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a b s t r a c t

The improved mechanical properties of surface nano-crystallized graded materials produced by surface
severe plastic deformation (S2PD) are generally owing to the effects of the refined structure, work-
hardened region and compressive residual stress. However, during the S2PD process, residual stress is
eywords:
urface nano-crystallized graded material
esidual stress

produced simultaneously with work-hardened region, the individual contribution of these two factors
to the improved mechanical properties remains unclear. Numerical simulations are carried out in order
to answer this question. It is found that work hardening predominates in improving the yield strength
and the ultimate tensile strength of the surface nano-crystallized graded materials, while the influence
of the residual stress mainly emerges at the initial stage of deformation and decreases the apparent elas-
tic modulus of the surface nano-crystallized graded materials, which agrees well with the experimental
ork hardening

inite element method results.

. Introduction

In recent years, surface nanocrystallization (SNC) technology
ttracts many researchers’ interests since it can improve signif-
cantly many behaviors of metallic materials without changing
he chemical compositions, such as the features of fatigue frac-
ure, fretting fatigue, wear and corrosion [1]. Surface severe plastic
eformation (S2PD), as a representative technique, can fabricate
ffectively surface nano-crystallized graded materials, which con-
ist of a graded layer (GL) with grain size varying from tens of
anometers to a few micrometers and a coarse grained (CG) sub-
trate with grain size in tens of micrometers, such as copper [2],
l-alloy [3], Fe [4] and stainless steel [5,6]. Due to different fabri-
ating methods [7], S2PD includes shot peening (SP) [8–10], air blast
hot peening (ABSP) [11–13], sandblasting (SB) [14–16], surface
anocrystallization and hardening (SNH) [17–20], surface mechan-

cal attrition treatment (SMAT) [1,5,21], particle impact processing
PIP) [11], etc. The fundamental procedure of S2PD is to impact
epeatedly the surface of CG materials with balls.

Many experiments have been done to investigate the improved

echanical properties of CG samples handled by S2PD technolo-

ies. For example, the 0.2% offset yield strength of a nickel-based
lloy can increase 65% and 84% after 30 and 180 min SNH processing
ver CG samples, respectively, without losing obviously the ductil-
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ity [22]. The fatigue strength of a nickel-based Hastelloy C-2000
rises about 50% after SNH for 30 min [18]. Wear and friction prop-
erties of a low-carbon steel sheet can also be improved significantly
after SMAT [1].

The improved properties are generally attributed to the refined
structure, work-hardened region and residual stress in surface
nano-crystallized graded materials, which should be induced by
S2PD process [1,18,23]. What is the individual contribution of
these factors motivated further experimental and numerical stud-
ies. The experiments conducted by Lu et al. [9] show that the
increased hardness and strength result from the gradient varia-
tion of grain size in the refined structure, rather than the residual
stresses. However, Tian et al. [22] suggest that residual stress
should play an important role in increasing the tensile strength
using numerical simulations. Dai et al. [24] claimed that residual
stress provides less contribution to the enhanced fatigue limit of
the SNH-processed nickel alloy than surface work hardening. By
means of heat-treating to partially remove the residual stress with-
out strongly modifying the mechanical properties of the material,
Panente and Guagliano [9] reveals that the improved fatigue crack
propagation behavior is related more significant to surface work
hardening than the residual stress field. However, the experiment
which removes the residual stress by annealing cannot ensure an

unchanged microstructure and the residual stress field is generated
independently in an elastic–perfectly plastic model during numer-
ical simulations. Thus, the individual effect of residual stress and
work hardening on the improved mechanical properties of surface
nano-crystallized graded materials remains still unclear.
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ig. 1. Schematic of surface nano-crystallized graded materials, which include
raded layer (GL) and coarse grain (CG) substrate. In the graded layer, if the grain
ize is less than 100 nm, it is called nanocrystalline (NC) layer.

In this paper, the individual effect of residual stress (RS) and
ork hardening (WH) is focused with numerical simulations. Two

inds of surface nano-crystallized graded materials are investi-
ated, one is a soft material with low yield strain and the other is a
tiff material with a relatively high yield strain. The results for both
aterials indicate that work hardening plays a dominating role in

mproving the tensile yield strength and ultimate tensile strength,
hile the effect of residual stress is mainly to decrease the appar-

nt Young’s modulus, which is consistent with the experimental
esults.

. Numerical simulation model

Fig. 1 shows the schematic of a surface nano-crystallized graded
aterial, in which there are a graded layer (GL) with grain size from

ens of nanometers to a few micrometers, and a CG substrate with
rain size in tens of micrometers. When the grain size is less than
00 nm in GL, the layers are called nano-crystallized (NC) layer.
ccording to symmetric structure and the scale of the experimental
ample, a surface nano-crystallized graded material under uniax-
al tension, only 1/4 structure is considered with the dimension
f 4 mm × 0.5 mm as shown in Fig. 2, in which the graded layer is
.1 mm in thickness and CG substrate is 0.4 mm in thickness, the

ength of the FEM model is 4 mm. The two symmetric planes lie
t x = 0 and y = 0, respectively, as shown in Fig. 2. This model com-
rises 148,500 4-node elements and 27 layers in GL. Each layer has

ifferent grain size, which leads to different mechanical properties.
D PLANE55 and PLANE42 elements in the commercial finite ele-
ent package ANSYS are used for the later thermal and structural

nalysis, respectively, in which PLANE42 can ensure the solution
onvergence for large tensile deformation.

Fig. 2. Plot of the finite element mo
eering A 527 (2010) 7040–7044 7041

In this study, in order to disclose the main factors that influence
the yield strength and the ultimate tensile one of the surface nano-
crystallized graded materials more clearly, we divide the materials
into two classes according to the yield strain. The material with a
small yield strain value is called a soft one and that has a relatively
high yield strain is addressed as a stiff one. The yield strain is defined
as the value of E/�0.2. In our former experiment, IF steel with dif-
ferent SMAT time belongs to a soft graded material, whose Young’s
modulus and Poisson’s ratio are 200 GPa and 0.28, respectively. The
constitutive relation of CG IF steel is expressed as

�true =
{

200000εtrue, in elastic

501ε0.29
true , in plastic

(MPa) (1)

The constitutive relation of each layer in GL is assumed to have
a similar expression:

�true =
{

200000εtrue, in elastic

kεn
true, in plastic

(MPa) (2)

where k is a constant and n the strain hardening exponent depen-
dent on the grain size in each layer. Table 1 gives the parameters
used in the numerical simulations, from which one can see that the
value of E/�0.2 taken in this paper for a soft graded material is ten
times of that for a stiff one.

According to our former experiment, the grain size in CG sub-
strate is taken as 50 �m and the smallest grain size in GL is 50 nm.
The maximum yield strength (0.2% offset) and the smallest strain
hardening exponent of the surface layer are set as 500 MPa and 0.1,
respectively. From the experimental results [1–3], the grain size in
GL is assumed to vary with the distance h from surface as

d = d0 + Kdh4 (3)

where d0 = 50 nm, Kd = 4.955 × 106. Then, the thickness of NC layer
is 19.5 �m.

Although the grain size is as small as 20 nm in GL, experiments
[6,25,26] find that the yield strength still follows the Hall–Petch
relationship [27,28]. Therefore, Hall–Petch relation is adopted to
describe the yield strength of each layer in GL:

�0.2 = �0 + Ky√
d

(4)

where �0 = 74.0296 MPa and Ky = 3.0121 × 103 MPa nm1/2. The 0.2%

offset yield strength �0.2 is used here due to no evident yield point
in the tensile stress–strain curve of IF steel.

According to the experimental observations by Jia et al. [29],
the strain hardening exponent of ultrafine grained materials is seri-
ously dependent on the grain size, when the grain size is less than

del and the divided meshes.
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Table 1
The range and values of material parameters used in the present paper for the soft and stiff surface nano-crystallized graded materials.

�0.2/MPa Grain size n

87.5–500 50 nm–50 �m 0.29–0.1
100–500 50 nm–50 �m 0.29–0.1
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Fig. 4. The relation between the engineering stress and engineering strain for sur-
face nano-crystallized graded materials under uniaxial tension, in which four kinds
of states with different residual stress are considered as well as the graded sam-
ple without residual stress. That for the coarse grain sample is also included for
comparison.

Fig. 5. Uniaxial tension experimental results of the engineering stress and engi-
neering strain for surface nano-crystallized graded materials produced by different
Material parameters E/�0.2 E/GPa

Soft 2285.71–400 200
Hard 200–40 20

�m. Therefore, we assume the strain hardening exponents in GL
as a similar varying trend as that of the yield strength in GL.

In order to demonstrate the individual effect of RS and WH on
he tensile properties of surface nano-crystallized graded materials,
umerical models with and without RS and WH will be first estab-

ished. As in [24], RS and WH are produced by thermomechanical
imulation approach, which has the same effect as the real pro-
ess of S2PD but is more economical in computation and easier to
ontrol the range of residual stress and work hardening. Then the
espective data of RS and WH in graded models can be separated
ccording to [30].

. Results and discussions

.1. The case of a soft surface nano-crystallized graded material

Four cases with different residual stress and work hardening are
enerated by the thermomechanical technique to simulate samples
roduced by different S2PD time as shown in Fig. 3, in which the
aximum compressive residual stresses are 676.16, 849.15, 955.04

nd 1034.04 MPa, respectively. The distribution trends and values
f the residual stresses are very similar to that in [22], where the
aximum compressive residual stress is about 1200 MPa.
Fig. 4 shows the relation between the engineering stress and the

ngineering strain for the above four cases as well as the cases of CG
ample and the surface nano-crystallized graded sample without RS
nd WH. From Fig. 4, one can see that the 0.2% offset yield strength
f the graded sample without RS and WH increases by 50.34% over
he CG sample, which indicates that grain refinement contributes
ignificantly to the improvement of yield strength of the graded
ample. Comparing the cases with RS and WH to the graded sam-
le without RS and WH, we find that the 0.2% offset yield strength

s further increased by 14.33%, 31.79%, 42.06% and 46.26% over that
f the later. These results show that residual stress and work hard-
ning could render the graded sample’s yield strength enhanced
ignificantly, which is consistent with the experimental results in
1,22] and our experimental results in Fig. 5.
Fig. 6 shows the detailed distributions of yield strength in each
ayer of the surface nano-crystallized graded samples with RS
nd WH as well as that of the CG sample. It is found that the
ield strength is improved considerably due to WH, even the yield

ig. 3. The residual stress distribution from the surface to the center of the sur-
ace nano-crystallized graded material, which is produced by thermomechanical
imulation.

SMAT time. That for the coarse grain sample is also shown for comparison.

Fig. 6. Distributions of the yield stress via the distance from the surface to the center
of the surface nano-crystallized graded material before and after work hardening.
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Fig. 7. The relation between the engineering stress and engineering strain obtained
by numerical simulations for soft surface nano-crystallized graded samples with
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Fig. 9. Partial enlargement for the elastic deformation stage in Fig. 7.

or work hardening, as well as that for CG sample, using a simi-
lar method mentioned in Section 3.1. From Fig. 11, one can see
that the influenced strain range by residual stress in stiff samples
is much larger than that for soft samples, which reaches up to (0,
esidual stress and work hardening or with work hardening alone. The correspond-
ng relation for the graded material without residual stress and work hardening and
hat for the corresponding coarse grain material are also shown for comparison.

trength of the CG substrate increases slightly in the graded sample
ith �res(max)/�0.2(surface) = 2.068.

The tensile engineering stress–strain curves for graded sam-
les with WH only and that with both WH and RS are shown in
ig. 7 as well as that for CG sample and graded sample without WH
nd RS. It is found that the residual stress has no obvious influ-
nce on the tensile stress–strain curves in contrast to the case
ith WH only. Amplification of the tensile stress–strain curves

t the initial deformation stage is shown in Fig. 8, where one
an see that the residual stress only produces limited influence
n the stress–strain relation in a shallow deformation range. The
nfluenced deformation ranges are (0, 1.25%) and (0, 2.0%) for
he cases with �res(max)/�0.2(surface) = 1.698 and 2.068, respec-
ively.

Fig. 9 gives the amplified plot of stress–strain curves at
he elastic deformation stage, which shows a decreasing elas-
ic modulus due to RS. For the two specialized samples with
res(max)/�0.2(surface) = 1.698 and 2.068, the apparent Young’s
odulus decreases from 200 GPa to about 59 GPa and 64 GPa and

he reduced amplitudes reach up about 70% and 68%, respectively. It
s consistent qualitatively with our experimental results for IF steel
ubjected to four different SMAT time with reduced amplitudes
9–91%, as shown in Fig. 10.

From above, we conclude that the improved ultimate tensile
trength and the yield one should be attributed to work harden-

ng during S2PD, while the residual stress decreases the apparent
oung’s modulus and shows influence on stress–strain curve at the
tage of initially small deformation.

Fig. 8. Amplification of the initial stage of deformation in Fig. 7.
Fig. 10. Amplification of the experimental results in Fig. 5.

3.2. The case of a stiff surface nano-crystallized graded material

In this sub-section, a stiff surface nano-crystallized graded sam-
ple is investigated with the material parameters listed in Table 1.
The ratio of the maximum residual stress to the 0.2% offset yield
stress is �res(max)/�0.2(surface) = 1.754. Fig. 11 shows the tensile
engineering stress–strain curves with and without residual stress
Fig. 11. The relation between the engineering stress and engineering strain obtained
by numerical simulations for stiff surface nano-crystallized graded samples with
residual stress and work hardening or with work hardening alone. The correspond-
ing relation for the graded material without residual stress and work hardening and
that for the corresponding coarse grain material are also shown for comparison.
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Fig. 12. Amplification for the elastic deformation stage in Fig. 11.

0%), nearly ten times of that for the latter. The apparent Young’s
odulus reduces from 20 to 7.12 GPa due to residual stress. The

educed amplitude is about 64.4% as shown in Fig. 12. Comparing
he case with WH alone and that with both WH and RS shows that
he yield stress and the ultimate tensile strength are improved due
o work hardening of the sample, which is consistent with that for
soft sample.

. Conclusions

In this study, numerical simulation is used to investigate
he individual contribution of residual stresses (RS) and work
ardening (WH) to the improved tensile properties of surface nano-
rystallized graded materials, which is fabricated through S2PD on
oarse grain materials. It is found that the initial stage of defor-
ation in the tensile stress–strain curve of graded materials is

ensitive to RS, and the influenced range of deformation increases
long with the yield strain of the graded materials. The following
art of stress–strain curve is hardly affected by RS, so that it can
e inferred that RS does not show much influence on the ultimate
ensile strength of graded materials. Comparing the case with work
ardening alone and that with both work hardening and residual
tress demonstrates that the improved ultimate tensile strength
nd the yield strength are owing to the effect of work hardening,

hile residual stress will reduce the apparent elastic modulus of

urface nano-crystallized graded materials.
The finding in this paper should be helpful for further under-

tanding the mechanism of the improved mechanical properties
or surface nano-crystallized graded materials produced by S2PD

[
[
[
[

eering A 527 (2010) 7040–7044

and can give some insights into the design of nano-crystallized
materials.

Further study will be focused on the effect of microstructure
evolutions as well as precisely experimental observations and mea-
surements, which are not considered in the present work.
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