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Abstract

SU8 is an epoxy-Novolac resin, which is used as photo initiator in micro- and nano- fabrication
techniques. From literature, graphene has been proved that results in significant improvement in
the properties of the composites. However, due to nanometer size of the graphene layers there is
no any experimental tool to obtain insight of the fillers inside the resin especially when the
materials are under mechanical deformations where simulation techniques work well. Therefore,
SU8 and SU8-graphene nanocomposites as the model compounds were taken to be investigated
from atomistic molecular dynamic approach to demonstrate the effect of graphene layers. This
leads to mechanical property enhancement such as Young’s, bulk and shear modules being
affected by the aspect ratio of the graphene layers high aspect ratio graphene in SU8 leads to an
81% improvement in Young’s, 100% in bulk and 83% in shear moduli in addition to higher

density and less graphene wrinkling.
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1. Introduction

The resin with the commercial name SU8 is an epoxy-Novolac resin is used mainly as a negative
sub-micron resolution photoresist in lithographic processes. The properties of SU8, such as
rigidity, low toxicity, transparency to visible light, high thermal and chemical stability, low cost
and simplicity of the process, has led to a broad range of applications in micro- and nano-
fabrications. Sensors, micro lenses, optical devices, etched resist masks, micro fluidics,
microelectromechanical systems (MEMS) are just examples of many devices in which SU8 can
be used in one or more steps of production [1-9].

Recently, researches have been able to alternate the properties of nano-filled polymers

(electrical, optical, thermal, mechanical, rheological, barrier etc.) by using different available



nano-sized particles (NPs) as the filler. As the matter of fact, only a few weight percent of the
fillers, in contrast to traditional composites, is enough for a large improvement in the properties
[10-13]. Nanoclays, silica nanoparticles, carbon nanotubes (CNTs) and other carbon based
particles including diamantens and single-layer graphene layers are amongst the widely used NPs
used for newly developed materials and nanocomposites [14-17]. Though outstanding properties
are reported for graphene-polymer nanocomposites [11,18,19] however, from experimental point
of view, there is not any instrumental method to investigate the real stories of the nanomometric
scale interactions of the materials remaining as a big challenge. Though many experimental
methods have been developed to probe at the finer scale of the materials however, the
knowledge, undoubtedly, is necessary to the engineers to design new materials with desired
properties without exceeded number of the experimental trials [20]. To this purpose, graphene in
polymeric nanocomposites have been subjected by several theoretical studies using molecular
dynamics (MD) simulation techniques [21-25]. This is indeed the hierarchical approach of the
simulation or multiscale simulation hypothesis, which describes how the macroscale properties
can be predicted based on the data from the shorter scale of the lengths i.e. the molecular
dynamics. For instance, atomistic MD simulation was employed by Skountzos et al. for graphene
in PMMA in order to correlate the experimentally measured macro mechanical properties of the
material to the atomistic scale interactions between the polymeric matrix and the filler [26].
Functionalized graphene added to PMMA at very low content, was showed that could lead to
very strong multifunctional material.

Multi-scale simulation concept was used by Ebrahimi et al. to compare how graphene or carbon
nanotube are effective on the mechanical properties of Chitosan based materials with the results

showing that graphene reinforcing effect being higher than that of carbon nanotubes [27].



Graphene-epoxy nanocomposites were studied by Rahman and Haque in order to estimate the
elastic constants using MD and molecular mechanic (MM) simulation methods. The
methodology was proven that compared to Mori-Tanaka model, the results are in better fitting
with the experimental data [28].

The method developed by Theodorou et al. and Rapold et al. provides the basic calculation and
the methodology for correlating and connectivity between the molecular scale interactions to the
macroscale properties in polymeric materials [29,30]. According to this method, the system
under simulation is subjected to a series of small strain deformations. Subsequently the elastic
constants are theoretically estimated from the second derivative of internal energy (U) with
respect to imposed strain. The method employed on atactic polypropylene showed acceptable
results with the experimental data [31].

For the first time SU8 and SU8-graphene nanocomposites are being studied in the present work
using Theodorou et al. and Rapold et al. method. This involves several MD simulation and
mathematical steps leading to realistic description of the interactions between the molecules of
the components leading to prediction of the macroscale mechanical properties. The simulation
details and the calculations toward the mechanical property determination are provided in the

following sections in addition to graphical and numerical results.
2. Simulation details

The commercial SU8 is a single component product, which consists of a multifunctional epoxy-
Novolac resin, y-butyrolactone as the reactive diluent and a photoinitiator [32-34]. For the cured
product, different densities have been reported varying from 1.05 to 1.19 g/cm® depending to the

process conditions and composition [35-38]. From structural point of view, the cured SU8 is a



real three dimensional network and therefore, the key point in MD simulation, is to find a
substituted but smaller structure to represent the real compound's properties. This was carried out
by examining several suggested molecular structures using previously published works on the
structural analysis of the cured SU8. In order to do this, results obtained by Jun Zhang et al. on
the structural analysis of the cured SU8 and MD simulation done by Lik-ho Tam et al. were
considered [32,38]. Jun Zhang et al., fragmented the completely cured SU8 inside a mass
spectrometer in order to depict a chemical structural for the cured SU8 network and determined
the different chemical fragments with population percent. On the other hand, Lik-ho Tam
simulated the cross-linking of SU8 using an effective dynamic algorithm under pcff, cvff and
dreiding force fields. Ring opening polymerization without termination was the polymerization
reaction which was considered for curing simulation. For the terminal atoms, hydrogens were
substituted to achieve saturation of the bonds. The final degree of cross-linking and density using
pcff force field were achieved to be 82.5% and 1.053 g/cm?®, respectively. Therefore, several
structures were assembled and energy minimization process was performed for all of the
suggested structures using pcff force field with 8 A7 cutoff distance at room temperature (298
°K) until the total potential energy of each system was reached to its minimum state. The
structure with the comparatively lowest potential energy was selected to be the representative
structure for SU8 and was used in MD simulation procedure. The representative structure is
shown in Figs.1a and b, which is consisted of the main structure of the original SU8 as the core,
two free epoxy groups and six epoxy groups reacted with y-butyrolactone in a specific manner in
order to resemble the cured SU8 as the model compound for simulation.

For the nanocomposites, two types of graphenes with different aspect ratios were embedded in

the simulation box including a high aspect ratio graphene (GH) (layer dimensions: of 26.18 Al



x 13.337 ALJ) and low aspect ratio graphene (GL) (layer dimensions: 19.638 A[] x 14.546 Al1)
as are shown in Figs. 1b and c, respectively.

Five model compounds were simulated for MD and mechnical property calculations. These are
including a simulation cell consisting of 50 model SU8 without graphene, 50 model SU8 with
one or two high aspect ratio graphene, 50 model SU8 with one or two low aspect ratio graphene.
Thus, taking all of the atoms in the simulation cell, the weight percent of the garphene (low and
high aspect ratios) in SU8/graphene nanocomposites are 2.1 or 4.2 wt.% (weight percent)
depending to the number of graphene layeres in the simulation cell. Table 1 summarizes the
detailed constituents of each simulated compound while Fig.2 shows the snapshot for the
simulation cell for SU8-GH42.

The simulation procedure was performed on the simulation cell with periodic boundary
conditions in all dimensions and pcff force field was employed to compute the atomic
interactions within a cutoff distance of 8 A[1. In order to bring the system to the conformational
stability, simulation cells were subjected to 100000 steps of energy minimization followed by
MD runs under isobaric isothermal ensemble (NPT) without applying any external pressure at
298 °K. This was continued until the system is reached to the equilibrated state of energy,
temperature and density. The temperature and pressure were controlled by Nosé-Hoover
thermostat-barostat algorithm [39,40]. For further equilibration, an isothermal isochoric
ensemble (NVT) was performed on the system at 298 °K. The system was analyzed for its
energy, structure and dynamics after the system had been reached to the new equilibrated state.
The MD runs were performed for 2x10° steps of 0.1 fs and differential equations of motion were
integrated using the velocity Verlet integrator [41,42] during the simulation run. Finally, the

mechanical properties of SU8 and its nanocomposites were calculated based on the procedure



previously developed by Theodorou [29]. Open source code LAMMPS was used in all of the

MD simulation steps described above [43].

The procedure for the mechanical property calculation and prediction was as follow:

1- First, for the optimized configurations obtained from the previous MD runs energy
minimization was performed once again to ensure the optimum geometry and minimum
energy.

2- Applying strains (less than 1%).
3- Reoptimizing of the potential energy of the resulting structure.
4- Repeating steps 1 to 3 on the next optimized configuration from the MD run.

5- Averaging the mechanical properties over the data obtained for each configuration described

above.

The elastic constants are calculated from the second derivative of internal energy (U) with

respect to the imposed strain according to Eq.1.

Lame constants (A, ) can be obtained from the elastic constants using Eqgs. 2 and 3.

1 2
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”25 (C44+ Cost Cee) (Eq. 3)

Now, the mechanical properties can be derived from the obtained Lame constants (Egs. 4 to 6):

32u

E= Eq. 4
MHM(CI)

B= x+§ u (Eq.5)

G=u (Eq. 6)
Detailed formulations and calculations are available in the literature [26,29].

3. Results and discussions

3.1. Structural properties

According to the procedures described above, the average density of the SU8 and SU8/Graphene
nanocompistes were calculated and are summarized in Table 2.

A range of experimental and theoritical values are reported in the literature for SU8 from 1.05 to
1.19 g/cm?® [35-37]. Therefore, the predicted value for the pure SU8 which is indeed, based on
the model SU8 structure supposed in this work, 1.108 + 0.002 g/cm® an acceptable agreement is
seen. However, the predicted density for the nanocomposites with high aspect ratio graphene is
seen to be slightly higher than that of pure SU8 while the nanocomposites with low aspect ratio
graphene show lower densities. This obviously, is related to the SU8 packing around the high
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aspect ratio graphene layers leading to the denser packing of the materials in the simulated
nanocomposite systems. Inversely, in the case of the low aspect ratio graphene layers, orientation
and packing of the SU8 molecules results in lower density of the materials around the layers.
This of course, can be verified by the radius of gyration Ry and end-to-end distance of the SU8
molecules in the simulated systems. The Ry versus probability density of the model SUS8 is
plotted in Fig. 3 and the numerical values are reported in Table 3. It can be seen that graphene
lowers Ry of the model SU8 molecules with respect to the pure SU8 however; this depends on
the aspect ratio of the graphene layers in the system. The calculated Ry for the GL
nanocomposites is 9.70 or 9.31 A while this is 8.81 or 9.01 A for the GH nanocomposites.
Keeping Ry value of the pure SUS as the reference point 10.42 A, lower Rq can be regarded as an
indication of higher intramolecular interactions ( or lower intermolecular interactions) with
respect to the reference configuration (the pure SU8). In conclusion, high aspect ratio graphene
prevents intermolecular interactions between SU8 molecules in a greater extent than the low
aspect graphene does. This can, of course, lead to two major conclusions. Firstly, any
intermolecular interactions between graphene and SU8 are not a subject. Secondly, graphene
imposes its effect through surface area as, high aspect ratio has greater surface area (698.325 A?)
than low aspect (570.600 A?).

A useful results obtained from the MD simulation is the radial distribution function (RDF) or
element pair distribution functions which provides detailed information about the local packing
and structural distribution over the length scale. The intramolecular pair distribution reflects
intramolecular forces between the paired atoms belonging to the same molecule and

intermolecular pairs in the same manner, is the reflection of the interactions between atoms from



different molecules. The RDF plots for atoms in the model SU8 for pure and the nanocomposites

are shown in Figs. 4 and 5.

In Figs. 4 and 5, the function g..(r) is the length scale dependent contribution function showing
atom o being in interaction with atom [ both belonging either to the same molecule
(intramolecular) or different molecules (intermolecular). For the intermolecular interaction in Fig
4, g.-p(r) approaches 1 at long distances obviously, because all the paired interactions lay within
the sphere of infinite radius. However, g,.p(r) for intramolecular distribution in Fig. 5, reaches
zero at long distance because atomic distribution for the atoms in a single molecule lay in a
sphere with certain volume. The function g..s(r) however, follows almost the same pattern for the
pure SU8 and the nanocomposites especially in the case of the intramolecular distribution and
shorter distances (Fig. 5). The sharp hump or depression regions are indeed, determined by the
configurationally limitations including bond distance, angular rotations, temperature and so on. If
go-p(r) is compared, for instance gc.c(r), for inter and intramolecular distribution, it can be
concluded that the g,p(r) values are different for different compound, SU8 and the
nanocomposites, at a certain distance. Due to phenomenological properties of g..g(r), this can be
attributed to different intermolecular and intramolecular distributions in the specimens. As an
example, gc.c(r) of the intermolecular distribution (Fig. 4) shows lower values for SU8-GL42
compared to pure SU8 all over the length scales. This is while gc.c(r) of the intramolecular
distribution (Fig. 5) for the same nanocomposite shows higher values with respect to the pure
SU8. Therefore, knowing the fact that intermolecular or intramolecular interactions are balanced
in the most stable configuration, the paired atomic distribution function can be regarded as the

function that provides information about the configuration and that how it is comparable at
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different conditions. In other words, lower interamolecular distribution deals with comparatively
less effective intermolecular interactions or higher intramolecular interactions. The balanced
intra- and intermolecular interactions build the most stable configuration for the chain resulting
in a characteristic Rq. Therefore, from the data in Table 3, the reason for reduced Ry of the
nanocomposites with respect to the pure SU8 can be related to the graphene layer which indeed,
reduces the intermolecular interactions of the SU8 molecules. Graphene layers apply this
shielding effect through the surface so that high aspect ratio graphenes with higher surface area
show comparatively lower Ry (Table 3). Additionally, in Fig. 5, absence of any periodical sharp
peaks at distances greater than 4 A and tending RDF to 1 provide proofs for the system being in

amorphous morphology.

3.2. Graphene orientation

One major effect of intermolecular interactions or tensile loads is the graphene deformation from
its originally flat structure to a wrinkled or deformed state. It has been studied in several new
works by molecular simulation techniques [44,45]. Planner atomic distribution profile is a tool
that helps to understand where the graphene is located, what is the orientation and that how the
graphene is deformed inside the simulation cell. Fig. 6 illustrates the relative atomic
concentration planner profile along the three main simulation axis (001, 010, 001) for the
nanocomposite containing 2.1 wt.% of GH or GL graphene, just after molecular stabilization
and before any applied deformation load. Whether the graphene is high or low aspect one,
location, orientation and deformation will be different as is clear on the concentration profiles

and in snapshots given for each nanocomposite shown in Fig. 6. High aspect graphene in SU8-
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GH21 is lying supine alongside ‘x’ axes (100 plane) facing up toward ‘y’ axes (010 plane). This
is while graphene in SU8-GL21 is almost is standing alongside ‘y’ axes facing almost to ‘z’
direction (001 plane). Though these are random positions, which can happen in any other
conformation by successive MD simulations however, the most important concern with the
graphene layer within the nanocomposite is wrinkling or deformation. Relative atomic
concentration shows plateau humps for high aspect graphene in SU8-GH21 that is appeared as
sawtooth mark in SU8-GL21 providing a proof that the low aspect graphene is wrinkled
alongside of the all three axis of simulation cell. This of course, will affect the mechanical

properties of the nanocompoaites, which is being discussed in later section.

3.3. Mechanical properties

Mechanical properties of the simulated systems were predicted based on the methodology
described earlier in section 2. A constant strain was applied to the pure SU8 and to the
nanocomposites. Any structural symmetry was removed from the system and then re-optimized,
if necessary, to the lowest energy level. At the end of the process, the mechanical properties were
calculated by avaraging the quantitative parameters as described earlier. The normalized
calculated mechanical properties (Young, shear and bulk modulus) are listed in Table 4.

Data in Table 4 is also compared graphically in Figs. 7 to 9. As the first conclusion,
incorporating graphene in SU8 enhances the mechanical properties of the nanocomposites with
respect to the pure SU8. For instance, Young, bulk and shear modulus in SU8-GH21 are
increased to 63%, 202% and 82% respectively, with respect to pure SU8. Moreover, due to the
increased weight percent of graphene in SU8-GH42 the mechanical properties can be seen that

are more increased to 81%, 216% and 83%, respectively.
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However, high aspect ratio graphene in the nanocomposites show higher reinforcement effect as
is clear in Table 4 or comparative graphical demonstrations in Figs. 7 to 9. This can be related to
the density of the nanocomposites given in the preceding sections based on the density of the
nanocomposites and being dependent to the aspect ratio of the graphene. In other words,
relatively lower moduli for the compounds with low aspect ratio graphene, in SU8-GL21 and
SUB-GL42, is due to the lower materials packing or lower density of the compounds. For
instance, if the bulk modulus is concerned, it is a reflection of how the materials are
compressible or how much the density of the material decreases (dp) in effect of an applied

infinitesimal pressure (dP) described mathematically as Eq. 7.

B=-Vx (8})) Eq. (7
Vv, 9 (7)
or, in terms of density change:
B (aP) Eq. (8)
= X( — .
p o’y q

Accordingly, the inverse of the bulk modulus is called the compressibility, B:

1
BZE Eq. (9)

The bulk compression involves only short-range conformational changes whereas shear and
tensile forces can cause strong (time-dependent) long-range conformational changes. Hence, the
bulk modulus is the only time-independent modulus being a linear elastic property rather than

viscoelastic one [46].

13



Therefore, the materials density is implicated in the bulk modulus of the nancompsites: if the the
bulk moldulus of the SU8-GL nanocomposites is lower than that of SU8-GH nanocomposites
(Table 4, Fig. 8) they are easily compressable compared to SU8-GH nanocompoistes due to less
materials packing or lower density showing lower relative mechanical properties expectedly.

Graphene deformation and wrinkling, discussed based on relative concentration profiles in the
previous section, is also provides that wrinkled graphene layer, will of course, show lower
mechanical reinforcement effect due to reduced interfacial interactions with the surrounding

polymer.
4. Conclusion

In this work, the atomistic molecular dynamics (MD) simulation was used to simulate SU8
epoxy resin and its nanocomposites with graphene in order to investigate the effect of graphene
on the mechanical properties of SU8. Two types of graphene layers were considered to
determine the influence of graphene aspect ratio. The interactions in simulated systems were
calculated using LJ potential with cutoff distance equal to 8 A and all simulation boxes had
periodic boundary conditions in all directions. After energy minimization, the system was
subjected to several steps of NPT run followed by several steps of NVT run at room temperature
for equilibration and to collect the required data. Data showed that the low aspect ratio graphene
has a negative effect on the materials packing leading to lower density. The mechanical
properties estimated based on constant strain approach elucidated that the high aspect ratio
graphene leads to higher mechanical properties of the nanocomposites as a direct effect of higher
density. Graphene wrinkling was observed in low aspect ratio containing nanocomposites which

of course, is an endorsement for the observed lower mechanical properties.
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Table of abbreviations

Table 1 Detailed explanation of the simulation strategy of the simulated SU8 and its graphene
nanocomposites

Table 2 Calculated density for the simulated systems at 298 °K

Table 3 Calculated square end-to-end distance R® and average radius of gyration R, for the
model SU8 molecules in different systems

Table 4 Normalized mechanical properties (Young, shear and bulk modulus) for the model SU8
and its nanocomposites

Fig. 1 The representative model SU8 (a and b), a high aspect ratio graphene (26.18 A1 x 13.337
Al1) (b) a low aspect ratio graphene (19.638 A1 x 14.546 Al1) (c). Carbon, hydrogen and
oxygen atoms are demonstrated by gray, white and red colored spheres, respectively

Fig. 2 Snapshot of a typical nanocomposite simulation cell involving 50 model SU8 and two
graphene layers (4.2 wt.%). Graphene layers are indicated by blue but gray, white and red
colored spheres are carbon, hydrogen and oxygen (in SU8), respectively

Fig. 3 Radius of gyration (R,) versus probability density for the model SU8 in the simulated systems

Fig. 4 Intermolecular radial distribution function (RDF) for the paired atoms in the simulated
systems: SU8, SU8BGL21, SU8GL42, SUSGH21 and SU8GH42

Fig. 5 Intramolecular radial distribution function (RDF) for the paired atoms in the simulated
systems: SU8, SU8BGL21, SU8GL42, SUSGH21, SUSGH42
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Fig. 6 The relative atomic concentration planner profile along the three main simulation axis
(001, 010, 001) for the nanocomposite containing 2.1 wt.% of GH or GL graphene

Fig. 7 Average Young modulus of the compounds normalized with respect to pure SU8
Fig. 8 Average bulk modulus of the compounds with respect to the pure SU8
Fig. 9 Average shear modulus of the compounds with respect to the pure SU8

Figures and Tables

Table of abbreviations

Symbol Description

U Internal Energy
Cij Elastic Constants
o Stress
€ Strain
Lame’s constants
Young’s Modulus
Bulk Modulus
Shear Modulus
Volume
Pressure
Density
Temperature
Compressibility

s
=

HYOTO<OWMm

Table 1

Number of the Type of

model SU8 graphene Number of
graphene

Notation Graphene
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layers wt. %
SU8 50 - - -
SU8-GL21 50 Low aspect 1 2.1%
ratio
SU8-GL42 50 Low aspect 2 4.2%
ratio
SU8-GH21 50 High aspect 1 2.1%
ratio
High aspect
SU8-GH42 50 ratio 2 4.2%
Table 2
Predicted density Experimental and/or theoritical values
System 3 3
(g/cm®) (g/cm?)
SuU8
1,088+ 0.002 1.05to 1.19 [35-37]
SU8-GH21
1.097+ 0.004 N.A.
SU8-GH42
1.096+ 0.003 N.A.
SU8-GL21
1.023+ 0.005 N.A.
SU8-GL42
1.021+ 0.003 N.A.
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Table 3

System R? (A% Average radius of
gyration Ry (A)

Su8 208.17 10.42

SU8-GH21 176.18 8.81

SU8-GH42 180.28 9.01

SU8-GL21 193.97 9.70

SU8-GL42 186.11 9.31

Table 4
Sample Normalized Value
Young Modulus Bulk Modulus Shear Modulus

SuU8 1.000 + 0.039 1.00 £ 0.010 1.000 + 0.013
SU8-GH21 1.631 +0.075 2.017 £0.012 1.820 + 0.020
SU8-GHA42 1.807 £ 0.075 2.165+ 0.018 1.832+0.014
SU8-GL21 1.169 + 0.076 1.283 + 0.026 1.160 + 0.028
SU8-GL42 1.361 + 0.081 1.591 + 0.015 1.483 + 0.015
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