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Abstract
In this study, a coarse-grained model is developed to describe the interatomic
interactions between a cross-linked epoxy and a copper substrate. Based on
this model, the tensile deformation and failure of an epoxy/Cu bimaterial is
studied. Attention is given to the microstructural evolution near the epoxy/Cu
interface, and its effects on the overall stress–strain behavior of the bimaterial.
It is found that, under uniaxial strain, plastic deformation in the epoxy/Cu
bimaterial is localized to a thin layer of epoxy next to the epoxy/Cu interface.
This discovery enables the definition of an interfacial zone. Consequently, a
cohesive zone model at the continuum level could potentially be constructed
where the separation of the interface is given by the stretching of the interfacial
zone computed from the coarse grain simulations.

Keywords: epoxy molding compound, interface, coarse-grain, molecular
dynamics simulation

(Some figures may appear in colour only in the online journal)

1. Introduction

Polymer/metal interfaces are ubiquitous in engineering applications. In microelectronics,
in particular, epoxy/Cu interfaces are prevalent. However, experimental measurements of
interfacial strength or fracture toughness [1–3] are extremely time-consuming and expensive.
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The ability to predict the interfacial strength of such interfaces has been a long-desired goal.
Recent advances in atomistic level simulations and computing power have enabled significant
progress toward such predictive capabilities. For example, molecular statics (e.g., energy
minimization), molecular dynamics (MD) and Monte Carlo simulations have been used in
recent years to study the mechanical behavior of polymer/metal interfaces [4–6]. In addition
to simulating the deformation and failure, these simulation techniques also capture: (1) the
deformation-driven microstructural evolution near the interface and (2) how such evolution
affects the overall mechanical behavior of the polymer/metal bimaterial.

In our previous works [6, 7], we reported full atomic MD studies of tensile strength and
deformation/failure mechanisms in an epoxy/Cu bimaterial. Based on the polymer consistent
force field (PCFF) [8, 9], our MD simulations investigated the effects of strain rate, temperature,
cross-link density and epoxy monomer functionality. Such full atomic MD simulations provide
useful insights regarding the atomistic interactions near the epoxy/Cu interface. However, we
also found that the material volume that can be simulated by the full atomic MD is rather small.
The behavior of such a small material volume may not be representative of the macroscopic
behavior of the epoxy/Cu interface. More importantly, the PCFF used in the full atomic MD
is not capable of describing the failure of atomic bonds in the epoxy, which severely limits its
ability to simulate material failure.

In order to simulate the behavior of a larger material volume, coarse-graining approaches
have been developed. In such coarse-grained (CG) models, atoms are lumped into groups.
Each group is called a bead. Once the interaction among the beads is described by a potential
function, the beads can be treated as ‘super atoms’ and MD simulations can be conducted
for the ensemble of the beads. One advantage of such course-grained molecular dynamics
(CGMD) simulations is the reduced the number of degrees of freedom, which enables the
simulation of a larger material volume. The other advantage is the larger mass of the beads,
which increases the integration time step in simulating a physical process.

The CGMD simulations have been extensively applied to polymeric materials to predict
material properties and to study physical processes. Methodologies of coarse-graining and
multi-scale modeling in polymer science have been comprehensively reviewed in several
review articles [10–12]. There are several approaches to developing and parametrizing the
inter-bead potentials suitable for CGMD simulations. One of these methods is the Boltzmann
inversion [13–16] or inverse Monte Carlo technique [17] which starts from potential mean force
and iteratively adjusts parameters to match distribution functions. Another approach is the
force matching method which aims to minimize the difference between the CG and full atomic
data on inter-bead forces [18]. A third approach is to use prescribed potential formulations
and determine the parameters by fitting material properties of interests to experimental or full
atomic data [19–21]. This approach was used in our earlier works [22, 23] to develop a CG
model for the same cross-linked epoxy considered in this study. This CG model is able to
predict material properties and property–structure correlations as predicted by full atomic MD
simulations.

Most of the exiting CGMD simulations are for bulk materials. For polymer/metal
interfaces, there is the additional challenge of coarse-graining the interfacial interactions
between the polymer atoms and the metal substrate. There has been little work done in
this regard. Site et al [24] studied the adsorption of bisphenol-A-polycarbonate (BPA-PC)
on the surface of nickel (Ni) (1 1 1) using CGMD simulations. The BPA-PC versus Ni
interaction in their CG model is described by a planar Lennard-Jones 10–4 potential, in which
the parameters are obtained from quantum mechanical calculations. This CG model was later
further developed to account for chain-end orientations on the adsorption [25]. In another work,
Farah et al [26] used a planar Lennard-Jones potential, with a 9–3 functional form to calculate
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the interactions between CG beads and the planar surface. However, this work is a parametric
study on the effect of tuning the potential well depth. The potential was not parametrized
rigorously. Wong et al [5] studied the interaction energy and equilibrium distance between
an epoxy molding compound and the copper substrate. The work most relevant to the current
investigation is that of Iwamoto [27–29], in which the author established a meso-scale model
for an epoxy/Cu2O interface. The Cu2O substrate is CG in such a way that a 2 × 2 super cell
is used as a bead.

The objective of this study is to understand the deformation behavior and failure
mechanisms of epoxy/Cu interface by using CGMD simulations. Because of the lack of mature
coarse-grained models for epoxy/Cu interfaces in the literature, first we need to develop an
appropriate coarse-grained potential to describe the interaction between the epoxy and Cu
atoms at their interface. This is discussed in section 2. In section 3, the procedure for carrying
out the CGMD simulations of uniaxial strain deformation is discussed. Section 4 presents
the simulation results and discussions. Specifically, section 4.1 presents the microstructure
features near the epoxy/Cu interface. Section 4.2 presents the uniaxial stress–strain curves, and
discovery of the interfacial zone over which much of the plastic deformation occurs, which
enables the construction of the traction versus separation law for the cohesive zone model
used in continuum mechanics. The effects of strain rate, temperature and conversion rate are
discussed in sections 4.3 and 4.4, respectively. Finally, some concluding remarks are presented
in section 5.

2. CG model development

2.1. CG force-field for bulk epoxy

The epoxy molding compound of our interest is an EPN–BPA system, composed of epoxy
phenol novolac (EPN) as the epoxy monomer and bisphenol-A (BPA) as the cross-linking
agent. Molecular structures of the monomers and the curing reaction mechanisms were
discussed in [6, 7]. A CG model of this EPN–BPA system was developed in [22], which
will be used in this study. For completeness, the model is briefly outlined below.

The constitutive monomers (3mer and 4mer of EPN and BPA) are represented as short
chains of connected beads with identical mass M , Lennard-Jones potential-well depth ε and
diameter σ . Beads interact with each other through the Lennard-Jones 12–6 potential, a
harmonic angle bending potential and a quartic bond stretching potential that allows smooth
bond breakage. These potentials are listed below,

ULJ(r) = 4ε

[(σ

r

)12
−

(σ

r

)6
]

, (1)

Ub(r) = U0 + k4(r − rc)
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+ 4ε
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(σ
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+
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]
H(21/6σ − r)H(rc − r), (2)

U(i)
a (θ) = k

(i)
θ (θ − θ

(i)
0 )2, i = 1, 2, 3. (3)

The optimized parameters in the above potentials were obtained in [22] and are listed in table 1.

2.2. CG model for metal substrate

To develop a CG model for the epoxy/Cu interface, the first task is to group Cu atoms into
beads. The concept here is to use a virtual face-centered cubic crystalline structure, with an
appropriate lattice constant to represent the CG Cu substrate. The lattice constant should not be
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Table 1. Optimized parameters in the CG potentials.

M (g mol−1) ε (kcal mol−1) σ (Å) k4 (kcal mol−1 Å−4) rc (Å) b1 (Å) b2 (Å)

55.565 1.519 4.383 5.901 5.887 −3.326 0.0

U0 (kcal mol−1) k
(1)
θ (kcal mol−1 rad−2) k

(2)
θ k

(3)
θ θ

(1)

0 (◦) θ
(2)

0 θ
(3)

0

102.082 2.395 2.899 0.613 100 180 180

too small, otherwise the advantage of reducing the number of particles through coarse-graining
is lost; the lattice constant also should not be too large to prevent polymers from penetrating
into the substrate, which is unphysical based on observations obtained from a previous full
atomic study [30]. In the investigation by Stevens [31], the nearest-neighbor distance between
the FCC substrate beads is chosen to be 1.204σ , where σ is the Lennard-Jones diameter of
the epoxy beads. This choice is adopted here, which corresponds to a lattice constant of
1.204

√
2σ = 7.463 Å.

In addition, to describe the interactions between the Cu beads, we link each Cu bead to its
nearest neighbors on the face-centered cubic lattice site using a spring with a spring constant
of 1000ε/σ 2 = 79.04 kcal−1 mol Å−2). This is done to maintain the crystalline structure of
the substrate during the MD simulations.

2.3. Metadynamics

Next, we construct our CG bimaterial potential based on the free energy surface of the
epoxy/Cu system from an attached state to a detached state. This free energy surface will be
computationally obtained by using a metadynamics method [32, 33]. The fundamental concept
of the metadynamics method is to fill the system free energy well with a series of Gaussian
potentials and to track the filled Gaussian to reconstruct the free energy landscape [4]. The
definition of the Gaussian potential depends on the selection of a set of collective variables
that are suitable for describing the physical process of interest. Let si , i = 1, 2, . . . , d be d

number of collective variables. Then the Gaussian potential applied on the system at time t

can be written as,

V (s, t) = ω
∑

t ′ = τG, 2τG, · · ·
t ′ < t

exp

(
−

d∑
i=1

[si(r) − si(r(t ′))]2

2δ2
i

)
, (4)

where s is a measure of the distance between the epoxy and the Cu substrate, δi is the Gaussian
width of the ith collective variable and ω and τG are the Gaussian height and the frequency at
which the Gaussian potential is added, respectively. Once the Gaussian potential is added to
the system, forces due to this potential will be exerted onto micro-coordinates such as atom or
bead positions. For example, let rj be the system’s j th degree of freedom (j � 3N ; N is the
number of atoms or beads), then the force on this degree of freedom is

− ∂V (s, t)

∂rj

= −
d∑

i=1

∂V (s, t)

∂si

∂si(r)

∂rj

. (5)

This method was applied in [4] to study the intrinsic strength between epoxy and silica.
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Figure 1. (a) Full atomic and (b) CG models of the representative molecule attached to
the Cu substrate.

2.4. CG force-field for epoxy/Cu interaction

In the current investigation, a 3mer-EPN, a 4mer-EPN and a BPA monomer are linked to
form a ‘representative’ molecule of the cross-linked epoxy. The representative molecule is
attached to the Cu substrate as shown in figure 1(a). The Cu substrate has a surface area of
39.4×38.7 Å2 and is periodic along both of the in-plane directions. It contains six layers (1 1 1)
of atomic planes. The PCFF is used to describe the full atomic epoxy system. Between the
epoxy molecules and the Cu substrate, the Lennard-Jones (9–6) potential and the sixth-power
mixing rule are applied to calculate the van der Waals forces [6]. After the model geometry and
force-field parameters are defined, the model is equilibrated using the NVT MD simulation at
300 K using the LAMMPS code [34].

To implement the metadynamics in MD simulations, the collective variable is chosen to
be the distance s between the center of mass of the representative molecule and the surface
of the Cu substrate. During our MD simulations, a Gaussian potential is added to the system
periodically. Each time a Gaussian potential is added to the system, it adds forces to the
system. Consequently, the distance s varies with increasing number of Gaussian potentials,
but not necessarily monotonically. In other words, there is not a one-to-one correspondence
between s and the number of Gaussian potentials. In fact, each value of s may be associated
with many potentials depending on the total number of potentials added to the system. At
a given time (i.e., after a certain number of Gaussian potentials are added to the system),
metadynamics calculations can then identify which potentials are associated with a given
distance s. Summation of these potentials gives the free energy associated with s at that
particular time. One may then plot the free energy versus s curve for any given time. As
time increases (i.e., as more potentials are added to the system), the free energy versus s

curves eventually converge to a single one, which is called the free energy surface of the
epoxy/Cu system. In this work, the software package PLUMED [35] is used to conduct the
metadynamics calculations. During the NVT MD simulations at 300 K, a Gaussian potential
of height ω = 0.005 and width δ = 0.35 is added at every 100 time steps. These choices
of parameters were also used in [4] and found to be a good balance between accuracy and
computational efficiency. Figure 2 shows the results of the metadynamics calculations. The
convergence of the free energy surface is achieved at around 64 ns. With further calculation,
the free energy surface will be the same. From the converged free energy surface (the blue
curve in figure 2) the energy barrier between the attached and detached states is found to

5



Modelling Simul. Mater. Sci. Eng. 22 (2014) 065011 S Yang and J Qu

Figure 2. Free energy surface for the full atomic model obtained from the metadynamics
calculations. Distance is from the center-of-mass of the epoxy molecule to the Cu
substrate.

be approximately 262 kcal mol−1 and the equilibrium distance between the epoxy molecule’s
center of mass and the copper substrate surface is ∼3.68 Å.

In order to derive the CG model for the epoxy/Cu bimaterial, the Lennard-Jones 12–6
potential is used to describe the interactions between epoxy beads and the substrate beads. Let
εew and σew be the two parameters of the Lennard-Jones potential function so that,

Uew = 4εew

[(σew

r

)12
−

(σew

r

)6
]

. (6)

The task is then to determine the two parameters, εew and σew. To this end, we first construct
the CG model for the full atomic model of the epoxy molecule and Cu substrate system shown
in figure 1(a). The corresponding CG model is shown in figure 1(b). Next, we compute the
free energy surface of the CG epoxy molecule and Cu substrate system by using the same steps
used to compute the free energy surface of the full atomic epoxy and Cu substrate system; see
figure 2. The free energy surface so computed will depend on the values of εew and σew used.
We postulate that if the free energy surface of the CG model matches that of the full atomic
model, the corresponding values of εew and σew will be the optimal values for the potential
given in (6).

Figure 3 plots the free energy surfaces using the CG bimaterial model with different
Lennard-Jones potential parameters. A clear trend is the increase of the energy barrier from
the attached to the detached states with respect to the potential depth εew. The equilibrium
distance between the mass center of the epoxy molecule and the substrate surface remains
almost unchanged with changing εew. Trial-and-error calculations show that the free energy
surface becomes very close to that obtained from the full atomic model when σew = σ and
εew = 3ε, where σ and ε are the Lennard-Jones parameters for the CG epoxy; see (1) and
table 1. Thus, this set of parameters will be used for the CGMD simulations of the epoxy/Cu
bimaterial at the CG level.
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Figure 3. Free energy surfaces of the CG model computed using different CG Lennard-
Jones parameters, compared to the free energy surface of the corresponding full atomic
model. Distance is from the center-of-mass of the epoxy molecule to the Cu substrate.

3. CG study of tensile deformation of bimaterial

3.1. Equilibration

Having the CG models for the bulk epoxy and the epoxy/Cu interface, we are ready to study
the mechanical property and behavior of epoxy/Cu bimaterial at a length scale that is typically
inaccessible by full atomic simulations. The CG epxoy/Cu bimaterial model consists of a
rectangular block for the epoxy siting on a Cu substrate containing four (1 1 1) atomic planes.
Periodic boundary conditions are used on all the lateral surfaces. To build the simulation cell,
beads representing epoxy and hardener monomers are randomly seeded inside the rectangular
block. The stoichiometry ratio of 2 : 3 : 9 is used for the numbers of 3mer-EPN, 4mer-EPN
and BPA. The model has a total of 7964 588 beads, corresponding to a physical volume of
∼89 × 89 × 79 nm3 (at 300 K).

3.2. Cross-linking

After the beads are randomly seeded, the system is cross-linked at 500 K using a time step of
5 fs, during which the top surface of the epoxy block and the bottom surface of the Cu substrate
are kept traction free. As was described in [22], each epoxy monomer (EPN), depending on
functionality, has either three or four reactive beads, and each hardener monomer (BPA) has
two reactive beads. The chain length of the EPN monomer is either five or six, depending on the
functionality, and the chain length of the BPA monomer is three. In the dynamic cross-linking
process, we specify that if an EPN reactive bead is within a 5.7 Å radius of a BPA reactive
bead, there is a chance of 1% that this EPN bead will form a bond with the BPA. For every
10 MD steps, the system is checked for potential bond formations. In this way, it typically
takes 400 000 ∼ 500 000 MD steps to reach 90% conversion. Due to the periodic boundary
condition in the lateral surfaces, the epoxy/Cu biamterial so constructed actually represents an
infinite layer of epoxy attached to a Cu substrate. We note that the epoxy layer interacts with
the Cu substrate via the Lennard-Jones potential given by equation (6).
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Figure 4. Zoomed-in view of the interfacial zone. Gray and red beads are the EPN and
BPA beads, respectively. Yellow beads are the Cu beads.

3.3. Simulation of tensile deformation

The tensile deformation of the bimaterial is simulated by prescribing a downward rigid-body
velocity to the Cu substrate while fixing the very top layer (∼1 nm thick) of the epoxy block.
The prescribed downward velocity corresponds to a strain rate of 108 s−1 in the epoxy block.
The temperature is kept constant at 300 K using the Langevin thermostat [36] with the equation
of motion being formulated as:

mr̈i = fi − m�ṙi + Wi (t), (7)

where � is the damping constant and Wi is a random noise term. They satisfy the relation [37]〈
Wi (t)Wj

(
t ′
)〉 = 6kBT m�δij δ

(
t − t ′

)
, (8)

where kB is the Boltzmann, T is the absolute temperature, m is the mass of the beads, δij is
the Kronecker delta, and δ(t) is the Dirac delta function. The last two terms on the right-hand
side of (7) couple the system to a heat bath which maintains a constant temperature. We found
that using the Langevin thermostat is critical in keeping the system at a constant and uniform
temperature.

4. Results and discussions

4.1. Epoxy microstructure near the interface

The microstructure of the epoxy molding compound near the substrate surface is of great
interest. Geometric and energetic constraints may cause structural inhomogeneity in the
epoxy near the interface. Upon full equilibration at room temperature, the near-interface
microstructure of the epoxy is analyzed. Figure 4 shows a zoomed-in view of the interfacial
zone. To clearly demonstrate the microstructural features, the epoxy and BPA beads are not
drawn to scale. A clear feature is that the epoxy beads tend to be densely packed into a few
distinctive bands. The further away from the interface the bands are, the less distinctive the
band structure becomes. Such a structural feature is due to the rather planar geometry of the
substrate surface, and the Lennard-Jones interactions between epoxy and substrate beads. Ab
initio calculations [24] have shown that the benzene rings have a strong adsorption to metal

8



Modelling Simul. Mater. Sci. Eng. 22 (2014) 065011 S Yang and J Qu

Figure 5. (a) Mass density versus z. (b) Projection onto the z-axis of the end-to-end
distance of network strands 〈zE−E〉 versus z-axis. The dashed lines represent the bulk
values.

surfaces and prefer to align themselves in parallel with the Cu surface. In our previous full
atomic studies of the same epoxy/Cu bimaterial [30], densely packed benzene rings were also
observed near the interface. These existing ab initio and full atomic studies confirm that our
CG model for the epoxy/Cu bimaterial is able to capture the structural characteristics of the
epoxy/Cu interface at the atomistic level. More importantly, our CG model is able to capture
the entire interfacial zone containing the heterogeneities.

To quantify the interfacial structural inhomogeneity observed in figure 4, and to determine
how far it extends into the bulk epoxy, we studied the variation of some physical properties of
the epoxy with respect to the z (normal direction) coordinate. In figure 5(a), we plot the mass
density of the epoxy along the z-direction, where z = 0 is the interface, and z = 80 nm is at
the top of the epoxy block. It clearly shows an oscillatory behavior within the range of about
2 nm from the interface, beyond which the mass density retains its bulk value, ∼1.18 g cm−3.
The oscillatory behavior of the density distribution agrees with the structural feature shown in
figure 4, i.e. a few distinctive layers of densely packed epoxy beads near the interface. Another
quantity of interest is the projection on the z-axis of the average end-to-end distance of polymer
network strands, 〈zE−E〉, which is plotted in figure 5(b) as function of the z coordinate. We
note that 〈zE−E〉 indicates how ‘flat’ a polymer strand is. If a strand is aligned parallel to the
interface, then its two ends should be roughly on a plane parallel to the interface. Thus, its
projection onto the z-axis, 〈zE−E〉 should be almost zero. If a strand is not flat, 〈zE−E〉 should
be representative of the size of the strand. Figure 5(b) shows the 〈zE−E〉 versus z curve. It
is seen that the strands near the interface are almost flat, and the flatness rapidly disappears
away from the interface. Beyond about 2 nm, the strands recover their bulk configuration. The
results shown in figures 5(a) and (b) are consistent in that they indicate the same range of
structural inhomogeneity near the interface.

4.2. Stress–strain curve and deformation behavior

By using the tensile simulation described in section 3, the stress–strain curve is obtained and
shown in figure 6 for a strain rate of 108 s−1. The stress–strain behavior shows an elastic
response until the stress reaches a yield strength of ∼260 MPa at a strain of ∼5.4%. Beyond
that, the bimaterial experiences a drastic relaxation of stress down to ∼125 MPa, which is due to
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Figure 6. Stress–strain curves for the tensile simulation of epoxy/Cu bimaterial.

the nucleation of cavities [22]. Such cavitation is caused by the tri-axial stress state with a strong
dilatational component. The tri-axial stress state is a consequence of the periodic boundary
conditions prescribed in the lateral direction. In most practical applications, adhesives are
indeed under such tri-axial state of stress due to constraints from the adherends. At about 25%
strain, the stress decreases drastically, leading to the final interfacial failure.

In figure 7, several snapshots of the deformed configuration are shown. It is seen that at
15% strain, cavities start to nucleate in the epoxy near the interface because of the relatively
weaker force-field between the epoxy and the Cu substrate. The cavitation is also accompanied
by extension of the polymer network strands from their coiled states to taut conformations.
Although not shown here, networks of polymer strands holding the inner wall of the cavities
are observed inside the cavities [22].

After yielding and stress relaxation, a weak strain hardening takes place that extends to
about 25% strain. This behavior is accompanied by expansion of the cavities. The second
snapshot of figure 7 shows both longitudinally and laterally enlarged voids compared to the
first snapshot. At the meantime, polymer strands are continuously transformed from their
closed-packed to linear configurations. Upon reaching ultimate failure at a strain of 25%, the
epoxy within the interfacial zone is fully stretched. The strong covalent bonds between the
polymer beads prevent further deformation within the epoxy. Therefore, the polymer strands
are pulled off from the Cu substrate as shown in the snapshot at 30% strain in figure 7. Such
debonding eventually leads to a rather clean interfacial separation between the epoxy and the
substrate as shown in the snapshot at 40% in figure 7.

To investigate the deformation, the displacement profile within the epoxy is plotted in
figure 8(a) under three strain levels. The z-axis (horizontal) in figure 8(a) is the Lagrangian
coordinate in that it indicates the location of the material particle in the undeformed state. For
example, according to figure 8(a), the displacement at is about 4 nm under 5% of strain, while
the displacement at z = 80 is zero. This means that the epoxy beads at the epoxy/Cu interface
(z = 0) before the deformation have been displaced by 4 nm (downward) when the overall
strain of the bimaterial is at 5%, while the epoxy beads originally located at the top of the
epoxy block (z = 80 nm) remain fixed when the overall strain is 5%.
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Figure 7. Snapshots of the deformation process for the 90% cross-linked epoxy/Cu
bimaterial under tension at a strain rate of 108 s−1.

Several interesting observations can be made from figure 8(a). First, the displacement
profile before yielding (strain �5%) is nearly linear, which means that the strain (slope of the
displacement profile) of the epoxy is nearly a constant. Second, after yielding, the deformation
in the epoxy is highly localized to a thin (∼10 nm) zone next to the interface. Calculated from
the slope of curves in figure 8(a), the average strain inside the interfacial zone is approximately
115% when the overall strain is 15%, and approximately 185% when the overall strain is 25%.
Outside this interfacial zone, the strain in the epoxy remains at about 2% everywhere at both
15% and 25% strain levels. In fact, although not shown, once yielding occurs, the strain outside
the interfacial zone remains at ∼2%, irrespective of the overall strain level. This suggests that
the increased overall strain after yielding is all caused by deformation of epoxy within the
interfacial zone. Finally, upon yielding, the average strain outside the epoxy drops from ∼5%
to ∼2%. This is caused by the cavitation-induced softening of the epoxy inside the interfacial
zone, which causes yielding and stress relaxation of the epoxy inside the interfacial zone.

The localization of deformation has been uncovered by MD/continuum simulations [38]
and experiments [39] for nano-particle reinforced polymer composites. In [39], strain
concentration reaches over 200% between nano-particle fillers while the overall strain is only
15%. Regarding the thickness of the interfacial zone, in [40], the thickness of the interphase
between a polymer and a nano-particle is estimated to be 6–7 nm from the measurement of
polymer chain dynamics, which is similar to our value.

We note that in our previous full atomic studies [6] on the same epoxy/Cu bimaterial, such
highly localized deformation was not observed. The reason for this is that the material volume
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Figure 8. (a) Displacement as a function of distance to the substrate along the
normal direction for the 90% cross-linked epoxy/Cu bimaterial under three overall strain
levels. (b) The extracted traction–separation relationship based on the definition of the
interfacial zone.

used in the full atomic investigation is less than the size of the interfacial zone, and thus unable
to capture the localized deformation. This demonstrates the necessity of accessing the correct
length scale to fully understand the mechanical behavior of polymeric materials.

Further, figure 8(a) also indicates that the thickness of the interfacial zone increases with
increasing applied load. In figure 8(a), the displacement for the epoxy beads at the top of the
interfacial zone (z = 10 nm) remains the same for the overall strain of 15% and 25%, implying
that their positions stay roughly unchanged. On the other hand, epoxy beads in the vicinity
of the substrate (z = 0 nm) show additional displacement. Therefore, the thickness of the
interfacial zone increases. This apparent increase of the interfacial zone thickness is entirely
due to the increased deformation inside the interfacial zone. The total mass of the interfacial
zone remains unchanged. This discovery motivates the use of a cohesive zone model in the
macroscopic scale where the epoxy/Cu bimaterial is treated as a continuum. Thus, as the
applied load increases, the initial thickness of the interfacial zone is stretched or elongated.
Such elongation of the interfacial zone thickness can be defined as the separation between
the Cu surface and the bulk epoxy at the continuum scale. The relationship between this
interfacial separation and the applied tensile stress can be easily obtained by keeping track of
the displacement profile at each load increment. For example, it follows from figure 8(a) that
the separation is about 1.5 nm and 8.5 nm, respectively, when the applied overall strain is 15%
and 25%. From figure 6, we find that the applied tensile stresses are 125 MPa and 130 MPa at
10% and 25% strain, respectively. Thus, one may conclude when the separation is 1.5 nm, the
corresponding stress is 125 MPa, and when the separation is 8.5 nm, the corresponding stress
is 130 MPa. Since the applied tensile stress is the same as the traction at the interface, the
applied tensile stress versus separation relationship gives the desired traction versus separation
law used in the cohesive zone model in continuum mechanics. The results are plotted in
figure 8(b). It is seen that the traction versus separation curve in figure 8(b) shows the general
features of traction versus separation laws for polymer/metal interfaces. The traction first
increases almost linearly with increasing separation. Once reaching its maximum, the traction
drops drastically, followed by a weak strain hardening until reaching the cohesive strength and
critical separation.

We comment that the cohesive zone model is one of the most commonly used constitutive
laws to describe the deformation and failure of material interfaces [41, 42]. However, in most

12



Modelling Simul. Mater. Sci. Eng. 22 (2014) 065011 S Yang and J Qu

Figure 9. End–end distance (projection to the normal axis) of network strands along the
normal direction at different overall strain levels.

applications, the traction versus separation relationship is assumed ad hoc and calibrated
via indirect experimental observations. Figure 8(b) is the first traction versus separation
relationship for polymer/metal interfaces predicted based on the atomic microstructure at the
interface.

During tensile deformation, the configuration of epoxy network strands also evolves. As
shown in figure 5(b), in the undeformed state, 〈zE−E〉 has a uniform value of 6.7 Å except
for strands very close (<2 nm) to the Cu substrate. Upon tensile deformation, it is expected
that 〈zE−E〉 for the near-surface strands should increase, since, according to figure 7, strands
near the interface are being pulled to align with the loading direction. This is confirmed by
the results shown in figure 9, which plots the 〈zE−E〉 versus z curves under different overall
strains. Before yielding, for example, at 5% overall strain, the 〈zE−E〉 versus z curve is almost
the same as that at 0% overall strain (undeformed configuration). After yielding, for example,
at 15% strain, the 〈zE−E〉 versus z curve profile shows a peak within the interfacial zone
0 < z < 10 nm, and the height of the peak increases with increasing overall strain. This
confirms our earlier expectations that the network strands within the interfacial zone are being
pull to align with the direction of the applied load.

Although polymer strands are being continuously re-orientated toward the loading
direction during the deformation, very few of them are broken. Even within the interfacial zone
where the strain is highly localized, the number of broken bonds is less than 0.05% during the
entire deformation process. At failure, the polymer strands are simply peeled off from the Cu
substrate. In other words, the failure is dominantly adhesive at the epoxy/Cu interface rather
than cohesive within the epoxy.

4.3. Effects of strain rate and temperature

The epoxy/Cu bimaterial’s mechanical behavior can be affected by strain rate and temperature.
Due to the large number of beads (∼8 million) in our simulation model, the quasistatic loading
rates used in typical laboratory tests are beyond our reach. Nevertheless, to investigate the
dependence on the loading rates, we simulated the tensile deformation with two loading rates,
108 s−1 and 2 × 107 s−1, at room temperature (300 K). The resulting stress–strain curves are
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Figure 10. Stress–strain curves for lower strain rate and higher temperature.

plotted in figure 10. The red circles are for the loading rate of 2×107 s−1 and the black squares
are for 108 s−1. It is seen that the strain rate (within the range considered) affects only the
post-yielding behavior. As expected, deformation at lower loading rates is more ductile in that
the stress–strain curve at this lower rate has a longer post-yielding strain hardening regime
with a lower stress magnitude, leading to a larger failure strain.

In addition to the more ductile behavior, the interfacial zone is thicker at lower loading
rates. This can be seen from the snapshots in figure 11 and the displacement profiles shown
in figure 12(a). The thicker interfacial zone is consistent with the more ductile behavior
because most of the inelastic deformation occurs within the interfacial zone; thus, the thicker
interfacial zone leads to a large deformation. In fact, it can be easily seen that the strain outside
the interfacial zone is the same under both loading rates. The increased ductility comes from
the increased interfacial zone where strain is highly localized.

Based on the displacement profiles in figure 12(a) and the stress–strain curves in figure 10,
the corresponding traction versus separation relationship can be obtained for the different
loading rates considered. The results are shown in figure 12(b). As expected, the interface is
more ductile at lower loading rates in that the cohesive strength is lower and the separation
from failure is larger.

From the second and third snapshots in figure 11 one can observe that the post-yielding
behavior at the lower loading rate is also caused by cavity growth and polymer chain
stretching/breaking. The ultimate failure is caused by polymer strands peeling off the Cu
substrate. However, since the interfacial zone is thicker at lower loading rates, cavities
are larger, and the probability of bond breaking is thus higher since more polymer strands
experience re-orientation along the loading axis. The latter is demonstrated in figure 13,
which plots the number density of broken bonds within the interfacial zone.

To investigate the effect of temperature, simulations were conducted for tensile tests at
440 K. Previous studies [6, 7, 22] have shown that the epoxy considered here has aTg of∼400 K.
Therefore, at 440 K, the epoxy is in its rubbery state. Before the tensile simulation starts, it
is necessary to re-conduct the cooling process from the curing temperature (500 K) to 440 K
and the subsequent equilibration at this temperature. The stress–strain curve of the uniaxial
strain deformation is presented in figure 10 by the curve with the blue diamond symbols. It is
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Figure 11. Snapshots of the configurations of the 90% cross-linked epoxy/Cu bimaterial
during the tensile deformation using the strain rate of 2 × 107 s−1.

Figure 12. (a) Displacement as a function of distance to the substrate for lower strain rate
and higher temperature. (b) Traction–separation relationship for the lower strain rate.

seen that the high temperature significantly lowers the yielding strength to ∼145 MPa. Since
the epoxy is in its rubbery state, the lowered yield strength is obviously a reflection of the
temperature dependency of the epoxy’s yielding strength. Beyond yielding, the epoxy/Cu
bimaterial experiences similar strain hardening until reaching failure at a strain of ∼36%.

Another observation is that the effect of higher temperature on the uniaxial strain behavior
is similar to that of lower loading rates. For example, figure 12(a) indicates that higher
temperatures result in a thicker interfacial zone, similar to the case of a lower loading rate. Also,
figure 13 shows that more bonds are broken within the interfacial zone at higher temperatures,
just like the case with a lower loading rate.

4.4. Effect of conversion

Conventionally, conversion measures the cross-link density in a polymer. In our CG model,
a cross-link is a bead that has at least three strands reaching out to other such beads. Since
all the beads have the same mass, a conversion of 90% in our CG model means that 90% of
the reactive beads are reacted. Up to this point, all the examples discussed in this paper are

15



Modelling Simul. Mater. Sci. Eng. 22 (2014) 065011 S Yang and J Qu

Figure 13. Fraction of broken bonds within the interfacial zone versus strain for different
strain rates and temperatures.

Figure 14. Stress–strain curve for an epoxy/Cu bimaterial with 73% epoxy conversion.

for epoxy with 90% conversion. It is of interest to investigate the case of lower conversion.
To this end, an example of 73% conversion was considered. The corresponding stress–strain
curve is plotted in figure 14. It is seen that after yielding there is no strain hardening regime
in the stress–strain behavior of the epoxy/Cu bimaterial with lower conversion. Instead, the
stress drastically drops to ∼43 MPa, then maintains at a plateau for a short range of strain,
and finally, gradually decays to zero. Figure 15 shows the atomic configurations during the
tensile deformation. The first snapshot (with strain of 20%) indicates the formation of fibril-
like microstructures that resemble ‘crazing’ in thermoplastics: vertical ligaments are observed
that bridge the bulk epoxy to a thin layer of epoxy on the substrate surface. This is due to the
fact that epoxy with lower conversion tends to have a less cross-linked network structure. This
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Figure 15. Snapshots of the configurations of the 73% cross-linked epoxy/Cu bimaterial
during the tensile deformation.

can be demonstrated by the difference in the number density of elastically effective chains,
defined as the network strands between two cross-links. The number density of elastically
effective chains is roughly 1.4 × 1021 cm−3 at 90% conversion, and 7.9 × 1020 cm−3 at 73%
conversion. The much lowered cross-link density makes it easier to form ligaments that lack
links among them, i.e., the crazing-like microstructure shown in the first snapshot of figure 15.
The much lowered stress magnitude in the post-yielding regime of the stress–strain curve can
be explained by the larger volume fraction of cavities in the lower conversion epoxy, which is
again related to the lower density of elastically effective chains. Further deformation involves
the thickening of the crazing bands. This process is seen in the second snapshot in figure 15,
in which the ligaments are significantly stretched as compared to the first snapshot. Stretching
of the ligaments can be confirmed by studying the number fraction of broken bonds within the
interfacial zone, which is shown in figure 16. It is seen that from the strain of 20% to 80%,
there is a sharp increase in the number of broken bonds in the case of 75% conversion. When
the strain reaches about 80%, most of the ligaments are broken which leads to the final failure.
This corresponds to the configuration shown in the third snapshot in figure 15. In the failed
bimaterial, the Cu substrate is fully covered by a thin layer of epoxy. In other words, the failure
mode with 73% conversion is cohesive rather than adhesive (interfacial).

As can be observed in figure 15, the plastic deformation mechanisms, specifically, the
formation of the band of ligaments and the subsequent stretching/scission of the ligaments, is
localized in the interfacial zone. Following the discussion in section 4.2, the displacement
profile was obtained for the epoxy/Cu bimaterial with 73% conversion, from which the
interfacial zone is found to be ∼10 nm. Combining the displacement profile with the
stress–strain curve shown in figure 14 yields the corresponding traction–separation relationship
shown in figure 17. The cohesive strength is ∼65 MPa at the separation of ∼21 nm. However,
due to the ductile behavior of the interfacial zone, the traction decays gradually after reaching
the strength and does not vanish until ∼54 nm. Therefore, the critical separation at which the
interfacial zone completely fails is 54 nm.
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Figure 16. Fraction of broken bonds as a function of strain within the interfacial zone
versus strain for different conversions.

Figure 17. Traction–separation relationship for different conversions.

5. Summary and conclusion

In this article, a coarse-grained study of the interface between a cross-linked epoxy and a Cu
substrate is presented. The bulk epoxy is modeled by a CG model developed in our earlier
studies [22, 23]. To parametrize the CG potential describing the interfacial interactions at the
epoxy/Cu interface, the interfacial free energy landscape is first computed by the full atomic
MD simulations in conjunction with a metadynamics method. The same is then computed using
the CGMD, in which the interfacial potential parameters are optimized until the interfacial free
energy landscape matches that calculated from the full atomic MD.

The newly developed CG model is then used to simulate the uniaxial strain deformation
of an epoxy/Cu bimaterial. The simulation model is ∼89×89×79 nm3 and consists of nearly
8 million beads. Based on the simulation results, the following conclusions can be drawn.
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First, for highly cross-linked epoxy (90% conversion), the initial deformation of the
epoxy/Cu bimaterial is almost linearly elastic. Plastic deformation occurs via cavity nucleation
and growth as well as polymer chain stretching and breaking in the epoxy. After yielding, the
plastic strain is highly localized in a thin layer of epoxy next to the epoxy/Cu interface. Further
increase of the deformation only increases the plastic deformation within this layer of epoxy,
called the interfacial zone, while the strain in the bulk epoxy remains unchanged with the
increasing overall deformation. Consequently, the thickness of the deformed interfacial zone
increases with increasing overall deformation. By relating the traction to the change in the
thickness of the deformed interfacial zone, a traction–separation relationship can be established
from the CGMD simulations. This traction–separation relationship can then be used in the
cohesive zone model in a continuum mechanics modeling of the epoxy/Cu interface.

Second, as expected, the mechanical behavior of the epoxy/Cu depends on the loading
rate and the temperature. A lower loading rate or higher temperature makes the bimaterial
more ductile and vice versa. A lower loading rate or higher temperature also increases the
initial thickness of the interfacial zone. For example, the initial interfacial zone is 10 nm and
20 nm at the strain rates of 108 s−1 and 5 × 107 s−1, respectively.

Finally, a lower conversion rate or lower cross-link density in the epoxy tends to change
the failure mode from adhesive (interfacial) to cohesive. At 73% conversion, for example,
failure is dominantly cohesive in that the failure occurs within the epoxy near the epoxy/Cu
interface, leaving a thin layer of epoxy residual on the Cu surface.

To close, we mention that, as in most molecular level simulations, the strain rates used
in this study are orders of magnitude higher than the quasistatic strain rate used in typical
laboratory tests. Thus, whether the simulations can provide quantitative predictions of material
behavior under laboratory test conditions remains an open question.
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