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The gradient structured (GS) samples studied here consists of gradient layer (s) with grain size gradient and a
coarse-grained (CG) layer. Gradient materials have been found to have superior mechanical properties due to the
hetero-deformation induced (HDI) strengthening and strain hardening. However, the effect of the interaction
between the GS layer and the CG layer on the mechanical properties of the gradient materials remains to be
studied. In this paper, single-sided GS Cu and double-sided GS Cu plates were prepared by surface mechanical
attrition treatment (SMAT) on one side and both symmetrical sides respectively. It is found that GS samples have
higher yield strength than CG samples, and the Cu samples with double-sided GS has an uniform elongation
comparable to CG Cu. In addition, the global mutual constraint among different GS layers affect the mechanical
behavior of gradient materials, which is revealed in the comparative study of double-sided and single-sided GS
Cu. Specifically, the double-sided GS Cu exhibit higher yield strength and ductility than the single-sided GS Cu,
because the former is better constrained. This study demonstrates that in addition to the local structural gradient,
the symmetric constraint produce more effective HDI effect to enhance the mechanical properties. The global
mutual constraints of GS layers played a positive role in producing superior mechanical properties.

tensile deformation. It was also suggested that the two-dimensional
stresses are evolved from the applied uniaxial stress during tensile

1. Introduction

In the field of metallic materials, there is a tireless effort to improve
strength while maintaining ductility. In general, nanocrystalline mate-
rials tend to exhibit lower ductility, although the strength is several
times higher than their CG counterparts [1-3]. The traditional theory of
fine grain strengthening follows the principle of Hall-Petch, that is, the
grain refinement can improve the strength of materials. However, the
ductility is usually decreases with increasing strength [4].

In recent years, it has been found that GS can produce a superior
combination of strength and ductility that is not accessible to homoge-
nous structures [5]. The superior mechanical properties have been
attributed to the hetero-deformation induced strengthening and strain
hardening [6-9]. The HDI stress is produced by the piling up of
geometrically necessary dislocations (GNDs), which is needed to
accommodate the strain gradient during the deformation of GS. In other
words, the GS produces extra strengthening and strain hardening during

deformation due to the global constraint in the double-sided GS sample
[5]. The multi-axial stresses are assumed to activate more slip systems to
effectively increase the dislocation density, causing dislocation hard-
ening [10,11]. However, it is not clear if this effect is significant enough
to affect the mechanical behavior and the HDI strain hardening. There
are some unique extra strengthening effects, which provided the high
yield strength meanwhile retained good ductility in GS metals [12-15].
Therefore, the source of these effects and the interaction between GS
layer and CG matrix need to be further explored.

In this study, the pure copper with the single-sided GS and the
double-sided GS were prepared by SMAT. We studied the effect of
different constraint conditions on the mechanical properties of GS ma-
terials. (The synergetic strengthening effect compared with the rule-of-
mixtures (ROM) [16] and the HDI stress strengthening by the Bau-
schinger effect test.) In addition, the difference in mechanical properties
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between samples with double-sided GS Cu and single-sided GS Cu were
further studied using finite element simulation (FEM). The results of this
study provide insight in the design of the microstructure in nano-
crystalline metal materials.

2. Experimental procedure

The starting material Cu(99.9% purity) was vacuum annealed at
650 °C for 2 h to produce a uniform CG structure. The SMAT device (in
Fig. la) consisted mainly of a vibration generator and a treatment
chamber placing the balls as well as holding the sample. The surface of
the annealed copper plate was continuously struck at high velocity from
different angles by the 108 balls with a diameter of 8 mm (see Fig. 1b),
and SMAT processed at room temperature for 15 min, which promoted
the refinement of surface grains. It have obtained two types of samples,
the single-sided GS Cu was produced by SMAT treatment on one side of
the copper plate with thicknesses of 1.5 mm, 2 mm, and 2.5 mm (see
Fig. 2a); the double-sided GS Cu was produced by SMAT treatment on
both symmetrical sides of the copper plate with thicknesses of 3 mm, 4
mm, 5 mm (see Fig. 2c). We define the thickness of GS area as [ and the
total thickness of samples as L. The volume fractions of the corre-
sponding two types of GS samples (see Fig. 2b) are the same for
comparison.

Dog-bone shaped tensile samples (see Fig. 2a and c) were cut from
the SMAT-processed plates by wire-electrode cutting, except for the
sample thickness the geometry dimension of double-sided GS tensile
sample was consistent with that of single-sided GS. Uniaxial tensile test
and loading-unloading-reloading (LUR) experiment were performed at
room temperature using a SHIMADZU Universal Tester, with a
maximum load of 100 KN and the quasi-static strain rate of 5.0 x 107*
s~1. The sample was stretched and deformed along the elongation di-
rection in Fig. 2c. At least three tensile tests were conducted under each
testing condition to ensure the reproducibility of the stress-strain curves.
The LUR tests was set strain points of 1%, 2%, 3%, 4%, 5%, 6%, 7%, 8%,
9%, 10%. At each strain, the sample was unloaded in a load-control
mode to 20 N at an unloading rate of 600 N min~?, followed by
reloading back to the level of applied load prior to unloading. The HDI
stress was calculated from the measured of the LUR stress-strain curve.

The cross-sectional hardness of SMAT samples was measured by
Vickers microhardness tester with a load of 0.49 N, a dwell time of 15 s,
and a distance between adjacent indentations of 20 pm. The Vickers
microhardness value was calculated according to the formula:
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Where HV is Vickers hardness value, d is the diagonal length of the
indentation, P is the load value and a = 136° is the angle between the
two opposite faces of the pyramid indenter. In addition, the hardness
sampling area of the nanoindentation test (KLA-iMicro) covered the
surface of the sample to the coarse-grained area. The nanoindentation
experiment used an applied load of 30 mN for each hardness point. On
the cross section of the sample, a hardness point was made every 30 pm
from the surface to the core, 30 points in each line, and 30 lines were
extended in the direction perpendicular to the cross section, a total of
900 points form a nano-hardness-point matrix.

3. Results and discussion
3.1. Microhardness and gradient structure

After the SMAT treatment, grains in the surface layer of Cu samples
were refined, while the grains in the center layer remained coarse. A
hardness gradient was formed from the surface to the center. As shown
in Fig. 3a, the value of microhardness gradually decreasing from the
SMAT surface to the interior of the sample. The cross-sectional hardness
was determined by averaging the value of 6 indentations at each depth
of the GS and CG area in Fig. 3a. After 350 pm depth, the microhardness
curve become flat, with values close to that of the annealed Cu. The
microhardness gradients of the single-sided GS Cu and the double-sided
GS Cu is the same because of their identical processing. The hardness
curve in Fig. 3a has been divided into three areas, marked as A, B and C.
The author defines that the A and B areas are the GS layers, and from the
C area to the core of the sample is CG layer. The GS layer thickness (I) is
about the same (300 pm) on all samples due to same SMAT treatment
time as well.

The area of 300 pm x 300 pm from the surface to the center was
measured by the nanoindentation. Fig. 3b shows that the hardness of GS
sample has changed from the surface to the core. With the increaseing of
the depth from the surface to the core, the red area is the hardness of the
sample surface, the part between the red and blue areas is the gradient
transition stage and the blue area is considered as the hardness value of
CG. Fig. 3 indicates that the single-sided and double sided samples have
comparable hardness gradients from the surface to the core. Generally,
the nanoindentation value is higher than the microhardness value. The
main reason for the inconsistent was that the methods of calculating
hardness value were different [18].

3.2. Mechanical properties

Engineering tensile stress-strain curves of different samples are
shown in Fig. 4a and the tensile properties are summarized in Table 1.

% I Sample
"

Sample surface

Fig. 1. (a) Schematic illustration of the SMAT device. (b) The plastic deformation in the surface layer caused by the repeated impact of the flying balls on the sample

surface in multiple directions [17].
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Fig. 2. (a) The geometry and size of the tensile sample with the single-sided GS. (b) Schematic illustration of the single-sided GS and the double-sided GS the samples
processed by SMAT. (c) The geometry of the double-sided GS sample. The position of SMAT surface, the GS area and CG area on the tensile sample, and the

elongation direction of the uniaxial tensile test.
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Fig. 3. (a) The microhardness values imposed on the optical image of the single-sided GS and double-sided GS Cu; (b) The nanoindentation hardness distribution

from surface to core of the GS Cu.

The thickness of GS layer is about 300 pm for all samples because of the
same SMAT time. The ratio of the thickness of GS layer to the thickness
of different samples is also the volume fraction of the GS layer. The yield
strength of the GS samples with GS layer and CG layer is more than three
times that of the CG sample. At the same time, the uniform elongation of
double-sided GS Cu was slightly lower than that of CG sample. It could
be seen in Fig. 4b that the yield strength and the uniform elongation of
double-sided GS Cu are higher than those of the single-sided GS Cu even
though they have the same volume fraction of GS layers.

According to the strain hardening rate (6 = do/de) curves (Fig. 4c and
d), the curves of double-sided GS Cu are not monotonously reduced as
the strain increases. When the true strain is in the range of 0.02-0.04,
the curves went up, which is attributed to the hetero-deformation
induced (HDI) hardening [7]. The multiaxial stress state of the
double-sided GS with global mutual constraint would activate more slip
systems, which make it easier for dislocations to interact and entangle
with each other to bring about the observed dramatic hardening rate
up-turn [9]. Compared with the strain hardening curve of single-sided
GS Cu, the curve of double-sided GS Cu is retained the strain hard-
ening better (red arrow in Fig. 4d), which indicates that the strain
hardening effect of double-sided GS Cu is stronger than that of
single-sided GS Cu. The red dots from the intersection of the strain
hardening rate and the true stress-strain curve in Fig. 4d, it could be seen
that the necking of double-sided GS Cu is significantly later than that of
single-sided GS Cu, which means that double-sided GS Cu have higher

ductility than single-sided GS Cu.
3.3. Synergetic strengthening and HDI strengthening

It can be found from Fig. 4a that the yield strength of GS Cu increases
with the increase of GS layer volume fraction. In order to investigate this
observation, we first calculate the yield strength of CG and GS Cu using
rule of mixtures (ROM) [19]:

6rom = Vasoos + (1 = Vgs)oco 2)

The orom, represent the calculated yield strength of the whole
sample, o5 is the yield strength of GS layer in 0.2% plastic strain, o¢g
represent the yield strength of CG Cu, and Vs is the volume fraction of
the GS layers. According to the above formula, the higher the volume
fraction of GS layer in the material, the higher the overall yield strength.
Fig. 5a shows a typical engineering stress-strain curve of the CG Cu and
double-sided GS Cu with GS layer volume fraction of 15%. As shown, the
GS sample has a higher yield strain than the CG sample. Consequently, a
modified ROM equation needs to be used [9]:

0';'3,1‘4 = Vssogs + (1 — VGS)G,(:G 3)
where the o, (see Fig. 5a) can be calculated by:

6o =0c + Ao “4)
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Fig. 4. (a) Tensile engineering stress-strain curve, including the CG Cu sample and the GS Cu samples with different thickness and different GS layers volume
fraction. (b) The true stress-strain curves, including the CG Cu sample and the GS Cu samples with different thickness and different GS layers volume fraction. (c) The
strain hardening rate curves of samples with GS layer volume fraction equals to 20% and GS layer volume fraction equals to 15%. (d) The strain hardening rate curves
and true stress-strain curves of samples with GS layer volume fraction equals to 12%.

Table 1
The tensile properties of single-sided GS Cu and double-sided GS Cu under
different volume fractions of GS layer and different sample thickness.

Type of GS Cu Sample thickness  Volume fraction of GS YS UE
(mm) layer (%) (MPa) (%)
Single-sided 2.5 12 154 21.5
GS Cu
double-sided 5 170 28.2
GS Cu
Single-sided 2 15 160 19.1
GS Cu
double-sided 4 174 27.9
GS Cu
Single-sided 1.5 20 184 15.6
GS Cu
double-sided 3 207 23.3
GS Cu

YS-yield strength; UE-uniform elongation.

The o794, represents the modified value of yield strength of the whole
sample. It can be seen from Fig. 5b that the experimentally measured
yield strength values of the double-sided and single-sided GS Cu are
much higher than the corresponding values calculated by the modified
ROM, which indicates a strong synergetic strengthening by the gradient
structure. At the early stage of GS Cu tensile strain, the central CG layer
deforms plastically, while the GS layer still deform elastically. The
plastically deforming central layer has an apparent Poisson’s ratio close
to 0.5 to maintain a constant volume, while Poisson’s ratio in the GS

layer is close to 0.3 [9]. The difference of Poisson’s ratio lead to strain
gradient and plastic incompatibility between GS layer and CG layer. The
plastic incompatibility lead to the transformation from uniaxial stress to
multi-axial stress, which promote the interaction of dislocations and the
continuous accumulation of the GNDs [9]. The accumulation of these
GNDs can produce extra strengthening effect during deformation which
leads to the actual yield strength much higher than the modified ROM
calculation results [8].

Furthermore, on the basis of ROM theory, the 6%, of double-sided
GS Cu should be consistent with that of single-sided GS Cu with the
same volume fraction. (Inset of Fig. 5b, both of the curves are almost
coincident.) The synergetic of yield strength values about two kinds of
GS Cu can be calculated by the following formulas:

mod
O5—synergetic = OSingle — DJR()M (5)
_ Dmod (6)
O D—synergetic = ODouble — Orom

The 65_synergeric AN Op_gynergeric TEpresent the difference between the
experimental results of yield strength of single-sided and double-sided
GS Cu with the modified ROM calculation results respectively.
Through the calculation of the above formula, in the case of the same
volume fraction, the 6p_gynergeric Of double-sided GS Cu (blue dotted curve)
have a higher synergetic strengthening value than the 6s_gnergeic Of the
single-sided GS Cu (red dotted curve) in Fig. 5b. This difference origi-
nates from the different global constrainment in the single-sided and
double-sided Cu, which affects the generation of the HDI stress [7]. As
shown in Fig. 5c, the curves of double-sided GS Cu (solid lines) is always
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Fig. 5. (a) Schematic illustration of the corrected 6 in engineering stress-strain curves of CG and double-sided GS Cu-4mm-15%; (b) The curves of yield strength
include the double-sided and single-sided GS Cu actual value (blue and red dotted lines respectively), the ROM calculatetion results (black solid line), and the
modified ROM calculatetion results of the double-sided and single-sided GS Cu (blue and red solid lines respectively). The curves in the black box of the figure are
enlarged into illustration; (c) The HDI stress curves of GS Cu with various thicknesses, the HDI stress curves of the single-sided GS Cu is dotted lines, and curves of the
double-sided GS Cu is solid lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

higher than that of the corresponding single-sided GS Cu (dotted lines),
which leads to the higher yield strength on double-sided GS Cu [20-22].
It can be reasonably assumed that the double-sided Cu sample has a
better mutual constraint among the different layers, and produces
different stress states, which led to the higher HDI stresses. More studies
are needed to probe this issue.

3.4. Finite element simulation and analysis

Finite element simulation could further study the influence of global
mutual constraining on the mechanical behavior of GS material. The
commercial software MARC [23] was used to calculate the stress and
strain distributions of GS materials. The GS was considered to be a
multilayered structure which was divided into five layers through
transversal direction (as the X direction) as shown in Fig. 6a. We assume
that the deformation behavior of the material was the same inside each
layer, but the different between different layers (Fig. 6b). A multi-linear
kinematic hardening rule also shown in Fig. 6b was used to calculate the
material deformation behavior in FEM. The isotropic hypothesis and
small strain analysis had been conducted. The Poisson’s ratio and elastic
modulus of five layers were equal to 0.33 and 125000 GPa. Plane stress
condition and four-node type element [24] were conducted in finite
element simulations and the boundary conditions of single-sided and
double-sided models were shown in Fig. 6a. The length of the element
along thickness direction was set to be 0.1 mm, and that along

longitudinal direction is set to be a gradient increase which started from
0.05 mm to 0.45 mm 2500 elements and 2626 nodes were used in FEM.
The bottom edges of single-sided GS and double-sided GS were applied
with symmetrical constraints (Dy = 0, and Rz = 0) in which movement
in tensile direction (as the Y direction) and in-plane rotation were not
allowed. For the single-sided GS, the bottom right corner of edge was
constrained with the movement in X direction (Dx = 0). Herein, fixing
one node along X-direction was to avoid rigid body translation in the
simulation. However, for double-sided GS, the right edge was applied
with mutual constraints (Dx =0, and Rz = 0) as load and structure were
symmetrical. When applying displacement control, an implicit
constraint was generated, that was, the relative deformation between
the layers was cancelled out. Then, the displacements or strains among
different layers could be the same, so the relative constraints between
the layers could not be obtained. Therefore, Edge loaded with same
magnitude F were applied on upper edge of single-sided GS and
double-sided GS models.

The FEM produce similar stress-strain curves as compared with
experiment results in Fig. 7a and Fig. 7b, in which the yield strength of
double-sided GS is higher than that of single-sided GS. It should be noted
that the stress-strain curves of FEM for double-sided and single-sided are
calculated on the basis of average value of stress and strain of nodes on
Fig. 7c. We consider that the calculated average value of stress and strain
are equivalent to the stress and strain obtained from uniaxial tension
tests. The distribution of stress and strain at yielding point (as 0.2%
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average strain) is presented in Fig. 7c for double-sided and single-sided
specimens. It is found that the strain of each layer of the double-sided GS
is similar, while the strain distribution of each layer of the single-sided
GS is different. This is mainly due to the symmetric constraint on the
double-sided GS and the lack of constraining on the other side of the
single-sided GS. As a result, the strain of the single-sided GS is mostly
concentrated in the outer CG layers, so that the inner GS layer had little
strain. When the average strain of the material is around 0.2%, FEM
(Fig. 7d) shows that the stress distribution from GS layer to CG layer
decreases stepwise along the thickness direction due to global mutual

(b)

Fig. 6. Schematic FEM model showing the gauge section of tensile sample: (a) layer configuration and boundary conditions; (b) material deformation behavior for
each layer. The yield strengths of Layerl and Layer5 are determined from the test results, and equal to 250 MPa and 70 MPa, respectively.

restraint on double-sided GS Cu. However, because of no constraint on
the other side of single-sided GS Cu, the strain in the CG layer during
deformation is higher than that in the GS layer. Since, the material as a
whole is slightly inclined to the fine-grained side, it has caused the CG
layer to be in a state of compressive stress (negative value of stress),
where the yield strength exhibited is lower than that of the double-sided
GS. From the FEM shows that the yield strength of single-sided GS Cu are
lower than those of double-sided GS Cu due to the compressive stress
state and uneven strain distribution in the deformation process. Obvi-
ously, the global mutual constraint can effectively optimize the
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Fig. 7. Tensile stress-strain curves and stress distributions generated by finite element simulations: (a) FEM stress-strain curves of double-sided and single-sided
samples; (b) engineering stress-strain curves of double-sided and single-sided samples; (c) the finite element mesh and the distribution of stress and strain for
double-sided and single-sided specimen obtained by FEM at yielding point; (d) stress and strain variations along thickness direction on 0.2% average strain.

mechanical properties of GS materials.
4. Conclusions

In summary, the single-sided and double-sided GS Cu with different
constraining conditions on CG central layer are obtained by SMAT
process. The major conclusions drawn from this study are as follows:

1) The mechanical properties of the double-sided GS Cu is significantly
better than that of the single-sided CG Cu. The yield strength and the
uniform elongation of double-sided GS Cu are higher than that of the
single-sided GS Cu. (The same behavior has been observed in 12%,
15% and 20% volume fraction of GS layer.)

2) Comparing to the single-sided GS Cu, the global mutual constraint in
double-sided GS Cu may produce different stress states. This lead to
higher HDI stress strengthening.

3) The double-sided GS Cu with mutual-constraint can delay strain
localization, which helps uniformly distribute stress and avoids

strain concentration. The uniform distribution of stress and strain
could improve the ductility of the sample, which is verified by FEM.
These conclusions provide a new perspective for the study of me-
chanical properties of gradient structure metal materials.
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