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ABSTRACT 

In this work, an austenitic 316L steel was processed by surface mechanical attrition 
treatment (SMAT), and the induced gradient microstructure was highlighted by 
experimental measurements. A combined dislocation density-based and grain size-
dependent constitutive model is developed to describe the mechanical behaviour of 
the gradient-microstructured material. In addition, this model also incorporates the 

grain size-dependent initial twin distribution and evolution of deformation twinning. 
Residual stress, initial dislocation density and twins are considered to reconstruct the 
depth-dependent residual fields induced by SMAT. Furthermore, the evolution of 
dislocation density and twin volume fraction is described during uniaxial tensile 
loading. Particular attention is devoted to investigate the effect of residual stress and 
deformation twinning on mechanical behaviour. Results of finite element simulation 
showed that the gradient microstructure enhances the yield strength, which is in 
agreement with previous experimental observations. It was revealed that residual 
stress significantly weakens the yield strength at the initial deformation stage, whereas 
it has little influence on the plastic behaviour at large deformation. The assumed grain 
size-dependent deformation twinning model allows describing the evolution of 
deformation twinning on gradient microstructure. The deformation twinning increases 
in relation to increased strain hardening during tensile loading. However, the 
evolution of twin volume fraction shows almost no twin and no variation of twinning 
within the nanocrystalline grain region. 
 
Keywords: Gradient microstructure; Surface mechanical attrition treatment; Finite 
element analysis; Dislocation density-based constitutive model; Residual stress  

1. Introduction 

Gradient microstructure is usually introduced to optimize the surface conditions 
and mechanical properties of materials, which has shown a combination of high yield 
strength and good ductility as well as enhanced fatigue properties (Ao et al., 2019; 
Darling et al., 2016; Deng et al., 2016; Liu et al., 2013; Xiong et al., 2022). Gradient-
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microstructured materials (GMS) contain one or more gradient features (such as grain 
size, twin thickness, phase, chemical compound, etc.) along one specific direction, 
generally from the top surface to the bulk (Bahl et al., 2017; Liu et al., 2015; Wu et 
al., 2005; Lei et al., 2022). Recently, several approaches have been developed to form 
a gradient microstructure in metallic materials, including surface mechanical attrition 
treatment (SMAT) (An et al., 2013; Bahl et al., 2017), surface mechanical grinding 
treatment (SMGT) (Ghosh and Kain, 2010; Liu et al., 2015), ultrasonic surface rolling 
process (USRP) (Chen et al., 2022; Long et al., 2019), laser shock peening (LSP) 
(Maleki et al., 2022), etc. 

Like similar mechanical surface treatment techniques, SMAT is able to generate a 
gradient microstructure with severe plastic deformation (SPD). The particularity of 
SMAT is that the gradient microstructure is generated by repeated random multi-
directional impacts at a high strain rate on the surface layer of treated materials (Lu 
and Lu, 2004; Tao et al., 2002; Cai et al., 2015). During the SMAT process, a complex 
microstructure is induced due to the strain gradient distribution. A grain size 
distribution from a few nanometers to several microns is thus generated along the 
depth, from the top surface to the bulk of the SMATed samples (Lu and Lu, 2004; Tao 
et al., 2002). For some materials, SPD can also generate a gradient twinning region 
and/or martensite transformation, which could also significantly affect the mechanical 
behaviour of materials (Wu et al., 2005; Zhang et al., 2003; G.-H. Zhao et al., 2020; 
Zhu et al., 2004). Meanwhile, high compressive residual stresses are inevitably 
introduced into the near-surface region during the SMAT process, which can improve 
the fatigue features of materials (Dureau et al., 2022; Roland et al., 2006).  

Many experimental characterizations have been carried out to reveal the 
mechanisms of GMS formation and evolution, especially by transmission electron 
microscopy (TEM) (Roland et al., 2007, 2006; Tao et al., 2002; Wen et al., 2009; 
Zhang et al., 2003; Zhu et al., 2004). It was found that grain refinement involves the 
onset of twinning, the intersection of twin systems, various dislocation activities and 
the development of grain boundaries during plastic deformation. In some materials, 
twinning plays an essential role in the subdivision of grains, which can have a 
beneficial effect on strengthening materials by impeding the movement of dislocations. 
The grain refinement mechanism provides the basis to accurately describe the 
deformation responses of materials with complex gradient microstructure. 

From a theoretical point of view, the Kocks-Mecking-Estrin (KME) model was 
developed to describe the evolution of dislocation density with plastic strain rate and 
grain size (Estrin, 1998; Kocks and Mecking, 2003). Considering dislocation density-
based model, some constitutive models have been proposed in the literature to predict 
the mechanical behaviour of GMS. At the mesoscopic scale, there are two common 
methods to implement the grain size gradient based on the crystal plasticity finite 
element simulation method (CPFEM): (a) building grains individually to represent 
GMS (Chen and Chen, 2018; Yuan and Branicio, 2020; Zeng et al., 2016), and (b) 
taking grain size-dependent deformation mechanism into a constitutive model (Jin et 
al., 2018; Lu et al., 2020, 2019). In addition, a constitutive model considering twinning 
induced plasticity (TWIP) was proposed within the crystal plasticity framework to 
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predict and optimize the mechanical properties of gradient-nanostructured TWIP steels 
(Lu et al., 2020). At the macroscopic scale, the effects of the combined dislocation 
density-based and grain size-dependent constitutive model are widely used to analyze 
the mechanical properties of GMS (Dong et al., 2015; Li and Soh, 2012; Zhao et al., 
2022, 2021). The interaction between deformation twinning and grain size has been 
incorporated into the classical dislocation density-based model to study the influence 
of twinning, martensitic transformation, and mechanical behaviour on the strength and 
plasticity of GMS (Latypov et al., 2016; Li et al., 2016; Zhu et al., 2017). To 
continuously improve the capability of dislocation-based constitutive models, different 
types of strengthening mechanisms have been taken into account in the evolution of 
dislocation densities. Densities of geometrically necessary dislocations (GND) and 
back stress are also considered to describe the deformation of hetero-structured 
laminated materials (Zhao et al., 2020; Zhao et al., 2021). 

These aforementioned methods to model GMS are essentially used when 
considering the multiscale mechanisms of twinning and martensite transformation of 
some relevant steels. However, only the gradient grain size and dislocation density are 
taken into account in these methods (Li and Soh, 2012; Zhao et al., 2021; Zhu et al., 
2017), whereas the residual fields of GMS generated during the processes (for 
example SMAT) such as residual stresses, initial twin volume fraction, twin thickness, 
etc. are generally not considered. Therefore, to comprehensively and accurately 
investigate the mechanical properties of GMS generated by mechanical surface 
treatments, it should be necessary to take these residual fields into account. 

In this work, the considered 316L steel GMS is investigated based on Electron 
Backscatter Diffraction (EBSD) and X-ray diffraction (XRD) observations to assess 
the residual fields generated by SMAT. Then, these residual fields are numerically 
expressed with depth-dependent formulations and incorporated into a dislocation 
density-based constitutive model. This constitutive model is implemented through a 
user-defined subroutine UMAT of the ABAQUS software. For the further finite 
element simulations, a two-dimensional (2D) axisymmetric cylindrical model 
describing a cylindrical structure is considered to analyze the tensile properties of 
316L steel processed by SMAT. Particular attention is paid to the influence of residual 
stress on the mechanical behaviour of the structure under uniaxial tensile loading. To 
the authors’ knowledge, the involvement of residual stress within a gradient structure 
generated by mechanical surface treatments has not yet been extensively investigated 
and thus deserves attention. 

2. Microstructure obtained by SMAT 

During SMAT, due to the presence of a decreased strain gradient and strain rate 
from the surface induced by impacts, a gradient in grain size, dislocation density, 
residual stress and twins can be generated (Lu and Lu, 2004). In this work, a dumbbell 
shape specimen of an austenitic 316L steel is studied, with the following chemical 
composition (wt%): 0.013C, 1.70Mn, 0.26Si, 0.017P, 0.003S, 17.37Cr, 14.52Ni, 
2.8Mo, 0.08Cu, 0.88N, <0.005Ti, 0.07V and balance Fe. The SMAT setup and 
procedure have been described in previous papers (Wu et al., 2019; Zhou et al., 2021). 
To highlight the microstructure induced by SMAT, several techniques including EBSD 
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and XRD have been used in the literature (Tao et al., 2002; Zhang et al., 2014).  

2.1. Distribution of grain size and twin 

EBSD was used in previous works to observe the GMS on the cross-section of 
SMATed specimens in 316L steel (Benafia et al., 2018; Wu et al., 2019). The EBSD 
inverse pole figure (IPF) map (Fig. 1) reveals that the SMAT-induced plastic 
deformation had transformed the material with initially homogeneously distributed 
grains to a gradient microstructure. The nanocrystalline grain region, transition region, 
and unaffected bulk region constitute a gradient microstructure. According to the 
analysis of the EBSD results, it was observed that the grain size exhibits a gradient 
change from nanograins (about 50 nm in diameter) at the top treated surface to coarse 
grains (about 10 μm) in the non-affected bulk region. The total thickness of the SMAT 
affected region is about 200 μm. The nanocrystalline grain region has a thickness of 
about 5 μm at the top treated surface. It is well known that austenitic steel with low 
stacking fault energy (SFE) can deform by both glide of individual dislocations and 
deformation twinning (Bouaziz and Guelton, 2001; Shao et al., 2018). Throughout the 
generated gradient region, deformation-induced twins along with massive dislocation 
density generated due to high strain rate can be observed in such a material. However, 
only annealing twins can be clearly noticed in the unaffected bulk region. 

 

Fig. 1. Microstructure observation on the cross-section of a SMATed specimen in 316L steel by EBSD 

(Wu et al., 2019). 

To precisely describe the mechanical behaviour of the SMATed material, the 
residual fields, including the grain size, twin thickness, and twin volume fraction, are 
considered based on experimental measurements. An exponential relationship is 
widely used to describe the variation in grain size (Li and Soh, 2012; G.-H. Zhao et 
al., 2020): 

( ){ } 1

11 1 exp /
c g

D D z h c
−  = − + −   

 (1) 

where Dc is the grain size of coarse grains in the unaffected bulk region, hg and c1 are 
the fitting constants, and z is the distance from the treated surface. The grain size and 
strain rate have a strong influence on deformation twinning. Based on experimental 
results reported in Fig. 1, the twin volume fraction is about 20% in the unaffected 
region, whereas it is only around 2% in the nanocrystalline grain region. To describe 
the distribution of twins, the initial twin volume fraction throughout the gradient 
region is expressed as: 

Rolling 

direction 

Treated surface 
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( )0 1 2 2exp /t t tf f f z c= − −  (2) 

where ft1, ft2, and c2 are constants. In the absence of experimental results, the 
distribution of initial twin thickness is set according to the work performed by (Zhu et 
al., 2017): 

( )1 2 3exp /t t tD D D z c= −  (3) 

where Dt1, Dt2, and c3 are constants. 
According to the characteristic values observed from EBSD, the in-depth distributions 
of grain size, twin thickness, and twin volume fraction are plotted in Fig. 2, by using 
Eqs. (1-3) with the gradient distribution parameters proposed in Table 1. It shows that 
the twin thickness is strongly dependent on the grain size. The smallest grains have a 
lower twin thickness (Ghaderi and Barnett, 2011). Transmission electron microscopy 
(TEM) observations were made in SMATed austenite 304 SS (Chen et al., 2021), 
proving that the distribution of twin volume fraction shows a peak shape near the 
treated surface at about 0.8 μm as shown in Fig. 2b. In the unaffected bulk region, the 
twin volume fraction keeps a low level, similar to that of the untreated sample. When 
approaching the treated surface, the increasing strain makes the volume fraction of 
deformation twin more and more important. However, on one hand, due to the grain 
refinement mechanism, the deformation twins gradually transformed into grain 
boundaries, resulting in a rapid decrease in the volume fraction of the existing twins. 
On the other hand, there are less (or no) twins regenerated at the nanocrystalline grain 
region because twin nucleation stress was found to increase with decreasing grain size 
(Rahman et al., 2015). Based on that observation, the peak shape distribution of twin 
volume fraction is assumed to be the initial twin thickness with a maximum volume 
fraction of 20% after the SMAT process as shown in Fig. 2b. 

Table 1. The parameters of grain size and twinning models. 

Parameters (Unit) Symbols Values 

Grain size function (μm) Dc, hg, c1 10, 90, 18 
Volume fraction function (%, %, μm) ft1, ft2, c2 20, 20, 38 
Twin thickness function (μm) Dt1, Dt2, c3 0.01, 0.01, 39 

  
(a) (b) 

Fig. 2. In-depth distribution profiles of (a) grain size and twin thickness; (b) twin volume fraction. 
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As mentioned above, a compressive residual stress field is also inevitably 
generated in GMS by SMAT. It has a significant effect on mechanical behaviour, 
especially on fatigue properties (Heydari Astaraee et al., 2017). The in-depth variation 
of the residual stress of a SMATed sample was measured by XRD in a previous work 
(Zhou et al., 2018). For this purpose, the classical sin2ψ method was used. Iterative 
electrolytic polishing was performed to remove the material layer by layer gradually 
(Rai et al., 2019). Elastic stress release is especially corrected through stress 
equilibrium conditions during material removal to obtain the true distribution of in-
depth residual stress (Zhou et al., 2021). 

Fig. 3 shows the in-depth distribution of residual stress components in the axial and 
circumferential directions. It can be seen that these residual stresses exhibit 
remarkable compressive nature with a thickness of about 500 µm, while beyond 500 
µm in the bulk region, tensile residual stresses balance the compressive residual 
stresses for the whole cylindrical structure. Exponential functions based on the stress 
equilibrium conditions are built to describe the in-depth distribution of residual 
stresses componentsmm:  

( )( )
( )( )
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   (4) 

where L0, Li, li, T0, Ti and ti are constants fitted from the residual stress profiles 
presented in Fig. 3. Table 2 lists the values of the parameters involved in Eqs. (4). 

Table 2. The parameters of residual stress reconstruction model. 

Axial Circumferential 

L1 (MPa) l1 (m-1) L2 (MPa) l2 (m-1) L0 (MPa) T1 (MPa) t1 (m-1) T2 (MPa) t2 (m-1) T0 (MPa) 
10547.64 6.95 -11303.32 6.19 188.58 315.23 17.36 -832.24 2.84 91.60 

 

Fig. 3. In-depth distribution of residual stress after SMAT. 
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samples (Zhou, 2018). 

2.3. Distribution of initial dislocation density 

It is well documented that there is a link between accumulated plastic strain and 
dislocation density. This link can be built through the relation expressed in Eq. 5 
(Williamson and Smallman, 1956). 

0 2 3
p

rs

bD

ερ =   (5) 

where b is the magnitude of Burgers vector, p

rsε  is the residual accumulated plastic 

strain. In a previous study (Zhou et al., 2018), the residual accumulated plastic strain 
was assessed from the full width at half maximum (FWHM) of XRD peaks. Fig. 4 
shows the distributions of accumulated plastic strain and initial dislocation density in 
the near-surface SMAT affected region. In this figure, the experimental data of initial 
dislocation density from (Ghosh et al., 2021) are also given in red points for 
comparison. It can be seen that the accumulated plastic strain gradually decreases 
from the treated surface to the bulk. This plastic strain gradient is gradually formed in 
the near-surface region during the SMAT process. This observation of accumulated 
plastic strain is consistent with Fig. 1, which shows a fairly large near-surface region 
mechanically affected by SMAT due to high strain rate impacts. Based on Eq. (5), it 
can also be seen that initial dislocation density has a similar tendency, but varies more 
sharply with distance from the surface. 

 

Fig. 4. In-depth distribution profiles of initial dislocation density and accumulated plastic strain. 
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3.1. Evolution of yield stress 
Generally, the refined-grains and large quantities of dislocations are two major 

sources of strengthening in GMS. The increase in yield stress caused by grain 
boundaries can be estimated by the Hall-Petch model. It is noted that there can be a 
limitation of grain boundary strengthening due to the grain rotation and grain 
boundary sliding processes when the grain size is reduced to the nanoscale (Liu et al., 
2015; Zhu et al., 2004). In addition, the well-known Taylor relationship can be used to 

describe the increase in yield stress σy caused by the isotropic hardening related to the 
intragranular dislocation interactions. Therefore, the yield stress evolution can be 
determined with the contributions of stored dislocations and grain size: 

0
HP

y

k
M b

D
σ σ αµ ρ= + +  （6） 

where σ0 is the lattice friction stress (corresponding to initial yield strength at 
microscopic scale) ; kHP is the Hall-Petch slope; D is the grain size; M is the Taylor 
factor; α is a material constant around 0.3; b is the Burgers vector norm. μ is the shear 
modulus; ρ is the dislocation density. Before loading, the initial yield stress at each 
depth can be calculated by Eq. (6), when the dislocation density equals the initial 
dislocation density ρ0 in Eq. (5). 

3.2. Evolution of dislocation density including twinning 

Deformation twinning is a common mechanism of plastic deformation, especially 
in austenitic steels with low SFE. The macroscopic strain ε and shear strain γ are 
linked to the Taylor factor as follows: ε = γ/M. To take into account the contribution of 
twinning, the total strain increment dε can be expressed by the mixture law 
incorporating dislocation slip and twinning contributions: 

( )1 t s t td f d dfε ε ε= − +  (7) 

where εs is the strain caused by dislocation slip, εt is the strain associated with 

twinning. The shear strain of twinning γt is 1/√2 (Bouaziz et al., 2011). Rearranging 

the expressions described by Eqs. (6) and (7), it gives: 

1
1

1
s t t

t

d df

d f M d

ε γ
ε ε

 = − −  
 (8) 

where M is the Taylor factor, ft is the twin volume fraction, which is an assumption 
expressed as follows (Allain et al., 2004; Bouaziz and Guelton, 2001):  

( )( )0

max 01 e ,t

m

t tf F
β ε ε ε ε− −= − >  (9) 

where Fmax is the maximum twin fraction, β is the twinning kinetics parameter, and m 
is the intensity parameter of the TWIP effect, εt0 is the critical strain for twinning 
initiation. It should be noticed that the sensibility of grain size on the twin volume 
fraction depends on the SFE of the material (Ghaderi and Barnett, 2011). It means that 
the twinning kinetics parameter β in Eq. 9 is grain size-dependent. By differentiating 
Eq. (9), the twin volume fraction rate can be obtained as: 
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( ) ( ){ } 1

x 0 0exp 1 exp
m

t

ma t t

df
F m

d
β β ε ε β ε ε

ε
−

= − − − − −        (10) 

Dynamic accumulation and annihilation of dislocation processes were taken into 
account in the classical KME model. The rate of dislocation storage is inversely 

related to the dislocation mean free path  Λ, which depends on the multiplication of 
dislocations, the twin spacing, and the dislocation forest induced by dislocation 
interactions. The deformation-induced twins positively affect the work-hardening by 

impeding the gliding movement of dislocations through twinning boundaries. 
Accordingly, the generalized equation for the rate of forest dislocation evolution with 
strain can be expressed as:  

1

1 1

s

d M M
k

d b b D t

ρ ρ
ε

+
 = = + + Λ  

 (11) 

where k1 is a geometric factor related to grain boundary and dislocation forest. The 
average twin spacing t is related to the twin thickness Dt and the twin volume fraction 
ft given by: 

1 1

2 1
t

t t

f

t D f
= ⋅

−
 (12) 

On the other hand, grain boundaries play an important role in strain hardening with 
decreasing grain size, especially in refined-grains. However, the classical KME model 
only considers dislocation annihilation due to dynamic recovery. The grain size effect 
was observed in nanocrystallization grain in SMATed Fe sample (Lu and Lu, 2004), it 
was reported that the deformation mechanism was no longer governed by 
accumulation of dislocations, but by the grain rotation or grain boundary sliding 
processes when the grain size is reduced to few nanometers. For this purpose, an 
additional dynamic grain size-related recovery term is added to describe the decrease 
in work hardening due to grain refinement (Li and Soh, 2012): 

0

1
2

20

0

p n
e

s

Dd
M k

d D

ρ ερ
ε ε

−−  
    = − −        

&

&
 (13) 

where k20 is the dynamic recovery constant, n0 is an exponent inversely proportional 

to temperature, 0ε&  is the reference strain rate, and De is the reference grain size. It 

should be noted that the parameter n0 is related to the SFE, which may affect the 
generation of GND and grain refinement during SMAT. A SMATed sample with high 
SFE has stronger back stress hardening and smaller grain sizes (Galindo-Nava and 
Rivera-Díaz-del-Castillo, 2017; Sinha et al., 2015; Zhang et al., 2019; G.-H. Zhao et 
al., 2020). It is noticed that the rate term involving the calculation of flow stress in Eq. 
6 is not considered in Newton's iterative implementation. 

Combining Eqs. (8), (11) and (13), the evolution of the dislocation density can be 
expressed with respect to the total strain ε: 
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 (14) 

 

4. Finite element simulation 

The constitutive model described in Section 3 is used to predict the tensile 
response of GMS with the residual fields expressed in Section 2 by the commercial 
FE software ABAQUS. The hardening of GMS is governed by the deformation 
twinning and dislocation density. The depth-dependent functions describing the 
residual fields generated by SMAT are considered in the UMAT subroutine according 
to Eqs. (1)-(5). Meanwhile, the residual stresses are introduced at the beginning of the 
simulation through the SIGINI subroutine. Then, the constitutive model in the 
plasticity framework with isotropic hardening is assigned to the whole finite element 
(FE) model. 

4.1. FE model for tensile simulation 

As shown in Fig. 5a, the central section of the cylindrical sample after SMAT is 
taken as the part of interest. In order to reduce the solving time, a representative 2D-
axisymmetric model is built to analyze the tensile properties of GMS. The symmetry 
boundary condition is applied to the cross-section. To simulate the uniaxial tensile 
test, a displacement is applied to the upper border of GMS through coupling 
constraint. The model is meshed by using four-node axisymmetric elements (CAX4). 
The mesh size from 5 μm (at the treated surface) to 100 μm (in the bulk) was adopted 
for the FE model as shown in Fig. 5b. The material parameters for GMS are identified 
by microstructural observations or from the literature, as listed in Table 3.  

 
 

(a) (b) 

Fig. 5. Section of a SMATed sample: (a) geometrical model and boundary conditions, (b) FE model 

showing the mesh. 

Table 3 Material parameters for the model of GMS 

Treated surface 
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Symbols Parameters Values 

σ0 (MPa) Lattice frictional stress  70 (Chen et al., 2005) 

KHP (MPa⋅m1/2) Hall–Petch slope 0.25 (Chen et al., 2005) 

M Taylor factor 3.06 (Li and Soh, 2012) 

α Taylor constant 0.3 (Li and Soh, 2012) 

μ (GPa) Shear modulus 82 (Ghosh et al., 2021) 

b (nm) Magnitude of Burgers vector 0.256 (Li and Soh, 2012) 

Fmax Maximum twin fraction 0.35 (Liu et al., 2010) 

β Twinning kinetics parameter  8 (G.-H. Zhao et al., 2020) 

m Twinning intensity parameter 
1.2 (G.-H. Zhao et al., 
2020) 

εt0 Critical strain for twinning initiation. 0.05 (Sinha et al., 2015) 

k1 Proportionality factor 0.026 (J. Zhao et al., 2020) 

k20 Dynamic recovery constant 1 2.5 (Li and Soh, 2012) 

n0 Dynamic recovery constant 2 21.25 (Li and Soh, 2012) 

0ε&  (s-1) Reference strain rate 1 (Li and Soh, 2012) 

de (nm) Reference grain size 580 (Li and Soh, 2012) 

4.2. Validation of stress-strain relationship and yield strength 

Fig. 6 displays the yield strength evolution with the grain size of GMS. It can be 
seen that the yield strength significantly increases with grain size due to the 
combination of grain boundary strengthening effect and dislocation interaction. The 

yield strength in the nanocrystalline region σgs can reach 1277 MPa, whereas the 
yield strength in the bulk region σbulk is only 270 MPa, which is consistent with 
experimental results (Chen et al., 2005; Ghosh et al., 2021; Kashyap, 1997; Üçok et 
al., 1991). 

In addition, the calculated local mechanical behaviour of the nanocrystalline and 
the coarse grains (with grain sizes: 50 nm and 10 µm, respectively) are shown in Fig. 
7a. Experimental data on stress-strain relations obtained by (Chen et al., 2005) are 
also presented by circular dots in the same figure for comparison. The elastic stiffness 
of nanocrystalline and coarse grain materials is assumed to be grain size-independent. 
Therefore, the two curves have the same slope at the elastic deformation stage. When 
comparing the plastic stage, the calculated results are in rather good agreement with 
the experimental measurements.  

Fig. 7b displays the overall true stress-strain curves of untreated structure and 
GMS with and without residual stress during uniaxial tension. In comparison, the 
yield strength is 312 MPa for the GMS without residual stress and 297 MPa for the 
GMS with residual stress. It shows that the residual stresses can slightly decrease the 
yield stress of GMS, this curvature effect agrees with the tensile properties of 
SMATed TA6V sample (Roland, 2006). In addition, the yield strength of GMS is 
slightly higher than the untreated material (270 MPa). Because of the relatively thin 
thickness of the GMS layer in this work, the influence of strengthening by SMAT is 
not very significant on the tensile behaviour. As mentioned above, the thickness of 
the nanocrystalline layer is about 5 μm at the treated surface, and the volume fraction 
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of the nanocrystalline layer gsf  represents only 0.33% of the cylindrical structure. 

These yield stress results are basically consistent with the simple law of mixture 

(1 )y gs gs gs bulkf fσ σ σ= + − = 273.8 MPa. In other words, the volume fraction of GMS 

can directly influence the global tensile behaviour at the macroscopic scale. The 
multiple strengthening mechanisms in the gradient-nanocrystallized grain materials 
provide higher mechanical strength than the untreated sample. 

 
Fig. 6. Comparison between numerical and experimental results on the yield strength versus grain size. 

  
(a) (b) 

Fig. 7. (a) Comparison of predicted local strain-stress curves between nanocrystalline and coarse 

grains, and (b) comparison of predicted global strain-stress curves between untreated structure and 

GMS during uniaxial tensile loading (RS = residual stress). 

5. Results and discussion 

By using the parameters provided in Table 3, the stress-strain relationship and 
yield strength of the GMS can be calculated based on the models presented above. 
The tensile simulations are an effective way to understand the stretching process 
during plastic deformation of the near-surface region. After simulations, four 
representative depths (associated with different grain sizes: 50 nm, 250 nm, 2 µm, 
and 10 µm) are chosen to illustrate the mechanical properties and the evolutions of 
twin volume fraction and dislocation density of GMS. 

5.1. Effect of residual stress in GMS 

The tensile simulations with and without residual stresses are performed to 
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evaluate the effect of compressive residual stresses on the mechanical responses of 
GMS. Fig. 8a illustrates the von Mises stress distribution obtained by FE simulation 
for the GMS. The GMS, which wraps the unaffected bulk region, constrains the 
deformation along the tensile direction. It causes a high-level stress (1592 MPa) at 
the surface. The simulated local mechanical behaviour of GMS with and without 
residual stress is given by solid and dashed curves in Fig. 8b, respectively. In 
comparison, it can be observed that the residual stress mainly influences the 
mechanical behaviour at the initial stage of deformation. As the strain increases, there 
is little influence on the tensile mechanical behaviour with different grain sizes. This 
is due to the fact that residual stress is internally balanced throughout the whole 
structure during the plastic deformation, which is similar to the overall mechanical 
behaviour at different grain sizes as shown in Fig. 7b. Specifically, in the low strain 
level, most of the externally imposed deformation is accommodated by the interior 
coarse grains. 

  
(a) (b) 

Fig. 8. (a) Distributions of von Mises stress after tensile loading, and (b) strain-stress curves at 

different grain sizes with residual stress (in solid line) and without residual stress (in dashed line). 

As mentioned above, the SMATed structure presents a gradient yield strength in 
the near-surface region, which results in inhomogeneous deformation during tensile 
loading as shown in Fig. 9. During tensile loading, the deformation spreads outward 
from the soft coarse grains to the nanocrystallized grains. In the early stages of 
deformation, due to the gradient yield strength, the coarse grains in the bulk started to 
present a plastic deformation, whereas the nanocrystallized grains in the surface layer 
remain elastically deformed. That elastic/plastic transition throughout the near-
surface SMAT affected region could generate a large strain gradient, which 
consequently leads to a high level of GND at the early deformation stage (Samih et 
al., 2013). It should be noted that the tensile stresses internally cause stronger 
deformation in the corresponding coarse grain region. 
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ε=0.005 ε=0.1 ε=0.2 

Fig. 9. Evolution of equivalent plastic strain during tensile loading (at a strain of 0.2 along Y-axis). 

5.2. Predicted evolution of the twin volume fraction 

It can be seen from the distribution of initial twin volume fraction in Fig. 10a that 
the points of grain size 50 nm and 250 nm are located on the right side of peak value, 
whereas the points of grain size 2 μm and 10 μm are situated on the left on the 
opposite side. The SMAT process refines the grains down to the nanoscale (ranging 
from 50 nm to 250 nm) in the near-surface region, and meanwhile the existing twin 
structure is destroyed by the grain refinement effect. Almost no twin can be 
distinguished in nanocrystallized grains in a SMATed 316L sample (Sun et al., 2017). 
As mentioned above, each side has a different mechanism on the evolution of 
deformation twinning, accumulated on the left side and transformed to grain 
boundaries on the other side. It is noticed that the constitutive model used in the 
present work does not implement the grain refinement with increase of dislocations 
and twins in the microscale. 

In addition to the twin nucleation, twin volume fraction strongly depends on the 
grain size in slip-dominated materials (Ghaderi and Barnett, 2011). Therefore, grain 
size-dependent twin volume fraction is considered by the factor β in this model and 
assumed in Eq. 15, which will need further experimental study. 

( )2

2

0 ( )

( ) / e

coefficient D

coefficient D D D

β β

=

= ×
 (15) 

where β0 is the basic twinning kinetics parameter and De2 is the reference grain 
size for twinning. Fig. 10b shows the evolution of twin volume fractions at different 
depths (i.e., with varying grain sizes) with the increase in plastic strain during tensile 
loading. It can be seen that during tensile loading, the twin volume fraction increases 
with strain in coarse grains. The twin volume fraction significantly increases from 
6.0% to 30.2% at grain size 10 μm, and increases slightly from 13.3% to 14.5% at 
grain size 2 μm. However, the twin volume fraction in nanocrystallized grains barely 
changes during tensile loading and keeps the initial state obtained by SMAT. It means 
that the deformation twinning is inactive in nanocrystallized grains during tensile 
loading.  

  
(a) (b) 

Fig. 10. (a) Distributions of initial twin volume fraction (b) Predicted evolution of twin volume 
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fraction with different grain sizes (corresponding to different depths beneath the SMATed surface). 

5.3. Dislocation density distribution within GMS 

As mentioned in Section 3, TWIP and grain size effects are integrated into a 
dislocation density-based constitutive model to describe the mechanical properties of 
a SMATed sample. Fig. 11a shows the distribution of such dislocation density after 
tensile loading simulation. The maximum dislocation density reaches 18.9 × 108 mm-

2 at the sub-surface. At the treated surface, the significant reduction in dislocation 
density is caused by dynamic recovery expressed by Eq. (13). Therefore, the 
maximum dislocation density is located in the sub-surface. 

The evolution of dislocation density during tensile loading of the GMS is 
presented in Fig. 11b with different grain sizes. On one hand, since the SMAT 
introduces a gradient density of strain-induced dislocations in the region of the 
treated surface, this region has a higher residual dislocation density than the coarse 
grain bulk before deformation. On the other hand, as mentioned above, different 
grain sizes are associated with different yield strengths, which causes inhomogeneous 
deformation. The smaller grain size (with higher yield strength) delays elastic-plastic 
transition, which prolongs simultaneously the turning point of dislocation density. 
With the increase in plastic strain, the dislocation density increases from 4.8 × 108 
mm-2 to 8.6 × 108 mm-2 at the treated surface, and from 1.3 × 108 mm-2 to 4.4 × 108 
mm-2 in the central bulk region. As the strain increases even further, the dislocation 
density gradually saturates, especially in the nanocrystallized layer. 

  
(a) (b) 

Fig. 11. (a) Distribution of dislocation density after tensile loading, and (b) predicted evolution of 

dislocation density with different grain sizes. 

5.4. Effect of deformation twinning in GMS 

Four different twinning conditions are set to study the twinning influence on the 
mechanical property of GNS. (I): No twinning mechanism involved in the 
constitutive model as comparison; (Ⅱ): Normal twinning as mentioned above; (Ⅲ): 
No initial twinning fraction induced during loading; (Ⅳ): Massive twinning 
generated by increasing the basic twinning kinetics parameter β0 in Eq. (15). Fig. 12 
shows the evolution of twin volume fraction with different twinning conditions for 
different grain sizes. By comparison of the normal and massive conditions, it can be 
seen that the twin volume fraction of the massive twinning gradient increases more 
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than the normal one with increasing strain. However, the twin volume fraction has 
almost no variation and is equal to the initial value of all conditions for grain sizes 
250 nm and 50 nm. In addition, the no initial and normal conditions have the same 
tendency, but translate the value of the initial twin volume fraction.  

It can be seen from Fig. 13, the evolution of dislocation density and strain-stress 
curves have the same change rule with twin volume fraction. During tensile loading, 
the twin volume fraction increases with strain, simultaneously associated with 
increased dislocation density and strain hardening, to accommodate the excess strain 
from external loading (Shao et al., 2018). 

  
(a) 10 μm (b) 2 μm 

  
(c) 250 nm (d) 50 nm 

Fig. 12. Evolution of twin volume fraction with different twinning conditions at different grain sizes. 

10
 μ

m
 

0.00 0.05 0.10 0.15 0.20

0.0

0.1

0.2

0.3

0.4

Twinning conditions

 no twinning      normal  no initial    massive

T
w

in
 v

o
lu

m
e
 f
ra

c
ti
o

n

Strain

0.00 0.05 0.10 0.15 0.20

0.00

0.05

0.10

0.15

0.20

Twinning conditions

 no twinning      normal  no initial    massive

T
w

in
 v

o
lu

m
e
 f
ra

c
ti
o

n

Strain

0.00 0.05 0.10 0.15 0.20

0.00

0.05

0.10

0.15

0.20

Twinning conditions

 no twinning      normal  no initial    massive

T
w

in
 v

o
lu

m
e
 f
ra

c
ti
o
n

Strain

0.00 0.05 0.10 0.15 0.20

0.00

0.01

0.02

0.03

0.04

Twinning conditions

 no twinning      normal  no initial    massive

T
w

in
 v

o
lu

m
e
 f
ra

c
ti
o
n

Strain

0.00 0.05 0.10 0.15 0.20
1

2

3

4

5

Twinning conditions

 no twinning      normal  no initial    massive

D
is

lo
c
a
ti
o

n
 d

e
n

s
it
y
 (

×
1

0
8
 m

m
-2

)

Strain

0.00 0.05 0.10 0.15 0.20
-200

0

200

400

600

Twinning conditions

 no twinning      normal 

 no initial           massive

S
tr

e
s
s
 (

M
P

a
)

Strain



17 

 

2 
μ

m
 

(b) 

25
0 

nm
 

50
 n

m
 

 Evolution of dislocation density  Strain-stress curves 

Fig. 13. Predicted evolution of dislocation density and strain-stress curves with four different grain 

sizes (10 μm, 2 μm, 250 nm and 50 nm). 

6. Conclusion 

In this work, a combined dislocation density-based and depth-dependent 
constitutive model involving microstructural parameters is built to describe the 
mechanical behaviour of GMS at the macroscopic scale. In addition, the depth-
dependent residual fields (grain size, residual stress, dislocation density, and 
twinning) are considered in the FE model of a cylindrical structure. Based on the 
obtained results, the following conclusions can be drawn: 

• Compared with experimental results, the developed theoretical model is able to 
describe correctly the mechanical properties of the GMS obtained by SMAT. 

• The GMS induced by SMAT presents inhomogeneous deformation. The coarse 
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grains in the bulk started with plastic deformation, whereas the nanocrystallized 
grains in the surface layer still deformed elastically. At a low strain level, the 
interior coarse grains accommodated most of the externally imposed 
deformation.  

• The dislocation densities and twin volume fractions of layers with different 
grain sizes increase rapidly and gradually saturate during tensile loading. 

• Detailed analysis of the local and overall tensile behaviour of GMS found that 
superficial compressive residual stress generated by SMAT plays a significant 
role in decreasing the yield strength mainly at the initial stage of deformation. 
However, with increasing of deformation, the residual stresses barely have less 
influence on the tensile behaviour, since the residual stress is always internally 
balanced as the deformation proceeds. In addition, due to the gradient feature of 
residual stress, its influence gradually decreases with increasing depth. 

• The simulation results revealed that the twin volume fraction increases in coarse 
grains, but barely changes and keeps the initial state in nanocrystallized grains 
during tensile loading. 

In future work, more precise modelling of the gradient structure coupled with 
residual stress field will be achieved in order to perform a more quantitative analysis 
of structures processed by mechanical surface treatments. 
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