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Abstract: The finite element method (FEM) and elasto-plastic self-consistent (EPSC) method were used to simulate the mechanical 

response of pure titanium subjected to single steel shot impacting at different shot sizes and velocities. The macroscopic and 

microscopic residual stresses were calculated. The results indicate that the observed macroscopic compressive residual stress 

increases with the increase of the shot size and impacting velocity. In addition, the macroscopic residual stress calculations correlate 

well with the residual elastic strain. The microscopic residual stresses lie within a range that varies with depth. Furthermore, the 

statistical distribution of the microscopic residual stress agrees well with the Gaussian distribution. Additionally, the dispersion of 

microscopic residual stresses, determined by the effective plastic deformation, is influenced by the shot size and impacting velocity. 

With the increase of the impacting velocity and decrease of the shot size, the standard deviation of the microscopic residual stress 

distribution increases at a certain depth. 
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Residual stresses have a significant influence on mechanical 

performance and are present in many structures and 

components. According to their action scale, residual stress 

can be divided into macroscopic (type ) and microscopic �

(type  and type ) stresses� �

[1-3]

. Type  residual stress is the �

volume average of the position-dependent residual stresses. 

The volume has to be large enough to include numerous grains 

for representing the macroscopic materials; therefore, type  �

residual stress can induce macroscopic dimensional change. 

Type  residual stress is the deviation from the type  � �

residual stress for an individual grain. It is an intergranular 

stress caused by grain interaction and varies from grain to 

grain. Type  residual stress is also called a homog� eneous 

microstress. Type  residual stress is an intragranular stress, �

which represents the local variation within a grain due to 

dislocations, or other lattice defects. Type  residual stress is �

referred to an inhomogeneous microstress. Clearly, the actual 

residual stress at a specific location is the sum of the three 

types of residual stresses. 

In order to improve the mechanical properties of 

engineering materials and components, the compressive 

residual stress can be introduced through many types of 

processes, such as conventional shot peening

[4, 5]

, laser shock 

peening

[6-8]

, surface mechanical attrition treatment

[9, 10]

, surface 

mechanical rolling treatment

[11]

, and ultrasonic surface rolling 

processing

[12]

. The fatigue life

[13, 14]

, strength

[15, 16]

, hardness

[17]

, 

and stress corrosion resistance

[3]

 can be enhanced significantly 

due to the resulted residual stress. Usually, it is considered that 

the compressive residual stress can lower the tensile stress 

level applied by the external loading, inhibit the crack 

nucleation in the surface layer, and accelerate the closure of 

the fatigue crack

[18]

. Extensive research has been conducted to 

characterize the macroscopic compressive residual stress

[3, 19]

, 

elucidate the influence of processing on macroscopic residual 

stress

[20]

, and investigate the relationship between the 

macroscopic residual stress and microstructure

[9]

. However, 

some issues, such as the formation mechanism of the 

macroscopic residual stress and its control, as well as 
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correlation of the macroscopic and microscopic residual stress, 

are still unclear.  

Similar to the macroscopic residual stress, microscopic 

residual stress also shows significant influence on the 

properties and performance of a material; for instance, short 

crack propagation

[3]

, micro-crack formation

[21]

, and stress- 

induced transformation

[22]

. Microscopic residual stress in 

grains with specific planes can be measured using neutron 

diffraction

[23]

 and X-ray microbeam diffraction

[22]

. The image 

correlation approach is also used to characterize the residual 

stress in micro-scale

[24]

. Residual stress in individual grain can 

be measured by utilizing the electron back scatter diffraction 

(EBSD) method

[25, 26]

. Though different methods have been 

employed to measure the microscopic residual stress, their 

mechanisms are still ambiguous. Further investigations are 

needed to elucidate the distribution characteristics of the 

microscopic residual stress and their influence mechanism.  

In order to elucidate the related underlying mechanism of 

residual stress induced by shot impacting, many researches 

have been conducted by using finite element method 

(FEM)

[9,27-29]

. In these researches, the macroscopic residual 

stresses induced by a single shot and by multiple balls were 

compared. It is shown that these residual stress distributions 

are similar. Therefore, in the present study, a single shot 

impacting was employed. The effects of velocity and shot size 

on the macroscopic and microscopic residual stresses were 

examined through FEM and elasto-plastic self-consistent 

(EPSC) model. Based on the calculation, the influence 

mechanisms were analyzed. 

1  FE Model and Validation 

The impacts were simulated by the commercial finite 

element code ABAQUS, using a 3D symmetry model shown 

in Fig.1. A target with dimensions of 2 mm × 2 mm × 4 mm 

was used. A C3D8R 8-node linear brick element with reduced 

integral and hourglass control was utilized for the target. A 

mesh, fine near the contact region and gradually coarser 

further away, was employed to ensure numerical accuracy and 

calculation efficiency. Only one quarter of the steel shot was 

modeled because of symmetry. A C3D4 4-node linear 

tetrahedron element was employed for the shot. The steel shot 

was assumed to be rigid during the impacting. A kinematic 

contact method was adopted for the interaction between the 

shot surface and the top surface of the target. In the FE model, 

the center of the bottom surface was set as the origin of the 

coordinate system. During simulation, symmetry displacement 

conditions were applied on the y=1 mm and x=1 mm planes. 

Furthermore, the bottom surface was fixed.  

To validate the FE model, a comparison with the study 

conducted by Meguid et al

[27]

 was made. In their research, a 

high-strength steel target was impacted by a steel shot with a 

diameter of 1 mm and impacting velocity of 50 m·s

-1

. Fig.2 

shows the variation in the normalized residual stress 

r

xx
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Fig.1  FE model for single shot impacting 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Comparison of the residual stress in steel target computed by 

Meguid’s and the present FE model 

 

with depth for both Meguid’s and the present study. Here, σ

r

xx

 

is the residual stress on the x axis, and σ

0 

is the initial yield 

stress. The calculation results are very close, which validate 

that the present FE analysis is feasible to some extent. 

The stress-strain relationship of pure titanium is shown in 

Fig.3 and the material parameters are summarized in Table 1. 

Steel shots with a diameter of 0.5 mm and 1.0 mm were 

employed in the simulation. Four different impacting 

velocities were used: 30, 50, 70, and 90 m·s

-1

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Stress-strain relationship used for pure titanium 
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Table 1  Material parameters used in the FEM calculation 

 Density/kg·m

-3

 Elastic modulus/GPa Poisson’s ratio 

Target 4510 114.8 0.32 

Steel shot 7800 200.0 0.26 

 

2  EPSC Model 

An EPSC polycrystal model has been utilized to investigate 

the mechanical response

[30-32]

, internal lattice strain

[32-35]

, 

residual stress

[34-36]

, and texture evolution

[33, 34, 36]

. In the EPSC 

model, each grain is regarded as an inclusion within a 

homogeneous medium.  

During plastic deformation, the stress rate  and total 

strain rate  of the polycrystals can be expressed with the 

following equation: 

:σ L ε=

�

�

                                      (1) 

where L represents the overall instantaneous elasto-plastic 

stiffness tensor.  

The similar constitutive relation of a particular grain is 

given by: 

c c c

:σ L ε=

��

                                    (2) 

where 

c

σ

�

 and 

c

ε

�

 are the stress rate and strain rate of the 

grain, respectively. Additionally, L

c

 is the grain modulus, 

which depends on the grain orientation, the single crystal 

elastic constants, and the plastic state of the grain. 

According to Eshelby’s equivalent inclusion model, the 

relationship between the total strain rate in a grain and that in 

the bulk medium is described by the following: 

c c

:ε A ε=

� �

                                     (3) 

where A

c

 is the localization tensor, and it is given by: 

A

c

=(L

c

+L

*

)

-1

:(L+L

*

)                              (4) 

where L

*

 is called the effective stiffness, and it is given by the 

following: 

L

*

=L:(S

-1

–I)                                    (5) 

where S is the elasto-plastic Eshelby tensor, and I is the fourth 

order unity tensor. 

To satisfy the self-consistent condition, the weighted 

averages of stress rate and strain rate of all the constituent 

grains have to coincide with the macroscopic magnitudes of 

the polycrystals: 

c

ε ε=

� �

                                       (6) 

c

σ σ=

� �

                                      (7) 

Macroscopic elasto-plastic stiffness can be expressed as: 

c c

:L L A=                                    (8) 

Given a macroscopic stress or strain increment, a new 

estimate of L can be determined by an iterative procedure. In 

this procedure, the stress and strain of each grain can be 

calculated. Samples consisting of 2000 grains with typical hot 

rolled textures were employed in the present EPSC simulation.  

Prismatic slip 

{ }

1010 1210< > , pyramidal slip 

{ }

1011 1123< > , base slip 

{ }

0002 2110< > , tensile twining 

{ }

1012 1011< >, and compressive twining 

{ }

2112 2113< >  

were selected as the deformation systems for pure 

titanium

[37-39]

. A voce hardening model was used to describe 

the relationship between threshold shear stress τ and 

accumulated shear strain Γ for a deformation system in one 

grain:  

0 1 1 0 1

( )(1 exp( / ))τ τ τ θ θ τ= + + − −Γ Γ                (9) 

where τ

0

, τ

1

, θ

0

 and θ

1

 are the hardening parameters. Through 

comparison of the tensile stress-strain curve and texture 

evolution character

[37,40]

, the hardening parameters of each 

deformation mode are determined and listed in Table 2. The 

single-crystal elastic constants used in this model are 

C

11

=C

22

=162.4 GPa, C

33

=180.7 GPa, C

12

=92 GPa, C

13

=69 

GPa, and C

44

=46.7 GPa. 

In the present study, explicit dynamic FE simulation of the 

single shot impacting was first conducted. The macroscopic 

strain of the target, at the moment when the shot velocity 

decreased to zero, was obtained. Whereafter, general statistic 

simulation was carried out to obtain the residual strain and 

residual stress at macroscopic scale. Following the simulation, 

the EPSC calculation was conducted with strain control. The 

loading and unloading conditions were determined according 

to the FE simulations. In the EPSC calculation, macroscopic 

residual stress of the samples at different depths and the actual 

residual stress of each grain can be determined. 

3  Results and Discussion 

3.1  Macroscopic residual stress distribution 

In this study, the macroscopic residual stresses in pure 

titanium, impacted by a single shot with different velocities 

and diameters, were calculated through both the FE and EPSC 

method. Fig.4 shows the variation in the macroscopic residual 

stress on the X axis with depth from the impacted surface. The 

residual stresses calculated by the two methods show a similar 

variation with depth for different impacting velocities and shot 

sizes, as observed in Fig.4. In addition, the two methods 

exhibit good agreement, except in the region near the 

maximum residual stress. 

As the impacting velocity increases, the dynamic energy 

increases, which induces more severe plastic deformation in 

titanium. As a result, the calculated residual stress increases 

with the impacting velocity as shown in Fig.4. For the smaller 

 

Table 2  Hardening parameters used in EPSC simulation (MPa) 

Deformation mode τ

0 

τ

1

 θ

0

 θ

1

 

Prismatic slip 

{ }

1010 1210< >  

65 20 260 10 

Pyramidal slip 

{ }

1011 1123< >  

410 20 500 73 

Base slip 

{ }

0002 2110< >  

155 30 700 75 

Tensile twining 

{ }

1012 1011< >  

65 10 90 70 

Compressive twining 

{ }

2112 2113< >  

90 150 1900 325 
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Fig.4  Macroscopic residual stress induced by steel shot impacting 

with a diameter of 0.5 mm (a) and 1.0 mm (b) 

 

shot with a diameter of 0.5 mm, the depth of the compressive 

stress field increases from 250 µm to 450 µm as the impacting 

velocity increases from 30 m·s

-1

 to 90 m·s

-1

. Furthermore, the 

maximum compressive residual stress increases from 443 

MPa to 500 MPa and the corresponding depth where the 

maximum compressive residual stress occurs also increases 

from 70 µm to 140 µm. 

With increasing the shot size, the dynamic energy during 

shot impacting also increases. Consequently, the residual 

stress field grows, as shown in Fig.4. In Fig.4, it can be seen 

that the depth of the residual stress field, the maximum 

residual stress, and its corresponding depth increase at 

different impacting velocities as the shot size increases from 

0.5 mm to 1.0 mm. In addition, it should be noted that the 

contact area between the shot and the target increases with the 

increase in the shot size. Consequently, the coverage rate 

increases after the impacting from a larger shot. However, the 

enhancement in the residual stress field is not so distinct with 

increasing impacting velocity, as observed for the smaller shot. 

As the velocity increases from 30 m·s

-1

 to 90 m·s

-1

, the depth 

of the residual stress field and the maximum residual stress 

increase by 7% and 76%, respectively; whereas, the 

corresponding increment is 13% and 80% for the smaller shot.  

During the shot impacting, plastic deformation along the 

depth direction is inhomogeneous. As a result, residual elastic 

strain is also inhomogeneous. The calculated residual elastic 

normal strain on the X axis for the single shot impacting is 

shown in Fig.5. From Fig.5, one can observe that the amount 

of residual elastic strain is small in the surface layer. With 

increasing depth, the residual elastic strain increases 

significantly. In the subsurface layer, the residual elastic strain 

exhibits the maximum value. Subsequently, the strain decreases 

gradually. The deformation during impacting and the relief of 

the elastic strain during rebounding of the shot both determine 

the distribution characteristics of the residual elastic strain. 

Correlation can be observed when comparing residual elastic 

strain with the distribution of macroscopic residual stresses. 

3.2  Microscopic residual stress 

According to the residual stress classification, the 

relationship among the macroscopic, microscopic, and actual 

residual stress in an individual grain can be expressed by: 

r,gr r ,mac r,mic

i i

σ σ σ= +                               (10) 

r ,mac r,gr

1

1 N

i

i

σ σ

N

=

=

∑

                              (11) 

where 

r,gr

i

σ  represents the actual residual stress in the ith 

grain, 

r,mic

i

σ  is the microscopic residual stress of the ith grain, 

and 

r ,mac

σ  is the macroscopic residual stress of the 

component composed of N grains. Through the EPSC method, 

the actual residual stress in each grain after the single shot 

impacting was calculated. Due to the difference in the crystal 

orientation, residual stress of the individual grain varies from 

one grain to another, even though they are subjected to the 

same macroscopic mechanical loading. Fig.6 shows the actual 

residual stress distribution along the depth direction for the 

grains under different impacting conditions. Clearly, it can be 

found that the actual residual stresses of the grains at a certain 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Residual elastic strain induced by steel shot impacting with a 

diameter of 0.5 mm (a) and 1.0 mm (b) 
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Fig.6  Distributions of the actual residual stress in grains at varying depths, for the samples impacted by a steel shot at different shot sizes and 

velocities: (a) 0.5 mm, 30 m·s

-1

; (b) 0.5 mm, 50 m·s

-1

; (c) 0.5 mm, 70 m·s

-1

; (d) 0.5 mm, 90 m·s

-1

; (e) 1.0 mm, 30 m·s

-1

; (f) 1.0 mm, 50 

m·s

-1

; (g) 1.0 mm, 70 m·s

-1

; (h) 1.0 mm, 90 m·s

-1 

 

depth lie within a wide range. Computing the average of the 

actual grain residual stresses at a certain depth, according to 

Eq.(11), it shows that this average is equal to the macroscopic 

residual stress, as shown in Fig.4. 

According to Eq.(10), the microscopic residual stress in 

each grain can be calculated. Fig.7 shows the distribution of 

microscopic residual stress for the grains after single shot 

impacting. The microscopic residual stress varies from one 

grain to another, and the microscopic residual stresses lie 

within a range that is dependent on depth. With increasing 

impacting velocity and shot size, the distribution characteristics 

of the microscopic residual stress show distinct variation. 

In order to illustrate the distribution characteristics of the 

microscopic residual stress, a Gaussian distribution was 

employed, which is given by: 

2

c

2

( )

2

0

e

π / 2

x x

w

A

y y

w

−

−

= +

                          (12) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Distributions of the microscopic residual stress at varying depths, for the samples impacted by a steel shot at different shot sizes and 

velocities: (a) 0.5 mm, 30 m·s

-1

; (b) 0.5 mm, 50 m·s

-1

; (c) 0.5 mm, 70 m·s

-1

; (d) 0.5 mm, 90 m·s

-1

; (e) 1.0 mm, 30 m·s

-1

; (f) 1.0 mm, 50 

m·s

-1

; (g) 1.0 mm, 70 m·s

-1

; (h) 1.0 mm, 90 m·s

-1
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where y is the distribution frequency or probability density, y

0

 

represents the offset, x

c

 is the average of variable x, A is a 

coefficient, and w=2 s. Here, s represents the standard 

deviation which is a measure of the dispersion of the variables 

relative to their average. 

The statistical analysis shows that the microscopic residual 

stresses, for the grains at a certain depth from the surface, 

agree well with the Gaussian distribution. For example, Fig.8 

gives the statistical distribution of the microscopic residual 

stress at the depth where the maximum macroscopic residual 

stress occurred for the titanium sample impacted by a steel 

shot at 30 m·s

-1

, and a size of 0.5 mm. As shown in Fig.8, the 

distribution of the microscopic residual stresses exhibits     

a bell shaped curve. The statistical analysis indicates that 

80.1% of the grains show a small magnitude of microscopic 

residual stress less than 50 MPa, but 3.2% of the grains show 

a distinct microscopic residual stress magnitude greater than 

100 MPa. 

The variations in standard deviation of the microscopic 

residual stresses with depth at varying impacting velocities 

and shot sizes are shown in Fig.9. Fig.9 shows that standard 

deviation increases with depth in the surface layer. 

Subsequently, deviation decreases gradually and reaches a 

stable value. Furthermore, impacting velocity has an important 

influence on the standard deviation. With increasing velocity, 

the standard deviation increases significantly, and the depth 

where the standard deviation stabilizes is deeper. This 

indicates that the microscopic residual stresses spread over a 

wider range as the impacting velocity increases. With 

increasing shot size, the maximum standard deviation 

decreases for the varying impacting velocities. However, both 

the depth where the maximum standard deviation occurred and 

the depth where the standard deviation stabilized underwent a 

substantial increase. For example, these two depths are about 20 

and 150 µm, respectively for the small shot at an impacting 

velocity of 30 m·s

-1

, and they increases to about 80 and 260 µm, 

respectively, as the shot size increases to 1.0 mm.  

Through comparison with the distribution of macroscopic 

residual stress shown in Fig.4, it can be seen that the depth 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Statistical distribution of the microscopic residual stress 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Variations of the standard deviation of the microscopic 

residual stress with depth for the samples impacted by steel 

shot with a diameter of 0.5 mm (a) and 1.0 mm (b) 

 

corresponding to the maximum macroscopic residual stress is 

about two times larger than the one corresponding to the 

maximum standard deviation of the microscopic residual 

stress. Microscopic residual stress results from the hetero- 

geneous plastic deformation among the grains; therefore, the 

stress should be influenced by the plastic deformation level. 

Due to the complexity of the strain state, an effective plastic 

strain is introduced, which is given by: 

p p

p

2

3

ij ij

ε ε ε=                                    (13) 

where 

p

ij

ε  is the plastic strain component. The computed 

effective plastic strain is shown in Fig.10. Clearly, it can be 

found that the effective plastic strain 

p

ε  and the corresponding 

standard deviation of the microscopic residual stresses show 

consistent variation with depth.  

From Eq.(3), it can be deduced that the plastic strain in a 

grain is proportional to the macroscopic plastic strain. The 

grains with soft orientation undergo high plastic deformation, 

while the grains with hard orientation experience small plastic 

deformation. As the macroscopic plastic deformation increases, 

discrepancy in the plastic deformation of the grains with 

different orientations increases. Therefore, standard deviation 

of the microscopic residual stress becomes large. With 

increasing impacting velocity, the plastic deformation level of 

the titanium target increases, as shown in Fig.10. Conse- 

quently, a more distinct dispersion of the microscopic residual 

stress is induced. As the shot size increases from 0.5 mm to 
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Fig.10  Variations of the effective plastic strain with depth for the 

samples impacted by steel shot with a diameter of 0.5 mm (a) 

and 1.0 mm (b) 

 

1.0 mm, though the kinetic energy of the shot increases, the 

contact area between the shot and the target also increases. As 

a result, the effective plastic deformation shows a decline, as 

Fig.10 shows. Accordingly, the standard deviation of the 

microscopic residual stresses decreases with increasing shot 

size.  

4  Conclusions 

1) With increasing shot size and impacting velocity, the 

impacting dynamic energy increases. Thus, a more significant 

residual stress field is induced. The macroscopic residual 

stress and residual elastic strain exhibit an approximate 

variation with depth for the different impacting parameters. 

2) The microscopic residual stresses lie within a wide range 

because of the heterogonous plastic deformation in the grains 

with different orientations. All of the microscopic residual 

stress at a certain depth agree well with the Gaussian 

distribution.  

3) The dispersion of the microscopic residual stress, 

represented by the standard deviation, is determined by the 

effective plastic deformation. As impacting velocity increases 

and shot size decreases, the effective plastic deformation 

increases; consequently, the standard deviation of the 

microscopic residual stress becomes larger. 
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