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a b s t r a c t

Presented in this paper is a numerical study based on classical molecular dynamics simulation to un-
derstand the deformation and failure behavior of an epoxy/copper bimaterial under pure tension normal
to the interface. The epoxy considered is a highly cross-linked epoxy phenol novolac, and the copper
substrate is a standard face-center-cubic single crystal with its (1,1,1) surface as the epoxy/copper
interface. Stress versus displacement/strain curves are obtained to understand the bimaterial behavior
and to predict the epoxy/copper interfacial tensile strength. It is found that the interfacial failure is brittle
caused by simultaneous detachment of epoxy atoms from the copper substrate, and the interfacial tensile
strength is almost unaffected by the unloading and reloading before the failure strength is reached.
Effects of temperature, epoxy cross-link density, and epoxy functionality are also investigated. Findings
of this study provide significant insights into the deformation and failure behavior mechanisms of the
epoxy/copper bimaterial interface.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Bimaterial interfaces are common in electronic packages, most
of which have large mismatch in material properties such as elastic
constants and thermal expansion coefficient. Among the various
bimaterials of engineering interest, interfaces between epoxy
molding compound (EMC) and copper (Cu) are probably the most
prevalent ones. Because EMC/Cu interfaces are the weakest links
and prone to delamination, they are considered critical to the
reliability of electronic devices. Traditional methodologies of
characterizing the interface’s performance involves extensive
destructive tests, such as fracture of sandwiched double-cantilever
beam [1,2] and peeling-off of thin film bonded by epoxy adhesive to
solid substrates [3]. However, experimental tests are typically time/
recourse consuming. More importantly, they are often incapable of
revealing the microstructure of the polymer network near the
interface and how the microstructure affects the mechanical
properties. On the other hand, molecular dynamics (MD) simula-
tions are capable of describing material behavior at atomistic
level and thus providing insights into the structure-property

relationship. We present here an MD study of highly-crosslinked
epoxy resin bonded to a copper substrate. Using MD simulation,
we are able to precisely control the structural and loading param-
eters and study their influence on the traction-displacement/strain
behavior of the interface system. In fact, it has been extensively
applied to study interfacial deformation/failure behavior between
crystalline solids [4e7].

Probably because of the complexity of epoxy’s atomistic struc-
ture, very few molecular simulations of epoxy have been reported.
Atomistic models for epoxy resins and general polymer networks
have been constructed based on molecular dynamics simulation of
polymerization [8e14]. Several MD studies of bulk epoxies based
on these type of models have been performed focusing on pre-
dicting/reproducing the material’s thermal [8,10,11,15e17], dy-
namic [18e20] and mechanical [8,12,15e17,21] properties. These
MD simulation results show good agreement with experimental
measured values, indicating the validity of the methodology of
building polymer networks.

In contrast to bulk materials, there are very few publications
using MD simulations to study the interfaces between epoxy
molding compounds and in-organics substrates. Stevens et al. [22e
24] and Mukherji and Abrams [25,26] investigated deformation/
failure behavior of highly-crosslinked polymer network con-
strained by crystalline substrates, based on coarse-grained model
and potentials. These studies are for model material systems and
the results are not in physical dimensions because of their use of

* Corresponding author. Department of Civil and Environmental Engineering,
Northwestern University, 2145 Sheridan Rd, Evanston, IL 60208, USA. Tel.: þ1 847
467 4528.

E-mail addresses: yangshaoruigt@gmail.com (S. Yang), j-qu@northwestern.edu
(J. Qu).

Contents lists available at SciVerse ScienceDirect

Polymer

journal homepage: www.elsevier .com/locate/polymer

0032-3861/$ e see front matter � 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.polymer.2013.07.019

Polymer 54 (2013) 5064e5074



Author's personal copy

coarse-grained approach. In the literature, full-atomic MD simula-
tions have been used to study epoxy/substrate bimaterials. For
example, Jia et al. [27] and Cheng et al. [28] studied interfacial
energy and bonding strength between epoxy and self-assembly-
monolayer coated Au surface using MD simulations. The most
relevant work to the present study is the MD simulation of the
DGEBA-MDA epoxy/Cu bimaterial using the COMPASS force-field
[29]. Besides simulating only a very small material volume
(3.53 � 3.53 nm2 in the x and y direction and a few thousand
atoms), much of the epoxy network in their study is assumed rigid
except atoms very close to the interface. As will be seen from our
studies, such assumptions may not be appropriate for obtaining the
strength or toughness of the interface due to the longer-range na-
ture of the atomistic interaction in the epoxy network.

In order to investigate the deformation and failure behavior of
the highly crosslinked epoxy/Cu interfaces, we carried out large
scale MD simulations on an epoxy/Cu bimaterial. The epoxy/Cu
bimaterial is made of a highly-crosslinked epoxy molding com-
pound attached to a Cu substrate. The network structure of the
epoxy was constructed through a simulated crosslinking process in
which covalent bonds formation and MD equilibration of the sys-
temwere performed iteratively. The crosslinkedmolecular network
was applied on the Cu substrate to form the epoxy/Cu bimaterial.
By applying velocity loading to the substrate during the MD
simulation, the normal stress versus displacement/strain response
was obtained. Effects of simulation cell size were studied to ensure

that the results are independent of simulation cell size. In addition
to the stressestrain relationship, we also investigated the effects of
cyclic loading, temperature, conversion and epoxy monomer
functionality on the stressestrain relationship. The rest of the paper
is organized as follows. In Section II, the atomistic model and the
loading set-up are presented. Simulation results and influence of
various structural and loading parameters are discussed in Section
III. Finally, some conclusion remarks are summarized in Section IV.

To close this section, we note that the methodology developed
here for modeling the epoxy modeling compound/Cu bimaterial is
not restricted to the specific epoxy formulation in the current work,
but can be extended to various other epoxy systems. Therefore,
results from this study provide guidance to designing polymer/
metal interfaces in the electronic packaging industry.

2. Simulation method

2.1. Material system and MD simulation cell

For this study, a commercially important epoxy system, Epoxy
Phenol Novolac (EPN) is chosen. The polymer is based on using
EPN1180 as the epoxy and Bisphenol-A (BPA) as the hardener [30].
Their molecular structures are shown in Fig. 1(a). The epoxy

monomer is a mixture of 3mers and 4mers, and the number-
averaged functionality is 3.6. The mechanism of the crosslinking
reaction is illustrated in Fig. 1(b) and is explained in detail else-
where [17].

The atomistic model for the epoxy system was created from a
mixture of EPN1180 and BPA monomers. First, an orthogonal
simulation cell of dimension W � D � H was constructed using the
Amorphous Cell module in the Material Studio software [31]. Next,
the EPN1180 and BPA monomers were randomly seeded within the
simulation cell with confined layer geometry constructed following
the self-avoiding random walk method of Theodorou and Suter
[32]. The number of monomers used follows the ratio of 2:3:9
among the tri- and tetra-functionalized epoxies and hardeners.
Finally, the polymer cell is placed on the (1,1,1) surface of a single
crystal copper (Cu) substrate of dimensionW� D� h. This forms an
epoxy/Cu bimaterial, see Fig. 2. For convenience, a Cartesian coor-
dinate system is attached to the bimaterial, where the x-axis and
the y-axis are in the epoxy/Cu interface and the z-axis is perpen-
dicular to the interface.

2.2. Interatomic potentials

In our MD simulations, interactions between the atoms in the
polymers are described by an extensively parameterized and vali-
dated force-field, the Polymer Consistent Force-Field (PCFF) [33e
36] given below,

The PCFF consists of both valence and non-bond terms. Valence
terms include interactions due to bond, angle, dihedral and
improper, as well as coupling between them. Non-bond terms are
the Coulombic forces between partially charged atoms and the
Lennard-Jones (LJ) 9-6 potential representing the van der Waals
forces. In the examples presented in this paper, the LJ potentials and
the real-space contribution to the Coulombic energy were calcu-
lated with a cut-off distance of 12.5�A. The Coulombic term’s
reciprocal-space contribution was computed by the particle-
particle-particle-mesh method.

Since the deformation in the Cu substrate is negligible, we
assumed that the Cu substrate is rigid. Further, it is reasonable to
assume [37] that the epoxy is bonded to the Cu substrate through
van der Waals forces only (no covalent bond). Thus, the interaction
between the polymer atoms and Cu atoms can be described by the
LJ 9-6 potential whose parameter are obtained from the parameters
of copper and epoxy atoms following the sixth-power mixing law
[38],
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where the subscripts e andw stand for epoxy and copper substrate,
respectively.

2.3. Construction of the polymer network

To simulate the crosslinking of the polymer, boundary condi-
tions were prescribed so that the simulation cell is periodic in the
plane of the epoxy/Cu interface, and traction-free in the direction
normal to the interface. Under these boundary conditions, mixture
of monomers was dynamically crosslinked into a network using a
script [17] running in the Material Studio software. During this
crosslinking process, chemical bonds were formed between a pair
of opposite reactive atoms, namely the ending epoxy carbons on
resins and the hydroxyl oxygen on hardeners, provided that they
were within a prescribed cut-off distance. After all such reactive
atoms were bonded, the system was equilibrated by 1000 steps of
energy minimization and 10,000 steps of NVT MD simulation at
500 K to release internal stress caused by the newly formed bonds
and bring remaining reactive atom pairs into proximity. This
crosslinking-equilibration process proceeded repeatedly until a
desired conversion is achieved. To speed up the process, the bond
formation cut-off distance was increased from 3 to 10�A incre-
mentally. At each cut-off, five crosslinking-equilibration loops were
conducted. After reaching the desired conversion, the un-reacted
reactive sites were saturated with hydrogen atoms and partial
charges to make the entire system charge neutral. Due to the pe-
riodic boundary conditions in the plane of the interface, covalent
bonds formed not only between the monomers inside the simu-
lation cell, but also between monomers and their virtual images
across the periodic boundaries. Therefore, the polymer network
percolates to infinity in the plane of the interface. Finally, MD
simulations were conducted to minimize the system energy and to

equilibrate the atomistic structure under traction-free conductions.
More detailed discussion of this computational algorithm to
simulate crosslinking can be found in Ref. [17].

2.4. Tensile simulation

To conduct simulation of uniaxial deformation of the epoxy/Cu
bimaterial system, the very top layers of the polymer atoms are
fixed, see Fig. 2. The Cu substrate is assumed to be a rigid body
moving downward with a prescribed velocity. A constant NVT MD
simulation was conducted at 300 K with the timestep of 1 fs using
the LAMMPS software [39]. The Nose-Hoover thermostat was
applied to control the system’s temperature. The virial stress tensor
in the epoxy was calculated and outputted as a function of the total
elongation of the epoxy/Cu bimaterial.

3. Results and discussions

3.1. Effects of the simulation cell size and strain rates

We need to use a simulation cell that is large enough so that the
results are independent of the cell size. To this end, three simula-
tion cells of different sizes were considered, see Table 1. It was
found that the overall stressestrain relationship for cell #1 changes
significantly with the initial configuration before crosslinking,
which indicates that the in-plane dimension is not large enough to
generate unique mechanical behavior. The two bigger cells do not
suffer from this problem. The normal stress in the z-direction
versus its corresponding strain for cells #2 and #3 are plotted in
Fig. 3. It is seen from Fig. 3 that the stressestrain curve does not
change much after doubling the cell size, indicating that the size of
cell #2 is sufficient to study the normal stress versus strain
behavior. Thus, cell #2 will be used in the rest of this article.

We note that, in the above simulations, the prescribed velocity
of the Cu substrate is 5�10�5�A/fs for cell #2, which corresponds to
a strain rate of w5 � 108 s�1. The same strain rate was used in cell
#3. The strain rate’s effect on stress-strain behavior was investi-
gated by applying three different rates to cell #2, and their results
are shown in Fig. 4. Stressestrain curves are very close among these
three rates and the failure property does not show clear trend with
respect to strain rate. Therefore we will use the rate 5 � 108 s�1

Table 1
Dimensions of the simulation cells.

No. Number of atoms W � D (�A2) H (�A)

1 24,194 44.48 � 44.48 110
2 96,776 88.96 � 88.96 110
3 179,552 88.96 � 88.96 220

Fig. 1. (a) Molecular structure of BPA (left) and EPN (Right); (b) Curing reaction mechanism [30].

Fig. 2. Schematic of the epoxy/Cu bi-material.

S. Yang et al. / Polymer 54 (2013) 5064e50745066



Author's personal copy

throughout the rest of this article. This strain rate is obviously much
higher than that used in quasi-static loading in realistic laboratory
tests. Therefore, results given in the remainder of this paper must
be interpreted with this high strain rate in mind.

3.2. Deformation behavior

It is seen from Fig. 3 that stressestrain relationship is almost
linear initially until the yielding strength of 0.22 GPa is reached at
the strain of w8.7%. Regarding the variation of the system’s po-
tential energy, Fig. 5(a) shows that the total and non-bond potential
energies both increase with strain, while Fig. 5(b) shows slight
decreases of bonding, angular and torsional energies within the
elastic regime. This implies that the initial configuration represents
a state in which valence degrees of freedom are constrained. Upon
loading, constraints imposed on bonds, angles and torsions are
released and so are their corresponding stored potential energies.

Fig. 6 shows snapshots of simulation cell #2 at different stages of
the deformation. The first snapshot in the row is at yielding, in
which no visible damage is observed. The post yielding behavior is
characterized by strain softening from the yielding strength to
0.16 GPa, followed by strain hardening extending to the ultimate

interfacial failure. At this stage, it is seen from the second snapshot
that micro-voids are initiated in regions of the polymer network
with lower connectivity, due to the tri-axial stress state within the
epoxy layer. The tri-axial stress state is consistent with the zero in-
plane strain condition in realistic adhesive layers which are highly
constrained by adherends [40,41].

These micro-voids enlarge and coalesce as the tensile defor-
mation proceeds, as is shown in the third snapshot. At the mean-
time, polymer chains are being pulled taut from their initial
configuration. This process, we argue, is accomplished via angle
bending and dihedral torsion instead of direct bond stretching,
because, as shown in Fig. 5(b), the bond energy experiences
negligible post-yielding change, while the angular and torsional
energy show significantly more drastic changes. The increase of
angular energy is due to the change of angles. The decrease in
torsional energy indicates that the dihedrals were not in their
equilibrium states, and tensile deformation moves them back to
their equilibrium states.

Atw95% strain, the normal stress reaches the failure strength of
approximately 0.34 GPa and drops abruptly to zero. It is seen from
the last snapshot in Fig. 6 that failure is the result of debonding of
the epoxy from the Cu substrate. Our simulations also show that
immediately after the interfacial failure, the epoxy recoils back.
Accordingly, angular/torsional energy drastically decreases/in-
creases after reaching their maximum/minimum, as can been seen
in Fig. 5(b).

3.3. Bulk versus interfacial deformation

The strain in the stressestrain curves shown in Fig. 3 consists of
the deformation occurred in the bulk of the epoxy and in the epoxy/
Cu interface (the Cu substrate is assumed rigid). The bulk epoxy
deformation is governed by the PCFF given in Eq. (1), and the
interaction across the epoxy/Cu interface is the van der Waals force
described by the LJ 9-6 potential given in Eq. (2). The potential well
depth of copper is typically one or two orders of magnitude larger
than that of epoxy atoms. Therefore, the van derWaals forces across
the interface are strong attractions. Furthermore, the initial epoxy
network is a fully relaxed one. Thus, at lower strain level, the bulk
epoxy deforms relatively easily through the rearrangement of the
polymer network (angles and torsion). Consequently, bulk defor-
mation is predominant. However, since the epoxy has a highly
constrained network microstructure, there is a limit for the rear-
rangement of strands to accommodate the deformation. Beyond
that, valence forces within the polymer kick in. The bulk epoxy
becomes significantly stiffer than the van der Waals interaction at
the epoxy/Cu interface. Thus, at higher strain level, the deformation
occurring at the epoxy/Cu interface becomes non-negligible, which
eventually fails the interface.

To demonstrate the above analysis, a numerical experiment was
conducted, in which the bulk epoxy (with the Cu substrate
removed) was subjected to tensile deformation by applying the
same downward velocity to the bottom of the bulk epoxy as if the
Cu substrate were present. The corresponding stressestrain curve
is plotted in Fig. 7 together with that of the epoxy/Cu bimaterial. It
is seen that these two curves are almost identical at lower strain
level (<46%). At higher strain level (>46%), they start to deviate. The
difference between these two curves is due to the compliance of
the interface. Another way of looking at this figure is by drawing a
straight line of constant stress. Under the same stress, the bulk
epoxy has smaller strain than the epoxy/Cu bimaterial. The addi-
tional strain in the epoxy/Cu bimaterial comes from the epoxy/Cu
interface.

The large bulk deformation of the epoxy slab seems to contra-
dict the brittle nature of epoxy observed in macroscopicFig. 4. Stress versus strains curves for cells #2 using different strain rates.

Fig. 3. Stress versus strains curves for cells #2 and #3.

S. Yang et al. / Polymer 54 (2013) 5064e5074 5067
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mechanical tests. This contradiction can be explained by the
different length scales of observation used. In comparison with the
laboratory test samples, the material volume simulated in this
study is extremely small. The deformation observed is, therefore,
extremely localized. Such localized large deformation has been
observed experimentally, such as in crazes [42], dilatation bands

[43] and shear bands [44,45]. Regarding interfaces, local plastic
deformation has been observed as ridges on epoxy fractured sur-
face from glass [46] and sapphire [47] substrates.

The interfacial failure strength in our MD simulation is 340 MPa,
higher than experimental measured values ranging fromw50 MPa
for epoxy/steel [48,49] to 120 MPa for epoxy/bare-sapphire [47].
However, it is known that MD simulated local stresses could be
much higher than macroscopically measured stress in typical lab-
oratory test samples. For example, Gall et al. [4] reported the
debonding strength of AleSi bimaterial to be 20 GPa, which con-
trasted sharply with the experimental measured ultimate tensile
strength (w200 MPa) of cast AleSi alloy [50,51]. In our case, the
deformation within the MD simulated region is all due to the
stretching of discrete molecular fibrils. Therefore, stress magnitude
could be much higher. In fact, some analysis [23] of the self-
assembled monolayer (SAM) revealed that the separation
strength of two methyl-terminated alkylsiloxane SAM coated sur-
faces, which is solely due to van der Waals interaction, could be as
high as 320MPa. This class of interactions (SAMeSAM) corresponds
to those involved in epoxy bonded to silicon oxide substrate [23].
Therefore, our computed strength of 340MPa is reasonable as far as
separation of atomic surfaces is concerned. Clearly, more work is
needed in order to use the MD results in macroscopic samples.

3.4. Unloading and reloading behavior

To understand how the bimaterial behaves under cyclic
loading (loading-unloading-reloading), molecular dynamics

Fig. 6. Snapshots of atomic configurations during the tensile simulation. The different figures in a row represent strains (from left to right): 8.7%, 38.5%, 77.1% and 107.9%.

Fig. 7. Stressestrain curves for the epoxy/Cu interface and the epoxy slab alone,
respectively.

Fig. 5. Variation of (a) total and non-bond, and (b) valence potential energies with respect to strain.
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simulations were conducted. First, a simulation cell was sub-
jected to tensile loading up to the strain of 38.5%. The bimaterial
is then unloaded by reducing the applied tensile deformation
following the same rate of deformation as for the original tensile
test. As shown in Fig. 8, a residual strain of w21% remains after
the tensile load is completely removed (zero-\tensile stress). In
the fully unloaded bimaterial (snapshot not shown here), irre-
versible damages are seen in the epoxy slab as voids. Accordingly,
the non-bond potential energy fails to restore to its original
value, see Fig. 9(a). By reloading the system, the stressestrain
response forms a hysteresis loop with that of the unloading
process. The area encompassed by the loop corresponds to the
energy dissipation during the strain cycle, indicating a visco-
plastic nature of the material’s post yielding constitutive
behavior. Fig. 9(a) and (b) demonstrate that the non-bond ener-
gy’s reloading curve is lower than the unloading curve, while for
angular and torsional energies the two coincide. This implies
that the energy dissipation in the unloading-reloading cycle is
associated with the polymer chains’ translational motion, rather
than the changes of intra-chain rotational degrees of freedom,
i.e., angle bending and dihedral torsion. Reloading of the inter-
face system attains the same failure strength/strain as the orig-
inal tensile test, which is expected since the failure is solely
controlled by the copper-epoxy inter-atomic potentials. This also

indicates that the interface deforms elastically and is not
damaged until the ultimate failure occurs.

3.5. Effects of temperature

To study the effects of temperature, MD simulations were con-
ducted at several temperatures, T ¼ 340, 380, 440 and 500 K. The
resulted stressestrain curves are shown in Fig. 10, and the corre-
sponding yielding and failure strengths are shown in Fig. 11. As
expected, both the yielding and the failure strengths decrease with
increasing temperature. In addition, there is a slight decrease in the
yielding and failure strains as well. Note that, as discussed earlier,
the yielding strength is predominately the bulk epoxy behavior,
while the failure strength is the epoxy/Cu interface property.
Therefore, the results shown in Fig. 10 indicate that temperature
affects both the bulk epoxy and the epoxy/Cu interface. In bulk
epoxy, yielding is caused by the change in angular and torsional
bonds facilitated by the relative sliding among the polymer chains.
Higher temperature lowers the activation energy and makes the
sliding easier, thus reducing the yielding strength, as well as the
modulus [17]. The interface, on the other hand is mainly associated
with the inter-atomic forces at the interface between epoxy and Cu
atoms, governed by the LJ potential. At higher temperature, the
increased mobility of near-surface polymer strands lowers the
energy consumption to break interfacial (non-covalent) bonds.
Thus the failure strength reduces.

3.6. Effects of conversion

The conversion, or the fraction of reactive sites that have been
reacted, significantly influences the mechanical properties such as
the Young’s modulus of bulk epoxy [17]. All the results presented in
the previous sections are for the case of 95% conversion. In this
section, we are interested in how the conversion affects the epoxy/
Cu interfacial strength.

As crosslinking proceeds, the polymer’s microstructure experi-
ences a transition from liquid mixture of monomers to loosely
connected fragments, and to highly constrained network. Each of
the three phases exhibits different mechanisms of deformation and
failure when loaded. To investigate the effect of conversion, three
additional bimaterials with different epoxy conversions, c ¼ 50%,
73% and 82% were constructed and were subjected to the same MD
simulation of tensile deformation as described in previous sections.
Fig. 12 plots the stress versus strain curves for all four bimaterials.
Prior to the occurrence of yielding, the four bimaterials exhibit
similar elastic responses, indicating that the conversion does not

Fig. 8. Unloading-reloading behavior of the epoxy/Cu interface system.

Fig. 9. Variation of the (a) non-bond and (b) valence potential energy components during the unloading-reloading process.
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affect the linear elastic behavior. However, the post-yielding
behavior is strongly affected by the conversion. For the least
crosslinked (50%) system, strain-softening occurs immediately after
yielding, and the tensile stress decreases to zero almost exponen-
tially. Snapshots of the atomic configuration shown in Fig. 13(a)
indicate that failure initiates within the epoxy in the vicinity of
interface, and progresses as the tensile load increases. Following
Miller and Macosko’s method [52], the theoretical gelation point of
our particular epoxy formulation (E3 þ E4 þ H2, E for epoxy and H
for hardener, number stands for functionality) is 62%. Since a con-
version of 50% is lower than the gelation point, the atomistic model
of epoxy comprised many loosely connected molecular fragments
rather than a system-spanning cluster. Therefore, the presence of a
thin layer of molecules near the interface, which lacks sufficient
covalent links to the epoxy bulk, is likely. Failure of the interface
system is thus seen as the cohesive separation between this thin
layer and the rest portion of epoxy. Fibrils vertically bridging the
two parts are present at intermediate strains, but bounce back to
epoxy bulk and return to coiled state as tensile deformation

continuously proceeds. On the other hand, the thin layer in the
vicinity of interface would remain attached to the substrate.

The systems with conversions of 73% and 82% exhibit defor-
mation behaviors which are intermediate between extreme cases.
For both bimaterials, the tensile stress decreases after reaching the
yielding point and experiences strain hardening regime, followed
by stress plateau until failure (green and red curves in Fig. 12).
Magnitudes of their post-yielding stress are lower than that of the
95% conversion. The reason lies in the fact that lower conversion
facilitates more micro-voids to initiate, grow and coalesce, which
can be evidenced by the larger average void size in the post-
yielding atomic configurations shown in Fig. 13(b). The higher
level of damage to the bulk epoxy leads to more drastic stress drop
after yield.

In these lower conversion bimaterials, the ultimate failure oc-
curs at larger strains but lower strengths, both can be attributed to
the difference in microstructure. At lower conversions, the polymer
chain network is less connected. This results in more not-
crosslinked polymer strands in the epoxy. When deformed, these
strands require larger overall strain to be stretched taut from their
coiled state. Thus the failure strain is extended.

As discussed in previous sections, the failure strength of the
bimaterial is related to the epoxy/Cu interface. Snapshots of the
atomic configuration, see Fig. 6, indicate that interfacial failure is
caused by the simultaneous separation of all polymer atoms from
the Cu substrate that results in the brittle failure shown by the
stressestrain curve, see Fig. 12. It is also seen from Fig. 12, that
bimaterials with lower conversions, on the other hand, show a
more ductile failure behavior. This ductile behavior is due to the
gradual peeling-off of polymer chains from the Cu substrate, as
observed in the snapshots shown in Fig. 13(b). Such gradual
detachment of polymer chains from the Cu substrate decreases the
interfacial strength, and increases the failure strain. To quantify this
observation, we plotted in Fig. 14 the number of epoxy atoms in the
vicinity (van der Walls cutoff distance) of the epoxy/Cu interface as
a function of tensile deformation. It is clear that lower conversion
leads to more gradual interfacial separation of epoxy atoms from
the Cu substrate.

Table 2 summarizes the failure strength and strain for different
bimaterials. From 73% to 95%, strength and strain increases and
decreases, respectively, with increasing conversion. The bimaterial
with conversion of 50% (below the gelation point), fails cohesively
instead of interfacially, thus needs to be interpreted separately.

Fig. 10. Stressestrain curves at different temperatures.

Fig. 11. Yield and failure strengths of the bimaterial versus temperature.

Fig. 12. Stressestrain curves for bimaterials with different epoxy conversions.

S. Yang et al. / Polymer 54 (2013) 5064e50745070
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Fig. 13. Atomistic configurations during tensile deformation for bimaterials with lower conversions at different strains: (a) 50% crosslinked; (b) 82% crosslinked. The different
figures in each row represent strains (from left to right): (a) 56.6% and 98.1%; (b) 130% and 185.7%.
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3.7. Effects of epoxy functionality

Results presented here so far are for the epoxy system con-
taining tri- and tetra-functionalized epoxy monomers and the
number-averaged functionality is 3.6. Different functionality results
in different microstructure of the crosslinked polymer network.
Therefore, it is conceivable that the mechanical behavior of the
epoxy/Cu bimaterial would be different for epoxies with different
functionalities. To study the effects of epoxy monomer function-
ality (fn) on the mechanical behavior of the epoxy/Cu bimaterial,
two additional MD simulations were conducted on epoxy/Cu
bimaterials with fn ¼ 4 and 6, respectively. Fig. 15 plots the corre-
sponding stressestrain curves together with that of fn ¼ 3.6. Points
of interest on the stressestrain curves are extracted and tabulated
in Table 3.

Several observations regarding the change of fn from 3.6 to 6 can
be made from Fig. 15 and Table 3. First, the yielding strength and
yielding strain do not seem to change much, indicating that the
bulk elastic properties are not sensitive to the epoxy functionality.
Second, the failure strength does not seem to change much, indi-
cating that interfacial strength is not sensitive to the epoxy func-
tionality, since the failure strength of the bimaterial is decided by
the epoxy/Cu interfacial strength. Third, although the interfacial
strength does not change much, the failure strain of the bimaterial
reduces significantly with increasing fn. Note that the post-yielding
(between the yielding and failure) is a consequence of the changes
in angular and torsional bonds, or the relative sliding between the
polymer chains, reduction of the failure strength implies that
angular and torsional bonds are more constrained in epoxy with
higher functionality. This is intuitively understandable, because
fn ¼ 6 means that (on average) each epoxy monomer in the poly-
mer network has six sites to bond to other epoxy monomers,
resulted in a more closely inter-connected network which limits

the chain sliding and local voiding. Consequently, bulk epoxy with
higher functionality is less deformable. This can be observed from
Fig. 16 where for fn ¼ 6 the microstructure of the deformed epoxy/
Cu bimaterial under different strain is shown. In comparison to
Fig. 6 where the same is shown for fn ¼ 3.6, it is clear that bulk
epoxy with higher functionality has much less deformation, and
much less and smaller voids.

4. Summary of conclusions

To investigate the deformation/failure behavior of epoxy/Cu
interface, we carried out large scale classical molecular dynamics
simulations on an epoxy/Cu bimaterial. The network structure of
the epoxy was built through a simulated crosslinking process in
which covalent bonds formation and MD equilibration of the sys-
temwere performed iteratively. The crosslinkedmolecular network
was applied on the Cu substrate to build the epoxy/Cu bimaterial.
By applying velocity loading to the substrate on the fly of molecular
dynamics simulations, the normal stress versus displacement/
strain response was obtained. Effects of simulation cell size were
studied to ensure that the results are independent of simulation cell
size.

We found that normal stress versus strain curve exhibits a near
linear elastic range, followed by yielding and post-yielding strain
softening, and hardening regimes, ended with a brittle failure.

The deformation between yielding and ultimate failure of the
epoxy/Cu bimaterial is predominately due to micro-void initiation/
growth and re-alignment of the epoxy network strands. The ulti-
mate failure is predominantly interfacial and brittle caused by the
(almost) simultaneous detachment of epoxy atoms from the Cu
substrate.

In addition, we found that the linear range of the stressestrain
curve is almost unaffected by the conversion of the epoxy. How-
ever, epoxy with lower conversion tends to have lower failure
strength, but large failure strain. This is because at lower

Fig. 14. Number of epoxy atoms within the van der Waals cutoff distance from the
epoxy/Cu interface.

Table 2
Failure strengths and strains for bimaterials with different conversions.

Conversion (%) Failure strength (GPa) Failure strain (%)

50 0.2146 11.07
73 0.1470 170.48
82 0.2143 130.18
95 0.339 94.91

Fig. 15. Stressestrain curves for models with different epoxy monomer functionalities.

Table 3
Failure strengths and strains for different functionalities.

Functionality Failure strength (GPa) Failure strain (%)

3.6 0.339 94.91
4 0.376 93.78
6 0.384 50.45
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conversion, the polymer network is less connected, which facili-
tates void initiation and chain re-alignment leading to larger failure
strain. The lower conversion also makes it easier for the epoxy
atoms to be detached from the Cu substrate in a more gradual
manner so that the ultimate interfacial failure becomes more
ductile with a lower failure strength.

Further, the effects of epoxy functionality were also investi-
gated. We found that epoxy with higher functionality tend to
behave similarly to epoxy with higher conversion in that they are
more brittle and have higher failure strength.

Another interesting finding is that the failure strength is unaf-
fected by the unloading and reloading before the failure strength is
reached, because the epoxy/Cu interface is not damaged until the
stress is very close to the failure strength. This is more so for epoxy
with higher conversion.

In closing, we point out that in interpreting the above results/
conclusions, one must keep in mind the limitations of the classical
molecular dynamics simulations, most notably, the small material
volume simulated, and the high strain rate used. We believe that
relatively high yielding strength of the epoxy, and the failure
strength of the epoxy/Cu interface are partially due to these limi-
tations. In spite of these limitations, we believe that major findings
of this study provide significant insights into the deformation and
failure of the epoxy/Cu bimaterial. The basic mechanisms captured
by our MD simulation remain valid for laboratory-size samples
under quasi-static loading.

Another concern is the infinite cohesive strength of the epoxy
predicted by the PCFF force field used in the MD simulations. We
note, however, that numerous experimental observations of epoxy
adhesive on Cu substrate have shown that the epoxy/Cu interface is
indeed the weakest link in the bimaterial system, unless special
treatment is applied to the Cu surface before bonding. This is
because the epoxy forms no chemical bonds with copper without
any modification. Only weak van der Waals force and hydrogen
bonds are involved in the adhesion [37]. Thus the Cu-epoxy inter-
face has poor intrinsic adhesion and is prone to interfacial delam-
ination instead of cohesive failure in the polymer. Therefore, it is
reasonable to assume in our MD studies that interfacial failure

occurs prior to bulk failure. Consequently, the cohesive strength of
the bulk epoxy is not important as long as it is greater than the
interfacial strength, since the stress in the bulk will never be high
enough to reach the bulk strength. Thus, the use of PCFF is justified
when interfacial failure is of the main interest.
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