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ABSTRACT
Co-deformation behavior is a key issue for plasticity stability of heterogeneous nanolayered mate-
rials. Using indentation testing, we investigated the plastic deformation behavior of a Cu–Au
nanolayered composite (NLC) with an individual layer thickness of 50 nm. We found that the softer
Au layer exhibited less deformability than the harder Cu layer in the initial stage of deformation,
while this abnormal phenomenon started to gradually disappear as the constituent layers were
severely thinned down to thicknesses less than about 10 nm. The basic mechanism for the observed
co-deformation behavior at different length scales of the Cu–Au NLC will be discussed.

IMPACT STATEMENT
An abnormal phenomenon of reduced deformability of Au layers compared to Cu layers in Cu–Au
NLCs gradually disappeared as the constituent layer thicknesses were thinned plastically to less than
10 nm.
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Introduction

Different combinations of materials with a large dif-
ference in physical properties can be used to pro-
duce ultrastrong nanolayered composites (NLCs) [1],
such as metal–ceramics, metal–amorphous alloy, and
metal–metal. Mismatches of physical properties between
two layer constituents in NLCs, such as the elas-
tic modulus or lattice parameter, can lead to an
extra strengthening effect [1,2], but the ductility of
the materials is often reduced due to plastic defor-
mation instability [3,4] or the premature fracture of
the hard component [5–7]. Whether the two con-
stituent layers can be continuously and coordinately
deformed is an important factor in controlling the
ductility of heterogeneous NLCs [8] and nanomate-
rials [9]. However, the plastic deformation mecha-
nism of the composites at nanoscales is still not fully
understood even if the strengthening mechanisms from
bulk to nanoscale materials have been well established
[10–12].
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It has been accepted that the strength of the metal-
lic NLCs strongly depends on the thickness of the
constituent layers. When the layer thickness decreases
from several hundred nanometers to few nanometers,
the activity of dislocations will change from disloca-
tion pile-up at the interface to single dislocation slip
in the constrained layer, and finally dislocations cross-
ing the interface [12]. Such a transition of the strength-
ening mechanisms also indicates that there is a vari-
ation of the plastic deformation behavior for differ-
ent length scales. To unveil plastic deformation behav-
ior of metallic NLCs, a number of investigations have
been conducted using different loading modes, such as
nano/microindentation [3,13–15], in situ indentation in
the transmission electron microscopy (TEM) [16] and
scanning electron microscopy (SEM) [17], micropillar
compression [18–20], cold rolling [21,22], scratching,
and cyclic sliding [23,24]. Shear banding, as a dominant
deformation behavior, causes plastic deformation insta-
bility of the NLCs [14,20,25,26]. Thus, unstable shear
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banding limits the deformability of the metallic NLCs,
and even inducesmixing behavior inNLCs [21,27]. Some
ultrastrong NLCs even show a cracking tendency under
severe plastic deformation [5,28,29]. Deformation insta-
bilities are related to the localized strain transfer process
between the different layers, which depends on the type
of interface.

Owing to the difference between the two layer con-
stituents, the lattice mismatch may cause coherency
stresses or residual stresses in the different layers [30].
At the semi-coherent and incoherent interfaces, the mis-
fit dislocations release the coherency stress and cause
work hardening in the absence of dislocation cell struc-
ture formation [31]. In the plastic deformation process
of NLCs, the interaction among dislocations in the two
constituent layers and the interface may exhibit differ-
ent behaviors, leading to incompatible deformation. The
interface barrier strength for the transmission of a dislo-
cation across the interface varies with the core structure
of a dislocation within the interface and the discontinu-
ity of the slip planes [32,33]. Furthermore, the difference
in stacking fault energy, which defines the ability of twin
formation,may also affect the compatible deformation by
twinning/detwinning [34].

In this work, the co-deformation behavior of Cu–Au
NLCs subjected to microindentation loading was inves-
tigated. The strain analysis for the Cu and Au layers
shows an abnormal phenomenon: the softer Au layer
was observed to exhibit less deformability compared to
the harder Cu layer in the layer thickness range of 10s
of nanometers, while the difference in the plastic strain
between the constituent layers decreased when the indi-
vidual layer thickness was further reduced. The possible
mechanisms for the observed co-deformation behavior
of the nanoscale Cu–Au NCLs will be discussed.

Experimental design

1 μm-thick Cu–Au NLCs with an individual layer thick-
ness of 50 nm were deposited onto 525 μm-thick single
crystal Si substrates passivated by a SiNx layer (about
50–320 nm thick) using DC magnetron sputtering. The
sputtering deposition was at a rate of 0.3 nm/s with
10−7 Torr vacuum pressure and 0.4 Pa working pressure
at 78°C. To minimize oxidation effects, the top surface
layer of the NLC consists of Au. Both Au and Cu lay-
ers consist of columnar grains with an in-plane size of
79.3± 24.5 nm (Figure 1(a)), and have strong {111} out-
of-plane textures, as characterized by X-ray diffraction
(XRD) θ-2θ scans in Figure 1(b). High-resolution trans-
mission electron microscopy (HRTEM) of the Cu–Au
interface in Figure 1(c) reveals that the interface orien-
tation relationship between Cu and Au layers typically

Figure 1. (a) TEM cross-sectional image of the as-deposited
Cu–Au NLCs with individual layer thickness of 50 nm, (b) XRD
scans, (c) HRTEM image of interface region in the as-deposited
Cu–Au NLCs.

follows {111}Cu//{111}Au and <110>Cu//<110>Au.
To locally introduce a large plastic deformation in the
Cu/AuNLC,microindentation testingwas conducted at a
load of 0.5N with 5s holding time. Cross-sectional TEM
samples of the indented regions were prepared through
mechanical grinding and then thinning further by a
precision ion polishing system (Gatan 691) at −100°C.
Microstructures were examined by a field-emission gun
TEM (FEI Tecnai F20) operating at 200 kV.

Results and discussion

Figure 2(a) shows a TEM cross-sectional image of the
deformation zones (DZ) of the Cu–Au NLCs beneath
an indent. The cross-section was not prepared exactly in
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Figure 2. (a) TEM cross-sectional images of the indentation-induced deformation region of the 50 nm Cu–Au NLCs, and close observa-
tions of (b) region I and (c) region II, (d) selected-area electron diffraction pattern of the deformation region, and (e) HRTEM image of the
interface region in the deformation region.

the indent center due to the difficulty in exactly locat-
ing the indent center during themechanical grinding and
subsequent ion-milling of the TEM sample, but the typ-
ical severe DZ close to the indent tip was obtained. Two
regions I and II indicated by the blue and red rectangles,
respectively, in Figure 2(a) were carefully characterized.
In region I further away from the indent center, shown
in Figure 2(b), columnar grain boundaries and the layer
interfaces were outlined by light blue lines. Both the
Cu and the Au layers appear thinner and wavy due to
non-uniform plastic deformation of some grains. Some
dislocation line contrasts were observed, as indicated by
arrows in Figure 2(b). It is worth noting that the Cu layers
seem to be thinned more than the Au layers in region
I. Figure 2(c) shows a close observation on deforma-
tion region II, which is closer to the indent center than
region I. Both the Cu andAu layers were thinned to about
10 nm, and the plastic deformation of each layer tends to
be more uniform than that in region I, revealing a bet-
ter co-deformation behavior. The interface structure in
the deformation region was confirmed to be the same
as in the as-deposited material (Figure 1(c)), as char-
acterized by a selected-area electron diffraction pattern

shown in Figure 2(d) and HRTEM observation shown in
Figure 2(e).

Figure 3(a) shows another typical TEMcross-sectional
image of the indentation-induced plastic DZ in the
NLCs beneath the indent, where the cross section almost
exactly passed through the indent center. To measure the
variation in the layer thickness, the deformation region
beneath the indent was subdivided into a set of DZ as
shown by the series of yellow rectangles in Figure 3(a).
Each bilayer-period of the film was numbered by 1–10
in a sequence from the top layer to the bottom layer. By
measuring the thicknesses of the Cu and Au layers of
each bilayer-period in every DZ, we can map the actual
thickness of each layer, as shown in Figure 3(b), where
yellow and light blue blocks represent the Au layers and
Cu layers, respectively. Based on the difference between
the layer thickness before and after deformation, the plas-
tic strain (ε) of each constituent layer along the normal
direction (out-of-plane direction) of the layer in different
DZs was calculated by

ε = λ − λ0

λ0
, (1)
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Figure 3. (a) TEM cross-sectional image of a typical deformation
regionbeneath the indentof the50 nmCu–AuNLCs, (b) schematic
illustration of the layer thickness measurement in different DZ
based on the TEM cross-sectional observation in (a), (c) compres-
sive strain of each layer along the normal direction of the layers vs.
the distance of the DZ to the indent center. The light blue columns
show the range of variation of the data points at the different
distances to the indent center.

where λ0 and λ are the individual layer thickness
before (Figure 1(a)) and after (Figure 3(a)) deformation,
respectively. Since the top and the bottom layers could
not be distinguished, their strains were not calculated.
Figure 3(c) presents the variation of the normal compres-
sive strain of the Au and Cu layers in each bilayer-period
as a function of the DZ distance to the indent center
along the layer direction (in-plane direction). The light
blue columns in Figure 3(c) depict the range of varia-
tion of the data at a certain distance to the indent center.
Overall, the strain of the layers increases with decreas-
ing DZ distance to the indent center. Furthermore, the
layers close to the surface of the NLC, such as Au layer
1 was subjected to a larger plastic strain than the layers
closer to the substrate, such as Au layer 5, as indicated by
the blue and red lines, respectively, in Figure 3(c). Thus,
two strain–stress gradients can be seen, for example, both

along the directions parallel and normal to the layers in
the NLCs.

To further evaluate the plastic deformation ability of
the Au and Cu layers in the different DZs, we esti-
mated the distribution of the normal compressive stress
and shear stress beneath the indent using a 2D linear-
elastic finite-element (FE) analysis assuming a plane
strain model. The indenter was modeled as a rigid body
with a 70.3° semi-apex angle. A 2D linear elastic model
is used for both the NLCs and the substrate. The NLC
was modeled as several sub-layers that were assigned the
material properties of Cu and Au, with Au as the top sur-
face layer. The material properties used in the simulation
are listed in Table 1.

Although the stress values obtained in a purely elas-
tic simulation are unrealistically high, the variation of the
stress over the distance from the indent center can be
helpful in understanding the microstructural changes we
observed. Figure 4(a) shows that the stress normalized
by the maximum in the normal direction (y direction)
of the contact surface is nearly linear in the correspond-
ing DZ location studied by TEM (Figure 3(a)). The inset
in Figure 4(a) shows the FE stress contours of the von
Mises stress in the cross section of theNLCs and substrate
underneath the microindentation. In order to quantita-
tively characterize the extent of the co-deformation of
the Au and Cu layers in Figure 3(a), the ratio of the
compressive strain (εAu/εCu) of the two layer types was
calculated and plotted in Figure 4(b). The black solid data
points represent the variation of εAu/εCu with the DZ
distance to the indenter center. The red open symbols in
Figure 4(b)) correlate the variation of εAu/εCu with the
normalized stress determined by the ANSYS. It is found
that there is a significant difference in plastic compressive
strain between the Au and the Cu layers (εAu/εCu < 1)
when the DZ was at a distance of >2100 nm from the
indent center, while this difference decreased when the
DZ was closer to the indent center. At the same time, the
compressive stress increased and the layers were more
severely thinned until finally εAu/εCu reached a value
of ∼1.0 in the DZ less than about 1400 nm away from
the indent center. Since Au has a lower shear modu-
lus [35], stacking fault energy [36,37] and twin bound-
ary energy [34,36] than Cu, the Au layers should be
expected to experience more plastic deformation. How-
ever, the evaluation of εAu/εCu shows a contrary trend as

Table 1. Parameters of Au, Cu, and Si used in the FE simulation.

Material Young’s modulus (GPa) Poisson’s ratio

Au 78 0.44
Cu 130 0.34
Substrate (Si) 188 0.28
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Figure 4. (a) Variation of the stress normalized by the maximum
in the normal direction of the contact surface estimated by the
FEM with DZ distance to the indent center, and (b) compressive
strain ratio of the Au layer to the Cu layer (εAu/εCu) vs. DZ distance
to the indent center.

the Cu layers became much thinner than the Au layers
during indentation loading. In what follows, we will dis-
cuss the possible origin of this abnormal co-deformation
behavior.

First, one may question whether deformation twin-
ning is one of dominant deformation mechanisms
because Au has low stacking fault energy. A comparison
of twins is presented in Figure 5(a,b) for the as-deposited
NLCs and in Figure 5(c,d) for the deformed NLCs, as
characterized by TEM. Some growth twins parallel to
the interface were found in both the Au (orange arrow)
and Cu layers (green arrow) in the as-deposited NLCs.
After deformation under microindentation, twins were
hardly observed in the layers, which were thinned dur-
ing indentation to less than 10 nm thickness, whereas
twins can still be foundwithin the thicker layers shown in
Figure 5(c,d). Twins that were not parallel to the interface
were hardly observed after deformation. For the twins
parallel to the interface, Figure 5(e) indicates that the
twin thickness in Cu changes slightly after deformation,
while that in Au decreases, indicating the occurrence of

detwinning. Yan et al. [34] suggested that detwinning in
the Au layers was attributed to the residual compressive
stress and the low stacking fault energy of Au. In our
study, not only are the twins in both the as-deposited
and the deformed Cu–AuNLCs distributed sparsely over
the TEM cross sections, but also twinning or detwin-
ning behaviors induced by partial dislocations in Cu–Au
NLCs is almost parallel to the interface (perpendicular to
the loading direction). Thus, it is expected that deforma-
tion involving twinning processes is not the predominant
deformation mechanism in Cu–Au NLCs.

Second, Figure 6(a) presents the stress state beneath
the indent estimated by the FE method. The DZ in
Figure 3(a) is actually subjected to a triaxial compres-
sive stress with a shear stress component corresponding
to the middle stress state schematic in Figure 6(a). To
simplify the stress analysis, we only consider the nor-
mal compressive stress along the out-of-plane direction
(y direction) in the condition of two-dimensional plane
strain. According to the linear elastic theory, εAu/εCu
equals to the strain ratio in the y direction,

εyyAu

εyyCu
= ECu

EAu

[
1 − σxx(νAu − νCu)

σyy − νCuσxx

]
, (2)

where E is Young’s modulus, σxx and σyy are the
normal compressive stresses along x and y direc-
tions, respectively, and ν is Poisson’s ratio. Substituting
ECu = 130GPa, EAu = 78GPa, νAu = 0.44, νCu = 0.34,
andσyy/σxx ≥ 1, the theoretical value of εAu/εCu is found
to be in the range of 1.41–1.67. However, the experimen-
tally determined εAu/εCu value is less than 1.2. Thus,
the elastic theory cannot explain why the Cu layer was
subjected to more plastic deformation than the Au layer.

Third, residual stresses in the constituent layers can
be generated by a coherency stress due to the lattice
mismatch and a thermal stress induced during the film
growth. The theoretical (111) plane spacing (a0) of the
Cu layer is a0 = 2.0860Å and that of the Au layer is
a0 = 2.3548Å, while the actual (111) plane spacing (a)
was measured by the XRD analysis as aCu = 2.0848Å
and aAu = 2.3573Å, which reflects the existence of the
residual stress. Assuming that the NLCs are in the plane
stress state, the strain perpendicular to the film plane can
be obtained by

εyy = a − a0
a0

. (3)

According to the plane stress–strain analysis in the
isotropic material [35], the in-plane residual stress is

σxx = σzz = − E
2ν

εyy, (4)

Thus, the in-plane residual stresses in the Au and Cu lay-
ers are estimated as −0.118 and 0.227GPa, respectively.
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Figure 5. TEM cross-sectional view of twins in the Cu–Au NLCs (a) and (b) as-deposited, (c) and (d) deformed; and (e) comparison of
frequency of twins with different thicknesses before and after deformation in Cu and Au layers.

They are lower than the stress introduced by microin-
dentation loading by one order of magnitude. This indi-
cates that the out-of-plane deformation of the Au layer
should be suppressed by such in-plane residual compres-
sive stress, and the Cu layer should be deformed more
under the in-plane residual tensile stress during indenta-
tion. After recalculation of the strain ratio εAu/εCu con-
sidering these in-plane residual stresses, εAu/εCu is still
more than 1.5 when the stress perpendicular to the film
plane is more than 5GPa. Therefore, the residual stress
does not have a significant effect on the strain ratio.

The deformation morphology of the constituent lay-
ers in deformation region I far from the indent cen-
ter (Figure 2(b)) shows that the Cu–Au NLCs was not
deformed uniformly. Some dislocation activities were

found in Figure 2(b) resulting from the activation of dis-
locations in the nanoscale layers. It has been observed
that although the residual stress is low, the source oper-
ation of dislocations in the constituent layer with tensile
stress may occur when the individual layer thickness is in
the range of 10 nm [38]. The Cu layers in Cu–Au NLCs
just have in-plane residual tensile stress during indenta-
tion, which could favor the dislocation source activation,
and consequently theCu layerswould deformmore easily
than the Au layers. This is the first possible explana-
tion why the Cu layers were subjected to more plastic
deformation than the Au layers.

Forth, it is expected that the confined layer slip (CLS)
is the main strengthening mechanism when the individ-
ual layer thickness is 50 nm. The shear stress for CLS is
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Figure 6. Schematic illustration of (a) stress state in the different zones beneath the indent (stresses given in GPa), (b) variation of flow
stress with the individual layer thickness of Cu or Au layers, schematic illustration of (c) initial CLS of dislocations in Cu layers, (d) confined
layer glide loop 1 on slip plane A spanning over the Cu layer into the neighboring Au layer to generate dislocation loop 2 on same slip
plane A in the Au layer, and (e) interaction between dislocation loop 2 in slip plane A and dislocation loop 3 in slip plane B in the Au layer.

estimated by [38]

τCLS = μ ln(h′/b)
4π(1 − ν)h′b

, (5)

where G, b, ν and h′ are the shear modulus, the magni-
tudes of Burgers vectors, Poisson’s ratio and the distance
on the slip plane between adjacent interfaces, respec-
tively. The relationship of h′ and the single layer thickness
h is

h′ = h
sinφ

, (6)

where φ = 70.5° is the angle between slip plane (111)
and the interface, substituting μ, b, ν of Au and Cu with
31 and 48GPa, 0.288 and 0.256 nm, 0.44 and 0.34, respec-
tively. The flow stresses (σ f ) of the Au and Cu layers are
obtained by τCLS multiplied by a Taylor factor (M) of
3.06. The two solid curves in Figure 6(b) show the varia-
tion of σ f with h. The dashed line in Figure 6(b) shows
the peak strength(σ ∗

f = Mτ ∗), which is determined by
the interface barrier strength (τ ∗) to a single disloca-
tion crossing the interface, that is, τ ∗ = 0.53GPa for the
present Au–Cu NLCs [39]. Two solid curves cross the
dashed line, forming two intersection points A and B for
the Au and Cu layers. In the process of the indentation-
induced thinning of the layers from 50 nm to less than
10 nm, it is expected that there is a transition of the plastic

deformation mechanism from CLS to the slip transmis-
sion across the interface since the flow stress of the CLS
reaches σ ∗

f at points A and B. The length scale corre-
sponding to points A and B indicates that the transition
can occur earlier in the Cu layers than in the Au layers.
In addition, some barriers to the CLS, for example grain
boundaries, maymake the mechanism transition happen
earlier. This represents another mechanism, which can
explain why the Cu layer was subjected to more plastic
deformation than the Au layer.

Fourth, the ratio of the dislocation energy (U) in Au
to that in Cu can be estimated by [36]

UAu

UCu
= μAub2Au

μCub2Cu
, (7)

where the magnitudes of the shear modulus (μAu and
μCu) and Burgers vectors (bAu and bCu) are the same
as in Equation (5). We can find that UAu/UCu = 0.82,
which also indicates that it might be easier for the dis-
location tomove from the Cu layer into the Au layer than
from the Au layer to the Cu layer. This would be the third
reason.

Figure 6(c–e) schematically illustrates the dislocation
behaviors in Cu–Au NLCs according to the three pro-
cesses described above, which are likely to cause the
observed differences in plastic deformation behaviors.
With compressive deformation induced by indentation,
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the layer thicknesses continuously decrease causing the
change of the predominant deformation mechanisms. In
the 50 nm-thick layers, it is expected that the CLS of dis-
location loops (dislocation loop 1 in Figure 6(c)) would
occur, preferentially in the Cu layer. The dislocation glide
is then stopped by the columnar grain boundary trig-
gering glide loop 1 on slip plane A to span over the Cu
layer into the neighboring Au layer to generate disloca-
tion loop 2 on the same slip planeA instead of justmoving
within the Cu layer as the layers are being thinned (as
schematically shown in Figure 6(d)). The formation of
dislocation loop 2, as a product of the dislocation trans-
mission across the interface, leads to the strain transfer
from one layer to the other one. In this case, the disloca-
tion 2 on slip planeAmay interact with the activated CLS
dislocation 3 on slip planeB, and block the CLS in the Au
layer, as schematically illustrated in Figure 6(e). As shown
in Figure 6(b), the transition from the CLS mechanism
to slip transmission across the interface occurs earlier in
Cu layers than in Au layers; thus the preferential trans-
mission of dislocations from Cu to Au layers may result
in hardening of the Au layers due to such an interaction
(of dislocation loops 2 and 3 in Figure 6(e)). This kind of
strain hardening in theAu layermay lead to the abnormal
decrease in εAu/εCu under the initial stage of indentation
loading.

With further loading, as the layer thickness was
thinned down to about 10 nm or less, as observed in
Figure 1(e), the morphology of the Cu and Au layers
exhibits more uniform co-deformation and εAu/εCu is
about 1.0 (Figure 3(b)). For even thinner layers, when
the range of a few nanometers is reached, the CLS of
the dislocation loops becomes increasingly difficult and
the transmission of dislocations across the interface takes
over, becoming the predominant plastic deformation
mechanism [12]. Thus, the co-deformation behavior and
the strain transfer fully depend on the activity of dislo-
cations crossing the interface. In this case, the uniform
co-deformation in Cu–Au NLCs may happen through
the shear stress-driven refreshing capability of plastic
deformation under indentation loading [40].

Conclusion

The co-deformation behaviors of 50 nm Cu–Au NLCs
were investigated by indentation loading combined with
careful TEM characterizations. Our results reveal an
abnormal co-deformation behavior. The Cu layers expe-
rienced more out-of-plane compressive strain than the
Au layers during the initial stage of plastic deformation,
while such a difference in the compressive strain between
theCu and theAu layers gradually decreased, as the layers
were heavily thinned down to about 10 nm or less. Three

mechanisms causing this unexpected behavior are con-
ceivable: (i) The residual tensile stress in the Cu layers,
(ii) the larger critical length scale for the transition from
the CLS to the interface transmission, and (iii) the higher
dislocation energy of Cu would make it easier for dislo-
cations to cross the interface from the Cu layers to the
Au layers. These crossing dislocations block the CLS in
the Au layers, leading to an additional hardening of the
Au layers. With further decrease in the layer thickness
down to only few nanometers during deformation, the
deformationmechanismof theCu–AuNLCsmay change
to relatively uniform co-deformation through dislocation
crossing-induced strain transfer.
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