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Abstract: The micromechanical behavior of an Al/Al2Cu/
Cumultilayer with characteristic crystal orientation during
uniaxial tensile deformation was investigated by mole-
cular dynamics. The simulation results showed that under
tensile loading, the dislocation nucleates at the Cu/Al2Cu
heterogeneous interface and moves toward the Cu layer
along the {111} crystal plane. The deformation mechanism
is intralayer confinement slip. As the dislocations pro-
liferated, interactions between them occurred; resulting
in the formation of insertion stacking faults and defor-
mation twins in the Cu and Al layers. However, no dis-
location lines were generated in the Al2Cu layer during
tensile deformation. As the load increased, the stress
concentration at the Al2Cu/Al interface led to the fracture
of the complex. In addition, the microplastic deformation
mechanism and mechanical properties of Al/Al2Cu/Cu
composites at different temperatures and strain rates
were significantly different. These results revealed the
microdeformation mechanism of laminated composites
containing brittle phases.

Keywords:molecular dynamics simulation, tensile loading,
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1 Introduction

A Cu/Al composite board [1–4] combines the low resis-
tance and high thermal conductivity of copper with the
lightweight and low price of aluminum to balance the
price/performance combination of copper and aluminum.
Its weight can be reduced by 35–50%, and its thermal
and electrical conductivity is comparable to some copper
alloys. Electrical power, heat, electronics, communica-
tions, new energy photovoltaics, and transportation all
benefit from this combination. Using aluminum instead
of copper reduces the amount of copper used, which con-
tributes to the more efficient use of resources [5,6].

As a compositematerial with amulti-scaled configura-
tion, the Cu/Al layered composite material has mechanical
and physical properties closely related to the interface
structure and preparation process [7–9]. There are differ-
ences in the initial state of the component layer raw mate-
rials used in different preparation methods, resulting in
differences in the interface structure and microstructure
of the composite board component layer obtained by dif-
ferent preparation methods, and the component layer
microstructure evolves differently during annealing, result-
ing in large differences in the strength and plasticity of
annealed composites with different preparation methods.
Kim and Hong [7] studied the tensile deformation of Cu/
Al/Cu layered composites. This study found that the com-
posites’ tensile strength exceeded that of the law of mixing
while examining the interaction between interactive defor-
mation and composite toughness. Due to the constraints of
the strong bonding interface, the interactive deformation
of the copper layer and the aluminum layer beneficially
improved the ductility of the Cu/Al composite. Liu et al.
[8,9] prepared layered Cu/Al composites by casting-rolling.
They found that in the cast-rolled state, the copper–alu-
minum composite plate produced a tougher composite.
Through analysis of the microstructure evolution and the
interface fracture behavior during the deformation of the
tensile specimen, they initially believed that toughening
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in the Cu/Al composite plate was caused by the coordinated
deformation of the composite plate. At the same time,
studies have found that during the preparation or diffu-
sion annealing of copper/aluminum composite panels,
micro/nano level multilayer intermetallic compounds
formed at the interface, such as Al2Cu and Al4Cu9 [10–12].
The presence of hard and brittle intermetallic com-
pounds leads to composite material fractures at the
interface layer. This makes the interface problem a
core issue in the study of copper–aluminum composite
materials.

Molecular dynamics simulations can reveal the dynamic
deformation behavior of interfacial microdomains at the
atomic scale. Recently, many studies have simulated
the interfacial microdomains in laminated composites.
Rezaei [13] used molecular dynamics to study the tensile
properties of graphene/copper nanocomposites under
different strains and found the graphene layer not only
increased the strength and yield strain of the material
but also increased the stiffness and plasticity of the
material. Yang et al. [14] studied the deformationmechanism
of semi-coherent interfaces under compression loading,
and their results showed a semi-coherent interface formed
during dislocations and simultaneously hindered their
propagation, which improved the strength and plasticity
of the alloy under compression loading. Zhou et al. [15]
studied the mechanical properties of nano-Cu/Al multi-
layer films and found that its strength reached 7.7 GPa.
A molecular dynamics analysis showed that twins and
stacking faults were the main mechanisms of hardness
enhancement. Especially when h < 5 nm, stable stacking
faults at the Cu/Al layer interface dominate. Weng et al.
[16] used molecular dynamics to analyze the deformation
of graphene/Cu composites under compressive load. Gra-
phene plays a role in load transfer and hinders dislocation
movements. At the same time, as the core of dislocation
nucleation, graphene improves the plastic deformation
ability of composite materials.

This work examined the nano-multilayered Cu/Al com-
posite containing the brittle phase Al2Cu. By conducting
molecular dynamics simulations of uniaxial stretching,
the microscopic configuration of various deformations
at the heterogeneous interface was activated on the
atomic scale. The effects of temperature and strain rate
on the tensile deformation of the system were studied
in detail. These results contribute to a better under-
standing of the microphysical process of plastic defor-
mation in Cu/Al multilayer composites and provide
theoretical guidance for the design and use of Cu/Al
layered composites.

2 Computational models and
methods

The Cu–Al interfacial system consists of Cu, Al, and
Al2Cu. Their crystal structures are shown in Table 1 [17].
The micromechanical behavior of Al/Al2Cu/Cu layered
composites during uniaxial tensile deformation was simu-
lated by molecular dynamics. The multi-layer complex
model of the sandwich structure is shown in Figure 1.
The metal layers of the model from top to bottom are Cu,
Al2Cu, and Al.

2.1 Uniaxial tensile model

The uniaxial tensile model is a four-prism, as shown in
Figure 1. The X and Y-axis directions in the model repre-
sent free boundary conditions. The x-direction was [12̄1]
Cu//[001]Al2Cu//[12̄1]Al, with a specific atomic layer size
of 11 nm in the corresponding direction, proportional to
27 periodic Cu unit cells, 25 periodic Al2Cu unit cells, and
24 periodic Al unit cells, while the y-direction was [101̄]

Table 1: Crystal structures of Cu, Al and Al2Cu

Element
name

Crystal
structure

Space
group

Lattice
parameters (nm)

Cu fcc Fm-33̄m a = b = c = 0.3615
Al fcc Fm-33̄m a = b = c = 0.4049
Al2Cu Tetragonal I4/mcm a = b = 0.6067;

c = 0.4877

Figure 1: Cu/Al2Cu/Al multilayer structure: (a) Cu; (b) Al2Cu; (c) Al.
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Cu//[110]Al2Cu//[101̄]Al, with specific atomic layer size of
5 nm in the corresponding direction, proportional to 10
periodic Cu unit cells, six periodic Al2Cu units cell and
nine periodic Al unit cells. The length of the X, Y, and
Z-axis was approximately 11, 5, and 12 nm, respectively.
The uniaxial tensile deformation of the complex was
realized by applying the periodic boundary conditions
of the strain along the Z-axis. The total number of atoms
in the model was 54,432. The strain rate was 1010 s−1.
The target shape variable of uniaxial tensile deformation
was ε = 0.4. Table 2 shows the initial crystal orientations
of the Cu, Al, and Al2Cu layers [18–20].

In the complex model, the interatomic interactions of
Cu–Cu, Al–Al, and Cu–Al used a bond order potential [21].
The time step of the simulation process was 0.001 ps. The
model was initially relaxed for 50 ps under an isothermal
and isobaric (NPT) ensemble, so the model temperature
stabilized at 300 K, and the energy was minimized. Then,
the model was subjected to uniaxial tensile deformation.
Simulation results were obtained using the Open Visua-
lization Tool (OVITO) software, and the results of the
microstructure analysis were completed based on the
Discontinuities Extraction Algorithm (DXA). Atoms of
FCC, HCP, BCC, and unknown structural types are shown
in green, red, blue, and white, respectively.

3 Results and discussion

The stress–strain curve of the vertical interface tensile
deformation is shown in Figure 2. On the stress–strain
curve, there are two stages of deformation. In the first
stage of stretching, the material initially undergoes elastic
deformation with an almost linear stress–strain curve
(section AB). When the strain increases to 0.068 (point
B), the material enters the yield stage with an initial
yield strength of 7.23 GPa. When the strain increases to
0.085, the stress maximizes (point D) and decreases
sharply with the onset of plastic deformation. Deforma-
tion in the second stage, the curve of the fluctuations in

the growth stage (Section FG) appears as a twofold yield,
with increases in strain, and stress begins to rise again
to the second peak point ε = 0.199, σ = 3.25 GPa. As the
strain increases, the stress–strain curve on the first plat-
form in a relatively short (GH) fell to near M after stress.

3.1 Analysis of uniaxial tensile processes

Figure 3 shows the atomic structure evolution of the
model in the I stage of uniaxial tensile deformation.
The common neighbor atomic analysis in the OVITO
software was used to color the atoms. In the initial defor-
mation stage, the stress increased linearly as the strain
increased. At this stage, the composite material was
deformed elastically, and the atoms in the interface
configuration were arranged neatly with almost no dis-
location. As the strain increased further, as shown in
Figure 3(b), dislocations began to nucleate at the het-
erogeneous interface between Cu and Al2Cu, and acti-
vation of the microscopic deformation system was first
observed in the Cu layer. When the strain increases to
0.072, the heteroboundary arches out the 1/6 〈112〉
Shockley incomplete dislocation on the Cu side, and
the dislocation moves along the {111} inside the Cu
layer. At the same time, the dislocation starts nuclea-
tion at the heterointerface between Al and Al2Cu. At a
strain of 0.085 (Figure 3(a)) in the deformation stage of
the peak stress, the heteroboundary arches out 1/6
〈112〉 Shockley incomplete dislocation on the Al side.
Due to the stress concentration at the heterogeneous
interface, the dislocation nucleates at the interface and
expands toward Cu and Al layers, which are prone to slip.

Table 2: The initial orientation of Cu, Al and Al2Cu layers

Layer Axis

X Y Z

Cu [12̄1] [101̄] [111]
Al [12̄1] [101̄] [111]
Al2Cu [001] [110] [1̄10]

Figure 2: Stress–strain curve of Cu/Al2Cu/Al interface system under
vertical interface tensile load.
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The model then enters the plastic deformation stage.
When the strain is 0.107, the 1/6 〈112〉 Shockley incom-
plete dislocation penetrates the Cu and Al layers and
leaves an insertion type dislocation (Figure 3(e)).

Figure 4 shows the atomic structure corresponding
to each marked point of the stress–strain curve at the
II stage of Cu(111)/Al2Cu(1̄10)/Al(111) interface configura-
tion tensile deformation. Dislocation analysis (DXA,
Figure 4(a)–(d)) and the CSP (Figure 4(e)–(h)) were
used to color the atoms. The distribution of dislocation
lines during stretching was evaluated by DXA. The
green line is 1/6 〈112〉 Shockley incomplete dislocation.
As shown in Figure 4(a)–(d), as the strain increased,
more 1/6 〈112〉 Shockley partial dislocations were observed
in the second stage. In the single Cu and Al layers, the
dislocation disappeared from the free surface when
the dislocation moved to the side surface (parallel to
the plane of the tensile load). At this time, the 1/6 〈112〉
Shockley incomplete dislocations formed in different
directions produced several intersecting insertion-type
stacking faults, and the overall stress of the model was

released. When the strain reached 0.199, the number of
irregularly arranged atoms at the interface increased sig-
nificantly (Figure 4(f)). The atomic structure in the black
ellipse indicates that cracks began to appear at the inter-
face due to stress concentration. At this point, a variety of
microscopic deformation systems interacted with the het-
erogeneous interface, which resulted in stress release and
corresponded to a relatively short platform segment (GH
segment) point appearing on the stress–strain curve in the
second stage. When the strain was 0.3 (Figure 3(h)), the
crack at the interface became more pronounced, and as
the crack expanded, the stress concentration in the crack
area increased, which made the stress of the entire
model drop to near the M point until it fractured.

3.2 Model analysis at different strain rates

To study the effect of strain rate on multilayer tensile
deformations, four different tensile simulation programs
that corresponded to four different engineering strain

Figure 3: The Cu(111)/Al2Cu(1̄10)/Al(111) interface configuration corresponds to themark point at the first stage in the tensile stress–strain curve
(Figure 2). (a) ε = 0 (point A), (b) ε = 0.068 (point B), (c) ε = 0.072 (point C), (d) ε = 0.085 (point D), (e) ε = 0.097 (point E), (f) ε = 0.107 (point F).
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rates were conducted. Programs using different strain
rates needed different time steps so that the final strain
of the entire is equaled to 0.30. Specific parameter set-
tings are shown in Table 3. Their stress–strain curves at
300 K are shown in Figure 5.

For the tensile model of the vertical interface, the
plastic deformation mechanism of the layered composites
with different strain rates was also studied (Figure 5).
According to those stress–strain curves, the mechanical
behaviors of the models differed significantly under
different strain rates. The stress increased linearly as

the strain increased in the initial deformation stage,
and the composite materials all underwent elastic defor-
mation. The stress–strain curves at each strain rate were
approximately coincident and had very similar slopes,
which indicated the strain rate change had little effect

Figure 4: The Cu(111)/Al2Cu(1̄10)/Al(111) composite corresponding to the phase II mark in the tensile stress–strain curve: (a–d) DXA; (e–h)
Centrosymmetric Parameter method (CSP). (a) ε = 0.123 (point F), (b) ε = 0.199 (point G), (c) ε = 0.029 (point H), (d) ε = 0.3 (point M),
(e) ε = 0.123 (point F), (f) ε = 0.199 (point G) (g) ε = 0.229 (point H), (h) ε = 0.3 (point M).

Table 3: Parameter settings under speed variables

Strain
rate
(ps−1)

Relaxation
time (ps)

Step
length
(ps)

Temperature
(K)

Time step

0.0005 50 0.001 300 600,000
0.001 50 0.001 300 300,000
0.005 50 0.001 300 60,000
0.01 50 0.001 300 30,000

Figure 5: Stress–strain curves of different strain at 300 K.
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on elastic deformation. In the range of simulated strain
rate, the tensile strength of the composite showed a
positive correlation to the engineering strain rate. When
the strain rate was 0.0005 ps–1, the curves decline rapidly,
but that declined slowed as the strain rate increased.

On the one hand, face-centered cubic aluminum
had higher strain rate sensitivity due to the number of
dislocation movements. The strength of copper with low
stacking fault energy was augmented by the formation of
a lamellar twin structure [22]. On the other hand, as an
intermediate transition phase between the copper and
aluminum layers, the Al2Cu layer has a good continuous

structure. The Al2Cu layer provides a good fracture tran-
sition during tensile deformation, so the overall structure
of the model with different ductility deformed at the same
time until it broke. Therefore, within the strain rate range,
the tensile strength of the composite material increased
with the strain rate increase.

Figure 6 shows the dislocation line distribution at the
inflection point of the stress–strain curves at different
strain rates, and DXA analyzed the dislocation line dis-
tribution during tensile. The green line represents the 1/6
〈112〉 dislocation line, and the blue line represents the 1/2
〈110〉 dislocation line. The exact dislocation line assigned

Figure 6: The distribution of the dislocation lines with respect to the marked points in the stress–strain curve (Figure 5). (a–d) 0.0005 ps−1;
(e)–(h) 0.001 ps−1; (i–l) 0.005 ps−1; and (m–p) 0.01 ps−1. (a) point a1, (b) point b1, (c) point c1, (d) point d1, (e) point a2, (f) point b2,
(g) point c2, (h) point d2, (i) point a3, (j) point b3, (k) point c3, (l) point d3, , (m) point a4, (n) point b4, (o) point c4, (p) point d4.
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to the red line is uncertain. In the unstretched state, no
dislocation lines were generated in the interface model
(Figure 6(a), (e), (i), and (m)).

At a low strain rate, as the strain increases, the mal-
position in the composite body first occurs at point b
(Figure 6(b) and (f)) and then maximizes at point c. On
the one hand, the strength of the material plateaus at the
yield stage when dislocations first occur. As the number
of dislocation lines increases, the internal defects of the
material increase, and the strength of the composite
decreases. On the other hand, as the density of disloca-
tions increases, the probability of simultaneous activa-
tion of dislocations in one direction decreases, and the
mutual influence and staggering between dislocations
make it difficult to move. This results in dislocation
pinning, and the strength increases (Figure 5c and d
segment).

Under different strain rates, the strength is indepen-
dent of the strain rate in the initial strain stage. Strain rate
hardening occurs when dislocations appear and the den-
sity of dislocations increases. The strength of the material
increases as the strain rate increases and is consistent
with literature reports [22–24].

3.3 Influence of temperature on tensile
deformation

To study the influence of the temperature on the tensile
deformation mechanical properties of Cu(111)/Al2Cu(1̄10)/
Al(111), four temperatures (100, 300, 500, and 700 K)
were chosen for simulation, while the other simulation
parameter settings remained unchanged. The simulation
system used isothermal and pressure system traces (NPT),
and the stretching process took 40,000 steps.

Figure 7 shows the stress–strain curves at different
temperatures. The curves for all four temperatures showed
similar trends; the deformation mechanism remained sig-
nificantly unchanged from 100 to 700 K. Figure 8 shows
the ultimate tensile strength at different temperatures.
Higher temperatures resulted in a smaller ultimate stretch.
This shows that temperature had almost no effect on
Young’s modulus of the compositematerial, but the tensile
strength and yield strain of the material gradually
decreased at a higher temperature. Figure 9 shows
the local strain distribution of the Cu(111)/Al2Cu(1̄10)/
Al(111) interface model when the strain was 0.11. The local
plastic deformation at high temperatures was more signif-
icant. This was produced by atomic thermal motion, which

caused the composite material to soften and lose its
mechanical characteristics as the temperature increased.

Figure 9 displays the evolution of the atomic config-
urations of the interface model at different tempera-
tures. At 500 K and 700 K, the atoms existed in thermally
activated states, as shown in Figure 9(c) and (d). With
temperature increase, some point defects were observed in
the initial unstressed state, and as the strain increased, the
number of point defects also increased, leading to the for-
mation of microcracks. At the same time, the increase in
temperature increased the amount of activated movable
dislocations. Consequently, high-density dislocations hin-
dered the growth of microcracks and increased the
deformation resistance of the material, thus decreasing
the plasticity of the material. This decrease in plasticity

Figure 7: Stress–strain curves of the Cu(111)/Al2Cu(1̄10)/Al(111)
model at different temperatures.

Figure 8: Ultimate tensile strength curves at different temperatures.
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allows high-temperature conditions to promote dislo-
cation nucleation.

4 Conclusion

Themolecular dynamics simulations of uniaxial stretching
of nano-layered Cu/Al composites containing brittle phase
Al2Cu were studied. The effects of temperature and strain
rate on the tensile deformation of the system were studied
in-depth, as well as the Al/Al2Cu/Cu interface reaction.
The following conclusions were drawn:
1) Under the tensile load of the Cu/Al2Cu/Al interface,

dislocations preferentially nucleated at the Cu/Al2Cu
heterogeneous interface and moved along the {111}
crystal plane inside the Cu layer. The deformation
mechanism was constrained slip within the layer.
During this deformation, no initiation of plastic defor-
mation occurred in the Al2Cu layer.

2) The presence of the Al2Cu layer made the overall struc-
ture deform at the same time, despite differences in
strength and ductility.

3) The deformation mechanism remained basically un-
changed from 100 to 700 K. Temperature has almost
no effect on Young’s modulus of the composite material;

however, as the temperature increased, the tensile
strength and yield strain of the material gradually
declined.
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