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We use molecular dynamics (MD) to perform an extensive characterization of the thermo-mechanical
response of a thermoset polymer composed of epoxy EPON862 and curing agent DETDA. Our simula-
tions, with no adjustable parameters, show that atomistic simulation can capture non-trivial behavior of
amorphous thermosets including the role of polymerization degree, thermal history, strain rate and
temperature on the glass transition temperature (T;) and mechanical response (including ultimate
properties) and lead to predictions in quantitative agreement with experiments. We find a significant
increase in Tg, Young’s modulus and yield stress with degree of polymerization while yield strain is
significantly less sensitive to it. For structures cured beyond the gel point (percolation of a 3D network)
conversion degree and temperature affect yield stress in a similar way with yield stress linearly
dependent on T-Tg; however, we find non-linear and non-universal relationship below the gel point. Our
results show that a relative small variation in polymerization degree (~5%) can explain the spread in
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experimental measurements of T; and elastic constants available in the literature.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoset polymers are the matrix of choice for fiber-reinforced
composites used in a wide variety of applications including aero-
space due to their high stiffness, strength as well as creep and
thermal resistance as compared to thermoplastic polymers. These
properties depend not only on their chemistry or composition but
also on molecular structure and, consequently, polymerization (or
conversion) degree as well as thermal history and testing conditions.
In this paper we use molecular dynamics (MD) to characterize how
conversion degree, annealing rate and temperature affect the
thermo-mechanical response (including glass transition tempera-
ture, elastic properties and ultimate mechanical response) of
EPON862 with curing agent DETDA.

Curing time and temperature play an important role in deter-
mining the network topology as well as the degree of conversion and
there have been extensive experimental studies to characterize the
effect of conversion degree on material properties of thermoset
polymers. Among the properties studied, glass transition tempera-
ture is the most extensively characterized one. The dependence of
glass transition temperature on conversion degree has been char-
acterized, among others, for DGEBA/TMAB [1], epoxy/novolac, and
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dicyanate ester/polycyanurate [2], EPON828/MHHPA [3] Bisphenol-
S/4,4'DDM [4] and toughened epoxy resin [5]. A general trend of all
these experimental studies is that T, increases with increasing
conversion in a non-linear fashion with an increasing dependency
for higher conversion degree. There have also been a few efforts
involving atomistic simulations on the effect of conversion degree
on Tg [6,7]; while a detailed characterization is still lacking, these
have confirmed the general trends observed experimentally.

The role of conversion degree on mechanical properties of ther-
moset polymers remains poorly understood and different trends have
been reported. Based on their comparison of elastic moduli of 14
epoxide-amine systems, Morel et al. [8] concluded that the effects of
crosslinking density and glass transition temperature on the elastic
properties of the polymers in the glassy state are insignificant.
However, the studies of Ellis et al. [9] found a linear decrease of the
room temperature Young's modulus (below Tg) with increasing T, for
BADGE/DDM epoxy resin. More recently, Marks and Snelgrove [10]
also reported that a uniform trend of decreasing tensile modulus
with increasing conversion for various amine-cured epoxy thermo-
sets including DER332/EDA, DER332/DETA, and DER332/4,4'DDS.

Beyond elastic properties, the ultimate mechanical properties of
thermoset polymers are critical for most applications. Generally, it
is believed that a high conversion tends to increase yield stress but
a decrease in fracture toughness as the material becomes more
brittle [11]. However, the studies of Marks and Snelgrove [10]
indicated that the trends of fracture toughness of amine-cured
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epoxy thermosets depend strongly on the structure of the curing
agent and the degree of cure. The fracture toughness of thermosets
often exhibits a maximum for conversion degrees between 65% and
95%, depending on the rigidity of curing agent. A molecular-level
understanding of these trends is currently lacking, yet this
knowledge would be highly desirable for the design of new ther-
moset polymers with desired properties and to understand current
systems. Non-equilibrium MD is a powerful tool to uncover the
molecular processes that govern yield and provide insight into the
role of chemistry and molecular structure. A limitation of this
technique is the short timescales achievable that lead to fast
deformation rates; these effects need to be accounted when
analyzing MD results. Prior MD simulations have provided insight
into yield criteria of amorphous polymers [12] and post-yield
behavior [13]; furthermore, progress is being made in under-
standing the relationship between macroscopic yield and atomic
process [14]. Despite this progress, many questions remain unan-
swered especially for thermoset polymers and the relationship
between molecular structure and yield and post-yield behavior.

In this paper we build atomic structures of EPN862/DETDA
thermoset polymers using a procedure that combines MD simula-
tions with distance-based chemistry models [15] similar to prior
thermoset building methods [16] and characterize the thermo-
mechanical response (including ultimate mechanical properties) of
the resulting structures. In particular we focus on the effect of
conversion degree, thermal history (cooling rate), temperature and
strain rate on the thermal and mechanical properties.

2. EPON862/DETDA systems and interatomic potentials

The initial model system for our simulations consists of 256
monomers of EPON862 and 128 monomers of DETDA. The molec-
ular structures of EPON862 and DETDA are shown in Fig. 1. As was
done in previous studies [10,16], we start with the “activated”
EPON862 shown in Fig. 1(b). The initial number of atoms in the
model system is 16,000.

The DREIDING force field [17] with Buckingham functions
(exponential repulsion and power 6 attraction) for van der Waals
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Fig. 1. Molecular structures of (a) EPON862, (b) activated EPON862 and (c) DETDA.

interactions is employed in all our simulations using the open source
MD code LAMMPS [18]. The atomic charges are obtained from self-
consistent calculations using the electronegativity equalization
method as described in Ref. [15]. This approach to describe atomic
interactions, that is generally applicable to any polymer and many
composites, has been shown to provide an accurate representation
of the thermo-mechanical properties of EPON862/DETDA [15] and
EPONS825/3,3'DDS [19] and other soft materials, see for example
Ref. [20]. The importance of charge equilibration and electrostatic
energy is quantified in the Supplementary material [21].

The method used to create the atomistic structure of the poly-
mer is described in detail in Ref. [15] and we provide a brief
description here for completeness. The procedure consists of two
main stages (see flowchart shown in Fig. 2):

i) A mixture of the epoxy and curing agent with the desired
stoichiometry is packed into a simulation cell with 3D peri-
odic boundary conditions at low density (0.5 g/cm?®). The
system is initially energy-minimized using the conjugate
gradients method and then equilibrated using an isothermal
and isochoric (NVT ensemble) MD simulation for 50 ps at
600 K followed by an isothermal, isobaric (NPT) MD simula-
tion for 400 ps at atmospheric pressure.

ii) During the curing stage, chemical reactions are simulated in
a stepwise manner using a distance-based criterion. Bonds
are created between reactive atoms within a cutoff distance
taken as four times the equilibrium NC bond length (1.41 A).
New bonds are turned on slowly using a 50 ps-long multi-
step relaxation procedure to avoid large atomic forces. After
the new bonds are fully relaxed an NPT simulation for an
additional 50 ps is performed before the new set of bond
creations is attempted. This procedure is continued until the
total simulation time or conversion limit are achieved. The
MD simulations during polymerization are carried out at
600 K to increase molecular mobility and reduce strain during
the formation of the 3D thermoset network.

Structures with conversion degrees from 0% to 86% are selected
from this procedure and their thermo-mechanical response char-
acterized. The degree of conversion is defined as the ratio between
the number of bonds created and the maximum possible bonds
(four times the number of DETDA molecules).

3. Role of curing degree on glass transition temperature

After the polymerization and crosslinking procedure described
above produces equilibrated structures at 600 K with various

[NVT 50ps for system equilibration]
I
[NPT 400ps for system equilibraiion]

NPT MD 50 ps

Reached target
conversion degree

[ Multistep MD relaxation J

Reactive pairs

Create bonds
within cutoff?

between pairs

Fig. 2. Flowchart of curing procedure.



2922 C. Li, A. Strachan / Polymer 52 (2011) 2920—2928

E To=445 K

0.951

Density (g/cms)

0.90

0.85 System: (256, 128)

1 Cooling: 10K/200ps

0.80 ML L L B B B B

300 350 400 450 500 550 600 650
Temperature (K)

Fig. 3. Density as a function of temperature.

degrees of polymerization, we cool them down to room temperature
using NPT MD simulations; from these simulations we characterize
the glass transition temperature. In our simulations, cooling is per-
formed in steps of 10 K and at each temperature we perform
a 200 ps-long simulation at atmospheric pressure. Fig. 3 shows
density-temperature plots for our epoxies with various degrees of
conversion; we predict an increase in density and T; (marked by
a change in slope of the density-temperature curves) as the
conversion degree increases. This information is displayed in Fig. 4
where Ty is plotted as a function of conversion degree. T, and asso-
ciated error estimates are obtained from the density-temperature
data, Fig. 3, using segmented regression (R* > 09997 with pp
value <0.0001 for F_test). Our simulations show that T, increases by
about 80 K when the conversion degree goes from 0% to 86%. The
dependency of T with curing degree becomes more pronounced as
the curing proceeds. Interestingly, a significant increase in the slope
of Tg vs. conversion degree occurs at around 60% conversion. This
corresponds to the conversion degree where we observe a signifi-
cant slowdown in the rate of chemical reactions during polymeri-
zation [15] and where the molecular weight of the largest molecule
increases significantly as shown in Fig. 5. The steep increase in the
mass of the largest molecule containing the majority of the mass in
the system indicates the percolation of a 3D network and the gel
point. These results are in agreement with prior simulations [16].
The reported experimental Ty values for EPON862/DETDA are
413 K[22] and 417—432 K [23] and in order to compare these values
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Fig. 4. T; as a function of conversion.
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Fig. 5. Molecular weight of largest molecule as a function of conversion degree.

with our MD data the role of cooling rate should be taken into
account since Tg is a kinetic quantity. Higher rates of heating and
cooling increase T and this effect can be quantified via the classic
William—Landel—Ferry (WLF) equation [24,25], that describes the
relation between relaxation time and temperature measured from
a reference value and was obtained empirically from extensive
experimental measurements on various glass formers from poly-
mers to organic liquids. The WLF equation leads to an increase in Ty
of 3 K per order of magnitude increase in cooling or heating rate
[25]. Thus, the T, predicted from our MD (with a rate of 5 x 10'°K/s)
should be expected to be about 30 K higher than the experimental
value, i.e. ~440—470 K, which is shown in Fig. 4 as adjusted
experimental data. Our predictions for high conversion degrees
(over approximately 85%) are in agreement with available experi-
mental data and while the conversion degree in those experiments
was not reported but typical values are believed to be around 90%.
Our simulations indicate that a likely contributing factor for the
range of experimental T, values reported in the literature is the
variation in conversion degree among the various tests.

DiBenedetto’s equation has been shown to describe the relation
between T, and conversion degree from experiments [26,27], it can
be written as:

@—@47 V3
Tg —T9  1-(1-2¢

(1)

where 1 is an adjustable parameter that describes non-linearity in
the Tg-conversion curve, £ stands for the conversion degree, Ty is the
glass transition temperature at conversion degree ¢ and T2, Ty are
the glass transition temperatures for conversion degrees of 0 and 1,
respectively. In order to describe the MD data, we use a least
squares method to obtain 4 and Ty from our MD Ty values. The
resulting curve, shown as a solid line in Fig. 4, corresponds to
Ty = 510 K and 4=0.19. We are unaware of experimental char-
acterization of the dependency of T, on conversion degree for
EPON862/DETDA, our predicted value for A falls in the range of
0.16—0.6 reported in the literature [2]. Using DiBenedetto’s equa-
tion our T; predictions can be extrapolated to higher conversion
degrees that are difficult to achieve with atomistic simulations.

4. Mechanical response

We characterize the mechanical response of the EPON862/
DETDA samples via non-equilibrium MD simulations of uniaxial
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deformation. These simulations are carried out by continuously (i.e.
at each MD step) increasing the length of the simulation cell along
one of its cubic directions and maintaining atmospheric pressure in
the transverse directions using a barostat. We assume the material
to be isotropic and maintain the simulation cell lengths in the
directions transverse to the tensile axis equal to each other at all
times. Uniaxial deformations are carried out along all three Carte-
sian directions from which average stress—strain curves are
obtained. Samples are deformed up to a longitudinal strain of 50%
with two strain rates: 5 x 10% s™! and 5 x 10° s~ While much
higher than in experiments, these rates are typical of non-
equilibrium MD simulations [12—14].

4.1. Role of conversion degree

Fig. 6(a) shows the longitudinal engineering stress versus engi-
neering strain curves for systems with various conversion degrees at
astrain rate of 5 x 108 s~1. We obtain the Young’s moduli of our model
epoxy by fitting the MD data to a linear function up to strains of 2% and
4%. The two limits provide a measure of the uncertainty in the
predictions due to the standard fluctuations present in MD simula-
tions and are chosen due to the weak non-linearities in the stress—
strain relationship up to 5% strain (non-linearities in the stress—strain
curves are analyzed in the Supplementary material [21]). The
dependence of Young’s modulus on conversion degree is shown in
Fig. 6(b). Our simulations show a significant stiffening of EPON862/
DETDA from approximately 1 GPa to about 3 GPa as the 3D network
forms. The moduli for larger conversions compare well with existing
experimental data; for example, Sun et al. [22] and Zhou et al. [28]
reported a Young’s modulus of 2.76 GPa and 2.46 GPa, respectively,

a 250
- T=300K & ——86%
] i - Y e o,
% 200 Strain rate: 5x10" s 64%
Py
]
£ 150
w
(=)]
£
5 1004
1]
=
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C -10
0% T=300K
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81 —a0%
{——55%
& 5] —64%
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S 1—78%
‘s -4 ——86%
»
2
o Strain rate: 5x10° s

0 5 10 15 20
Strain &:(%)

for neat epoxy EPON862/DETDA, while Tack [29] obtained an average
Young’s modulus of 2.5 GPa for EPON862/DETDA with a standard
deviation of +0.6 GPa. A stress—strain curve from a tensile experi-
ment on EPON862/DETDA [22] is also shown in Fig. 6(a) for
comparison (circles). As expected for tensile testing at room
temperature brittle fracture is observed in the experiments while the
small periodic samples used in the MD simulations are unable to
localize strain and exhibit significant inelastic behavior. Fig. 6(c)
shows the transverse strain as a function of the longitudinal strain
from our MD simulations at a strain rate of 5 x 108 s~ L. The initial slope
of these curves represents the predicted Poisson’s ratio and we
compute it by fitting linear functions to the MD data up to strains of 2%
and 4%. We find that the conversion degree has a considerable effect
on Poisson’s ratio, see Fig. 6(d). Poisson’s ratio decreases with
conversion degree from slightly less than 0.5 for the unreacted
mixture of EPON962 and DETDA. For conversion degrees higher than
60% the predicted values have a mean of 0.31 and a standard deviation
of 0.11. This average value for high conversion degrees is in reasonable
agreement with the available experimental data 0.353 [29]. Such
regime, of interest in most applications, corresponds to the presence
of a percolating network, see Fig. 5, and we speculate that the large
fluctuations in the MD data are associated with changes in the
network structure. Note that the increase in room temperature
Poisson ratio toward 0.5 (the value of a liquid sample) with decreasing
conversion degree has two origins, one being the change in the
network structure of the polymer; secondly the testing temperature
becomes closer to Tg.

From Fig. 6(a) it is clear that the yield stress increases with
increasing conversion degree. In order to quantify this effect we
must overcome the fact that the large fluctuations stemming from
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Fig. 6. (a) Longitudinal stress as a function of longitudinal strain for samples with various degrees of conversion; (b) Predicted Young’s modulus as a function of conversion degree
(experimental values are from Refs. [22,28,29], the black line shows the trend of the simulation data); (c) Lateral strain as a function of longitudinal strain for samples with various
conversion degrees; (d) Poisson’s ratio as a function of conversion degree (experimental value from Ref. [29]).
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the relatively small simulation cells make it hard to accurately
identify the yield point. Thus, we fit quadratic functions to the
stress—strain data around the maximum of the MD data and
associate the yield point with the maximum of the fit. Table 1
shows the fitting range used for each conversion degree and the
resulting yield stress and strain. Error estimates for the yield stress
and strain are obtained from the standard errors in the fitted value
of the quadratic function. Fig. 7(a) and (b) show the yield stress and
strain as a function of conversion degree, respectively. The resulting
yield stress increases by a factor of over two as the unreacted
mixture is converted to 86%. This relative increase is similar to that
associated with Young’s moduli which is consistent with the yield
strain being relative insensitive to conversion degree, Fig. 7(b). This
is an important result that indicates that yield criteria based on
strain instead of stress may be better suited for this class of
polymers.

There are no reports of strength of EPON862/DETDA for strain
rates comparable to the ones accessible to MD simulations and,
since a strong sensitivity of strength with strain rate is firmly
established [30], we expect the available experimental values to be
significantly smaller than our MD predictions. Besides the effect of
strain rate, differences in ultimate mechanical properties between
MD simulations and experiments can originate in the fact that the
small system size in the simulations precludes strain localization
and brittle failure. Sun et al. [22] reported a 64 MPa tensile strength
for neat epoxy EPON862/DETDA based on their tensile testing using
an MTS servo-hydraulic test machine, on the other hand Zhou et al.
[28] obtained a 93.5 MPa tensile strength for neat epoxy EPON862/
DETDA based on their three-point flexural tests; these results are
shown in Fig. 7(a).

4.2. Role of strain rate and cooling rate

The mechanical response of the amorphous polymers is known
to depend on both the rate of deformation and the thermal history
of the sample (cooling rate used to generate the T = 300 K structure
in our case) and in this Section we explore these effects on
EPON862/DETDA.

Fig. 8 shows stress—strain curves for systems with a conversion
degree of 86% at two different strain rates: 5 x 108 s~ and an order
of magnitude faster, 5 x 10° s~ Our simulations show that the
Young’s modulus is insensitive to strain rate; on the other hand,
yielding is strongly affected by the rate of deformation. Yield stress
increases with strain rate as the polymer is less able to relax in
response to the deformation. The order of magnitude increase in
strain rate leads to an increase in yield stress of approximately
40 MPa; this trend was observed in Hopkinson bar experiments on
various thermosetting polymers [30]. Despite the fluctuations
inherent in small-scale simulations, our results indicate that yield
strain is less sensitive to strain rate than yield stress; this is also
consistent with experiments [30]. For both strain rates we observe
slight softening following yield and hardening for strains larger
that ~35%.

Table 1
Fitting stress—strain curves around maximum.

Conversion (%) Strain fitting Yield stress (MPa) Yield strain (%)

range (%)
86.0 11 18 182 + 24 14.6 + 0.6
78.0 8.5 17 167 + 11 128 + 1.5
71.0 8.5 17 164 £ 15 12.7 £ 09
64.0 8.5 17 146 + 10 136 +1.3
55.0 8.0 15 136 + 13 114+ 0.7
40.0 7 14 117 £ 10 103 £ 0.8
20.0 6.5 135 91 + 10 11.1+1.2
0.0 6.0 14.0 67 +£9 115+ 29
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Fig. 7. (a) Predicted yield stress as a function of conversion degree (experimental data
from Refs. [22,28]); (b) Strain at yield peak as a function of conversion degree.

Fig. 9(a) and (b) show how the stress—strain curves depend on
the rate used to cool the samples down from 600 K to 300 K.
Fig. 9(a) shows results for a strain rate of 5 x 108 s~! and Fig. 9(b) for
5 x 10% s~ In both cases we find that the slower cooling rate leads
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Fig. 8. Stress—strain curves for EPON862/DETDA polymer with 86% conversion for two
different strain rates.
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Fig. 9. Role of cooling rate on ultimate mechanical response. Stress—strain curves of
samples that have undergone different cooling rates (10 K/200 ps, blue, and 50 K/
100 ps, red) for a strain rate of (a) 5 x 108 s~! and (b) 5 x 10° s~'; (c) Density as
a function of strain for samples with different cooling rates for a strain rate of
5 x 108 s~ (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article).

to a higher yield stress but, after yield, the yield stress becomes
essentially independent of cooling rate. Slower cooling rates lead to
better relaxation of the thermoset structures and, consequently, an
increase in the yield stress as previously observed in glassy ther-
moplastic polymers [31]. The temporal evolution of the polymer
densities during deformation sheds light into the physics that
govern the effects of thermal history, see Fig. 9(c). Prior to defor-
mation the sample cooled down at a lower rate exhibits a higher
density than the fast-cooled sample, this higher density denotes
better relaxation and lead to a higher yield stress during defor-
mation. However, once inelastic deformation begins the sample’s
thermal history is erased (at least from the point of view of stress)
and both yield stress and density [Fig. 9(c)] of the two samples with
different thermal histories collapse into a single curve.

4.3. Role of temperature

Fig. 10 shows the engineering stress-engineering strain curves
for a system with 86% conversion under different temperatures. As
expected both the Young’s modulus and yield stress decrease with
increasing temperature; we predict a Young’s modulus decrease of
approximately 1 GPa per 100 K temperature increase, as shown in
Fig. 10(b), and a yield stress decrease of approximately 60 MPa for
a temperature increase of 100 K, as shown in Fig. 10(a).
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Fig. 10. Effect of temperature on stress—strain relationship for a polymer with 86%

conversion. (a) Stress—strain curves at different temperatures; (b) Young's modulus
versus temperature.
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5. Discussions
5.1. Role of conversion and temperature on yield stress

Two factors affect the increase of room temperature yield stress
with conversion degree shown in Figs. 6(a) and 7(a). First, the
increase in molecular weight and network connectivity. Second,
the increase in T; with conversion degree leads to a reduction in
testing temperature when measured from Ty (T-Tg). To help
quantify these effects Fig. 11 shows the room temperature yield
stress as a function of T—T, for systems of varying conversion
degrees together with the yield stress of a system with 86%
conversion at T = 300, 350, 400 K also as a function of T—T,. For
low conversion degrees there is a rapid increase in yield stress
with decreasing T-T; but for samples with over 60% conversion
the increase rate in yield stress is reduced. This change in behavior
coincides with the formation of a percolating polymer network
(gel point) and indicates that for highly crosslinked thermosets
increasing the degree of curing increases their thermal stability
more than their ultimate mechanical properties as compared with
conversions degrees below the gel point. A comparison of the
room temperature yield stress for various conversions with the
temperature dependent yield stress as functions of T—T; shows
that as the conversion is increased over the gel point the
strengthening originates from an increase in T, For conversion
degrees over the gel point our results show the same physics as
what is observed in thermosets with varying molecular weight
between crosslinks; see for example Refs. [32,33]. Lesser and
collaborators used various crosslinking molecules and chain
extenders to control the molecular weight between crosslinks in
epoxy thermosets and showed the yield stress to be a function
only of T—T, for materials with similar backbone stiffness [32]. Our
simulations also predict a linear relationship between yield stress
and (T—Tg) for conversions over the gel point, also in agreement
with experimental data, see for example Ref. [11]. Due to the
ability to control conversion degree exactly in the simulations we
are able to characterize the roles of molecular structure and
temperature on the same polymer as a function of conversion (a
very difficult task to accomplish experimentally). Our simulations
show that for high conversion degrees, the effect of increasing
conversion on the yield stress can be explained by the increase in
T, while below the gel point the yield stress deviates from this
behavior.

200 4
86% with T
© 1504 86% /
=3 i\ 64% " _ ]
@ . /55 %
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"
o
2
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504
T=300K
1 Strain rate=5x10" s
0 T T T T T T T T
-150 -125 -100 -75 -50
T-Tg (K)

Fig. 11. Room temperature yield stress for polymers with different conversion degrees
(full circles) and yield stress of the system with 86% conversion at various tempera-
tures [from Fig. 10(a)] as a function of T—Tg.
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Fig. 12. True stress-true strain relationship for different conversions.
5.2. Trends in yield and post-yield behavior

In order to discuss post-yield phenomena we plot true stress-
true strain curves for various conversion degrees at T = 300 K in
Fig. 12 and for various temperatures for a sample with 86%
conversion in Fig. 13. Each curve shown in Figs. 12 and 13 is the
result of a single MD run as opposed to averages over deformations
along the x, y and z axes as is the case for all prior deformation
results. Fig. 12 shows softening immediately following yield for all
cases. While this softening continues to very large strains for
samples with 0% and 40% conversion, the 64% sample shows slight
hardening for strains over 0.4. For even higher conversion degrees,
when a 3D network is formed, the hardening begins at lower
strains and is significantly more pronounced.

Increasing the testing temperature not only decreases the yield
stress, as described above, but also the post-yield softening, Fig. 13.
Actually we do not observe softening for temperatures of 400 K and
higher; as the timescales associated with structural relaxation
decrease with increasing temperature the polymer is able to adjust
to the deformation more readily, reducing the stress overshoot at
the yield point and post-yield softening. Larger-scale simulations,
with smaller fluctuations, will enable a quantitative characteriza-
tion of softening and hardening moduli for various conditions but
we expect the general trends described here to remain valid.
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Fig. 13. True stress-true strain relationship at different temperatures.
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Fig. 14. Energy-distance curves for all covalent bonds in samples deformed at 300 K to 100% tensile strain for (a) 0% conversion, (b) 64% conversion, and (c) 86% conversion.

Figure S-1 in the Supplementary material [21] compares stress—
strain data for two different sizes for a high conversion degree
system.

5.2.1. Bond stretch analysis at large strains

Our MD approach to characterize the thermo-mechanical
properties of the polymer systems is non-reactive, i.e. we do not
allow for chemical bond breaking or the formation of new bonds.
We now analyze whether this assumption is justified for the large
deformation levels investigated. Fig. 14 plots the bond energy as
a function of bond distance for all chemical bonds in the system for
an atomic snapshot at 100% engineering strain for samples with 0%
conversion, Fig. 14(a), 64% conversion, Fig. 14(b) and 86% conver-
sion, Fig. 14(c). Interestingly, the analysis of bond distributions
indicates that even for such a large amount of strain bond energies
(not larger than 10 kcal/mol) remain significantly lower than what
is needed for bond breaking (the dissociation energy for a C—C
bond in ethane is 98 kcal/mol). The relatively small bond energies
justify the use of harmonic bonds in these simulations. Thus, local
strains larger than 100% would be required for chemical bond
scission in this class of epoxies. These levels of strain are unimag-
inable in macroscopic samples as a whole where brittle failure
occurs at much lower average strains. However, large strains are
expected in regions of localized deformation like crazes or shear
bands. Strain localization cannot occur in the MD simulation cells to
the same degree due to the small size of the MD samples.

7. Conclusions

In this paper we used MD simulations to provide a rather
thorough characterization of the thermo-mechanical response of

the thermoset polymer composed of the epoxy EPON862 and
curing agent DETDA for various degrees of polymerization, thermal
history, strain rate and temperature. MD simulations enable,
without any tunable parameters, the description of the molecular
structure and thermo-mechanical properties of amorphous ther-
mosets, naturally capturing non-trivial behavior including: the role
of thermal history, strain rate and temperature on mechanical
properties including yielding and post-yield behavior.

Our simulations characterize how glass transition temperature
(Tg) and mechanical properties depend on degree of polymeriza-
tion. We find Ty, stiffness and yield stress depend strongly on
conversion degree even near full conversion. While such charac-
terization remains experimentally challenging due to difficulties in
monitoring and controlling the degree of curing, the sensitivity of
thermo-mechanical properties to conversion degree predicted by
our simulations underscores the importance of taking degree of
cure into account in the analysis and interpretation of experimental
data or theoretical predictions as well as in the design of processing
conditions.

Our MD predictions, using the general purpose Dreiding force
field with Buckingham van der Waals interactions, are in good
agreement with available experimental results. Thus, the results
could be used to inform continuum viscoelastic constitutive
models, see for example Ref. [34], capable of predicting the
behavior of macroscopic samples including their use in polymer
matrix composites of interest for structural applications. We fore-
see that once the connections between chemistry and atomic
interactions and the macroscopic world are established and vali-
dated, predictive computational tools will facilitate the design and
certification of new thermoset polymers reducing the need for
time-consuming and expensive experiments.
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