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ABSTRACT

Nanolayered metallic composites have attracted intensive scientific interests due to their ultrahigh strength. However, the deformation
incompatibility among the component layers with high mechanical contrast leads to extremely low tensile ductility in the nanolayered com-
posites, which is a great setback for their engineering applications. Here, by molecular dynamics simulations, we show that a heterogeneous
nanolayered design by combining 2.5 nm and 24 nm Cu/Ni bilayers in a composite in an appropriate way can promote the dislocation activ-
ity of the hard phase, i.e., the Ni layers. In the new heterogeneous structure, each 24 nm Cu or Ni layer is coated on both surfaces by one
2.5nm Cu/Ni bilayer. The simulations show that the dislocations in the 24 nm Ni layers can nucleate and glide almost synchronously with
those in the 24 nm Cu layers. The enhanced dislocation activities are attributed to the presence of the 2.5 nm Cu layer that can promote the
dislocation nucleation and motion in the 24 nm Ni layer by forming more nodes in the dislocation network of the interface.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121625

I. INTRODUCTION

Many research studies show that nanolayered (NL) metallic
composites  possess outstanding mechanical and physical
properties,' ™ such as ultrahigh strength that approaches 1/2 or 1/3 of
the theoretical limit,'’ due to their heterogeneous interfaces of high
density. Existing investigations have been focused on the layer thick-
ness (h) dependent strengthening mechanisms in the NL
composites.'' ™" Their results show that the Hall-Petch-type strength-
ening'* dominates as  is in the range of tens of nanometers to sub-
micrometers, and that the confined layer slip of single dislocation'”
operates as /i decreases below dozens of nanometers. "™ Although
the ultrahigh strength of NLs is attractive in engineering applications,
their low tensile ductility (usually less than 4% elongation™'~*) is a
great setback. The extremely low ductility results from the deforma-
tion incompatibility among the component layers with dissimilar
materials that have high mechanical contrast. There are two modes
of deformation incompatibility depending on layer thickness in
homogeneous nanolayer structures that consist of layers with identi-
cal thicknesses: one is shear instability that occurs in very thin layers
with 1 <~10nm>*° and the other one is strong extrusion of soft

layers that appears in relatively thick layers (k> ~20 nm).””** Here,
the term “extrusion” is defined to describe the deformation mismatch
between the constituent layers with high mechanical contrast during
micropillar compression, in which the soft layer is squeezed out rela-
tive to the hard layer due to the higher deformability of the former
than the latter.

There are a few efforts to alleviate the above deformation
incompatibility to enhance the plasticity and ductility of NL com-
posites by designing heterogeneous nanolayered structures, that is,
the component layer thickness differs significantly.”” For example,
Wang et al.”’ fabricated a 5nm Cu/35nm amorphous CuZr NL
sample by magnetron sputtering, which has a yield strength of
1.1 GPa and a tensile elongation to failure of 13.8%. They revealed
that the amorphous/crystalline interface absorbs the dislocations
that reach the interface, thus leading to a stable plasticity flow.
Another example is a bimodal Cu/Nb NL that alternatively stacks
4nm and 40nm bilayers that suppresses the through thickness
crack caused by shear instability in a rolling process.”’ The sup-
pressed shear instability is due to the homogeneous dislocation
slips in the 40 nm layers caused by the uniform confined layers in
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the 4 nm layers. Recently, the authors’ have investigated the defor-
mation of a bimodal 10-100 nm Cu/Zr NL by micropillar compres-
sion that can achieve almost isostress state during deformation due
to the taper of less than 2°-4° produced during fabrication of the
pillars by focused ion beam billing. As compared to the isostrain
state in tension and the plane strain state in rolling, the isostress
state is an ideal way to test the deformation compatibility among
the component dissimilar layers. The results show that the 10 nm
layers enhanced the deformation compatibility among the 100 nm
Cu and 100 nm Zr layers by reducing the extrusion of the 100 nm
Cu layers, yet the extrusion of the Cu layers is still a big problem.
Recently, we designed a new heterogeneous nanolayer Cu/Zr struc-
ture by inserting 10 nm bilayers in each 100 nm Zr-Cu or Cu-Zr
interfaces. The experiments show that the extrusion of the 100 nm
layers can be almost eliminated, that is, a fully compatible deforma-
tion among the Cu and Zr layers is achieved. The experimental
work will be published in another article.

The aim of the heterogeneous design is to attack the general
problem of deformation incompatibility (i.e., extrusion or squeez-
ing out of the soft layer relative to the hard layer) between the
soft (e.g., Cu) and hard (e.g., Ni, Zr, Cr, Nb, or amorphous CuZr)
constituent layers in nanolayered structures.””””*> The above-
mentioned experimental investigations on Cu/Nb and Cu/Zr nano-
layers show that the heterogeneous nanolayer design by combining
layers with significantly different thicknesses is a promising route
to improve the deformation compatibility between the soft and
hard constituent layers. It is expected that the heterogeneous design
could be also helpful in improving the deformation compatibility of
other nanolayered structures with alternatively stacked soft and
hard constituent layers, such as the Cu/Ni system.”>*” The present
work on the Cu/Ni system is a first attempt to reveal the deforma-
tion mechanism of heterogeneous nanolayered structures by molec-
ular dynamics (MD) simulations. The simulations on heterogenous
Cu/Nb and Cu/Zr systems are also in progress and will be reported
elsewhere. The simulated heterogeneous Cu/Ni NL sample consists
of 2.5 nm and 24 nm bilayers, in which both surfaces of each 24 nm
Cu or Ni layer are coated by one 2.5nm Cu/Ni bilayer. The two
values of 2.5nm and 24 nm are selected to achieve the heteroge-
neous design and to save computation time. The deformation of a
bimodal 2.5 nm-24 nm Cu/Ni sample as well as those of 2.5nm
and 24 nm homogeneous samples was also investigated. The simu-
lations show that, in the homogeneous structure, the dislocations in
Cu layers nucleate and glide much earlier than those in Ni layers. It
means that the softer Cu layer is much easier to deform, which rep-
resents the deformation incompatibility among the Cu and Ni
layers. The introduction of the bimodal structure promoted the dis-
location activity in Ni layers. Furthermore, in the heterogeneous
structure, the dislocation activity in the 24 nm Ni layers is further
enhanced and almost occurs synchronously with that in the 24 nm
Cu layers.

Il. SIMULATION MODEL AND METHOD

We investigated the compression of the layered sample by a
large-scale  atomic/molecular massively parallel simulator
(LAMMPS).”® The widely used embedded atom method (EAM)
potential developed by Daw and Baskes’’ was employed to model
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the interaction between Cu and Ni atoms in all the Cu/Ni NL
samples. The specific values of the EAM potential parameters for
Cu and Ni were adopted from Zhou et al."’ The homogeneous NL
structure is produced by alternatively stacking Cu and Ni layers
with the same thickness (2.5nm or 24 nm) [Fig. 1(a)], while the
bimodal structure is generated by alternatively stacking one 2.5 nm
Cu/Ni bilayer and one 24 nm Cu/Ni bilayer [Fig. 1(b)]. Note that
the numerals in the above and the following denote the thickness
of the Cu or Ni layer, rather than the Cu/Ni bilayer. The new het-
erogeneous NL structure is formed by adding another 2.5nm
Cu/Ni bilayer in the 24 nm Cu/Ni bilayer interface [Fig. 1(c)].
The lattice orientations of all the Cu and Ni atoms on x, y, and z
axes are [112], [110], and [111], respectively. All the simulated
models are constructed by ATOMSK.”” The above thickness values
are for individual layers and are nominal ones. The actual layer
thickness can be calculated by hc, = Ny V3acy or hxi = Nov/3ani
in which ac, = 0.3615 nm and ax; = 0.3520 nm are, respectively,
the lattice constants of Cu and Ni. The actual thicknesses of 2.5 nm
Cu and Ni layers are 2.50 nm and 2.44 nm, respectively, while those
of 24 nm Cu and Ni layers are 23.79 nm and 23.78 nm, respectively.
The dimensions of the simulation cell for all the NL structures are
21.25nm in the x direction and 19.43nm in the y direction.
Periodic boundary conditions were imposed in all directions. The
Polak-Ribiere version of the conjugate gradient algorithm was used
in energy minimization. The models were equilibrated in the
isothermal-isobaric ensemble (NPT) at 300 K with all the stress
components in three directions maintaining zero for 700 ps. After
that, the compression was performed under a constant strain rate
of —10%/s along the z direction in the isothermal-isobaric ensemble
(NPT), while the other two directions were in stress-free condi-
tions. In addition, the Nose-Hoover thermostat and a barostat are
used to control the system temperature and pressure, respectively,
with a time step of 1.0 fs. The simulation results are analyzed by
using the software OVITO."’ The number of dislocations of each
layer can be obtained by DXA."' Since the volume change of each

(b) ©

(a)
sman

~
—

FIG. 1. The computational models for Cu/Ni nanolayered (NL) composites: (a)
homogeneous structure with layer thicknesses of 2.5 nm and 24 nm; (b) bimodal
structure with alternatively stacked 2.5 nm and 24 nm Cu/Ni bilayers; and (c) het-
erogeneous structure with one 2.5nm Cu/Ni bilayer on both sides of each
24 nm Cu and Ni layer. The Cu and Ni atoms are presented by red and blue
atoms, respectively.
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layer is small due to the small strain applied and the periodic boun-
dary condition, the initial volume of each layer was used to calcu-
late the dislocation density under different strains.

lll. RESULTS AND DISCUSSION

After relaxation, all the samples exhibit periodic triangular
dislocation networks in the semicoherent Cu/Ni {111} interfaces,
which are mainly composed of 1/6(112) Shockley partial disloca-
tions, and a few 1/2(110) perfect dislocations as well as a small
amount of other kinds of dislocations. The interface is divided into
two parts by the dislocation networks: one consists of FCC atoms
and the other one contains the intrinsic stacking fault (ISF), as
shown in Fig. 2(c). This phenomenon has also been observed by
Chen et al.”” and Xiang et al.">"’ In addition, there exists a slight
difference in the size of networks for NLs with different layer thick-
nesses. In the following analysis, the FCC and other atoms are
deleted in all the models for the sake of a clearer observation of the
microstructure.

A. Deformation of homogeneous Cu/Ni nanolayers

Figures 3(a) and 3(b) present the deformation of the 2.5nm
homogeneous Cu/Ni NLs. The results show that there are three
deformation stages. In the first stage, the Cu and Ni layers are in
the elastic deformation stage, and there is no dislocation in the
layers. Then, some semicircular Shockley partial dislocations are
nucleated at the nodes of the dislocation network on the side of the
Cu layer. There are also some 1/6(110) stair-rod dislocations
forming near the nodes, but there is still no dislocation in the inte-
rior of the layers until a strain of 4.5% [Fig. 3(a)]. In the

(a) (b)

. 15 GPa

e=0 £=0.015

FIG. 2. Stress distribution of the 24 nm Cu-2.5 nm Ni interface in the heteroge-
neous structure under strains of (a) 0 and (b) 0.015. Dislocation analysis (DXA)
results of the same interface under strains of (c) 0 and (d) 0.015. In the disloca-
tion analysis, the atoms are colored to be green for the FCC structure, red for
the HCP structure, and white for the other structure.
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(a) £=0.045 .
—r

(¢) £=0.050

(b) £=0.059

s
(d)

€ =0.055

e

FIG. 3. Deformation of 2.5 nm homogeneous Cu/Ni NLs, (a) £ =0.045 and (b)
€ =0.059; Deformation of 24 nm homogeneous Cu/Ni NLs, (c) € =0.050 and (d)
£=0.055. Different types of dislocations are represented by lines of different
colors, i.e., green, blue, and purple for Shockley partial, perfect, and stair-rod
dislocations, respectively.

semicoherent Cu/Ni interface, stress concentration occurs at the
node and misfit dislocations as validated by the stress contour in
Fig. 2(b), thus giving priority to the nucleation of dislocations at
these locations.”* After the dislocation nucleation at the node of
dislocation networks, some dislocations begin to extend from the
interface to the Cu layer interior. In this stage, only the Cu layer is
subjected to plastic deformation, whereas the Ni layer is still in
elastic deformation. Dislocations glide in several {111} slip planes
and finally stop at the Cu/Ni interface. The coherent stress and the
dislocation network interact with the gliding dislocations, making
the semicoherent Cu/Ni {111} interface as an obstacle to dislocation
motion.” In the third stage, plastic deformation initiates in the Ni
layer when dislocations begin to glide in the Ni layer under a
sufficiently large strain of 5.9% [Fig. 3(b)]. Now, the whole layered
structure reaches the fully plastic deformation stage. The deforma-
tion of the 24 nm Cu/Ni NLs is similar to that of the 2.5 nm Cu/Ni
layer. The difference lies in the specific strains that correspond to
different stages as well as the shape of stacking faults [Figs. 3(c)
and 3(d)]. In summary, the plastic deformation of Ni layers in
homogeneous structures occurs later than that of Cu layers due to
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24 nm Cu
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£=0.038

£=0.048

the higher hardness of the former than that of the latter. The dislo-
cation activities in Ni layers are always much lower than those in
Cu layers. The above findings demonstrated the incompatible
deformation among the Cu and Ni layers for both thicknesses
(2.5 nm and 24 nm).

B. Deformation of bimodal Cu/Ni nanolayers

Figure 4 shows the dislocation evolution of the 2.5 nm/24 nm
bimodal Cu/Ni NL structure. The results show that dislocations
first nucleate at both sides/interfaces of the 2.5 nm Cu layer and
then propagate into the 2.5nm Cu layer [Fig. 4(a)]. Later, some
dislocations are nucleated at the interfaces of the 24 nm Cu layer
and some glide in the 2.5nm Ni layer [Fig. 4(b)]. When

(@) (b) (c)

£=0.051

FIG. 4. Deformation of 2.5nm/24 nm
bimodal Cu/Ni NLs.

£=0.056

dislocations start to nucleate and glide in the 24 nm Ni layers,
some dislocations have already extended into the 24 nm Cu layer,
as shown in Fig. 4(c). Note that the dislocations in the 24 nm Ni
layer first extend from the 2.5nm Cu-24nm Ni interface at a
strain of 5.1% and then extend from the 24 nm Cu-24nm Ni
interface at a strain below 5.6% [Fig. 4(d)]. This observation
differs from that in the 24 nm homogeneous structure, in which
dislocations nucleate almost simultaneously in the upper and
lower interfaces of the 24 nm Ni layer [Fig. 3(d)]. The findings
suggest that the thin 2.5nm Cu layer promoted the nucleation
and multiplication of dislocations in the 24 nm Ni layers. As a
result, the dislocation activities in the 24nm Ni layer of the
bimodal structure are more intensive than those of the 24 nm
homogeneous structure. For example, dislocations start to occur

24 nm Ni

24 nm Cu

i
9 X

£=0.037

£=0.048

£=0.051

FIG. 5. Deformation of heterogeneous
Cu/Ni NLs.
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in the 24 nm Ni layer in the bimodal structure at a strain of 5.1%,
but dislocations do not occur until a strain of 5.5% in the 24 nm
homogeneous structure.

C. Deformation of heterogeneous Cu/Ni NLs

Figure 5 shows that the motion of dislocations in the 24 nm
Ni layer of the heterogeneous structure, i.e., 0.037, 0.048, 0.051, and
0.056. Firstly, dislocations nucleate at both interfaces of 2.5 nm Cu
layers at a strain of 3.7% [Fig. 5(a)] and then glide into the 2.5 nm
Ni layer at a strain of 4.8% [Fig. 5(b)]. Some Shockley partial dislo-
cations are nucleated at the node of dislocation networks of the
2.5nm Ni-24 nm Cu interface and propagate into the 24 nm Cu
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layer at a strain of 5.1%. Simultaneously, some dislocations extend
from the upper and lower 2.5 nm Cu-24 nm Ni interfaces into the
24 nm Ni layers [Fig. 5(c)]. Note that dislocations already exist in
the 24 nm Ni layer of the heterogeneous structure when the strain
is 5.1%, but there is no dislocation in that of the 24 nm homoge-
neous structure until the strain of 5.5%. Figure 5(d) shows that at a
strain of 5.6% both the 24 nm Cu and 24 nm Ni layers are full of
dislocations, which is not the case of the homogeneous and the
bimodal structures. The findings show that the dislocation activity
in the 24 nm Ni layer in the heterogeneous structure has been sig-
nificantly enhanced, and it can reach a level that is comparable to
that in the 24 nm Cu layer.

(b)

4.0
3.5 _ 24 nm Homogeneous Structure

L —a— Cu
3.0 - —eo—Ni
25
2.0 -
1.5
1.0 -
0.5 -
0.0 -

1 1 1 " 1 1 1 " 1
0.00 0.02 0.04 0.06 0.08

4.0
35 _ Heterogeneous Structure

L —a— Cu
3.0 - —o—Ni
2.5+
2.0 -
1.5+
1.0 -
0.5 -
0.0 -

1 n 1 n 1 n 1 n 1
0.00 0.02 0.04 0.06 0.08

Strain

FIG. 6. Variation of the dislocation density in Cu and Ni layers with respect to the applied strain for 2.5 nm (a) and 24 nm (b) homogeneous structures, bimodal structure
(c), and heterogeneous structure (d). The dislocation density of 24 nm layers is calculated in the bimodal and the heterogeneous structures.
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D. Quantification of the deformation of homogeneous,
bimodal, and heterogeneous nanolayers

In order to quantify the dislocation activities of the Cu/Ni
NLs, we calculated the dislocation density in the 2.5 nm or 24 nm
layers with respect to the applied strain. Figure 6 presents the dislo-
cation density for the homogeneous [Figs. 6(a) and 6(b)], bimodal
[Fig. 6(c)], and heterogeneous [Fig. 6(d)] NLs. The results show
that the dislocation density in the Cu layer of the 2.5 nm homoge-
neous Cu/Ni structure starts to be larger than zero at a strain of
3.8% and further increases with the applied strain. However, the
dislocation density in the Ni layer remains to be zero until a strain
of 6.0%. The Cu and Ni layers have a great difference in dislocation
densities, e.g., the density in the former is 7.27 x 10" m~2, whereas
that in the latter is 1.93 x 10" m™ at a strain of 8.0% [Fig. 6(a)].
The above phenomenon is also observed in 24 nm homogeneous
Cu/Ni NLs, in which the strain corresponding to nonzero disloca-
tion density is 4.6% in the Cu layer and 5.4% in the Ni layer.
Under the strain of 8%, the dislocation densities of the Cu and Ni
layers are 3.10x 10" m™ and 1.29 x 10" m™2, respectively. The
huge difference in the occurrence of the first dislocation and the
dislocation density is a typical indication of the deformation
incompatibility among the Cu and Ni layers of the homogeneous
structure. As for the bimodal structure, the applied strain at which
the dislocation density is no longer zero is 4.0% for the Cu layer
and 5.0% for the Ni layer. The dislocation density increases slowly
in the Cu layer at the initial stage. Moreover, the dislocation
density at a strain of 8.0% is 2.35x 10" m™ in the Cu layer and
1.34x 10" m™2 in the Ni layer. Due to the added 2.5nm Cu/Ni
layer, the difference in the dislocation density in Cu and Ni layers
becomes smaller.

It is remarkable to note that the dislocation density curves of
the 24 nm Cu and the 24 nm Ni layers almost coincide until a strain
of 6.4% in the heterogeneous structure [Fig. 6(d)]. Furthermore, the
difference in the dislocation density in the Cu and Ni layers is much
smaller in the heterogeneous structure than those of the homogenous
and bimodal structures. For example, at a strain of 8.0%, the disloca-
tion density difference is 0.46x 10" m™ in the heterogeneous
sample, while those for homogeneous and bimodal samples are
1.81 x 10" m™2 and 1.01 x 10"” m™?, respectively.

In addition, to more clearly show the enhanced dislocation
activity in the Ni layer, we defined a parameter F= (D¢, — Dy;)/
D¢y, in which D, denotes the dislocation density of metal x (=Cu
or Ni). The parameter is used to quantify the difference in the dis-
location density for Cu and Ni layers. Smaller F suggests better
deformation compatibility. The variations of F with respect to the
applied strain for homogeneous, bimodal, and heterogeneous
structures are shown in Fig. 7. The results show that the new het-
erogeneous structure has the smallest F as compared to the homo-
geneous and bimodal structures during almost the whole
deformation stage.

The findings show that the two dissimilar materials now can
deform synchronously although they have high hardness contrast
(2.1 GPa for Cu and 5.5 GPa for Ni'*™*°). That is, the deformation
compatibility among the Cu and Ni layers has been significantly
enhanced in the new heterogeneous structure. In addition, the
values of strain that corresponds to the nonzero dislocation density
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FIG. 7. Variation of F with respect to the applied strain for homogeneous,
bimodal, and heterogeneous NLs.

in the 24 nm Ni layer are 0.050 and 0.054 in heterogeneous and
24 nm homogeneous Cu/Ni structures, respectively. This result sug-
gests that the dislocation activities in the 24 nm Ni layer of the het-
erogeneous structure have been promoted as compared to those of
the homogeneous structures. The peak values of dislocation density
of the 24nm Ni layer are 2.55x 107 m™2, 2.53x 10" m™2, and
2.40x 10”7 m™? in 24nm homogeneous, bimodal, and heteroge-
neous structures, respectively, but those of the 24 nm Cu layer is
3.51x 10 m™, 2.80 x 10" m™2, and 2.26 x 10" m™?, respectively.
That is, the dislocation density of the 24 nm Cu layer can be tuned
to be a level comparable to that of the 24 nm Ni layer by architect-
ing the new heterogeneous nanolayer structure. Thus, the Cu and
Ni layers can now deform compatibly.

Next, in order to obtain a comprehensive understanding of
the deformation of the heterogeneous nanolayer structures, we
replaced the 2.5 nm Cu/Ni bilayers with those having different layer
thicknesses, i.e., t=1.25nm, 5 nm, and 8.8 nm. Here, ¢ denotes the
thickness of the Cu or Ni layer. The result for t=2.5nm is also
included for comparison [Fig. 8(b)]. Figure 8(a) shows that the dis-
location density is no longer zero in the Cu layer under a strain of
4.6%, but it remains zero in the Ni layer under a strain of 5.2%,
which means that the dislocation density curve of the Ni layer still
lags that of the Cu layer when t is 1.25 nm. In addition, the disloca-
tion density in the Cu layer is 2.23 x 10'” m™>, and that in the Ni
layer is 1.21 x 10'” m™> under a strain of 8.0%. Figure 8(c) shows
that the dislocation density in Cu and Ni layers is almost coinci-
dent until a strain of 6.0% when ¢ is 5 nm. However, at a strain of
8.0%, the dislocation densities of Cu and Ni layers are
2.59% 10" m~2 and 1.09 x 10" m™2, respectively, which means that
there is still a gap between them. Figure 8(d) shows that the dislo-
cation density curve of the Ni layer lags that of the Cu layer again
when t increases to 8.8 nm. The dislocation density remains to be
zero until the strain reaches 4.6% for Cu and 5.4% for Ni. Under a
strain of 8.0%, the dislocation densities of Cu and Ni layers are
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FIG. 8. Variation of the dislocation density in 24 nm Cu and Ni layers with respect to the applied strain for heterogeneous structures with interlayers of various individual
thicknesses: t=1.25nm (a), 2.5nm (b), 5nm (c), and 8.8 nm (d).

FIG. 9. Microstructure of dislocation
nucleation in the heterogeneous struc-
ture under a strain of 0.050.
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3.07x 10" m™ and 0.87 x 10" m™>, respectively. At a strain of
8.0%, the difference between the dislocation density of Cu and
Ni layers is 1.02x 10" m™>, 0.46x 10" m™>, 1.5x 10" m™2, and
22x107m™2 when ¢ is 1.25nm, 2.5nm, 5nm, and 8.8 nm,
respectively. In addition, the dislocation curves of Cu and Ni layers
are the most coincident when ¢ is 2.5 nm. The results show that the
best harmony of dislocation motion between Cu and Ni layers in
the heterogeneous structure has been achieved in the case of
t=2.5nm. Moreover, the peak value of the dislocation density of
the Cu layer is 2.91 x 10" m™, 2.26 x 10" m™, 3.15x 10" m™2,
and 3.74 x 10" m~2 when ¢ is 1.25nm, 2.5nm, 5nm, and 8.8 nm,
respectively. It is found that the layer thickness of thin layers has a
significant effect on the dislocation density of the Cu layer in the
heterogeneous structure. Yet, the peak value of the dislocation
density of the Ni layer varies from 2.16 x 107 m™2, 2.40 x 10" m~2,
220x107m™, and 2.36x 10" m™> for the four thicknesses,
showing that the dislocation density of the Ni layer does not
change much as ¢ varies.

E. Analysis of the effect of thin layers

Figure 9 shows the microstructure when dislocations first
occur in the 24 nm Ni layer under a strain of 0.050 in the heteroge-
neous structure. These dislocations nucleated at the 2.5nm
Cu-24 nm Ni interface and then slip into the 24 nm Ni layer, as
shown in the black dotted line. Therefore, dislocation nucleation is
still the main mechanism resulting in the plastic deformation in the
24 nm Ni layer.

The interface has a vital effect on the nanolayered metallic
composites.”” Therefore, the evolution process of the 24 nm

Ni
Cul

Cu
Ni

Cu
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Cu-24nm Ni interface in the 24 nm homogeneous structure and
the 2.5nm Cu-24 nm Ni interface in the heterogeneous structure
has been observed, as shown in Fig. 10. As for the 24nm
Cu-24 nm Ni interface in the 24 nm homogeneous structure, there
are four nodes (black dotted line) in the dislocation network at the
initial stage [Fig. 10(a)]. Some dislocations nucleate at these nodes
on the side of the 24 nm Cu layer under a strain of 0.050, resulting
in the plastic deformation of the 24nm Cu layer [Fig. 10(b)].
Dislocations that slip into the 24 nm Ni layer and leads the plastic
deformation of this layer nucleate at new nodes (blue dotted line),
as shown in Fig. 10(c). There are also four nodes in the dislocation
network in the 2.5 nm Cu-24 nm Ni interface in the heterogeneous
structure [Fig. 10(d)]. Dislocations nucleate only at these nodes on
the side of the 2.5 nm Cu layer [Fig. 10(e)]. Figure 10(f) shows that
five new nodes (blue dotted line) have formed under a strain of
0.05. These newly formed nodes are conducive to dislocation nucle-
ation on the side of the 24 nm Ni layer. In addition, dislocations
appear in the 2.5nm Cu layer under a strain of 0.037 [Fig. 5(a)]
and then easily approach the 2.5nm Cu-24 nm Ni interface and
interact with the dislocation network. New nodes of the dislocation
network form faster in the two interfaces of the 24 nm Ni layer in
the heterogeneous structure than that in the 24 nm homogeneous
structure due to the interaction. For example, under the same strain
of 0.05, there are five new nodes in the upper interface of the
24 nm Ni layer in the heterogeneous structure, but there is no new
node in the upper interface of the 24 nm Ni layer in the 24 nm
homogeneous structure. Even under a strain of 0.054, there are
only four new nodes in that of the 24 nm homogeneous structure.
The early appearance of new nodes in the interfaces of the 24 nm

=0.050

-
| -

FIG. 10. Dislocation network evolution of the 24 nm Cu-24 nm Ni interface in the 24 nm homogeneous structure, (a) € =0, (b) € =0.050, and (c) € = 0.054; Dislocation
network evolution of the 2.5 nm Cu-24 nm Ni interface in the heterogeneous structure, (a) € =0, (b) £ =0.038, and (c) £ = 0.050.
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Ni layer promotes the dislocation nucleation in the 24 nm Ni layer,
making its dislocation activity approach the level of that in the
24 nm Cu layer. Therefore, the deformation compatibility between
24nm Cu and Ni layers in the heterogeneous structure has
been improved.

IV. CONCLUSIONS

The deformations of homogeneous, bimodal, and heteroge-
neous structures during compression have been studied using
molecular dynamics simulations. For the homogeneous layers, our
simulations show that the plastic deformation first takes place in
the Cu layer and then in the Ni layer, which is a marked sign of
deformation incompatibility. As for the bimodal structure, the
added 2.5 nm Cu/Ni layer effectively promotes the dislocation activ-
ity of the 24 nm Ni layer and lowers the dislocation density of the
24 nm Cu layer to some extent. Therefore, the difference of the dis-
location activity between 24 nm Cu and Ni layers becomes smaller.
In addition, the deformation compatibility in the heterogeneous
structure has been markedly improved. In the heterogeneous struc-
ture, both the upper and lower adjacent layers of the 24 nm Ni
layer are 2.5 nm Cu/Ni layers that can quicken the evolution of the
2.5nm Cu-24 nm Ni interface and obtain more new nodes in the
dislocation network to promote the dislocation nucleation in the
24nm Ni layer. On the other hand, the added thin Cu/Ni layers
can lower the dislocation density of the 24 nm Cu layer to the level
of the 24 nm Ni layer. It makes the dislocation density curves of Cu
and Ni layers to be consistent, which also reflects the concordant dis-
location activity between Cu and Ni layers. Moreover, the optimal
deformation compatibility between 24 nm Cu and Ni layers in the het-
erogeneous structure occurs when the layer thickness of the thin layer
is 2.5nm. In this way, the deformation compatibility between two
materials with obvious mechanical contrast can be significantly
improved.
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