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Abstract

Surface Mechanical Attrition Treatment (SMAT) is one of the processes used to improve
surface properties. In the present study, the effect of process parameters such as the diam-
eter and number of shots, working height, and SMAT time on the residual stresses and the
mechanical properties of the AZ31 magnesium alloy surface is investigated. This analysis was
performed using Minitab software, experimental tests, Taguchi test design (array L9), and
signal-to-noise analysis. In this research, investigating the microstructure using a scanning
electron microscope (SEM), determining the phases and crystal structure using an X-ray
diffraction (XRD) pattern, measuring the hardness of the samples using the Vickers method,
and evaluating the wear behavior of the samples using the wear test method by peening on
the disc were considered. Samples 1 and 3 had the minimum and maximum mass reduction,
accompanied by a 32 and 57 % increase in wear resistance compared to the raw sample. By
performing the SMAT process during the L9 experiments, the nanocrystallization of the grains
caused a 35 and 46 % increase in the hardness of samples 1 and 3 with minimum and maximum
hardness, and as a result, an increase of 32 and 57 % in wear resistance was seen compared to
the raw sample. According to the results, time was considered the most important parameter
of the process, and it affected the residual stress, surface hardness, and wear resistance by
63 and 64 %, respectively. This relates to the fineness of the grains on the surface and the
microstrains created by the SMAT process.

Key words: AZ31 alloy, surface mechanical attrition treatment, Taguchi approach, mi-
crostructures, compressive residual stress, hardness, roughness, wear resis-
tance

1. Introduction

The SMAT process is a kind of cold work process
in which the surface of the parts is vibrated with a
continuous flow and at high speed by steel shots with
a diameter of 1 to 8 mm by a vibrating source (elec-
tric motor or ultrasonic source), and then it collides
with the sample surface as a result of hitting the wall
of the chamber with a completely random direction.
The speed of the shots is proportional to the vibra-
tion frequency and the distance between the surface
of the sample and the shots in the range between 1 and
20ms~!. Each of these shots causes residual compres-
sive stresses by hitting the surface of the piece quickly
and uniformly. Severe plastic deformations delay the
initiation of crack growth due to the impact of shots
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and residual compressive stress created in that area
and increase the fatigue life of the part [1]. Another
effect of SMAT is a surface hardening process, which
is caused by changes in the shape of the piece due to
the impact of shots. This process improves the surface
and increases the life of many metal parts and alloys,
such as magnesium alloy. Due to proper casting and
a higher strength-to-weight ratio, magnesium and its
alloys have a low density (1.7-1.85gcm™3), which is
approximately 35 % less than that of aluminum, 65 %
less than that of titanium and 77 % less than that of
steel, and is still considered as one of the most impor-
tant light metals [2]. AZ31 alloy is the most widely
used magnesium alloy due to its strength, flexibility,
and corrosion resistance properties. This metal and
its alloys are used in various industries such as medi-
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cal equipment, transportation, military, and space [3].
In the SMAT process, influencing parameters such as
the diameter and number of shots, the working height
(the distance of the part from the vibrating source),
and the duration of SMAT are effective in the cre-
ation of compressive residual stress and the mechani-
cal properties of the surface, which researchers have
investigated. Maleki et al. investigated the intensity
and degree of shot peening (the number of multiple
collisions of shots in one area of the surface) with
the Almen test on the microstructure and mechani-
cal properties of low-carbon steel. They demonstrated
that increasing the amount of surface coating and the
intensity of shot peening increases the fatigue life and
nano hardness of the surface [4]. Xia et al. investigated
the effect of SMAT on the surface of magnesium al-
loy. These researchers showed that after performing
the SMAT process, the depth of the layer with nanos-
tructure was 85 um, and the average grain size was
42.7 nm on the AZ31 magnesium alloy. Also, the depth
of the hardened layer was created under the influence
of the process with a thickness of 600 um, and after
performing the mentioned process, the hardness in-
creased from 85.7 to 130.8 HV, which also improved
the wear [5]. Haghigi et al. studied the effect of shot
peening duration on the microstructure and wear be-
havior of magnesium alloy. They demonstrated that
the surface grain size of AZ31 alloy decreased from
520 A in the raw sample to 160 A in the shot-blasted
sample during 80 min, and due to severe plastic defor-
mation, grain shedding, and microstrains on the sur-
face, the wear resistance increased [6]. Arifvianto et al.
evaluated the effect of SMAT on the surface roughness
of AISI 316L steel. The results showed that the mi-
crohardness of the surface increased after the SMAT
process. They demonstrated that after the SMAT pro-
cess, the surface hardness at a point 0.1 mm deep from
the surface increased from 1.6 to 2.9 GPa [7]. Gallitelli
et al. examined the difference between shot peening
and the SMAT process; the surface roughness in the
SMAT process is lower than shot peening, and the
SMAT process has higher surface quality and hard-
ness. Also, the residual stress created in the SMAT
process is higher [8]. By investigating the effect of in-
creasing the duration of shot peening on the wear re-
sistance of the titanium alloy surface, Takesue et al.

Table 1. Chemical composition of AZ31 alloy (wt.%)

Al Zn Mn Ni Mg

3.01 0.45 0.03 0.05 bal.

showed that increasing the duration of shot peening
caused a 70 % increase in the wear resistance of the
surface, which is due to the nano-crystallization of the
grains and the creation of microstrain on the surface
[9]. Hence, according to these studies in the SMAT
process, the mechanical properties of the surface are
improved due to severe plastic deformation, increasing
the residual stress and creating a nanostructured layer
on the surface. Previous research investigated one or
two effective parameters in shot peening processes. In
this research, to complete the previous studies, using
experimental tests and design of L9 Taguchi array and
signal-to-noise analysis, the effects of all SMAT pro-
cess parameters such as shot diameter, shot number,
working height, and shot peening duration on com-
pressive residual stress, surface hardness, the surface
roughness and wear created on the surface of magne-
sium alloy AZ31 are determined.

2. Materials and methods
2.1. Experimental method

In the present study, samples of AZ31 alloy were
used according to the chemical composition of Table 1.
After cutting, the samples were prepared in the form
of discs with a diameter of 21 mm and a thickness
of 3mm by a gradual mechanical surface treatment
device with a frequency of 50 Hz and shots made of
carbon steel, and the effect of the parameters on the
compressive residual stress and the mechanical prop-
erties of the surface were investigated.

2.2. The main parameters of the SMAT
process

The main parameters of the SMAT process in this
part include shot diameter (A), shot number (B),

Table 2. Variables and their levels used as input data in the Taguchi-base DOE

Factors
Levels
A B C D
Diameter of ball (mm) Number of balls Work height (mm) Time (min)
Level 1 1 4 10 10
Level 2 2 8 15 15
Level 3 3 12 20 20
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Table 3. The L9 (4 factors and 3 levels) mixed level of
Taguchi orthogonal array design
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working height (distance of the part from the vibrat-
ing source) (C), and duration (D). These parameters
were changed in three levels, according to Table 2.

2.3. Optimization of SMAT process
parameters

The tests were performed using the L9 orthogonal
arrangement based on the Taguchi method, and the
test results were analyzed using Minitab software.

2.4. L9 orthogonal arrangement

The L9 orthogonal array is used in the current pa-
per, and the laboratory parameters of this orthogonal
array can be seen in Table 3. Laboratory data can be
seen in Table 4.

2.5. Taguchi method for designing
experiments

In this research, Taguchi test (4 factors with 3 lev-
els) L9 was used. Figure 1 shows the L9 algorithm,
which includes input and output variables. As can be

Fig. 1. Design of experiment based on the Taguchi
method.

seen in Table 4, the test parameters are shown for each
of the 9 Taguchi tests.

In this research, after the SMAT process of mag-
nesium alloy AZ31, the samples have been examined
and studied with the following tests:

(1) Investigation of the structure by X-ray diffrac-
tion analysis and scanning electron microscope.

(2) Examination of the residual stress and the
amount of strains created on the surface by XRD.

(3) Measurement of the hardness of samples by
Vickers hardness tester.

(4) Investigation of wear resistance and wear mech-
anism by wear test.

(5) Measurement of surface roughness.

2.6. Restdual stress measurement

In the next step, XRD ASENWARE model AW-
XDM300 was used with an X-ray wavelength of 1.54 A
and using the standard X-ray diffraction method and
Bragg’s law (Eq. (1)) for studying the structure and
measuring the strain and residual stress created on

Table 4. Experimental layout after assigning the values of the parameters

Inputs Outputs
Specimens Diameter of ball Number of balls Work height Time Compressive residual Hardness Roughness Mass loss
No. A (mm) B C (mm) D (min) stress (MPa) HV (um) (g)
1 1 4 10 10 105 100 1.4 0.0046
2 1 8 15 15 128 114 2.9 0.0034
3 1 12 20 20 152 125 4.2 0.0029
4 2 4 15 20 141 120 3.4 0.0032
5 2 8 20 10 115 105 1.7 0.0045
6 2 12 10 15 134 115 3.1 0.0033
7 3 4 20 15 125 112 2.6 0.0040
8 3 8 10 20 148 124 3.9 0.0030
9 3 12 15 10 122 110 2.3 0.0042
Raw (10) - - - 68 1.1 0.0068
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the surface [10]. X-rays were irradiated to the sur-
face of the samples at a maximum penetration depth
of 20 pm. X-rays have a certain wavelength, and any
change in the distance between the crystal plates (d)
leads to a shift in the angle of reflection (6). Among the
diffraction curves, the appropriate diffraction curve
was selected in terms of the appropriate geometric
shape to check the residual stress. Based on Bragg’s
law, Eq. (1), the distance between crystal plates is
calculated in terms of 6 (X-ray reflection angle), then
by determining the position of the diffraction curve in
each angle ¢ (the angle between the vector perpen-
dicular to the plane and the bisector of the projected
and reflected angle), the graph (dy — do)/do in terms
of sin(1))? was drawn with angles ¢ = —10, —20,-30,
0, 15, 30, 45 for all samples. According to the slope
and intercept of the drawn lines and Eq. (1) [11], the
residual stress on the surface of the magnesium alloy
samples was calculated. The residual stress test was
performed on a peak with an angle of 260 = 104.5°,
then the surface residual strain values were calculated
according to the values of the compressive residual
stress and the modulus of elasticity of the alloy. Also,
the samples were phased using Xpert high score soft-
ware.

E (dy — do)
(1+ ) (sin)® ¢ x do’

(1)

Op —

where o represents the compressive residual stress, F
is the modulus of elasticity, v is the Poisson coefficient,
dp is the distance between crystal plates in angle ¢ =
0, and dy is the distance between crystal plates with
the angle of 1.

2.7. Microstructure analysis

The sample structure was investigated by SEM
(VEGA-TESCAN-XMU). The grain size was calcu-
lated using the Scherrer equation and the X-ray
diffraction pattern. Peak width in the X-ray diffrac-
tion pattern was half of the maximum height (Eq. (2))
[12]:

nA = 2dsin (6) . (2)

Based on this equation, d is the distance between
sequential atomic plates in a crystal network with re-
spect to 6 (the angle of X-ray emission to plates) and
A is the wavelength of X-ray:

0.9A
~ Bcosb’ (3)

where d is the crystal size, A is the X-ray wavelength,
0 is the half of angle in the maximum height (rad),
and [ is the chosen peak width in the half of height
in the diffraction pattern.

2.8. Investigating the sample’s hardness

Hardness values were measured using an Innova
model microhardness tester equipped with a Vickers
indentation tool under a load of 300 grf. The micro-
hardness values for the raw sample and 9 SMAT sam-
ples were calculated every 0.1 mm from the surface to
a depth of 1000 pm (1 mm) on the magnesium alloy
surface to evaluate the effect of SMAT on the micro-
hardness.

2.9. Examining the wear behavior of the
samples

The pin-on-disc method was used to check the wear
behavior of the samples. The pin-on-disc wear test
was performed with a force of 3N and a speed of
0.2ms! at a distance of 500m on the surface. The
wear mechanism of the samples was investigated with
a field emission scanning electron microscope (FE-
SEM, MIRA 3TESCAN-XMU model). Also, the mass
reduction was reported every 100 m on the disc. The
roughness (Ra) of the samples at a distance of 10 mm
on the surface of the AZ31 alloy was measured using
a digital surface roughness model, TIME 3200 (TR-
200).

2.10. Statistical analysis

Taguchi method can be used to determine the op-
timal conditions. This variability can be expressed by
the signal-to-noise ratio (the S/N ratio, denoted by
n). The experimental condition with the maximum
S/N ratio is considered optimal [13]. Experiments
were conducted randomly based on the principles of
Taguchi design. The objective function described in
this research is to maximize residual stress and surface
hardness and roughness. Therefore, the S/ N ratio was
calculated using the “the more, the better” approach.
Equation (4) was used to calculate the S/N ratio [14]:

I~ 1
= —10logy, — —, 4
n 1On;yf (4)

where y; is the value of the i*® response variable (resid-
ual stress, surface hardness, and roughness).

To minimize the reduced mass, the “the less, the
better” approach was used to calculate the S/N ratio
from Eq. (5) [15]:

1 n
= —10log;, — 2 5
" OglOn;ym (5)

where y; is the value of the i*® response variable (re-
duced mass).
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Table 5. Response residual stress signal-to-noise ratios

Level A B C D
1 42.07 41.78 42.12 41.12
2 42.25 42.25 42.29 42.21
3 42.36 42.64 42.26 43.34
Delta 0.29 0.86 0.17 2.22
Rank 3 2 4 1

3. Results and discussion

By implementing the SMAT operation and apply-
ing the Taguchi L9 orthogonal array, it was demon-
strated that the values of compressive residual stress
and surface mechanical characteristics include rough-
ness, hardness, and mass reduction, according to Ta-
ble 4.

3.1. Restdual stress

Residual stress was obtained using X-ray diffrac-
tion at a maximum penetration depth of 20 pm from
the surface on the surface of 9 SMAT samples. The
duration of the process is shown using Taguchi anal-
ysis in Minitab software. According to this figure, by
using Taguchi analysis in Minitab software, the aver-
age values of residual stress in each of the levels of
SMAT factors have been shown so that the difference
in average residual stress for the process duration fac-
tor is more than for other factors, and this shows the
greater impact of the parameter. Residual stress in
the SMAT process is a result of the impact of the shot
on the target surface, severe plastic deformation, and
the creation of a nanostructured surface layer. Increas-
ing the area of this surface increases its strength, and
the optimal surface is obtained, so the signal-to-noise
ratio is used as much as possible in residual stress
analysis. As shown in Table 5, the optimal levels for
residual stress with average and signal-to-noise ratio
(S/N diagram) are shown. The values of optimal lev-
els for residual stress A3B3C2D3 were obtained. The
duration of shot peening and the number of shots are
important coating factors. According to Figs. 2—4 and
Table 5, the duration of the process has the greatest
effect on the residual stress, and when the number of
shots increases, more sequential collisions will occur,
and there will be more coverage in the vicinity of the
surface. The current findings are in good agreement
with the research of Maleki et al., who showed that
in the shot peening process, two factors determine the
amount of shot coverage on the surface and the inten-
sity of shot peening, the quality, and strength of the
surface after shot peening. The coating factor has a
greater effect on the residual stress than the intensity
of shot peening [16].

(a) Main Effects Plot for Means
Data Means
1501 Dameter of ball (mm) | Number of ball Work hesght (mm) Time (mun)
£ 1400
3 W /
= /
"S 130, / /l '_‘,.o——‘-‘
= (/
g 120
>
d
1o
12 s g g T8 2100 152
Main Effects Plot for SN ratios
(b)
Data Means
435 Damae of bal (mm Nurberofbal Work height [mm) Time (ming
’
&  w '
-
[
1= .
Z 425 .
17 ») - . » L] J
e 420 * e
= .
-
(Y] 41.5 |
= .
41.0 iz

1 2 3 4 8 12 10 15 20 10 15 20

Signal-to-noise: Larger is better

Fig. 2. Main effects plot for means (a) and S/N ratios (b)
of compressive residual stress (MPa).
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Fig. 3. Percentages of the influence of effective parameters
on residual stress.
3.2. Examination of grain size and crystallites

The X-ray diffraction patterns for the raw magne-
sium alloy sample and 9 SMAT samples are presented
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Fig. 5. XRD pattern of the raw sample and the samples
after the SMAT process.

in Fig. 5. As it is seen, due to the SMAT operation, the
peaks have been broadened, and the intensity of the
peaks has decreased. This is because of the fineness
of the grains and micro-strains that happened due to
the impact of steel shots on the surface. In Table 6,
the crystal sizes are extracted from the XRD data.
Figure 6 shows the SEM images of the raw sample
and SMAT samples No. 1 and 3. This figure shows
the reduction of grains and deformed layers from the
surface for samples 1 and 3, which have the minimum
and maximum depth of deformation from the surface,
compared to the raw sample. The size of the crystals
in the non-SMAT sample is 139 nm, and in the SMAT
samples, it is 103 and 81 nm for samples 1 and 3, re-
spectively, which does not indicate a decrease in the
size of the crystals compared to the SMAT sample.
According to the above figure, it can be said that the
fineness of the grains and the surface deformation of
the magnesium alloy are due to the severe plastic de-
formation on the surface of the samples during the
SMAT process. The researchers’ results are in very
good agreement with the experimental data. Hiwi et
al. investigated the effect of SMAT operation on mag-
nesium alloy nanostructure layers. They demonstrated

Mater. 62 2024 197-209

deformed
layer

Fig. 6. SEM image for (a) as-received specimen microstruc-

ture SEM images, the effect of SMAT process on surface

microstructures: (a) raw specimen, (b) specimen 1, and (c)
specimen 3.

Table 6. Grain size of samples under SMAT operation

Sample  Crystallite size (nm)  Microstrain x 10*
1 103 11.5
2 85 15.5
3 81 18.3
4 90 14.9
5 89 15.4
6 82 14.9
7 97 14.2
8 84 15.9
9 83 16.3

Raw 139 -

that nanocrystal layers were made on the surface of
AZ91D alloy with a thickness of 10 um and a grain
size of 50 to 100 nm, and the thickness of 40 pm in-
creased from 100 to 400 nm. Also, the hardness of the
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Fig. 7. Main effects plot for means (a) and S/N ratios (b)
of hardness.

surface layers increased significantly after the process.
The XRD results showed that due to the SMAT pro-
cess, the height of the peaks became shorter and wider,
and the diffraction intensity of the peaks was reduced.
This is because of the fineness of grains and micro-
strains, which occurred due to the impact of steel shots
on the surface and led to the improvement of mecha-
nical properties [17].

3.3. Surface hardness

By performing the Vickers hardness test, the hard-
ness of the raw sample was 68 HV. The values of sur-
face hardness and depth of 1000 um for 9 SMAT sam-
ples are shown. According to Fig. 7, in the Minitab
software, the average hardness values of each level of
the SMAT factors are shown, and the range of the av-
erage hardness difference for the factors of shot peen-
ing duration and number of shots is greater than other
factors, which shows the greatest effect of these two
factors on the surface hardness. Concerning the desir-
ability of the surface hardness and strength, the signal-
to-noise analysis was used. As shown in Table 7, the

Table 7. Response hardness signal-to-noise ratios

Level A B C D
1 41.03 40.86 41.03 40.42
2 41.07 41.14 41.18 41.11
3 41.23 41.33 41.12 41.80
Delta 0.20 0.47 0.15 1.38
Rank 3 2 4 1
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Fig. 8. Percentages of the influence of effective parameters
on hardness.
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Fig. 9. Variation of hardness with effective parameters.

optimal surface values for A3B3C2D3 hardness were
obtained. As it is known, shot peening time has the
greatest effect on surface hardness, and the number of
shots, shot diameter, and working height are in pri-
orities 2, 3, and 4, respectively. Based on Fig. 8, the
effect of each of the parameters of shot peening dura-
tion, shot number, shot diameter, and working height
on surface hardness is 63, 21, 9, and 7 %, respectively.

Figure 9 shows the effect of different factors on
compressive residual stress by calculating the average
hardness of each factor for a specific surface. It is clear
that the duration of shot peening has the greatest ef-
fect on the hardness value. The duration of shot peen-
ing and the number of shots are two important coating
factors. Based on Figs. 7-9 and Table 5, the time and
number of shots have the greatest effect on surface
hardness. The current findings are in good agreement
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Fig. 10. Hardness of the raw sample and the samples after
the SMAT process.

with Maleki et al.’s research, which investigated the ef-
fect of coating parameters and shot peening intensity
on the grain size, residual stress, and surface hardness
of AISI1016 alloy on the process of severe shot peening
and conventional shot peening using Taguchi’s L18.
They reported that the impact of the shot peening
parameter on grain size, residual stress, and surface
hardness is greater than the shot peening intensity
parameter [18].

Figure 10 shows the hardness values of the raw
sample and 9 SMAT samples to a depth of 1000 wm
from the magnesium alloy surface. The depth of the
hardened area after the SMAT process was 200, 300,
and 800 um in different samples, respectively, and af-
ter this depth, the hardness of the lower layers de-
creases and reaches a constant amount, which equals
the hardness of the surface without SMAT, which is
consistent with the depth of the deformed layer (grain
refinement) from the surface in Fig. 6. The hardness
values of samples 1 and 3 increased by 47 and 83 %,
respectively, compared to the raw sample, which is due
to the creation of residual stress and strain, crushing
and compression of grains on the magnesium alloy sur-
face layer. The findings were in good agreement with
the results of Zhou et al., who investigated the effect
of ultrasonic shot peening duration on increasing the
hardness of the titanium surface. The hardness of the
surface increased by 75 % compared to the raw sample
[19].

3.4. Surface roughness

According to Fig. 11, the average roughness val-
ues in each of the levels of the SMAT process fac-
tors are shown in the Minitab software, and the dif-
ference range of the average roughness for the factors
of process duration and number of shots is greater
than other factors, which demonstrates the greater ef-
fect of these two parameters on roughness. This is be-
cause of the mechanical hardening during the SMAT
process using steel shots that randomly hit the sur-
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Fig. 12. Percentages of the influence of effective parameters
on roughness.

face, and with the fineness of the grains on the sur-
face, creating residual stress and increasing the surface
strength, roughness will increase. Although an exces-
sive increase in roughness is not desirable, an increase
in roughness is required for coating processes in the
industry and creating a desirable final surface. It can
also be used on implants in medical applications by
creating a controlled interconnected porous structure
to increase the biological interaction with the tissue or
bone environment. Hence, the higher signal-to-noise
ratio was used.
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Table 8. Response roughness signal-to-noise ratios

Level A B C D
1 8.212 7.284 8.190 4.922
2 8.355 8.559 9.037 9.125
3 9.118 9.842 8.458 11.639
Delta 0.906 2. 558 0.847 6.717
Rank 3 2 4 1

Optimum stress levels for roughness are shown
with mean and S/N ratio. The values of the opti-
mal surface roughness A3B3C2D3 were obtained. Ac-
cording to Fig. 12, the effect of each process duration
parameter, shot number, shot diameter, and working
height on the surface roughness is shown, which is 8,
6, 22, and 64 %, respectively. In Fig. 13, the effect
of different factors on the surface roughness is ob-
tained by calculating the average roughness of each
factor for a specific surface. The amount of participa-
tion and effectiveness of roughness for each factor is
shown by calculating the maximum difference between
the three levels of each factor for a desired result. As it
is known, the roughness values are higher in the sam-
ples with the duration of the operation. This indicates
the greater impact of the process duration than other
surface roughness parameters. According to Figs. 11—
13 and Table 8, the time and number of shots have the
greatest effect on surface roughness. The results of this
research are consistent with those obtained by Kumar
et al., who studied the effect of time and pressure pa-
rameters on the surface roughness in titanium alloy by
designing the Taguchi L16 orthogonal array test. Re-
searchers showed that the effect of surface mechanical
attrition treatment time as an important factor in the
amount of coating on the surface is greater than other
parameters on surface roughness [20].

Figure 14 shows the SEM images of the raw sam-
ple and the SMAT-treated samples 1 and 3 of magne-
sium alloys, with the minimum and maximum surface
roughness values. By performing the SMAT operation

Fig. 14. SEM images, surface roughness for the raw and
SMAT specimens: (a) raw specimen, (b) specimen 1, and
(c) specimen 3.

due to the continuous impact of the shots on the sur-
face and creating depressions and bumps on the sur-
face of magnesium alloy, surface roughness increases.

According to Table 4, the surface roughness in-
creased from 1.1 pm in the raw sample to 1.4 and
4.2 um. The current findings are in good agreement
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Table 9. Response mass loss signal-to-noise ratios

Level A B C D
1 48.96 48.20 48.99 47.07
2 48.82 48.92 48.93 48.99
3 48.65 49.31 48.55 50.37
Delta 0.31 1.11 0.38 3.30
Rank 4 2 3 1
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Fig. 15. Main effects plot for means (a) and S/N ratios
(b) of mass loss (g).

with the results of Kumar et al., who examined the
effect of shot peening pressure and time parameters
on titanium alloy surface roughness using the L16
Taguchi array and signal-to-noise analysis. They re-
ported that the effect of shot peening time on surface
roughness is greater than that of other parameters
[20].

3.5. Wear behavior of samples

Figure 15 in Minitab software shows the average
values of mass reduction in each SMAT process factor
level. It can be seen that the range of difference in the
average mass reduction for factors of process duration
and number of shots is greater than other factors, and
the effect of these two parameters is higher on mass

® Time
= Number of balls
Diameter of ball

# Work height

Fig. 16. Percentages of the influence of effective parameters
on mass loss.
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Fig. 17. Variation of mass loss with effective parameters.

reduction. In the SMAT process, it is desirable to de-
crease the samples’ mass and increase wear resistance.
Therefore, the signal-to-noise ratio was used as low as
possible. According to Table 9, the duration of the
operation has the greatest effect on mass reduction.
The optimal levels of mass reduction are indicated by
the mean and S/N ratio. The values of optimal levels
were obtained for reducing the mass of A3B1C3D1.
Figure 16 shows the effect of each parameter for
shot number, impact time, working height, and shot
diameter on mass reduction, which was 61, 23, 8, and
8 %, respectively. The mass reduction values of each
sample in Fig. 17 demonstrate the effect of different
factors on mass reduction, which is determined by cal-
culating the average reduced mass related to each fac-
tor for a specific surface. The reduced mass effect of
each factor is seen. Since the mass reduction values of
samples with operation time are lower than those of
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Fig. 18. Variation of mass loss with distance covered on
the surface for raw and SMAT processed specimens.

other samples, the wear resistance is higher. This indi-
cates that operation time affects mass reduction more
than other factors. The findings have shown that the
mass reduction values of the samples with a time of
20 min are more than those of other samples, indi-
cating the greater effect of the processing time than
other parameters on the surface roughness. The oper-
ation time and the number of shots are two key factors
in the coating that increase the wear. The amount of
mass reduction from the surface after SMAT opera-
tion is shown. According to Figs. 15-17 and Table 9,
the time and number of shots had the greatest impact
on mass reduction. The present findings are consistent
with the study performed by Takesue et al., who stud-
ied the effect of the shot peening process on the wear
resistance of titanium alloy surface [9].

After the SMAT operation and the pin-on-disc test
on the raw and SMAT samples over a distance of
500 m on the magnesium alloy surface, the mass val-
ues reduced from the surface are shown in Fig. 18.
As it is known, with increasing the area on the sur-
face, the amount of mass reduction in the samples in-
creases. Also, samples 1 and 3 have the minimum and
maximum mass reduction, indicating a 32 and 57 %
increase in wear resistance compared to the raw sam-
ple.

3.6. Wear mechanism

Figure 19 shows the wear mechanism of samples
1 and 3, which have minimum and maximum surface
hardness. Adhesive and abrasive mechanisms can be
seen on the surface of these samples. In addition, the
adhesive wear was reduced by increasing the surface
hardness in the SMAT process. Sample 3 has the low-
est adhesive wear due to the greater hardness and
depth in the deformed layer (granulation) compared
to the magnesium alloy surface. In multi-layered or
dispersed samples, adhesive wear is obvious. To in-
vestigate the wear mechanism further, the surfaces of
the samples in two adhesive and non-adhesive areas

Multi-layer adhesive patches

Fig. 19. SEM images of the wear surface in the SMAT
sample: (a) sample 1, (b) sample 3.

(points B and A) were examined using an EDS analy-
sis. As can be seen from Fig. 20, the amount of oxygen
in the adhesive area is higher than in the non-adherent
area (Fig. 20a in comparison with Fig. 20b). In the
area with more hardness (sample 3), the adhesive wear
is weaker, and in the area with lower hardness (sam-
ple 1), the adhesive wear is more. Hence, the chemical
oxidation or turbo wear mechanism is also seen in the
adhesive area due to more friction.

4. Conclusions

The SMAT process is a method to improve the
mechanical surface properties due to severe plastic de-
formation, nanostructure, compressive residual stress,
micro-strains, and fine grain on the surface. In this
study, the effect of all parameters was investigated in
the SMAT process on the compressive residual stress,
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Fig. 20. Surfaces wear and EDS analysis SMAT processed
specimen 3: (a) wear surface, (b) and (c) EDS analysis at
points A and B.

hardness, wear resistance, and surface roughness of
AZ31 alloy. Experimental tests, Taguchi L9 array test
design, and signal-to-noise analysis were used for this
purpose.

1. Among the effective parameters in the SMAT
process, operation time was a key factor and affected
the compressive residual stress, hardness, roughness,
and wear resistance of magnesium alloy surface by 63,
63, 63, and 61 %, respectively.

2. The hardness of samples 1 and 3 (with minimum
and maximum hardness) increased by 35 and 46 %,
respectively, compared to the raw sample, which is
due to severe plastic deformation, creation of nanos-
tructures on the surface, compressive residual stress,
microstrains, and grain crushing on the surface.

3. After the SMAT operation, the wear resis-
tance of the SMAT samples 1 and 3 (with maximum
and minimum mass reduction) increased by 32 and
57 %, respectively, compared to the raw sample.

4. The surface roughness of the SMAT samples in-
creased compared to the raw sample due to the con-
tinuous impact of the shots and their random impact
on the magnesium alloy surface.

5. Optimum levels for residual stress, hardness,
roughness, and reduced mass are shown with av-
erage and signal-to-noise ratios (S/N graph). The
values of optimal levels were obtained for residual
stress A3B3C2D3, hardness A3B3C2D3, roughness
A3B3C2D3, and wear behavior A3B1C3D1.
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