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In this paper, wet shot peening (WSP) is applied to investigate the influence on wear and corrosion
behavior of AISI 304 stainless steel using dry reciprocating sliding wear tests and electrochemical
impedance spectroscopy (EIS) experiments. Surface modifications including microstructure, surface
roughness, microhardness and phase transformation are characterized. Results show that wet shot
peening produces grain refinement because of intersection of deformation twins at different directions,
increases surface roughness and generates martensite phase. Microhardness at the top surface can be
enhanced significantly due to the strain hardening produced by WSP. Results of dry sliding wear tests
reveal a remarkable improvement in wear resistance by WSP. The wear mechanism is a mixture of
abrasive and adhesive wear for both as-received and wet shot peened AISI 304 stainless steel. Results
of EIS experiments show that the charge transfer resistance of relative higher peening coverage WSP
treated sample is higher than those of lower peening coverage WSP treated and as-received samples in
the acid chloride solution at room temperature. The improved corrosion resistance for higher peening
coverage WSP can be achieved by the positive combined action of grain refinement, surface roughness
and deformation induced martensite.

Keywords: Wet shot peening, Corrosion resistance, Wear resistance, Electrochemical impedance
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1. INTRODUCTION

Austenitic stainless steel is a kind of highly significant structural materials for their excellent
mechanical properties and broad industrial application. Despite the inherent high corrosion resistance,
this category of steel does not show a suitable resistance to local corrosion and wear [1-8]. Thus, there
are demands to improve corrosion resistance and wear behavior of austenitic stainless steel in specific
applications by surface modification technologies.
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Researchers have developed many mechanical surface treatment techniques, such as laser
shock processing [9-11], ultrasonic impact treatment [12], shot peening treatment [13-14]. Shot
peening can be applied to increase wear behavior because of the improved surface hardness and
mitigation of cracks initiation and propagation within the enhancement region [15-16]. Ganesh et al.
[15] investigated the wear behavior of titanium alloys after shot peening. Results showed that shot
peening enhanced wear resistance of titanium alloys by improving the surface hardness. Mitrovic et al.
[16] reported that shot peening decreased the friction coefficient and wear rate in both dry and
lubricated sliding conditions. However, there are contrasting studies in order to investigate whether
shot peening actually increases the wear resistance of materials [17-18]. Zammit et al. [18] founded
that the results of the wear factors and friction coefficients showed that shot peening did not improve
the wear resistance.

Shot peening is a highly effective and common mechanical surface enhancement treatment to
improve corrosion resistance of metallic workpieces by introducing severe plastic deformation into the
near surface area. The three main characteristics of shot peened surface are limited roughening, refined
microstructure and compressive residual stresses. Wang et al. [19] reported that surface
nanocrystallization induced by shot peening could markedly enhance the corrosion resistance of
1Cr18Ni9Ti stainless steel in the chlorine-ion-contained solution. Chen et al. [20] investigated the
effects of shot peening treatment on microstructure and corrosion behavior of 316LN stainless steel.
Results showed that the microstructure with nanocrystallines and a high density of twins induced by
shot peening could improve the uniformity and compactness of the passive film and produce a better
corrosion resistance. Kovaci et al. [21] revealed that the corrosion resistance of the material increased
with the increasing shot peening intensity because of grain refinement and formation of sub-grains.
Nevertheless, the lack of knowledge on corrosion behavior after shot peening still exists. Reports on
corrosion behavior modified by shot peening are inconsistent without showing an explicit trend [22-
25]. Lee et al. [24] found that the shot peened specimen showed the lower corrosion resistance than the
as-received specimen due to surface roughness and deformation induced martensite produced by shot
peening. Zupanc and Grum [25] observed higher corrosion current density on the shot peened
specimens by a factor of 2.5 compared to the as-machined specimens.

In this paper, wet shot peening is carried out to study the effects on corrosion and wear
behavior of 304 stainless steel. Surface modifications, such as microstructure, surface roughness,
microhardness and phase transformation are characterized. The effects of WSP on the tribological
characteristics of stainless steel are examined by experiments in dry sliding condition. Furthermore,
electrochemical impedance spectroscopy (EIS) is applied to investigate the influences of WSP on
corrosion behavior of AISI 304 stainless steel in acidic chloride ion aqueous solution.

2. EXPERIMENTAL PROCEDURES

2.1 Specimens preparation

Samples were made from 3 mm thickness AISI 304 stainless steel plate. Table 1 showed the
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chemical composition of materials. Before WSP, all the samples were polished with silicon carbide
papers to 1000 grit, and subsequently cleaned in deionized water and ethanol.

Table 1. Chemical composition of AISI 304 stainless steel

Element C Si Mn S P Cr Ni N Fe

Content (wt.%) 0.041 055 1.08 0.005 0.022 1821 8.09 0.04 Balance

A mixture of 0.2 mm diameter ceramic balls and 10 wt.% water was used in wet shot peening
experiments. The wet ceramic balls were propelled and accelerated into the blasting nozzle directed at
the specimen by high pressure air. The 0.5 MPa peening pressure was set by controlling air compressor
pressure. In addition, the distance between nozzle and the specimen was 100 mm and the incident
angle was 90°. The coverage is defined as a percentage relating to the surface coverage of the sample,
i.e. 100% coverage equates to one complete surface coverage of shot peening indents. Three coverages
of 100%, 200% and 500% were used. At the end of WSP treatment, small square specimens with
dimensions of 10 X 10 x 3 mm were obtained from the treated plate by means of electrical spark wire
cutting, followed by cleaned in ethanol. Then, wear and corrosion test specimens were inserted in
epoxy resin exposed with 1 cm? area.

2.2 Characterization

The cross-sectional microstructure near the top surface was observed by the field emission
scanning electron microscope (SEM). The samples were sectioned near the affected area by WSP and
carefully polished until none of scratches could be found on the surface. Then samples were etched
using 10% oxalic acid aqueous solution for duration of 80 s at 3 V voltage.

Surface roughness before and after wet shot peening was carried out by using a surface profiler
equipment. Arithmetic average roughness R. value was obtained.

The XRD qualitative analysis of phase transformation caused by wet shot peening was carried
out using Cu-Ka radiation on a X-ray diffraction equipment. The equipment was performed in
condition of 40 kV and 40 mA. The 20 range of 40-100° with a step by step scanning length of 0.02°
was set to obtain the X-ray diffraction data. Using the 111, 200 reflections for austenite phase and the
110, 200 reflections for martensite phase, the volume fraction V, of a-martensite phase at the top
surface is estimated by Eq.1 in the following [26-27]:
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where 7 is the number of the phase peaks used in calculation, / is the integrated intensity of the
reflecting plane and R is the material scattering factor.
Microhardness near the wet shot peened surface at the depth direction was measured on HV-
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1000 Vickers hardness tester. The experiments were carried out 3 times in the same test location with
100 g load for 15 s duration.

2.3 Wear test procedure

Dry reciprocating sliding wear tests were conducted on steel samples using a Bruker UMT-2
tribometer with a ball-on-flat configuration with the normal loads of 5 N and 20 N. The reciprocating
frequency, test duration and the sliding length were 4 Hz, 1 h and 5 mm, respectively. Si3Ns balls with
a diameter of 4 mm were used as counterfaces in order to evaluate the wear behavior of samples with
and without WSP, which were performed at room temperature with a 45%-55% relative humidity.
Quantitative analysis of wear volume was carried out by measuring the cross sectional area in the wear
tracks and converting this area into the wear volume. In order to minimize the data scattering, each test

was conducted three times. The wear rate is obtained by Eq.2 as follows:

AV
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Where AV is the wear volume, F is the applied normal force and L is the total sliding distance.

2.4 Electrochemical impedance spectroscopy (EIS) behavior

Electrochemical impedance spectroscopy (EIS) experiments were conducted by Gamry
Interface1010E, in which the three-electrode configuration that a saturated calomel electrode (SCE)
was used as the reference electrode and a platinum foil was used as the counter electrode was equipped
with. Tests were conducted in the frequency range from 100 kHz to 0.05 Hz, in which the 10 mV AC
amplitude was superimposed versus the obtained open circuit potential. The environment was 3.5%
NaCl + 0.2 mol/L HCI solution at room temperature.

3. RESULTS AND DISCUSSION

3.1 Microstructure characteristics

Surface microstructure characteristics of grains for specimens before and after WSP are shown
in Figure 1. Single y-austenite microstructure is visible in the as-received specimen. At the top surface
of wet shot peened specimens, deformation twins caused by severe plastic deformation are clearly
observed. Similar deformation microstructure characteristics are observed by Jayalakshmi et al. [28].
The number of deformation twins directions increases with the increase of peening coverage. In Figure
1b, the intersection of deformation twins at three directions is shown in area C and occurs in depth of
about 15 um depth from the top surface in the wet shot peened area, which splits the original coarse
austenitic grains into plenty of submicron triangular blocks. As the depth increases, the number of
deformation twins direction reduces. In other words, both deformation twins at two directions shown
in area B and a single direction shown in area A occur, splitting the original coarse austenitic grains
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into submicron rhombic blocks and parallel small platelets, respectively. The increase of peening
coverage of WSP improves surface cumulative plastic strain, after 500% coverage wet shot peening
treatment, the area of deformation twins intersection at three directions (as shown in Figure 1d) can be
observed, generating submicron thombic or triangular blocks.

Figure 1. Cross sectional SEM morphologies of grains at various surface conditions: (a) as-received,
(b) 100% coverage, (c) 200% coverage, (d) 500% coverage

The conclusion can be drawn that after WSP, microstructure varies with depth from the treated
surface and peening coverage because of the deformation twins intersection at different directions,
giving rise to plenty of submicron rhombic or triangular blocks, which reveals the original coarse grain
refinement induced by WSP.

3.2 Surface roughness

The three-dimensional plots of roughness at the top surface after WSP are shown in Figure 2.
Figure 2a clearly shows that the surface of as-received specimen is comparative smooth and the
grinded scratches appear in straight lines. After WSP treatment, the grinded scratches disappear and the
rough surface is generated by the high speed impact of ceramic balls during WSP process, which are
shown in Figure 2b-2d. Table 2 shows the surface roughness values. It is clearly verified that
roughness at the top surface increases from 0.314 um R, for polished surface to 3.106 um R, after WSP
with 100% coverage. It can also be seen from the Table 2 that the surface roughness decreases
gradually from 3.106 pm R, to 2.814 pm R, with increasing the peening coverage from 100% coverage
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to 500% coverage, which may be attributed to the more uniform and smoother surface induced by the
increased impact duration of shot peening medium for higher peening coverage. The peening coverage
can modify the surface roughness effectively, which is also found by Bagherifard et al. [29].

(a)

S
2,532 mm

1899

Figure 2. Surface roughness of specimens at various surface conditions: (a) as-received, (b) 100%
coverage, (c) 200% coverage, (d) 500% coverage

Table 2. Surface roughness values for different peening conditions

Specimen As-received 100% 200% 500%
Ra/ pm 0.314 3.106 2.92 2.814
3.3 XRD

Figure 3 shows the XRD data of samples in condition of different peening coverage. It is
clearly shown that sample before WSP only consists of austenite phase, while the sample treated by
WSP shows a mixture of austenite phase and martensite phase. Transformation from austenite to o-
martensite can be induced by severe plastic deformation during shot peening treatment [30]. An
intense dependence on the intensity of plastic deformation is revealed by the analysis of the volume
fraction of a-martensite at the top surface of the wet shot peened samples, which is a function of
peening coverage of WSP treatment. According to Eq. 1, the volume fraction V, can be obtained to be
about 34.48% for 100% coverage, 43.18% for 200% coverage and 51.74% for 500% coverage,
respectively, implying that the volume fraction of a-martensite increases with the increase of peening
coverage.
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Figure 3. XRD patterns for different peening coverage

3.4 Microhardness

Figure 4 shows the variation of microhardness of the wet shot peened specimens versus
distance away from the top surface. It is clearly shown that the profiles reveal an increase in
microhardness near the top surface of wet shot peened sample. After WSP treatment, the
microhardness reduces rapidly with the increase of depth at first and then goes down slowly until it
stays the same at a depth of about 0.45 mm. The maximum microhardness at the top surface induced
by 100% coverage WSP is 334.74 HV and increases by 64% compared to 204.16 HV of the base
metal. After 500% coverage WSP, the maximum microhardness at the top surface is 384.15 HV and
increases by 88.16% compared to that of the base metal. It can be concluded that the strain hardening
phenomenon appears because of the plastic deformation during wet shot peening process. The
increased microhardness is related with the grain refinement and transformation from austenite to o-
martensite induced by the plastic deformation [31]. The microhardness increases with the increase of
peening coverage because the intensity of plastic deformation is a function of the peening coverage.
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Figure 4. Microhardness distribution in depth for different peening coverage

3.5 Wear behavior

According to Eq. 2, the wear rates of untreated and wet shot peened samples at the 5N load and
20 N load under dry sliding condition are shown in Figure 5. As expected, the untreated AISI 304
stainless steel shows the highest wear rate among all tested samples. When 5 N load is exerted, the
average wear rate after 100% coverage WSP has the value of 7.82x10°® mm*-N"'-m™ and decreases by
33.16% compared to 1.17x10° mm*N'-m"! of the untreated sample. After 500% coverage WSP
treatment, the average wear rate has the value of 7.39x10° mm*N'-m"! and decreases by 36.84%
compared to that of the untreated sample. Exerting the 20 N load makes the wear rates of all samples
to increase to 1.56x10° mm*N'-m™! for the untreated sample, 1.30x10™> mm?>-N""-m! for the sample by
100% coverage, 1.28x10° mm*N"'-m™ for the sample by 200% coverage and 1.08x10°> mm*N!-m"!
for the sample by 500% coverage, respectively. Compared to the value of wear rate of untreated sample
in 20 N load drying sliding condition, the wear rates after 100% coverage and 200% coverage decrease
by 16.67% and 17.95%, respectively. However, after 500% coverage WSP, the wear rate decreases by
30.77%, which indicates that high coverage WSP plays a more important role in increasing the wear
resistance of AISI 304 stainless steel. When 5 N load is exerted, the samples after WSP show the
highest wear resistance improvement and the effect of coverage on wear resistance is less obvious than
that of relatively high load of 20 N.



Int. J. Electrochem. Sci., Vol. 15, 2020 4848

18

5N
. 20N

16

14 +

122+ T d
' N N

10 |

i\ Vv, I

Wear rate/ 10° mm*/N-m
[o0]
1
4

as-received 100% 200% 500%

Figure 5. Wear rates of samples with and without WSP

Figure 6 shows the worn tracks of samples before and after wet shot peening at an applied load
of 5 N. From Figure 6a-6d, it is clear that sighs of a mixture of abrasive and adhesive wear
mechanisms are observed on the worn surface for both as-received and wet shot peened AISI 304
stainless steel. Also, it can be clearly seen in Figure 6 that there are plenty of parallel scratches on the
worn surface of all samples and no significant difference in the wear tracks between as-received and
wet shot peened samples can be observed, which implies that the abrasive wear mechanism is
predominantly for both as-received and wet shot peened AISI 304 stainless steel.
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Figure 6. Wear tracks of the worn surfaces at the load of 5 N: (a) as-received, (b) 100% coverage, (c)
200% coverage, (d) 500% coverage
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It can be concluded that the remarkable improvement in wear resistance can been achieved
after wet shot peening in dry sliding condition, which can be attributed to the higher microhardness of
surface layers induced by WSP in comparison to that of as-received sample. Ganesh et al. [15] found
that shot peening enhanced sliding wear resistance of titanium alloys by improving the surface
hardness. The surface roughness is detrimental to wear performance, which has been reported [32-33].
Compared to results of 100% coverage, wear rates of 200% coverage and 500% are found to reduce
due to the decrease in surface roughness and the increase in surface microhardness.

3.6 Corrosion behavior

Figure 7 shows the Nyquist curves of stainless steel with different coverage of WSP treatment.
It can be clearly seen that a capacitive arc appears in high frequency region. However, an inductive arc
exhibits in low frequency region, implying that pitting corrosion has been initiated at the top surface.
Larger diameter of the capacitive arc indicates higher charge transfer resistance and superior corrosion
resistance [34]. It is clearly seen that the diameter of the capacitive arc of samples by WSP increase
with the increasing peening coverage. After 100% coverage WSP treatment, the capacitive arc
diameter is much smaller than that of as-received sample, implying that corrosion resistance after
100% coverage WSP is decreased. However, the capacitive arc diameter of wet shot peened sample
with 500% coverage is greatly improved, which implies that corrosion resistance modified by 500%
coverage WSP treatment is better than those of lower coverage peened and non-peened samples.
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Figure 7. Nyquist plots of samples for different peening coverage

Figure 8 shows the equivalent circuit model proposed for fitting EIS experimental data. In this



Int. J. Electrochem. Sci., Vol. 15, 2020 4850

model, Rs, Rt and constant phase angle element (CPE) represent solution resistance, charge transfer
resistance and double layer capacitance, respectively. L is conductance. Ro represents resistance
associated with passive film growth at pitting initiation region.

CPE

— R R; °

L Ro

Figure 8. The equivalent circuit model for EIS fitting

The fitted parameters of electrochemical impedance spectroscopy data are listed in Table 3. It
can be seen that the charge transfer resistance increases gradually from 96.11 Q cm? to 151.7 Q cm?
with increasing the peening coverage from 100% coverage to 500% coverage. Compared to untreated
samples, the charge transfer resistance decreases from 125 Q c¢cm? before WSP to 96.11 Q cm? after
100% coverage in 3.5% NaCl + 0.2 mol/L HCI solution. However, 500% peening coverage WSP has a
positive effect on the charge transfer resistance by increasing 125 Q cm? to 151.7 Q cm?. It is clear that
WSP can produce higher charge transfer resistance than that of as-received specimen, which indicates
a higher corrosion resistance for high peening coverage WSP because of the formation of the uniform

and dense passive film.

Table 3. Fitting electrochemical impedance parameters at room temperature

Sample Rs/ Q cm? Yo TF Cm(_:zPE R/Qcm?> L/H  Ry/Qcm?
As-received 3.248 0.0003742 0.8516 125 4936 193
100% coverage 3.462 0.0003468 0.8597 96.11 2966 290.7
200% coverage 2.873 0.0003420 0.8532 120.9 4412 359.3
500% coverage 3.407 0.0002713 0.8587 151.7 2112 892.5

The changes of surface characteristics caused by WSP have been used to illuminate the changes
of corrosion behavior. For austenitic stainless steels, the density of grain boundaries can be improved
by grain refinement, encouraging Cr diffusion to the outside surface and accelerate formation of dense
passive film rich in Cr that may acquire a better corrosion resistance [35]. The increased roughness at
the top surface and transformation from austenite phase to martensite phase affect the corrosion
resistance adversely, which has been reported [24, 36]. Corrosion behavior of stainless steel is
determined by the combined action of microstructure, surface roughness and phase transformation.
After 500% peening coverage WSP treatment, grain refinement induced by WSP defeats the negative
effects resulted from the increased volume fraction of martensite and surface roughness. But the higher
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surface roughness and generation of martensite phase would enhance the adverse effects and reduce
corrosion resistance when 100% peening coverage is employed.

4. CONCLUSIONS

The influences of surface characteristics induced by wet shot peening on wear and corrosion
resistance of stainless steel have been studied by dry sliding wear tests and EIS experiments. Surface
characteristics, such as microstructure, surface roughness, microhardness and martensite phase
transformation are analyzed. The results are listed in the following:

(1) Deformation twins with gradient variation appear near the surface layer treated by wet shot
peening presents and is affected by peening coverage, which result in original coarse austenitic grain
refinement.

(2) Surface roughness can be increased by wet shot peening, which varies from 0.314 pum R, for
polished surface to about 3.106 um R, after 100% coverage wet shot peening. Phase transformation
from austenite phase to martensite phase occurs after WSP. The volume fraction of a-martensite of wet
shot peened sample is strongly dependent on the intensity of plastic deformation, which is a function of
peening coverage.

(3) Surface microhardness can be enhanced significantly due to the strain hardening produced
by WSP. The maximum microhardness after WSP increase by 64% for 100% coverage and 88.16% for
500% coverage compared to 204.16 HV of the base metal, respectively.

(4) The remarkable improvement in wear resistance can been achieved after wet shot peening
in dry reciprocating sliding condition. The wear mechanism is a mixture of abrasive and adhesive wear
for both as-received and wet shot peened AISI 304 stainless steel. The highest wear resistance
improvement after WSP can be obtained at a low applied load and the effect of coverage on wear
resistance is more obvious at a relatively high applied load.

(5) The influence of wet shot peening on corrosion behavior is controlled by the combined
action of grain refinement, surface roughness and deformation induced martensite. The charge transfer
resistance of sample treated by relative higher peening coverage is larger than those of lower peening
coverage treated and as-received sample at room temperature, which indicates the corrosion resistance
of materials could be improved for the relative higher peening coverage WSP.
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