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Here this paper reports the gradient order effect on deformation behaviors of gradient nanotwinned (GNT) Cu
samples with the same structural gradient. Tension tests indicated that the GNT Cu with normal gradient order
(hard surfaces and soft core) exhibits a higher strength and a lower surface roughening during deformation
than those of the GNT Cu with reverse gradient order (soft surfaces and hard core). By systematic comparison
to the lateral strain and surface morphologies, it was revealed that the normal gradient order contributes to a
larger strain gradient and a stronger constraint during the plastic deformation.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Gradient structures inducing strengthening and work hardening
have opened an avenue towards understanding the structural
gradient-related mechanical behavior [1-4]. For example, the gradient
nano-grained (GNG) metals [1,2] with increasing gradually grain size
from nanometer in the top surface to micrometer in the core exhibit a
much enhanced yield strength, while still keeping a reasonable ductility
comparing to the coarse-grained counterparts. Gradient nano-grained
surface layers are responsible for the enhanced strength and able to de-
form plastically by grain growth in GNG Cu when the strain localization
is suppressed by the gradient structure [1,5].

Most recently, gradient nanotwinned (GNT) structures [6] with dual
gradient of both twin thickness and grain size that span across the entire
thickness of sample were fabricated by means of direct-current electro-
deposition [7]. GNT metals also exhibit an extraordinary strengthening
and work hardening [6]. As the structural gradient along the gradient di-
rection increases, both the yield strength and work hardening of GNT Cu
increase simultaneously [6]. The maximum structural gradient leads to
an improved yield strength that can even exceed the strongest compo-
nent of the gradient microstructure [6]. The unique strengthening
mechanism of GNT is attributed to ultrahigh density of geometrically
necessary dislocations (GND) [8-10] forming bundles of concentrated
dislocations (BCD) in grain interior, acting as strong barriers for disloca-
tions to move and to alleviate strain localization at grain boundaries.

Among the various parameters related with the gradient structures
such as the structural gradient [6], the distribution of grain size [4] and
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the volume fraction of nanostructure layer [11,12], the gradient order,
i.e,, the sequence of microstructure arrangement along the gradient direc-
tion, is also essential to the overall mechanical properties of the gradient
nanostructured metals. A variety of surface manufacturing techniques
for generating the gradient structures with grain size gradually increasing
from the surface to the core have been investigated, including surface me-
chanical grinding treatment [1,11], surface mechanical attrition treatment
[2], burnishing [13] and sliding deformation [14]. While reverse gradient
microstructures, larger grains in the surface and finer grains in the core,
were also prepared experimentally [15] and also studied in the simulation
[16]. Both gradient structures with different gradient orders were be-
lieved to possess superior mechanical properties with respect to their ho-
mogeneous counterparts due to the incompatible plastic deformation
along the gradient depth [2,16,17]. However, quantitative understanding
the effect of gradient order on the mechanical behavior of the gradient
nanostructured metals remains unclear.

In the present study, two GNT samples with quantitative identical
structural gradient, but one has a normal gradient order with hard sur-
faces and a soft core, and another has a reverse gradient orders with soft
surfaces and a hard core, are designed and fabricated by means of
direct-current electrodeposition. The tensile behavior, evolution of the
lateral strain and the surface morphologies of the two GNT samples dur-
ing the plastic deformation are compared and the deformation mecha-
nisms are discussed.

By means of the direct-current electrodeposition technique, four ho-
mogenous nanotwinned Cu samples (99.995 wt%) named by ®, ®, ©
and ©, with increasing twin thickness and grain size, were prepared
at the electrolyte temperature of 20, 25, 30 and 35 °C, respectively [7].
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Fig. 1. The microstructure of two GNT structures with different gradient orders. The schematic (a) and the SEM image (b) of GNT-I with a gradient order of ®@®O©DD®O®®. The
schematic (c) and the SEM image (d) of GNT-II with a gradient order of DO®®@@®©®. The grain size, d, the twin thickness, A, and the cross-sectional micro-hardness, Hv, vary
with sample thickness in GNT-I (e) and GNT-II (f), respectively. The magnified SEM image (g) and the TEM image (h) of component ® in GNT-I. The SEAD pattern and the high-
resolution TEM image of nanotwinned structures in the inset of (h). The SEM image (i) and TEM image (j) of component ® in GNT-I. GD, growth direction. s, structural gradient.

When the temperature was elevated stepwise from 20, 25, 30 to 35 °C
then decreased stepwise from 35, 30, 25 to 20 °C, a GNT sample with a
spatial gradient order of ®®ODOOO®® (Fig. 1(a)) was synthesized,
hereafter referred to as the GNT-1. Compared to the GNT-I, the sample
with a reverse spatial gradient order of ®O®@®®OD (referred to
as the GNT-II, Fig. 1(c)) was synthesized with the temperate decreasing
stepwise from 35 to 20 °C firstly and then elevated from 20 to 35 °C. For
both GNT-I and GNT-II samples, the deposition processes were pre-
served for 4 h at each temperature to make sure that each component
possesses a constant volume fraction of 25%. The total deposition time
for each GNT sample was kept to 16 h and then the overall sample thick-
ness was ~400 pm.

Uniaxial quasi static tensile tests for all specimens with a width of
2 mm and a gauge length of 5 mm were performed in an Instron 5848
micro tester at a strain rate of 5 x 107> s~! and at ambient temperature.
A contactless MTS LX300 laser extensometer with displacement resolution
of 1 pm was used to measure the strain during tensile tests. Cross-sectional
micro-hardness of GNT samples was measured on a Qness Q10A+ micro-
hardness tester with a load of 50 g and a loading time of 10 s.

The cross-sectional microstructures of GNT samples before and after
tensile tests were characterized by a FEI NovaSEM 430 field emission
gun scanning electron microscope (SEM) with backscattering electron
imaging using a high contrast (vCD) detector and a FEI Tecnai G2 F20
transmission electron microscope (TEM) operated at 200 kV. The sur-
face roughness and the height variation on both top and lateral surfaces

of GNT samples were measured by a confocal laser scanning microscopy
(CLSM, Olympus LEXT OLS4100).

The cross-sectional microstructures of the two GNT Cu samples with
both normal and reverse gradient orders are characterized by SEM im-
ages in Fig. 1(b) and (d), respectively. Obviously, there are no sharp in-
terfaces between any adjacent components along the gradient depth in
both GNT samples. The magnified SEM image in Fig. 1(g) shows that
component @ is composed of columnar-shaped grains with an average
grain size (the size measured along the short axis) of 2 um and a mean
aspect of ~3. The magnified TEM image in Fig. 1(h) shows numerous
twin lamellae with an average thickness of 26 nm are orientated prefer-
entially perpendicular to the growth direction and embedded in these
columnar grains. From the selected area electron diffraction (SAED)
and the high-resolution TEM image (inserts of Fig. 1(h)), most twin
planes are demonstrated to be >3 coherent twin boundaries (CTB).
Compared to component @, component @ has a larger grain size (13
pum) and twin thickness (71 nm), as shown in Fig. 1(i) and (j). Fig. 1
(e) and (f) show the dual gradient microstructures in both GNT samples
that GNT-I has increasing grain size and twin thickness but decreasing
cross-sectional hardness (from 1.5 GPa to 0.8 GPa) from surfaces to
the core, while the GNT-II has a reverse distribution of microstructure
and hardness. The structural gradient, s, defined as the variation of hard-
ness per unit sample thickness in the gradient direction which is parallel
to the growth direction as indicated in Fig. 1(b), is 3.2 GPa/mm for both
GNT samples as shown in Fig. 1(e) and (f).
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Fig. 2. Tensile engineering stress-strain curves (a) and work hardening rate, 6, vs. true strain curves (b) of GNT-I and GNT-II samples. The inflection points, indicating where elastic-plastic
transition is finished, of work hardening curves of GNT-I and GNT-II are indicated by the red solid line and the blue dash line, respectively.

The typical engineering stress-strain curves in Fig. 2(a) show that
GNT-I has a higher strength and a comparable ductility with respect to
that of GNT-IL. From more than 6 times repeatedly tensile tests, the av-
erage yield strength and the average uniform elongation are 434 +
12 MPa and 9.2 4 1% for GNT-I and are 403 + 19 MPa and 94 + 0.5%
for GNT-II, respectively. The corresponding work hardening rate vs.
true strain curves of GNT-I and GNT-II are displayed in Fig. 2(b). For
each sample, two obvious work hardening stages are detected: 1) the
elastic-plastic transition stage with a steep decrease in work hardening
rate before the inflection point (indicated by the solid line for GNT-I and
the dash line for GNT-II) at strain of ~2%; and 2) the steady-state hard-
ening stage with a gentle decrease at larger strains. At small strains,
the inflection point of GNT-I lies at a smaller strain, i.e., the elastic-
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plastic transition stage of GNT-I is accomplished slightly earlier than
that of GNT-II, which is consistent with the steeper tensile stress-
strain curve of GNT-I in Fig. 2a. The steady-state work hardening of
both GNT samples are identical, as indicated in Fig. 2b.

To demonstrate the gradient plastic deformation of GNT samples,
the relative lateral strain, Ag,, at different sample thickness is esti-
mated by means of the measurement of height contour on the lateral
surface (thered areain Fig. 3(a)). As indicated in Fig. 3(a), the length,
width and thickness direction of tension specimens are described as
x,y and z axis, respectively. Ag, at each sample thickness is calculated
by Ag, = 2AH/W,, where AH is the height difference relative to the
largest height, and Wj is the width of the as-prepared tensile
samples.
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Fig. 3. Height profiles on cross-section and relative lateral strain of GNT-I and GNT-II (a) Illustration of measurement of the height profile on lateral surface (indicated by the red area)
measured by CLSM. The height contour of GNT-I (b-e) and GNT-II (f-i) deformed at € = 0, 1%, 4% and 9%, respectively. Average height profiles (solid lines) and average relative lateral
strain, Agy, (dash lines) of GNT-I (j) and GNT-II (k) deformed at € = 0, 1%, 4% and 9%, respectively. 1), strain gradient.
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The lateral surface of undeformed GNT-I sample is very flat as shown
in Fig. 3(b). Interestingly, when GNT-I is deformed at € = 1% the lateral
surface exhibits a gradient contour that the height decreases gradually
from the both surfaces to the middle (Fig. 3(c)). As the strain increases,
the gradient height contour becomes more obvious as indicated in Fig. 3
(d) and (e). Such a gradient deformation is also consistent with thatin a
GNG Cu sample under tensile deformation under crystal plasticity finite
element model [17].

To quantitatively characterize the evolution of height profile on the
lateral surface with the applied strain, average height profiles (solid
lines) are taken along the x axis in Fig. 3(j). Correspondingly, the abso-
lute value of relative lateral strain, |Agy|, increases gradually from the
both surfaces to the core, as indicated by the dash lines in Fig. 3(j).
The strain gradient, 7, estimated by the variation of the lateral strain
with sample thickness, increases from 10 m~! to 35 m~' when GNT-I
is deformed from € = 1% to € = 9%.

Compared to GNT-I, GNT-II exhibits a reverse deformation on the
lateral surface where the height increases or |Ag,| decreases gradually
from the both surfaces to the middle as shown Fig. 3(f-i) and (k).
The strain gradient, 7, of GNT-II increases from 5 m~! to 25 m~! from
£ = 1% to € = 9%, which is slightly lower than that of GNT-I.

To further clarify the different deformation behavior of both GNT
samples, deformation morphologies of the top surface (x-y plane
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indicated by the insert in Fig. 4(h)) were observed by SEM and
CLSM. As shown in Fig. 4(a), no obvious slip band is observed on
the surface of GNT-I at € = 1%. The surface morphologies are un-
changed with increasing strain as shown in Fig. 4(b) and (c). The sur-
face height variation of GNT-I indicated by red dash lines in Fig. 4
(g) show that the original surface is very flat without any obvious
fluctuation. The smooth surfaces of GNT-I keep almost constant
until the applied strain is up to 9%. Correspondingly, the surface
roughness of GNT-I has a negligible increment from e = 0to &€ =
4% and gets clear at € = 9% (Fig. 4(h)).

Contrary to GNT-I, typical parallel slip bands (indicated by red ar-
rows) appear on the surface of GNT-II at € = 1% and become more pre-
vailing with increasing strain as displayed in Figs. 4(d-f). The noticeable
fluctuation is observed at surfaces when GNT-II deformed at € = 1% and
substantially increases with increasing strain as indicated the blue solid
lines in Fig. 4(g). Moreover, the surface roughness of GNT-II significantly
increases with the increasing strain (Fig. 4(h)) and much larger than
that of GNT-I at any strains.

Above experimental results clearly indicate that the gradient order
plays a critical role in mechanical behaviors of GNT samples. Generally,
the plastic deformation starts from the surface and then extends succes-
sively into the inside in the homogenous microstructures [18-22], be-
cause the microstructures at free surfaces are under less strain

0 2 4 6 8 10
Engineering strain (%)

Fig. 4. Deformation morphologies on top surface of GNT-I and GNT-II. SEM images on top surface of GNT-I (a-c) and of GNT-II (d-f) at different strains as indicated. The slip bands are
indicated by red arrows. (g) Measured height variation profiles on the top surface of GNT-I (dash lines) and GNT-II (solid lines) at different stains. (h) The variation of corresponding
surface roughness of both GNT samples with increasing strains. The insert of (h) illustrates the measurement of height variation and roughness on top surface of GNT samples. TA,
tensile axis.
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constraint than that in the internal of sample, as the so-called surface ef-
fect [22].

In this study, an additional progressively plastic deformation
[6,16,17] occurs in GNT samples due to the existence of dual gradient
microstructure in both the grain size and twin thickness. The compo-
nent @ with the largest grain size and twin thickness yields firstly
under tension, and then component © deforms plastically before com-
ponent ®. Component @ with finest microstructure shall yield finally
compared to the other three components.

For GNT-I with a normal gradient order of ®®ODODO®®, the
plastic deformation starts from the sample center and then progres-
sively extends to the surfaces, which results in the decreasing |Ag,|
from the sample center to the surfaces (Fig. 3(j)). The surface effect in-
ducing plastic deformation of GNT-I is effectively offset by the preferen-
tial plastic deformation occurring in the center of sample. While, for
GNT-II with a reverse gradient order of ®O®®@®®©O®), the plastic
deformation starts from the surface and then extends into the center
(Fig. 3(k)). That means the surface effect is aggravated, resulting in
the less constraint inside GNT-II than GNT-I. Such a stronger constraint
in GNT-I may postpone the yielding of component ® and accelerate the
progressive yielding from component © to @, both of which lead to the
faster elastic-plastic transition and the decreasing in work hardening at
small strain in GNT-I, as shown in Fig. 2.

As shown in Fig. 3(j) and (k), the strain gradient of GNT-I is larger
than that of GNT-II. According to the classic theory of strain gradient
plasticity, geometrically necessary dislocations (GND) shall be produced
to accommodate the strain gradient induced by the non-uniform defor-
mations such as indentation, bending and torsion [8-10,23]. Consider
that the density of GNDs is proportional to the strain gradient and
more GNDs will produce more strengthening [8,9], the larger strain gra-
dient of GNT-I is consistent with the mechanical properties that higher
yield strength is observed in GNT-I under tension test (Fig. 2(a)).

The much smaller surface roughness of GNT-I is another advantage
with respect to that of GNT-II (Fig. 4). The incompatible deformation be-
tween neighboring grains with different orientations in coarse-grained
metals usually causes the deformed grains to move perpendicular to
the free surface and then results in surface roughening [24]. Reducing
the grain size would reduce the incompatibility of grains and the surface
roughening of materials will be reduced accordingly [20,25]. For exam-
ple, the surface roughness of GNG Cu with the nano-grained surface,
where the strain localization or incompatible deformation is suppressed
by the gradient structure [1,5], is slightly changed during tension. As ex-
pected, the surface roughening of GNT-I with fine surface microstruc-
ture is effectively decreased, as shown in Fig. 4.

Homogenous Cu with highly preferentially oriented nanoscale twins
generally exhibits a strong plastic deformation anisotropy that the lat-
eral strain along the sample width, ||, is much larger than the strain
along the sample thickness, |&,|, during the tensile deformation [26].
Taking component © as an example, it is clear that both height variation
and surface roughness of component © of GNT-II (at the free surfaces)
are much larger (Fig. 4(g) and (h)) than those of component ©® of GNT-I
(in the interior). That suggests a larger plastic deformation normal to
the surface [24] or a larger |¢,| occurs in the component ® of GNT-II,
which is also accompanied with a lower |¢,|. Accordingly, the difference
of the lateral strains, |Ag,|, among component ® and other three com-
ponents is reduced in GNT-II, as a result, a smaller lateral strain gradient
will be achieved in GNT-II, compared to that of GNT-I (Fig. 3(j) and (k)).

Gradient structure with a normal gradient order (hard skin
(s) covering a soft substrate) is also in favor of its fatigue [27,28] and
wear resistance [29]. Fatigue crack initiation will be suppressed by the
hard surface and the soft interior is effective in further arresting the
crack propagation [27,28]. The highly deformable gradient nanostruc-
tured surface layer, either nano-grains in [1] or nanotwins in this
study, eliminates the deformation-induced surface roughening, which
suppresses surface cracking and facilitates subsequent deformation
processing.

In summary, we found GNT-I with a normal gradient order of hard
surfaces and soft core possesses higher strength and lower surface
roughness, with respect to GNT-II with a reverse gradient order. The
finer microstructure at the surfaces leads to the lower surface roughen-
ing in GNT-I during the tensile deformation. The stronger constraint and
the larger strain gradient induced by a unique deformation sequence
from sample center to surface contribute the improved strength for
GNT-L
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