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Pneumatic shot peening with zircon shot of four different diameters was performed on an aluminum alloy.
The effects of air pressure, shot diameter, and material on shot velocity were experimentally investigated
based on direct measurement technology using a high-speed camera and a particle image velocimetry. The
residual stress distribution through the thickness direction was systematically measured by the x-ray
diffraction method and quantitatively evaluated by an identified equation considering the shot velocity,
diameter, and materials. This identified equation can quickly and accurately predict the residual stress
distribution owing to shot peening with different shot diameters and velocities for industrial applications.
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1. Introduction

The shot peening process, wherein shots are impacted onto a
metal surface at high velocity, improves the fatigue strength by
creating a compressive residual stress field around the impacted
metal surface. Shot peening is applied to several components of
automobiles and aircraft.

The main parameters that affect shot peening include shot
diameter, shot velocity, shot material, impact angle, and
coverage (Ref 1). Shots of diameter 0.1-1.3 mm are generally
used for the process. The conventional shot materials, such as
steel, glass, and ceramics are mainly used. Coverage is the ratio
of the indentation area caused by the shot to the metal surface
area and is usually controlled by peening time and shot mass.
To obtain a stable compressive residual stress field, coverage is
usually set at 100% or higher. There are two types of shot
peening: the impeller type and the pneumatic type. In the
pneumatic type, the shot is accelerated by high-pressure air, and

the shot velocity is controlled by the air pressure. In several
cases, the deformation (arc height) of a standard steel strip,
referred to as an Almen strip, is used to examine the effect of
shot peening. The arc height increases with peening time and
becomes approximately saturated with time. This saturated arc
height, referred to as the Almen intensity, is an index of the
effect of shot peening (Ref 1-8). Guagliano (Ref 3) expressed
the Almen intensities for varying shot diameter for steel and
ceramic shots as a cubic equation for shot velocity. Miao et al.
(Ref 4) presented linear regression equations up to the second
order of the relationship between Almen intensity, shot velocity,
and diameter for steel and ceramic shots. Zinn and Scholtes
(Ref 5), Barker et al. (Ref 6), Cao et al. (Ref 7), and Muller and
Urffer (Ref 8) have investigated the relationship between the
Almen intensity and shot diameter analytically or experimen-
tally; however, few approximate equations were provided.

The effect of the shot peening conditions on the residual
stress distribution has been studied through several experiments
and numerical simulations. Hills et al. (Ref 9), Al-Hassani (Ref
10), Al-Obaid (Ref 11), Watanabe and Hasegawa (Ref 12), and
Ogawa and Asano (Ref 13) investigated the effect of shot
velocity and shot diameter on the residual stress distribution by
theoretical calculations using the Hertzian stress. Schiffner (Ref
14), Jiang et al. (Ref 15), Lin et al. (Ref 16), Zhao et al. (Ref
17), Tao and Gao (Ref 18), Gallitelli et al. (Ref 19), Li et al.
(Ref 20), and Li et al. (Ref 21) used the numerical simulation
method to investigate the residual stress distribution by varying
the shot diameter and velocity. Wang et al. (Ref 22), Zinn and
Scholtes (Ref 5), and Miao et al. (Ref 23) performed shot
peening on various materials and experimentally investigated
the relationship between the shot velocity and residual stress
distribution. The results of the previous studies (Ref 1, 11, 14,
16, 17) on the effect of shot velocity and diameter on the
residual stress distribution are shown in Fig. 1(a) and (b),
respectively. The depth of the maximum compressive residual
stress and the region of compressive stress increase with the
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increase in shot velocity and diameter. The maximum com-
pressive residual stress difference is insignificant.

However, few studies have formulated the effects of shot
diameter, velocity, and material on the compressive residual
stress distribution. Al-Hassani (Ref 10) and Al-Obaid (Ref 11)
showed the relationship between the depth of plastic strain, the
shot velocity, and shot diameter when a material is impacted by
a single shot. Watanabe and Hasegawa (Ref 12) employed the
calculation method of Al-Obaid (Ref 11) to obtain an equation
correlating the depth of plastic strain and the shot velocity and
diameter. Ogawa and Asano (Ref 13) presented an equation for
the maximum compressive residual stress and its depth
correlating the shot velocity, diameter, and density. Wang
et al. (Ref 22) presented a relationship between the Almen
intensity and the maximum compressive stress, its depth, the
region of compressive stress, and the yield stress of the
material. Robertson (Ref 24) proposed an approximate expres-
sion for the residual stress distribution. Miao et al. (Ref 23) and
Gariépy et al. (Ref 25) evaluated the residual stress distribution
using the approximate equation proposed by Robertson (Ref
24). Tao and Gao (Ref 18) proposed a method for predicting
residual stress distribution by correlating the coefficients of the
equation proposed by Robertson (Ref 24) for the shot velocity
and diameter, considering a temperature rise. Although this
method was a highly accurate prediction method, it had six
coefficients because it used linear regression up to the third
order. Gallitelli et al. (Ref 19) expressed the surface stress,
maximum compressive stress, and depth as a function of shot
velocity, diameter, and density. This method employed a
complex equation and required the determination of several
coefficients. Li et al. (Ref 21) proposed a method to optimize
shot velocity, coverage, and distance using the Box–Behnken
design response surface methodology for finite element method
results. Daoud et al. (Ref 26) used a second-order and artificial
neural network model to predict the distribution of residual
stresses. Ralph et al. (Ref 27) proposed a method to predict
residual stress distribution by machine learning the results of
finite element method modeling and experiments.

In the case of pneumatic shot peening, because the shots are
small in diameter and move at high velocity through the

chamber, it is difficult to measure the shot velocity, and only a
few studies have focused on shot velocity measurement. Zinn
and Scholtes (Ref 5) measured the shot velocities of steel shot
(S110, S170 and S230) and investigated the relationship
between residual stress distribution, Almen intensity and shot
velocity. Miao et al. (Ref 23) used a ceramic shot Zirshot Z425
to measure the shot velocity and investigate the effect of shot
velocity on Almen intensity and residual stress distribution.
Barker et al. (Ref 6) used steel shot (ASR110 and ASR550) to
measure the shot velocity and investigate the effect of Almen
intensity on shot velocity. Muller and Urffer (Ref 8) measured
shot velocities in ceramic, glass, and steel beads and obtained
equations correlating shot velocity to air pressure, shot
diameter, and density. Teo et al. (Ref 28) measured the
velocities of steel shots (ASR70 and ASR230) to investigate the
relationship between shot velocity and Almen intensity. Ohta
and Ma (Ref 29) and Ohta et al. (Ref 30) used a high-speed
camera and particle image velocimetry (PIV) to measure the
shot velocity of a steel shot (ASR170) and investigate the effect
of shot velocity on Almen intensity and residual stress
distribution. Ogawa et al. (Ref 31) measured the shot velocities
of cast iron, glass, and ceramic shots with different diameters,
and proposed an equation relating the shot velocity to diameter,
air pressure, and density. Nanbu et al. [Ref 32) measured the
shot velocity in fine particle shot peening and examined the
effect of high-pressure air on the shot velocity. Ohta and Ma
(Ref 33) measured the shot velocities of fine particle shots
(zircon and steel) and reported the relationship between the shot
velocity and residual stress distribution. Lin et al. (Ref 16) used
the computational fluid dynamics method to simulate the effect
of shot diameter and air pressure on shot velocity. Wang et al.
(Ref 34) obtained the relationship between roughness and air
pressure by experiment and the relationship between roughness
and equivalent shot velocity by simulation. They also proposed
a method for determining the relationship between equivalent
shot velocity and air pressure. Jian et al. (Ref 15), Lin et al. (Ref
16), and Wang et al. (Ref 34) used the same formula to
calculate shot velocity with air pressure, shot diameter, and
mass flow rate of the shots. Using this formula for shot velocity,
they examined the validity of their simulation results for shot
velocity and residual stress distribution.

As described above, many studies have been conducted on
the effects of shot velocity and shot diameter on residual stress
distribution, either experimentally or by numerical simulation;
however, few studies have investigated the effects of shot
velocity, diameter, and material on residual stress distribution in
pneumatic shot peening using directly measured shot velocities.
Furthermore, no studies predicted the profile of residual stress
from the surface to the interior of the plate for varying shot
velocity and diameter using a simple approximate equation.

The objective of this study is to develop an identified
equation for residual stress distribution considering shot
velocity, diameter, and material, because residual stress due to
shot peening has a significant influence on fatigue strength. The
shot velocities of ceramic (zircon) shots were measured in
pneumatic shot peening, and the relationship between shot
velocity, air pressure, and shot diameter was verified. Residual
stress distributions in the thickness direction of shot peened
specimens were measured to quantitatively evaluate the effect
of shot velocity and diameter under various shot peening
conditions. The experimental method for predicting residual
stress distribution using shot velocity, and diameter was
investigated.

Fig. 1 Schematic diagram of the residual stress distribution after
shot peening: (a) effect of shot velocity and (b) effect of shot
diameter
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2. Experimental Method

2.1 Specimen and Shots

In this study, zircon shots were tested to investigate the
effect of shot material on residual stress distribution. The
specifications of the shots used in the experiments are given in
Table 1. FZB20, FZB40, and FZB100 zircon beads from the
Fuji Manufacturing Co were used; they are composed of 60-
70% Zr02, 28-33% SiO2, and 10% Al2O3.

N-type Almen strips were used to measure the peening
intensity. The thickness of the N-type Almen strip was 1.27-
1.32 mm, the width was 19 mm, and the length was 76 mm.
The specimen used for residual stress measurement was an
aluminum alloy (A5052-H34) with a hardness of 68-70 HV,
proof stress of 188 MPa, and tensile strength of 244 MPa. The
chemical composition of the specimens is shown in Table 2.
A5052-H34 is an aluminum alloy formed using solid solution
strengthening of magnesium and work hardening by cold
working. This alloy does not undergo transformation due to
temperature increase or plastic deformation. The thickness of
the specimen was 5 mm, the width was 19 mm, and the length
was 75 mm.

2.2 Experimental Set-up and Shot Peening Conditions

A pneumatic suction type sandblasting machine (TR-135SB
by IRII Co.) was used for the experiments. The experimental
set-up is shown in Fig. 2. The specimen was moved back and
forth multiple times at a movement speed of 4.2 mm/s to peen
on the entire surface. The peening time was calculated in terms
of time per 1 mm (number of movements/movement speed of
the specimen). The shot peening was applied on one side of the
specimen on the entire surface. No significant deformation
occurred that could be measured with an Almen gauge. The
nozzle hole diameter was 5 mm. The standoff distance was
100 mm.

The air pressure was 0.2-0.6 MPa; shots could not be
projected at 0.1 MPa. Barker et al. (Ref 6), Jian et al. (Ref 15),
Lin et al. (Ref 16), Teo et al. (Ref 28), and Wang et al. (Ref 34)
reported that the mass flow rate of the shots projected affected
the shot velocity. In this study, mass flow rate of the shots
projected was not controlled; The shot mass flow rate increased
with the increase in air pressure. The shot mass flow rates were
0.081 kg/min at 0.2 MPa, 0.509 kg/min at 0.4 MPa, and
0.644 kg/min at 0.6 MPa for FZB100; 0.080 kg/min at
0.2 MPa, 0.770 kg/min at 0.4 MPa, and 1.126 kg/min at
0.6 MPa for FZB40; 0.391 kg/min at 0.2 MPa, 1.506 kg/min
at 0.4 MPa, and 2.569 kg/min at 0.6 MPa for FZB20.

2.3 Measurement of Shot Velocity

The shot velocity was measured directly using a high-speed
camera and PIV. Ohta and Ma (Ref 29, 33) and Ohta et al. (Ref
30) verified the agreement between experimental and simula-
tion results for residual stress distributions with a finite element
model using shot velocities measured by the same method. A
high-speed camera MEMRECAM ACS-1 from nac Image
Technology, Inc. with a shutter speed of 1/250000 s and a
frame speed of 1/50000 fps was used. The image resolution was
1028 9 720 pixels, covering an area of approximately
120 mm. The specimen was not set up when the photo was
taken because the shot impacting the specimen bounced back,
causing complex shot motion and making it difficult to measure
the shot velocity.

PIV was performed using an FtrPIV from Flowtec Research
Inc. A particle tracking method was used to estimate the
movement of shots. The interrogation window was 24 9 24
pixels. In total, 234 pairs of images were analyzed, and the
median value was used to determine the shot velocity.

2.4 Measurement of Residual Stress

Residual stress distribution in the aluminum alloy was
measured after shot peening by employing the x-ray diffraction
method. The portable x-ray residual stress analyzer, l-X360,

Table 1 Specifications of shots

Material Shot Diameter, average Hardness Specific gravity

Zircon FZB20 0.850-0.600 mm
(0.73 mm)

650-800 HV 3.85

FZB40 0.425-0.250 mm
(0.34 mm)

FZB100 0.180-0.125 mm
(0.15 mm)

Fig. 2 Experimental set-up

Table 2 Chemical composition, mass% of specimen

Si Fe Cu Mn Mg Cr Zn Al

0.10 0.31 0.03 0.04 2.5 0.20 0.01 Bal
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was sourced from Pulstec Co., Ltd. This analyzer uses the cos a
method (Ref 35), which is a established method to measure
residual stress in shot peening (Ref 29, 30, 33). The diffraction
peak of the (311) plane of aluminum in the Cr Ka line was used
for the measurement. The x-ray beam was approximately 2 mm
in diameter. The incident angle of the x-ray beam was 25� and
the diffraction angle was 139.497�. The Young�s modulus and
Poisson’s ratio of the specimens were set to 69.31 GPa and
0.348, respectively.

The residual stress of the specimen was measured on the
surface of the specimen after electro-polishing the surface. The
electro-polished area was 8 mm in diameter. One specimen was
used for each shot peening condition, and residual stresses were
measured in two directions at the same depth. If the two stresses
differed, additional measurements were taken. The maximum
standard deviation of the measured residual stress was 15 MPa.
The stress released by electro-polishing was corrected in the
measurements by employing a method developed by Moore
and Evans (Ref 36). This correction is made using the
following equation;

rr z1ð Þ ¼ rrm z1ð Þ þ 2 r
h

z1

rrm zð Þ
z

dz� 6z1 r
h

z1

rrm zð Þ
z2

dz

where rr z1ð Þ is the corrected residual stress, z is the distance
from the bottom surface, h is the original thickness, z1 is the
distance from the bottom surface to the depth at which the
stress is determined after electro-polishing, and rrm z1ð Þ is the
residual stress measured at z1.

3. Results and Discussions

3.1 Effect of Air Pressure and Shot Diameter on Shot
Velocity

Figure 3(a) and (b) show the images of the in-flight zircon
shots FZB20 and FZB100, respectively, captured by the high-
speed camera. The air pressure was 0.6 MPa. In both images,
the shutter speed was selected to enable a blur-free shoot.
FZB100 shots, which had a smaller diameter, were projected in
a large number of shots, and the spread of the shot stream was
larger than that of FZB20.

Figure 4(a) and (b) show the PIV results at 0.6 MPa for
FZB100 and FZB20, respectively. The plots show the shot
velocities calculated from 243 pairs of images. The shot
velocities varied greatly for each pair at each location due to the
scattered distribution of the shots. When there were no shots
that could be evaluated within 24 9 24 pixels, the shot velocity
was assumed to be zero. In this study, the median shot velocity
calculated from each image was used as a representative of shot
velocity at each location.

Figure 5(a) and (b) show the velocity distribution at the
nozzle center for FZB100 and FZB20, respectively. The shot
velocities of FZB100 rapidly increased after they were
projected from the nozzle and reached steady velocities at
120 mm from the nozzle. Moreover, they increased with the
increase in air pressure. Inside the nozzle, the high-pressure air
can be accelerated to nearly the speed of sound. The shot was
accelerated by the air in the nozzle; however, owing to the short
length of nozzle, the acceleration was not sufficient, and the
shot velocity was lower than the velocity of air when it was
projected through the nozzle. Therefore, the shots were

accelerated by high-pressure air after they were projected from
the nozzle. The velocity of the air rapidly decreased whereas,
the shot flew at a steady velocity, owing to its inertia, because
the mass of the shot was larger than that of the air (Ref 16, 29-
33). Hence, the shot velocity became higher than the air
velocity after a certain distance from the nozzle.

FZB20 showed the same trend as the velocity distribution of
the FZB100; however, the shot velocity was lower than that of
FZB100. The same trend was observed for tFZB40.

The relationship between the shot velocity, shot diameter,
and air pressure was evaluated using the following Eq 1
proposed by Ogawa et al. (Ref 31) and Muller and Urffer (Ref
8).

v ¼ a p� poð ÞbDc ðEq 1Þ

where v is the shot velocity, p is the air pressure, po is the
minimum air pressure at which the shot can be projected, D is
the average shot diameter, and a, b, and c are coefficients. In
this experiment, po is 0.1 MPa.

Figure 6 shows the relationship between shot velocity, air
pressure, and shot diameter for zircon shots. The plotted data
points are the maximum shot velocities obtained via PIV. The
plotted lines are the approximate results obtained from Eq 1.
The coefficients that minimize the sum of squares of the errors
between the experimental and predicted results were deter-
mined. The approximations are given in Eq 2 for the zircon
shots.

Fig. 3 Images captured by the high-speed camera of the in-flight
zircon shots at 0.6 MPa: (a) FZB100 and (b) FZB20
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v ¼ 35:54 p� 0:1ð Þ0:567D�0:457 ðEq 2Þ

The shot velocity was proportional to the air pressure
p� 0:1ð Þ raised to the power of 0.567. Because the shot
velocity decreased as the shot diameter increased, the approx-
imate shot velocities were proportional to approximately
�0.457 power of the shot diameters.

3.2 Effect of Shot Velocity and Diameter on the Almen
Intensity

The variation of arc height was investigated using N-type
Almen strips. The saturation curves of the zircon shots
(FZB100 and FZB20) are shown in Fig. 7(a) and (b),
respectively. The plotted data points are the experimental
results and the lines are the values approximated using the
following Eq 3, proposed by Kirk (Ref 2);

h ¼ a 1� exp �btcð Þf g ðEq 3Þ

where h is the arc height, t is the peening time, and a, b, and c
are coefficients. The coefficients were set to the values that
minimize the sum of squares of the errors with the experimental
results at each air pressure. The higher the air pressure, the
higher is the arc height. The arc height of FZB20, which has a
larger shot diameter, was larger than that of FZB100 at the same
air pressure. The arc height increased with peening time, and
saturated at 4 s/mm in all cases. The saturation time was
defined as the time when the rate of change of arc height
became less than 10% when the time was doubled in the curve
approximated by Eq 3. This trend was the same for FZB40. In
this study, the arc height at the saturated peening time of 8 s/
mm was evaluated as the Almen intensity.

In this study, an equation, similar to the forms of Eq 1 based
on the equation proposed by Muller and Urffer (Ref 8), is
proposed to express the effect of shot velocity and shot
diameter on the Almen intensity as

I ¼ kvnDm ðEq 4Þ

where I is the Almen intensity, v is the shot velocity, D is
average shot diameter, and k, n, and m are coefficients. The
coefficient k for shot materials includes the effects of specific
gravity, Young�s modulus, and yield stress. The approximation
is shown in Eq 5. The shot velocity was calculated from Eq 2.

I ¼ 0:0302v1:032D1:084 ðEq 5Þ

The effects of shot velocity and diameter on the Almen
intensity are shown in Fig. 8. The data points and lines plotted

Fig. 4 PIV results for zircon shot at 0.6 MPa at the nozzle center
line. The horizontal axis shows the position in the high-speed
camera image (Fig. 3) in the shot travel direction. The tip of the
nozzle is approximately 20 mm on the horizontal axis: (a) FZB100
and (b) FZB20

Fig. 5 Shot velocity distribution via PIV at the nozzle center line
using zircon shots. The horizontal axis shows the position in the
high-speed camera image (Fig. 3) in the shot travel direction: (a)
FZB100 and (b) FZB20

Fig. 6 Effect of air pressure and shot diameter on shot velocity.
Plotted experimental data are fitted with lines calculated using Eq 2
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in the figure show the experimental and approximation results,
respectively.

The Almen intensity was approximately proportional to the
shot velocity v� v0ð Þ. The results of our experiments are
consistent with the results in the previous studies, which
showed that when the shot velocity was less than 60 m/s, the
Almen intensity was approximately proportional to the shot
velocity (Ref 3, 5, 7, 30). The Almen intensity was approx-
imately proportional to the shot diameter.

3.3 Effect of Shot Velocity and Diameter on the Residual
Stress Distribution through the Thickness Direction

Aluminum alloy (A5052) was shot-peened at air pressures
of 0.2, 0.4, and 0.6 MPa, and the residual stress distribution
was investigated. Figure 9 shows the measurement results of

the residual stress distribution after shot peening. Residual
stresses were measured in two specimen directions: the
longitudinal (x-) and width (y-) directions. There was no
significant difference between the residual stresses in the x- and
y-directions. When the residual stresses were significantly
different, for example, at a depth of 0.1 mm in FZB20, two
measurements were made at the same depth at different
locations.

For any shot, the range of compressive residual stress
deepened with the increase in air pressure and shot diameter.

For FZB100, the maximum compressive stress was at the
surface at 0.2 and 0.4 MPa, and the residual stress distribution
was approximately the same; the maximum compressive
residual stress was inside at 0.6 MPa. For both FZB40 and
FZB20, the maximum compressive stress was at the surface at
0.2 MPa; the maximum compressive residual stress was inside
at 0.6 and 0.4 MPa. The maximum compressive residual stress

Fig. 7 Saturation curve of N-type Almen strip using zircon shots.
The experimental results are plotted, with curves calculated using
Eq 3: (a) FZB100 and (b) FZB20

Fig. 8 Effect of shot velocity and diameter on the Almen intensity.
Plotted experimental data are fitted with lines calculated using Eq 5

Fig. 9 Residual stress distributions after shot peening using zircon
shots. Experimental data plotted are x-stress (solid) and y-stress
(open) points fitted with lines calculated using Eq 6: (a) FZB100, (b)
FZB40, and (c) FZB20

698—Volume 33(2) January 2024 Journal of Materials Engineering and Performance



was -200 to -150 MPa in both cases, with no significant
difference.

Robertson (Ref 24) proposed Eq 6 as an experimental
expression for the residual stress distribution after shot peening
and applied it to the residual stress distributions in SAE 5 160
steel peened with CS230 (0.7 mm diameter) and CS660
(1.4 mm diameter) shots. This equation was used by Gariépy
et al. (Ref 25) for AA2024-T351 peened with ceramic Zirshot
Z425 (0.425-0.600 mm diameter), by Miao et al. (Ref 23) for
Al2024-T351 peened with ceramic Zirshot Z425, and by Tao
and Gao (Ref 18) for A2060-T8 Al-Li alloy peened with
CZ210 (0.13 mm diameter) and CZ300 (0.18 mm diameter).
Equation (6) is useful for the prediction of the residual stress
distribution.

r zð Þ ¼ Aexp
�2 z� Zdð Þ2

W 2

" #
þ B ðEq 6Þ

where r zð Þ is the in-plane residual stress distribution in the
depth direction z, Aþ B is equal to the maximum residual
stress, Zd is the depth of maximum residual stress, and W is the
depth at which the residual stress saturates.

The coefficients A, B, Zd, and W are identified by the least
square method using the measured results. For simplicity, Eq 6
is hereafter called the identified prediction equation for residual
stress distribution in all cases. Table 3 summarizes A, B, Zd, and
W for each case. Figure 9 shows the residual stress distribution
plotted by solid lines predicted by Eq 6 and its comparison with
measured data displayed as marks.

Figure 10 shows the near-surface microstructure after shot
peening. Shot peening caused indentation on the surface, which
became more pronounced at 0.6 MPa. Under the indentation,
the microstructure formed by rolling was curved. Local
stratification patterns were observed on the surface at
0.6 MPa. In particular, they were observed with FZB20 at
0.6 MPa (Fig. 10f). In the shot peening, significant surface
irregularities were formed on the surface. On subsequent
impacts, the convex part was bent and penetrated into the
material. On further impacts, the formation, and the bending of
the convexity was repeated, forming a localized stratification
pattern (Ref 30). Because of the large indentation and surface
roughness caused by peening with FZB20 at 0.6 MPa, many
local stratification patterns were observed.

Figure 11 shows the hardness distribution near the surface
after shot peening. The hardness was measured with a micro-
Vickers hardness tester under a load of 100 g. The near-surface
area was hardened by shot peening. The larger the shot
diameter, the deeper was the hardening depth at 0.6 MPa. This

trend is consistent with the residual stress distribution shown in
Fig. 9. At 0.2 MPa, the hardened area was not measured for
FZB100 and FZB40, and the hardened area was less than
0.05 mm from the surface. When FZB100 and FZB40 were
used, the area of compressive residual stress shown in Fig. 9
was less than 0.1 mm, which was consistent with the hardness
distributions at 0.2 MPa.

Because the microstructure deformation was observed near
the surface and the hardness distribution near the surface is
consistent with the residual stress distribution, it can be
concluded that the residual stress distribution was generated
from the plastic strain distribution introduced by shot peening.

4. Prediction Method for the Residual Stress
Distribution through the Thickness Direction

4.1 Predictive Study of the Effect of Shot Velocity
and Diameter for Zircon Shot

To investigate the effect of shot velocity and shot diameter
on the residual stress distribution, the coefficients A, B, Zd, and
W in Eq 6 were determined. The identified Eq 7 was proposed
to express the effects of shot diameter and velocity on the
residual stress distribution in a simpler form.

r zð Þ ¼ KAv
NADMA

� �
exp

�2 z� KZvNZDMZð Þf g2

KWvNWDMWð Þ2

" #

þ KBv
NBDMB

� �
ðEq 7Þ

where K(A,B,Z,W), N(A,B,Z,W), and M(A,B,Z,W) are coefficients.
These coefficients were determined to minimize the sum of
squares of the errors with A, B, Zd, and W in Table 2,
respectively. K(A, B, Z, W), N(A, B, Z, W), andM(A, B, Z, W) for zircon
shots are summarized in Table 4.

Figure 12 shows the relationship between the coefficients in
Eq 7 and the shot velocity and diameter. The plotted points are
the data in Table 3, and the wireframes are the results of
regression using Eq 7. The maximum compressive residual
stress, A + B, was independent of the shot diameter, velocity,
and material. The maximum compressive stress was determined
by the yield stress of the aluminum alloy. The depth of
maximum compressive stress, Zd, increased with the increase in
shot velocity and diameter. The depth of residual stress, W,
increased with the increase in shot velocity and diameter.

Figure 13 shows a comparison between the residual stress
distributions predicted using Eq 7 and the measured results for

Table 3 Coefficients in Eq 6 for each condition

Shot Air pressure, MPa A, MPa B, MPa zd, mm W, mm

FZB100 0.2 �1:635� 102 �8:706 0:000 9:584� 10�2

0.4 �1:485� 102 �1:061� 101 8:075� 10�3 9:182� 10�2

0.6 �1:362� 102 �1:840� 101 4:071� 10�2 1:248� 10�1

FZB40 0.2 �1:350� 102 �1:730� 101 0:000 7:319� 10�2

0.4 �1:609� 102 �1:312� 101 5:729� 10�2 1:399� 10�1

0.6 �1:473� 102 �7:517 6:145� 10�2 1:910� 10�1

FZB20 0.2 �1:344� 102 �1:764� 101 0:000 1:735� 10�1

0.4 �9:933� 101 �2:406� 101 9:318� 10�2 2:688� 10�1

0.6 �1:433� 102 9:962 1:250� 10�1 3:699� 10�1
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the zircon shots. Because the residual stresses in the x- and y-
directions were approximately the same in the experiment, they
are plotted with the same points in the figure. In both cases, the
measured and predicted results were in good agreement.
However, there is a small difference only in the surface stress
of FZB100. This prediction method was slightly less accurate
for the surface stresses.

Using the proposed simple Eq 7, the residual stress
distribution after shot peening at different shot velocities and
shot diameters can be predicted. In this study, experiments were
conducted in the region of slow shot velocity, and the
specimens were only one type of aluminum alloy. In the
future, these prediction methods should be verified experimen-

Fig. 10 Microstructure of specimen after shot peening: (a) FZB100 at 0.2 MPa, (b) FZB100 at 0.6 MPa, (c) FZB40 at 0.2 MPa, (d) FZB40 at
0.6 MPa, (e) FZB20 at 0.2 MPa, and (f) FZB20 at 0.6 MPa

Fig. 11 Hardness distributions near the surface after shot peening
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tally and numerically over a wider range of shot velocity
conditions and with a variety of peened materials.

4.2 Verification using Zircon Shot FZB30

The results in Fig. 13 were obtained by fitting the coeffi-
cients of Eq 7 from the experimental results for the residual
stress distributions. Therefore, to validate Eq 7, the residual
stress distributions were measured when shot peening was
performed using zircon shot FZB30 with different shot
diameters. The average diameter of FZB30 was 0.51 mm.
The experimental conditions and the residual stress measure-
ment method are described in Sect. 2. The shot velocity of
FZB30 was calculated using Eq 2. The shot velocity was 13 m/
s at 0.2 MPa, 24 m/s at 0.4 MPa, and 32 m/s at 0.6 MPa.

Figure 14 shows a comparison between the residual stress
distributions predicted using Eq 7 and the measured results for
the FZB30. The measured results and predictions using Eqs 2
and 7 are in good agreement. Within the range of experimental
conditions, the prediction method for residual stress distribution
using Eq 7 was verified for shot diameters that were not tested.

4.3 Predictive Study of the Effect of Almen Intensity
and Shot Diameter

The case of Almen intensity as a parameter was also studied.
The identified Eq 8 is proposed to express the effects of shot
diameter and Almen intensity on the residual stress distribution
in a simpler form. The method is the same as in Sect. 4.1.

r zð Þ ¼ KAI
NADMA

� �
exp

�2 z� KZINZDMZð Þf g2

KW INWDMWð Þ2

" #

þ KBI
NBDMB

� �
ðEq 8Þ

where I is the Almen intensity shown in Fig. 8. These
coefficients, K(A, B, Z, W), N(A, B, Z, W), and M(A, B, Z, W) were
determined to minimize the sum of squares of the errors with A,
B, Zd, and W in Table 3, respectively. The coefficients are
summarized in Table 5.

Figure 15 shows the measured results and the results
predicted using Eq 8 for the residual stresses. Almen intensities
were obtained from the experimental results shown in Fig. 8.
The measured and predicted results are in good agreement, and
the residual stress distribution can be predicted even with the
calculations using Almen intensities.

To verify Eqs 2, 5, and 8, the residual stress distribution was
calculated for the zircon shot FZB30, which was not used in the
regression. Figure 16 shows a comparison of the residual stress
distribution calculated by Eq 8 with the measured results,
according to the Almen intensity of FZB30, calculated using
Eqs 2 and 5. Almen intensities were 0.208 mmN at 0.2 MPa,
0.395 mmN at 0.4 MPa, and 0.533 mmN at 0.6 MPa. The
measured and predicted results are in good agreement. Within
the range of experimental conditions, the method presented in

this study can predict the residual stress distribution using
Almen intensity.

The identified equation with Almen intensity can be more
practically implemented in factories than the method proposed
in Sect. 4.1 using directly measured shot velocities. Moreover,
it can be used not only for pneumatic shot peening but also for
impeller shot peening.

4.4 Applicability of the Proposed Method

The range of applicability of the proposed method was
examined. First, the effect of thickness on residual stress
distribution was examined. When plastic strain e�ðzÞ occurs and

the surrounding area is completely constrained, the stress r�zð Þ in
a small region wdz at a depth z from the surface occurs as
expressed in Eq 9 (Ref 37, 38).

r�zð Þ ¼ � E

1� m2ð Þ e
�
zð Þ 1þ mð Þ ðEq 9Þ

where h is the plate thickness, w is the plate width, E is Young�s
modulus, and m is Poisson�s ratio. When r�zð Þ is generated, the

stress rP zð Þ in Eq 10 is generated to balance the forces through
the thickness direction (Ref 37, 38).

rP zð Þ ¼ r
h
0 r

�
zð Þwdz

.
wh ðEq 10Þ

The bending moment M is generated by r�zð Þ, where M is

given by Eq 11. To satisfy the moment equilibrium, the
bending stress rM zð Þ is generated. The final residual stress rR zð Þ
through the thickness direction is the sum of r�zð Þ, rP zð Þ, and
rM zð Þ (Ref 37, 38).

M ¼ r
h

0

r�zð Þ z� h=2ð Þwdz ðEq 11Þ

rR zð Þ ¼ r�zð Þ þ rP zð Þ þ rM zð Þ ðEq 12Þ

Figure 17 shows the calculated residual stress distribution
through the thickness direction when FZB20 shots were used
for peening at 0.6 MPa. The plastic strain distribution was set
to minimize the sum of squares of the error between the
experimental and calculated residual stress. The results of Eq 6
show that the stress was approximately constant at depths
greater than 0.6 mm from the surface, whereas the results of
Eq 12 show a slight tensile stress, which decreases as the depth
increases. Figure 18 shows the effect of thickness on the
residual stress distribution. The input plastic strain distribution
is the same as in Fig. 17. As the thickness decreased, the
influence of bending moments increased, and the stress gradient
increased in the region deeper than 0.6 mm from the surface.
For thicknesses of 2 and 3 mm, compressive stresses occurred
on the back side. The stress distribution in Eq 6 accurately
simulated the stress distribution in the vicinity of the surface;

Table 4 Coefficients in Eq 7 for zircon shot

Shot Coefficients in Eq 8 K(A,B,Z,W) N(A,B,Z,W) M(A,B,Z,W)

Zircon, FZB A, MPa �1:376� 102 �3:359� 10�2 �1:198� 10�1

B, MPa �7:732� 101 �6:503� 10�1 �2:968� 10�12

Zd, mm 1:640� 10�3 1:431 1:478
W, mm 3:078� 10�2 8:437� 10�1 1:116
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however, the stress distribution in the region not affected by
shot peening was not accurate. Equation 6 should not be used
to evaluate the stress over the entire thickness, especially for
low thicknesses.

Subsequently, the application of shot peening on high
strength materials was examined. Zinn and Scholtes (Ref 5)

Fig. 12 Relationship between the coefficients in Eq 6 and the shot
velocity and diameter. The plots are the data in Table 3, and the
wireframes are the results of regression using Eq 7: (a) A + B, (b)
Zd, and (c) W

Fig. 13 Plotted experimental data are fitted with lines calculated
using Eq 7: (a) FZB100, (b) FZB40, and (c) FZB20

Fig. 14 Verification of the residual stress distribution for FZB30.
Plotted experimental data are fitted with lines calculated using Eq 2
and 7
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shot peened quenched and tempered chrome-molybdenum-steel
(HV500-520) under various conditions and measured the
residual stress distribution. They used S110 (average diameter

0.353 mm), S170 (average diameter 0.500 mm) and S230 shots
(average diameter 0.706 mm). A comparison of the residual
stress distribution calculated using Eq 8 with the experimental
results is shown in Fig. 19. The calculated and experimental
results agreed with respect to the trend, however, the difference
in stress values was large. In particular, the experimental and
calculated results for the S110 at 0.216 mmA and 0.243 mmA
differed significantly. Mori et al. (Ref 39) investigated the effect
of plastic deformation of the shot on the residual stress and
showed that the plastic deformation of the shot did not occur if
the flow stress ratio of the shot to the specimen was greater than

Fig. 15 Plotted experimental data are fitted with lines calculated
using Eq 8: (a) FZB100 and (b) FZB20

Fig. 16 Verification of the residual stress distribution for FZB30.
Plotted experimental data are fitted with lines calculated using Eq 2,
5, and 8

Fig. 17 Calculated residual stress distribution through the thickness
direction when FZB20 shots were used for peening at 0.6 MPa.
Plotted experimental data are fitted with lines calculated using Eq 12
(solid line) and Eq 8 (dotted-dashed line), and plastic strain is shown
as a dotted line

Fig. 18 Calculation results of the effect of thickness on the of
residual stress distribution when FZB20 shots were used for peening
at 0.6 MPa

Table 5 Coefficients of Eq 8 for zircon shot

Shot Coefficients in Eq 8 K(A,B,Z,W) N(A,B,Z,W) M(A,B,Z,W)

Zircon, FZB A, MPa �1:479� 102 0:000 �2:286� 10�2

B, MPa 1:401� 102 4:087 �2:266� 10�1

Zd, mm 3:234� 10�1 1:730 8:712� 10�2

W, mm 5:751� 10�1 6:499� 10�1 3:860� 10�1
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2. Zinn and Scholtes (Ref 5) did not indicate the hardness of the
shot; however, we assumed that the high shot velocity
condition caused a large plastic deformation of the shot, which
changed the shot peening conditions. When peening conditions
varyed with shot velocity, for example, when large plastic
deformations occur in the shot, it is difficult to predict the
residual stress distribution using Eq 8.

The identified equation for the effects of shot diameter and
velocity or Almen intensity on the residual stress proposed in
this study can be used only in the following cases: (1) when
only the residual stress near the peened surface is to be
evaluated, and (2) when the shot is sufficiently hard compared
to the specimen, such that the shot is not plastically deformed.

5. Conclusion

An identified prediction equation for residual stress distri-
bution through the thickness direction of an aluminum alloy
A5052 plate was developed considering the effects of shot

velocity, diameter, and materials. The following detailed
conclusions were drawn from the study:

(1) Shot velocities were directly measured by PIV from
images captured by a high-speed camera. The effect of
air pressure and shot diameter on shot velocity was ex-
pressed by a developed equation for zircon shots. In zir-
con shot, shot velocity is proportional to the
approximately 0.567 power of air pressure and the -
0.457 power of shot diameter.

(2) The quantitatively corresponding equation between
residual stress distribution through the thickness direc-
tion and shot velocity, and diameter was developed for
zircon shots. The coefficients of this equation were in-
versely identified using systematically measured data.

(3) The residual stress distribution through the thickness
direction at various shot velocities and diameters could
be predicted in FZB20, FZB40, and FZB100 using the
identified prediction equation. The validity of this equa-
tion was demonstrated for a new shot peening condition
using FZB30.

(4) The residual stress distribution through the thickness
direction at various Almen intensities and diameters
could be predicted using a proposed modification to the
same equation. The identified equation with Almen
intensity can be more practically implemented in facto-
ries. Moreover, it can be used not only for pneumatic
shot peening but also for impeller shot peening.
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