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A bulk nanostructured (NS) Cu with a flexible random distribution of multimodal grain size ranging from
1.12 pm to 30 nm was fabricated here by annealing a pre-designed heterogeneous layered structure Cu
template fabricated by electrodeposition where the small grains with average grain size of about 40 nm and
a large grain size with near micron scale distribute alternately according to the layer thickness ratio of
about 4:1 along the deposition direction. Such a heterogeneous NS Cu exhibits a remarkable large strain
hardening ability in tensile deformation, which results in a superior combination of high ductility of
elongation to failure of near 40% and moderated strength of yield strength of about 470 MPa. Several
strengthening effects brought by such a heterostructure, including producing more effective dislocation
activity, the inhibition of local plastic flow and the release of local stress concentration, have been suggested
to contribute to a more durable strain hardening ability and excellent mechanical properties of NS Cu. In
addition, the morphology of fracture and deformation surface is captured to analyze the difference in the
mechanical behavior of the NS Cu with random distribution of multimodal grain size by comparing with

other structure Cu.

Keywords electrodeposition, multimodal grain size, mechanical
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1. Introduction

Nanostructured metals have potential applications in the
areas of reinforced coatings and structural materials because
this new class of materials exhibits strength and hardness
several times higher than traditional coarse-grained counter-
parts. However, such expected potential applications are limited
because the high-strength NS materials often exhibit plastic
instability and premature yielding during deformation (Ref 1),
which results in a disappointingly low plasticity. Therefore,
how to optimize the combination of strength and plasticity of
the NS material has become a research hotspot and has attracted
the attention of many researchers in recent years. Extensive
experiments and simulations have suggested that low plasticity
is attributed to the lack of effective work hardening ability due
to the lack of effective dislocation activity inside such small-
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scale grains. The challenge posed by the inherent low ductility
of nanocrystalline (NC) metals has prompted researchers to
increase the ductility by tailoring an uneven microstructure with
a multimodal or bimodal grain size distribution in recent years.
For example, Wang et al. fabricated a NS Cu with a bimodal
grain size distribution of micrometer-sized grains embedded
inside a matrix of nano-sized grains by the combination of
cryogenic rolling and thermomechanical treatment. The
bimodal structural Cu with a mixture of large grain with
micron-level and ultrafine grains (< 300 nm) has a high tensile
ductility with a uniform elongation of about 30% and a
moderate ultimate tensile strength (UTS) of about 400 MPa
(Ref 2). Takahiro Mineta et al. also fabricated NC Ag with a
bimodal microstructure composed of a few equiaxed grains
with average grains sizes of about 86.0 nm and ultrafine grains
with average grains sizes of less than 500 nm by a combination
of spark plasma sintering and arc plasma method. The bimodal-
structured Ag produced an ultimate tensile strength of approx-
imately 270 MPa combined with a uniform elongation of more
than 30%, which was 1.4 times larger than that of the
homogeneous coarse-grained counterparts (Ref 3). Lu et al.
constructed a bulk coarse-grained (CG) pure Cu by surface
mechanical grinding treatment with a gradient grain size
distribution from 20 nm to 20 um from surface to inside along
the cross section by surface mechanical grinding treatment.
Compared with the coarse-grained Cu with a uniform structure,
the gradient structure Cu can produce several times higher
strength and plasticity (Ref 4). These studies illuminate that
tailoring the inhomogeneous microstructure with the bimodal
and multimodal grain size distribution by incorporating large
size grains into the NC matrix is an effective way to improve
the plasticity of NS materials. From the perspective of the
practical application of engineering materials, if such a strategy
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is to be applied in practice, the effective and controllable
preparation of such heterogeneous structure becomes particu-
larly important. Although the above methods can be used to
prepare such heterogeneous NS materials, these methods were
not used to flexibly control the proportion and distribution of
heterogeneous structures and the heterogeneous structure
tailored by these methods is random in optimizing properties
of NS material. In addition, these processes also have
limitations such as complex processes, poor operability in
practical application, which cannot meet the actual require-
ments of large-scale production.

Electrodeposition is a process based on the bottom-up
stacking of atoms. Due to its simple process and easy operation,
it has been widely used in many industrial fields for surface
treatment and manufacturing functionalized coating and struc-
tural materials. Furthermore, the structure of coating can also be
flexibly controlled by simple changing process parameters and
solution composition during electrodeposition. This process has
been popularly used to produce the high-quality NS materials
with uniform structure in the past 30 years. Recently, we use the
electrodeposition method to design the layered heterogeneous
NS Cu and NS Ni with regular alternate growth of nanocrystals
and ultrafine crystals flexibly by adjusting the process param-
eters such as current and voltage (Ref 5, 6). Compared with
homogeneous NS components, layer structural materials we
designed do have a significant improvement in plastic defor-
mation capability, but the improvement is not as large as
expected, which may be related to the case that in such a
layered heterogeneous NS formed by the periodic alternately
stacking of the large-sized grain layer and NC layer in a
mechanical abrupt manner, the large-sized grain layer mechan-
ically arranged in the NC matrix may not be able to effectively
coordinate the plastic deformation of internal NC layer. This
may mean that in the process of heterostructure design, if the
large-sized grains and the small-sized grains can be flexibly and
naturally distributed in the matrix with each other, the large
grains in such a heterostructure can more effectively coordinate
the deformation of small grains and a more optimized
mechanical properties may be expected. This analysis prompted
us to produce a new design idea that if the layered heteroge-
neous NS material we designed replaces the traditional
homogeneous structure material as the template before heat
treatment, it may be expected to construct heterogeneous
structural materials where multi-stage microstructures with
different grain size are distributed evenly and flexibly with each
other.

Based on such a design idea, here, a layered NS copper
template with the alternating growth of the large-sized grain
layer and nano-sized grain layer was first prepared by
electrodeposition and then subsequently was followed by an
annealing treatment to construct this expected heterogeneous
structural materials with flexible random distribution of mul-
timodal grain size. Transmission electron microscopy and x-ray
diffraction were employed to analyze the heterogeneous
structure. Uniaxial tensile tests were used to investigate the
mechanical behavior of the heterogeneous NS Cu with
multimodal grain distribution and other structure Cu. Fracture
and deformation surfaces of Cu samples were also provided for
further analysis of the fracture behavior of Cu samples with
different structures.
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2. Experimental Procedure

The bulk dense NS Cu with multimodal grain size
distribution was fabricated by annealing an electrodeposited
Cu with a layered structure template where the small grain-
sized layer with a mean grain size of about 40 nm and the
large grain-sized layer with a grain size of near micron scale
alternate according to the layer thickness ratio of about 4:1
along the deposition direction. The bulk layered structure Cu
(LS-Cu) was prepared by periodical changing current density
during electrodeposition from an aqueous bath that consists
of copper sulfate, copper chloride, sulfuric acid and other
additives at room temperature. Here, two kinds of current
density, that is, 1.5 A/dm? for 16 min and 10 A/dm® for 1
min, were designed to prepare the LS-Cu with the layer
thickness ratio of near 4:1 and detailed preparation process
of electroplating can refer to our previously reported
literature (Ref 5, 6). The as-deposited LS-Cu was kept at a
temperature of 200 °C for 10 min under a protective nitrogen
atmosphere and then cooled to room temperature in the
furnace, and finally, a NS Cu sample with multimodal grain
size distribution was obtained. For the convenience of
statement, the ALS-Cu is used as the abbreviation of this
NS Cu with multimodal grain size distribution in the
following statements. In addition, three corresponding mono-
lithic samples including the ultrafine grain Cu (UFG-Cu) and
monolithic nano grain Cu (NG-Cu) and coarse grain Cu
(CG-Cu) with homogeneous structure were also fabricated as
references for the comparison of mechanical properties.
Chemical analysis from inductively coupled plasma atomic
emission spectrometry (ICP-AES, Plasma/1000) and Carbon/
Sulfur determinator (CS-20) showed that as-deposited Cu
samples all have a similar high purity of about 99.95 wt.%
and the main impurities of 120 ppm S, 310 ppm C. These
trace impurities may be introduced by the decomposition of
used additives during electrodeposition and other chemicals.
The crystallographic structure of as-deposited Cu samples
with different microstructure was investigated by using the x-
ray diffractometer (XRD, Bruker D8) with a Cu Ka radiation
(0.154178 nm) operated at 40 kV and 40 mA over scanning
angle range of 10°-80° with a scanning step size of 0.01°.
Wire-electrode discharge machines were employed to prepare
the dog bone-shaped tensile specimens with a gauge length
of 8 mm and cross section of 2.5x 0.5 mm? To truly
display the essential tensile properties of these heterogeneous
and homogeneous samples, these samples were polished to a
mirror-like finish surface to remove surface defects such as
microcracks and pits before tension. The effect of heat
treatment on grain morphology and grain size was analyzed
by transmission electron microscope (TEM, a JEM-2100F).
The wuniaxial tensions were conducted on the Electro-
Mechanical Material Testing System (UTMS5105SYXL) at a
strain rate of 4.17x102 s'. Here, in order to avoid the
experimental deviation that may be caused by a single
sample, three parallel samples for each type of copper were
used to perform tensile tests. The morphology from the
fracture surface and deformation surface was also observed
by using the scanning electron microscope (SEM, JSM-
5600).
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3. Result and Discussion

In order to analyze the microstructure of the layered sample
before and after heat treatment, a bright-field TEM observation
of the LS-Cu samples and ALS-Cu samples was also made and
the corresponding result is shown in Fig. 1 and 2, respectively.
For comparison, the bright-field TEM images of the monolithic
UFG/NG-Cu samples were also provided and shown in Fig. 3.
The bright-field TEM image of as-deposited LS-Cu prepared by
intermittent changing two current density, as shown in
Fig. 1(a), displays a clear layered structure alternatively
composed of two different microstructures corresponding to
two current density. The deposited layer corresponding to the
low current density exhibits a very fine NC structure. Further-
more, it can be seen from the local magnification image of the
NG layer shown in Fig. 1(b) that crystal grains in the NG layer
formed at low current density exhibit obvious columnar growth
characteristics. In order to further understand the microstructure
of the NG layer, the grain size distribution of the nanocrystal
grain along the radial and axial direction is statistically
analyzed and the corresponding results are shown in
Fig. 1(f). As shown in Fig. 1(f), the nanocrystal grains with a
axial length of about 60-230 nm and a radial width of about 15-
80 nm preferentially grow regularly along the electrodeposition
direction. The selected diffraction pattern shown in the inset of
Fig. 1b also shows an obvious diffraction ring, which further
implies that the deposited layer obtained at low current density
is composed of polycrystalline nanocrystals. Recently, it has
been implied from many experiments (Ref 7-9) that during the
electrodeposition process, a more uniform and fine grain
structure under high current density can be obtained because
the applied high current density is more beneficial for the metal
ion reduction and then increases the nucleation rate of metal
atoms. However, here, it can be seen from Fig. 1(c) that the
microstructure of the deposited sublayer corresponding to high
current density in present layer structure is not further refined,
and inversely, a microstructure with an approximately micron-
sized grain with some stacking faults marked by the white
arrow was observed. Such an interesting phenomenon that the
microstructure of the deposited layer becomes larger with the
increase of current density observed in the layered NS coatings
can also be further proved by the homogeneous structure
deposits obtained under their corresponding two single current
density. It can be observed from Fig. 3 that the microstructure
of monolithic deposited samples attained under 1.5 A/dm?
shows a typical equiaxed grains with a narrow grain size
distribution ranging from 20 to 70 nm and the average grain
size of NC Cu is 40 nm. While for the monolithic deposited
samples attained under 10 A/dm’, as shown in Fig. 3, a
microstructure with the irregular polygonal micron-sized grains
and some stacking faults can be observed. Obviously, the
microstructure of the sample attained under two single current
density is consistent with that of the NC layer and UFG layer of
the LS-Cu. For heterostructure materials, a good connection
between interfaces is very important to obtain a considerable
mechanical performance. Here, it can be seen from the TEM
image at the interface of the layered structure shown in Fig. 1(a)
that there are no defects such as voids in the interface area
corresponding to the alternating layers formed at the two
current densities. In addition, considering that there may be
differences in structural defects such as dislocation density and
crystal lattice within the microstructure obtained under the two
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current densities, the local high-resolution and the correspond-
ing inverse FFT (fast Fourier Transform) analysis from the
micro-grain layer region and the NC region were also done and
the corresponding results are shown in Fig. 1(d) and (e),
respectively. It can be revealed by the high-resolution image
and Fourier filtering image shown in Fig. 1(d) that the crystal
lattice of NC layer attained under the low current density
presents an ordered lattice arrangements in which only small
amount of edge dislocations are detected as marked by the
symbol “T.” However, for the micron-level crystal grain layer
formed at high current density, as shown in Fig. le, the crystal
lattice displayed by high-resolution does not show a regular
parallel shape like the crystal lattice in the NC area, but shows a
clear meandering shape. In addition, it can also be further
observed from the partial enlarged high-resolution view shown
in Fig. 1(e) that there are many substructures marked by the
white arrow in this large-grained layer with a near micrometer
scale. The Fourier filtered image shows a wave-like morphol-
ogy with severe distortion, which can imply there is a number
of dislocations within their lattice (Ref 10). The existence of a
large number of structural defects may be the reason why the
diffraction pattern of the large-grained layer shown in the inset
in Fig. 1(c) exhibits the diffraction spots with obvious
phantoms like comet tails. The present results show that the
current density has a significant effect on the microstructure of
coating. Such structural defects in the deposited layer formed
under the high current density are likely to be related to the
growth behavior that a large number of reduced copper atoms
cannot be effectively stacked in the right way (that is, in the
right atomic stacking position) due to mutual competition and
constraint in the process of high-speed electrodeposition. The
microstructure of layered copper after heat treatment has
changed significantly. The TEM image of ALS-Cu samples is
shown in Fig. 2(a), where the region marked the letter “A” and
that marked the letter “B” distinguished by green dotted lines
correspond to the NG layer and the UFG layer of LS sample,
respectively. From the area marked by the letter “A” in
Fig. 2(b), it can be observed that the microstructure character-
istics of the columnar growth nanocrystals that originally
appeared in the layered structure have completely disappeared
after heat treatment and on the contrary, the equiaxed polygonal
submicron crystal grains with grain size spanning from 250 to
791 nm form. Moreover, it can be further observed from the
enlarged image that in addition to the formation of equiaxed
submicron crystal grains, there are still a considerable number
of nanocrystals that have not yet grown up around these
equiaxed submicron grains after the heat treatment, as shown
by arrow in Fig. 2(b). The heterogeneous distribution of grain
size after the heat treatment of NC layer should be related to the
abnormal anisotropic growth of grain during the heat treatment.
It is well known that in polycrystalline materials, the growth of
grains is achieved by the grain boundary migration companied
by merging with neighboring grains. It has been suggested from
the Bai’s study that non-equilibrium grain boundary structure
with structural defects such as dislocation and stress concen-
tration often provide a large driving stress for the mobility of
grain boundaries (Ref 11). It is conceivable that the deviation of
the structure of the grain boundaries in a NC material from the
equilibrium boundary structure is inhomogeneous throughout
the bulk sample. Thus, in such an environment with inhomo-
geneous grain boundary structure, some grains with high-
energy non-equilibrium grain boundary will grow preferentially
by the rapid grain boundary migration or local adjustment
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Fig. 1 Bright-field TEM images of the LS-Cu: (a) The low magnification image of the LS-Cu containing NG layer and UFG layer; (b) The
local magnification image of the NG layer and (c) The local magnification image of the UFG layer; (d-e) High-resolution TEM images of the
NG layer and UFG layer; (f) The narrow grain size distribution image corresponding to the NG layer of the LS-Cu

combined with nearby grains driven by external heat source, coarsening behavior of NC layer after heat treatment, the inner
which results in formation of microstructure with bimodal grain crystal grains from microcrystalline layer did not grow further
size distribution after heat treatment. However, unlike the after the heat treatment and inversely, as shown in the area
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Fig. 2 Bright-field TEM images of the ALS-Cu: (a) The low magnification image of the ALS-Cu. (b) The local magnification image of A
region of the ALS-Cu corresponding to the NG layer of the LS-Cu and (c) The local magnification image of B region of the ALS-Cu
corresponding to the UFG layer of the LS-Cu. (d) The multimodal grain size distribution images of the ALS-Cu

Fig. 3 Bright-field TEM images of the monolithic NG-Cu and UFG-Cu

marked by the white letter “B,” the microstructure was grain-sized area with nearly micron grain size. The grain
evidently refined and equiaxed grains with an average grain refinement should be related to the large number of dislocation
size of approximately 600 nm formed in the original the large defects in the microcrystalline area inside the layered structure.
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Fig. 4 The XRD patterns of the NG-Cu, UFG-Cu, LS-Cu, ALS-
Cu, and CG-Cu

The existence of a large number of defects in the matrix
provides effective nucleation points for the nucleation of
recrystallized grains in the annealing process (Ref 12), which
results in grain refinement. In addition to equiaxed crystals with
submicron size, some growth twins with a radial size of about
40-145 nm and an axial size of about 250-740 nm were also
observed in the original large-grained region after the anneal-
ing, as shown by the arrows in Fig. 2(c). The corresponding
diffraction pattern of these twins is shown in the inset in
Fig.2(c), where double sets of diffraction spots representing
twin structure were exhibited. Such growth twins have been
widely reported in previous studies on the heat-treated copper
(Ref 13-15). Obviously, here, a heterostructure structure with
multi-stage grain size distribution is finally obtained by heat
treatment of this layered structure. In order to clearly illustrate
the heterostructure with multi-scale grain size distribution, the
grain size in the ALS-Cu is also systematically counted and the
corresponding results are shown in Fig. 2(d). It can be seen
from Fig. 2(d) that the ALS-Cu shows a very wide grain size
distribution with the grain size spanning from 30 nm to 1.2 pm.
The present study illuminates that this method of pre-designed
a layered structure template accompanied by subsequent heat
treatment is an effective method for preparing heterostructure
with a flexible random distribution of multimodal grain size
distribution.

Figure 4 shows the XRD patterns of the NG-Cu, UFG-Cu,
LS-Cu, ALS-Cu and CG-Cu. It can be seen from Fig. 4 that five
Cu samples all show a single diffraction pattern of a face-
centered cubic structure with three typical diffraction peaks
corresponding to the crystallographic plane (111) at
20 =43316° (200) at 26 =50448° and (220) at
20 = 74.124°, but they have significantly different diffraction
peak intensities, which implies there are significant differences
in the preferred growth orientations. The preferred orientation
of five Cu samples can be determined by quantitatively
comparing the peak ratios of diffraction intensity of their two
main diffraction peaks (111) and (200) and that of isotropic
polycrystalline Cu. The calculated ratios of diffraction intensity
of the diffraction peak (111) and (200) for fives Cu samples are
summarized in Table 1, where a ratio of diffraction intensity for
isotropic polycrystalline Cu is also provided for comparison. It
can be seen from Table 1 that the ratio of the diffraction
intensity of I(111)/1(200) for the monolithic NG-Cu prepared at
low current density of 1.5 A/dm? is calculated to be about 3.85,
which is remarkably larger than that (about 2.13) of isotropic
polycrystalline Cu (Ref 16). This means that the monolithic
NG-Cu holds a (111) preferred growth texture. For the
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Table 1 The calculated ratios of diffraction intensity of
the diffraction peak (111) and (200) for five samples

isotropic
NG- UFG- LS- ALS- CG- polycrystalline
Sample Cu Cu Cu Cu Cu Cu
I(111)y 3.85 0.75 1.84 1.0 0.12 2.13
1(200)
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Fig. 5 The tensile test curves of the NG-Cu, UFG-Cu, LS-Cu,
ALS-Cu, and CG-Cu at the strain rate of 4.17x102 s™! under room
temperature

monolithic UFG-CU prepared at high current density of 10
A/dm?, the ratio (0.75) of diffraction intensity of is evidently
lower than that of isotropic polycrystalline Cu, implying that
the UFG-Cu shows a (200) preferred growth texture. This
phenomenon that the growth texture changes with the current
density has also been observed in the previous reports on
nanostructured nickel under different current densities (Ref 17).
For the LS-Cu that is formed by the alternate growth of the
monolithic NG-Cu layer and UFG-Cu layer, the ratio (1.84) of
the diffraction peak I(111)/I(200) closes to that of isotropic
polycrystalline Cu, which implies a non-preferred growth
orientation (i.e., a random growth). But here it should be noted
that such a non-preferred growth orientation reflected by the
diffraction peak intensity for the LS-Cu sample should be the
result of mechanical mixing of the growth texture of the
monolithic NG-Cu and that of the monolithic UFG-Cu. After
heat treatment, as shown in Fig. 4, the preferred growth trend
along the 200 crystal plane is obviously increased and the
intensity of the (200) diffraction peak is similar to that of the
(111) diffraction peak, which means that the ALS-Cu has the
double preferred growth orientation along (111) crystal plane
and (200) crystal plane. Combined with TEM results, the XRD
results further illuminates that both the size and the preferred
growth orientation of grains have evidently changed for the
ALS-Cu attained by heat treatment of LS-Cu in comparison
with the LS-Cu. The CG-Cu sample obtained by tempering the
electrolytic Cu at 500 °C for 4 h shows a very remarkable (200)
preferred growth texture with an ultralow ratio (0.12) of the
diffraction intensity of the diffraction peak I(111)/1(200), which
further implies that tempering can promote the preferred growth
of grain along a (200) crystal plane.

Figure 5 shows the engineering stress-strain curve of the
NG-Cu, CG-Cu, LS-Cu, ALS-Cu and UFG-Cu under a strain
rate of 4.17 x 1072 s~ at ambient temperature. It can be seen
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that the present five as-prepared Cu samples with different
microstructure all exhibit an elastic—plastic deformation in
tension, but their deformation behavior and mechanical prop-
erties are remarkably different. The monolithic NG-Cu exhibits
an extremely high YS of about 700 MPa, which is nearly seven
times higher than that (about 100 MPa) of the present CG-Cu
(grain size > 20 um) prepared by annealing the electrolyte Cu.
However, unlike that the CG-Cu exhibits a very large uniform
deformation ability during tension, the monolithic NG-Cu
shows severe plastic instability during tension. As shown in
Fig. 5, a premature rapid necking is rapidly activated when the
uniform plastic deformation is only maintained at less than 2%
and as a result, only a less strain 15% ETF with a large post
necking strain of near 12% is attained. Such a mechanical
behavior with high strength and low plasticity accompanied a
premature rapid necking is in fact a typical mechanical
characteristic that previous reported monolithic NG metals
exhibit. The LS-Cu formed by periodically incorporating
microcrystalline grains into the nanocrystal matrix exhibits a
tensile deformation behavior similar to that of the monolithic
NG-Cu, but the premature necking behavior for the LS-Cu in
comparison with the monolithic NG-Cu is obviously delayed.
As shown in Fig. 5, the necking behavior begins to occur when
the uniform plastic deformation of the LS-Cu continues to close
to 5% and furthermore the flow rate of uneven plastic is also
significantly reduced, and as a result, a 20% ETF with a near
12% non-uniform strain accompanied by a slightly reduced Y'S
of about 600 MPa is obtained for LS-Cu in tension. However,
for ALS-Cu samples, the rapid necking deformation behavior
that occurs in the monolithic NG-Cu and LS-Cu does not
appear during tension, and conversely, before the necking
deformation, it exhibits a significantly large uniform plastic
deformation, which produces a large uniform strain (US) of
nearly 30% accompanied by a post necking elongation of less
than 3% for the LS-Cu. In addition to the significantly high
ductility, as shown in Fig. 5, the ALS-Cu also has a relatively
moderate tensile strength with a Y'S of about 470 MPa and UTS
of about 500 MPa. For a structural material, strength and
plasticity are usually contradictory, that is, low strength is often
accompanied by high plasticity. Here, it can be observed from
Fig. 5 that although the monolithic UFG-Cu exhibits lower
tensile strength compared to the ALS-Cu, its tensile ductility is
not further improved compared with that of the ALS-Cu and
only an ETF of approximately 20% with a US of near 15% is
obtained for the monolithic UFG-Cu. This further means that
constructing such a composite structure with multi-scale grain
distribution can optimize the optimal combination of material
strength and plasticity.

In order to further illuminate the superior mechanical
properties of the ALS-Cu, the mechanical properties involving
the YS and US for homogeneous structure and heterogeneous
structure Cu from the literature and the present our ALS-Cu,
NG-Cu, CG-Cu, LS-Cu, UFG-Cu are summarized in Fig. 6
(Ref 2, 4, 18-24). The purple shaded area marked by the letter
“I” and the green shaded area marked by the letter “II”, as
shown in Fig. 6, represent homogeneous structure NC Cu with
grain size distribution from 72 to 320 nm and heterostructure
NC Cu with broad grain size distribution, respectively. It can be
seen that the homogeneous structure Cu locates at near or
below of trend line, implying that the homogeneous structure
exhibits high YS but disappointing US. For most heterogeneous
structure specimens, the intersections of YS and US are mostly
near trend lines. For example, the bimodal Cu marked by
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Fig. 6 Summaries of the YS and UE for the present five as-
prepared Cu samples and the previous reported Cu samples with
homogeneous and heterogeneous structure from the literature

orange pentagon and the gradient Cu marked by inverted green
triangle exhibit a low YS at similar uniform elongation.
However, it is worth noting that the bimodal structure Cu and
the ALS-Cu with multimodal grain size distribution locate at
away from the trend line and exhibit a large uniform elongation
at a similar YS, which implies that the ALS-Cu specimens have
superior work hardening ability and an optimal combination of
strength and plasticity.

It is generally considered that the necking behavior of
materials is related to the instability of ductility, which is
considered to be attributed to the insufficient strain hardening
ability. The normalized work hardening rate (WHR)
(0 = (dOrue/ddirue)/Tue) 18 an effective index for evaluating
the strain hardening ability of materials during deformation
stage. So, the normalized work hardening rate for the present
as-prepared Cu with different microstructure plotted as a
function of true strain is shown in Fig. 7. It can be seen from
Fig. 7 that the CG-Cu samples exhibit a superior strain
hardening ability during the deformation process, and its
normalized WHR is maintained at high level of about 50.8%.
The large strain hardening ability of traditional coarse-grained
metals originations from the propagation and entanglement of
many dislocations inside the grains during the deformation
process. Compared with the CG-Cu, the monolithic NG-Cu
exhibits a disappointing strain hardening ability, as shown in
Fig. 7, and the normalized WHR of the monolithic NG-Cu
rapidly decreases to zero after a small true strain less than 6.9%.
When the large grains of near micron size are periodically
incorporated into the NC matrix, the strain hardening ability of
NC copper is improved to a certain extent, as shown in Fig. 7,
that the LS-Cu maintains a large strain hardening ability and a
positive normalized WHR for the LS-Cu is sustained to a larger
strain level of about 13.26%, which means that the incorpo-
ration of large grains is beneficial to improve the strain
hardening ability of nanocrystals. For the UFG-Cu sample
composed entirely of nearly micrometer-sized grains, its strain
hardening rate can be maintained to the strain level of about
12.2%. It cannot be imagined that compared with LS-Cu and
UFG-Cu, ALS-Cu exhibits a durable strain hardening ability, as
shown in Fig. 7, and the positive normalized WHR is

Journal of Materials Engineering and Performance



500
—u— CG-Cu
400k ¢ o— ALS-Cu
4A— UFG-Cu
e v LS-Cu
300 | ¢ NG-Cu

[ ]
[ ]
200F
[ 3
[ ]

100 |

Nomallized strain hardening rate (@)
<>
I

0.0 0.1 0.2 0.3 0.4 0.5 0.6

True strain

Fig. 7 The work hardening rate of the NG-Cu, UFG-Cu, LS-Cu,
ALS-Cu, and CG-Cu at the strain rate of 4.17x102s™

maintained at an extremely high strain level (about 30%),
which is obviously consistent with the super uniform defor-
mation ability of ALS-Cu during the tension. The above
comparison results not only show that ALS-Cu samples have
greater strain hardening ability, but also, more importantly,
imply that the strain hardening effect given by heterostructures
is not only related to the size of the incorporated large grains,
but also related to the distribution of heterostructures. In the
previously reported layered structures and most of bimodal
structures, the incorporated large grains are often mechanically
distributed in the NC matrix in the form of flakes or clusters,
where the large grain region and the small grain region are
actually distributed independently, and the large grain region is
often separated by a wide NC region. In such a heterostructure,
the effective dislocations provided by the large grains cannot
coordinate the whole adjacent nanocrystalline region effec-
tively. It can be imagined that in this case, due to the lack of
coordination of dislocations provided by the large grains, some
regions with insufficient strain hardening ability will exist in
the internal regions of such adjacent nanocrystalline regions
during deformation. At the same time, because the nanocrys-
talline layer in such heterostructure cannot be effectively
coordinated to carry out the necessary deformation, the
deformation of the heterostructure will be concentrated in
these ultrafine grain regions that relatively easy to be deformed.
However, for the ultrafine grain layer with a wide thickness or a
large cluster area, the deformation between grains in the
process of deformation lacks the necessary constraints from
nanocrystals (i.e., the dislocation slip between the ultrafine
grains is not hindered to maintain the necessary strain
hardening), which again will lead to local uneven plastic flow.
As a result, in such a heterogeneous environment, the
heterostructure in fact cannot play an effective role in
coordinating the strain hardening ability of materials. However,
for the present multi-stage structure, we designed, as shown in
Fig. 7, the produced large gains and the small grains are
uniformly and randomly distributed and they are attached to
each other in the interior of the multi-stage structure. It is
obvious that in such a heterogeneous environment, the effective
dislocations provided by the large grains can better coordinate
the deformation of the neighboring nanocrystals, which
improves the strain hardening ability of the nanocrystalline
region. At the same time, the neighboring surrounding small
nanocrystals, which are equivalent to precipitates, can also act
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as an effective local barrier to the motion of dislocations
sourced from the large grains during deformation, which can
prevent the abnormal softening and yielding of the large grain
area caused by the continuous slip flow of dislocations along
the large grain region and give the large grains greater
hardening ability. Such mutual coordination and restriction
between the large grains and small grains during deformation
endow the material more durable strain hardening ability.
Besides, there are more complex strain paths and strain
components with very larges strain gradients under such
heterogeneous environment with multi-stage distributed struc-
ture in comparison with the previously reported layered
structures and bimodal. In such structural environment with a
large strain gradients, an excessively large number of geomet-
rically necessary dislocations will be forced to be present to
accommodate the large strain gradient for better deformation
(Ref 25). These additional coordinated dislocations can provide
additional strain hardening ability for the ALS-Cu. In addition,
the higher strain hardening ability for the ALS-Cu may also be
attributed to the additional contribution of the double preferred
growth orientation texture. In the process of plastic deforma-
tion, the dislocations slipping along the crystal planes from
different preferred growth orientations will block each other
and size distribution structure can regard as an effective channel
to release the stress concentration by more dislocation activity
provided by large-sized grains and the coordination of large
grains and small grains, which makes the nucleation of
microvoid difficult and avoids the premature fracture and then
stabilizes the material (Ref 26-28).

The improved deformation ability for the ALS-Cu also can
be further illuminated by the different surface deformation
traces from these Cu samples after deformation. Figure 8§ shows
the captured deformation surface morphology from the region
near the fracture front of CG-Cu, NG-Cu, LS-Cu, UFG-Cu and
ALS-Cu after tension, and the corresponding local enlarged
region marked by different letters is shown in Fig. 8(f), (g), (h),
(1) and (j). It can be seen from Fig. 8(a) that CG-Cu exhibits an
obvious convex and concave deformation feature and defor-
mation surface with a large number of gill-like slip bands
exhibited by white arrow was captured in Fig. 8(f), which are
approximately 45 angles to the direction of the tensile axis.
Moreover, these gill-like slip bands are uniformly distributed in
the deformed grains with different orientation and cross and
intersect at the grain boundaries. Such gill-like slip bands have
been observed in previous reports, which is actually a typical
deformation feature of CG metals (Ref 29). Its formation
sources from the continuous slip of a large number of
dislocations during deformation, which contributes to the large
uniform deformation ability of CG metals. However, for the
monolithic NG-Cu, as shown in Fig. 8(b), the entire deforma-
tion surface looks very planar and only the small local
deformation region charactered by a few slightly grooved
shear bands concentrated near the fracture was captured from
the local magnification image shown in Fig. 8(g), which
obviously is consistent with the observed early necking
deformation behavior with very small uniform plastic strain
exhibited by the NG-Cu during the tension. The periodic
mechanical incorporation of large grains leads to significant
changes in the morphology of the deformed surface of the NC
matrix. As shown in Fig. 8c, for the LS-Cu, the deformed
surface becomes obviously rougher than that of the monolithic
NG-Cu, and furthermore, the deep furrow-shaped shear band
with a bidirectional shear direction, which are approximately 45
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Fig. 8 The morphology of deformation surface of five as-prepared Cu samples after tension: (a) the CG-Cu and (f) the local magnification
image corresponding to A region of CG-Cu; (b) the NG-Cu and (g) the local magnification image corresponding to B region of NG-Cu; (c) the
LS-Cu and (h) the local magnification image corresponding to C region of LS-Cu; (d) the UFG-Cu and (i) the local magnification image
corresponding to D region of UFG-Cu; (e) the ALS-Cu and (j) the local magnification image corresponding to E region of ALS-Cu
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and 135 angles to the axial direction appears on the whole
detected deformed surface, where some square-shaped uplift
and collapse shear units formed by the intersection of these
shear bands and some cavities as marked by the arrow is also
observed. Similar deformation surface with such shear charac-
teristics also was found in the recently reported layered NS Cu
and Ni (Ref 5, 6). The appearance of such cross-slip bands with
a bidirectional shear direction illuminates that the incorporation
of large grains increases the effective dislocation activity and
promotes the slip deformation. However, here, it should be
emphasized that the cross-slip band induced by the mechanical
incorporation of large grains into nanocrystals can improve the
deformation of NC matrix to some extent, but such a cross-
shear band with a specific direction is easy to cause the
formation of local defects such as the above voids at the
intersection of shear bands marked by the arrow shown in
Fig. 8(h) in the process of maintaining material deformation,
which may be the reason why the layered NS still shows a
premature necking during tension. The deformed surface of the
monolithic UFG-Cu shown in Fig. 8(d) has a collapse and uplift
surface feature with remarkable wrinkle-shaped shear defor-
mation bands with a direction parallel to the fracture direction
form. Such deformation surface morphology characteristics
mean that the monolithic UFG-Cu has undergone a large local
severe inhomogeneous deformation in the region near the
fracture, which is obvious consistent with the large non-
uniform strain exhibited during tension. However, unlike the
LS-Cu, there is no furrow-shaped cross-shear deformation
bands as observed in Fig. 8(c), and as shown in Fig. 8(e), the
whole fracture surface of the detected shows the deformation
surface characteristics of uplift and collapse induced by the
deformation, which indicates that the multi-stage structure
copper has undergone greater plastic deformation than the LS-
Cu. Moreover, compared with the UFG-Cu, the structural
characteristics of deformation induced bulge and collapse for
the ALS-Cu appear to be more flat and more uniform, which
indicates that compared with UFG-Cu, the ALS-Cu undergoes
a more uniform plastic deformation, which is consistent with
the above tensile behavior. Moreover, it is inconceivable that
many deformed regions containing dislocation slip bands
similar to that exhibited on the CG deformed surface are
captured from the deformed surface region of the ALS-Cu, as
shown by the dotted area in Fig. 8(j). Furthermore, it can be
observed that the length of these local slip bands is close to the
micron scale, and these slip bands are intermittently distributed
on the deformation surface. At the same time, it can also be
noted from Fig. 8(e) that there are ridge-like shear deformation
areas near the termination area of these slip bands, as shown by
the arrow. The formation of this kind of shear band should be
the result of the coordination and constraint of randomly
distributed large grains and small grains in the deformation
process. For the UFG-Cu or the UFG layer from the LS-Cu, the
large ultrafine grains with the grain size close to nearly micron
size can maintain deformation through dislocation slip during
deformation, but these slip dislocations are easy to slide along a
single slip direction due to the lack of effective restraint of their
movement, resulting in a continuous plastic flow and eventually
premature yield (Ref 30, 31). This conjecture can be confirmed
by the fracture features with large necking and less dimples
behind it. While in such a multi-stage structure where these
large grains are surrounded by a large number of randomly
distributed small grains, the slip dislocations derived from the
large grains for coordinated deformation can no longer slide
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continuously along a certain slip direction over a large distance
like that they do in homogeneous and layered structures, but
slip locally in a short distance space due to the obstacles and
constraints of the interface barriers provided by the surrounding
small grains. In such a constrained environment, the continuous
plastic flow like that occurs in the large grain region in the
homogeneous and layered structure will be effectively
restrained in the plastic deformation process of multistage
copper. At the same time, in such a constrained space, new
dislocation slip activities on different slip planes and on the
same slip plane will be continuously activated driven by the
stress gradient induced by multistage structure to coordinate the
plastic deformation in this local space. In this way, effective
dislocations from the same slip plane or different slip systems
will continue to slip and pile up in this confined space formed
by this multi-stage structure, eventually leading to the forma-
tion of gill-like shear bands similar to that of CG in the space
spanning about one to two grains. Obviously, the randomly
distributed regional shear slip bands formed by the mutual
restraint of large and small grains can effectively coordinate the
local deformation and bring a more stable and continuous strain
hardening ability to the ALS-Cu in the process of plastic
deformation and contribute a larger uniform plastic deforma-
tion.

The fracture morphologies of NS Cu samples with different
microstructure are also compared to further illustrate the
advantages of the multimodal size distribution in optimizing
the deformation ability of materials. The fracture morphologies
of NG-Cu, LS-Cu and ALS-Cu samples are shown in Fig. 9,
and the corresponding local magnification images marked by
the letter “A,” “B” and “C” are also shown in Fig. 9(d), (e)
and (f). It can be seen from Fig. 9(a) that the monolithic NG-Cu
exhibits an uneven fracture with obvious characteristics of
double dimples, where some rod-shaped dimples marked by
white arrow are intermittently distributed on the matrix with
very fine and shallow dimples. It can be roughly seen from the
enlarged illustration in Fig. 9(a) that the diameter of the shallow
dimple structure is in the range of 100-200 nm, while that of the
embedded rod-shaped dimple is in the range of 0.5-2 um. The
small and obvious dimple structure of nanocrystals means that
the fracture process of nanocrystals starts after a small
deformation. Such features with bimodal dimple size distribu-
tion have also been observed in the uniform nanocrystalline
nickel that we recently reported (Ref 5, 6). Recent studies have
suggested that for nanocrystals, dimples are also formed by the
expansion and coalescence of micropores, similar to the
traditional coarse grains (Ref 32, 33). However, due to the
lack of effective dislocations in fine nanocrystals, the nucle-
ation of micropores is no longer formed by transgranular
dislocations as in coarse grains, but by stress concentration at
grain boundaries. Driven by this kind of stress concentration,
the micropores propagate along the grain boundary and across
the space area larger than the grain size and merge with the
neighboring micropores to open the shear fracture. Depending
on this process, the dimple structure of nanocrystals is often
tens of times of its own grain size. As a result, the size of the
dimple structure of nanocrystals is often tens of times larger
than that of their own grains in NG-Cu. The fracture
characteristics of the large dimple structure intermittently
distributed in the small and shallow dimple structure matrix
show that the stress concentration formed in the NC matrix
during deformation is uneven, and the large abnormal stress
concentration is formed in many areas due to the lack of
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Fig. 9 The fracture morphology of five as-prepared Cu samples after tension: (a) The NG-Cu and (d) the corresponding local magnification
image of A region marked by the white box in the NG-Cu; (b) The LS-Cu and (e) the corresponding local magnification image of B region

marked by the white box in the NG-Cu; (¢) The ALS-Cu and (f) the corresponding local magnification image of C region marked by the white
box in the ALS-Cu and (g) the simple size distribution image of the ALS-Cu

dislocation coordination deformation, which may cause the
premature yield and instability of the NG-Cu.

For the LS-Cu, a very significant fracture with alternating
fracture characteristics, where a relatively flat fracture area with

a concave surface of about 3 um in thickness and a relatively
raised fracture area with a surface of about 1 pum in thickness
alternates along the radial direction of the fracture, are captured.
Obviously, the alternating fracture characteristics are very
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consistent with our layered structure. It can be clearly seen from
Fig. 9(b) that the fracture area corresponding to the NC layer in
the layered structure does not show the characteristics of double
dimple structure, but presents a finer and shallower dimple
structure with the size of 200-300 nm. There are no large
abnormal dimples in the fracture zone of nanocrystals in the
layered structure, which indicates that the periodic incorpora-
tion of micron-sized large grains increases dislocation activity,
reduces the stress concentration in the NC region, and avoids
the occurrence of abnormal stress concentration, so that the
formation of dimples is driven by relatively uniform small
stress concentration, which leads to the formation of finer and
more uniform dimples. However, the fracture area correspond-
ing to the large grain layer does not show typical dimple
structure fracture characteristics, but presents a ridge-like
fracture characteristics. The ridge-like fracture features reflect
that the ultrafine grain layer sandwiched between the NC layers
undergoes a large non-uniform plastic deformation during the
deformation process of layered copper. In other words, the
plastic deformation of the layered structure is mainly concen-
trated in the deformable ultrafine grain layer, while the NC
layer experiences less deformation, which may be why the
dimple size of the NC layer in the layered structure is obviously
smaller than that of the homogeneous nanocrystalline. At the
same time, from the fracture surface, we can also observe some
zigzag ripple propagation ridges formed by crack propagation
across the NC layer and large grain layer in Fig. 9(e), as shown
by the arrow. Such crack propagation characteristics imply that
in the deformation process of such layered structure, in addition
to the limited dislocations sliding along the axial direction in
their respective layers to coordinate the deformation, some
dislocations will also change the slip direction and expand
along the radial direction to coordinate and maintain the
necessary deformation driven by the shear stress, which should
be observed from the deformation surface of the layered
structure mentioned above the reason for the formation of
cross-slip band. In addition, as shown by the arrow in Fig. 9(e),
the ultrafine grain layer is obviously bent or fractured as the
crack propagates along the radial direction through the ultrafine
grain layer, which is also consistent with the surface bulge,
collapse and cavity characteristics of the cross-slip band
observed on the surface. Furthermore, it can be further implied
from the characteristics of layered fracture that the mechani-
cally incorporated large grains can contribute more deformation
ability to the nano-matrix in the deformation process of this
kind of lamellar structure, but at the same time, this kind of
large grain layer also becomes the weakest link in the
deformation process of this kind of layered structure (i.e.,
shear flow yield and voids preferentially formed area). Once it
exceeds the flow stress that the UFG layer can bear, disloca-
tions will continue to propagate, which will lead to premature
plastic instability similar to that exhibited by NG-Cu. This may
be the reason why the ability of uniform plastic deformation of
the layered copper is not significantly improved during
deformation. However, the fracture morphology of ALS-Cu
with multimodal grain size is in sharp contrast with that of the
layered template. As shown in Fig. 9(c), on the fracture surface
of this kind of multi-stage structure copper with large and small
grains randomly distributed, there is no fracture characteristic
composed of ridge structure and dimple structure as shown on
the fracture surface of layered structure, on the contrary, a
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fracture completely composed of dimple structure with wide
dimple size distribution where the dimples with different grain
size are randomly distributed to each other is presented in
Fig. 9(f). Based on the quantitative statistics from different
fracture areas, as shown in Fig. 9(g), the size of dimple
structure on multi-stage structure copper fracture is in the range
from tens of nanometers to nearly 3.5 pm. The fracture
characteristics of the dimple structure with wide size distribu-
tion obviously correspond to the microstructure of ALS-Cu
composed of multi-stage grains. The transition of fracture
characteristics from ridge type and dimple type mixed fracture
to all dimple type fracture not only means the change of
fracture behavior of incorporated large grains, but also implies
that the distribution of large grains and small grains has a great
influence on the micro-fracture process of materials. In the
layered structure environment, because the large grain layer
with a certain thickness is intermittently incorporated into the
hard nanocrystals, the deformation of the layered structure will
be coordinated preferentially by the plastic deformation of the
large grain layer which is easy to deform. However, in the
process of plastic deformation, due to the lack of effective
constraint on dislocation slip in the large grain layer mechan-
ically embedded into the NC matrix (i.e., the large grain layer
cannot form effective strain hardening during plastic deforma-
tion.), the dislocation sliding continuously along a certain
direction under the driving of shear force will cause serious
local plastic flow in the local area of the large grain layer, and
finally, shear fracture occurs in the local plastic flow area under
the action of pure shear force companied by the formation of a
ridge-like fracture region. However, for NS Cu with multi-stage
structure, due that the large grains and small grains are
randomly distributed in the matrix and fused with each other,
the dislocations in large grains no longer slip along the
determined slip direction under the action of shear stress, but
only slip locally under the action of shear stress, and then
accumulate at the interface between them. Obviously, under
such interfacial constraints, the local plastic flow caused by
dislocation slip will be effectively restrained, which makes the
fracture of large grains no longer proceed in the pure shear
mode caused by plastic flow as in the layered structure, but in
the way of micropore growth and expansion induced by the
local stress concentration formed by the accumulation of slip
dislocations at the grain boundary. In other words, due to the
effective constraint of randomly distributed small grains, the
fracture mechanism of the large grain area in the multi-stage
structure copper is transformed into a microporous aggregation
fracture mechanism, which leads to the observation of a
randomly distributed large dimple on the fracture surface of
multi-stage structure copper. In addition, it can also be noted
that the dimples on the fracture surface of multi-stage structure
copper have deeper pores in both large and small dimples than
those of uniform and layered structure copper. This dimple with
deeper holes means that the multi-stage structure copper
experienced greater plastic deformation during the deformation
process before fracture (i.e., in the formation of dimple
structure), which is also obviously consistent with the larger
plastic deformation of the multi-stage structure copper during
the tensile process (Ref 34). In such a multi-stage structure, the
effective coordination of large grains randomly distributed in
the matrix can greatly reduce the stress concentration in the
interface region, which can not only delay the formation of
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micropores, but also reduce the nucleation point of micropores.
At the same time, it can also be imagined that once these
micropores are formed, under the coordinated deformation of
such multi-stage structure, they will grow gradually through
effective dislocation sliding driven by smaller internal stress,
and merge with the nearby micropores, which may lead to a
deeper dimple structure in multi-stage structure copper. Obvi-
ously, the comparison of fracture characteristics further shows
that the multi-stage structure designed at present has a great
advantage in controlling the plastic deformation of materials
compared with uniform structure and layered structure.

4, Conclusion

In summary, a bulk NS Cu with a multimodal grain size
distribution spanning from 30 nm to 1.12 um where the large-
sized grains and the small grains are randomly distributed with
each other was successfully prepared by annealing a pre-
designed Cu template with a layered structure fabricated by
electrodeposition. In comparison with previously reported NS
Cu with homogeneous and heterogeneous structure, the present
NS Cu with a random distribution of multimodal grain size
exhibits a larger and more durable strain hardening ability
during tensile deformation, which produces a superior combi-
nation of high ductility with the elongation to failure of near
40% and moderated strength with the ultimate tensile strength
of about 500 MPa. Compared with homogeneous and other
heterogeneous NS Cu, the improved ductility and strain
hardening ability for the present NS Cu can be attributed to
the additional strengthening effects induced by this multistage
structure induces during the plastic deformation, including
producing more effective coordinated deformation dislocation
activity, inhibiting the occurrence of the local plastic flow and
effectively releasing the local stress concentration. Such
multistage structure changes the shear slip mechanism of NS
Cu. A transition from the grooved slip band parallel to the
fracture direction for the NS Cu with uniform narrow grain size
distribution to the cross-shear deformation band with double
shear direction for the NS Cu with alternate distribution of nc
layer and UFG layer then to the composite slip shear
deformation mode charactered by the gill-like shear bands
companied by ridge-like shear deformation area for the present
NS Cu with a random distribution of multimodal grain size in
the shear slip band mode is captured from the surface
deformation region of these structures. In addition, such
multi-stage structure changes the fracture behavior of NS Cu.
An obvious transition from a double dimple fracture behavior
for the NG-Cu to an alternating fracture behavior for the LS-Cu
to a randomly distributed dimple of large dimples and small
dimples fracture behavior for the ALS-Cu is observed from the
fracture of these structures. The present work provides a new
strategy for more flexible design of heterogeneous structures
with a random distribution of multimodal grain size to improve
the mechanical properties of NS materials.
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