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Abstract: Large residual stress of 2219 aluminum alloy induced by Tungsten Inert Gas (TIG) welding
decreases its service performances. Shot peening was adopted to decrease the residual stress of TIG
welding. Numerical models of TIG welding and shot peening were established using the combined
discrete and finite element methods (DEM–FEM). The results show that TIG welding induces tensile
residual stress due to the heat exchange effect and the longitudinal stress is larger than that in the
transverse direction. The maximum tensile stress occurs at a depth of 0.1 mm. The surface tensile
stress changes to compressive stress after shot peening as the severe deformation induced by the shots
changes the stress state of the plate. The maximum value of compressive stress (σm) and the peened
depth with compressive stress (Z0) are adopted to describe the peening effect. The absolute value of
σm increases with the increased peening speed and nozzle height. Mixed shots with a diameter of
0.8 mm and 1.2 mm induce larger value of σm than those with only a diameter of 1.2 mm. The value
of Z0 increases with the ascending shots diameter and nozzle height, while it varies nonmonotonically
with the peening speed. The effect of shot peening on the residual stress in TIG welding is discussed.

Keywords: 2219 aluminum alloy; TIG welding; residual stress; post-weld shot peening; combined
discrete and finite element models

1. Introduction

The 2219 aluminum alloy is extensively utilized in various industries, including
aerospace and defense, with high strength, stress-corrosion resistance and superior me-
chanical properties. TIG welding has been widely used in the aerospace field, such as the
tank of the rocket. The residual stress resulting from the welding process has detrimental
effects on this material. Improving the post-welding performance of aluminum alloys and
achieving superior welding joints have emerged as crucial issues.

To enhance the quality of weld joints, extensive experimental research has been con-
ducted on how to mitigate the residual stress during welding. Leggatt et al. [1] conducted
investigations on the residual stress distribution in various types of welds, such as plate-
to-plate welds, circumferential butt welds, and weld overlays. They identified several
significant factors that influence post-weld residual stresses, including substrate manu-
facturing processes, material properties, geometric shapes, constraint conditions, welding
processes, and post-weld treatments. Aoki et al. [2] introduced an innovative approach for
the application of vibrational loads in welding, aiming to mitigate residual stresses. The
implementation of random vibration proved to be an effective strategy in reducing tensile
residual stresses. Lobanov et al. [3] employed an electromechanical treatment approach
to mitigate residual stresses in welded joints of aircraft structures. It reduced the initial
stress in the welded joint from 120 MPa to 30 MPa. Under specific geometric conditions,
stress values even reached as low as −50 MPa, resulting in the formation of a compressive
stress field.
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There has been remarkable progress in the development of numerical models for
welding. Salih et al. [4] proposed a FEM based on the coupled Euler–Lagrange method.
The study provided valuable insights for the assessment of weld joint quality. Dai et al. [5]
introduced a numerical research approach for optimizing displacement control simula-
tions. They investigated the residual stresses in welded components after high-frequency
mechanical impacts. They demonstrated the reliability of the simulation system in ac-
curately predicting post-weld residual stresses and those generated by high-frequency
mechanical impacts.

Shot peening is a common surface strengthening technique that has been extensively
studied in terms of reducing residual stress. The primary factors of shot peening included
shots size, shots mass density, peening speed, peening angle, and mass flow rate [6,7].
Although different shot peening process parameters may yield similar results, shot peening
intensity and coverage were regarded as key parameters for the industry [8,9]. In the
context of shot peening, coverage was defined as the percentage of the target surface area
covered by indentations according to the SAE J2277 standard 2013 [10,11]. On the other
hand, shot peening intensity was characterized by the Almen intensity [12]. Based on this,
researchers have conducted extensive experimental research to investigate the strengthen-
ing mechanisms of shot peening. Maleki et al. [13] used various microscopy techniques to
characterize the microstructure, performed microhardness, residual stress measurements
and fatigue tests to understand the mechanisms of shot peening strengthening. Mohamed
et al. [14] investigated the influence of process pressure, nozzle distance, shot velocity, and
shot angle on coverage, saturation, and surface quality through experimental investiga-
tions. Wu et al. [15] examined the effects of shot peening coverage on residual stresses,
surface roughness, microhardness, and microstructure of rolled surfaces. Furthermore,
some researchers have employed neural network methods to explore the mechanisms
of shot peening. However, similar to the experimental studies mentioned above, these
approaches provide results without specific insights into the underlying processes. Maleki
et al. [16] experimentally studied the impact of shot peening on the surface hardness of
carbon steel by altering relevant parameters and used artificial neural networks to predict
surface hardness after shot peening. They investigated the influence of seven parameters
on the surface hardness after shot peening. These comprehensive experimental and compu-
tational investigations contribute valuable insights into the mechanisms of shot peening
strengthening, laying a solid foundation for optimizing the shot peening process to enhance
material properties and performance.

Numerical simulations offer advantages in terms of economic costs and time savings
compared to experimental research [17–22]. Hong et al. [23] proposed a computational
model for finite element coupling processes that considered the interactions between the
incoming and reflected shots. Jebahi et al. [24] developed a novel discrete–continuous
coupling model and a cost-effective numerical simulation method. Tu et al. [25] presented
a finite element model based on sequentially coupled discrete element model (DEM)
to predict residual stress and surface roughness after shot peening. Zhang et al. [26]
employed a DEM–FEM coupling simulation method to predict coverage, compressive
residual stresses, and surface roughness resulting from shot peening. Ahmad et al. [10]
established a numerical simulation model that was experimentally validated to evaluate the
impact of shot peening velocity, projectile size, and impact angle on residual stress. Marini
et al. [27] explored the potential of DEM–FEM simulation for edge shot peening processes,
and the predicted residual stress fields were in good agreement with the experiments.
Li et al. [28] proposed a DEM–FEM method for the shot peening of titanium alloy TC4.
They investigated the effects of peening parameters as control variables on the resulting
residual stresses.

In pursuit of a more realistic post-weld shot peening simulation model and more
accurate simulation results, it is crucial to investigate the variations during the shot peen-
ing process and explore the factors influencing the impact of shot peening on residual
stresses in welded plate components. However, there is a lack of reported studies on the



Metals 2023, 13, 1581 3 of 17

combined simulation of shot peening for the reduction of residual stress fields in welded
plate-to-plate joints.

In this study, in order to perform a joint simulation for shot peening of the residual
stress field in welded joints of steel plates and to investigate the effect of parameters on
residual stresses during the peening process, numerical models of TIG welding and shot
peening were established in ABAQUS 2017 software using the combined discrete and
finite element methods. The residual stress after TIG welding was introduced as the initial
conditions for the shot peening model. The surface contact between the shots and the
plate, as well as interactions between different shots was applied in DEM. The effect of
shot peening parameters (shot peening speed, shots diameter and nozzle height) on the
variation and distribution of residual stress was investigated. Finally, the accuracy of the
models was validated through experiments.

2. Numerical Models
2.1. The TIG Welding Model

The material was 2219-T8 aluminum alloy. Two plates were TIG welded with an
overall dimension of 300 mm × 300 mm × 10 mm. The welding process was carried out
for duration of 200 s, followed by a post-weld cooling period of 30 min in the air. The
temperature and residual stress distribution after cooling were analyzed.

The dual ellipsoid heat source model is adopted as the heat source in TIG welding.
The dual ellipsoid heat source model is schematically shown in Figure 1. The specific
parameters of the double ellipsoid heat source are shown in Table 1. The mathematical
expression of the dual ellipsoid heat source model is shown in Equations (1) and (2) [29]:
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q f =

6
√

3Q f f
π
√

πa f bc e
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a2
f
+

y2

b2 +
z2

c2 )

]
, x > 0

qr =
6
√

3Q fr
π
√

πarbc e

[
−3( x2

a2
f
+

y2

b2 +
z2
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, x ≤ 0

(1)

Q = η ·U · I (2)

where qf and qr represent the heat flux densities at the front and rear ends, respectively;
af and ar denote the lengths of the front and rear ellipsoids; b indicates the depth of the
heat source; c represents the half-width of the heat source; ff and fr are the proportionality
coefficients at the front and rear ends of the heat source, with ff + fr = 2; G denotes the
effective heat input; η stands for the thermal efficiency; and U and I refer to the voltage
and current, respectively.

Metals 2023, 13, x FOR PEER REVIEW 3 of 18 
 

 

peening process and explore the factors influencing the impact of shot peening on re-
sidual stresses in welded plate components. However, there is a lack of reported studies 
on the combined simulation of shot peening for the reduction of residual stress fields in 
welded plate-to-plate joints. 

In this study, in order to perform a joint simulation for shot peening of the residual 
stress field in welded joints of steel plates and to investigate the effect of parameters on 
residual stresses during the peening process, numerical models of TIG welding and shot 
peening were established in ABAQUS 2017 software using the combined discrete and fi-
nite element methods. The residual stress after TIG welding was introduced as the initial 
conditions for the shot peening model. The surface contact between the shots and the 
plate, as well as interactions between different shots was applied in DEM. The effect of 
shot peening parameters (shot peening speed, shots diameter and nozzle height) on the 
variation and distribution of residual stress was investigated. Finally, the accuracy of the 
models was validated through experiments. 

2. Numerical Models 
2.1. The TIG Welding Model 

The material was 2219-T8 aluminum alloy. Two plates were TIG welded with an 
overall dimension of 300 mm × 300 mm × 10 mm. The welding process was carried out for 
duration of 200 s, followed by a post-weld cooling period of 30 min in the air. The tem-
perature and residual stress distribution after cooling were analyzed. 

The dual ellipsoid heat source model is adopted as the heat source in TIG welding. 
The dual ellipsoid heat source model is schematically shown in Figure 1. The specific 
parameters of the double ellipsoid heat source are shown in Table 1. The mathematical 
expression of the dual ellipsoid heat source model is shown in Equations (1) and (2) [29]: 















≤=

>=

=


























++−


























++−

0,36

0,
36

),,(
2

2

2

2

2

2

2

2

2

2

2

2

3

3

xe
bca

Qfq

xe
bca

Qf
q

zyxq

c
z

b
y

a
x

r

r
r

c
z

b
y

a
x

f

f
f

f

f

ππ

ππ
 (1) 

IUQ ⋅⋅=η  (2) 

where qf and qr represent the heat flux densities at the front and rear ends, respectively; af 
and ar denote the lengths of the front and rear ellipsoids; b indicates the depth of the heat 
source; c represents the half-width of the heat source; ff and fr are the proportionality co-
efficients at the front and rear ends of the heat source, with ff + fr = 2; G denotes the effec-
tive heat input; η stands for the thermal efficiency; and U and I refer to the voltage and 
current, respectively. 

 
Figure 1. Schematic diagram of the dual ellipsoid model. Figure 1. Schematic diagram of the dual ellipsoid model.



Metals 2023, 13, 1581 4 of 17

Table 1. Parameters of the dual ellipsoid model.

Voltage
U/V

Current
I/A

Heat Source
Efficiency

η

Front Axle
Length
af/mm

Rear Axle
Length
ar/mm

Width
c/mm

Depth
b/mm

Front Scale
Factor

ff

Back-End
Scaling
Factor

fr

22.6 110 0.6 5 10 5 3 0.67 1.33

For the 2219 aluminum alloy plate, the Johnson–Cook material model was adopted.
This model represented a viscoplastic constitutive relationship that accurately simulated
the effects of shots peening on the plate with high strain rate, work hardening and temper-
ature effects. The fundamental formulation of the Johnson–Cook model [30] is shown in
Equation (3).

σe =
[

A + Bεn
p

][
1 + C ln

(
ε′np
ε0′

)
[1−

(
T − T0

Tm − T0

)m
]

]
(3)

The constitutive model parameters, A, B, C, m, and n, represent important factors
in the Johnson–Cook material model. Here, εp denotes the equivalent plastic strain, and
denotes the relative plastic strain. Tm, T0, and T correspond to the melting temperature,
room temperature, and working temperature, respectively. A represents the material’s
yield stress, n is the strain hardening exponent, B is a material-dependent constant, C is the
strain rate sensitivity coefficient, and m is the temperature sensitivity coefficient. Table 2
provides the Johnson–Cook model parameters for the 2219 aluminum alloy, which were
determined through thermal compression experiments.

Table 2. 2219 Aluminum Alloy J-C intrinsic parameters [31].

Parameters A B C m n

Value 170 228 0.028 2.75 0.31

The thermal conduction between the plate and the worktable was convective heat transfer,
with an empirically determined convective heat transfer coefficient of 1000 W/(m2·◦C). Both
convective and radiative heat transfer effects between the plate and the environment were
equivalently considered as surface convective heat transfer between the plate and the
environment. The thermal conductivity coefficient was obtained from Equation (4) [32]:

h = ha +
εσ(T4 − T0

4)

T − T0
(4)

h—equivalent convective heat transfer coefficient; ha—the value of the convective heat
transfer coefficient between the material and the air, 20 W/(m2·◦C); ε—thermal radia-
tion coefficient, its value is 0.75, σ—the Stefan–Boltzman constant, T—material surface
temperature, and T0—air temperature.

Table 3 presents the specific thermal boundary conditions utilized during the numeri-
cal simulation of the temperature field in this study.

Table 3. Thermal boundary parameters in TIG welding.

Region
Radiant Heat Transfer

Coefficient
ε

Convective Heat Transfer
Coefficient

ha/(W/m2·◦C)

Contact Heat Transfer
Coefficient
k/(W/m·◦C)

Substrate
Top and side 0.2 20 —

Bottom — — 500



Metals 2023, 13, 1581 5 of 17

2.2. The Shot Peening Model

In this study, a numerical simulation of the shot peening process was conducted using
the combined DEM–FEM method. Compared to the Smoothed Particle Hydrodynamics,
the surface contact between the plate and the shots, as well as the interactions between
different shots can be defined in the DEM–FEM method. Therefore, the diameter of the
shots and the mixed shots with different diameters can be achieved.

The steps of DEM–FEM coupled models are shown in Figure 2. The geometric charac-
teristics, material constants and boundary conditions of the plate are defined in the FEM.
During the shot peening process, multiple random shots with the specified diameter and
peening speed are defined using DEM in this study. The shots were designed as solid, rigid
objects, and its surface contact between the plate as well as interactions between different
shots are applied in DEM. Then, the effect of peening parameters on the variation in the
residual stress of the plate can be analyzed. The definition of the shots with DEM will be
introduced in the subsequent sections.
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The steel shots are adopted in the peening process and its material constants are
shown in Table 4. It was known that the depth of the shot peening process of the aluminum
alloy was approximately of 1 mm. To accurately capture the stress distribution at a depth
of approximately 1.0 mm along the thickness direction after shot peening, the mesh size
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through the thickness of the plate is set as 0.2 mm. The mesh size of the welded zone is set
as 0.3 × 0.3 mm.

Table 4. Material constants of the peening shots [33].

Materials Density
(kg·m3)

Elasticity Modulus
(GPa) Poisson’s Ratio

Steel 7750 206 0.3

The residual stress distribution after TIG welding is imported as the initial boundary
condition for the shot peening model. The bottom surface of the plate is constrained in the
shot peening process

The contact definition is the key factor for the accurate simulation of the shot peening
process, which will be defined in the DEM model. Hard contact is applied to the plate
surface and the shots with the friction coefficient of 0.3. As there is no viscous effect between
the shots, Hertz contact is applied to the shots with the friction coefficient of 0.3 and Hertz
force of 67.

The shot peening speed, shots diameter and the nozzle height play a vital role in the
peening effect, thus significantly affecting the residual stress distribution. In this study, the
effect of peening parameters on the variation in the residual stress is investigated, as shown
in Table 5.

Table 5. Shot peening parameters.

Shot
Parameters

Shot Peening Speed
V (m/s)

Shots Diameter
D (mm)

Nozzle Height
H (mm)

Value
25 0.8 50
30 1.2 100
35 0.8/1.2 150

3. Experiment and Methods
3.1. Tig Welding

In this study, the 2219 series aluminum alloy was chosen as the research material. Both
the welding plate and welding wire were of the same chemical composition, as shown in
Table 6. The wire diameter is 1.2 mm. The main parameters of the welding machine used
for TIG welding were shown in Table 7. The experimental parameters are the same with
the numerical models. Pure argon was adopted as the shielding gas with the flow rate of
14 L/min.

Table 6. Composition of 2219(ER2319) aluminum wire.

Element Cu Mg Mn Ti Zr V Zn Si Fe

wt% 5.8–6.8 ≤0.02 0.2–0.4 0.1–0.2 0.1–0.25 0.05–0.15 ≤0.1 ≤0.2 ≤0.3

Table 7. Main parameters of TIG welding.

Parameters Voltage
(V)

Current
(A)

Welding
Speed
(mm/s)

Wire Feed
Speed

(m/min)

Contact Tip-to-Work
Distance

(mm)

Value 22.6 110 1.5 7 14

3.2. Shot Peening

The peening equipment used was the CJ-106P machine. The working pressure during
the shots peening ranged from 0.3 to 0.8 MPa with a nozzle diameter of 12 mm. A constant
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air pressure of 0.4 MPa was maintained in the shot peening process. The nozzle was
perpendicular to the surface of the plate. The center area of the weld seam of the welded
plate was shot peened. Steel shots were adopted and the peening time was 1 min. The
schematic diagram of shot peening is shown in Figure 3.
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3.3. Temperature Detection

K-type thermocouples are used for temperature measurement, as shown in Figure 4,
the diameter of the thermocouple is 3 mm, the depth of the punched hole is 2 mm, a total
of 5 thermocouples are read in the welded arc start end, resting arc end and the middle
cross-section position.
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3.4. Residual Stress Detection

The surface residual stresses of the post-welded and shot−peened plates were mea-
sured using an X-ray detection device (Xstress 3000 G2/G2R, X-ray Stress Analyzer,
Stresstech brand, located in Finland, was purchased from Beijing Hua-OU Century Opto-
electronic Technology Co., Ltd., Beijing, China). The parameters used for the diffractometer
are listed in Table 8.

Table 8. X-ray diffractometer test parameters.

Parameters Settings

materials Aluminum (Cr)
X-ray Cr

Time of exposure 10 s
Number of exposures 10 times/position

Target swing angle 3.00 [deg.]
Specification of collimated tubes 1 × 2 mm

Method of peak fixing Gauss 80%
ψ0(◦) 0◦, ±20.7◦, ±30◦, ±37.8◦, ±45◦

Electrolytic polishing equipment was employed to polish the surface of the plate
for measuring the residual stresses through the thickness direction, as shown in Figure 5.
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The depth of each removal layer of the plate can be controlled by constant parameters in
electrolytic polishing process. The polishing duration at the desired locations was set to 5 s.
After the removal of the material with a certain thickness, the surface residual stress was
measured. As a result, the residual stress through the thickness of the plate can be obtained
by several times of polishing and measurements.
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4. Results and Discussion
4.1. Temperature Variation in TIG Welding

The residual stress after TIG welding is related to the variation in the temperature
during and after welding process. Based on the FEM analysis, the peak temperature at the
center of the weld is approximately 885 ◦C, and its width is 9 mm. To study the temperature
distribution in TIG welding, five points are selected, as shown in Figure 6.
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The temperature at the start position (Point 1) of the weld increases quickly and then
decreases with the movement of the welding torch, as shown in Figure 7. It can be seen that
the peak temperature at the start position is smaller than that at the end position (Point 2)
due to the heat sink effect at the start position of the weld. Despite of the distance between
Point 3 and the center line of the weld, Point 3 shows larger peak temperature than that in
Point 1, indicating that the heat accumulation increases with the movement of the welding
torch. As a result, Point 2 shows the highest temperature due to the heat accumulation and
the torch delay during the end position in TIG welding process. Point 4 and Point 5 show
the similar variation with Point 3, and its peak temperature decreases with the increased
distance from the center line of the weld due to the heat exchange between the weld and
the plate.
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The comparison between the experimental temperature cycle curves and the ones
obtained from finite element simulations is shown in Figure 7. The peak temperatures
obtained from the finite element simulations at the positions of the five thermocouples
agree with the experiment, confirming the accuracy and reliability of FEM.

4.2. Residual Stress Variation in TIG Welding

The formation of residual stress is related to the cooling process after TIG welding. To
investigate the distribution of the residual stress after TIG welding, the variation in residual
stress on the longitudinal section (parallel to the moving direction of the torch) and the
cross-section (perpendicular to the moving direction of the torch) is analyzed. As shown
in Figure 6, the residual stresses in both directions on the surface of each point of path 1
in the longitudinal section and path 2 in the transverse section were measured by X-ray.
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Each path was measured at 11 points, with 25 mm between every two points. In order to
analyze the residual stress distribution of the welded zone, the residual stress of the key
points in two sections is measured. As shown in Figure 8, the transverse residual stress of
this point is measured. The longitudinal residual stress of this point can be measured by
rotating the probe with 90◦.
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Figure 8. Residual stress diagram for X-ray diffraction measurement.

As depicted in Figure 9a, TIG welding induces tensile residual stress in the longitudinal
direction on the longitudinal section of the weld, and its value ranges from 30.2 MPa to
177.5 MPa. The peak value of the longitudinal residual stress occurs at the center of the
weld. The longitudinal residual stress shows an “arch-like” distribution with smaller values
at both ends. The transverse residual stress on the longitudinal section of the weld shows
different variation compared to that of the longitudinal direction. Tensile stress is generated
at the center of the weld while compressive stress appears near the arc start and arc end
positions. The peak value of transverse residual tensile stress is 11.2 MPa, which is quite
smaller than that in the longitudinal direction. The reasons for the difference between
the residual stresses at the beginning and end of the weld and in the middle position are
as follows: the heat exchange at the arc start and arc end position is sufficient due to the
large contact area to the cold plate without welding, thus resulting in smaller residual
stress at both ends. The heat exchange between the material at center part of the weld and
the plate is quite different in two directions. The cooling rate at center part of the weld
in the longitudinal direction is small due to its adjacent material with high temperature.
However, the cooling rate in the transverse direction is much larger as there is sufficient
heat exchange between the weld and the plate with low temperature.
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Figure 10a shows the longitudinal residual stress on the cross-section at the center
of the weld. The region around the center of the weld exhibits higher tensile stress, with
the maximum value of 177.5 MPa. In contrast, the stress far from the weld is relatively
smaller and tends to approach a state of zero stress. The reason for this behavior is that
the material far from the weld experiences less influence from the temperature increase
during the TIG welding, resulting in a weaker thermal expansion effect and lower stress.
As shown in Figure 10b, it can be observed that the transverse stress is mainly concentrated
in the central part of the weld, similar to the longitudinal residual stress distribution. The
value of transverse stress is much smaller than that in the longitudinal dire.
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In order to investigate the effect of shot peening on the variation in residual stress,
the distribution of residual stress through the thickness direction of the plate is analyzed,
as shown in the Figure 11. The longitudinal residual stress is primarily tensile stress and
the maximum tensile stress occurs at a depth of 0.1 mm with a value of 243.8 MPa. The
transverse residual stress exhibits tensile stress on the surface of the plate, and with mixed
tensile and compressive stress through the thickness of the plate.

Metals 2023, 13, x FOR PEER REVIEW 12 of 18 
 

 

as shown in the Figure 11. The longitudinal residual stress is primarily tensile stress and 
the maximum tensile stress occurs at a depth of 0.1 mm with a value of 243.8 MPa. The 
transverse residual stress exhibits tensile stress on the surface of the plate, and with 
mixed tensile and compressive stress through the thickness of the plate. 

  

Figure 11. Distribution of (a) longitudinal and (b) transverse residual stress through the thickness 
direction. 

4.3. Residual Stress Variation in Shot Peening 
One-pass TIG welding induces deformation after removing the constraint of the 

plate. The maximum distortion of the plate after TIG welding is 2 mm and it decreases to 
0.9 mm after shot peening process. Shot peening is beneficial for the decrease in the plate 
deformation. This distortion shows little effect on the analysis of the residual stress in this 
study. As shown in Figure 12 are some pictures after shot peening. 

 

(a) (b) 

Figure 12. (a) A 0.8 mm steel shot blasting surface; (b) a 1.2 mm steel shot blasting surface. 

4.3.1. Effect of Shot Peening Speed 
Figure 13 shows the effect of shot peening speed on variation in longitudinal and 

transverse residual stress. The shot peening transforms the tensile residual stress after 
TIG welding to compressive residual stress on the peened surface. The shot peening 
process can induce the compressive residual stress with a specified depth, and the com-
pressive stress gradually changes to tensile stress with the increased depth. As a result, 
the residual stress will be self-balanced through the thickness of the plate. To qualita-
tively describe the peening effect, two parameters are defined, the maximum value of 
compressive stress (σmax) and the peened depth with compressive stress (Dc). 

Figure 11. Distribution of (a) longitudinal and (b) transverse residual stress through the thickness direction.

4.3. Residual Stress Variation in Shot Peening

One-pass TIG welding induces deformation after removing the constraint of the
plate. The maximum distortion of the plate after TIG welding is 2 mm and it decreases to
0.9 mm after shot peening process. Shot peening is beneficial for the decrease in the plate
deformation. This distortion shows little effect on the analysis of the residual stress in this
study. As shown in Figure 12 are some pictures after shot peening.
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4.3.1. Effect of Shot Peening Speed

Figure 13 shows the effect of shot peening speed on variation in longitudinal and
transverse residual stress. The shot peening transforms the tensile residual stress after TIG
welding to compressive residual stress on the peened surface. The shot peening process
can induce the compressive residual stress with a specified depth, and the compressive
stress gradually changes to tensile stress with the increased depth. As a result, the residual
stress will be self-balanced through the thickness of the plate. To qualitatively describe
the peening effect, two parameters are defined, the maximum value of compressive stress
(σmax) and the peened depth with compressive stress (Dc).
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As shown in Table 9, it is obvious that the value of σmax in the longitudinal and
transverse directions both increase with the increased shot peening speed. The peened
depth with compressive residual stress (Dc) first increases with the shot peening speed
ranging from 25 m/s to 30 m/s, and then decreases when the shot peening speed increases
to 35 m/s. The increment of the σmax in the longitudinal direction is 20 MPa with the shot
peening speed ranging from 25 m/s to 30 m/s, which is larger than that of 14 MPa with the
range from 30 m/s to 35 m/s. The transverse residual stress shows the same variations.
Therefore, an optimized shot peening speed can be acquired according to the requirement
for larger compressive residual stress or larger peened depth.

Table 9. Effect of shot peening speed on variation in residual stress and peened depth.

Longitudinal Stress Transverse Stress

Shot peening speed
V(m/s) 25 30 35 25 30 35

Maximum value of
compressive stress

σmax (MPa)
−195 −215 −229 −145 −182 −211

Peened depth with compressive stress
Dc (mm) 0.42 0.518 0.43 0.57 0.63 0.49
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4.3.2. Effect of the Shots Diameter

To study the effect of the shots diameter on the variation in residual stress, three
conditions are comparatively analyzed: using steel shots with a diameter of 0.8 mm,
1.2 mm and the mixed shots of 0.8 + 1.2 mm with equal proportion.

As shown in Figure 14, the value of σmax in longitudinal and transverse directions and
its peened depth Dc both increase with the increased shots diameter. The peening energy
is related to the shots mass with a given shot peening speed, which depends on the shots
diameter. A shots diameter of 1.2 mm induces larger peening energy to the welded plate,
thus resulting in larger and deeper compressive residual stress.
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As shown in Table 10, the larger value of σmax in the longitudinal direction can be
obtained with the mixed shots of 0.8 + 1.2 mm compared to that with a shots diameter of
1.2 mm. Nevertheless, the mixed shots induce a smaller value of σmax in the transverse
direction compared to that with a shots diameter of 1.2 mm. The peened depth Dc of both
directions is between a shots diameter of 0.8 mm and 1.2 mm. It can be inferred that the
the shots diameter mainly affects the peened depth, and a larger shots diameter induces a
larger peened depth due to the larger peening energy. There may be interactions between
the shots with mixed diameter, which shows different variations in the longitudinal and
transverse residual stress. The peened depth in the transverse direction is larger than that
in the longitudinal direction, indicating that the shot peening process shows better effect
on the transverse residual stress.

Table 10. Effect of the shots diameter on variation in residual stress and peened depth.

Longitudinal Stress Transverse Stress

Shots diameter
D (mm) 0.8 0.8 +

1.2 1.2 0.8 0.8 +
1.2 1.2

Maximum value of
compressive stress

σmax (MPa)
−116 −218 −195 −147 −148 −182

Peened depth with
compressive stress

Dc (mm)
0.19 0.35 0.42 0.389 0.48 0.57

In conclusion, a larger shots diameter results in a larger peened depth while a mixed
shots diameter induces larger compressive residual stress compared to that with the shots
of the same diameter.
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4.3.3. Effect of Nozzle Height

With the increased nozzle height, the value of σmax and the peened depth Dc in two
directions both increase, as shown in Table 11 and Figure 15. The increment of the σmax in
the longitudinal direction is 4 MPa with the nozzle height ranging from 50 mm to 100 mm,
while it is 36 MPa with the range from 100 mm to 150 mm. For the transverse residual
stress, the increments are 39 MPa and 103 Mpa, respectively, which is much larger than that
of the longitudinal direction. Additionally, the nozzle height induces a larger peened depth
in the transverse direction compared to that in the longitudinal direction.

Table 11. Effect of nozzle height on variation in residual stress and peened depth.

Longitudinal Stress Transverse Stress

Nozzle height
H(mm) 50 100 150 50 100 150

Maximum value of
compressive stress

σmax (MPa)
−195 −199 −235 −147 −186 −289

Peened depth with
compressive stress

Dc (mm)
0.42 0.44 0.47 0.57 0.619 0.68
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4.3.4. Experimental Verification

Firstly, the reliability of the DEM-based shot peening model was validated by ex-
periment. The parameters for shot peening are described as follows: shot peening speed
30 mm/s, shots diameter 1.2 mm and nozzle height 50 mm. The residual stress and
the peened depth are measured by X-ray detection device, as shown in Table 12. Good
agreement between simulated and experimental results validates the accuracy of the
FEM-DEM models.

Table 12. Comparison between simulated and experimental results.

Simulated Experiment Error

Surface stress
σ0 (MPa) −194.3 −187.7 3.4%

Maximum value of compressive stress
σmax (MPa) −215.4 −203.1 5.7%

Peened depth with compressive stress
Dc (mm) 0.518 0.507 2.1%
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Through simulation and experimental analysis, it has been observed that shot peening
effectively transforms the residual tensile stresses near the weld joint into compressive
stresses. The experimental results illustrate the changes in peak residual stresses, as
depicted in. Prior to shot peening, the maximum residual tensile stress on the surface of the
plate was measured to be 177.5 MPa. After shot peening treatment, the maximum surface
compressive stress reached −194.3 MPa, and the value of Dc was approximately 0.518 mm.
Along the depth direction, the maximum value of compressive stress was recorded at
−215.4 MPa.

Figure 16 shows the residual stress distribution after TIG welding and shot peening
process. Tensile stress of 177.5 MPa after TIG welding changes to compressive stress of
−194.3 MPa on the peened surface. Meanwhile, TIG welding induces the maximum tensile
stress of 243.1 MPa, which decreases to −215.4 MPa after shot peening. It is obvious that
the shot peening significantly transform the tensile stress to compressive stress. Large
compressive stress on the surface of the plate is beneficial to prevent fatigue corrosion and
damage, thereby reducing crack initiation and its propagation as well as increasing the
fatigue life of the plate.
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Figure 16. Residual stress variation after TIG welding and shot peening.

5. Conclusions

1. TIG welding induces tensile residual stresses in the longitudinal direction with the
maximum value at a depth of 0.1 mm. The longitudinal residual stress is larger than
that in the transverse direction after TIG welding.

2. Shot peening effectively transforms the tensile residual stress after TIG welding into
compressive stress with a certain depth.

3. Increased shot peening speed leads to larger values of the maximum compressive
residual stress (σmax) in both directions. However, the shot peening speed shows
limited effect on the increase in the peened depth with compressive residual stress.

4. The value of σmax in the longitudinal and transverse directions and its peened depth
Dc both increase with the increased shots diameter. Mixed shots of 0.8 + 1.2 mm
induce a larger value of σmax in the longitudinal direction compared to that with shots
diameter of 1.2 mm.

5. The value of σmax and the peened depth Dc in two directions both increase with the
increased nozzle height.
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