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Hierarchical multi-scale simulations of adhesion
at polymer–metal interfaces: dry and wet
conditions†

Gokhan Kacar,*a Elias A. J. F. Peters,a Leendert G. J. van der Venab and
Gijsbertus de With*a

We performed hierarchical multi-scale simulations to study the adhesion properties of various epoxy–

aluminium interfaces in the absence and presence of water. The epoxies studied differ from each other

in their hexagonal ring structures where one contains aromatic and the other aliphatic rings. As aluminium

is unavoidably covered with alumina, a cross-linked epoxy structure near an alumina substrate is created

and relaxed by performing coarse-grained simulations. To that purpose, we employ a recently developed

parameterization method for variable bead sizes. For polymer–metal interactions, a multi-scale

parameterization scheme is applied where the relative adsorption of each bead type is quantified. At the

mesoscopic scale, the adhesion properties of different epoxy systems are discussed in terms of their

interfacial structure and adsorption behavior. To further perform all-atom simulations, the mesoscopic

structures are transformed into atomistic coordinates by applying a reverse-mapping procedure. Interface

internal energies are quantified and the simulation results observed at different scales are compared with

each other as well as with the available experimental data. The good agreement between observations

from simulations and experiments shows the usefulness of such an approach to better understand

polymer–metal oxide adhesion.

Introduction

Polymeric coating materials are extensively used to protect
metallic parts from dust, moisture, or corrosion for a wide
range of industrial applications. Moreover, polymers are often
used for bonding metal parts, for example, in aircraft construc-
tion epoxy polymers are frequently used as adhesive materials
for aluminum due to their properties like good chemical
resistance, strong adhesion, and good mechanical perfor-
mance.1,2 The adhesion between epoxy and aluminum is
important for the reliability of those interfaces. Better adhesion
means a longer lifetime of products and various methods have
been proposed to increase the adhesion of epoxies to alumi-
num substrates or actually to the inevitably present oxide on
the metal surface (alumina).3,4 Moreover, it is well-known that
the presence of external agents such as water adversely influ-
ences the adhesion strength at the epoxy–alumina interfaces.5–7

In an attempt to reduce the negative influence of water on
adhesion, recently in our group, various epoxy–amine systems
containing aromatic and aliphatic rings were developed.8 In that
work, it was observed that the epoxy with aliphatic groups has
better adhesion to aluminum in the presence of water than the one
having aromatic groups. In this paper, we strive to investigate the
main factors causing this unexpected adhesion difference. As
adhesion is mainly characterized by the molecular level inter-
actions and structure, a detailed study at this scale is inevitably
necessary for a proper understanding of the adhesive properties.

As information on the molecular scale origin of the interface
structure and properties is difficult to extract directly from
experiments, performing molecular simulations is a widely
employed alternative. Computational modeling of polymers is
somewhat complicated as it includes many aspects occurring at
different length scales. At the atomistic scale, vibrations mostly
happen at time and length scales in the order of femtoseconds
and Ångstroms, respectively. However, the structural relaxation
of polymers usually takes place at much longer time scales,
depending on the molecular weights involved. For the case of
polymer–metal interfaces, the combination of these fast and
slow dynamics lead to the formation of the interfacial structure.
Therefore, our scale of interest in this paper is at the inter-
mediate (mesoscopic) and atomistic (microscopic) scale.
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In this work, we aim at building a multi-scale simulation
scheme to model and study the origins of molecular adhesion
of an experimentally studied epoxy–aluminium system. Our multi-
scale procedure is two-fold and consists of coarse-grained and
atomistic simulations. The first step of our multi-scale attempt
is to create a cross-linked polymer structure by using mesoscopic
(or coarse-grained) simulations. Since reaching the intrinsic time
and length scales necessary for the equilibration of a cross-linked
polymer is relatively long, large coarse-grained simulations
are frequently employed.9–12 In this work, we use a mesoscopic
simulation method, namely Dissipative Particle Dynamics
(DPD),13 developed as an alternative for methods such as lattice-
gas14 or lattice-Boltzmann simulations15 and initially applied to
model fluids.16 Later Groot and Warren proposed a parameteriza-
tion method17 by mapping the model to Flory–Huggins theory18

thereby extending the model to simulate polymers. This mapping
made it possible to obtain DPD parameters from experimental
thermodynamic quantities such as solubilities.17,19 The abundant
availability of such data renders DPD a frequently applied method
to study the experimental polymeric systems, either in bulk or
near solid surfaces.20–34

The generic application of DPD to study polymers requires
coarse-graining of the polymer structure by grouping atoms
together and forming larger molecular entities, generally referred
to as beads. The conventional DPD parameterization is limited to
beads having similar volumes.17 This has been a severe restriction
in the coarse-graining procedure of experimentally studied poly-
mers. The main reason is that, upon coarse-graining a polymer
based on chemical functional groups, significant volume differ-
ences might be present, i.e., up to a factor of three.35 This means
that a DPD simulation with conventional parameterization results
in incorrect local densities, and, as a consequence probably to
incorrect morphologies. In an attempt to overcome this limita-
tion, we recently proposed a parameterization procedure that
extends the applicability of DPD to different bead sizes.36

Removing the equal bead volume constraint makes DPD appli-
cable to a wide range of experimentally relevant polymer systems.
Using this parameterization we studied the cross-linking proper-
ties and the resulting mesoscopic structure of a cross-linked
epoxy.35 To describe adhesion, it is also essential to correctly
model the interactions between polymer and solid surfaces for the
systems we consider. Until recently, there has been no parameter-
ization procedure established for such interactions taking into
account their intrinsic chemical nature. To that purpose, we
reported a multi-scale simulation approach to quantify the meso-
scopic DPD parameters between a polymer and a metal or metal-
oxide surface.37 As aluminium is unavoidably covered with oxide,
an alumina surface is used to represent the interface. This
approach was applied to monitor how the molecular structure of
an epoxy was created near an alumina surface.

In this work, we make use of the approaches reported in the
previous studies to investigate the adhesive properties of
various epoxy–amine systems on aluminium. To determine
the adhesive properties at the interface, we combine different
length scales. The epoxy structure generated at the mesoscopic
scale provides us with the initial, but crucial first step towards

computing the properties. As a second step, we perform atomistic
molecular dynamics (MD) simulations on the atomistic structure
derived from the mesoscopic coordinates. The transformation
of the mesoscopic structure to the atomistic one can be made by
one of the reverse-mapping algorithms.23,38–43 Having such a
bridge between mesoscopic and atomistic scales is proven to be
an effective tool to proceed for further analysis of the nanoscopic
structure.44,45

The paper is organized as follows: first, we study the adhesion
properties of the epoxies containing either aromatic or aliphatic
rings with alumina by discussing the mesoscopic interface struc-
ture. Moreover, interface internal energies of these two systems are
quantified. In the next section, we consider wet conditions by
including water and investigating its effect on the adhesive proper-
ties. Finally, we compare the results of the simulations with the
available experimental findings.

Materials
Chemical structures and coarse-graining

The epoxies simulated in this paper possess different ring
structures: Epikote 828 contains aromatic rings, whereas
Eponex 1510 contains aliphatic rings.8 The epoxies are usually
mixed with an amine cross-linker for curing, which is in our
case, Jeffamine EDR-148, a polyether amine. To perform the
mesoscopic simulations, these chemical structures are coarse-
grained in proper chemical functional units. In Fig. 1, the
structures and the coarse-grained beads are schematically
depicted. The functionality of each functional group is different.
Jeffamine contains two primary amine end-groups which makes
the molecule four functional. The functionality of the epoxide
resin is two. Hence, in a stoichiometric mixture with a stoichio-
metric ratio, the Jeffamine–epoxy molar ratio is 1 : 2.

The reacting groups that form cross-links correspond to A
and D. The cross-linking reactions are based on creating
covalent bonds between cross-linking beads if their separation
is smaller than a pre-defined distance, 0.3rDPD in this case. This
is the same procedure we used in our previous paper35,37 where
we showed that the value used for this criterion only affects the
dynamics and not the end-structure. Moreover, we recently
showed that the nature of the cross-link criterion, i.e., using
either a step function or a somewhat more sophisticated
continuous function, also does not affect the results signifi-
cantly.46 Upon reaction of the cross-linking bead pairs, the
chemical nature of the reacting beads change, which means
they evolve into new bead types. These reactions read at the
meso-scale as: A + D - A0 + D0 and A + D0 - A0 + D00.
The chemical structures of these newly formed beads (A0, D0, D00)
are shown in Fig. 2.

The epoxies interact with the a-alumina (a-Al2O3) substrate
exhibiting the h0001i surface which is thermodynamically the
most stable surface.47,48 Alumina has a distorted hexagonal
close packed structure with space group R%3c. The structural
details of how the alumina structure is modeled at mesoscopic
and atomistic scales are given in following sections.
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Computational methods and details
Dissipative Particle Dynamics (DPD)

DPD is a coarse-grained simulation method, which has a soft,
repulsive non-bonded potential with effective interactions. Due
to the repulsive nature of the potential, the overall structure is
kept intact with applied pressure. The pressure in simulations
is calculated from the forces as a result of the pair interactions.
The total force between beads i and j is the sum of three
components:

-

fij =
-

f C
ij +

-

f D
ij +

-

f R
ij, where

-

f C
ij represents the

conservative,
-

f D
ij the dissipative, and

-

f R
ij the random force,

respectively. The dissipative and random forces are coupled
to each other by a fluctuation–dissipation relation and char-
acterize the dynamics of thermostating the system.49 The
functional forms are, respectively,

-

f D
ij = �gwD(rij)(

-
rijvij)

-
rij and

-

f R
ij = �swR(rij)yij

-
rij. (1)

In eqn (1), g and s are the amplitudes of the dissipation and
the repulsion, wD and wR are weight functions dependent on
the position r, while yij is a noise term fluctuating with
Gaussian statistics having zero mean, and vij = vi � vj,

-
rij =

rij/|rij|, rij = ri � rj, rij = |rij|. In our simulations, we use the
optimized values as reported by Groot and Warren17 for those
parameters. The functional forms of the weight functions and

the amplitudes for the dissipative and random contributions
are, respectively,

s2 ¼ 2gkBT and wD rij
� �

¼ wR rij
� �� �2

¼
1� rij

rDPD

� �2

rij o rDPD

0 rij � rDPD:

8><
>:

(2)

The equilibrium structure is determined by the conservative
forces. All the forces act in a pair-wise fashion such that the
momentum is conserved. This results in a proper hydro-
dynamic behavior at larger time and length scales.16

The total conservative potential of DPD is a sum of the
bonded and non-bonded terms. We use stretch and bending
potentials for the bonded terms.50 The parameters used in our
simulations for the bonded interactions are given in the ESI.†

The non-bonded potential between two beads i and j with
interaction parameter aij is soft, short-ranged, and purely
repulsive and follows the expression

VDPD;ij rij
� �

¼
aij

2
1� rij

rDPD

� �2

rij o rDPD

0 rij � rDPD:

8><
>: (3)

In this paper, we take the dimension of aij as energy. However,
it is sometimes interpreted as having the dimension force.
Therefore in some expressions, the symbol rDPD explicitly
appears while it is absent in similar expressions in other
publications. Note that rDPD defines the interaction cut-off for
non-bonded beads and is the same for all beads.35

Generally, the repulsive DPD interactions between beads
are mapped from Flory–Huggins mean field theory onto
DPD17 via

Daij = 3.51wijkBT, Daij = aij � âij at rrDPD
3 = 3 (4)

where âij represents the neutral repulsion parameter defining
the mixing of beads i and j when there is no excess repulsion,

Fig. 1 Chemical structures and partitioning in functional groups for the identification of coarse-grained beads for (a) Epikote 828, (b) Eponex 1510, and
(c) Jeffamine EDR-148.

Fig. 2 Coarse-grained bead representations illustrating the new bead
types formed as a result of the change in the internal chemical structure
upon cross-linking. The ‘–R’ group indicates the rest of the epoxies.
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r is the dimensionless number density, and wij is the Flory–
Huggins parameter. The latter is directly related to solubility
parameter d of beads which characterizes their mixing or
demixing nature: wij = Vbead(di � dj)

2/kBT. The parameter Vbead

corresponds to the molar volume of a bead, and in our case is
calculated by the weighted average of the pure species
volumes.35 The average bead volume Vbead is directly related
to the rDPD via rrDPD

3 = 3, therefore rDPD = 7.15 Å.
The Groot and Warren mapping applies to equal like–like

interactions âij = aii = ajj. However, as mentioned in the
introduction, the coarse-graining of epoxy beads is based on
the proper partitioning of the chemical groups, which results in
different bead volumes.35 The proposed extension to be able to
apply DPD to polymers that have different bead volumes36 is
briefly described below.

The identification of like–like parameters aii originates from
the idea that there is mechanical equilibrium between different
beads having different experimental pure liquid volumes. This
equilibrium ensures that aii will be different for each bead type
and its associated volume is correct when a system is phase-
separated. From the DPD equation-of-state (EoS), this was
found to be36

aii ¼
p� ri;purekBT

ari;pure2rDPD
3

(5)

In eqn (5), p is the set pressure, r is the pure-liquid number
density, and a is a constant in the DPD EoS, equal to 0.101 for
total number densities higher than 3.17

The form of pair-wise interactions aij between beads having
different volumes is derived from a scaling relationship intro-
ducing a front factor to the Flory–Huggins wij parameter36 with
a neutral interaction parameter âij ¼

ffiffiffiffiffiffiffiffiffiffi
aiiajj
p

. The relation reads

aij ¼ âij þ
p

0:0454 aiiri;pure þ ajjrj;pure
	 
wijkBT : (6)

The DPD interaction parameters between the polymer and
metal-oxide beads are derived by quantifying the preferential
adsorption for each polymeric bead type at the alumina inter-
face. The surface excess G51 parameter is calculated to charac-
terize the adsorption.37 The procedure is based on matching G,
as calculated from atomistic MD, to DPD. The relation for
G reads

G ¼
ðLS

�1
rðzÞdzþ

ð1
LS

rðzÞ � rbulkð Þdz (7)

where, r(z) and rbulk are the bead number densities in the
dimension perpendicular to the surface plane and in the bulk-
phase, respectively, and LS represents the location of the
surface.

Details of DPD simulations

We construct two simulation boxes that contain Epikote–Jeffa-
mine and Eponex–Jeffamine, respectively. The parts consisting
of polymer and alumina are glued together to create an

organic–inorganic interface oriented along the xy-plane. The
polymer part includes 10 000 Epikote (or Eponex) chains mixed
with 5000 Jeffamine chains. This corresponds to a total number
of 100 258 beads. The beads of the metal-oxide substrate
are packed in a face-centered-cubic structure with a number
density of 15 to prevent penetration of polymer beads into
the substrate.37 The simulation box dimensions are x = 25rDPD,
y = 25rDPD and z = 39.8rDPD, providing a total number density of
3rDPD

�3. The substrate thickness is equal to 2.42rDPD.
We run simulations in an NPT ensemble and control the

pressure only in the direction perpendicular to the interface.
The coordinates of the metal-oxide substrate beads are
held fixed during the simulations. Therefore the pressure is
calculated only in the epoxy layer excluding the metal bead
contribution. The pressure value in simulations is set as
p = 38.5kBT/rDPD

3 in order to give a correct order of magnitude
of overall compressibility.36 The total number of simulation
steps is 2 � 106 with the first 1 � 106 steps for equilibration
and the rest for data collection. The cross-linking reactions are
switched on after the equilibration run is finished. The time step
in the simulations is set as Dt = 0.02tDPD. Periodic boundary
conditions are employed in all dimensions. We used the
LAMMPS MD simulator52,53 to perform the DPD simulations.

Details of atomistic MD simulations

To perform atomistic simulations, we use a reverse-mapping
algorithm built in-house which creates the atomistic structure
of the polymer from the meso-scale coordinates.42,43 The reverse-
mapping algorithm is composed of three steps: (1) insertion of
the atomistic templates (molecular units corresponding to
beads), (2) rotation shortening the distances between consecu-
tive templates, and (3) energy minimization. The input structure
for the reverse-mapping procedure is obtained from mesoscopic
simulations performed on a smaller box than highlighted in the
previous section. If the reverse-mapping procedure is applied to
the same box, this would correspond to approximately 620 000
atoms. This is too large to simulate at reasonable computational
times. The box dimensions used therefore are x = 7.98rDPD,
y = 8.07rDPD and z = 12.15rDPD, constituting a total of 3600 beads.
These box lengths are sufficiently large so that no persistent
density fluctuations might result from the periodic boundary
conditions. When the DPD coordinates are scaled with the
physical length scale (that is, 7.15 Å35), the initial dimensions
become 57.1 Å, 57.7 Å, and 86.7 Å in xyz with 18 600 atoms in the
epoxy layer.

The alumina crystal structure is obtained from the Materials
Studio54 structural database. The fine-grained polymer structure is
combined with the alumina structure such that the interface lies in
the xy-plane. Atomistic simulations are performed with the
LAMMPS52,53 software by using the Polymer Consistent Force Field
(PCFF)55 which is parameterized for various organic and inorganic
materials and is capable of predicting material properties of a bulk
cross-linked epoxy in agreement with the experimental reports.43

Prior to the simulations, an energy minimization step, using a
combination of Newton–Raphson and conjugate gradient algo-
rithms, is performed for the epoxy layer while the alumina atoms
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are held fixed at their positions. After the energy minimization,
atomistic simulations are performed under NPT conditions.
Similar to the coarse-grained simulations, we control the pressure
perpendicular to the epoxy layer excluding the contribution of
metal atoms. We run the simulations with 0.1 fs timestep for a
total of 100 ps. Later, simulations are restarted with 1 fs timestep
for a total of 1 ns. The cut-off radius used for non-bonded Lennard-
Jones interactions is 10 Å while the electrostatic Coulomb inter-
actions are handled by the particle-mesh Ewald56 summation. The
temperature is set as room temperature using the Nosé–Hoover
thermostat57,58 while pressure control is performed by the
Parrinello–Rahman59 barostat, set at a pressure of 1 atm.

Consideration of water in simulations

The effect of water is studied by means of mesoscopic and
atomistic scale simulations. The interaction parameters to
simulate water interactions with itself and with the rest of the
beads are given in the ESI.†

In the experimental practice, the epoxy is immersed in water
after the polymer is cured and the effect of water on the
adhesion strength is studied. In order to mimic the experi-
mental procedure,8 we follow the same sequence of events in
our simulations. This means that we first obtain the cross-
linked epoxy structure at the mesoscopic scale and then create
water beads with random coordinates inside the bulk polymer.
The wet epoxy system is run for an extra 1 � 106 DPD steps to
relax the structure. The water molar fraction in the polymer is
taken as the experimental values, corresponding to 3.82% in
Epikote and 0.13% in Eponex.8 For the mesoscopic simula-
tions, we simulated a large box with 27 759 and 1006 water
beads, respectively. After reverse-mapping, similarly to the
previous consideration, we simulate a smaller box for computa-
tional efficiency. The wet epoxy contains 833 water beads for
the Epikote and 30 water beads for the Eponex polymer.

Quantification of interface internal energies

Quantification of interface internal energies requires performing
MD simulations. To that purpose, we decorated the coarse-
grained coordinates with the atomistic detail via the reverse-
mapping procedure, as detailed in ref. 42. We discuss the
adhesion properties of the epoxy–alumina interfaces in terms
of the calculated interface internal energies. This quantity has
been used in the literature to discuss the strength of adhesion for
different type of interfaces.48,60,61 The interface internal energy is
the binding (or potential) energy associated with the polymer–
metal interaction and characterizes the energy required to break
all the interactions between the epoxy and alumina. It provides
how stable an interface is directly proportional to the strength of
adhesion at the interface,62 and described by

Einterface = Etotal � (Eepoxy + Ealumina) (8)

where Etotal is the total energy of the epoxy and alumina, Eepoxy

is the total energy of epoxy without alumina, and Ealumina is the
total energy of the alumina crystal excluding the epoxy layer.
A negative value indicates a favorable interaction between the
polymer and substrate.

We should note here that eqn (8) provides the internal
energy as the interface internal energy. This is different from
the ‘work of adhesion’ (or interface Gibbs energy) which is the
energy necessary to create the polymer–metal interface at
constant P and T. The calculation of the Gibbs energy can be
done by various procedures such as thermodynamic integration
at a particular temperature or by temperature integration of
Gibbs energies computed at different temperatures.63 Both
procedures require performing extensive simulations. In this
work we proceed to discuss our results by means of interface
internal energies, as this quantity sufficiently characterizes the
strength of interactions present at the interface.

To satisfy that the polymer only feels a single surface, we
extend the simulation box in the dimension perpendicular to
the interface by placing 30 Å vacuum on top of the polymer
layer. The interface internal energy Einterface is calculated after
we performed an additional 2 ns run subsequent to simulations
as described in previous sections.

Results and discussion
Adhesion of dry epoxies to alumina

We first discuss the adhesion properties of the dry epoxy
polymer on the alumina substrate, as deduced from their
mesoscopic structures for the cases that cross-linking is present
or not. Analyzing non-cross-linked interfacial structures will
give insight into the molecular origin leading to the formation
of the interfacial structures. We examine the density profiles,
the density fluctuations and width of the interface to provide
insight into the relative adsorptions of functional groups on the
substrate.

The non-cross-linked density profiles are depicted in Fig. 3.
The epoxy (bead A) is observed to be the nearest to the alumina
substrate for both systems, but it is slightly closer in Epikote
due to the non-bonded interactions of type B (aromatic ring)
and type L (aliphatic ring) with the alumina. The bonded
interactions of these groups with the epoxy groups (bead A)
are also influencing the interfacial structures. In other words,
considering that bead L is more repulsive (see Table S1, ESI†)
to alumina, it drags the epoxy group into the bulk region
in Eponex.

The concentration of Jeffamine beads (D and J) at the
interface is higher for Eponex. They can reach more easily the
interface as a result of their less repulsive interactions with
alumina. Moreover, the bead containing the aliphatic ring, the
L bead for Eponex, has a sharper profile than its counterpart in
Epikote, bead B. This is related to the depletion observed
at around 3.5rDPD and the aliphatic beads play a minor role
as a barrier preventing the migration of other beads towards
the interface.

Density profiles provide crucial information to understand the
adsorption behavior of beads. To further comment on the adhe-
sion of the two interfaces, we compute and compare the surface
excess G-values, which quantifies how much a particular bead
type is adsorbed compared to the others. The calculation is
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similar to the parameterization of polymer–alumina interactions.
The results indicate whether the system is more or less favored by
the alumina and are reported in Table 1. A higher value of G
indicates more adsorption.

Comparing the same bead types in different systems reveals
the differences in the density profiles. A significant difference is
observed for the Jeffamine beads (D and J) in the two systems
favoring the adsorption of Epikote. The aliphatic ring (bead L)
adheres more than its counterpart in Epikote. The G-values for
the epoxy functional groups (bead A) are not significantly
different from each other but slightly in favor of Epikote. The
bottom row quantifies the total amount of adsorption signi-
fying that the total adsorption of Epikote is higher than the

Eponex. This is in line with the interaction parameters of the
ring structures and the alumina, for which the aromatic ring is
less repulsive than the aliphatic ring.

The interfacial structure changes upon cross-linking.
The transition of beads to different (and new) types alters the
interactions, and ultimately, their concentration near the
alumina interface. A clear example is seen in Fig. 4 where for
both epoxies once reacted amine groups (bead D0) have almost
zero concentration all over the simulation box. In addition, a
surplus of unreacted epoxy functional groups (bead A) exists near
alumina, although they are nearly absent in the bulk. This is
possibly caused by the preferential formation of cross-links in
the bulk rather than near the alumina at the initial stage of
the reaction. A similar effect can be found in ref. 37. A small
concentration of unreacted cross-linking beads in the bulk
indicates that a high cross-link conversion is reached. For both
systems, the computed cross-link conversion values are about 0.92.

Similar to the non-cross-linked epoxies, we calculated the
surface excess for each bead type and the total for the cross-
linked materials. Table 2 depicts the adsorbed amount of a
specific bead type near alumina for the cross-linked epoxies.
The adsorption of unreacted epoxy functional groups is higher
for Eponex than for Epikote. Cross-linking the epoxy functional
group results in bead type A0 which, in line with its interaction
parameter, is concentrated near the interface of Epikote.
A similar comment can be made for the reacted amine groups.
On the whole, Epikote shows more adsorption to the alumina
surface than the Eponex.

In addition to the analysis of the mesoscopic structures, we
performed atomistic simulations for further quantification of
the adhesion properties and calculated the interface internal
energies of the epoxy–alumina interfaces.

To illustrate the relative adhesion strength of two epoxies,
we report in Table 3, the interface internal energies E per unit
area A, as computed from the atomistic MD simulations. The
cross-link conversions X are also given to demonstrate that all
the systems have a similar degree of cross-linking. The minus
sign in front of the interface internal energies indicates that the
epoxies are favored by the alumina.

Table 3 shows that the adhesion of two epoxies does not
differ too much, but is slightly in favor of Epikote, i.e., the epoxy
which contains the aromatic ring, as also revealed by the
surface excess obtained from the mesoscopic simulations.

Experimental measurements illustrate that the average value
of the adhesion strength of Eponex is slightly higher than of
Epikote,8 in contrast to our simulation results for the adhesion
energies. Note that experimentally strength is measured while
here energy is discussed. The link between these quantities is
provided by the critical flaw size, which is not necessarily the
same for both epoxies. Moreover, the standard deviations in
experimental measurements are relatively large as they reflect
the flaw size distribution.62

Effect of water on epoxy–alumina adhesion

The experimental work of Meis et al.8 further demonstrated that
the differences in adhesion strengths become more pronounced

Fig. 3 The density profiles of the non-cross-linked Epikote–Jeffamine
and Eponex–Jeffamine systems near the alumina interface. The profiles
are shown until 7.5rDPD in the direction perpendicular to the interface as at
this distance the bulk density is reached. The vertical dashed line indicates
the location of the alumina substrate.

Table 1 The surface excess values computed for different beads in non-
cross-linked Epikote–Jeffamine and Eponex–Jeffamine systems. The
integration in eqn (7) is taken from the location of the surface (z = 2.42rDPD)
until the middle of the simulation box. The total amount is computed from
the average density of beads. The dashes show that those bead types are
not present in the epoxy system

G [rDPD] Epikote–Jeffamine Eponex–Jeffamine

A 0.0893 0.0863
B 0.0761 —
L — 0.0847
C 0.0390 0.0207
D �0.6256 �0.8939
J �0.6349 �0.8874
Total �1.0561 �1.5896
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when the epoxies are tested under wet conditions. Therefore, we
also considered the effect of water on the interface structure and
energies. We first discuss the influence of water on the meso-
scale structure of the interface and the bulk. The DPD parameters
indicate that water has a very high repulsion with the epoxy beads
and attraction with the alumina (see Table S1, ESI†). Therefore, it
is energetically favored that the water beads stay at the interface.
As a result of the trade-off of these interactions, in Fig. 5, water is
observed as spheres in the bulk, and as a mixture of spheres and
as a thin layer at the interface.

The total water content is another factor influencing the
structure of water in polymer. If the water concentration is low,
it may prefer to segregate to the interface as the critical
concentration to form water clusters cannot be reached. In
contrast, if the water content is above a certain limit, attractive
water–water interactions might result in the formation of water
clusters in bulk rather than water beads migrating towards the
interface. The water concentration in Epikote is much higher
than in Eponex. Despite the fact that the water concentration in
Eponex is small, a small portion of water clusters is trapped in
the bulk due to the cross-linked nature of polymer as the
network prevents these clusters to escape towards the interface.

Next, the relative adsorption of the epoxies are studied as
influenced by the presence of water. The total amount of
adsorption presented in Table 4 indicate that adsorption of
Eponex is better than of the Epikote. The extent of the adsorp-
tion difference is large, about 22%, while for the dry epoxy the
difference was only 3%. A negative influence of water on
the adsorption of epoxy to alumina is observed. Comparing
the individual beads, the largest difference is observed for the
unreacted epoxy group (bead A), and in favor of Eponex. This is
followed by the once and twice reacted amine groups (beads D0

and D00, respectively), and bead J. The rest of the beads show
minor differences in two epoxies. Water adsorption is clearly
higher in Epikote. As a result of the presence of water at the
interface, epoxies are observed to delaminate from alumina.

Making a direct comparison to the dry epoxy case is difficult
as the water concentration introduce inhomogeneities which
significantly affects the structure at the interface. In order to
meaningfully compare with the dry epoxies, in the next section,
we perform atomistic simulations on the wet epoxies.

The calculated interface internal energies illustrate a major
decrease in adhesion of Epikote to alumina as shown in Table 5.

Fig. 4 The density profiles of the cross-linked Epikote–Jeffamine and Eponex–Jeffamine systems near the alumina interface. The profiles are shown
until 7.5rDPD in the direction perpendicular to the interface as at this distance the bulk density is reached. The vertical dashed line indicates the location of
the alumina substrate. Note that in the right figures for both epoxies once reacted amine groups (bead D0) have almost zero concentration all over the
simulation box.

Table 2 The surface excess values computed for different beads in cross-
linked Epikote–Jeffamine and Eponex–Jeffamine systems. The integration
in eqn (7) is taken from the location of the surface (z = 2.42rDPD) until the
middle of the simulation box. The total is computed from the average
density of beads. The dashes show that those bead types are not present in
the corresponding systems

G [rDPD] Epikote–Jeffamine Eponex–Jeffamine

A 0.6703 0.9797
B �2.2795 —
L — �2.2322
C �1.1420 �1.1128
D �0.0297 �0.0045
J �1.7002 �1.9168
A0 �2.9078 �3.1769
D0 �0.3575 �0.5946
D00 �1.3489 �1.3505
Total �9.0953 �9.4086

Table 3 Interface internal energies are computed from atomistic simulations
for the epoxies. The computational errors are smaller than 0.001 J m�2

Mixture X Einterface/A ( J m�2)

Epikote–Jeffamine 0.92 �0.663
Eponex–Jeffamine 0.91 �0.609
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The separation of the epoxy polymer from alumina significantly
decreases the interface internal energy of Epikote. The more

water accumulated at the interface, the more delamination
occurs which lowers the adhesion. Comparing with the interface
internal energies of dry epoxies (see Table 3), there is no major
change for Eponex. However, the interface internal energy is
decreased almost half for Epikote.

Overall, the simulation results correctly represent the quali-
tative experimental conclusions in dry and wet conditions.
On the other hand, experimental data report the interfacial
strength values obtained from pull-off tests, whereas we esti-
mate the interface internal energies between the epoxies and
the alumina. Therefore, a direct comparison of simulation
results with the experimental measurements is not straight-
forward. During the pull-off tests the material undergoes
deformation until fracture occurs. The measured quantity is
then the stress at the fracture. In order to perform a direct
comparison between the experimental data and the computa-
tional values, Griffith’s criterion62 could be used. This criterion
is based on an ‘energy approach’ to continuum fracture, and is
valid for substances that are brittle upon fracture. Griffith
found that the product sf

ffiffiffi
a
p

is related to a material constant
K, where sf is the stress at fracture, and a is the flaw size. The
Griffith theory indicates that the constant K is directly related to
the elastic modulus E of the material, Poisson’s ratio n, and the
interface internal energy g with the expression for plane strain

and monolithic materials reading K ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Eg=p 1� v2ð Þ

p
. But we

have to bear in mind that for the experiments, we do not know
explicitly the flaw size a, and additionally, we have a bi-material

Fig. 5 Density profiles (left and right) of the cross-linked epoxies (gray) near alumina in the presence of water (red) in (a) Epikote–Jeffamine, (b) Eponex–
Jeffamine. The number density of epoxies are calculated by taking the average number of beads irrespective of their type. The middle picture is a
snapshot taken at the end of the simulation. The vertical dashed line indicates the location of the alumina substrate.

Table 4 The surface excess values computed for different beads in the cross-
linked Epikote–Jeffamine and Eponex–Jeffamine systems. The integration in
eqn (7) is taken from the location of the surface (z = 2.42rDPD) until the middle of
the simulation box. The total is computed only from the average density of epoxy
beads with the water beads are excluded. The dashes show that those bead
types are not present in the corresponding systems. W indicates the water bead

G [rDPD] Epikote–Jeffamine + water Eponex–Jeffamine + water

A 0.7393 1.1634
B �0.3211 —
L — 0.0622
C �0.1584 0.0362
D �0.0019 0.0000
J �0.7039 �0.9425
A0 �1.0415 �1.1046
D0 �0.3310 �0.7084
D00 �0.4004 �0.2429
W 2.0914 0.1312
Total �2.2187 �1.7365

Table 5 Interface internal energies computed from atomistic simulations
of the epoxies. The computational errors for all epoxies are smaller than
0.001 J m�2. Cross-link conversion values X for each epoxy are given

Mixture X Einterface/A ( J m�2)

Epikote–Jeffamine + water 0.92 �0.347
Eponex–Jeffamine + water 0.91 �0.626
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interface, so that the exact expressions are more complex.
Moreover, in reality, the epoxy–alumina interface might involve
chemical bonds but we only model the non-bonded inter-
actions between the epoxy and alumina. Finally, the surface
morphology of alumina in reality contains irregularities such as
kinks, steps, defects, hydroxyl groups, impurities, etc., which
could alter the strength of adhesion significantly. For a proper
comparison, these effects should be taken into account.

Conclusions

In this paper we simulate, under dry and wet conditions, two
epoxies interacting with alumina to reveal the adhesion differ-
ences and to obtain the structural and energetic properties of
the interface. The epoxies differ from each other solely by their
ring structures with one having an aromatic and the other an
aliphatic ring. The motivation for the simulations arose from
the (counter-intuitive) conclusion of the experimental work
reporting that the epoxy which contains the aliphatic rings
has under wet conditions a better adhesion to the alumina than
the epoxy with the aromatic rings. By using molecular simula-
tions at different length scales, we monitored and analyzed the
underlying structural and energetic factors that influence
the adhesion differences of epoxy to alumina with and without
the presence of water.

The procedure we follow is a multi-scale approach. First, we
perform mesoscopic DPD simulations to create the cross-linked
epoxies since obtaining the time scales necessary to reach high
cross-link conversions is not feasible with all-atom simulations.
We model the epoxies with the parameters calculated via
a generalized DPD parameterization approach considering
variable bead volumes. Moreover, we compute the polymer–
alumina DPD interactions from a dual-scale simulation
approach. At the mesoscopic scale, we analyze the structure
of epoxies at the interface to monitor the adhesion behavior. As
a result, we find that the epoxy with the aromatic rings is
slightly more adsorbed to the alumina under dry conditions. In
contrast, we observe significantly more adsorption for the
aliphatic epoxy under wet conditions.

To estimate the physical adhesion at the interfaces,
we perform atomistic MD simulations for two epoxies. The
atomistic coordinates are derived from the mesoscopic coordi-
nates via a reverse-mapping approach. We calculate the inter-
action with the interfaces and find that the results at different
scales agree with each other. That is, for the epoxy that is
adsorbed more, we find a higher degree of adsorption (DPD)
and a higher interface internal energy (MD). The adhesion level
for the dry case is similar for both epoxies, but when water is
present, adhesion of Epikote decreases significantly. The inter-
action of water with the polymer is repulsive and attractive with
the alumina. Therefore, water prefers to stay near the alumina.
However, water clusters are formed in bulk epoxy as the water
molecules are trapped inside the cross-linked network and
could not reach the interface. These water clusters are observed
to be present in the form of spheres or as a thin layer as a result

of the trade-off between water–alumina, water–epoxy and epoxy–
alumina interactions. Overall, the amount of water in the
polymer–metal(oxide) interface significantly alters the interfacial
structure by introducing inhomogeneities, which eventually
results in the loss of adhesion.

In light of the adsorption and adhesion behavior of different
epoxies to alumina as quantified by these hierarchical multi-
scale simulations, we conclude that the qualitative order of the
experimental adhesion strengths is explained successfully, thus
providing a clear understanding of the energetic and structural
factors playing a role in adhesion differences. The hierarchical
multi-scale approach presented in this paper can be extended
to study similar interfaces of interest and possibly guiding
potential experimental work in this field.
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