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Abstract: 
 
Surface Mechanical Attrition Treatment (SMAT) is able to transform the top surface layer of materials 
from coarse grains to nano-sized grains by severe plastic deformation. SMAT is based on 
multidirectional mechanical impacts between balls and the surface of material. In this work, a crystal 
plasticity model introduced in finite element analysis, which takes into account the microstructure, is 
used to investigate the plastic activities due to the impacts between balls and the surface of material. A 
phenomenological crystal plasticity model implemented through user-defined ABAQUS subroutines is 
used in this work to perform numerical simulations. A set of parameters are studied such as ball size, 
crystal orientation, impact velocity, incident angle. The influences of these different parameters on 
plastic slip activities are analyzed. The first results demonstrate the interests of such numerical 
simulations for this specific process.                                                                                                                                     
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1      Introduction 
 
Surface Mechanical Attrition Treatment (SMAT) is a promising mechanical surface modification 
technique, which is able to transform the surface layer of coarse-grained materials to ultra-fine sized 
grains by means of severe plastic deformation [1, 2]. The nanocrystallization is due to the consequence 
of multi-directional impacts between the balls and the surface of material at high strain rate (Fig. 1). 
Indeed, as the strain rate is high and the cumulative plastic strain is large in the region close to the 
surface, a great number of crystallographic defects such as plastic slips and deformation twins can be 
generated at the top surface, which progressively leads to the formation of a nanostructured layer. 
Simultaneously, high compressive residual stresses may be introduced in the SMAT affected region. 
Thanks to the nanostructured layer and the compressive residuals stresses, SMAT allows to 
significantly improve the mechanical properties of materials [2, 3]. 
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Due to excellent mechanical properties of SMATed materials, it is necessary and useful to investigate 
the SMAT process both experimentally and numerically in order to obtain a better understanding and 
better controlling of the process. Experimental studies, extensively performed previously in the 
literature [4], have shown that the mechanical properties of SMATed  materials are highly influenced 
by the microstructure such as grain size and by the mechanical state such as work hardening. From a 
modeling perspective, it would be highly beneficial to establish accurate numerical models of SMAT 
process in order to consider the influence of the different parameters at different scales. 
In order to study the basic plastic slip activities generated during SMAT, in this work, a crystal 
plasticity model was used to study the deformation process of monocrystal due to the impacts of balls. 
Finite element simulations were performed to analyze the effects of different parameters including ball 
diameter, crystal orientation, ball velocity and incident impact angle. 

Fig. 1. Schematic description of the SMAT process. 

 
2      Kinematics and constitutive law of crystal plasticity 
 
The kinematics used in the field of crystal plasticity conforms to the classical multiplicative 
decomposition of the deformation gradient after Lee et al. [5]. The deformation gradient F  is 
assumed to be a decomposition of elastic and inelastic parts: 

peFFF =                               (1) 

where elastic part eF  corresponds to pure elastic deformation (stretching) and possible rigid body 

rotation. The inelastic part pF  is assumed to be solely related to the slip deformation. Accordingly, the 

velocity gradient can be calculated by: 

pe LLFFL +== −1&                                    (2) 

The velocity gradient in the current configuration is given by [6]: 
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where sγ& is the plastic slip rate on the slip system. The evolution of the plastic deformation can be 
expressed as follows [6]:  

ppp FLF =&                                                                                                                                    (4) 

    In this work, to model the behavior of a copper alloy, a time-dependent kinetic formulation 
developed by Méric and Cailletaud [7] was used. The Méric-Cailletaud model transposes the isotropic 
and kinematic hardening models used in the macroscopic scale to the scale of slip system. This model 
takes into account the strain hardening on slip systems, especially through the components of a work 
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hardening interaction matrix. It connects the isotropic work hardening due to different slip systems, 
and thus takes into account the effects of latent hardening. The crystallographic slip rate sγ&  on the slip 

system s is expressed as a power law function of the resolved shear stress sτ :  

( )ss

nsss
s

g
χτ

κχτ
γ −

−−
= sgn&                     (5) 

where g  and n are viscosity parameters; n determines the material rate dependence; sχ is the 

kinematic hardening variable; sκ is the isotropic strain hardening variable. The kinematic hardening 
variable sχ  is associated with the kinematic state variable  sα  which is a vector with a length equal 
to the number of slip systems. The kinematic hardening can be written through a nonlinear evolution 
of sχ : 

ssssss DC αγγααχ &&& −==    with                   (6) 

where C and D are material constants. 
The isotropic strain hardening variable sκ is expressed as follows: 

( )( ) rr
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0
          (7) 

where 0κ  is the initial critical resolved shear stress, and srh  is the interaction matrix between slip 

systems accounting for self (r=s) and latent (r≠s) hardening. Note that in this work 1=srh  was taken, 
which corresponds to the case of Taylor hardening. The nonlinear hardening is described by an 
exponential function with two phenomenological constants Q and B. Q characterizes the hardening 
capability and B is a coefficient characterizing the saturation rate of isotropic hardening. 

( )rs Bq υ−−= exp1  is the dual thermodynamic variable of sκ , and its evolution law is given as: 

( ) sss qBq γ&& −= 1                               (8) 

which represents the evolution of the dislocation density. 
By integrating the slip rate rυ& (always positive), the cumulative plastic slip can be calculated. This 
cumulative plastic slip of one slip system is quantified independently of the slip direction (which can 
change during the deformation) as follows: 

( ) dtt
t rr ∫= 0
γυ &                               (9) 

A fully anisotropic elasticity tensor is considered for modeling the elastic response of the crystal with 
elastic constants expressed using Voigt notation: 
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where 11C , 12C  and 44C  are material constants. Thus, for Hookean materials, the expression of the 
Cauchy’s stress tensor is as follows: 
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4.1    Influence of ball diameter  
 
Fig. 3 shows the distribution of cumulative plastic strain obtained by numerical simulations with 
different ball diameters. Two ball diameters were used and they are respectively d = 2 mm and d = 3 
mm. The crystallographic orientation of the monocrystal with respect to the vertical impact direction 
(incident angle = 90°) is [001], and the velocity of ball is v = 6 m/s. According to Fig. 3, the equivalent 
plastic strain is much higher for the case of 3 mm ball, compared to the one of 2 mm ball. The 
maximum plastic strain is increased from 0.0004 to 0.0019 when the diameter changes from 2 mm to 3 
mm. Another phenomenon which can be observed is related to the fact that the width of curve on the 
abscissa is larger for the case of 3 mm ball. This means that the size of plastic deformation zone is 
larger when the ball size is increased. The increase of plastic slip activities due to larger ball is linked 
to higher kinetic energy of the ball. As a matter of fact, the kinetic energy is cube of the ball diameter 
[9], and thus the kinetic energy of the 3 mm ball is higher than the 2 mm ball. During the impact 
between the ball and the material, a certain quantity of kinetic energy of the flying ball was 
transformed into potential energy stored in the material in the form of plastic deformation. In the case 
of 3 mm ball, the energy stored in the material should be much higher compared to the case of 2 mm 
ball.  

Fig. 3. Plastic strain distribution obtained with impacts using different ball diameters. 

 
4.2     Influence of crystal orientation  

‐  
‐ In order to investigate the influence of crystal orientation on plastic slip activities due to impact 

loading, three crystallographic orientations were used. These orientations respectively correspond to 
[001], [011] and [111] with respect to the vertical impact direction. To realize these simulations, the 
following conditions are used: ball diameter d = 2 mm, ball velocity v = 10 m/s and impact angle θ = 
90°. Fig. 4 presents the results of the plastic strain distribution as function of horizontal distance from 
one border of the model. It can be seen that the plastic strain was considerably influenced by crystal 
orientation. The obtained plastic strain with [111] is much higher than those of the other two 
orientations, which means that in the case of [111], it is  easier to activate plastic slips, compared to 
the [001] and [011] orientations. This result seems not consistent with the single crystal plasticity 
theory for face centered cubic (FCC) materials. In a FCC crystal, when a uniaxial load is applied 
following the orientation [111], there are six non-zero Schmid factors equal to 0.27, whereas in the 
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orientation [001], there are eight non-zero Schmid factors equal to 0.41[10]. This means that in [111] 
directions, the activation of plastic slips is more difficult, and consequently the plastic strain level 
should be lower. This discrepancy between the simulation result and the crystal plasticity theory could 
be due to the fact that even under unidirectional impact loading, the stress state is much complex 
according to the Hertzian contact theory [11]. The stress state beneath the contact area is of three-
dimensional nature, and other slip systems should have been activated in the case of [111] orientation. 
Further analysis on plastic slip activation of each slip system will be systematically performed.  

Fig. 4. Distribution of plastic strain with different crystal orientations of [001], [011] and [111] with 
respect to the vertical impact direction. 

 
4.3    Influence of ball velocity 
 
The influence of the ball velocity was investigated with ball velocities equal to v = 6 m/s, 8 m/s and 10 
m/s, respectively. In the SMAT process, the ball velocity can be changed by varying the output power 
of the ultrasonic generator. For these simulations, the crystal orientation is [001], and the impact angle 
is θ = 90° (vertical impact). Fig. 5 shows the distribution of plastic strain obtained with different ball 
velocities. It can be seen that the level of plastic strain is increased with the increase of ball velocity. 
The effect of ball velocity is also related to the kinetic energy, which is similar to the case of ball size, 
as presented in Section 4.1. There is an energy transformation from the kinetic form to the potential 
form, and the energy is stored in the material for example as plastic deformation energy. Higher ball 
velocity gives higher kinetic energy of balls, which can induce higher energy transformation during 
the impact with the material. It is important to note that the influence of ball velocity is particularly 
important for a highly strain-rate dependent material. Furthermore, the strain rate in the material 
induced by ball impact is increased with the increase of ball velocity, which can promote the 
formation of strain-induced twins. However, in this study of the strain-induced twinning is not taken 
into account. 
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Fig. 5. Plastic strain distribution obtained with different ball velocities. 

 
4.4    Influence of impact angle 
 
The influence of incident impact angle was also studied. The incident impact angle corresponds to the 
angle with respect to the surface of the material, as schematically presented in Fig. 1. In this work, 
three angles chosen are respectively 60°, 75° and 90°. The crystal orientation of the material is [001]. 
The ball velocity is v = 10 m/s and the ball diameter is d = 2 mm. The result showing plastic strain is 
presented in Fig. 6. It can be seen that the level of plastic strain is highest for 90°, i.e. vertical impact 
to the surface, and the values decrease with the decrease of the incident angle. This phenomenon is 
consistent with the fact that the component of the ball velocity vector normal to the surface 

θsinvvy =  is decreased with the decrease of the incident angle. Thus the effective ball velocity is 

actually lower when the angle is decreased. 

Fig. 6. Plastic strain induced by impacts following different impact angles. 
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5      Conclusions 
 
Impact simulations using crystal plasticity finite element method were carried out in this work in order 
to study the effect of different parameters involved in SMAT process including ball size, crystal 
orientation, ball velocity and incident impact angle. The first results show that larger ball size, higher 
ball velocity and larger incident impact angle lead to higher plastic strain, which is consistent with the 
kinetic energy theory. While changing the crystal orientation, the activation of plastic slips seem 
become more complex due to the three-dimensional nature of the stress state beneath the impact 
surface according to the Hertzian contact theory. These first results demonstrate that the crystal 
plasticity finite element method is an interesting tool to understand the mechanisms of material 
transformation during SMAT process. Future work aims to systematically study the plastic slip 
activities on each slip system induced by ball impacts for both monocrystal and polycrystal. 
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