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Abstract: Shot peening (SP) process is a typical surface
strengthening process for metal and metal matrix com-
posites, which can significantly improve the fatigue life
and strength. The traditional SP simulation model falls
short as it only takes into account one or a few shots,
proving insufficient for accurately simulating the entire
impact process involving hundreds of shots. In this study,
a random multiple shots simulation modeling metho-
dology with hundreds of random shots is proposed to
simulate the impact process of SP. In order to reduce the
simulation error, the random function Rand of MATLAB is
used to generate the shot distributions many times, and
the shot distribution closest to the average number is
selected and the three-dimension parametric explicit
dynamics numerical simulation model is built using
ABAQUS software. Orthogonal experiments are carried
out to investigate the influences of shot diameter, inci-
dent impact velocity, and angle on the residual stress
distribution, roughness, and specimen deformation. Results
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showed that the average relative errors of maximum resi-
dual compressive stress, roughness, and deformation of
specimen between simulation model and experimental
value are 30.99, 16.14, and 16.73%, respectively. The
primary factors affecting residual stress and deforma-
tion is shot diameter, and the main factor affecting
roughness is impact velocity.

Keywords: shot peening, random multiple, residual stress,
roughness, deformation

1 Introduction

The mechanical strength, dimensional accuracy, and fatigue
life of the material largely depend on the internal stress state
of the material [1,2]. For most materials, the ability to bear
compressive stress is stronger, and the ability to bear tensile
stress is weaker [3]. Compressive stress often has a positive
effect on the structural strength, while tensile stress has
a negative effect [4]. Therefore, the stress state of materials
has been widely concerned by scholars, among which the
stress—strain constitutive relationship and the effect of stress
state on the mechanical properties and microstructure are
the main concerns [5].

Sun et al. [6] found that the size and the number of
self-formed Ag particles on the Ag—Mo (Zr) alloy film are
closely related to the different thermal stress evolution
behaviors of the alloy films on different substrates during
annealing. Ni et al. [7] compared two series of gradient
nanostructured nickel with symmetric structures and the
homogeneous counterparts with three levels of grain size
based on macro-statistical data to investigate the effect of
stress states on the deformation behavior. Li et al. [8]
summarized the various particle reinforced composite
and stress buffer metal interlayer added composite for
brazing C/C composite. Zhao and Gu [9] used 3D optical
measuring digital image correlation (DIC) to systemati-
cally measure the full strain field and actual flow stress in
the necking region of ultrafine-grained aluminum alloy.
Gao et al. [10] used four typical particle modeling methods
to establish a geometric model, and found that the micro
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stress distribution of matrix and particles conforms to the
normal distribution law, while the interface stress does not
conform to the normal distribution law.

The interfacial shear strength of the carbon nano-
tube-polyimide nanocomposites was calculated using mole-
cular dynamics simulations by Jiang et al. [11], and the
results showed that increasing the number of walls is a
critical factor for enhancing the interfacial stress transfer
during tension. Wang et al. [12] established a model of cell
density vs stress through a specific normalization method for
3D culturing of MC3T3-E1 cells, and analyzed the detailed
influence of stress on cell proliferation.

Zhang et al. [13] believed that the stress response was
found to be different in the regions with different grain
sizes of gradient nano-grained copper, and it was attrib-
uted to different dislocation activities due to the disloca-
tion—grain boundary synergies. Akbar and Mehmood [14]
summarized that a long-term exposure of DC composite
insulators to various outdoor environmental and elec-
trical stresses cause aging of these insulators.

Shot peening (SP) is a mature surface strengthening
technology, which can evidently improve the surface
strength by inducing residual compressive stress in the
surface [15,16]. SP strength is usually calibrated by the
bending distortion of Almen test specimen. The larger
the bending distortion of test specimen is, the greater the
stress generated by SP is [17]. Therefore, in principle, the
residual stress induced by SP will also cause a certain
amount of deformation of the specimen [18]. The influence
of SP process parameters on the surface residual stress layer
and fatigue life of parts is the main problem in the relative
field, and the control of the SP deformation is also a concern
[19]. The modified and improved processes, such as laser
shot peening (LSP) and ultrasonic impact peening, are also
widely focused by researchers.

Mahmoudi et al. [20] established numerical model to
study the redistribution of residual stresses induced by
SP. An analytical approach is proposed by Sherafatnia
et al. [21] to determine the residual stresses induced by
SP with considering conditions of previous treatments.
Marini et al. [22] proposed a synergistic approach based
on discrete element method and finite element method
(FEM) to simulate SP process. Ghasemi et al. [23] pro-
posed a novel FE-based model to predict the effect of
coverage on the surface state, and the effects of Rayleigh
damping, mesh size, and target dimensions on residual
stress profile were investigated. Atig et al. [24] used a
probabilistic methodology to evaluate the residual stress
and Almen intensity in the SP process.

Tan et al. [25] demonstrated the compressive residual
stress profile induced by milling process using an expo-
nential decay function, and they proposed a sinusoidal
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decay function to demonstrate the residual stress gener-
ated by SP. Zhu et al. [26] found that the depth of the
projectile indentation increased and the surface roughness
became larger with increasing SP intensity by treating the
1.5 wt% CNT/6061 composite with five different intensities.
The compressive residual stress field was introduced after
SP. Chen et al. [27] showed that multiple SP is effective in
generating deep layer of high compressive residual stress
with moderate work hardening. The maximum compres-
sive residual stress reaches —1070.5 and —-910.5 MPa after
triple SP. Trsko et al. [28] observed an unexpected signifi-
cant fatigue strength improvement in the ultra-high cycle
region after SSP surface treatment. Vazquez et al. [29] pre-
sented that SP can improve the fretting fatigue life of Al
7075-T651 by generating compressive residual stresses. Wu
et al. [30] investigated the residual stress distribution of
SiCp/2024A1 under the influence of SP radius, speed, and
angle.

Bagherifard et al. [31] concluded that severe SP has
better fatigue strength improvement than conventional
SP, but the surface roughness is also high because of
the energy impacts. Bagherifard et al. [32] also demon-
strated that severe SP induced near the surface grain
refinement to nano and sub-micron range transformed
the austenite phase into strain-induced o’-martensite in
a layered deformation band structure. Hassani-Gangaraj
et al. [33] used air blast SP over a wide range of coverage,
including conventional to severe SP, to generate nanos-
tructured surface layers on high strength low alloy steel.
Almangour and Yang [34] induced grain refinements
through an SP process generating severe plastic deforma-
tion at the outer surface to increase the mechanical prop-
erties of 3D print 17-4 stainless steel.

Moreover, Sun et al. [35] presented that residual
stresses are changed from tensile to compressive state
after LSP treatment, and yield strength was remarkably
increased by 72%. Sorsa et al. [36] found that when SP
intensity is over 0.5 mmA, the intensity dominates the SP
coverage density parameter. Gujba and Medraj et al. [37]
found that the depth of the compressive residual stress
layer induced by LSP is 4-5 times as that induced by
conventional SP, but SP is more effective to the coatings
than LSP.

Although many studies have been conducted to inves-
tigate the SP process, existing calculation models cannot
practically present the randomness and coverage of shots,
which will greatly limit the calculation accuracy of the
prediction model. In this study, a random multiple shots
simulation modeling methodology with random hundreds
of shots is proposed to simulate the impact process of SP,
and corresponding experiments are conducted to verify
the accuracy of the proposed model. Finally, the effects
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of SP speed, incidence angle, and shot diameter on the
residual stress, roughness, and deformation are investi-
gated based on the experiment and simulation results.

2 Modeling, simulation, and
experiments

2.1 Orthogonal design of process
parameters

SP is a highly random, discrete, and nonlinear process.
The residual compressive stress of the surface induced by
SP can effectively restrain the nucleation and propaga-
tion of fatigue cracks. However, the resulting increase in
surface roughness and deformation has negative effects on
the fatigue life and the dimensional stability. Therefore,
residual compressive stress, roughness, and deformation
should be taken as the evaluation indexes at the same time.

In order to investigate the influences of SP para-
meters on residual stress, roughness, and deformation
of Ti-6Al1-4V, SP process parameters, including shot dia-
meter, impact velocity, and impact angle (Table 1), are
determined by orthogonal table, and the range analysis is
conducted to find the optimum combination of SP pro-
cess parameters. As shown in Table 2, three factors are all
three levels, which cover the common process para-
meters, of which the shot diameter is 0.2, 0.3, and
0.5 mm, the impact angle is 90°, 60°, and 30°, and the

impact velocity is 60, 80, and 100 m-s .

2.2 Modeling and simulation

Table 3 presents the chemical composition of Ti—-6A1-4V,
and Table 4 presents the basic material parameters of
Ti—-6Al1-4V and cast steel shot. The material generates
elastic-plastic deformation during SP, and its yield limit
will change at different strain rates. The constitutive
equation is determined to establish a more accurate finite
element model. Johnson—Cook (J-C) constitutive equation

Table 1: Factors and factor levels

Level Factor
A - shot B - impact C - impact
diameter (mm) velocity (m-s™) angle (°)
1 0.2 60 90
0.3 80 60
3 0.5 100 30
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Table 2: SP orthogonal table

Case Shot Impact Impact
diameter (mm) velocity (m-s™) angle (°)
1 0.2 60 90
2 0.2 80 60
3 0.2 100 30
4 0.3 60 60
5 0.3 80 30
6 0.3 100 90
7 0.5 60 30
8 0.5 80 90
9 0.5 100 60

taking into account the effects of strain hardening, strain
rate hardening, and thermal softening comprehensively is
used in this study. J-C constitutive equation of Ti-6Al-4V
used in this study is expressed as follows [38]:

op=[A + Bel][1 + Clné1 - T*", 6]

where o; is von Mises flow stress, €5 is the equivalent
plastic strain, £* is the dimensionless equivalent plastic
strain rate, T is the uniform temperature, and A, B, n, C are
undetermined parameters related to materials, £* = £/€, &g is
the reference strain rate, T* = (T - T)/(T, — T), T; is the
reference temperature, and T, is the melting point of the mate-
rial. The parameters of the model are shown in Table 5 [39].

In SP process, the position of the shot is random on the
shot path. The randomly distributed shot at high speed
constitutes the flow of shot, which evidently affects the
surface quality. Therefore, a random multiple impingement
SP model is proposed in this study. The coordinate points
of the ball center in the space above the target are gener-
ated by using the random function “Rand” of MATLAB. The
impact area of the shot is within 2.5 times of the diameter of
the shot centered on the target. To ensure that no overlap
occurs at any two shots in space, the distance between the
coordinate points of the spherical center of all generated
shots is judged to determine whether the distance is larger
than the diameter of the shots.

SP coverage ratio is the ratio of the shot crater area to
the surface area of the specimen. Since it is difficult to
achieve 100% coverage in practice, it is considered as full
coverage when the coverage rate exceeds 98%. In simu-
lation model, the coverage ratio corresponds to the shot
number in a certain area, and it increases with the shot
number. In addition, the coverage is related to the crater
area of the shot, so it is necessary to calculate the crater
area of a single shot before calculating the coverage ratio.
The crater projection of a single shot is approximately a
circle and the crater area can be obtained according to
the crater diameter. The displacement of target impact
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Table 3: Chemical composition of Ti-6Al-4V

Element composition Al \' Fe 0 C N H Ti
Percentage 5.5-6.75 3.5-4.5 <0.3 <0.2 <0.08 <0.05 0.015 Balance

Table 4: Basic material parameters of target and shot

Material parameters Ti-6Al-4V Cast steel
Density (t:mm~) 4.42 x107° 7.80 x 107
Modulus of elasticity (GPa) 110 200

Elastic Poisson’s ratio 0.342 0.3

Yield strength (GPa) 1.100 -

Tensile strength (GPa) 1.170 -

Table 5: J]-C constitutive equation parameters of Ti-6Al-4V

A (MPa) B (MPa) n m T,K T (K c &

1,098 1,092 093 11 1,878 298 0.014 1

area along the depth direction can be obtained using
single impingement SP model under different process
parameters. Then, the crater displacement curves of shot
are extracted, and the two-point distance with zero displa-
cement along the depth direction is taken as the crater
diameter (Figure 1).

After obtaining the crater diameter impacted by single
shot, the impact area of shot is divided into 100 parts in X
direction and Y direction to obtain the coverage ratio, and
each direction contains 101 nodes, generating 101 x 101
nodes in total. Spherical center coordinate of each shot
is generated randomly in the impact area, and the distance
from each node to all shot centers is calculated. If the
distance from one node to all shot centers is greater than

the crater radius, the node is in the unshot-peened area
[40]. The node number in the shot-peened area is defined
as M, then the coverage ratio C is as follows:

M

= ——  x 100%. 2
101 x 101 o @

If C is less than 98%, increase in the shot number is
greater than or equal to 98%. At this time, the shot num-
bers and the spatial coordinates are recorded (Figure 2),
wheremin(D,;_j) is the minimum distance between the
i-th shot center and j-th shot center, Rgo is the shot
radius, min(D,x-;) is the minimum distance between
the k-th node and the shot center of all i shots.

Moreover, the shot coordinates in the simulation
model are randomly generated, so the single calculation
result of coverage ratio has certain randomness with the
same parameter. That is, under the same parameters, the
shot number obtained by two calculations is not neces-
sarily the same, and the big difference of the shot number
will greatly affect the accuracy of simulation results.
In fact, the number of shots is very large. In order to
reduce the random error of simulation results, the shot
number in the area with 2.5 times shot diameter is
counted, and random coordinates satisfying 98% cov-
erage ratio are generated for dozens of times. Then, the
shot coordinates closest to the average number are selected
for FE modeling.

Taking Case 9 as an example, in the area of 2.5 times
the shot sectional area (1.25mm x 1.25mm), the shot
number distribution is shown in Figure 3, and the

Length /mm

iameter of crater

Figure 1: Diameter of crater.

Length /mm
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Divide the X and Y directions of the
target into 100 parts respectively

rN =101*101 nodes are generated

Generate the spherical center
coordinates of the 1-st shot

| shot counter: 7 =2 |

Generate the spherical center
coordinates of the i-th shot

7nin(D1’i_J’) Z R.«hnl .
J=120mi-1

v

The number of nodes in shot peening
indentation : M= 0,
and the node counter: k=0

4
Take the &-th node |

[k=k+1]
N_
Y

| M=M+1 |
Y
N

—I Shot counter: i =i+ 1 I<

Figure 2: The flow chart of the coverage calculation.

average value of shot number satisfying 98% coverage
is 193.57, and the other cases are shown in Figure Al
in the appendix. Each case in Table 2 has been calculated
for 2,000 times, respectively, and the average number
of each case is shown in Figure 4. It shows that the
average number of shots required in the studied area
increases with the diameter ratio of shot crater. The
shot numbers required to satisfy 98% coverage and the
diameter ratios of shot crater obtained under different
process plans are linearly fitted by least square method
(Eq. 3)).

N=273 21 3135, 3)
D,

where N is the number of shots, D; is the diameter of the
shot, and D, is the crater diameter.

However, even if the shot numbers are the same, the
calculation results also have some randomness due to the
different shot coordinates. That is, the results of two
simulations are different under the same parameters. In

order to further reduce the random error of simulation
results, four groups of shot coordinates closest to the
average number are applied for modeling.

Average number of shot.

N w -
> = =

o
>

Number of occurrences

200
Number of shot

250 300

Figure 3: 2,000 times calculation of shot number distribution in
Case 9 (0.5mm/100 m-s7'/60°).
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The residual stress and node coordinates of target in
unconstrained and stable state after SP are extracted in
simulation model to investigate the influence of SP process
parameters on the surface residual stress and roughness.
Then, the reference plane is fitted by node coordinates to
calculate the roughness-related parameters.

In addition, the specimens are designed to investi-
gate the influence of SP process parameters on deforma-
tion. Figure 5 shows the shape, size, and tolerance of
specimen and specify that the long side is in the X direc-
tion and the short side is in the Y direction. Because the
specimens are symmetrical structure, 1/4 of the geometric
model and symmetrical constraints are used for mod-
eling. The residual stresses in the X and Y directions after
SP are obtained according to the FE model.

2.3 Experiments

Nine specimens, numbered Case 1-9, are machined accord-
ing to Figure 5. The specimen is de-stress annealed after
machining to eliminate the influence of residual stress caused
by machining induced residual stress. The heat treatment
process are as follows: heating slowly from room temperature
to 600°C, holding for 2 h, cooling with the furnace, and con-
ducting SP according to 1-9 process parameters in Table 2.

In experiments, the conversion relationship between
the shot velocity Vzand shot pressure B, shot flow rate m
and shot diameter D; is determined as follows [40]:

16.35P,
1.53m + R

29.5E,
0.598D; + B,

Vs = 1.55( + 4.83PS). (4)

500

400

of shot

5300

umber

00 [

N
[ )

Shot size/Crater size

100

Figure 4: Average number of shots and the diameter ratio of shot to
crater for 2,000 times calculation.
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Shot peened surface

Unit: mm

Figure 5: Shape, size, and tolerance of the specimen.

The SP experiment equipment used is the TC170S69F
rotary frequency conversion shot peening machine pro-
duced by Beijing Yiyang Yingzhen Testing Technology
Co. SP parameters in the experiments are shown in
Table A1, and the pressure fluctuation of the equipment
is 0.2 bar.

The diameter of the spray gun muzzle is about 36 mm. As
shown in Figure A2, the two sides in the length direction of
specimens are fixed with clamps during SP, and the gun
moves along the length direction along the specimen surface.
The shot with diameters of 0.2, 0.3, and 0.5 mm used in the
experiment are S70, S110, and S170 (ISO11124-3), respectively.

The residual stress in length and width directions on the
center point of shot-peened surface is measured using Prism
Electronic Speckle Interference Bore Residual Stress Meter from
Stresstech Group (Figure A3a), Finland. The measurements are
token at intervals of 0.025 mm and the deepest point.

Surface roughness is measured by CCI-MP-HS non-
contact white light interference profilometer (Figure A3b)
manufactured by Amertec. The specimen can be moved
through the base to measure different positions, and the
regional roughness results of specimen surface can be
obtained. 3D surface profiles at three points of each spe-
cimen are measured, and the positions of the measuring
points are shown in Figure 6.

After stress relief annealing, the specimen is placed
on a machine tool workbench with a pressure gauge
and a digital display meter (Figure A3c). The distance
between the pressure gauge probe and the workbench
can be read by the digital display meter with an accuracy
of 0.001 mm.

3 Results and discussion

3.1 Residual stress

The residual stresses in X (length) and Y (width) direc-
tions of the specimens in unconstrained state after SP are
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extracted from four groups of simulation models under
each process parameter, and the average stresses of the
four groups of models under the same process parameters
are obtained. Then, the obtained data are cubic spline
interpolated.

Figure 7 shows the simulation and experiment results
of residual stress in X and Y directions. It shows that the
trend and magnitude of simulation results are consistent
with that of the experiment results. Residual stress pre-
sents obvious “hook” distribution. Compressive residual
stress increases with the depth and reaches the maximum
value at a certain depth, then decreases with the depth
and finally converts into tensile stress.

Compressive residual stresses can offset the tensile
stresses caused by partial working loads, which are gen-
erally considered to be the main reason for increasing the
fatigue life of materials. In addition, the consistency of
the measured residual stresses is not as good as that
of the simulation results due to the systematic error of
equipment and random error.

Table A2 shows the maximum compressive residual
stress of Cases 1-9 obtained by simulations and experi-
ments. It shows that the simulated maximum compres-
sive residual stress is around —800 MPa. Simulation results
have some errors compared with the experimental data.
The average relative error of the maximum compressive
residual stress is 30.99%. The simulated residual compres-
sive stress is larger than that in the experiment, because
the shot is set as a rigid body in the simulation to improve
the calculation efficiency, which results in the deeper
impact depth of the shot.

A simulation modeling methodology for shot peening process

—_7

The average of residual stresses in X and Y directions
at the same depth of 9 specimens are obtained based on
the experimental results, and cubic spline interpolated
interpolations are performed to obtain the average resi-
dual stress in X and Y directions at every 0.001 mm
depths. Because the units of acquired target data values
are not uniform, it is very difficult to directly superimpose
the four index data to evaluate the SP effect achieved
by each set of parameters. Thus, in order to evaluate
effectively, comprehensive scoring method is adopted
as follows:

Individual score

_ Individual index value X 100, 5)
Maximum value of Individual index
Comprehensive score
= bl x Individual score 1
+ b2 x Individual score 2 (6)

+ b3 x Individual score 3
+ b4 x Individual score 4,

where Individual scores 1, 2, 3, and 4 refer to the depth of
residual compressive stress layer, surface residual compres-
sive stress value, maximum residual stress value depth, and
maximum residual compressive stress value, respectively.
b1, b2, b3, and b4, respectively, refer to the weight of the
four individual scores in the comprehensive score.

The weighting coefficient of each individual score
is given according to the importance of target in SP
effect, and weighted sum is made to convert multi-objec-
tive evaluation index into comprehensive single-objective

(a) / Shot peened surface (b)
\\ Shot peened surface
80 80
P1 76 P11 P16
A
P2 p7 P12 FI7 =
=
PI T tP2 TIP3 3 P3 P8 [I1[P0 T PI3 PI8 | &
o
Y P4 P9 P14 P19
P5 P10 P15 P20
16 | 16 24 24
X Unit: mm

Figure 6: Experimental test point. (a) Roughness test point and (b) deformation test point.
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Figure 7: The comparison of the residual stress between the simulation and the experimental data. (a) Case 1 (0.2 mm/60 m-s~*/90°). (b)
Case 2 (0.2 mm/80 m-s72/60°). (c) Case 3 (0.2 mm/100 m-s*/30°). (d) Case 4 (0.3 mm/60 m-s~*/60°). (e) Case 5 (0.3 mm/80 m-s*/30°). (f)
Case 6 (0.3 mm/100 m-s~!/90°). (g) Case 7 (0.5 mm/60 m-s~*/30°). (h) Case 8 (0.5 mm/80 m-s~1/90°). (i) Case 9 (0.5 mm/100 m-s~*/60°).
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Figure 7: (Continued)

evaluation index. The weights for the four individual scores
are all 25%, and the comprehensive score of residual stress
test results for each parameter is shown in Table 6.
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In order to get the relationship between each process
parameter and comprehensive index and obtain the best

combination of parameters of comprehensive index, the

Table 6: Comprehensive score of residual stress test results

Case Depth of residual Surface residual Maximum residual Depth of maximum Comprehensive
compressive stress (MPa) compressive stress (MPa) residual compressive score
stress (mm) stress (mm)
1 0.111 + 0.001 -780.58 + 282.25 —780.58 + 244.63 0.025 + 0.021 66.45
2 0.131 + 0.004 -105.82 + 42.68 -601.43 + 92.31 0.049 + 0.009 46.54
3 0.128 + 0.014 —325.77 + 74.63 -408.44 + 39.04 0.042 + 0.001 45.50
4 0.145 + 0.001 -331.59 + 29.12 -607.42 + 48.43 0.052 + 0.000 56.00
5 0.161 + 0.001 -512.98 + 394.54 -633.13 + 102.25 0.070 + 0.003 68.30
6 0.218 + 0.009 -559.52 + 139.33 -660.42 + 95.23 0.043 + 0.100 69.98
7 0.155 + 0.006 -629.86 + 206.28 -629.86 + 146.75 0.025 + 0.058 61.04
8 0.259 + 0.006 —142.15 + 84.64 -628.37 + 10.48 0.109 + 0.010 74.68
9 0.246 + 0.010 -468.03 + 186.72 -664.99 + 17.74 0.095 + 0.010 81.82
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Table 7: Result of range analysis by residual stress comprehensive scoring

B - impact velocity C - impact angle

Factor A - shot diameter
Average of level 1 52.83 + 11.81
Average of level 2 64.76 + 7.63
Average of level 3 72.51 + 10.56
Range 19.68

Factor primary — secondary ACB

Optimal plan

61.16 + 5.23 70.37 £ 4.13
63.17 + 14.76 61.45 + 18.27
65.77 + 18.52 58.28 + 11.65

4.61 12.09
A3B3C1

extreme difference of each factor are obtained using range
analysis method (Table 7).

From Table 7, it can be seen that the extreme differ-
ence of factor A is the largest, and is much larger than the
other two factors, which indicates that the level of factor
A has the greatest influence on the experimental results
and it is the most important factor affecting the stress
hardening effect of SP. The order of each factor from
primary to secondary is: A (shot diameter), C (impact
angle), and B (impact velocity). The best process combi-
nation for stress strengthening is A;BsC;. That is, shot
diameter is 0.5 mm, shot speed is 100 m-s~*, and impact
angle is 90°.

When the weights of the depth of residual compres-
sive stress layer, surface residual compressive stress value,
maximum residual stress value, and maximum residual
compressive stress value are 17, 33, 17, and 33%, respec-
tively [41], the range of factor A is 14.48, factor Bis 6.40, and
factor C is 11.34. And the same conclusion can be got as
above: the most important factor affecting the stress hard-
ening effect of SP is factor A (shot diameter), followed by
factor C (impact angle), and finally B (impact velocity).

In addition, the influence of ceramic shots on the stress
strengthening effect of Ti-6Al-4V is studied through the
simulation model. The density of ceramic shots is 3.85 x
10~° tmm >, Young’s modulus of elasticity is 350 GPa, and
elastic Poisson’s ratio is 0.26 [42]. In order to compare the
calculation results of ceramic shots and cast steel shots, the
process parameters corresponding to Cases 4-6 of cast steel
shots are selected, that is, Case 4-ceramic (0.3 mm/60 m-s~!/
60°), Case 5-ceramic (0.3 mm/80 m-s~'/30°), and Case 6-
ceramic (0.3 mm/100 m-s~%/90°). As mentioned above, the
crater diameter of a single shot needs to be obtained to
calculate the number of shots satisfying 98% coverage.
The diameter ratio of shot to crater of Case 4-ceramic,
Case 5-ceramic, and Case 6-ceramic is 3.0, 3.8, and 2.7,
respectively. And the average value of the required number
of shots is 353, 520, and 281, respectively, by MATLAB.
Figure A4 shows the ceramic SP and cast steel SP results
of residual stress in X and Y directions.

It can be seen from Figure A4 that the trend of the
simulation results of ceramic shot and cast steel shot is
the same, and the residual compressive stress reaches the
maximum at a certain depth, then gradually decreases
with the increase in depth, and finally turns into tensile
stress. The maximum compressive stress of ceramic shot
and cast steel shot is almost the same with the same
process parameters, about —800 MPa, and the maximum
tensile stress is almost the same, too. The difference is
that the depth of stress layer of ceramic shot is less than
that of cast steel shot. This is because the density of
ceramic is less than that of steel. The kinetic energy car-
ried by ceramic shot is less than that of cast steel shot
with the same process parameters, resulting in smaller
crater diameter and smaller depth of stress layer.

3.2 Roughness

Figure 8 shows that the surfaces of Case 1, Case 2, Case 3,
Case 4, Case 5, and Case 7 with low SP strength have
regular undulating contours caused by machining, and
the contour of tool marks can still be observed. But the
surfaces of Case 6, Case 8, and Case 9 with high SP
strength become chaotic and uneven due to the impact
of shot, and tool marks can barely be observed.

S, is the arithmetic mean used to describe the abso-
lute value of the distance from each point in the mea-
sured area to the reference plane height, that is, the
arithmetic mean height in the sampling area. S, is the
most commonly used topographic feature parameter in
surface three-dimension evaluation, so S, is used to repre-
sent the roughness of shot-peened surfaces. The measured
results of S, for Cases 1-9 are shown in Table A3.

In the simulation model, the shot is set as rigid body,
which leads to the large depth of the crater during mul-
tiple impacts. As a result, the displacement of the surface
nodes obtained in the simulation model is relatively
large. On the other hand, machining process generates
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Figure 8: Three-dimension cloud map of the surface contour of Cases 1-9 in Z direction. (a) Case 1 (0.2 mm/60 m-s~*/90°). (b) Case 2
(0.2 mm/80 m-s~*/60°). (c) Case 3 (0.2 mm/100 m-s*/30°). (d) Case 4 (0.3 mm/60 m-s~1/60°). (e) Case 5 (0.3 mm/80 m-s*/30°). (f) Case 6
(0.3 mm/100 m-s71/90°). (g) Case 7 (0.5 mm/60 m-s*/30°). (h) Case 8 (0.5 mm/80 m-s~*/90°). (i) Case 9 (0.5 mm/100 m-s~*/60°).
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Figure 9: The comparison of S, in Z direction between the test results and the corrected simulation model.

tool marks on the specimen surface, resulting in a certain
roughness of the specimen surface before SP. However,
the initial roughness of the target surface is not consid-
ered in the simulation model, so the results obtained by
FEA need to be corrected. The correction formula is as
follows:

Sd =k-S.+b, (7)

where S, is the roughness of the simulation model before
correction, S, is the roughness of the simulation model
after correction, k is the influence coefficient of the shot
set as the rigid body on the roughness, and b is the influ-
ence constant of the initial roughness on the roughness
after SP.

The node displacements of four groups in simulation
models with the same process parameters are extracted to
calculate the roughness, and the average value of four

Table 8: Results of range analysis of S,

groups of models is obtained. Then, the mean value is
taken as the roughness of the simulation model before
correction and linearly fitted with the experimental value
by the least square method. Thus, k = 0.17, b = 1.5, and
Eq. (7) can be expressed as:

Ss =0.17 - S5 + 1.5. (8)

Table A4 shows the solution results of S, by the simula-
tion model, and Figure 9 shows the comparison between
the measured and the corrected simulated results. The
average relative error of S, between the simulation and
the experiment is 16.14%.

Experimental results show that Case 7 has the lowest
roughness of 1.51 pm among all shot-peened specimens, and
Case 9 has the highest roughness of 3.74 um. The average
value of S, measured results are analyzed by range method,
and the range analysis results are shown in Table 8.

B - impact velocity C - impact angle

Factor A - shot diameter
Average of level 1 2.44 + 0.49
Average of level 2 2.12 + 0.55
Average of level 3 2.71+1.13

Range 0.58

Factor primary — secondary BAC

Optimal plan

1.74 + 0.22 2.52 + 0.51

2.39 + 0.52 2.66 + 1.00

3.13+£0.53 2.08 + 0.73

1.40 0.57
A231C3
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Figure 10: The comparison of deformation results of bottom surface of specimen before and after SP. (a) Case 1 (0.2 mm/60 m-s*/90°). (b)
Case 2 (0.2 mm/80 m-s~%/60°). (c) Case 3 (0.2 mm/100 m-s2/30°). (d) Case 4 (0.3 mm/60 m-s~*/60°). (e) Case 5 (0.3 mm/80 m-s*/30°). (f)
Case 6 (0.3 mm/100 m-s~/90°). (g) Case 7 (0.5 mm/60 m-s*/30°). (h) Case 8 (0.5 mm/80 m-s~/90°). (i) Case 9 (0.5 mm/100 m-s~*/60°).
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Figure 10: (Continued)

According to Table 8, it can be seen that the extreme
difference of factor B is the largest and is much larger
than the other two factors, which indicates that the level
of factor B has the greatest influence on the experimental
results and it is the most important factor affecting S, of
SP. The extreme difference between factor A and C is very
close, which indicates that these two factors have a
similar effect on S,. Factors sorted by influence weight
from large to small are B (impact velocity), A (shot dia-
meter), and C (impact angle). The best process combina-
tion for S, is A,B;Cs, that is, shot diameter of 0.3 mm, shot
speed of 60 m-s™', and impact angle of 30°. S, caused by
0.3 mm shot is smaller than that caused by 0.2 mm shot,
because the crater diameter of 0.3 mm shot is larger and
the number of shots required in the same area is smaller
when the coverage rate is 98%. Therefore, the crater den-
sity of the shot with diameter of 0.3 mm is smaller than
that of 0.2 mm. Hence, the roughness is smaller.

3.3 Deformation of specimens

The measured deformations of P1-P20 before and after SP
are fitted by quadratic polynomial fitting with least squares
method, respectively, and Table A5 shows the fitting errors.
Sum of squares for error (SSE) refers to the square of error
between fitting data and corresponding points of original
data. The fitting accuracy is the highest when SSE is 0, and
it decreases with the increase in SSE. R-square (determination
coefficient) represents the fitting quality by the change in data
and the range of R-square is [0, 1]. The closer R-square is to 1,
the stronger the explanatory ability of variables of equation to
Z value is, and the better the fitting effect is.

Table A5 shows that the SSE of specimen surface
fitting before and after SP is basically less than 1 x 107>,
and most of the R-square values are greater than 0.99,
which shows that it is reasonable to select the second
order polynomial to fit the measuring point.
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Figure 11: The comparison of vertex deformation in Z direction between simulation and experiment.

During the deformation measurement tests, the shot-
peened surface of the specimen is fixed by plasticene, but
the height of each specimen padded with plasticene and
the inclination angle between the specimen and the
workbench are not consistent. Therefore, MATLAB is
used to translate and rotate the fitted surface so that
the value at the center point PO of each specimen mea-
suring surface is 0 and the normal direction of the surface
at point PO is parallel to the Z axis.

Figure 10 is the comparison of deformation results
before and after SP of Cases 1-9. The average value after
SP minus the value before SP is the deformation of the
bottom surface vertex caused by SP. Table A6 shows the
deformation of specimen in simulation model, and Figure
11 shows the deformation comparison between simula-
tion and experiment.

Table 9: Range analysis results of deformation

Figure 11 shows that the simulated deformations are
very close to the experiment. The average relative error of
deformation value is 16.73%, which validates the accu-
racy of the simulation model. The deformations of Case 6,
Case 8, and Case 9 are relatively large, and the deforma-
tion of each specimen in X direction is significantly
greater than that in Y direction because of the stiffener
structure in Y direction. As presented in Table 9, the
range value of each factor is obtained by range analysis
based on the measured deformations.

According to Table 9, it can be seen that the extreme
difference of factor A is the largest, which indicates that the
level of factor A has the greatest influence on the measured
results and is the most important factor affecting the defor-
mation of SP. The extreme difference between factor B and C
is very close, which indicates that the level of these two

B - impact velocity C - impact angle

Factor A - shot diameter
Average of level 1 0.18 + 0.00
Average of level 2 0.37 £ 0.16
Average of level 3 0.53 + 0.18
Range 0.3422

Factor primary — secondary ABC

Optimal plan

0.26 + 0.07 0.44 + 0.22
0.35 + 0.22 0.37 + 0.26
0.47 + 0.25 0.26 + 0.07

0.2068 0.1828

ABiCs
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factors has a similar effect on the deformation of specimen.
The influence weight of each factor from large to small is: A
(shot diameter), B (impact velocity), and C (impact angle).
The best process combination for deformation is A;B;Cs.
That is, shot diameter of 0.2mm, shot speed of 60 m-s~,
and impact angle of 30°. It demonstrated that the velocity
of the projectile perpendicular to the peening surface decreases
with the shot diameter, which also causes the decrease in the
impact energy and resulting deformation.

4 Conclusion

In this study, a random multiple impingement SP simula-
tion model is established to explore the effect of SP process
parameters on the residual stress, surface integrity, and
deformation. The corresponding experiments are conducted
to validate the proposed model. The optimal process para-
meters, including shot diameter, impact velocity, and impact
angle, are analyzed and conclusions are drawn as follows:
1) Random multiple impingement SP simulation model
has different calculation results due to different number
of shots. The randomness of simulation results can be
reduced to a certain extent by generating random coor-
dinates of shot several times and modeling by taking the
average number of shots. And the relationship between
average number of shots N, shot diameter D,, crater

diameter D, is: N = 217.3 - g—; -~ 313.5.

2) The shot diameter is the most important factor affecting
the stress hardening effect of SP. The order of each factor
from primary to secondary is: shot diameter, impact
angle, and impact velocity. The optimal process combina-
tion for stress strengthening is shot diameter of 0.5 mm,
shot speed of 100 ms™, and impact angle of 90°.

3) The impact velocity is the most important factor affecting
roughness. The order of each factor from primary to sec-
ondary is: impact velocity, shot diameter, and impact
angle. The best process combination for surface rough-
ness is shot diameter of 0.3 mm, shot speed of 60 m-s™,
and impact angle of 30°.

4) The shot diameter is the most important factor affecting
the deformation of SP. The order of each factor from
primary to secondary is: shot diameter, impact velocity,
and impact angle. The best process combination for
deformation is shot diameter of 0.2 mm, shot speed of
60m-s™, and impact angle of 30°.
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Figure A1: 2,000 times calculation of shot number distribution. (a) Case 1 (0.2 mm/60 m-s~2/90°). (b) Case 2 (0.2 mm/80 m-s~/60°). (c)
Case 3 (0.2 mm/100 m-s~%/30°). (d) Case 4 (0.3 mm/60 m-s~2/60°). (e) Case 5 (0.3 mm/80 m-s~2/30°). (f) Case 6 (0.3 mm/100 m-s1/90°).

(g) Case 7 (0.5 mm/60 m-s™*/30°). (h) Case 8 (0.5mm/80 m-s~1/90°).
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Table A1l: Injection pressure corresponding to orthogonal experi-
Spray gun mental process plan

<

Case Shot Shot Incident SP
diameter velocity angle (°) pressure
(mm) (m-s™Y) (bar)
1 0.2 60 90 1.7
2 0.2 80 60 3.6
3 0.2 100 30 5.8
4 0.3 60 60 1.8
5 0.3 80 30 3.7
6 0.3 100 90 5.8
7 0.5 60 30 2.0
8 0.5 80 90 3.8
9 0.5 100 60 5.9

Figure A2: SP site.

Dagital display
meter

“‘r ‘

Pressure gauge

Figure A3: Experimental test. (a) Residual stress test; (b) Roughness test; (c) Deformation test.
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Table A2: Maximum residual compressive stress of simulation and experiment

Case FEM(MPa) EXP(MPa) Relative error (%)
X Y Average X Y Average
1 -822.10 -819.69 -820.89 -628 -947 -787.5 4.24
2 -782.69 -793.62 —-788.15 =557 -643 -600.0 31.36
3 -778.25 -814.40 -796.33 -382 -405 -393.5 102.37
4 —-780.15 -792.33 -786.24 -605 -608 -606.5 29.64
5 -766.33 -822.59 -794.46 -592 -778 -685.0 15.98
6 -796.94 -787.18 -792.06 -609 -704 -656.5 20.65
7 -821.26 -864.87 -843.06 -546 -748 -647.0 30.30
8 -813.41 -815.71 —-814.56 -662 -594 -628.0 29.71
9 —-780.51 —-789.59 —785.05 -690 -679 -684.5 14.69
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Figure A4: The comparison results of steel shot SP and ceramic shot SP. (a) Case 4-steel and Case 4- ceramic (0.3 mm/60 m-s~*/60°). (b)
Case 5-steel and Case 5-ceramic (0.3 mm/80 m-s~2/30°). (c) Case 6-steel and Case 6-ceramic (0.5 mm/100 m-s~*/60°).



22 — Hanjun Gao etal. DE GRUYTER

Table A3: Test results of S, Table A5: Fitting effect of workpiece surface

Case P1 P2 P3 Average Case Before SP After SP

1 1.9012 1.9156 1.9938 1.9369 SSE R-square SSE R-square

2 2.5907 2.3497 2.4483 2.4629 4

3 2.8580 31324 2.7393 2.9099 1 0.0020 » 0.9354 8.96 x 10_4 0.9913

4 1.8365 17060 17776 1.7734 2 1.58 x 10_4 0.9961 5.68 x 10_4 0.9756

5 1.9663 1.9861 15653 1.8392 3 3.11 x 10 . 0.9944 3.13 x 10 . 0.9974

6 2.9558 2.7059 2.6000 2.7539 4 5.82 x 1074 0.89894 3.42 x 1074 0.9984

7 14711 15435 15004 15050 5 5.24 x 1074 0.9937 1.96 x 1074 0.9995

8 2.5430 3.0531 3.0244 2.8735 6 1.82 x 1074 0.9957 4.63 x 1074 0.9996

9 3.8446 3.6213 3.7551 3.7403 7 5.63 x 1074 0.8875 3.38 x 10 0.9991

10 1.3569 1.2090 1.2931 1.2863 8 1.30 x 10 . 0.9910 0.0012 0.9987
9 2.07 x 10~ 0.9907 0.0019 0.9988
10 2.53x107* 0.9914 2.53x107* 0.9914

Table A4: S, of the simulation model

Case Model 1 Model 2 Model 3 Model 4 Average After correction Error with experimental value (%)
1 3.0071 3.1563 3.1227 3.2559 3.1355 2.0330 4.97

2 3.2179 3.4297 3.3846 3.3464 3.3447 2.0686 -16.01

3 2.6458 2.8023 2.7210 2.6694 2.7096 1.9606 -32.62

4 3.6577 3.8081 3.6620 3.9285 3.7641 2.1399 20.67

5 2.9942 2.8212 3.0787 2.6829 2.8942 1.9920 8.31

6 7.0777 7.1780 7.0521 7.3587 7.1666 2.7183 -1.29

7 3.5069 3.7255 3.6074 3.4314 3.5678 2.1065 39.97

8 10.3243 9.0319 10.6701 9.6517 9.9195 3.1863 10.89

9 11.3989 10.8524 10.4644 10.7285 10.8611 3.3464 -10.53

Table A6: Deformation of workpiece in simulation model

Case Model 1 Model 2 Model 3 Model 4 Average Error with experimental value (%)
1 0.1745 0.1850 0.1716 0.1802 0.1778 —-4.85

2 0.1782 0.1811 0.1838 0.1830 0.1815 1.22

3 0.1500 0.1511 0.1538 0.1519 0.1517 -19.16

4 0.2177 0.2161 0.2141 0.2231 0.2178 -21.07

5 0.1708 0.1664 0.1688 0.1732 0.1698 -37.47

6 0.3913 0.3583 0.3943 0.3968 0.3852 -29.82

7 0.2347 0.2368 0.2354 0.2355 0.2356 -26.53

8 0.5879 0.5879 0.5837 0.5915 0.5877 -0.79

9 0.5951 0.6098 0.5911 0.6150 0.6028 -9.67
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