AE hits under cluster analysis for
sensitized 304 stainless steel in Na,S,03 solution, and the correlation diagram of AE hits amplitude
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with the average frequency is shown in Fig.12. AE signals in cluster 1 were distributed in all the
IGSCC process with the amplitude lower than 40dB and average frequency of 200~300kHz, while AE
signals in cluster 2 were mainly located in the second half of stage 2 and stage 3 with the amplitude
higer than 40dB and average frequency of 190~300kHz.The average frequency range of 190~300 kHz
Is in accordance with the characteristics of crack signal [3, 20], one is generated by brittle
intergranular crack and the other is generated by the ductile bridging ligament rupture or ducile frature
in the final stage. So these two clusters has almost the same frequency range but different amplitude
(Fig. 12) [18]. It is this amplitude difference that these two clusters could be distinguished each other.

4. DISCUSSION

It’s well known that the stress corrosion cracking of metal is resulted from the synergistic effect
of mechanical and electrochemical actions of specific metal/environment system, and can be divided
into three stages, i.e. crack initiation, crack propagation and final failure[21].

In Na,S,03 solution 304 stainless steel is in the passivated state if there is no external stress or
deformation applied. Under the elastic deformation, the passive film on sensitized 304 stainless steel
especially at the sensitized grain boundaries would be firstly broken down and then re-passivated again
[8]. Corresponding this breakdown and recovery of passive film, EN potential signal and current signal
were fluctuated around zero and varied in the opposite direction[18], and AE signal was in a lower
amplitude due to the lower energy release of passive film rupture (Fig.5a and Fig.10). So in this stage
304 stainless steel has a higher noise resistance Ry, lower current standard deviation S, (Fig.7)[8] and a
intergranular corrosion character (fractal dimension of 1.5-1.9) (Fig.8)[4].

In the plastic deformation stage, the broken passive film could not be re-passivated any more
with the increase of plastic deformation, and thus the brittle intergranular cracks were formed and
propagated gradually (Fig.2b). Reflected in EN signals, EN current signal was increased positively and
EN potential signal was shifted negatively (Fig.5b and Fig.5¢)[17]. So the noise resistance R, was
reduced obviously and the current standard deviation S; was enhanced gradually (Fig.7). In the first
half of plastic deformation stage, due to the brittle character of intergranular cracks AE signals had a
lower amplitude (Fig.9) and lower cumulative energy (Fig.10)[22]. But with the increasing of plastic
deformation, SCC cracks would propagate by the extension of brittle intergranular crack and the
rupture of ductile bridging ligament (Fig.11), and thus more AE signals were generated with high
amplitude of 60-80dB (Fig.9)[23] and higher cumulative hits and energy (Fig.10).

In the final stage (Stage3), with the formation of neck 304 stainless steel was overloaded and
rapidly fractured in a ductile manner (Fig.3a and Fig.3c). So in this stage EN signals were in sharp
transients[18,19] and AE signals had a larger amplitude (Fig.5d)[17], the cumulative hits and energy
was increased sharply (Fig.10)[24,25], which were caused by the fast rupture of ductile bridging
ligament (Fig.3c).

From the above discussion, it can be seen that the crack propagation of sensitized 304 stainless
steel in Na,S,03 solution was resulted by the extension of brittle intergranular crack and the rupture of
bridging ligament. That’s why the fractal dimension of 304 stainless steel in Na,S,03 solution is
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around 1.0 (Fig.8), and two AE sources were existed in this intergranular stress corrosion cracking
system (Fig.12).

5. CONCLUSIONS

(1) In the elastic deformation process, the small transients in EN and low amplitude of AE hits
were related to the breakdown and recovery of passive film at the sensitized grain boundaries.With the
increasing of plastic deformation, EN transients and AE hits’ amplitude are enhanced obviously
especially at the final fracture stage.

(2) The fractal dimension of sensitized 304 stainless steel in Na,S,03 solution is decreased
from 1.5-1.9 in the elastic deformation process to 1.0 in the plastic deformation process, which
indicates that the corrosion type of 304 steel during the stress corrosion cracking process is evolved
from intergranular corrosion to crack propagation.

(3) The extension of brittle intergranular crack and the rupture of ductile bridging ligament are
the two AE sources and attributed to the intergranular stress corrosion cracking of sensitized 304
stainless steel in Na,S,03 solution.
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