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ARTICLE INFO ABSTRACT

Keywords: Strengthening of metallic materials has been a long-standing scientific issue. Recent experiments have shown
Strength that the introducing of nanoscale amorphous interfacial layers is capable of providing effective strengthening in
Interfaces

metallic materials. However, the above strategy is subject to the complexity of the composition and structure in
the amorphous layers that usually contains at least two elements with significant concentration variation along
the interfacial thickness. Here in this paper it is demonstrated by experiments that significant strengthening can
be achieved in a Cu/Ni nanolayered metallic composite by architecting nanoscale single-elemental crystalline
(instead of amorphous) interfacial layers into the layered interfacial region. The results show that the hardness of
the composite with individual layer thickness of 40 nm exhibits a first-increase-and-then-decrease trend with the
decreasing of the thickness of the crystalline (aluminum as an example) interfacial layer from 40 to 2 nm, leading
to a maximum value of 5.67 GPa, which is around 22% higher than that of the normal sample without the
interfacial layers (4.66 GPa). Further molecular dynamics simulations revealed that the strength enhancement
originated from the increase in the lattice mismatch of the layered interfaces due to the addition of crystalline
interfacial layers. The interfaces with larger lattice mismatch possess more dense dislocation networks, which
relieves the stress concentration at interfaces. Hence, dislocations are much harder to nucleate, resulting in a
substantial strengthening in the nanolayered composite. As a result, this work provides a simple effective
strengthening strategy by inserting nanoscale crystalline interfacial layers to increase the lattice mismatch of
nanolayered interfaces.

Crystalline interfacial layers
Dislocation nucleation

1. Introduction

Designing stronger metallic materials is a long-standing pursuit of
scientists in materials science and engineering. To achieve this purpose,
many strategies have been developed to strengthen metallic materials
and composites, one of which is reducing their intrinsic structure size (e.
g., grain size [1-3], twin thickness [4], or layer thickness [5,6]) into the
nanoscale. For example, Youssef et al. [7] synthesized nanocrystalline
copper with a tensile yield strength of 791 MPa by means of milling, the
strength of which is about one order of magnitude higher than that of
conventional coarse-grained copper. The ultra-high strength is attrib-
uted to the restricted dislocation motions induced by their small grain

size of 23 nm. Another typical example is that a nano-twinned copper
fabricated by Lu et al. [8] through pulsed electrodeposition obtained a
tensile yield strength of as high as 900 MPa by reducing the twin
thickness to 15 nm.

The size-refinement strategy has also been employed in the nano-
layered composites [9-13]. For instance, Nizolek et al. [14] designed a
Cu/Nb nanolayered composite with yield strength as high as 1056 MPa
by reducing the individual layer thickness down to 15 nm through an
accumulative roll bonding technique. Similarly, an ultra-strong Nb/a--
CuNb nanolayered composite with a hardness of 8.57 GPa is obtained by
Qin et al. [15] through reducing the individual layer thickness to 5 nm
using direct current magnetron sputtering. Also, Zhang et al. [16]
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discovered that the yield strength of Cu/Zr nanolayered composites as
prepared by direct current magnetron sputtering can reach as high as
2750 MPa by decreasing the individual layer thickness to 5 nm.

However, the strengthening of metallic materials by intrinsic size
effect has approached a limit due to the inverse Hall-Petch relation that
originates from the transition from dislocation-dominated deformation
to grain boundary (or phase interface) mediated one due to the confined
space in nanograins [17-21]. Hence, the strength of the nanostructured
metallic materials is still far less than the theoretical value (~G/10)
[22]. Another disadvantage of the size refinement strategy is that the
strengthening is gained at the expense of the tensile ductility and plas-
ticity [23-29]. The limited plasticity is attributed to strain localization
behavior, a typical form of which is the shear band [30-33].

Recently, experiments have shown that the introduction of nanoscale
interfacial layers has been approved to be an effective route to
strengthen metallic materials without losing their tensile ductility and
plasticity [34-38]. For example, Khalajhedayati et al. [39] prepared a
Cu-Zr alloy that contains nanograins of 30 nm in diameter and amor-
phous intergranular films by segregating dopants. The newly designed
alloy shows a yield strength of 1086 MPa, which is 326 MPa larger than
that of nanocrystalline Cu with the same grain size. The enhanced yield
strength is attributed to the reduction in grain boundary energy induced
by interfacial segregation, which restrains dislocation nucleation [40,
41]. Another example is that Wu et al. [42] obtained a highly deform-
able nanostructured Mg alloy with a near-ideal strength of 3.6 GPa by
constructing a supra-nanometer-sized dual-phase glass-crystal structure,
i.e., MgCuy nanograins of around 6 nm are surrounded by 2 nm thick
amorphous interfacial films. Most recently, using arc melting and ther-
momechanical processing, Yang et al. [43] synthesized a Nis3oC-
022.4Feg gAl10.7Ti11.7B2 5 high entropy alloy with an ultrahigh strength of
1.6 GPa and a good tensile ductility of 25% by introducing 5 nm
disordered nanoscale interfacial layers among the micrometer-sized
ordered superlattice grains.

The above-mentioned nanoscale amorphous interfacial layers usu-
ally consist of two or more elements and show a complicated structure
[44-48], increasing the difficulty in exploring the strengthening mech-
anisms, which is unfavorable in providing a simple and effective
strengthening strategy. Interestingly, significant strengthening can be
achieved by introducing single-element crystalline interfacial layers
(CILs) [49-51]. Yan et al., [52] revealed that the nano-hardness of a
5 nm Cu/Ni/W nanolayered composite prepared by magnetron sput-
tering is more than 9 GPa, which is larger than that of the bi-metallic
counterparts, such as Cu/Ni, Cu/W and Cu/Cr. The previous molecu-
lar dynamics (MD) simulation of the authors also predicts that a Cu/Ni
nanolayered composite can be significantly strengthened by inserting Ag
interfacial layers [53]. The addition of Ag interfacial layers increases the
lattice mismatch that reduces the stress concentration at the interfaces.
Hence, dislocations are much harder to nucleate, resulting in the
strengthening effect. However, the simulation results lack an experi-
mental confirmation. It is also interesting to know whether the strategy
is universal, i.e., the fcc/fcc nanolayered composites can be strength-
ened by introducing a single crystalline interfacial layer that can in-
crease the lattice mismatch of interfaces. In addition, establishing a
relation between the characteristic parameters of the interface and
strength provides a guideline for the design of nanoscale interfacial
layers with complex element composition and structures.

Here, aluminium was selected as the crystalline interfacial layers
(CILs) of different thicknesses (from 2 to 40 nm) to increase the lattice
mismatch of the interfaces in a Cu/Ni nanolayered composite with an
individual layer thickness of 40 nm by magnetron sputtering. The ex-
periments have shown that the nano-hardnesses of the composite with
Al interfacial layers are much larger than that of the CIL-free counterpart
with a nano-hardness of 4.66 GPa. Also, the nano-hardness is highly CIL
thickness-dependent, leading to a maximum value of 5.67 GPa at 5 nm.
The further MD simulation results demonstrated that the strengthening
effect is attributed to the bigger difficulty in dislocation nucleation as
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Fig. 1. Initial configurations of the simulated models for the (a) CIL-free
sample with individual layer thickness of 20 nm and (b) the CIL samples with
different Al layer thicknesses. The thickness of Al interlayers varies from 1.4 nm
to 9.8 nm.

generated by the larger lattice mismatch and elastic modulus.

2. Methodology
2.1. Experimental details

The 40 nm Cu/Ni nanolayered composites with Al crystalline inter-
facial layers (CILs) of different thicknesses (h) (called as CIL samples)
were deposited on the Si (100) substrate by magnetron sputtering
(PTL6S PVD system), where Ni is deposited by radio frequency
magnetron sputtering and the other two elements are deposited by
direct current one. The h value varies from 2 nm to 40 nm (i.e., h=2, 5,
10, 20 and 40 nm), corresponding to five CIL composites respectively
named as CIL-2, CIL-5, CIL-10, CIL-20, and CIL-40 samples. The depo-
sition process was carried out in the order of Cu-Al-Ni-Al, where targets
of pure Cu (99.99%), Ni (99.99%) and Al (99.99%) were used. The
40 nm Cu/Ni nanolayered composite without CILs (called as CIL-free
sample) was also prepared by alternately stacking Cu and Ni layers for
comparison. The base pressure before deposition was less than 8.0 x
107° Pa and the Ar pressure was maintained to be 0.3 Pa during depo-
sition. The substrate was rotated at a frequency of 30 rpm to ensure the
uniformity of the sample. The deposition rate of Cu, Ni and Al were
determined to be 0.2068, 0.0744 and 0.1226 nm/s, respectively. The
nominal total thicknesses of the CIL-2, CIL-5, CIL-10, CIL-20, and CIL-40
were designed to be 1.18, 1.17, 1.2, 1.2 and 1.28 pm, respectively. The
nominal total thickness of the CIL-free samples is 1.2 pm.

The crystal structure of the CIL-40 sample was studied using X-ray
diffraction (XRD, Bruker D8 Advance), and the internal microstructure
of the composite was characterized using transmission electron micro-
scopy (TEM, Talos F200X G2) that is equipped with energy dispersive
spectroscopy (EDS) detector. All TEM samples were prepared by etching
using a focused ion beam (FIB, FEI Helios Nanolab 600i). The hardness
test of the samples was conducted by the continuous stiffness method
using a Nano-indenter system (Keysight, Agilent G200), with a strain
rate of 0.05 s~ ! during the test. In order to avoid the substrate effect, the
maximum depth of indentation was set to be 350 nm, and ten repeated
tests were conducted on each sample to ensure the reliability of the data.

2.2. Simulation models

The compression of four Cu/Ni CIL samples with Al layer thicknesses
of 1.4, 2.8, 4.9 and 9.8 nm under three loading directions was simulated
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Fig. 2. Microstructural characterization of 40 nm Cu/Ni nanolayered composites with 40 nm Al interfacial layers: (a) XRD pattern; (b) Bright-field TEM image; (c)
SAED pattern; (d) HAADF-STEM image; (e) the corresponding EDS map; and (f) HRTEM image of the Al interfacial layer and the adjacent interface.

by molecular dynamics (Fig. 1). The simulations of CIL-free samples crystalline orientation of x = [112], y = [111] and z = [110], forming
were also conducted for comparison. The CIL-free model was con- (111)/(111) semi-coherent interfaces that are common in fcc/fcc sys-
structed by alternately stacking 20 nm Cu and Ni layers (Fig. 1a), while tems [54-56]. The final dimensions of the above four CIL models are
the CIL ones were built by inserting Al layers between the 20 nm Cu and 17.3 x 43.1 x 19.2nm3, 17.3 x 45.8 x 19.2nm3,17.3 x 50 x 19.2nm3

Ni layers (Fig. 1b). All the crystalline layers are single crystals with a and 17.3 x 59.8 x 19.2nm3, respectively. The final dimension of the
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Fig. 3. Representative indentation depth-dependent (a) nano-hardness and (b) elastic modulus of all CIL Cu/Ni samples. The measured Al layer thickness-dependent
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Fig. 4. Simulated stress-strain curves of all CIL samples under (a) x-, (b) y- and (c) z-compression, where t is the thickness of interfacial layers in the simulation
models. (d) The average peak stresses and elastic modulus of all CIL samples under three loading directions as a function of the thickness of interfacial layers. The

corresponding data for the CIL-free sample are also included for comparison.

CIL-free model is nm®. All these models were built through ATOMSK
[57].

All the compression simulations were performed by LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) [58] with peri-
odic boundary conditions in three directions at a time step of 1 fs. The
embedded atom method (EAM) potentials used in this study were
developed by Zhou et al. [59], which is able to give correct basic ma-
terial properties such as lattice constants and elastic constants. Before
compression, an energy minimization process is employed. Then, under
the isothermal-isobaric (NPT), all samples were relaxed for 200 ps with
stress-free in three directions at 50 K. Next, the models were compressed
at 50 K with a constant strain of 5x10% s~! under NPT along x, y, and z
directions, respectively. Nose-Hoover thermostat and Nose-Hoover
barostat were used to control the temperature and pressure, respec-
tively. The evolution of the microstructures of all samples was visualized
and analyzed by OVITO [60].

3. Results and discussion
3.1. Microstructure

Take the CIL-40 sample as an example to show the microstructural
characterization, which is presented in Fig. 2. The composite shows a
crystal structure as confirmed by the XRD pattern in Fig. 2a, where the
three diffraction peaks located at 38.7°, 43.5°, and 44.6° correspond to
the Al (111), Cu (111), and Ni (111) crystal planes, respectively. As
shown in Fig. 2b, a layered structure and relatively straight interfaces
can be observed in the TEM. The actual thickness of the Cu, Ni and Al
layers of the CIL-40 sample were measured to be 49.9 + 2.4, 54.4 + 1.7
and 37.3 £ 2.7 nm, respectively, resulting in an actual total thickness of
1.43 pm for the sample. The corresponding selected area electron
diffraction (SAED) pattern is shown in Fig. 2¢, indicating that the sample
has strong Cu (111), Al (111), and Ni (111) texture [61], echoing well
with the above XRD result. The high-angle annular dark-field (HAADF)
images (Fig. 2d) and the EDS image (Fig. 2e) corresponding to the
HAADF image further demonstrate that the CIL composite has a unique

structure in which the Al layers were added between the Cu and Ni
layers. The fcc/fcc nanolayered composites prepared by magnetron
sputtering usually show (111)//(111) interfaces, where the (111) planes
are parallel to the interfaces [52,62]. This structural characteristic was
also found in the present samples, i.e., the high-resolution TEM
(HRTEM) image in Fig. 2f shows that the Al (111) plane with an inter-
planar spacing of 0.234 nm is parallel to the interfaces.

3.2. Interfacial layer thickness-dependent strengthening

Fig. 3a and b presents the nano-hardness and elastic modulus of all
CIL Cu/Ni samples as a function of the indentation depth, respectively.
The results show that for all samples, the hardness first increases rapidly
with increasing indentation depth. Then, the curve reaches a plateau,
where hardness remains almost unchanged. The average value of the
hardness data in the plateau of the hardness-displacement curves was
adopted as the intrinsic hardness of the composites [63]. Here, the
intrinsic hardness of all samples was calculated as the average values of
hardness in the indentation depth range of 150-200 nm. To avoid the
substrate effect, the elastic modulus of the samples was calculated using
the data in the range of 100-150 nm, which is ~10 % indentation depth
of the total film thickness.

The hardness of the Cu/Ni nanolayered composites with Al interfa-
cial layers as a function of the interfacial layer thickness is shown in
Fig. 3c. The result of the CIL-free sample is also shown for comparison.
The results show that the nano-hardnesses of all CIL samples are much
higher than that of the CIL-free one, and that the harness-CIL thickness
relation exhibits a first-increase-then-decrease trend, leading to a
maximum one at h=5 nm. Specifically, the CIL-40 sample possesses the
smallest hardness (i.e., 5.17 GPa) among all CIL samples. Note that even
this smallest value is 10.9% higher than that of the CIL-free one, i.e.,
4.66 GPa. The CIL-free and CIL-40 samples have the same constituent
layer thickness of 40 nm which results in the same number of interfaces.
A difference is the proportion of Al layers, i.e., 0% in the former and 50%
in the latter. The difference is not the reason for the increased hardness
because the Al layers are much softer than the Cu and Ni layers [56,64].
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Fig. 5. Microstructures of (a;) the Cu-Ni interfaces of CIL-free samples, (b;) the Cu-Al and (c;) Ni-Al interfaces of the CIL samples with Al interfacial layer of 9.8 nm
in simulations. The corresponding distribution of von Mises stress at different sides of the (az and a3) Cu-Ni, (b, and bs) Cu-Al and (c, and c3) Ni-Al interfaces.

Another difference is that the CIL samples possess Cu-Al and Ni-Al in-
terfaces, instead of the Cu/Ni interfaces in the CIL-free one, which is the
main reason for the strengthening behavior and will be explained by the
following MD simulation results in the next section. Moreover, the
maximum hardness is achieved in the CIL-5 sample, i.e., 5.67 GPa,
which is 21.7% higher than that of the CIL-free one. The reduction in
hardness as h is smaller than 5 nm might come from the formation of
amorphous or the medium-range-order type of structure in the constit-
uent layers deposited by magnetron sputtering [11,65]. Fig. 3d presents
the measured elastic modulus of all CIL and CIL-free samples. The results
show that the measured elastic modulus of the CIL samples is increased
from 129.8 GPa to 161.7 GPa with the decrease of the Al layer thickness
from 40 nm to 2 nm, the largest of which is very close to that of the
CIL-free sample (i.e., 159.6 GPa) due to the decreased amount of Al
phase that possesses smaller elastic modulus than the Cu and Ni ones.
Fig. 4a—c shows the simulated compressive stress-strain responses of
all the CIL samples under x, y, and 2 directions, respectively, where the
thickness of the interfacial layers is represented by t. The results of the
CIL-free one were also included for comparison. The deformation of
these samples can be divided into elastic and plastic stages. Take the CIL-
free sample under x-compression as an example (Fig. 4a), the stress in-
creases linearly with increasing strain during the elastic stage. Then,

dislocation nucleation occurs at the peak stress, indicating the beginning
of the plastic deformation. At the same time, the stress decreases
sharply. The addition of Al interfacial layers leads to two variations in
the CIL samples. One is the reduction in elastic modulus which is
manifested in the reduced slope of the curve during the elastic stage. The
other one is the delay of the occurrence of the plastic deformation,
which is denoted by the black arrow in Fig. 4a. These phenomena are
also observed in the simulations under the other two loading directions
(Fig. 4b and c). The addition of Al interfacial layers delays the elastic
stage but reduces the elastic modulus, the former behavior shows a
strengthening effect and the latter shows a weakening effect. Whether
the addition of Al interfacial layers possesses a strengthening effect
depends on the competitive relationship between the two behaviors.
The peak stresses under three compression directions of samples
were averaged to evaluate the simulated strength of all samples. The
average elastic modulus was also calculated based on a similar way. As
shown in Fig. 4d, the simulated strength of the CIL samples shows a
monotonical increase with respect to the refining Al layers. The simu-
lated maximum and minimum strengthening obtained in the CIL sam-
ples can be as high as 34.7% and 10.1% as compared with the CIL-free
case. The elastic modulus of CIL samples also increases with decreasing
t. The MD simulation results are in good agreement with the
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experimental measurements (Fig. 3). A difference is that no softening is
observed in the simulations because all the Al interfacial layers were
constructed to be crystalline even when it was reduced to be as thin as
1.4 nm.

3.3. The strengthening mechanism in the CIL composites

The strengthening effect in the CIL samples originates from the
additional elastic stage, which in turn depends on the dislocation
nucleation. To explore the delayed dislocation nucleation in the CIL
samples, the simulated microstructures and stress distribution of the Cu-
Ni interfaces in the CIL-free sample, and those of the Cu-Al and Ni-Al
interfaces in the CIL samples with Al interfacial layers of 9.8 nm-thick
are presented in Fig. 5. These fcc/fcc interfaces usually show a triangle
dislocation network with a stress concentration on the node [66-68].
The triangle dislocation network is found in the Cu-Ni interfaces in
Fig. 5a;. The von Mises stress distributions of the Cu-Ni interfaces at the
Cu and Ni sides are shown in Fig. 5ay and ag, respectively. Several peaks
with high values of von Mises stress are observed, which correspond to
the positions of dislocation network nodes. The maximum von Mises
stress at the Cu and Ni sides are as high as 14.8 and 16.6 GPa, respec-
tively. The density of dislocation is directly proportional to the lattice
mismatch. The lattice mismatches of the Cu-Ni, Cu-Al and Ni-Al in-
terfaces are 0.095, 0.435 and 0.53 10\, respectively. Hence, the disloca-
tion density of the Cu-Ni interfaces is the lowest, followed by the Cu-Al
interfaces and finally the Ni-Al interfaces (Fig. 5b; and c;). The von
Mises stress is still concentrated on the dislocation network nodes at the
Cu-Al and Ni-Al interfaces, while the maximum value of the stress is
much lower than that in the Cu-Ni interfaces (Fig. 5ba—c3). Specifically,
the maximum stresses are 11 and 7.6 GPa at the Cu and Al sides of the
Cu-Al interfaces, respectively. These values are 9.6 and 8.5 GPa at the Ni
and Al sides of the Ni-Al interfaces, respectively. Dislocations are much
harder to nucleate in the Cu-Al and Ni-Al interfaces than in the Cu-Ni
interfaces because of the reduction in stress concentration. As a result,
the CIL samples show a longer elastic stage than the CIL-free samples.

4. Conclusions

In summary, the strengthening of Cu/Ni nanolayered composites has
been investigated by nanoindentation tests and MD simulations. The
results show that the Cu/Ni nanolayered composites can be strength-
ened by inserting Al interfacial layers. It is revealed by MD simulations
that the stress concentration is much lower in the Cu-Al and Ni-Al in-
terfaces of the samples with Al interfacial layers than in the Cu-Ni in-
terfaces of the CIL-free one, indicating that a larger applied stress is
required to activate the plastic deformation in the former than the latter.
As a result, the CIL samples are strengthened due to the extension of the
elastic stage. The hardness of the CIL samples increases with decreasing
interfacial layer thickness from 40 nm to 5 nm, leading to a maximum
hardness of 5.67 GPa, which is 1.01 GPa higher than that of the CIL-free
one. These findings confirmed that the addition of crystalline interfacial
layers that increases the lattice mismatch of interfaces can substantially
strengthen the nanolayered metallic composites.
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