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A Molecular Dynamics Investigation on the
Cross-Linking and Physical Properties of
Epoxy-Based Materials+t

Lik-ho Tam? and Denvid Lau” ®®

Epoxy-based materials are extensively used in industry due to their excellent mechanical and
thermal stability. As the epoxy products are getting smaller and smaller nowadays, there are
difficulties arising from the material processing and measurement, which need to be carefully
considered in the design stage. SU-8 photoresist, which is commonly used in micro-electro-
mechanical systems (MEMS), is chosen as a representative of epoxy-based materials in this
study. Here, we propose an effective dynamic cross-linking algorithm, which can be used to
construct the SU-8 epoxy network with cross-linking degree higher than 80%. Using an
equilibration process incorporating successive pressure controls, the density of the cross-linked
structure can be accurately obtained. By performing the dynamic deformations in the molecular
dynamics simulations, elastic properties of the equilibrated SU-8 photoresist can be determined,
which are in good agreement with the experimental measurements. The good predictions of the
physical properties demonstrate a strong mechanical stability of SU-8 structure at the nano-scale.
The dynamic cross-linking algorithm described in the present study can be applied in other

polymeric material
homopolymerization.

Introduction

Epoxy-based materials possess a three-dimensional covalent
network formed by a cross-linking process among epoxy
monomers, which is normally initiated by heat, chemical
reaction or irradiation. The highly cross-linked epoxy network
exhibits enhanced physical properties, such as the strong
structural stability including high thermal and chemical
resistance. In practice, these materials are frequently used in
various engineering applications across a large range of length
scale, including micro-electromechanical systems (MEMS),
civil infrastructures and aerospace industry'™. Particularly, SU-
8 has become a favorable epoxy-based photoresist for the
fabrication of high-aspect ratio and three-dimensional MEMS*.
Compared with other commonly used photoresists such as
poly(methyl methacrylate) (PMMA)®, SU-8 has a higher
Young’s modulus after polymerization process®”, which is
important for achieving a better mechanical stability of the final
products. However, the focus of these earlier studies is mainly
on the SU-8 measurements at the micro-scale. As the
dimensions of SU-8 applications shrink to sub-micro or even
nano-scale, investigations are required to probe the SU-8
mechanical properties at these tiny length scales. However, the

This journal is © The Royal Society of Chemistry 2014

investigations

involving the cross-linked network model through

difficulties in material processing for conventional tensile tests
become major limitations to obtain the nano-mechanical
properties of the epoxy-based materials, such as SU-8
photoresist.

Molecular dynamics (MD) simulations have been demonstrated
as a powerful tool to study the molecular structure and
mechanical properties of cross-linked networks'®??. The early
MD studies in the polymer investigations involving the
construction of atomistic polymeric systems have been reported
since 1990s'" "', Several static cross-linking approaches have
been developed for the formation of cross-linked networks'" 2,
In their proposed approaches, the reactive atoms whose
distance are closer than a defined reaction radius are firstly
identified, and then the identified reactive atoms are cross-
linked by forming new bonds simultaneously (in a single step).
As the cross-linking process is performed at only one step,
some potential reactive atoms are not cross-linked, which
results in a low cross-linking degree. Alternatively, the
identification of reactive atoms and the creation of new bonds
1% in which the
reaction radius can increase steadily during the cross-linking
process, leading to a higher cross-linking degree compared to
the previous static methods. However, the generated cross-

can be carried out in a successive manner
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linked structure using such approach may not be fully
equilibrated after every polymerization reaction. In other
words, this approach limits the system to relax adequately and
it is expected that a high geometric instability can be resulted
due to the newly created bonds. By incorporating energy
minimization and molecular equilibration after each cross-
linking reaction, a dynamic cross-linking approach'* has been
proposed to reduce the geometric instability arose during the
cross-linked network formation. But as this approach only
performs one bond formation between the closest reactive
atoms pair per iteration, a heavy computational demand in large
scale systems is expected. Besides, the reported Young’s
modulus of the epoxy network using a dynamic cross-linking
approach with Dreiding forcefield is a magnitude larger than
the experimental measurement®. By combining the successive
the

procedures”, the cross-linking reaction can be simulated in a

cross-linking  concept’?  and multistep  relaxation

step wise manner'S. During the cross-linking network
formation, the bond energy of the newly created bonds can be
determined based on the value of bond length (distance
between the cross-linked atoms), which changes constantly
during the relaxation process. The calculation of bond length
can be performed in every equilibration step to determine the
force constant, which is time consuming and computational
demanding. Whereas these MD studies have made significant
progress in the molecular

modeling and properties

measurement of epoxy-based materials, several key obstacles

11,12

are still present including the low cross-linking degree and

1416 Our cross-

less accuracy in the properties predictions
linking algorithm developed in this paper has a similarity in the
spirit to the dynamic concept'® '* '° but with a significant
improvement in terms of the time efficiency and the accuracy,
as well as a high extensibility to other cross-linked networks.
Specifically, a combined equilibration process is adopted after
each cross-linking reaction, which relaxes the newly created
bonds to an equilibrium state with less simulation time frames.
In addition, the force constant in the bond stretching interaction
does not change during the equilibration process, which
provides a flexible control over the bond stretching interaction
in a simpler way.

The objective of this paper is to develop a cross-linking
algorithm which is capable of constructing a highly cross-
linked network and predicting the physical properties in a close
agreement with experimental measurements. In this paper, the
atomistic modeling of SU-8 epoxy networks is first introduced
from the perspective of the chosen forcefields, followed by the
main focus of this paper, which is the cross-linking algorithm.
Our algorithm is used to construct a highly cross-linked
network of the SU-8 epoxy photoresist, which is relaxed under
successive external pressure controls to reach an equilibrium
state. Eventually, various elastic properties of the epoxy
This study
represents an initial step for developing a more sophisticated

network are then determined by MD simulations.

and realistic epoxy model at nano-scale, in which some

nanoscale features like defect and inclusion can be incorporated.

2 |RSC Advances, 2014, 00, 1-3

Simulation Details

Forcefields

The detailed atomistic interactions in the SU-8 molecular
structure are described by a forcefield, which determines the
potential energy of all the atoms based on their positions and
internal coordinates, including bond lengths, bond angles,
Two

torsion angles and improper out-of-plane angles.

constituents are involved in a forcefield, including the
functional forms in the energy expression and their parameters.
In general, the energy expression comprises a set of bonded and
non-bonded interactions, as well as cross-coupling terms
As the

accuracy of MD simulations highly depends on the selected
qi41s

between the internal coordinates in some forcefields.
forcefiel , the investigations of SU-8 photoresist are carried
out using three different forcefields independently in order to
obtain a comprehensive picture, which include Consistent
Valence ForceField (CVFF)** ?°, Dreiding forcefield*® and
Polymer Consistent ForceField (PCFF)?. These
forcefields are chosen as they are well reported to be applicable
12,16,17.19.20.22 o

detailed introduction of the three forcefields is described in the

three
to the simulations of epoxy-based materials

electronic supplementary information (ESI).

Partial charges assignment of atoms varies among these three
forcefields. In the simulations using CVFF and PCFF, partial
charges are estimated by using a bond increment method®” %%
The bond increment J; is described as the partial charge
contributed from atom j to atom 7. This method assigns ¢; with
equal magnitude and opposite sign to each pair of bonded
atoms i and j. For atom i, the charge is calculated by the
summation of J; as given in Eq. (1).

9q; :Zd’j (D

where j runs over all the atoms which are bonded to atom i
directly. In addition, the &; for any pair of same atom type is
zero. Meanwhile, partial atomic charges in Dreiding forcefield
It is
reported that the charge distributions by QEq result in a good

are calculated by charge equilibrium (QEq) method®.

agreement with experimental measurements and ab initio
calculations. During the MD modeling and simulation, the
vdW and Coulombic interactions are calculated with a cutoff
distance of 10 A. The major forcefield parameters used in the
model construction and the molecular simulation are shown in
the ESIL.

Atomistic modeling of SU-8 photoresist is performed in
Materials Studio software from Accelrys®. After constructing
the cross-linked SU-8 epoxy network with a clear definition of
the model structure and the interaction between atoms, MD
simulations are performed in the open source code LAMMPS?®'.
The msi2lmp tool in LAMMPS is used to generate the input
data containing the structural information and the forcefield
parameters. Periodic boundary conditions are applied to all

three directions for studying the SU-8 physical properties.

This journal is © The Royal Society of Chemistry 2014
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Cross-linking Process

During the experimental polymerization process, the SU-8
cross-linking process is stimulated by the UV radiation, which
does not require any external liquid curing agents. The cross-
linked SU-8 photoresist is polymerized of SU-8 monomers with
a three-dimensional periodic boundary condition. The SU-8
monomer comprises four components of DGEBA and the
chemical structure of which is shown in Fig. la. With eight
epoxide groups in each monomer, SU-8 possesses the highest
epoxide functionality among the commercially available
photoresists. The high epoxide functionality enables SU-8
photoresist to grow into a highly cross-linked epoxy network
with a high structural stability, which is recommended for
MEMS applications. The molecular model of SU-8 monomer
is shown in Fig. 1b.

Fig. 1 Epoxy monomer of SU-8 photoresist: (a) Chemical structure. (b) Molecular
model.

This journal is © The Royal Society of Chemistry 2014
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Before the cross-linking process, a total of forty SU-8
monomers (7960 atoms) are packed into a 3D periodic
simulation cell with a density of 1.07 grecm™, which is the
typical value for SU-8 photoresist’>. The initial uncross-linked
structure of SU-8 model is constructed at the temperature of
300 K by using the Amorphous Cell module®, which uses a
Monte Carlo packing algorithm according to the rotational
isomeric states model*>. The amorphous SU-8 structure is
equilibrated for 10 ps in the isothermal and isochoric ensemble
(NVT) at 300 K, followed by another 10 ps equilibration in the
isothermal and isobaric ensemble (NPT) at 300 K and 1 atm. A
0.5 ps energy minimization is carried out before and after the
equilibration run, which minimizes the energy of SU-8
structure considerably. The corresponding integration time step
is 1 fs. During the entire equilibration process, constant
temperature and constant pressure are controlled by the Nose-
Hoover thermostat and the Andersen barostat, respectively. As
the cross-linking reactions of SU-8 photoresist are usually
carried out at an elevated temperature, same equilibration
process is used to equilibrate the structure at the elevated
temperature before performing the cross-linking reactions. A
temperature of 368 K (95 °C) is chosen, which is commonly
used for the fabrication process of SU-8 sample. After the
above equilibration processes, the SU-8 model is polymerized
by using a cross-linking algorithm which allows the SU-8 to
achieve a high cross-linking degree and to get rid of the
possible geometric distortions. Fig. 2 shows the flowchart
describing the modeling procedure.

Before each cross-linking reaction, the distance between the
available reactive atoms has been calculated, and the potential
reactive atoms located inside the current reaction radius are
recognized as shown in Fig. 3a. The reaction radius during the
cross-linking process is set to be 3 A initially with an increment
of 0.5 A. The maximum reaction radius is set to be 10 A in this
study, as the cross-linking process with a reaction radius over
10 A usually results in a long equilibration process for
alleviating the geometric distortions in the model. After the
determination of reactive atoms, the epoxide groups comprising
those recognized reactive atoms are open, as shown in Fig. 3b.
The recognized reactive atoms are then connected to form
cross-links (Fig. 3c). After the bond creation (cross-links being
formed), the unreacted atoms at the open epoxide groups are
saturated with hydrogen atoms (Fig. 3d). It is noticed that the
combination of distance and energy criteria would require a lot
of computational power in the iteration process. In addition,
the computation using distance criteria is more straightforward
and also requires less computational power, as shown from the
various forcefield definitions. From this perspective, we decide
to use the distance-based cross-linking approach, which is also
well adopted by the various researchers'" '* 6. After each
cross-linking reaction, the structural information is updated by
introducing new bonds, angles, torsional angles, and improper
angles into the cross-linked structure.

In order to relax the SU-8 structure after each cross-linking
reaction, a combined equilibration process consisting of four
steps is employed: (1) a 0.5 ps geometry optimization; (2) a 5

RSC Advances, 2014, 00, 1-3 | 3
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ps NVT ensemble equilibration; (3) a 5 ps NPT ensemble
equilibration; (4) a 0.5 ps geometry optimization. During such
equilibration process, the lengths of the newly created bonds
are relaxed to the equilibrium value, which can alleviate the
geometric distortions in the newly cross-linked structure.
Within each reaction radius, the cross-linking reaction is
performed at most three times or it stops if no reactive atoms
are identified. The cross-linking process of SU-8 model is
finished when the maximum reaction radius (10 A) is achieved
or all available potential reactive atoms are reacted.

Once the cross-linking process is finished, a short equilibration
process is used to cool down the cross-linked structure until the
room temperature (300 K) is reached. During the cooling
process, the SU-8 model is first equilibrated in an NVT
ensemble for 10 ps, and then in an NPT ensemble for another
10 ps. The equilibration process is performed at temperature of
368 K, 334 K and 300 K, respectively (i.e. a graduate change of
temperature from elevated temperature to room temperature).
Three SU-8 epoxy networks are built by performing the cross-
linking process under the chosen forcefields separately.

RSC Advances

Fig. 2 Flowchart of the cross-linking algorithm used in the construction of epoxy-
based materials.
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(b) . Q

(a)

Fig. 3 Procedures of cross-linking process: (a) Reactive atoms located inside the
reaction radius are recognized (marked with filled circles). (b) Epoxide groups
comprising recognized reactive atoms are open by deleting bonds. (c) The
recognized reactive atoms are connected with a new bond to form cross-linking.
(d) The unreacted atoms at the open epoxide groups are saturated with
hydrogen atoms. Atoms located between the two epoxide groups are denoted
as “R” for better clarity.

Additional Equilibration Process

Though the cross-linked structure is equilibrated during the
cross-linking process, the relatively short time frames used in
the above equilibration processes are not sufficient for the
epoxy network to reach the true equilibrium state. In order to
achieve a fully relaxed molecular structure, the cross-linked
SU-8 model is further equilibrated under some special
conditions.  Several groups have developed equilibration
schemes with a control of temperature and pressure that can
speed up the equilibration process and relief the residual stress
inside the polymeric networks®*3®. Here, the equilibration
scheme®® is used for equilibrating the cross-linked SU-8 epoxy
network, which contains molecular dynamics simulations at
high pressures to accelerate the compression of the cross-linked
structure by overcoming the large energy barriers effectively.
The details of the equilibration scheme are shown in Table 1,
which consists of seven equilibration cycles under both NVT
and NPT ensembles at 300 K. During the equilibration process,
the density of the SU-8 model is adjusted through the pressure
control. The pressure applied at the NPT simulation is
gradually increased from atmospheric pressure to 50,000 atm in
the first three equilibration cycles (as indicated in Table 1) with
a longer time frame (50-150 ps each) that allows an adequate
relaxation inside the structure. The SU-8 epoxy network is
compressed efficiently with a large pressure applied on the
cross-linked structure. Then, the pressure is steadily reduced to
1 atm in the last four cycles (as indicated in Table 1) in a
shorter time frame (5—10 ps each) in order to control the large
pressure jumps. Along with the decrease of applied pressure,

This journal is © The Royal Society of Chemistry 2014

Page 6 of 11



Page 7 of 11

TABLE 1 Equilibration scheme incorporating high pressure molecular
simulations used in the equilibration process of cross-linked SU-8 epoxy
network.

Cycle Ensemble  Temperature Pressure Time frame
X) (atm) (ps)

1 NVT 300 / 100
NPT 300 1,000 50

2 NVT 300 / 150
NPT 300 30,000 50

3 NVT 300 / 150
NPT 300 50,000 50

4 NVT 300 / 150
NPT 300 25,000 5

5 NVT 300 / 15
NPT 300 5,000 5

6 NVT 300 / 15
NPT 300 5,000 5

7 NVT 300 / 15
NPT 300 1 5000

the cross-linked structure is decompressed accordingly. These
compression and decompression steps only add a short period
of time to the equilibration process, but they greatly improve

the accuracy of the achieved densities® .

Finally, a 5 ns
molecular relaxation under a constant temperature of 300 K and
a constant pressure of 1 atm is carried out such that a fully
equilibrated state can be achieved. By examining the root-
mean-square displacement (RMSD) of the atoms, which keeps
at a constant level before the 5 ns NPT equilibration run is
completed, it implies that the equilibrated state has been
obtained. After the equilibration process indicated in Table 1,
the SU-8 epoxy network is further relaxed for 200 ps with a
constant volume and temperature in the case of bulk modulus
calculation, which is carried out under NVT ensemble as stated
in the next section.

Elastic Modulus Calculation

After the equilibration process, the Young’s modulus (£) and
bulk modulus (K) of the equilibrated SU-8 models are
calculated by the wuniaxial tensile deformations and the
volumetric deformations, respectively. The shear modulus (G)
and Poisson’s ratio (v) are computed by applying the linear
elasticity theory®’. Due to the time scale limitation of MD
simulations, the strain rates used in the dynamic deformations'”
1922 are much higher than that used in experiments. Previous
MD studies report that the calculated Young’s modulus in
polymeric materials is not sensitive towards the change of
strain rate, while the yield stress increases with the strain rate'®
2 In this study, it is expected that the elastic properties of SU-
8 epoxy network are not influenced by the high strain rate. In
the tensile deformation, the simulation cell along the loading
direction X is elongated continuously with a strain rate of 1 x

10® 5!, which is in a range typical for MD simulations, and the

This journal is © The Royal Society of Chemistry 2014
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atmospheric pressure is maintained in the two transverse
The deformation is carried out at 300 K. At each
deformation step, the SU-8 is deformed by 0.1% in strain

directions.

followed by a 10 ps equilibration process before next
deformation step. For all deformation processes, the SU-8
epoxy network is deformed by 3% in total. The virial stress
tensors are monitored during the entire deformation process,
and they are calculated using the Eq. (2), where a and b denote
values X, Y, Z to represent the six components of the symmetric
tensor.

1
Sab = V(ZKab + Wab ) ’

1 N
K :_Zmiviavib’
2 n=1

_ pairwise bond torsion out—of —plane
W, =W, +W,, " + W, + W,

15 1%
ziz(rlaFlb +r2aF2b)+Ez(r1aF1b +hyFy) @)
n=1 n=1

1
+§Z(rlaF1b +r20F2b +r3aF3b)
n=1

1
+Zz(rlaF1b +r20F2b +r3aF3b +r4aF4b)
n=1

Noop

1
+Zz(rlaF1b + b + o Fap +1agFas)
n=1

where S, is the virial stress tensor, K, is the kinetic energy
tensor and W, is the virial tensor, which is calculated by
considering potential components.  Specifically,
WP is a pairwise energy contribution consisting of vdW
and Coulombic interactions, where r;, and r;;, are the positions
of the two atoms in the pairwise interaction, and ¥, and F'j; are
the forces on the two atoms resulting from the pairwise
interaction. There are similar terms for the W, bond,
W, "€ angle, W,,"™" torsion, and W,,*"%7l" out-of-plane
interactions.

After the deformation, E of the SU-8 structure (i.e. the initial
slope of the stress-strain curve) is determined, which is
calculated by performing a regression analysis at the relatively
linear portion of the stress-strain curve and is illustrated in Eq.

A3).

various

o
E= XX (3)
gYY

where oyy and gyy are the stress and strain tensor components
along the loading direction X, respectively. The E values are
calculated for all the chosen forcefields.

Bulk modulus describes the material response under a uniform
pressure. Here, it is determined by a volumetric deformation,
in which equal axial strains in all three orthogonal directions
are applied simultaneously. The calculation of bulk modulus is
carried out at a constant temperature of 300 K. The dynamic
deformations are applied in terms of dilatation by keeping the
strain rate as 1 x 10% s™'. The overall dilation of the SU-8 epoxy

RSC Advances, 2014, 00, 1-3 | 5
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network is determined by £= gyy + &yy + &7z, Where &xy, &yy
and g7 are the infinitesimal strain tensor components with
respect to the coordinate directions X, Y and Z, respectively.
The overall stress of the SU-8 epoxy network is calculated
by o= 1/3 (oxx + oyy + 0z7), where oyy, oyy and oy, are the
volume-averaged virial stress tensor components calculated by
using Eq. (2). K is then calculated as the initial slope of the
curve representing the overall stress o against the volumetric
deformation ¢ as shown in Eq. (4).

ko _ 1/3(0yy + 0y +0,,)
£ Exy HEy T Ey

“4)

G and v are computed based on the calculated £ and K by
applying the linear elasticity theory’’. Assuming that the
material is homogeneous and isotropic, with any two elastic
constants available from direct measurements is considered to

be sufficient for a full characterization of the mechanical

properties. Particularly, the shear modulus G is given in Eq. (5).

3KE
G=— ©))
9K —-E
And the Poisson’s ratio v is determined by using Eq. (6).
- 3K—-E ©)
6K

Results and Discussions

The physical properties of SU-8 epoxy photoresist obtained
from the MD simulations are compared with experimental data
in Table 2.

Structural Properties

The cross-linking degree achieved after the polymerization
the
applicability of the cross-linking algorithm. It is defined as the

process is an important parameter for evaluating

Fig. 4 Cross-linked structure of SU-8 photoresist.

RSC Advances

ratio of the cross-linked reactive atoms divided by all the
potential reactive atoms before the cross-linking process. One
representative model of the highly cross-linked SU-8 epoxy
network is shown in Fig. 4.

The SU-8 atomistic model is obtained by carrying out the cross-
linking algorithm without termination. The resulted cross-
linking degree of the SU-8 epoxy networks created by different
forcefields is shown in Fig. 5. Initially, there are abundant
reactive atoms available for the cross-linking reaction, which is
indicated by a strong dependence between the cross-linking
degree and the reaction radius. As the reaction goes on with an
increasing reaction radius, less reactive atoms are available for
the cross-linking reaction and thus, the curve becomes steady
when the reaction radius is over 6 A. The final cross-linking
degree of all the constructed atomistic models is higher than
80%. Specifically, the SU-8 epoxy networks constructed under
Dreiding forcefield shows the maximum cross-linking degree
of 88.1%, followed by 82.5% (PCFF) and 81.9% (CVFF). The
influence of equilibration timespan on the maximum reaction
radius and cross-linking degree is investigated by alternating
the equilibration scheme before the cross-linking reaction. The
final cross-linked structure from the CVFF simulation is chosen
as an illustration. The cross-linked structure undergoes a 10 ns
equilibration (5 ns NVT + 5 ns NPT) before the cross-linking
process at a larger reaction radius. Another set of cross-linking
process is performed using the original equilibration scheme (5
ps NVT+ 5 ps NPT). The maximum reaction radius is found to
be 11 A for both cases, and the final cross-linking degree of the
model after 10 ns equilibration is 85%, while the original model
is 84%. Considering the large computational consumption and
a limited improvement in terms of the cross-linking degree,
current reaction radius range and equilibration process can be
Overall, the cross-linking algorithm
used in this study is capable of constructing a highly cross-

linked network close to those synthesized polymers through
38,39

considered reasonable.

various experimental approaches

100
—&— CVFF
® - Dreiding ,B==4
v PCFF B
w0 v g
o e M:_'..«
£ o’ - . =3
g Gr o o’ v _,t"'l
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g o v
T s} ¢ o
3 v
8 ro/
S 0 4
v/
20k ¢/
'/4:
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3 4 5 6 7 8 9 10
Reaction radws during cross-linking process (A)

Fig. 5 Cross-linking degree of SU-8 photoresist as a function of reaction radius
under different potentials.
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TABLE 2 Calculated and experimental properties for SU-8 photoresist at 300 K.
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CVFF Dreiding PCFF Expt.
Cross-linking degree (%) 81.9 88.1 82.5 > 80°%%
p(gem™) 1.044 + 0.002 1.050 £0.001 1.053 £0.002 1.07 ~ 1.20%
E (GPa) 4.425+0.230 4.422 £0.122 2.672 £0.160 2.70 ~ 4.02%°
K (GPa) 4350+0.176 3.718 £0.149 2.876 0.103 3.207
G (GPa) 1.663 £0.106 1.698 £0.064 0.993 £0.070 1.207
v 0.330 £0.016 0.302 £0.013 0.345 £0.015 0.337

Density is another material parameter for evaluation. In the last
5 ns equilibration run under NPT ensemble as indicated in
Table 1, the SU-8 epoxy network is equilibrated to reach the
local minimal potential energy. The three orthogonal directions
of the simulation cell are adjusted independently corresponding
to the atmospheric pressure. The density of cross-linked SU-8
structure is sampled every 10 ps during this 5 ns equilibration
process. In order to minimize the statistical error, only the
recorded density from the final 2 ns equilibration run is
accounted for the density calculation. The averaged density of
the SU-8 epoxy network is shown in Table 2, with respect to
the chosen forcefields. In comparison to the available value in
the range of 1.07-1.20 g-cm™ *?, underestimations of the density
are observed from the three equilibrated SU-8 epoxy network.
The computed SU-8 p using the chosen forcefields are
1.044+0.002 g-em™ (CVFF), 1.050£0.001 g-cm™ (Dreiding) and
1.053+0.002 g-ecm™ (PCFF). Compared with the available p
range, the small discrepancies of the SU-8 epoxy networks
demonstrate that the equilibration process as shown in Table 1
is effective to improve the accuracy of the densities achieved.
The variations in p between the three SU-8 epoxy networks are
less than 1%, which indicates that the potential function of the
chosen forcefields are able to provide good mathematical
approximations for calculating the potential energy of cross-
linked SU-8 structure, which tends to equilibrate itself into a
relaxed and equilibrium configuration. In view of the good
agreement of pwith experiments, the generated models of
cross-linked SU-8 photoresist are regarded as reasonable
structures close to those found in the real systems, which are
used as bases in the following discussion.

Elastic Properties

The stress-strain curves of cross-linked SU-8 epoxy network
under the uniaxial tensile deformation are shown in Fig. 6. The
stress along the loading direction shows a linear elastic
response of SU-8 epoxy network during the whole deformation
process. Young’s modulus E is determined by performing a
regression analysis on the stress-strain data from the 3%
deformation. The computed £ of SU-8 epoxy network under
the chosen forcefields is reported in Table 2 with a comparison
to the experimental data. The E obtained under CVFF and
Dreiding forcefield are 4.425+0.230 GPa and 4.422+0.122 GPa,
respectively, while a smaller value is yielded by PCFF of

This journal is © The Royal Society of Chemistry 2014

2.67240.160 GPa. In view of the experimental tensile test
results ranging from 2.70-4.02 GPa®®, the simulated E of the
three SU-8 epoxy networks provide excellent agreements. Four
other strain rates are examined in the tensile deformations
under the chosen forcefields independently, including 1x107 s,
5x107 s, 5x10% s! and 1x10° s'. The simulation results
confirm that the Young’s modulus is not sensitive towards the
change of strain rate, which is consistent with the existing
works from other similar epoxy systems'> %2,

The K obtained for the SU-8 epoxy network under the chosen
forcefields are 4.350+0.176 GPa (CVFF), 3.718+0.149 GPa
(Dreiding) and 2.876+0.103 GPa (PCFF), respectively. Using
the reported £ and G from experimental measurement’, K is
computed of 3.2 GPa by using the linear elasticity theory®’, and
is the closet point of comparison for our data. Close
agreements are observed between the reference data and the
three predictions.

G and v computed by applying the linear elasticity theory are
compared with the experimental measurements at 300 K, as
shown in Table 2. The G of the SU-8 epoxy network under
CVFF and Dreiding are greater than the reported data (1.20
GPa), with values of 1.663+0.106 GPa and 1.6981+0.064 GPa,
respectively, while a smaller value of 0.993+0.070 GPa is
observed in the case of PCFF. Nevertheless, the order of
magnitude is the same between these values.

150
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Fig. 6 Stress-strain curves obtained at tensile deformation of cross-linked SU-8
photoresist at three forcefields.
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In the meantime, a good agreement is found between the
computed v (0.330+0.016) under CVFF and the experimental
value (0.33), while the values for other two forcefields are
0.302 + 0.013 (Dreiding) and 0.345+0.015 (PCFF), which are
also in reasonable accord.

Conclusions

In this study, MD investigations on the cross-linking and
physical properties of SU-8 epoxy photoresist are performed
under three chosen forcefields (i.e. CVFF, Dreiding and PCFF).
Using an effective dynamic cross-linking algorithm, three SU-8
epoxy networks are constructed with cross-linking degrees
higher than 80%.
high pressure control, the densities of the cross-linked structure

After equilibration process incorporating

are adjusted to levels corresponding to the existing value.
Elastic properties of the equilibrated SU-8 photoresists are
measured by means of computational dynamic deformations.
The calculated mechanical properties of the constructed SU-8
epoxy network are in accord with the various experimental
observables, including Young’s modulus, bulk modulus, shear
modulus and Poisson’s ratio.

is believed to be
applicable to general cross-linked epoxy-based materials which
The physical properties obtained
in this study demonstrate the high Young’s modulus of SU-8

Our dynamic cross-linking algorithm
under homopolymerization.

photoresist, which is favorable in engineering applications from
nano- to micro-scale. It is envisioned that our work will be
beneficial to the design, synthesis and applications of epoxy-
based materials, especially the predictions of structural stability

and long term material performance.
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