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Abstract: Epoxy resins are the most commonly used adhesives in industry due to their versatility,
low cost, low toxicity, low shrinkage, high strength, resistance to moisture, and effective electrical
resistance. These diverse properties can be tailored based on the chemical structure of the curing
agent and the conditions of the curing process. Molecular simulations of epoxy resins have gained
attention in recent years as a means to navigate the vast choice of chemical agents and conditions
that will give the required properties of the resin. This work examines the statistical uncertainty
in predicting thermodynamic and mechanical properties of an industrial epoxy resin using united
atom molecular dynamics simulation. The results are compared with experimental measurements
of the elastic modulus, Poisson’s ratio, and the glass transition temperature obtained at different
temperatures and degrees of curing. The decreasing trend of the elastic modulus with increasing
temperature is accurately captured by the simulated model, though the uncertainty in the calculated
average is large. The glass transition temperature is expectedly overpredicted due to the high
rates accessible to molecular simulations. We find that Poisson’s ratio is particularly sensitive to
sample anisotropy as well as the method of evaluation, which explains the lack of consistent trends
previously observed with molecular simulation at different degrees of crosslinking and temperatures.

Keywords: epoxy; molecular dynamics; mechanical deformation

1. Introduction

The versatility, low cost, low toxicity, low shrinkage, high strength, resistance to
moisture, and effective electrical resistance of epoxy-based adhesives lends them well to
a variety of industries. This flexible yet tough adhesive offers tunable mechanical and
thermomechanical properties based on the choice of curing agent (e.g., amines, phenols,
mercaptans, isocyanates, or acids) and the conditions of the curing process [1,2], as well as
the kinetics of the crosslinking reaction [3,4]. Ultimately, it is molecular scale events that
determine the material behavior, where details such as local chain stiffening can signifi-
cantly affect mechanical response [5]. Such nanoscale response to mechanical deformation
can in principle be probed with molecular simulation. However, proper measurements
require significant computational resources, particularly because of the non-ergodic nature
of the chemically crosslinked system. Nonetheless, with the increase in computational
power, more research is being devoted to the development of molecular models of epoxy
and prediction of their mechanical and thermomechanical properties. Today, molecular
dynamics presents the only practical tool for molecular modeling of time-dependent mate-
rial properties with sufficient lengthscales that can capture the crosslinked nature of the
polymer resin.

Atomistic molecular dynamics simulations have primarily focused on diglycidyl ether
bisphenol A (DGEBA)-based epoxies with a variety of amine-based curing agents. In one
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of the first studies of these systems, Yarovsky and Evans [6] established the crosslinking
method based on distance constraints. This simple crosslinking model was able to capture
the expected shrinkage of the resin upon curing. While modeling realistic crosslinking
reactions requires a reactive force field that allows formation and breaking of chemical
bonds, reactive models are not yet computationally feasible for epoxy due to the long reac-
tion timescales relative to computational timescales [7]. Fortunately, proper equilibration
between crosslinking events based on distance constraints allows for efficient simulations
with a resulting distribution of primary, secondary, and tertiary amine groups that are
in fair agreement with experiments [8]. Though local structure formation might occur,
particularly at high degrees of curing [9], the distribution of crosslinked sites was found
to negligibly affect the glass transition temperature and linear expansion coefficient of
epoxy [10], providing validity for such ad hoc methods. Adding energy minimization prior
to the reaction allowed for higher degrees of crosslinking to be achieved more efficiently
and resulted in fair agreement with experimental measures of elastic constants and Pois-
son’s ratio [11]. Later studies of similar systems and with similar reaction schemes showed
fair agreement with experimental measurements of mechanical and thermal properties,
including estimation of the glass transition temperature [11-18], regardless of the crosslink-
ing method and choice of force field. Although a direct comparison of force fields revealed
non-negligible force-field dependence of predicted thermodynamic and mechanical proper-
ties [12,13], most of the measures from all force fields fell within the reported experimental
data.

The bulk modulus is an important measure of adhesive performance, such as in
the design of adhesive joints, where deformation of the adhesive can lead to premature
failure of the joint. The bulk modulus can be readily calculated from simulations either
from volumetric fluctuations at constant pressure or from isotropic compression. While
prediction of the bulk modulus and other elastic properties using dynamic simulations of
DEGBA /DETDA were shown to agree with the theory of linear elasticity [18], the bulk
modulus obtained from simulations was found to be consistently higher than experimental
measures. This may be explained by the absence of defects in the simulated systems [13].
However, Bandyopadhyay et al. [15] observed a weakly decreasing trend of the bulk
modulus with increasing crosslinking density, counter to expectation, suggesting that
volumetric deformation may not be a sufficiently sensitive measure at high degrees of
crosslinking. In addition to the small and idealized sample size, these differences between
simulations and experiments may also stem from the orders of magnitude difference in
modeled deformation rates compared with experimental conditions, which leads to vastly
differing stress-strain curves [7].

The transition from the glassy to rubbery state is modulated by various modes of re-
laxation that are defined by different scales of molecular motion. Below the glass transition
temperature (Ty), relaxation is limited to local molecular motion that occurs at relatively
small timescales. Above Ty, larger parts of the polymer chain begin to fluctuate and rotate.
The transition itself depends on the timescale of the experiment [19]. The significantly
higher cooling (or heating) rates used in simulation limit the relaxation of the chains to
local motion and hence result in consistently higher predictions of Ty [16,20]. In spite of
the vast differences in deformation rates accessible to molecular simulation, results from
many reported computational studies suggest that material properties can be predicted
and the elastic response of the material can be correlated to experimental measurements
with surprising accuracy.

Both experiments and computations provide a range of results for many mechanical
and thermomechanical properties for any given epoxy system. This wide variance in
measured and predicted behavior stems from differences in the curing process and the
large scatter in simulation measurements inherent to systems with nanoscale dimensions.
Additionally, the method of property evaluation from the raw data can lead to vastly
different predictions. For example, the elastic modulus obtained from molecular models
invariably strongly depends on the range of deformation from which it is extracted [14].



Polymers 2021, 13, 3443

30f12

This stresses the fact that measurements obtained from molecular simulations must involve
a number of independent samples so that average properties can be compared consistently
with experiments.

In this work, we address the expected deviation in simulated quantities of an epoxy
sample, including the elastic, bulk modulus, Poisson’s ratio, and glass transition temper-
ature. Predictions from the simulations are compared with experimental measurements
for an industrial epoxy used for adhesive joints. The united atom force field is used to
model an epoxy resin based on EPON 815c¢ cured with Epikure 3140. The complex chemical
composition of the experimental system is modeled to minimize discrepancies between the
simulated and experimental systems. Mechanical properties are calculated for a range of
temperatures as well as different degrees of curing. To examine the spread of properties
obtained from the simulations, mechanical tests are performed for five systems that have
been independently crosslinked and are averaged over the three box axes when applicable.
We discuss the average measurements obtained from the simulation and their distribution
across the different samples for the evaluated properties.

2. Experimental Methods

Amine-cured epoxy specimens were prepared at a weight ratio of 2:1 from EPON
815C epoxy-based resin and Epikure 3140 amine curing agent, obtained from Hexion Inc.,
Columbus, OH, USA. EPON 815C is a bisphenol A-based epoxy of low viscosity and great
wetting characteristics which consists of a mixture of 13.6% butyl glycidyl ether (BGE)
and 86.4% bisphenol A diglycidyl ether (DGEBA). BGE is a reactive diluent that is often
added to epoxy resins to lower their viscosity without compromising mechanical properties.
Epikure™ 3140 is a curing agent based on dimerized fatty acids and polyamines. It imparts
high resistance to corrosion and permeation of moisture, as well as great adhesion prop-
erties. It consists of 16% triethylenetetramine (TETA) and 84% condensation products of
polyamines and fatty acid C18 dimers. The dimerized fatty acid byproduct is a 36-carbons
molecule derived from the conversion of unsaturated fatty acids. It is incorporated in the
backbone of the curing agent to increase its flexibility and toughness.

Tensile specimens were prepared by mixing, degassing, and injecting the resin into
molds to form dumbbell tension specimens, with a length of 115 mm and a neck cross
section of 12.7 mm over 6.4 mm according to ASTM D638 [21]. The specimens were cured
at room temperature for seven days and aged at room temperature for one year. Tensile
tests were conducted at temperatures of —5 °C, room temperature (RT), and 60 °C. A
deformation rate of 2 mm/min was applied with an Instron testing machine equipped
with a video extensometer for simultaneous measurement of Poisson’s ratio. The glass
transition temperature, Ty, was measured using a DSC Q10 TA instruments analyzer. Two
consecutive heating cycles were conducted to eliminate thermal history. The thermal
expansion coefficient was measured below Ty by a TMA Q400 TA analyzer. The DSC and
TMA were purchased from TA Instruments, New Castle, DE, USA.

3. Molecular Model

We investigate an epoxy system composed of EPON 815C epoxy and Epikure™ 3140
curing agent, with similar chemical composition of the experimental resin. The chemical
structure of the different components making up the resin is shown in Figure 1. The initial
molecular structures were obtained using Avogadro open-source molecular builder and
visualization tool (Version 1.2.0) [21].
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Figure 1. United atom depiction of the modeled EPON 815C/Epikure 3140 epoxy resin consisting of (a) DGEBA, (b) BGE,
(c) TETA, and (d) dimerized fatty acid. Nonpolar hydrogens are implicitly included in the bonded carbon atom in the united

atom model.
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Simulations were performed using LAMMPS [22] molecular dynamic (MD) simulator
with the OPLS united atom force field [23]. Equilibration of the initial non-crosslinked
blend (consisting of 4196 atoms with 45:34:11:20 molecular ratio of DGEBA:BGE:TETA:C18)
was done under isothermal-isobaric conditions (NPT) with periodic boundaries and an
integration timestep of 1 fs. An average density of 1.13 g/cm> was obtained, which agrees
well with experimental densities.

Crosslinking was performed using a distance-based in-house algorithm combined
with MD equilibration. Crosslinking sites were identified when either N/C or O/H atom
pairs were found at a distance of 4.6 A. Figure 2 shows a snapshot of the crosslinking process
during the simulation. Following bond formation and breakage, potential parameters were
updated and the system re-equilibrated before further crosslinking. The crosslinking
reaction terminated when the desired degree of crosslinking was achieved. Equilibration
of the final crosslinked system was carried out for an additional 107 time steps (10 ns). The
flow diagram of the simulation is given in Figure 3.
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Figure 2. Simulation snapshots showing (a) crosslinking reaction between O (red) and H (white) atoms to from new O-H
bond and (b) between C (grey) and N (blue) to form a new C-N bond, while amine N-H bond and epoxy C-O bonds are
broken, and (c) the re-equilibrated system.
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Figure 3. Flow diagram for the molecular dynamics and crosslinking simulation procedure.

During the crosslinking reaction, the chemical identity of the participating atoms
changes. Namely, the epoxy oxygen transforms into an alcohol and the epoxy carbon
becomes a linear alkane carbon, as is depicted in Figure 4. Additionally, the topology of
the evolving crosslinked molecule changes, and new partial charges must be defined as
well as new potential parameters for the bonds, angles, and dihedrals.

2
~ CH - CH,N~
OH

2
~CH-CH, + HN~

e

Figure 4. Schematic depiction of the crosslinking reaction between an epoxy group and an amine

=

group, involving N-C and O-H bond formation between, and C-O and N-H bond breakage. The
epoxy oxygen transforms into an alcohol group and the epoxy carbon transforms into a linear alkane
carbon.

Simulations were carried out for five independently crosslinked configurations. Ten-
sile, compression, and thermal deformations were performed to evaluate mechanical and
thermomechanical properties of the system at different temperatures below and above
Tq. The effective heating and cooling rate for the thermal deformation simulations was
25° K/ns, where samples were equilibrated for 0.1 ns after each temperature step change.
Mechanical deformations were performed at constant engineering strain rates of 107 s~
and 107 s,

4. Results and Discussion
4.1. Experimental

Experimental measurements of EPON 815C epoxy cured with Epikure 3140 at a weight
ratio of 2:1 are presented in Table 1. The glass transition temperature for the samples was
measured after 7 days of curing and after 1 year of aging, both at room temperature.
Results are given in Table 2. The corresponding thermal expansion coefficient measured
below the Ty was 72 ppm/°C. The experimental measurements present averages over three
independent specimens.

Table 1. Tensile properties of EPON 815C epoxy cured with Epikure™ 3140.

—5°C RT 60 °C
Modulus [GPa] 3.0 2.6 0.3
Tensile strength [MPa] 2.6 40 22
Poisson’s ratio 0.39 0.37 0.45
Elongation at failure [%] 0.7 1.7 1.6
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Table 2. Glass transition temperature of EPON 815C/Epicure 3140 measured at room temperature.

After 7 Days After 1 Year
Tg [°C] first heating cycle 43 57
T¢ [°C] second heating cycle 49 60

An order of magnitude drop in the tensile modulus is observed between measure-
ments taken below the glass transition temperature and those taken just above T, with
a corresponding increase in Poisson’s ratio of nearly 20%. Moreover, the glass transition
temperature is seen to be sensitive to the number of heating cycles. Aging raises the glass
transition temperature significantly—by more than 10 °C. We focus our computational
analysis on three of these measurements: elastic modulus, Poisson’s ratio, and the glass
transition temperature.

4.2. Computational

We simulate the experimentally-tested epoxy adhesive with a 2:1 w/w mixture of
EPON 815¢ and Epikure 3140. EPON 815c is a mixture of 86.4% DGEBA and 13.6 BGE.
Epikure 3140 consists of 16% TETA and 84% condensation products of polyamines and
fatty acid C18 dimers. This composition results in a significant excess of amine groups
compared with epoxy groups such that side reactions can be assumed to be negligible [1].
The OPLS force field was checked for consistency with experimental measurements of the
density of each of the individual components and some mixtures, where available. The
results are shown in Table 3.

Table 3. Comparison of calculated density of epoxy constituents with manufacturer data at 25 °C.

Compound Density [g/cm?] Calculated Density [g/cm®]
DGEBA 1.13 1.156 £ 0.003
BGE 0.91 0.897 + 0.004
Epikure 3140 0.97 0.965 +£ 0.005
EPON 1.10 1.126 £ 0.008
Epoxy 1.12 1.117 + 0.003

Simulations of mechanical and thermal deformations were compared with experimen-
tal measurements for five samples with various degrees of curing. Young’s modulus E was
calculated from the slope of stress-stain curves in the elastic region during tensile deforma-
tion. We simulated tensile deformation of up to 5% using a constant strain rate, applied at
engineering strain rates in the range 1077-10~° fs 1. These rates are equivalent to loads in
the range of 10°~108 s 1. Strain was applied independently to each of the three axes of the
five individual samples for various temperatures and degrees of crosslinking. The values of
E provided in Figure 5 present an average over 15 measurements for each temperature and
degrees of crosslinking. E is seen to clearly depend on both temperature and the degree of
crosslinking with the expected behavior. However, the average value from the simulation
(taken at 90% degree of crosslinking) underestimates E at room temperature and above,
but overestimates E at 263 K. As the temperature increases and the substance expands,
the force holding the atoms together weakens. As a result, it is expected that the Young's
modulus will decrease proportionally. Overestimation of E is anticipated since the high
deformation rates simulate an effectively lower temperature [24]. Since E was found to be
independent of the local distribution of crosslinks [10], we attribute the underestimation of
E at high T to the relatively homogeneous density of the simulated sample [25]. Notably,
the distribution of E is wide for each set of measurements and results in significant overlap
between the various conditions. Nonetheless, most measured values based on a single
simulated deformation of a sample were within the simulated range [26] and experimental
range, e.g., [27], of similar systems.
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Figure 5. Box plots showing the dependence of Young’s modulus on the degree of crosslinking and
temperature.

The wide distribution of values seen in Figure 5 for all measurements reveals that the
sensitivity for each simulation is large. Moreover, the distribution as well as average values
are quite dependent on the range of deformation from which it is extracted !'. Extracting
E from 2% strain versus 5% strain results in more than 20% difference in the average
property (e.g., for 90% crosslinking at 293 K Ey¢, = 1.6 & 0.4 GPa and Eso, = 1.8 + 0.1 GPa).
Furthermore, we observed more than 100% difference between measurements carried out
over different samples at the same temperature and degree of cross-linking. In Figure 6
we compare experimental stress measurements during elongation for a single sample
to those of simulations, also calculated for a single sample. It is seen that while the
computed measurements resemble the experimental trend, the fluctuation in the stress in
the simulated system is extremely large due to the small sample size.

—experiment
> simulation ° o

0.005 0.01 0.015

strain

Figure 6. Stress versus strain for experimental measurements taken at room temperature and computational measurements

at 25 °C and 90% cross-linking. Linear fits to the experimental data and simulation data are shown in black and red dashed

lines, respectively.
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Assuming that the material is isotropic and within the elastic regime, then Poisson’s
ratio should be bounded by two theoretical limits: —1.0 < v < 0.5. Since the substance
tends to become thinner in the transverse direction, it usually results in a positive Poisson’s
ratio. Based on the experimental measurements (Table 1), v for the epoxy should be ca.
0.39 and should increase substantially with temperature to 0.45 at the highest temperature
tested. The increase of v with temperature is due to the greater molecular motion that
leads to an effectively softer material. However, Poisson’s ratio measured directly from
the simulations (Figure 7) reveals little dependence on the temperature and the degree
of crosslinking (as previously observed in the simulation of a similar system [17]), with
average values around 0.46-0.6 (Figure 7b). The lack of internal symmetry in the small
samples used in the simulation may explain the relatively large values obtained for v in
comparison with experiments, as no theoretical limit exists for anisotropic systems [28]. In
addition to the inherent anisotropy present in small samples, it should also be noted that
Poisson’s ratio calculated in this manner involves the division of two small numbers. The
large statistical error inherent to the small sample size can therefore lead to large deviations
in the calculated v.

Bulk Modulus
w

W 263

0293 m353
W 263 0293 W353

05

Poisson Ratio

25%

60% 90% 25% 60% 90%
degree of crosslinking degree of crosslinking

(a) (b)

Figure 7. Molecular dynamics results of the effect of the temperature at three chosen degrees of crosslinking on the (a) bulk

modulus calculated from compression at a rate of 107 s~ (striped bars) and fluctuations (solid bars) and (b) Poisson’s ratio

calculated from Equation (2) based on tensile deformation rates of 107 s~ 1 (solid bars) and 10° s~! (striped bars).

We define a measure of anisotropy, .4, that varies between null (for isotropic material)

and unity,
A= <Ema2_ Emin> (1)
max

where the maximum and minimum values correspond to measurements of the elastic
modulus over the three axial directions for each sample and the angular brackets denote
an average over the five independent samples. We find that A decreases somewhat
with the degree of crosslinking, though remains quite high with values of 0.42 & 0.06,
0.40 £ 0.07, and 0.36 =+ 0.02, for 25%, 60%, and 90% degree of crosslinking, respectively.
This suggests that our samples are indeed highly anisotropic. Notably, A approaches unity
for measurements sampled from 2% strain.

A better estimate of Poisson’s ratio was obtained from its relation to the elastic modu-
lus and the bulk modulus, K, given in Equation (2):

1 E

V376K @

A notable advantage of molecular simulations is the ease of calculation of the bulk
modulus—a thermodynamic quantity that measures a material’s resistance to uniform
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externally applied pressure. Information about the dependence of the bulk modulus on
temperature for epoxies is quite limited. The bulk modulus is inversely proportional to
the compressibility and generally decreases with an increase in temperature above Tg. K is
proportional to the fluctuations in the volume of the sample at equilibrium, which increase
with temperature as the polymer chains gain more mobility. K is less sensitive to change
at temperatures below T,. Overall, the bulk modulus demonstrates a low sensitivity to
crosslinking density, particularly at higher degrees of crosslinking. There is a maximum
25% difference between 50% degree of curing and a fully cured sample [29].

The bulk modulus can either be calculated from volume fluctuations in isothermal-
isobaric simulation, or from non-equilibrium simulations of compression or expansion.
While the former method requires lengthy simulations to minimize fluctuations, mea-
surements using the latter method depend on the rate of compression or expansion. We
calculated the bulk modulus using both methods. According to the fluctuation-dissipation
theorem for a system at equilibrium, K can be calculated from volume fluctuations under
uniform stress, as it is proportional to the inverse of the compressibility,

(V) -y 1 -
VkT K
where the brackets indicate ensemble average. For non-equilibrium compression measure-

ments, the following relation is used,

() e V)
K==v(5%), - o @

where 6V =V — (V). Average bulk moduli that were obtained from compression simula-
tions and from fluctuations at equilibrium are compared in Figure 7a. The average values
obtained are within the range reported in the literature for other epoxy systems from both
experiments and simulations. As expected, the bulk modulus decreases with increasing
temperature, and increases somewhat with the degree of crosslinking due to the additional
local stress that is induced in the system. While the same trends for the change of K with
temperature and the degree of crosslinking are observed for the two different methods of
measurement, the differences are striking. On average, the calculations are 30% higher
based on fluctuations. Dependence on the method of measurement has been observed
previously with simulations [18]. The rate of compression was also found to have a moder-
ate effect on the measured bulk modulus. Figure 7a shows that two orders of magnitude
higher compression rates result only in a 15% increase in the modulus. However, high
deformation rates produce results with more scatter and less consistent trends.

Poisson’s ratio predicted from measurements of the elastic and bulk moduli based
on Equation (2) is shown in Figure 7b. Excellent agreement with our experimental mea-
surements is observed at 90% degree of crosslinking and simulated deformation rate of
1077 fs7!, ranging from 0.39 at 263 K to 0.45 at 353 K. We further observe that low degrees of
crosslinking result in relatively high values of v (~0.46) that are independent of temperature
due to the liquidlike nature of the weakly crosslinked sample. Increasing the degree of
crosslinking leads to a significant decrease in v, particularly at lower temperatures. We
note that the higher rates of deformation (of 10~° fs~!) gave overall lower values of v
around 0.4. However, little sensitivity to the degree of crosslinking or temperature was
observed. Higher deformation rates effectively correspond to material behavior at lower
temperatures [24,30] where a lower Poisson’s ratio is expected.

The experimentally measured glass transition temperature for the system under
consideration ranged between 43 and 60 °C, depending on the number of heating cycles
and aging. Although the glass transition is not a discrete thermodynamic transition, but
rather occurs over a range of temperatures, it is common to report one point within that
range where the slope of volume versus temperature changes. The transition is continuous
for the small samples studied in molecular simulation [31], as can be seen in Figure 8a.
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T was, therefore, extracted from the crossing of initial slopes of the volume-temperature
curves during both heating and cooling (at an effective rate of 25 K/ns). As with E, the
range of data chosen for the calculation of Ty can significantly affect its value.

78
7 L = heating .
» cooling 400 | ® heating
76 |
o @ cooling
£ 75 | v
s ; 5 380 |-
Q v
S 7 | g gn
S nt o 360
7| [ = ‘ < #
f Tg=358K |
70 ’ 340 1 1 1
69 s s
260 300 340 380 420 460 500 540 20% 40% 60% 80%  100%
Temperature, K Degree of Crosslinking
(a) (b)

Figure 8. (a) Volume change during temperature increment and decrement around glass transition at 90% degree crosslinking

and (b) average glass transition temperature as a function of degree of crosslinking evaluated during heating and cooling

simulations.

The glass transition temperature is particularly sensitive to the heating or cooling rate,
as enough time must be allowed for various molecular relaxation processes to take place.
The slowest rates accessible to atomistic models are still 7-10 orders of magnitude higher
than the fastest experimental rates. On the one hand, a much lower predicted Ty might be
anticipated for the low molecular weight polymer chains considered in the simulation [32].
On the other hand, the lower free volume present in systems of shorter chains [25] leads
to reduced chain mobility and hence higher T;. However, the overwhelming effect is
that of the short timescales for heating (or cooling), which leads to brittle behavior [30]
and hence overprediction of T,. Under such conditions, sufficient chain relaxation cannot
occur, and the rubbery state acts as a glassy state. Interestingly, Afzal et al. [33] found that
the discrepancy between measured and calculated Ty is consistent within a simulation
protocol, and hence could be accounted for with proper calibration. Alternatively, the
difference between experimental and computational rates could potentially be bridged
using time-temperature superposition [24,31].

Interestingly, we observe a difference in Ty measured from heating or from cooling of
approximately 15 °C for a given sample, as shown in Figure 8a. However, the average Ty
calculated over the five independent crosslinked samples (Figure 8b) is much less sensitive
to whether it is calculated from heating or from cooling, as well as to the choice of range
of data for extracting the slope. The results obtained from the simulations are expectedly
higher than experimental values (by 75-115 K), but in agreement with computational
studies on similar systems [17]. Notably, while similar average values of T, are obtained
from both heating and cooling simulations, the error in the calculation is consistently larger
for T¢ extracted from cooling. Lower temperatures tend to require longer equilibration
periods to allow for sufficient relaxation of the chains. As the temperature is reduced, the
chains get trapped in locally hindered conformations and do not have sufficient time to
relax.

The volumetric coefficient of thermal expansion ay = % (%) can be extracted from
p

the slopes of the volume-temperature plots in the glassy and rubbery regions before and
after T, respectively. It is expected that ay will decrease with the increase of crosslinking
degree as the overall stiffness of the matrix increases. The values of ay that were obtained
during heating or cooling are in the range of 20-33 x 10> /°C for the glassy state. ay values
for the rubbery state were more sensitive to the procedure used. For heating, we obtained
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values in the range of 42-56 x 10~°/°C for the rubbery state, and 54-63 x 10~°/°C during
cooling. In both methods, the values coincide with previous molecular simulation studies
for a similar system [31], which tends to be consistently higher than experimental results
reported in the literature, around 5-9 x 1075 /°C for the glassy state and 16-30 x 10~>/°C
for the rubbery state [34].

5. Conclusions

Simulations of crosslinked epoxy resins may be used to cheaply and systematically
investigate the relationship between chemistry and material properties. However, since the
chemistry of industrial products is often complex, reported simulations have concentrated
on idealized systems, with DEGBA /DETDA among the most popular. In this work, we
modeled a 4-component epoxy often used with adhesive joints using the united-atom
OPLS forcefield and compared its mechanical and thermomechanical properties with
experimental measurements. The predicted elastic modulus shows fair agreement with
experimental measurements over the range of temperatures studied. The simulated E is
within 20% of the experimental value at 263 K, however the accuracy diminishes with in-
creasing temperature, with a 70% discrepancy at 353 K. Moreover, the spread of E obtained
from the simulation results is wide and can reach up to 80% error. Poisson’s ratio was
found to be predicted accurately from the relation between E, K, and v, but not from direct
measurements from elastic deformation. The glass transition temperature is overpredicted
by up to 50 °C as expected, due to the high cooling (or heating) rate. Throughout this work,
we focused on the statistics of a small sample size and its implications towards prediction
of mechanical properties of an industrial epoxy. We found that the variance in calculated
properties measured for independently crosslinked samples is very large, though the trends
with degree of crosslinking and temperature are qualitatively consistent with experiments.
However, even for the complex chemistry in this study, simulations carried out on a small
number of independent crosslinked samples improve the quantitative agreement between
simulation and experiments, despite a large variance in calculated properties.

Author Contributions: Conceptualization, Y.B.W. and S.S.; methodology, 1.Y. and S.S.; validation,
Y.B.W. and S.S.; formal analysis, RM. and S.S.; investigation, R.M. and LY.; data curation, 1.Y,;
writing—original draft preparation, R.M.; writing—review and editing, S.S.; visualization, S.S.;
supervision, S.S.; project administration, Y.B.W.; funding acquisition, S.S. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded in part by Rafael—Advanced Defense Technologies and by the
Israel Science Foundation grant 1481/15.

Data Availability Statement: Complete raw data from the molecular dynamics simulations are
available from Mendeley Data, V1, doi: 10.17632/zxdxp326dd.1.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pascault, ].P; Williams, R. Epoxy Polymers New Materials and Innovations; John Wiley & Sons: Hoboken, NJ, USA, 2010.

2. Jin, E-L; Li, X,; Park, S.-]. Synthesis and Application of Epoxy Resins: A Review. |. Ind. Eng. Chem. 2015, 29, 1-11. [CrossRef]

3.  Lapique, F; Redford, K. Curing Effects on Viscosity and Mechanical Properties of a Commercial Epoxy Resin Adhesive. Int. ].
Adhes. Adhes. 2002, 22, 337-346. [CrossRef]

4. Havli¢ek, I.; Dusek, K. Crosslinked Epoxies. In Proceedings of the 9th Discussion Conference, Prague, Czech Republic, 14-17 July
1986; pp. 417—-424. [CrossRef]

5. Vella, D.; Mahadevan, L. A Simple Microscopic Model for the Dynamics of Adhesive Failure. Langmuir 2006, 22,
163-168. [CrossRef]

6.  Yarovsky, I; Evans, E. Computer Simulation of Structure and Properties of Crosslinked Polymers: Application to Epoxy Resins.
Polymer 2002, 43, 963-969. [CrossRef]

7. Odegard, G.M.; Jensen, B.D.; Gowtham, S.; Wu, J.; He, ]. Predicting Mechanical Response of Crosslinked Epoxy Using ReaxFF.
Chem. Phys. Lett. 2014, 591, 175-178. [CrossRef]

8.  Unger, R.; Braun, U,; Fankhénel, J.; Daum, B.; Arash, B.; Rolfes, R. Molecular Modelling of Epoxy Resin Crosslinking Experimen-

tally Validated by Near-Infrared Spectroscopy. Comput. Mater. Sci. 2019, 161, 223-235. [CrossRef]


10.17632/zxdxp326dd.1
http://doi.org/10.1016/j.jiec.2015.03.026
http://doi.org/10.1016/S0143-7496(02)00013-1
http://doi.org/10.1515/9783110867381-034
http://doi.org/10.1021/la0517282
http://doi.org/10.1016/S0032-3861(01)00634-6
http://doi.org/10.1016/j.cplett.2013.11.036
http://doi.org/10.1016/j.commatsci.2019.01.054

Polymers 2021, 13, 3443 12 of 12

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Shokuhfar, A.; Arab, B. The Effect of Cross Linking Density on the Mechanical Properties and Structure of the Epoxy Polymers:
Molecular Dynamics Simulation. J. Mol. Modeling 2013, 19, 3719-3731. [CrossRef]

Bandyopadhyay, A.; Odegard, G.M. Molecular Modeling of Crosslink Distribution in Epoxy Polymers. Model. Simul. Mater. Sci.
Eng. 2012, 20, 045018. [CrossRef]

Wu, C.; Xu, W. Atomistic Molecular Modelling of Crosslinked Epoxy Resin. Polymer 2006, 47, 6004-6009. [CrossRef]

Tack, ].L.; Ford, D.M. Thermodynamic and Mechanical Properties of Epoxy Resin DGEBF Crosslinked with DETDA by Molecular
Dynamics. J. Mol. Graph. Model. 2008, 26, 1269-1275. [CrossRef]

Arab, B.; Shokuhfar, A. Molecular Dynamics Simulation of Cross-Linked Epoxy Polymers: The Effect of Force Field on the
Estimation of Properties. |. Nano-Electron. Phys. 2013, 5, 01013.

Fu, Y,; Michopoulos, ].G.; Song, ].H. On Investigating the Thermomechanical Properties of Cross-Linked Epoxy via Molecular
Dynamics Analysis. Nanoscale Microscale Thermophys. Eng. 2017, 21, 8-25. [CrossRef]

Bandyopadhyay, A.; Valavala, PK.; Clancy, T.C.; Wise, K.E.; Odegard, G.M. Molecular Modeling of Crosslinked Epoxy Polymers:
The Effect of Crosslink Density on Thermomechanical Properties. Polymer 2011, 52, 2445-2452. [CrossRef]

Fan, H.B.; Yuen, M.M.E. Material Properties of the Cross-Linked Epoxy Resin Compound Predicted by Molecular Dynamics
Simulation. Polymer 2007, 48, 2174-2178. [CrossRef]

Kallivokas, S.V.; Sgouros, A.P.; Theodorou, D.N. Molecular Dynamics Simulations of EPON-862/DETDA Epoxy Networks:
Structure, Topology, Elastic Constants, and Local Dynamics. Soft Matter 2019, 15, 721-733. [CrossRef]

Shenogina, N.B.; Tsige, M.; Patnaik, S.S.; Mukhopadhyay, S.M. Molecular Modeling of Elastic Properties of Thermosetting
Polymers Using a Dynamic Deformation Approach. Polymer 2013, 54, 3370-3376. [CrossRef]

Frick, B.; Richter, D. The Microscopic Basis of the Glass Transition in Polymers from Neutron Scattering Studies. Science 1995, 267,
1939-1945. [CrossRef] [PubMed]

Li, C; Strachan, A. Molecular Dynamics Predictions of Thermal and Mechanical Properties of Thermoset Polymer
EPONS862/DETDA. Polymer 2011, 52, 2920-2928. [CrossRef]

Hanwell, M.D.; Curtis, D.E.; Lonie, D.C.; Vandermeersch, T.; Zurek, E.; Hutchison, G.R. Avogadro: An Advanced Semantic
Chemical Editor, Visualization, and Analysis Platform. Available online: http://www.jcheminf.com/content/4/1/17 (accessed
on 13 August 2020).

Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1-19. [CrossRef]
Jorgensen, W.L.; Tirado-Rives, J. The OPLS [Optimized Potentials for Liquid Simulations] Potential Functions for Proteins, Energy
Minimizations for Crystals of Cyclic Peptides and Crambin. J. Am. Chem. Soc. 1988, 110, 1657-1666. [CrossRef]

Tamir, E.; Srebnik, S.; Sidess, A. Prediction of the Relaxation Modulus of a Fluoroelastomer Using Molecular Dynamics Simulation.
Chem. Eng. Sci. 2020, 225, 115786. [CrossRef]

Aramoon, A.; Breitzman, T.D.; Woodward, C.; El-Awady, J.A. Correlating Free-Volume Hole Distribution to the Glass Transition
Temperature of Epoxy Polymers. Ind. Eng. Chem. Res. 2017, 121, 8399-8407. [CrossRef]

Vashisth, A.; Ashraf, C.; Bakis, C.E.; van Duin, A.C.T. Effect of Chemical Structure on Thermo-Mechanical Properties of Epoxy
Polymers: Comparison of Accelerated ReaxFF Simulations and Experiments. Polymer 2018, 158, 354-363. [CrossRef]

Littell, ].D.; Ruggeri, C.R.; Goldberg, R.K.; Roberts, G.D.; Arnold, W.A ; Binienda, W.K. Measurement of Epoxy Resin Tension,
Compression, and Shear Stress—Strain Curves over a Wide Range of Strain Rates Using Small Test Specimens. ]. Aerosp. Eng. 2008,
21,162-173. [CrossRef]

Ting, T.; Chen, T. Poisson’s Ratio for Anisotropic Elastic Materials Can Have No Bounds. Q. J. Mech. Appl. Math. 2005, 58,
73-82. [CrossRef]

Péron, M.; Sobotka, V.; Boyard, N.; Corre, S.L. Bulk Modulus Evolution of Thermoset Resins during Crosslinking: Is a Direct and
Accurate Measurement Possible? J. Compos. Mater. 2016, 51, 463-477. [CrossRef]

Tamir, E.; Sidess, A.; Srebnik, S. Thermodynamic, Structural, and Mechanical Properties of Fluoropolymers from Molecular
Dynamics Simulation: Comparison of Force Fields. Chem. Eng. Sci. 2019, 205, 332-340. [CrossRef]

Gavrielides, A.; Duguet, T.; Aufray, M.; Lacaze-Dufaure, C. Model of the DGEBA-EDA Epoxy Polymer: Experiments and
Simulation Using Classical Molecular Dynamics. Int. J. Polym. Sci. 2019, 2019, 9604714. [CrossRef]

Eslami, H.; Kesik, M.; Karimi-Varzaneh, H.A.; Miiller-Plathe, F. Sorption and Diffusion of Carbon Dioxide and Nitrogen in
Poly(Methyl Methacrylate). J. Chem. Phys. 2013, 139, 124902. [CrossRef]

Afzal, M.AF,; Browning, A.R.; Goldberg, A.; Halls, M.D.; Gavartin, J.L.; Morisato, T.; Hughes, T.F; Giesen, D.].; Goose, ].E.
High-Throughput Molecular Dynamics Simulations and Validation of Thermophysical Properties of Polymers for Various
Applications. ACS Appl. Polym. Mater. 2021, 3, 620—-630. [CrossRef]

Gupta, V.B.; Drzal, L.T.; Lee, C.Y.C.; Rich, M.J. The Temperature-Dependence of Some Mechanical Properties of a Cured Epoxy
Resin System. Polym. Eng. Sci. 1985, 25, 812-823. [CrossRef]


http://doi.org/10.1007/s00894-013-1906-9
http://doi.org/10.1088/0965-0393/20/4/045018
http://doi.org/10.1016/j.polymer.2006.06.025
http://doi.org/10.1016/j.jmgm.2007.12.001
http://doi.org/10.1080/15567265.2016.1263696
http://doi.org/10.1016/j.polymer.2011.03.052
http://doi.org/10.1016/j.polymer.2007.02.007
http://doi.org/10.1039/C8SM02071J
http://doi.org/10.1016/j.polymer.2013.04.034
http://doi.org/10.1126/science.267.5206.1939
http://www.ncbi.nlm.nih.gov/pubmed/17770103
http://doi.org/10.1016/j.polymer.2011.04.041
http://www.jcheminf.com/content/4/1/17
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1021/ja00214a001
http://doi.org/10.1016/j.ces.2020.115786
http://doi.org/10.1021/acs.jpcb.7b04147
http://doi.org/10.1016/j.polymer.2018.11.005
http://doi.org/10.1061/(ASCE)0893-1321(2008)21:3(162)
http://doi.org/10.1093/qjmamj/hbh021
http://doi.org/10.1177/0021998316647119
http://doi.org/10.1016/j.ces.2019.05.007
http://doi.org/10.1155/2019/9604714
http://doi.org/10.1063/1.4821585
http://doi.org/10.1021/acsapm.0c00524
http://doi.org/10.1002/pen.760251305

	Introduction 
	Experimental Methods 
	Molecular Model 
	Results and Discussion 
	Experimental 
	Computational 

	Conclusions 
	References

