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Abstract: High-strength 7075-T651 aluminum alloy was selected as the research object, and the random-shots FE model was
developed; the influences of shots number and spatial location on residual stress field (RSF) were discussed; the influence of analysis
step time (AST) on the stability of RSF was analyzed, and the influences of coverage rate and surface roughness of component on the
distribution of RSF were investigated. The results indicate that the generated RSF is seriously affected by subsequent shots number
and location; RSF tends to be stable when AST adds to 0.075 ms for 45 shots FE model, and the AST values of 15, 25, 65 and 85
shots FE model are 0.065, 0.0683, 0.0817 and 0.0883 ms respectively. For shot peening with different coverage rates, oy and o
increase with the variation of shots number from 15 to 65, then decrease when shots number is 85, variation of Z,, is not obvious, Z,
increases with the increment of shots number. For shot peening of component with different surface roughness R,, variation of o has
no obvious regularity, and oy, Zy, and Zy decrease with the increment of R,.
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1 Introduction

Shot peening process is accomplished by
bombarding the surface of a metallic component with
shots stream at a high velocity, each shot acts as a tiny
peening hammer, and then an indentation surrounded by
a plastic region is created during this impact. The plastic
deformation produced by shot peening leads to a residual
stress profile through the depth of the component. This
residual stress profile is compressive on the top surface
and tensile in the depth of the component in order to
ensure inner stress equilibrium [1,2], and the fatigue
strength of the peened component will be dramatically
improved under the working of residual compressive
stress. Shot peening as one of mechanical surface
treatment methods has been widely used in aircraft
industry [3,4].

RSF induced by shot peening is one of the major
strengthening mechanisms of the peened component, and
it works mainly depending on the residual compressive

stress layer which can stop and postpone the initiation
and propagation of the crack [5]. BENEDETTI et al [6]
reported that, due to the surface compressive residual
stress, the crack initiation site may move from the
surface to the interior of the sample or even into the
tensile residual stress region beneath the surface
hardened layer. MAJZOOBI et al [7] investigated the
effect of shot peening and deep rolling on fretting fatigue
life of 7075-T6, aluminum alloy and found that for low
cycle fatigue, shot peening is superior to deep rolling,
which can increase the fretting fatigue life by 300% for
the tested specimens.

With the rapid development of the finite element
(FE) method and computing power, various shot peening
FE models for research of RSF were developed.
MEGUID et al [8] developed a periodic symmetry cell
with a square contact surface, by which the effects of
peening intensity can be predicted and coverage upon the
RSF and the plastic zone development for different
classes of materials can be mechanically induced.
MAIJZOOBI et al [9] developed multiple shots impact
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FE model (4, 6, 8, 9, 13, 25) with regular array, and
investigated the effects of velocity and peening coverage
on RSF. TAEHYUNG et al [10] presented a 3D
multi-impact FE model for evaluation of peening
residual stress, and the stress was
successfully extracted from the simulation of diverse
single-cycle and multi-cycle impacts. Nevertheless, these

FE models are different from the real shot peening

equi-biaxial

process because of the randomicity of the shots.

Coverage rate is defined as the ratio of the area
covered by peening indentations to the total treated
surface area. In general, coverage rate is difficult to
discriminate as 100% coverage, thus, 98% surface
coverage is usually considered full coverage [11]. At
present, most of studies about coverage rate are based on
visual inspection and theoretical model. KIRK [12]
discussed the theory of coverage rate for random
indentations, and obtained a simplified formula shown as
Eq. (1). MIAO et al [11] proposed a method based on
numerical simulation for calculating coverage rate.
Nevertheless, for visual inspection, a greater artificial
deviation is existing; for Eq.(1), the determination of R is
difficult; for the method proposed by MIAO, the
influence of unpeened area (with larger equivalent strain)
on the calculation results of coverage rate is ignored.

Cy, (1) =100 x[1 —exp(—n7 *Rt)] (1)

where Cy(f) is the theoretical calculated coverage rate,
r is the average radius of the indentations, R is the rate
of creation of impact (number of impacts per unit arca
per unit time) and ¢ is the peening time.

In this work, the random-shots FE model which is
closer to shot peening process is used to investigate the
distribution of RSF, and a method by combining python
program with numerical simulation is used for
calculating coverage rate. Due to the fact that the stress
(which is vertical to the depth direction) plays a leading
role in improving the fatigue strength, all the stress
values studied in this work refer to the stress along
x-direction o, (positive sign means tensile stress;
negative sign means compressive stress).

2 3D random-shots FE model

During the shot peening process, numerous shots
impact component surface at random locations. In order
to simulate these randomly distributed shots, a 3D
random-shots FE model is generated by using python
program combined with Abaqus/Explicit. Figures 1 and 2
show the program implementation frame and 3D
random-shots FE model.

Input shots diameter d and number N and
coordinate value of distribution region of shots

Generate coordinate point (x;, v, z;)
randomly. Here, 0 <i< N
!

Establish geometric model of shot

Modelling module

Distance between
two sphere centers

S = \/(_\-, —x )+ - _1'I,-)3 +(z-2z; ) >d?

0<j<i)

Fig. 1 Program implementation frame

Shots

Target
component

Fig. 2 3D random-shots FE model

2.1 Geometrical model

The dimensions of target component of the model
are 1.5 mmx1.5 mmx1 mm. D=0.2 mm is the diameter
of shot. The type of element is 8 node reduced
integration element C3D8R. HAN et al [13] reported that
the mesh size of the region which produces large plastic
deformation should be smaller than 1/10 of the shot
diameter. Thereby, the mesh of the region which directly
contacts with shots is refined, element size is 0.0154 mm,
and mesh size of the region far from the impact region is
relatively bigger, and the total number of elements is
176400. Penalty contact algorithm is used to describe the
relationship between shots and component, and friction
coefficient is 0.03. In this model, the type of shots is
glass bead, which is regarded as rigid body during
numerical simulation process.
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2.2 Material model

Material physic properties of shots and component
are shown in Table 1. Component material is high-
strength 7075-T651 aluminum alloy, and Johnson- Cook
constitutive model (Eq. (2)) which considers the effect of
strain hardening, strain rate hardening and temperature
on stress—strain relation is used, due to the fact that
severe plastic deformation occurs on surface layer of
material in shot peening process [14].

o =(A+Be")(1+ClnéH(1-T"™)T* 2)

where o is the von Mises flow stress; A4 is the yield stress
at reference temperature and reference strain rate; B is
the coefficient of strain hardening; »n is the strain
hardening exponent; ¢ is the equivalent plastic strain;
& =¢/é, is the dimensionless strain rate for &,=1.0

s Tr=T- Ty) (T, —T) is the homologous temperature.

The Johnson-Cook model constants of high-strength
7075-T651 aluminum alloy are listed in Table 2, which
were obtained by a split Hopkinson bar experiment.

Table 1 Mechanic properties of shots and component

o O e
Glass bead 2700 7.9 0.3
7075-T651 2810 71.7 0.3

Table 2 Material constants of Johnson-Cook model

Material A/MPa B/MPa C m n

7075-T651 527 692 0.017 1.61 0.71

3 3D random-shots FE model validation

To verify the reliability of FEM in this work, a
series of numerical simulations were carried out
according to the experimental condition in Ref. [15]. The
material of target component used in Ref. [15] was TC18
titanium alloy, the type of shot was glass bead, shot
diameter was 0.2 mm, shot peening strength was 0.2 N,
and coverage rate of surface was approximately 200%.
The simulational and experimental results of the
characteristic parameters of RSF along the depth
direction are listed in Table 3. It shows that simulational
results have good agreement with experimental results.

Table 3 Comparison of simulation and experimental results

Result ogs/MPa oy/MPa  Z/um  Zy/pm
Simulation —454 —678 38 91
Experimental —450 —630 45 98
Deviation/% 0.89 7.6 15.6 7.1

4 Results and discussion

A typical profile of residual stress along the depth
induced by shot peening is shown in Fig. 3. It has four
main characteristic parameters: 1) oy is surface residual
stress; 2) Omes 1S the maximum compressive residual
stress; 3) Z, is depth at which residual stress becomes
zero and after which residual stress is tensile; 4) Z,,, is
distance from surface, where the compressive residual
stress is maximum.

=

Residual stress, o

N/

Tmers -
Zn\ Z 0

Distance from surface, Z

Fig. 3 Typical profile of RSF induced by shot peening

4.1 Influence of shots number and location on RSF

In Fig. 4(a), the variation trend of RSF of point P
located at indentation center along depth direction is
described (shot diameter is 0.2 mm, impact velocity is
175 m/s, impact angle is 90°). Curve I indicates the RSF
induced by impact of single shot (as shown in Fig. 4(b)),
curve II indicates the RSF induced by impact of three
shots distributed along z direction (as shown in Fig. 4(c)),
and curve III indicates the RSF induced by impact of
seven shots distributed on the surface of component (xOy
plane) (as shown in Fig. 4(d)). For three shots FE model,
04 and Z increase, o decreases, and variation of Z,, is
not obvious, compared with single shot; for seven shots
FE model, oy and oy, decrease seriously, Z, and Z,
increase, compared with the above two cases.

The variations of oy, Omers, Zm and Zyin above three
cases can be explained as follows: the process of shots
impacting target component can be comprehended as
energy conversion from shots to component (the kinetic
energy of shots converts to the elastic and plastic
deformation energy of the materials located in surface
layer of component) and from component to shots (the
elastic energy of component converts to the kinetic
energy of shots). For case 2, the severer plastic
deformation is produced in surface layer, and the larger
strain gradient is formed along depth direction, therefore,
the oy can increase. In addition, three overlying
energy-waves lead to the increment of total energy which
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Fig. 4 Variation trend of residual stress under impact of different shots number (a) and location (b), (c) and (d)

works on the same location, the depth affected by shots
increases accordingly. However, oy,¢s and Z,, are affected
by repeating stress-waves and stress relaxation, and are
competitive with each other. For case 3, deformed
materials in region A4 after impact of single shot located
at the first layer have the movement trend along +z
direction under the extrusion working from the stress
waves induced by impact of six shots located at the
second layer, which can lead to stress redistribution and
relaxation of oy and op,.s induced by impact of single
shot located at the first layer. The materials located at
region B have the movement trend along —z direction,
which can lead to the increment of Z,, and Z,, as shown
in Fig. 5.

Fig. 5 Stress wave transmission

4.2 Influence of analysis step time (AST) on RSF

stability

During the numerical simulation of shot peening,
the main problem with the use of explicit techniques is
that the analysis is purely dynamic, once the shot
rebound separated from the plate and the plastic
deformation phenomena have ended, the stress in the
plate will oscillate around an average value. For AST, if
which is smaller than reasonable value, due to the elastic
recover of the materials far from the indentation, RSF

fluctuates at high amplitude. On the contrary, if which is
larger than reasonable value, computation efficiency will
be affected significantly. In this work, 45 shots random
FE model (shot diameter is 0.2 mm, impact velocity is
175 m/s, impact angle is 90°) was used to investigate the
variation of surface residual stress after shots impact and
far away from target component surface. Figure 6 shows
that the surface residual stress fluctuates when AST
increases from 0.025 ms to 0.15 ms; however, the
fluctuation tends to be gentle when AST increases from
0.075 ms to 0.15 ms, the stress increment Ac=27 MPa is
less than 10% of the stress value at point C when the
time doubles. Therefore, AST=0.075 ms can be
considered reasonable value for 45 shots FE model. In
addition, due to the contact time of shots and component
is approximately 0.015 ms, thereby, the stable time of
surface residual stress is 0.06 ms (0.075—0.015 ms).
Based on this result, the AST values of 15, 25, 65 and 85
shots FE model are 0.065, 0.0683, 0.0817 and 0.0883 ms,
respectively.

-410
AST=0.150ms p
<—430
(=™
=
2
5-450 _
E AST=0.075 ms
=
%
~ 470 AG=27 MPa
Ao/|o,[=27/453=0.059
-490

0.025 0.050 0.075 0.100 0.125 0.150
AST/ms

Fig. 6 Variation trend of average value of surface residual stress
04 for 45 shots-random FE model
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4.3 Influence of coverage rate on RSF

For simplifying the calculation of coverage rate, the
assumption of circular indentations with constant size
after each shot impact in random-shots FE model was
used. Figure 7(a) shows z-directional displacement after
single shot impact (shot diameter is 0.2 mm, velocity is
175 m/s, and the impact angle is 90°), three regions with
different z-directional displacements are formed: the
materials located in region £ move along +z direction
under the combined working between shot and the
materials around indentation, the materials located in
region F' move along —z direction, due to the direct
impact of shot, and point G with null displacement is
transition  region  (+displacement  converts to
-displacement). And the diameter of circle which passes
point G can be considered the diameter of indentation
(D)) formed by random-shots. Figure 7(c) shows that D,
is 0.133 mm (0.193-0.06 mm), and the equivalent strain

Equivalent strain
u,u3

6811 107
+6.070 % 107 z
+5.329 % 107
+4.588 = 107
+3.847 % 107
+3.106 % 107
+2.364 % 107
+1.623 % 107
+8.823 % 10°
1412107
-5.998 = 107
-1.341 x 107
~2.082 = 107

(b)

0.6 0.005
0.5 10
- £
E 0.4 170.005 3
ol L
- =
503 1-0.010 3
= =
= o
02 4-0.015%
= en
2
0.1 —1-0.020
0005 0.0 015 020 025°0%
Distance from initial position of path 1/mm
(©)

Fig. 7 Equivalent strain and z-directional displacement along
Path 1: (a) von Mises equivalent strain contour; (b) Enlarged
drawing of indentation; (c) Diameter of indentation D,

of point G is 0.38. For the random-shots FE model, the
dimensions of peened area are 0.4 mmx0.4 mm, and the
required number of shots with 100% coverage can be
obtained by using the coverage rate calculation program
developed by author, and the results are shown in
Table 4.

Table 4 Coverage rate calculated by using python program

Number of shots Coverage rate/%

10 59.67
20 79.66
30 90.77
40 96.19
45 98.12

Figure 8 shows the equivalent strain distribution of
the surface nodes located in peened area after 45 shots
impact, and data of 546 nodes are extracted, and the
number of the nodes n with equivalent strain is larger
than the point G, is 545, and the ratio of n to 546 is
99.8%. Therefore, it indicates that the full coverage has
obtained after 45 shots impact, and has a good agreement
with the result obtained by python program.

Equivalent strain
(Avg: 75%)
+2.274
+2.085
+1.895
+1.706
+1.516
+1.327
+1.137
+9.477 = 107!
+7.582 % 107!
+5.686 % 107!
+3.791 % 107"
+1.895 = 107!
+0.000

Fig. 8 Equivalent strain produced by 45 shots FE model

Figure 9(a) shows the variation trend of residual
stress (average value of the residual stress on  path 375)
along the thickness direction for 15, 25, 45, 65, 85 shots
(shot diameter is 0.2 mm, shot velocity is 175 m/s and
impact angle is 90°). In Fig. 9(a), oys and oy, increase
with the increment of shots number from 15 to 65, and
there is change of larger amplification when the coverage
rate reaches full coverage, here, a better RSF has been
obtained, subsequently, the variation tends to be gentle,
0gs and oo decrease when shots number adds to 85;
variation of z, is not obvious; Z; increases with the
increment of shots number.

During the shot peening process, shots stream
impacts the surface layer of component constantly, and
leads to the cyclic elastic-plastic deformation of surface
materials. In the initial stage of shot peening, the surface
material of component is periodically softened or
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hardened, and part of materials softened may be
hardened again with the increment of coverage rate (or
peening time), while the hardening of the surface
materials is gradually stable, especially, when peening
time reaches saturation (or 100% coverage), where, oy
and oy, increase. However, if the coverage rate keeps
growing, the surface roughness of peened area increases,
which can lead to the increment of stress concentration
factor, as shown in Fig. 9(b). When the number of shots
reaches 85, tensile stress appears on the surface of
component.

200 H®)
£ 0
s
£ -200
=
= ¢+ — 15-shot
e = — 25-shot
o 4 — 45-shot
-600 W= 65-Sh0t
. 85-shot
_800 1 1 1 1
0.05 0.10 0.15 0.20 0.25
Distance from surface/mm
0
(b)
=100 -
[+~]
[~ ¥
=
é =200 +
8
] =300
3
I~
=400
_500 L | | |
0 20 40 60 80 100
Number of shots

Fig. 9 Variation trend of residual stress along thickness
direction for different shots number

4.4 Influence of surface roughness of component on
RSF

In this work, the influence of different surface
roughness of component before shot peening on RSF
was investigated (shots number is 65, shot diameter is
0.2 mm, velocity is 175 m/s and impact angle is 90°),
and the geometric model of four different surface
roughnesses (R,=0, 1, 2, 3 pum) was built by using
Object-ARX (as shown in Fig. 10).

Figure 10 shows the variation trend of average
value of the residual stress on path 375 along thickness
direction. The results show that the variation of o has
no obvious regularity, omes, Zm and Zy increase with the

=
=
=
)
=

| I
[ —
= =
= =

T

|
Lh
=

Residual stress/MPa

=700

=900

0 0.05 0.10 0.15 0.20 0.25
Distance from surface/mm

=420

=430

-450

Residual stress/MPa

_.4 70 1 1 1
0 1 2 3 4

R /um
Fig. 10 Variation trend of residual stress along thickness
direction for different surface roughnesses of component

decrement of surface roughness of component.

For ideal smooth surface, the R, of peened area after
shot peening increases. For the surface with R,=1, part of
convex materials is flattened by the impact of shots (as
shown in Fig. 11), and the R, of peened area may
decrease, even smaller than that of the peened area of
smooth surface. For the surface with R,=2, the influence
of original surface roughness on peened area roughness
is superior to flattening, and o decreases compared with
the case of R,=1. For the surface with R,=3, larger elastic
and plastic deformation occur on the surface of the
component due to the larger convex material (region H)
(as shown in Fig. 11), while larger surface roughness can
induce larger stress concentration factor as reported by
[16]. Hence, the oy is affected by two factors which are
competitive with each other, here, the influence of larger

Original
profile

Convex
material
(Region H)

Profile
after shot
B c:ing

: (b)' .

Fig. 11 Shot peening process with larger surface roughness
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elastic and plastic deformation on oy is superior to larger
stress concentration factor.

5 Conclusions

1) The random-shots FE model was successfully
developed, and has a higher reliability for shot peening
numerical simulation of metallic materials.

2) Shots number and location have significant
influences on the distribution of RSF. Hence, the single
or multi shots (with regular arrange) FE model has
limitations to simulate the real shot peening process.

3) For the 45 random-shots FE model, the RSF
tends to be stable when AST adds to 0.075 ms, and the
AST values of 15, 25, 65 and 85 shots FE model are
0.065, 0.0683, 0.0817 and 0.0883 ms, respectively.

4) For different coverage rates, oy and oy, iIncrease
with the variation of shots number from 15 to 65, then
decrease when shots number is 85; variation of Z,, is not
obvious; Z, increases with the increment of shots
number.

5) For different surface roughnesses of component
R,, variation of oy has no obvious regularity, omers, Zm
and Z, decrease with the increment of R,.
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