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Abstract: Storage canisters used in nuclear power plants operating in seaside areas—where the salt
content in the atmosphere is high—may be susceptible to chloride-induced stress corrosion cracking
(CISCC). Chloride-induced stress corrosion cracking is one of the ways in which dry storage canisters
made of stainless steel can degrade. Stress corrosion cracking depends on the microstructure and
residual stress, and it is therefore very important to improve the surface properties of materials.
Laser shock peening both greatly deforms the material surface and refines grains, and it generates
compressive residual stress in the deep part from the surface of the material. This study focused on
the effect of laser shock peening on the stress corrosion cracking of 304L stainless steel. The laser
shock peening was found to induce compressive residual stress from the surface to a 1 mm depth,
and the SCC properties were evaluated by a U-bend test. The results showed that the SCC resistance
of laser-peened 304L stainless steel in a chloride environment was enhanced, and that it was closely
related to grain size, the pitting potential of the cross section, and residual stress.

Keywords: stainless steel; laser shock peening; stress corrosion cracking; residual stress; corro-
sion properties

1. Introduction

Austenitic stainless steel is used in various industries, such as nuclear power plant
construction, because of its excellent corrosion resistance. However, it is known to be
susceptible to localized corrosion including pitting, crevices, and intergranular corrosion
(IGC) [1,2]. Austenitic stainless steels are also sensitive to stress corrosion cracking (CISCC)
in chloride environments [3]. The mechanism of stress corrosion cracking is caused by three
kinds of factors—susceptible materials, corrosive environments, and tensile stress [4,5].
Stress corrosion cracking can easily occur when a sensitive material with tensile residual
stress by welding and cold forming is exposed to a corrosive environment, and tensile
stress accelerates the generation and propagation of corrosion cracks, which ultimately
lead to fracture. These tensile residual stresses are attributable to external factors, such as
material processing, constraint welding residual stress, working pressure, or the external
loads applied to the structure.

In an austenitic stainless steel, the SCC susceptibility of the steel showing coarse
grains has been shown to be higher than that of the steel showing fine grains [6]. Increased
grain size has been associated with increased SCC population in 304 stainless steel [7]. In a
recent study, SCC propagation paths including crack detour and termination were analyzed
through crystallography using the electron backscatter diffraction (EBSD) method [8]. If it
is not dealt with in advance, stress corrosion cracking can lead to serious accidents, because
there are no predictable signs of fracture in the material, such as extreme corrosion of
the surface, reduced thickness by corrosion, or dimensional changes during the fracture
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process [9]. Therefore, the use of austenitic stainless steels in corrosive environments
may be limited. The stress corrosion cracking of these metals and alloys depends on the
microstructure, tensile residual stress, and the properties of the material; therefore, it is
highly important to improve the surface properties of materials [10].

Recent studies have changed surface properties in attempts to improve SCC sensitivity
using various surface modification methods, such as: shot peening (SP) [11-14], laser shock
peening (LSP) [15-18], water jet peening (W]P) [19-21], ultrasonic peening (UP) [22-24],
and ultrasonic nanocrystal surface modification (UNSM) [25,26]. These technologies are
known to plastically deform the surface of the material to add a compressive residual
stress to the surface, and to refine the surface grains. It has also been reported that grain
refinement can inhibit surface corrosion by reducing the interatomic distance, promoting
interatomic diffusion, and maintaining a passive film [27-31]. However, the application of
surface modification should consider surface roughness and overlap, because the surface
of the material is not uniform, and if an overlap site is present, it can serve as a corrosion
initiation site [32].

Among the peening methods, laser shock peening both greatly deforms the material
surface and refines grains, and it also generates compressive residual stress to the deep
part from the surface of the material. When high-energy laser pulses are irradiated, plasma
is instantaneously generated by absorbing laser energy from the surface of the material;
at this time, an overlay layer (i.e., water [33]) is created to suppress the expansion of the
plasma, and a shock wave is consequently formed. The material affected by the shock wave
causes plastic deformation, and compressive residual stress is generated on the surface. To
effectively form this residual stress, an absorption layer (Al [34], vinyl tape [35], etc.) is
used.

We have recently reported on the effects of surface modification technology [36,37].
In one of these studies, laser shock peening of 304L stainless steel roughened the surface,
refined grains in the outermost area, and increased the hardness due to the relatively high
dislocation density [36]. In the other study, the increased area of grain boundaries by
refined grains during laser shock peening slightly reduced the intergranular corrosion
resistance, while the compressive residual stress induced by laser shock peening improved
the passivation properties [37]. As described above, there have been many recent studies
attempting to improve SCC properties by laser shock peening treatment using the following
methods: changing the various properties of materials by laser shock peening treatment to
affect the SCC property, such as the suppression of crack propagation by refined grain on
the outermost surface, reduction of SCC sensitivity due to the compressive residual stress,
increase in surface hardness due to increased surface dislocation density [10,38], and high
strain plastic deformation of 304 stainless steel [39]. Higher laser power density during laser
shock peening treatment has shown superior performance in terms of SCC susceptibility by
a higher magnitude of compressive residual stress [40], and laser shock peening has been
shown to prevent SCC for sensitized 304 stainless steel in a corrosive environment [41]. Y.
Sano et al. reported that SCC initiation and propagation can be inhibited by laser shock
peening without protective coating [41]. J.Z. Lu et al. also reported that SCC resistance
by laser shock peening can be achieved due to compressive residual stress and refined
grains [10]. However, it remains unclear how laser shock peening specifically affects the
initiation and propagation of SCC.

Therefore, this work is focused on evaluating the effect of laser shock peening on
CISCC of 304L stainless steel, discussing the peening’s effect on the SCC mechanism
regarding crack initiation and growth based on the microstructure, corrosion properties,
and residual stress, and proposing a model of the relationship between laser shock peening
and SCC. The effect of welding on the SCC resistance is also discussed.
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2. Materials and Methods
2.1. Specimen

Table 1 lists the chemical composition of commercial 304L stainless steel and its filler
metal used in this work [36]. The specimen had a thickness of 25 mm. The welding method
used was gas tungsten arc welding (GTAW). The welding conditions are summarized in
Table 2 [36], and the designation of the specimen’s condition is described in Table 3 [36].

Table 1. Chemical composition of 304L stainless steel and filler metal (wt%) (Reprinted with permis-
sion from [36]. 2022, MDPI).).

C

Ni Mn Si Cu Mo Co P N S Cb + Ta Fe

304L 0.02

9.6 1.65 0.47 - - 0.03 0.022 0.07 0.03 - Bal.

ER308L 0.015

9.84 1.691 0.351 0.115 0.046 0.030 0.024 0.041 0.03 0.008 Bal.

Table 2. Welding conditions of the experimental specimen (Reprinted with permission from [36].
2022, MDPI).

Welding Current  Voltage Speed Shield Groove Welding
Process (A) V) (cm/min) Gas (%) Angle (°) Electrode
ER308L
GTAW 245~250 14~15 9~10 Ar. 99.9 15 (Dia. 0.9 mm
wire)

Table 3. Designation of the experimental specimen (Adapted with permission from [36]. 2022, MDPI).

Laser Shock Peening
Alloy Non-Peened : :
Non-Coated With Coating
304 Base metal 304LB 304LB-L-NC 304LB-L-WC
Weldment 304LW-W 304LW-W-L-NC  304LW-W-L-WC

2.2. Laser Shock Peening (LSP)

The laser shock peening process in this work has been well described elsewhere [36].
Reference [36] includes a schematic diagram on the laser beam, overlay, and ablative
layer of laser shock peening treatment. The laser shock peening condition is described
in Table 4 [36]. The water used in the laser shock peening experiment was supplied by
filtering tap water and a water layer was dynamically overlaid.

Table 4. Conditions of laser shock peening treatment (Reprinted with permission from [36]. 2022,
MDPT).

Laser Laser Spot Laser Transparent Laser Incident
Laser Type Diameter o P Beam Angle Coating
Energy (J) (mm) Overlay (%) Overlay ©)
. Water
Nd-YAG 44 3 50 (1~2 mm) 18 Al tape

* Wavelength 1064 nm, focal length 500 mm, pulse frequency 2 Hz, beam propagation ratio M? = 35~60.

2.3. U-Bend SCC Test

The specimen for the U-bend SCC test was prepared on the basis of ASTM G 30 (d
size) [42], and the welded specimen was prepared based on ASTM G58 [43].

An SCC test was performed based on ASTM G36 [44], with the test solution of 42%
MgCl, at a boiling temperature of 155 °C. The U-bent area during the test was periodically
observed every 3 or 1.5 h, depending on the alloy. Figure 1 shows (a) the corrosion cell for
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the U-bend SCC test, (b) setup of the U-bend specimen, and (c) insulation on the sides of
the U-bend specimen. Insulation using a high-temperature adhesive prevented cracking on
the side on which peening was not applied.

(b)

Figure 1. (a) Corrosion Cell for U-Bend SCC Test; (b) Setup of U-Bend Specimen; (c) Insulation on
the Sides of U-Bend Specimen.

The SCC resistance was evaluated in terms of the “total crack time” and the “crack
initiation time”. The total crack time refers to the time that cracks were observed by periodic
observation. Crack initiation time refers to the last time that cracks were not observed by
periodic observation; thus, this is the estimated crack initiation time. After the SCC test,
cracks on the cross section were observed using an optical microscope. The cross section
was ground from #200 to #2000 SiC paper, then polished using diamond paste (3 pm). Next,
the polished surface was etched using an electrochemical etching instrument (LectroPol-5,
Struers, Copenhagen, Denmark) in 10% oxalic acid. At this point, the etched surface was
observed using an optical microscope (AXIOTECH 100 HD, ZEISS, Oberkochen, Germany).
The linear crack length was determined. Crack propagation rates were also calculated
using the following equations:

Total Crack Propagation Rate = Crack Length/Total Crack Time;
Net Crack Propagation Rate = Crack Length/(Total Crack Time — Crack Initiation
Time);

e  Moreover, crack mode was observed by SEM (VEGA II LMU).

2.4. Optical Microscopic Observation

The specimen was cut to a size of 15 x 15 x 10 mm?, then ground and polished to the
surface of a mirror using SiC paper and diamond paste. The etching for the microstructure
and crack morphologies was performed using an electrolytic etcher (LectroPol-5, Struers,
Copenhagen, Denmark). In this process, a 10% oxalic acid (100 g (HyC,04-2H,0) + 900 mL
distilled water) solution was used. To observe the microstructure of the specimen, we
used an optical microscope (AXIOTECH 100 HD, ZEISS, Oberkochen, Germany). Average
grain size of the cross section of the peened specimen was calculated by the ASTM E1382
method [45].

2.5. SEM-EDS and EBSD Analysis

For SEM-EDS, the specimen was cut to a size of 15 x 15 mm?, but in the case of the
laser-peened specimen, energy dispersive X-ray spectrometry (SEM-EDS) was analyzed
without polishing to the peened surface. The surface morphology and composition analysis
were performed using SEM-EDS (VEGA II LMU, Tescan, Brno, Czech Republic) and EBSD
(Oxford Instruments, Bognor Regis, UK).
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2.6. Residual Stress Measurement

The surface residual stress was obtained using the hole drilling method (RS-200
Assembly, VMM, Raleigh, NC, USA). A strain gauge (CEA—06—062UL—12, VMM, Raleigh,
NC, USA) was attached to the specimen, and holes were fabricated using a drilling device.
The residual stresses released during the drilling were then measured. Residual stress was
measured on the apex area of the specimen peened after U-bending.

2.7. Corrosion Tests

Intergranular corrosion rate was determined through a test repeated 5 times with 3 h
immersion in 65% HNOj at boiling point by modified ASTM A262 [46]. The degree of
sensitization (DOS) was calculated by a double loop electropotentiokinetic reactivation
(DL-EPR) test [47]. Test solution was 30 °C, 0.5 M H,SO, + 0.01 M KSCN, and anodic scan
to vertex potential (+400 mV(SCE)) and reactivation were swept, and the scan rate was
at a rate of 1.677 mV /s and the ratio of reactivation/activation current peaks (I /1) was
calculated. An anodic polarization test was performed by ASTM G5 [48], and the reference
electrode was a saturated calomel electrode (SCE) and the counter electrode was Pt wire
and the scanning rate was 0.33 mV/s. DL-EPR and polarization tests were performed on
the peened surface (“surface” in this work) and the cross section of the peened specimen
(“cross section” in this work).

3. Results

Figure 2 shows the effect of laser shock peening on the crack times of non-welded
304LB by the U-bend SCC test under the conditions of 155 °C and 42% MgCl,. The
formation of cracks was observed every 1.5 h, and all of the test specimens (tested three
times) revealed the same cracking time. Figure 2a shows that the total crack time of the non-
peened 304LB was 3 h, while it was 6 h for laser-peened 304LB—L—NC and 304LB—L—-WC.
The crack initiation time of the non-peened 304LB was 1.5 h, while it was 3 h for the
laser-peened 304LB—L—NC and 304LB—L—-WC.

Total Crack Time, h

40 40
L7 »
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-— [
o - -
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(a) (b)

Figure 2. Effect of laser shock peening on the crack times of 304LB by U—bend SCC test at 155 °C,
42% MgCly: (a) total crack time; (b) crack propagation rates.

The crack propagation rate can be calculated from Figure 2a and the measured crack
length. The crack propagation rates refer to the maximum rates because the longest crack
was determined among the sliced crack areas. Figure 2b shows the effect of laser shock
peening on the crack propagation rates of the non-welded 304LB by the U-bend SCC
test (155 °C, 42% MgCly). The total crack propagation rates of 304LB, 304LB—L—NC,
and 304LB—L—WC were (1.29, 1.14, and 0.95) x 10~7 m/s, respectively. The net crack
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Before U-bend SCC
Test

After U-bend SCC Test

Cross Section After U-
bend SCC Test

propagation rates of 304LB, 304LB—L—NC, and 304LB—L—WC were (2.61, 2.29, and 1.90)
x 1077 m/s, respectively. Therefore, the laser shock peening treatment increased the total
crack time and crack initiation time whereas it reduced the total crack propagation rate and
the net crack propagation rate. These results mean that laser shock peening enhanced the
SCC resistance of 304L stainless steel in a chloride environment.

Figure 3 shows the surface appearance of 304LB by laser shock peening treatment.
Figure 3a shows the morphologies of 304LB before and after the U-bend test, Figure 3b
shows the morphologies of 304LB—L—NC before and after the U-bend test, while Figure 3c
shows the morphologies of 304LB—L—WC before and after the U-bend test. After the
U-bend test, cracks were observed at the apex and the cross section. In the figures, the red
arrow denotes the area in which the cracks were observed. In all cases, cracks were formed
at the apex area of the U-bend specimen.

(b)

Figure 3. Surface appearance of 304LB by laser shock peening: (a) 304LB; (b) 304LB—L—-NC;
(c) 304LB—L—-WC.

Figure 4 shows the crack morphologies of 304LB after the U-bend SCC test (OM x50,
155 °C, 42% MgCl,). Figure 4a shows the crack in 304LB, Figure 4b shows the crack in
304LB—L—NC, and Figure 4c shows the crack in 304LB—L—WC. The red box areas in
Figure 4 were observed at high magnification, as shown in Figure 5, which shows the crack
morphologies of 304LB after the U-bend SCC test (OM, %200, 155 °C, 42% MgCl,, Areas
A, B, and C in Figure 4); the non-peened 304LB specimen shows mixed mode cracking
(i.e., intergranular and transgranular cracking), while the laser peened 304LB—L—NC and
304LB—L—-WC show transgranular cracking. To confirm the crack mode, the cracked
specimens were intentionally broken, and the fractured surfaces were observed as depicted
in Figure 6, which shows the cracking mode of 304LB after the U-bend SCC test (SEM,
x400, 155 °C, 42% MgCl,, top, middle, and bottom areas in Figure 4). All the specimens
mainly show the transgranular cracking mode, which can be seen in the cross sectional
optical micrographs of the crack.

Figure 7 shows the effect of laser shock peening on the crack time of welded 304LW
by the U-bending SCC test under the conditions of 155 °C, 42% MgCl,. In the case of
non-peened 304LW, the total crack time is 3 h, and the crack initiation time is 1.5 h. The
total crack time and the crack initiation time of laser-peened 304LW —L—NC are 6 and 3 h,
respectively. In the case of laser-peened 304LW—L—WC, the same result as that obtained
for 304LW—L—NC is shown. Regardless of the peening condition, the laser shock peening
on welded 304 W increased the total crack time and the crack initiation time by a multiple
of two. Figure 7b shows the effect of laser shock peening on the crack propagation rates
of welded 304LW according to the U-bend SCC test (155 °C, 42% MgCl,). The total crack
propagation rates of 304LW, 304LW —L—NC, and 304LW —L—WC were (1.36, 0.91, and 1.15)
x 1077 m/s, respectively. The net crack propagation rates of 304LW, 304LW—L—NC, and
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Area A

Area B

Area C

304LW —L—WC were (2.72,1.79, and 2.29) x 107 m/s, respectively. These results show
that laser shock peening treatment on the surface of welded 304LW reduced both the total
crack time and crack initiation time, while laser shock peening enhanced the SCC resistance
of 304L stainless steel in a chloride environment.

(b)

Figure 4. Photographs of the cross section of 304LB after U-bend SCC test (OM, x50, 155 °C, 42%
MgClp): (a) 304LB; (b) 304LB—L—NC; (c) 304LB—L—-WC.

@ o (b)

Figure 5. Crack morphologies of 304LB after U-bend SCC test (OM, x200, 155 °C, 42% MgCl,, Areas
A, B, and C in Figure 5): (a) 304LB; (b) 304LB—L—NC; (c) 304LB—L—WC.

Figure 8 shows the surface appearance of 304LW following laser shock peening.
Figure 8a shows the apex and cross section of 304LW before and after the SCC test,
while Figure 8b shows the same for 304LW—-L—NC, and Figure 8c shows the same for
304LW—-L—-WC. After the U-bend test, cracks were observed at the apex and the cross
section. In the figures, the red arrow denotes the area in which the cracks were observed.
Cracks were formed at the apex area of the U-bend specimen.
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Area A

Area B

Area C

Figure 6. Cracking mode of 304LB after U-bend SCC test (SEM, %400, 155 °C, 42% MgCl,, top,
middle, and bottom areas in Figures 5 and 6): (a) 304LB; (b) 304LB—L—NGC; (c) 304LB—L—-WC.
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Figure 7. Effect of laser shock peening on the total crack times of welded 304LW by U—bend SCC
test at 155 °C, 42% MgCly: (a) crack time; (b) crack propagation rates.
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Before U-bend SCC Test

After U-bend SCC Test

Cross Section After U-
bend SCC Test

(b)
Figure 8. Surface appearance of 304LW by LP: (a) 304LW; (b) 304LW —L—NC; (c) 304LW—-L-WC.

Figure 9 shows the crack morphologies of 304LW after the U-bend SCC test (OM, x50,
155 °C, 42% MgCl,). Figure 9a shows the crack in 304LW, Figure 9b shows the crack in
304LW—-L—-NC, and Figure 9c shows the crack in 304LW—-L—WC. The red box areas in
Figure 9 were observed at high magnification, as shown in Figure 10, which shows the crack
morphologies of 304LW after the U-bend SCC test (OM, %200, 155 °C, 42% MgCl,, Areas
A, B, and C in Figure 9); the non-peened 304LW specimen shows transgranular cracking
whereas the laser peened 304LW —L—NC and 304LW —L—WC both show transgranular
cracking. To confirm the crack mode, the cracked specimens were intentionally broken,
and the fractured surfaces were observed, as can be seen in Figure 11, which shows the
transgranular cracking mode of 304LW after the U-bend SCC test (SEM, x400, 155 °C,
42% MgCl,, top, middle, and bottom areas in Figure 9). All the specimens mainly show
transgranular cracking mode, which can be seen in the cross sectional optical micrographs
of the crack.

(b)

Figure 9. Photographs of the cross section of 304LW after U-bend SCC test (OM, x50, 155 °C, 42%
MgCly): (a) 304LW; (b) 304LW—L—NC; (c) 304LW—L—WC.
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Area A
Area B
Area C
(a) (b)
Figure 10. Crack morphologies of 304LW after U-bend SCC test (OM, x200, 155 °C, 42% MgCl,,
Areas A, B, and C in Figure 10): (a) 304LW; (b) 304LW —L—NC; (c) 304LW—-L—-WC.
Area A
Area B
Area C

(a) (b)

Figure 11. Cracking mode of 304LW after U-bend SCC test (SEM, %400, 155 °C, 42% MgCl,, top,
middle, and bottom areas in Figures 10 and 11): (a) 304LW; (b) 304LW—L—NC; (c) 304LW—-L—-WC.
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4. Discussion

As we already reported [36], regardless of the thin Al coating, the laser shock peening
roughened the surface, whereas it refined the grain size of the outermost area of 304L
stainless steel [17,28]. We measured the average grain size and the corrosion properties
of 304L stainless steel by LSP and summarized them in Table 5. The data in Table 5 were
used to find the correlation between the properties and crack propagation rates. The
relationship between SCC resistance and the microstructural variables was analyzed, to
confirm the nature of that relationship. Figure 12 shows the relationship between crack
propagation rates and average grain size [36]. As the average grain size increases, the total
crack propagation rate increases, albeit with a slightly low determination coefficient (R? of
0.5265). In addition, as the average grain size increases, the net crack propagation rate also
increases. These results appear to be correlated with each other, as the crack propagation
rate tends to decrease with decreasing average grain size [6,7].

Table 5. Peening effect on average grain size and corrosion properties of 304L base and welded
metals [36,37].

(]
(3]
1
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[$,]

Average Ep, V(SCE)
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mm/y of Surface .
pm Section
Base metal 23.73 0.00003 0.12 0.985 0.212
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peening HAZ 26.02 0.00095 0.20 0.646 0.222
Weldment - 0.00104 0.795 0.065
Base metal 16.61 0.00641 0.46 0.250 0.230
LSP without
Al coating HAZ 19.16 0.00735 046 0.056 0.235
Weldment - 0.00614 ' 0.086 0.326
Base metal 15.01 0.0002 0.52 0.107 0.428
LSP with Al
coating HAZ 18.02 0.00316 030 0.402 0.250
Weldment - 0.00396 0.268 0.375
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Figure 12. Relationship between the crack propagation rate and average grain size: (a) total crack
propagation rate, (b) net crack propagation rate.

As described elsewhere [37], the intergranular corrosion rate of the laser-peened
specimen was slightly higher than that of the non-peened specimen. The increased area of
grain boundaries by laser shock peening influenced the intergranular corrosion resistance,
but the Al coating in the laser shock peening process did not affect the resistance. Figure 13
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Degree of Sensitiza-
tion

Intergranular Corro-
sion Rate

shows the relationship between the crack propagation rate and intergranular corrosion
properties. With an increasing degree of sensitization, the total crack propagation rate and
net crack propagation rate were reduced. Moreover, with an increase in the intergranular
corrosion rate, the total crack propagation rate and net crack propagation rate were also
reduced. As shown in Figures 5, 6, 9 and 10, the crack mode was mainly transgranular,
indicating that the intergranular corrosion properties did not affect the SCC resistance of

304L stainless steel much, regardless of welding or laser shock peening.
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Figure 13. Relationship between crack propagation rate and intergranular corrosion: (a,b) total crack
propagation, (a’,b") net crack propagation rate.

Figure 14 shows the relationship between the crack propagation rate and the pitting
potential, where Figure 14a,a’ are both graphs showing the correlation between the total
crack propagation rate and the pitting potential of the surface of 304L stainless steel. Even
though the pitting potential of the surface increased, the crack propagation rates also
increased. Figure 14b,b” show the correlation between the pitting potential of the cross
section and the crack propagation rates. Increasing the pitting potential of the cross section
of 304L decreased the crack propagation rates. This behavior can be explained based on the
microstructural change by laser shock peening treatment. As described elsewhere [36,37],
the laser shock peening decreased the pitting resistance of the surface of 304L stainless steel,
which was related to the surface roughness; however, laser shock peening on the outermost
area in the cross section of 304L stainless steel enhanced the polarization properties, which
was related to the microstructural change by laser shock peening, irrespective of Al coating.
In other words, as shown in Figure 14, the SCC resistance of 304L stainless steel depends
upon the corrosion properties of the cross section, rather than those of the surface, because
of the surface roughness by laser shock peening.
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Figure 14. Relationship between the crack propagation rate and pitting potential: (a,b) total crack
propagation, (a’,b") net crack propagation rate.

Figure 15 shows the correlation between crack propagation rate and residual stress
in the base metal, HAZ, and weldment of 304L stainless steel by laser shock peening.
As described in Reference [37], the residual stress was measured on the surface and at a
1 mm depth of 304L stainless steel by the hole drilling method, and the surface and 1 mm
depth of non-peened 304L stainless steel showed tensile residual stress; meanwhile, in
the case of a peened specimen, compressive residual stress was formed regardless of the
measuring area. Figure 15a shows the correlation between the total crack propagation
rate and the residual stress, which is divided into tensile residual stress and compressive
residual stress. As the tensile residual stress increases, the total crack propagation rate
increases as well; by contrast, as the compressive residual stress increases, the total crack
propagation rate decreases. This trend shows the same result in the correlation between
net crack propagation rate and residual stress after crack initiation. Laser shock peening
treatment increased the pitting resistance of the cross section and induced the compressive
residual stress, and it also enhanced the SCC resistance of 304L stainless steel in a chloride
environment [10,40,41].
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The progress of stress corrosion cracking was divided into crack initiation and crack
propagation. Table 6 summarizes the estimated SCC initiation time of 304L stainless steel,
obtained by boiling 42% MgCl,, from Figures 2 and 7. Laser shock peening increased the
crack initiation time of 304L stainless steel regardless of whether or not welding was used.
Its beneficial effect on SCC was 100% on the basis of time. This leads to the question of
how the laser shock peening process inhibited crack initiation. The initiation of cracking of
metals and alloys may occur at discontinuities of a surface such as grain boundaries, pits,
inclusions, overlapped areas, etc. However, it is controversial whether these discontinuities
are essential conditions to initiate the cracking. Turnbull et al. [49] reported that cracks
occurred at corrosion pits, but Spencer et al. [50] reported that pitting was not a necessary
condition for stress corrosion cracking.

Table 6. Laser shock peening effect on the estimated SCC initiation time of 304L stainless steel in
boiling 42% MgCl,.

Estimated Crack Initiation Time, h

Specimen Non-Peened Peened Peened (with Peening Effect, %
on-teene (Non-Coated) Coating)
100
Base metal 1.5 3 3 (Beneficial)
100
Welded metal 1.5 3 3 (Beneficial)

Figure 16 shows EBSD results of the cracking area of non-peened 304L base metal
after the SCC test. For the non-peened specimen, the outer surface was flat, and the crack
propagation path of 304LB was almost perpendicular to the applied stress direction. Since
a small number of cracks were observed in this work, the crack population was not clear.
However, the long crack cuts across the grains and the short crack discontinues (Figure 16c).
However, in the case of the laser-peened specimen, as seen in Figure 17, the outer surface
was uneven. Aside from the major crack, two cracks detoured and stopped growing at
the outermost area, the grains of which were refined by laser shock peening (Figure 17c
shows very small grains at the outermost area, even though it is not clear). As seen in
Figure 16, the surface of the non-peened specimen was flat, and its pitting potential was
very high [37], but the surface of the peened specimen was uneven and overlapped [36],
and its pitting potential was very low [37].
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Figure 16. EBSD results of the cracking area of non-peened 304L base metal after SCC test: (a) SEM
image, (b) band contrast, (c) inverse pole figure (IPF) coloring.
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Figure 17. EBSD results of the cracking area of laser-peened 304L base metal after SCC test: (a) SEM
image, (b) band contrast, (c) inverse pole figure (IPF) coloring.

Based on the surface morphologies and pitting resistance, the crack initiation time
of the peened specimen can be expected to be shortened, but on the contrary, the time
was actually longer. Therefore, it is confirmed that laser shock peening inhibited stable
crack initiation due to the compressive residual stress, even though the peening could not
prevent the formation of cracks.

Table 7 summarizes the net crack propagation rates of 304L stainless steel, obtained
by boiling 42% MgCl,, from Figures 2 and 7. Laser shock peening reduced the crack
propagation rate of 304L stainless steel regardless of whether or not welding was used. Its
beneficial effect on SCC was 41.9~19.9% on the basis of the rate reduction. How did the
laser shock peening process reduce the crack propagation rate?

Table 7. Laser shock peening effect on SCC propagation rate of 304L stainless steel in boiling 42%

Net Crack Propagation Rate x 10~7, m/s
Specimen Peened Peened (with Peening Effect, %
Non-Peened (Non-Coated) Coating)
—19.9~-32.0
Base metal 3.16 2.53 2.15 (Beneficial)
Welded metal 3.1 1.8 23 —41.9~7258
(Beneficial)

Table 8 summarizes the correlation between crack propagation rates and several
important parameters and their meanings from metallurgical and SCC aspects. Table 8
summarizes the correlation between crack propagation rates and several important param-
eters and their meanings from metallurgical and SCC aspects.
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Table 8. Correlation between crack propagation rates and several important parameters and their meanings from metallurgical and SCC aspects.

Multiple Regression Analysis

Parameters vs. Crack Propagation Rates Metallurgical Aspects Trend Equation Determination Correlation Meaning in SCC Aspect by LSP
Coefficient, R? Coefficient, R
vs. Total crack . : 0.8434
propagation rate If gemdual tensile stress y = 1.90458x + 1.34295 0.7114 (Strong) * As residual compressive stress by LSP increases, the crack
Residual stress reduces, corrosion growth rates decrease. It means that residual compressive stress
l\;i;)}I)\Legtac;g;krate resistance improves [4,51] y = 3.97151x + 2.68338 0.7548 (S?ri?igs) . is beneficial to inhibit crack growth
vs. Total crack If grain refines, mechanical  y = 0.44635x + 3.83058 0.5015 07081
Grain size propagation rate properties improve [52,53] (Strong) As grains by LSP refine, the crack growth rates decrease. It
}\;;Iliegtactriz;krate v = 0.96833x + 8.96696 05768 (S(EI.ZZQgS) . means that refined grain is beneficial to inhibit crack growth
vs. Total crack P s 0.5819
Ep propagation rate ifoi%)o;?ok;:grgéig ;;trllrgg y=—14784x+1.6271 0.3386 (Moderate) * As pitting potential of the cross section by LSP increases, the
(Cross section) . 54 crack growth rates decrease. It means that high pitting potential
;iélla\]aegtactri?);krate improves [54] y = —3.15867x + 3.29564 0.3772 (Mc(>)<'i6elr§e) . is beneficial to inhibit crack growth
vs. Total crack 0.8297
propagation rate E IGC rateldecreases.,, y = —0.89582x + 0.0152 0.6884 (Strong) * As IGC rate by LSP decreases, the crack growth rates increase.
IGC rate mn gr;granu. ar Corrosu;r; It means that IGC rate is not an effective parameter for SCC
;;}I,\Legactl;i;krate resistance improves [54] y = —1.35319x + 1.73072 0.7162 (S(t]f)iig . resistance because low IGC rate is harmful to SCC resistance
vs. Total crack 0.8105
propagation rate If DOS decreases, y = —0.89582x + 0.0152 0.6569 (Strong) * As DOS by LSP decreases, the crack growth rates increase. It
DOS 1nt§rgranu'lar corrosion means that DOS is not an effective parameter for SCC resistance
vs. Net leaCk resistance improves [54] y = —1.80862x + 0.03035 0.6534 0.8083 X because low DOS is harmful to SCC resistance
propagation rate (Strong)
vs. Total .crack If Ep is high, pitting y = 0.71826x + 1.01316 0.5738 0.7575 . As pitting potential of the surface by LSP 'mcreases., the crack
Ep propagation rate corrosion resistance (Strong) growth rates increase. It means that pitting potential of the
(Surface) vs. Net crack improves [54] 0.7435 surface by LSP is not an effective parameter for SCC resistance
propagation rate y = 1.4271x +2.01821 0.5527 (Strong) * because high pitting potential is harmful to SCC resistance

* Criteria (Strong: 1~0.7, Moderate: 0.6~0.4, Weak: 0.3~0.1, Zero: 0) from Christine [53].
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®  Asshown in Figure 15, the relationship between residual stress and crack propagation
rates showed a positive slope. In metallurgical aspects, when residual tensile stress
reduces, stress corrosion resistance improves [4]. Therefore, as residual compressive
stress by LSP increases, the crack growth rates decrease. That is, residual compressive
stress by LSP is beneficial to inhibit crack growth in this case. On the other hand,
based on the multiple regression analysis, the determination coefficient explains how
much variance of the data is “explained” by the linear model. When the determination
coefficient is over 0.65, the linear model can be generally explained, and when the
correlation coefficient is over 0.7, the correlation between two parameters is strong [51].
In this case, since the determination coefficients were 0.7114~0.7548 and the correlation
coefficients were 0.8434~0.8688, it is considered that the relationship between residual
stress and crack growth rate is strong.

@  Asshown in Figure 12, the relationship between average grain size and crack propa-
gation rates showed a positive slope. In metallurgical aspects, when average grain
size refines, mechanical properties improve [52,53]. Therefore, as average grain size
by LSP refines, the crack growth rates decrease. That is, grain refinement by LSP
is beneficial to inhibit crack growth in this case. On the other hand, based on the
multiple regression analysis, in this case, since the determination coefficients were
0.5015~0.5768, the linear relation model is somewhat explained, but the correlation co-
efficients were 0.7081~0.7595, so it is considered that the relationship between average
grain size and crack growth rate is moderate.

® As shown in Figure 14b,b’, the relationship between pitting potential of the cross
section and crack propagation rates showed a negative slope. In metallurgical aspects,
when pitting potential is high, pitting corrosion resistance improves [54]. In other
words, as pitting potential of the cross section by LSP increases, the crack growth
rates decrease, and it means that high pitting potential by LSP is beneficial to inhibit
crack growth in this case. However, based on the multiple regression analysis, in
this case, since the determination coefficients were 0.3386~0.3772, the two parameters
do not present a linear dependency, even though the correlation coefficients were
0.5819~0.6142 (moderate). Therefore, it is considered that the relationship between
pitting potential of the cross section and crack growth rate is weak.

®»  Asshown in Figure 13b,b’, the relationship between intergranular corrosion rate and
crack propagation rates showed a negative slope. In metallurgical aspects, when
IGC rate decreases, corrosion resistance improves [54]. However, as IGC rate by LSP
decreases, the crack growth rate increases. In other words, it means that IGC rate
by LSP is not an effective parameter for SCC resistance in this case because a low
IGC rate is harmful to SCC resistance, even though there are a good determination
coefficient and strong correlation coefficient between the two parameters.

® Asshownin Figure 13a,a’, the relationship between the degree of sensitization and
crack propagation rates showed a negative slope. In metallurgical aspects, when DOS
decreases, corrosion resistance improves [54]. However, as DOS by LSP decreases,
the crack growth rate increases. In other words, it means that DOS by LSP is not an
effective parameter for SCC resistance in this case because low DOS is harmful to
SCC resistance, even though there are a good determination coefficient and strong
correlation coefficient between the two parameters.

(® Asshownin Figure 14a,a’, the relationship between pitting potential of the surface and
crack propagation rates showed a positive slope. In metallurgical aspects, when Ep
is high, pitting corrosion resistance improves [54]. However, as Ep by LSP increases,
the crack growth rate increases. In other words, it means that Ep by LSP is not an
effective parameter for SCC resistance in this case because high Ep is harmful to
SCC resistance, even though there are a low determination coefficient and strong
correlation coefficient between the two parameters.

As discussed above, the intergranular corrosion properties and the pitting potential of
the surface did not influence the crack propagation inhibition, but the residual compressive
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stress greatly influenced the crack propagation inhibition by laser shock peening. In
addition, the refined grain and the high pitting potential of the cross section improved the
SCC resistance, but it should be noted that a linear dependency between the two parameters
was low. In other words, it can be explained that compressive residual stress suppressed
a crack opening during crack growth [51], and refined grain may act as a barrier to crack
propagation like serrated grain boundaries [55], and high pitting potential reduced slip
step dissolution [51]. In summary, the crack propagation rate could be decreased by laser
shock peening and the effects of laser shock peening on crack initiation and propagation of
304L stainless steel in a chloride environment are schematically suggested in Figure 18.
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Figure 18. Proposed model of crack initiation and propagation of 304L stainless steel by laser shock
peening: (a) non-peening; (b) laser shock peening.

5. Conclusions

This work evaluated and discussed the effect of laser shock peening on the stress
corrosion cracking of 304L stainless steel. Laser shock peening induced the compressive
residual stress from the surface to a 1 mm depth, and the SCC properties were evaluated
by the U-bend test in 42% MgCl, at a boiling temperature of 155 °C. The conclusions are as
follows:

(1) Laser shock peening on 304L stainless steel induced a residual compressive stress
in the depth direction and a grain refinement and an increased pitting potential
of the cross section, and thus total and net crack propagation rates by the U-bend
SCC test were reduced. However, based on the multiple regression analysis, the
relationship between residual stress and crack propagation rates was strong, but the
relationships between average grain size or pitting potential of the cross section and
crack propagation rates were moderate or weak, respectively.

(2) For the intergranular corrosion properties or the pitting potential of the surface
peened by laser shock peening and crack growth rates, their relationships were weak
in metallurgical and multiple regression analysis aspects.
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