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Molecular dynamics simulations and micromechanics model analysis are performed to investigate the mechanical behaviours and interfacial
effects of interpenetrating phase composites in the nanoscale. It is observed that the overall Young’s modulus and ultimate strength of the
nanocomposites vary nonlinearly with the cohesive energy of the interface. The cohesive properties affect the stiffness of the interface
zone, and in turn, influence the effective Young’s modulus of composites. The competition between interfacial failure and weak phase
damage results in an optimal cohesive parameter of the interface, at which the composite possesses the maximal ultimate strength. The
obtained results provide useful guidelines for the design and optimisation of advanced nanocomposites with superior mechanical properties.

1. Introduction: In the past decade, the interpenetrating phase
composite (IPC) has attracted much attention for its unique
topological microstructure. These structures are observed in many
biological materials such as bones and deer antlers [1], and enable
these materials to fulfil their biological functions. In such
composites, the composed phases are each spatially continuous
and interconnected in three dimensions. If one of the constituent
phases is removed from the IPC, the remaining material forms an
open-celled foam, which can still support loading alone [2—4].
Owing to this continuously interpenetrated structure, IPCs possess
some unexpected physical and mechanical properties, such as high
yield strength and charge-induced reversible strain, which are
evidently superior to conventional particle or fibre-reinforced
composites [5, 6]. These properties make IPCs promising
candidates for potential application in a variety of fields, such as
wear-resisting materials, high-performance energy absorption,
ultrastrength materials and three-dimensional (3D) printing [7-11].

A number of theoretical and experimental efforts have been
directed towards investigating the overall mechanical behaviours
(e.g. elastic modulus, strength, fracture toughness and energy dissi-
pation) of IPCs [3, 4, 12-14]. For example, Wegner and Gibson
[14] experimentally examined the fracture toughness of two compo-
sites with interpenetrating phase morphologies and various volume
fractions. They observed that cracks follow a tortuous path, and
prefer to travel through the weaker phase as well as the interfaces.
Feng et al. 3, 4] proposed a micromechanics cell model, and calcu-
lated the effective elastic moduli and elastoplastic constitutive rela-
tions of IPCs. On the basis of several analytical models and
numerical approaches, Poniznik et al. [12] proposed the most ap-
propriate method to estimate the effective elastic properties of
metal-ceramic IPCs. Agarwal et al. [13] presented unit cell and
self-consistent models to investigate the elastic properties of
IPCs, and analysed these models by the element-free Galerkin
method. The macroscopic mechanical response of the composite
is sensitive to its interfacial properties. Previous research on the
interface effect of microcomposites has focused on how to
propose appropriate cohesive zone models (CZMs) to describe
the discrete fracture processes of the interface [15]. CZMs can be
used to simulate a wide range of fracture processes in a variety of
composite systems. Various functional forms of traction—separation
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equations and the related parameters for different CZMs have been
discussed. It is found that for a specific composite system, this
model relies on carefully designed and conducted experiments to
select a proper form and related parameters [16, 17].

Despite the progress towards an understanding of the mechanical
behaviours of IPCs, previous studies have mainly focused on the
microscale structure. However, when an IPC shrinks to the nano-
scale, the nanocomposite possesses a large number of interfaces.
The atomic-level mechanism remains unclear as to how the cohe-
sive properties (e.g. cohesive strength and cohesive energy) of
these interfaces affect the overall mechanical properties of IPCs
in the nanoscale. In this Letter, we perform molecular dynamics
(MD) simulations to study the overall mechanical behaviours of
IPCs with various cohesive properties of interface subjected to uni-
axial tension. Moreover, we propose a micromechanics model to in-
vestigate the relationship between the nanoscale properties of
interfaces and the macroscopic behaviours of nanocomposites. It
is demonstrated that the cohesive properties of the interface are crit-
ical in capturing the overall mechanical behaviours of IPCs.

2. Methods: In our study, we choose the aluminium-silicon
composite and the random bicontinuous network microstructure
as our model system. Aluminium-silicon composite is widely
used in many significant fields such as aerospace and aviation,
and it is an ideal candidate for studying the deformation feature
of nanocomposites [18, 19]. The random bicontinuous network
microstructure is the most common structure of IPCs. We
construct this structure by using the phase field method, which
can simulate the spinodal decomposition process of a binary fluid
mixture [20, 21]. During spinodal decomposition, the fluid
mixture, with its two components uniformly distributed at the
initial state, will decompose into two phases spontaneously. It has
been found that the morphology of spinodally decomposed binary
mixtures is similar to the morphology of IPCs [22]. The
evolution of the spinodal microstructure can be described by the
Cahn-Hilliard equation [23, 24]. After spinodal decomposition,
the two separated phases are replaced by single-crystalline
aluminium and silicon, respectively [25].

The initial configuration of the simulation model is shown in the
inset of Fig. 1. In the simulations, the volume ratio of aluminium
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Figure 1 Tensile deformation behaviours of the nanocomposites with cohe-
sive parameter A varying from I to 1 x 10*

Inset: Atomic configuration of an interpenetrating phase nanocomposite
sample

Al and Si atoms are painted in purple and light yellow colours, respectively

and silicon was set as 1:1. The representative volume element (RVE)
with a cuboid shape of 20 x 20 x 20 nm® in size was simulated by
using LAMMPS [26]. Periodic boundary conditions were imposed
in all three directions. After the initial construction, the conjugate gra-
dient method was used to obtain equilibrium configurations by mini-
mising the system energy. Then, a uniaxial tensile loading along the
y-direction was performed by stretching the simulation box. In each
loading step, the distances between atoms were increased at an engin-
eering strain of 0.1%, and then the configuration was relaxed for 1 ps
at a constant temperature of 300 K using a Nose-Hoover thermostat.
The time step was set at 1 fs. The atomic stresses were calculated
using the Virial theorem [27], and the macroscopic stress was
obtained by averaging all atomic stresses over the last 50 time
steps of the relaxation period at each loading step.

The interactions between Si atoms were simulated using the
Tersoff three-body potential [28]. An empirical embedded-atoms
method (EAM) potential developed by Zope and Mishin [29] was
used to describe the interaction between Al atoms, which is cali-
brated according to the ab-initio values of twin and stacking fault
formation energies. Actually, the atom interactions in the interface
zone are complicated, because the organic binding agents are often
used between two composed phases in composites [30]. The cohe-
sive strength and cohesive energy of the interface could be affected
through changing the amount, content and concentration of binding
agents.

There are many potentials used to describe the interactions
between Al and Si atoms. The modified embedded atom method
(MEAM) potential is an attractive choice to model Al-Si composite
[31]. This potential is improved based on the EAM potential, and
can be obtained by fitting to some physical properties such as
bulk modulus, lattice parameter and cohesive energy, which are
computed by a local density approximation (LDA) method [32].
The MEAM potential allows for the crystal orientation dependence
of the silicon bonding and includes second nearest-neighbour
(2NN) effects for aluminium [33]. However, the MEAM potential
has a cutoff mechanism in its many-body angular screening func-
tion, which makes this simulation potential computationally
expensive. To incorporate the angular dependence with a unified
functional form, an angular-dependent embedded atom method
(A-EAM) potential for mixed metal-covalent systems has been
developed [34, 35]. This potential is formulated by combining the
EAM potential for aluminium with the Stillinger-Weber (SW) po-
tential for silicon. By taking advantage of both EAM and SW
potentials, the A-EAM potential can provide an accurate and effi-
cient description of the mechanical properties of the metal-covalent
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composite. In addition, the Lennard-Jones (LJ) potential is also gen-
erally applied to describe the interaction for mixed metal-covalent
systems in MD simulation since it can be easier to implement [36—
38]. In this Letter, we mainly consider the influence of relative
interface cohesion. So a compromise is taken to choose the LJ
force field. Despite this potential being not the most precise, it
allows for extracting the physics of the problem. For the LJ potential,
the energy between two atoms is Uy () = 4€[(0/r)'* — (o/r)°], where
¢ is the depth of the potential well, r is the distance between two
atoms and o is the distance at which the potential is zero [37]. For
interactions between Al-Si atoms without the binding agents,
Peng et al. [36] obtained the parameters £y =0.0262 meV and oy
=3.223 A using the Lorentz and Berthelot mixing rules. The poten-
tial well depth ¢, to some extent reflects the cohesive properties of
the interface. To investigate the dependence of the overall mechan-
ical properties of the constructed IPC on the cohesive properties of
the interface, a series of MD simulations were performed. In the
simulations, all samples had the same o= o, but different potential
well depth values € = A&y, where A is defined as the cohesive param-
eter. The cohesive strength and cohesive energy are proportional to
the cohesive parameter [39, 40]. A large value of 4 means relative
higher cohesive strength and cohesive energy.

3. Results and discussion

3.1. Stress—strain curves: Fig. 1 shows the typical tensile stress—
strain curves for the IPC with various cohesive parameters. All
the samples show a nearly linear stress—strain response at the
initial deformation stage. Then, as the strain increases, the
stresses further increase with a nonlinear plastic relationship. This
plastic behaviour of the IPC is attributed to the dislocation slip,
and stacking faults accumulate in Al [41]. In this Letter, the
maximum stress value is defined as the overall ultimate tensile
strength o,. Beyond this maximum, the stress—strain curves
exhibit a negative slope, meaning that failure of the IPC occurs.

The Young’s modulus £ and the ultimate strength o, of a given
IPC sample are measured from the stress—strain curves and plotted
in Fig. 2. As shown in Fig. 24, the capacity of elastic deformation of
the IPC is significantly enhanced with the increase of the cohesive
parameter A when A<A.=4x10°. For example, the Young’s
modulus E increases by 125.6%, from 36.3 to 81.9 GPa, as 1
changes from 1 to A.. However, the Young’s modulus displays
slight change if A is larger than A.. Fig. 25 illustrates the dependence
of the ultimate strength o, of the nanocomposite on A. In the case of
A<1x10% o, remains nearly a constant (1.6 GPa), and shows
slight dependence on A. As A increases from 1x 10° to 4 x 10,
o, shows a pronounced increase from 2.3 to 5.9 GPa, corresponding
to a relative change of about 156.5%. As the cohesive parameter A
further increases, the overall ultimate strength decreases, indicating
that there is an optimal cohesive parameter 1, =4 x 10> at which the
composite possesses the maximum ultimate strength.

In our simulation, the average characteristic size of aluminium/
silicon nanocomposite was ~10nm. The effective Young’s
modulus of the nanocomposite ranges from 36.3 to 81.9 GPa, and
the strength ranges from 1.6 to 5.9 GPa. The mechanical properties
of aluminium/silicon in the microscale have been measured by four-
point flexural strength tests [42—44]. For the aluminium/silicon
microcomposites with a characteristic size of ~10 um and with dif-
ferent silicon volume fractions, the effective Young’s modulus
ranges from 1.74 to 3.22 GPa, and the average strength ranges
from 116.7 to 170.2 MPa. Both the Young’s modulus and the
strength of the nanocomposites are an order of magnitude higher
than those of microcomposites, indicating that the nanocomposites
are much stronger. The mechanical properties of nanocomposites
differ from the conventional microcomposite materials because of
the superhigh interface-to-volume ratio.

3.2. Failure mechanisms: To reveal the physical mechanisms

underlying the observed deformation behaviours, the
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Figure 2 Mechanical properties of IPC

a Effective Young’s modulus of IPC against A, with a comparison between
the MD simulation and micromechanics methods

b Relationship between the ultimate strength o, and the cohesive parameter
A of IPC

Points A, B, C and D correspondingtoA=1,1=4 x 10°,A=7% 10’ and 1=
1 x 10%, respectively

Inset: Enlarged view of the 6, ~ A curves at higher values of 1

microstructural evolution during deformation was investigated.
Fig. 3 presents a sequence of snapshots of four typical IPCs with
different values of 1. Al and Si atoms are painted in purple and
light yellow colours, respectively.

When 4 is smaller (e.g. A=1), the microstructural evolution of
the nanocomposite is as shown in Figs. 3a—d. It is observed that
the initiation of damage is in the form of nanosized voids, which
are nucleated at the interfaces of two phases (Fig. 3b). Growth
and coalescence of these nanovoids result in the formation of micro-
cracks (Fig. 3¢). Then, the microcracks propagate along the inter-
faces, leading to the final rupture of the nanocomposite (Fig. 3d).
In the case of =4 x 10°, the initial damage of the nanocomposite
is similar to the case of 1 =1. However, after the nanovoids and
microcracks nucleated on the Al/Si interfaces (Fig. 3e), they propa-
gate in the Al phase (Figs. 3f~h) rather than along the interfaces
(Figs. 3b—d). The high cohesive energy of the interface is respons-
ible for this discrepancy. In contrast to the above cases, the com-
posite that has a high cohesive parameter (e.g. A=7 x 10%) does
not exhibit any damage on the interface. The microstructural evolu-
tion of this sample under tension is shown in Figs. 3i—/. It is noticed
that both the nanovoids nucleation and microcracks propagation are
mainly located in the Al phase. The underlying deformation
mechanisms of the nanocomposite with the highest cohesive param-
eter 2=1x 10* (Figs. 3m—p) is similar to the case of 1=7 x 10°.
However, there is a greater quantity of nanovoids initiated in the
Al phase, indicating that the Al phase is much more easily
damaged than that in the case of A=1x 10*. It should be noted
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Figure 3 Evolution of microstructures in IPC samples with different cohe-
sive parameters
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Loading direction is along the y-axis

that there is a lattice mismatch between Al and Si, which can
induce misfit dislocation at the interface. The misfit dislocation
network at highly mismatched interfaces usually acts as lattice dis-
location nucleation sources, and may reduce the strength and stiff-
ness of the nanocomposite [33, 45].

3.3. Unit cell model: To theoretically investigate the effective
elastic modulus of the IPC, Tuchinskii [46] and Feng er al. [4]
proposed cubic unit cells in two different ways based on the
iso-strain and iso-stress assumption, respectively. In their models,
the interface is treated as a layer of zero thickness, which ideally
adheres to the two phases. However, with this simplification of
the interface, the previous models did not consider the interface
effect. Therefore, to better understand the simulation results, we
propose a modified unit cell model, as shown in Fig. 4. Both the
Al (purple in Fig. 4a) and Si (transparent in Fig. 4a) phases are
present in the unit cell as three mutually orthogonal branches
with rectangular cross-sections. The interface perpendicular to the
loading direction (parallel to the x—z plane) is considered as a
third deformable phase, which is individually represented in
yellow colour. The interface parallel to the loading direction
(parallel to the x—y plane or the y—z plane) is still modelled as a
zero-thickness layer, which makes the adhered two phases obey
the iso-strain assumption.

The effective Young’s modulus of such a cubic unit cell can be
analytically estimated by a parallel-series decomposition method
[3]. First, the unit cell is divided into 2 x 2 sub-cells, as illustrated
in Fig. 4b. Using the iso-stress assumption, the effective modulus
of each sub-cell is calculated. Secondly, the overall modulus can
be determined through the sub-cells using the iso-strain assumption.
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On the basis of this method, the effective modulus is given by [4]

%

-1
E=Y 3 > V| 2V (1)
i k Eijk k k

where (i, j, k) denotes the serial number of a sub-cell in the three
directions, Vj; and E are the volume and Young’s modulus of
the (7, j, k) sub-cell, respectively. In our cases, we use a simple geo-
metrical relationship ay =b;=a,a,=b,=1—aandc;=c,=c=(1

— t)/2. Then the effective Young’s modulus E is derived from (1) as

—1
c c t
E =d*E, + (1 — a)’E, + 2a(1 — a)(E— +fs + E) )

a
where E,, Es and E, are the Young’s moduli of Al, Si and the inter-
face phase, respectively. It is noted that for a conventional micro-
scale IPC, the thickness of the interface phase #— 0 can be
negligible, and (2) reduces to the classical relationship given by
Feng et al. [4] and Tuchinskii [46].

The Young’s modulus of interface phase E, is related to the
parameter A. Using a continuum model, the interface can be regarded
as two parallel planes with a distance / between the two phases. The
atoms on the parallel planes are homogenised and represented by an
average area density p, and the interaction between the two phases is
described by the LJ potential. The cohesive energy per unit area of
this interface is denoted as ¢ = 4mp’Ayof(oh™'0/5 — h™*/2)
[47]. For this system, the Young’s modulus in the direction perpen-
dicular to planes can be estimated as

3(d¢p/0h)
=————oA 3
Y @
From (2) and (3), the dependence of Young’s modulus £ on the
cohesive parameter A is derived as

D -1
E:D1+D2<1+73> 4)

where Dy, D, and D; are the material constants to be determined by
experiments or theoretical calculations. Fitting our simulation
results by (4) leads to D;=35.1 GPa, D,=55.4 GPa and D;=
957.4. The cohesive parameter influences the stiffness of the inter-
face zone, and in turn changes the effective Young’s modulus of the
IPC. When A is equal to zero, the overall Young’s modulus of the
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IPC is E=D;. As A increases, E approaches to a constant value
E=D+ D,, as shown in Fig. 2a.

The ultimate strength is also affected by the parameter A. In the
case of A <A, the failure of the nanocomposite is mainly attributed
to the damage of the interface. With the increase of A, more energy
is required to segregate the interfaces during failure, which results in
a higher ultimate strength. After A exceeds a critical value A, the
dominant failure mechanism varies from the damage of the inter-
face to the failure of the weak phase. Using the model in Fig. 4
with an iso-stress assumption, the strain of Al phase &, in an Al-
Si sub-cell is

t E, tE\"'
e, = (2+C)<1 +ES+CE1> Ea )
where &gy, is the applied strain of the sub-cell. The variations of o,
with respect to A can be understood as follows. As A increases, the
Young’s modulus of the interface phase E, increases. For IPC
samples with different values of E; under the same applied strain
Esub, higher E|; means larger g, indicating that the Al phase in the
sample with a higher cohesive strength is much more easily
damaged.

4. Conclusion: In summary, the tensile deformation behaviours
and interfacial effects of interpenetrating phase nanocomposites
have been investigated using MD simulations. It is found that as
the cohesive energy and cohesive strength of the interface
increases, the failure mechanisms of IPCs is varied from the
damage of the interface to the failure of the weak phase. The
competition of these two mechanisms leads to an optimal
cohesive parameter at which the composite has the maximum
ultimate strength. A unit cell model is developed to theoretically
estimate the nonlinear dependence of the overall Young’s
modulus on its cohesive parameter. The interface effect on the
ultimate strength of nanocomposites is also examined by this
model, and we found that the weak phase is much more easily
damaged in the nanocomposite which has a higher cohesive
energy interface. This study is helpful not only for understanding
the physical properties of nanocomposites but also for providing
a practical guide for their application.
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