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a b s t r a c t

We use molecular dynamics simulations to study the thermo-mechanical response of a thermosetting
polymer (diglycidyl ether of bisphenol A with 3,30diamino-Diphenylsulfone) subject to cyclic loading for
a family of tri-axial deformation paths and two different load levels and strain rates. We focus on how the
relative amount of deviatoric and volumetric deformation affects strain accumulation and energy
dissipation and find that uniaxial stress conditions lead to the highest rate of strain accumulation and
dissipation. A characterization of the molecular-level processes responsible for strain accumulation
provides insight into the observed role of volumetric and deviatoric deformations and explains the
relatively low strain accumulation for purely deviatoric or volumetric loads. These results may help the
design of polymer matrix composites with improved performance under cyclic loading conditions.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Polymer matrix composites (PMCs) are extensively used in
aeronautical and automotive industries. Currently, these applica-
tions have a demand of 10e50 years lifetime for important PMC
structural components, which are inevitably subjected to cyclic
loading. Other important applications such as electronics and
microsystems also involve periodic loading. The time dependence
of themechanical properties of PMC is dominated by the hereditary
nature of its amorphous polymer matrices, i.e. viscoelasticity [1].
The design of new PMC formulations and the optimal use of
existing ones would benefit from an in-depth understanding of
how polymers behave under a variety of time-dependent loading
conditions. A further challenge in polymer composites is that the
matrix experiences complex, multi-axial loading due to the
mechanical constrains imposed by the relatively stiff fibers. Among
possible polymeric matrices, thermosets are commonly used in
structural applications due to their high stiffness and strength as
well as excellent creep and thermal resistance. Therefore, this
paper uses molecular dynamics (MD) to characterize the response
of an amorphous thermoset polymer subject to cyclic loading for
a family of loading pathways involving varying amounts of devia-
toric and volumetric deformation. We focus on a thermoset
resulting from the epoxy resin diglycidyl ether of bisphenol A

(DGEBA, known commercially as EPON 825) with the curing agent
3,30diamino-Diphenylsulfone (33DDS).

When a material is subject to a primary static load plus
a secondary cyclic load over an extended period of time strain
accumulation occurs even if the load is significantly below the yield
stress. The cyclic accumulation of plastic strain, also known as
ratcheting effect or cyclic creep, contributes to the fatigue failure of
materials. Various loading factors such as stress level, stress rate,
and loading path have been extensively studied in the last several
decades; see, for example, the critical reviews by Ohno [2,3] and
Kang [4]. The following observations apply generally for all mate-
rials when subjected to cyclic loads: i) the ratcheting strain grad-
ually increases cycle by cycle and progresses faster with higher
mean-stress level and/or larger stress amplitude; ii) the ratchet-
ing strain per cycle is strongly rate-dependent and tends to be
larger with decreasing strain rate; iii) multiaxial ratcheting is lower
than the uniaxial one under plastically equivalent loading condi-
tions. However, a systematic understanding of how multi-axial
loads affect strain accumulation and an explanation of such
behavior in terms of molecular processes are still not available.
Such knowledge would be important to understand material-
specific ratcheting and the multi-axial loads present in polymer
matrix composites. For example, the ratcheting strain rate
decreases cycle by cycle and even completely stops for some cyclic
hardening materials such as stainless steel [5] but increases for
cyclic softening materials [6,7].

As compared to metals, strain accumulation in polymers exhibit
complexities that originate from its molecular nature, including
complex history dependence, density changes, and temperature
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excursions comparable to their quench depth (difference between
glass transition and operating temperatures). Different from
metals, polymers typically experience a hysteresis and cyclic soft-
ening when a critical cyclic strain is attained [8]. Rabinowitz and
Beardmore [9] experimentally studied the stressestrain behavior of
a wide variety of glassy polymers under uniaxial strain-controlling
cyclic loading. They observed continuously cyclic softening for
ductile polymers (polycarbonate (PC) at room temperature) but
slight softening for semi-ductile polymers (poly-
methylmethacrylate (PMMA) at room temperature). Rittel [10]
investigated hysteretic heating on PMMA and PC subjected to
cyclic compressive loading and characterized heating upon cycling
observing maximum temperatures reaching close to the glass
transition temperature. The reduced yield strength caused by the
increase in temperature has an impact on the failure mechanism
and fatigue life of polymers under cyclic loadings. Meyer and Pruitt
[11] examined the role of cyclic strain on the highmolecular weight
polyethylene (PE) and found not only cyclic softening but also
density reduction. Hizoum et al. [12] recently conducted cyclic
uniaxial tension and retraction tests on high-density PE and re-
ported that the accumulation of nanovoids resulted from small-
strain cyclic loading causing softening. Dorado and Christiansen
[13] studied the annealing effect on the elastoplastic property of
a semicrystalline polymer by performing cyclic tension tests and
concluded that annealing at relatively higher temperatures is very
helpful in reducing ratcheting rate and delaying necking occur-
rence. Liu et al. [14] experimentally investigated the evolution of
ratcheting strain of PMMA at different temperatures and stress
levels and found that the ratcheting strain rate increases with
increasing temperature or higher stress level. Zhang and Chen [15]
conducted a series of multiple step multiaxial ratcheting experi-
ments on polytetrafluoro-ethylene (PTFE) and found multiaxial
ratcheting is sensitive to the loading history. Specifically, prior
cycling at high stress and amplitude or low strain rate significantly
limits the ratcheting strain of subsequent cycling at a different
level.

Relatively fewer studies have been conducted on thermosets.
Isayev et al. [16] measured dynamic properties (mainly dynamic
shear modulus) of crosslinked epoxy resin (Epon826 with dieth-
ylenetriamine) under torsional cyclic deformation and found cyclic
softening. Shen et al. [17,18] performed uniaxial cyclic tests on an
epoxy resin (Epon826 with Epicure 9551) and found that the
stiffness reduction was very small and the ratcheting strain rate
decreases with increased number of cycles and tends to zero after
w300 cycles, which means there is an asymptotic value for the
ratcheting strain. They also found that the ratcheting strains under
various testing conditions are fully viscoelastic. Tao and Xia [19]
also studied the ratcheting of the same epoxy resin (Epon826
with Epicure 9551) under stress-controlled uniaxial loading and
investigated its effect on fatigue life. They concluded that the
ratcheting strain is mainly recoverable viscoelastic deformation
and the accumulation of ratcheting strain had little detrimental
effect on the fatigue life, compared with strain-controlled fatigue
test results.

Molecular simulations are playing an increasingly important
role in the characterization of thermo-mechanical properties of
polymers and contributing our understanding of these materials;
see, for example, Refs. [20e22]. However, atomistic simulations of
polymers under cyclic loading are scarce. Yashiro et al. [23e25]
conducted molecular dynamics simulations on PE and poly-
butadiene (PB) under cyclic loading using a united atom force field
and found that the polymer chains tend to align with the loading
axis. In this paper, we use all-atom MD simulations to study
ratcheting effect of a thermoset of DGEBA/33DDS. The objective is
to investigate the effects of stress level, loading rate and loading

path, on the ratcheting strain and characterize the molecular
processes associated with cyclic deformation of thermoset poly-
mers. We focus on the role of the relative amount of volumetric and
deviatoric stress on inelastic deformation; molecular simulations
have shed light into this problem but only for monotonic loading
[26e28].

2. Simulation details and analysis

2.1. DGEBA/33DDS and crosslinking procedure

Epoxy resin DGEBA can react with a full range of curing agents.
The DGEBA/33DDS system chosen for this study exhibits all the
important thermo-mechanical properties of commercial epoxy
resins and a more direct comparison between molecular simula-
tions and experiments can be done because its relative composi-
tional simplicity. We employ the general-purpose Dreiding force
field [29] with harmonic covalent terms in all our MD simulations
and non-bond van der Waals interactions are described with
LenardeJones 6e12 (LJ) potential function during the crosslinking
process and via the Buckingham potential with exponential
repulsion and power 6 attraction (X6) for the prediction of thermo-
mechanical properties. Partial atomic charges on DGEBA/33DDS are
calculated using the self-consistent electronegativity equalization
method as described by Gasteiger [30]; these atomic charges are
updated for the atoms involved in the chemical reactions during
curing process [31].

We recently developed a molecular modeling procedure, the
MD-based polymerization simulator (MDPoS), to simulate the
curing process of thermosets. The details of this approach are
described in Ref. [31] and a brief overview of the key steps is
provided below. The simulation begins with a mixture of DGEBA
monomers and 33DDS molecules with the desired stoichiometry
into a simulation cell. Fig. 1 shows the molecular structures of
monomers DGEBA and 33DDS with the reactive sites are high-
lighted in red. We use the “activated” DGEBA, shown in Fig. 1(b), as
the starting resin configuration. The unreacted mixture is equili-
brated using MD simulations under constant temperature and
volume conditions (NVT ensemble) followed by an isothermal,
isobaric (NPT conditions) simulations for enough time (50 ps NVT
and 400 ps NPT in this study) to let the liquid reach equilibrium.

Fig. 1. Molecular structures of (a) DGEBA, (b) activated DGEBA and (c) 33DDS.
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Following this equilibration the curing reaction is mimicked via the
following two steps:

i) Bonds are created between pairs of reactive atoms that are
within a cutoff distance, which is taken as four times the
equilibrium NeC bond length (1.41 �A); this choice leads to
a high (80e90%) conversion degree within timescales
achievable via MD. These new bonds are turned on gradually
using a 50 ps long multi-step NPT relaxation procedure to
avoid large atomic forces. Partial atomic charges are obtained
self-consistently and updated before the relaxation steps of
bond creation.

ii) After the new bonds are created the system is equilibrated for
an additional 50 ps with NPT simulations to allow for relax-
ation and diffusion. Then another cycle starts again with
step i).

This curing procedure stops when the conversion degree rea-
ches a predefined conversion limit, which is set to 85% in this study
based on our prior simulation experience. Achieving higher
conversion degrees in molecular simulations requires increasing
the cutoff distance and takes more simulation time. The curing
procedure is performed at 600 K in order to increase themobility of
molecules and minimize the network strain within a timescale
achievable in MD simulations. The model system consisting of 1024
DGEBA molecules and 512 33DDS molecules, denoted (1024, 512),
contains 69,120 atoms initially, and 65,634 atoms after curing. The
crosslinked system is then cooled down to 300 K using a cooling
rate 10 K/200 ps.

2.2. Non-equilibrium MD simulations of cyclic loading

The bulk DGEBA/33DDS sample cured to 85% as described in
Section 2.1 is subjected to a family of cyclic load-controlled defor-
mations and strain accumulation is analyzed as described in
Section 2.3. To characterize the role of deviatoric and volumetric
loads on strain accumulation we explored the following family of
deformations:

� Path 1: purely deviatoric shear stress with zero hydrostatic (or
volumetric) stress, i.e., szz ¼ s0(t), syy ¼ -s0(t), sxx ¼ 0.0;

� Path 2: uniaxial tension in the z-direction with zero lateral
stress;

� Path 3: uniaxial tension in the z-direction with no lateral
relaxation (zero strain along the x and y directions);

� Path 4: uniformly volumetric stress in three directions.

Table 1 summarizes the four loading pathways and includes the
corresponding yield stress and yield strain under monotonic
loading. In order to classify the loading path according to their

degree of dilatational deformation we use the fraction of volu-
metric stress defined as j ¼ svol/(svol þ sdev). As described in detail
in Section 2.3, svol is one third of the trace of the stress tensor and
sdev is proportional to the second invariant (J2) of the stress tensor.
Note that this ratio is time independent for the deformations
studied here and it varies between zero (for the pure shear case,
Path 1) to one (for the volumetric case, Path 4). The fraction of
volumetric stress for each path is given in Table 1, and it serves the
same purpose as the transverse to longitudinal strain ratio used in
our prior work; see Ref. [28]. Fig. 2 shows the uniaxial stressestrain
curves (szz vs. 3zz) for these four loading pathways under mono-
tonic loading with a deformation rate of 5�108 s�1. The yield point
for each path was calculated by fitting a parabola to the data points
in the neighborhood of the maximum stress. The maximum stress
from this parabola was taken as the yield stress. This was done to
smooth the curve and limit fluctuations.

To study the effects of stress level and loading rate, we consider
two stress levels: maximum cyclic stress in the z direction (szz) is
taken as the 50% and 90% of the yield stress corresponding to the
same loading pathways but under monotonic loading. Thus we
have two levels of mean stress sm, and two levels of stress ampli-
tude sa, but the ratio of mean stress to stress amplitude is the same,
i.e. sm/sa ¼ 1. The cyclic loading is applied in two different
frequencies: u ¼ 6.25 cycles/ns (time period per cycle 160 ps) and
u ¼ 2.5 cycles/ns (time period 400 ps per cycle). This leads to
maximum loading rates in the range of 500e3000 MPa/ns for high
frequency loading and 200e1200 MPa/ns for low frequency
loading, depending on the loading pathway and the stress level.
This stress rate is about several orders of magnitude higher than in
typical experiments. Such a high-stress rate and the resulted higher
strain accumulation rates are unavoidable in MD simulations.
However, we believe the general conclusions based on these
simulations contribute to the understanding of fatigue resistance of
thermoset polymers.

The molecular dynamics simulations were performed using
LAMMPS [32], using a RESPA time step of 4 fs. The initial condition
for the simulations is a polymer sample [33] with 85% conversion as
described above. After equilibration at T ¼ 300 K and 1 atm the
orthogonal simulation cell has dimensions of
8.22 nm � 9.05 nm � 9.16 nm with a total of 65,634 atoms. Initial
velocities for the cyclic tests are assigned following a Gaussian
distribution consistent with a system temperature of 300 K. Cyclic
load was achieved by specifying the desired stress tensor and
temperature and using a NoseeHoover barostat and thermostat

Table 1
Loading pathways.

Loading
pathway

Loading condition
description

J ¼ svol
svol þ sdev

Yield
stress
(MPa)

Yield
strain

Path 1 Purely deviatoric
shear, zero hydrostatic
stress

0.0 121 0.085

Path 2 Uniaxial tension, no
lateral stress

0.25 198 0.114

Path 3 Uniaxial tension, no
lateral strain

0.6 255 0.089

Path 4 Uniform volumetric
expansion

1.0 226 0.039
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Fig. 2. Monotonic stressestrain curves for the four loading pathways.
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[34,35] with coupling constants of 1 ps and 0.1 ps respectively. The
desired sinusoidal temporal evolution of stress was achieved in
a step wise manner updating the target pressure to the desired
value every 4 ps for the low frequency case (100 increments/
decrements per 400-ps-long cycle) and every 0.8 ps for the high-
frequency deformation (50 increments/decrements per 160-ps-
long cycle). Fig. 3 shows an example of stress and strain evolutions
under the stress-controlled cyclic loading. These cyclic loading
simulations are computationally intensive and the simulations in
this paper required approximately 1.2 million CPU hours on Purdue
University’s coates compute cluster consisting of 64-bit, 8-core
(2 � 2.5 GHz quad-core AMD2380) HP ProLiant nodes with 10 GB
Ethernet interconnection.

2.3. Simulation analysis

Ratcheting strain is usually defined as the increment of peak or
mean strain after each cycle. Here we follow the common use of
mean strain, i.e.,

3m ¼ 1
2
ð 3max þ 3minÞ (1)

where 3max and 3min are the maximum and minimum of strain
(strain range D 3¼ 3max � 3min) in each cycle respectively. Thus the
accumulated ratcheting strain until i-th loading cycle is

3
i
r ¼ 3

i
m � 3

1
m (2)

where 3im stands for the mean strain at i-th cycle. The ratcheting
strain rate is then defined as the increment of ratcheting strain per
cycle, i.e.,

gr ¼ D 3r=DN (3)

Strain and stress are tensorial quantities and to analyze how
deviatoric and volumetric components contribute to the accumu-
lation of strain we decompose the tensors in their deviatoric and
volumetric scalar quantities. Since our axes are oriented along
principal directions in all cases we use the following definitions of
deviatoric and volumetric strains:

3dev ¼ 3=4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2

h�
3xx � 3yy

�2þ�
3yy � 3zz

�2þð 3zz � 3xxÞ2
ir

(4)

3vol ¼ 3xx þ 3yy þ 3zz (5)

Similarly the deviatoric and volumetric stresses are defined as:

sdev ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1=2

h�
sxx � syy

�2þ�
syy � szz

�2þðszz � sxxÞ2
ir

(6)

svol ¼ 1
3
�
sxx þ syy þ szz

�
(7)

As discussed above we define the fraction of volumetric stress,
j ¼ svol/(svol þ sdev), as a quantitative measure of relative amount
of volumetric to deviatoric stress applied to the system.

3. Strain accumulation under cyclic loading

The left panels in Fig. 4 show selected stressestrain cycles for
various conditions and cycle numbers; the panels of the right show
the corresponding ratcheting strain in z-direction. Strain accumu-
lation dependent on loading amount and tri-axiality is clear from
Fig. 4, the following subsections provide a detailed analysis of these
results.

3.1. Effect of stress level and deformation rate

From Fig. 4, the effect of stress level on the ratcheting strain can
be readily observed. For all cases studied, higher stress level results
in higher ratcheting strain. However, the results also indicate
interesting effects of stress rate and load pathway. For the lower
stress level, the effect of stress rate on the ratcheting strain is very
weak for all load pathways. For the 90% stress level, higher stress
rate generally results in lower ratcheting strain and the effect is
more marked in the case of uniaxial tension without lateral stress.

3.2. Ratcheting limit and ratcheting strain rate

For all load pathways except the volumetric expansion, the
ratcheting strain initially increases with increasing number of
cycles. The rate of strain accumulation gradually decreases with
increasing number of cycles and tends towards zero in all cases.
This indicates a limit for the ratcheting strain, consistent with the
experimental observations for epoxy polymers from Shen et al.
[17,18]. Interestingly, the magnitude of the strain accumulation
limit and the number of cycles required to reach the limit are
different for each type of deformation and depend on various
factors such as the stress level, stress rate and load pathways. For
the volumetric deformation we observe a decrease in ratcheting
strain with increasing cycles indicating densification. From Fig. 4, it
is seen that a higher stress level and a lower deformation rate tend
to produce a larger ratcheting limit, for lower stress levels there is
not an obvious dependence on the loading frequency for the
timescale accessible to MD.

The ratcheting strain rate, which is defined as the slope of the
ratcheting strain curve, also changes over cyclic loading time. The
basic trend is that the ratcheting strain rate is initially large,
decreasing with increasing cycles, and then become stable and
fluctuating around a small constant or becomes negative in some
cases.

4. Deviatoric and volumetric ratcheting strain

Fig. 5 shows the volumetric (a) ratcheting strain and the
deviatoric (b) strain versus number of cycles for the case of higher
stress level with lower frequency. The amount of volumetric strain,
Fig. 5(a), shows the expected trend of increasing value with
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Fig. 3. Stress-controlled cyclic loading (Path 2: uniaxial, j ¼ 0.25) at the higher
frequency loading.
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increasing amount of hydrostatic stress (increasing from Path 1,
j ¼ 0, to Path 4 with j ¼ 1). Our simulations indicate a high
threshold for the accumulation of volumetric strain, only hydro-
static and pure uniaxial strain (j¼ 0.6) and for highest load (90% of
the yield stress) lead to accumulation of volumetric strain. All other
conditions lead to essentially zero volumetric strain accumulation
for the timescales achievable in MD. Deviatoric strain accumulation
occursmore easily; we observe deviatoric strain accumulation in all
but three cases: the hydrostatic cases regardless of loading
magnitude, where there is no driving force for deviatoric strain, and
for Path 3 (uniaxial strain with no lateral relaxation) for the lowest
load level (50% of yield). For a given load level, uniaxial stress (Path
2) leads to the highest amount of deviatoric strain accumulation,
surpassing the pure shear cases. This indicates that the hydrostatic
stress level during uniaxial deformation facilitates deviatoric
processes. Note that Path 2 for 0.5sy leads to more deviatoric strain
accumulation than Path 3 for 0.9sy even though the later case has
a higher level of deviatoric stress. This result clearly highlights the
importance of constraints in the mechanical response of composite
materials.

Fig. 6 shows the trend of volumetric and deviatoric ratcheting
strain versus the fraction of volumetric stress [j¼ svol/(svolþ sdev)]
for two representative cycles. Clearly, the volumetric strain and the

deviatoric strain have different trends. The volumetric ratcheting
strain increases with increasing fraction of volumetric stress when
j < 0.6. When j > 0.6, the volumetric ratcheting strain is almost
independent of load pathways. The deviatoric ratcheting strain
initially increases with increasing fraction of volumetric stress and
reaches a maximum at j ¼ 0.25, which is corresponding to the
uniaxial tension without lateral stresses, and then gradually
decreases when the fraction of volumetric stress becomes larger.
Based on this observation, we can conclude that the polymer has
the weakest ratcheting resistance when it is under uniaxial tension
without lateral stresses and any multiaxial stress condition is
helpful in enhancing the ratcheting resistance of polymers.

5. Mechanical work and energy dissipation

Experimental results indicate that heating during cyclic loading
plays a dominant role under certain circumstances [10] andwe now
analyze the mechanical work performed on the polymer by the
external force and dissipation. The hysteresis loops in the stresse
strain relationship shown in Fig. 4 indicate that the external force
performs work on the polymer. The energy absorbed by the system
per unit volume (strain energy density) and per cycle is the area
inside the stressestrain curve. This energy is converted into heat

Fig. 5. Ratcheting volumetric (a) and deviatoric (b) strain for the four loading pathways as a function of load cycle (thick lines: high stress level; thin lines: low stress level).

Fig. 6. Accumulated deviatoric and volumetric ratcheting strain comparison at two different cycles (both stress levels with lower frequency).
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and dissipated or used to change the internal energy of the system
either by breaking chemical bonds (this is not allowed in our
simulations) or by inducing molecular conformations. Since our
simulations are performed under isothermal conditions the ther-
mostat absorbs any dissipated energy. Two processes contribute to
the heat generated in the sample, the mechanical work performed
on the system by the external force and changes in internal energy.
The first law of thermodynamics and energy conservation lead to:

DU ¼ DQ þ DW; (8)

whereDU stands for the change of internal energy of the simulation
system, DQ the heat exchanged and DW the external work per-
formed on the system. In our isothermal simulations DU the change
of internal energy is equal to the change of potential energy; this
can be readily obtained in MD simulations. Thus the exchanged
heat can be obtained from Eq. (8).

5.1. Mechanical work performed: volumetric and deviatoric
contributions

Fig. 7 shows the evolution of mechanical work during cyclic
loading. One general trend is that the mechanical work performed
on the system is relatively high for the first few cycles and then
decreases and it tends to a steady state value. As expected, Fig. 7(a)
shows that the higher stress level leads to higher energy dissipa-
tion. The loading frequency has a small effect on the dissipation for
the ranges studied here. From Fig. 7(b) we can see that the dissi-
pations under Path 2 and Path 3 (with the highest degree of
deviatoric stress) are in the same order of magnitude and much
higher than those under Path 1 and Path 4, which are also of
comparable magnitude. Interestingly, we observe some abrupt
decreases in net mechanical work per cycle after the initial “break-
in” period. These drops indicate a reduced viscoelasticity of poly-
mer due to the cycling.

The net mechanical work can also be separated into the
contribution of volumetric and deviatoric loads. Fig. 8 shows the
dissipated energy contributed from volumetric strain and devia-
toric strain for the case of uniaxial tension. As expected, both show
the same general trend as the total dissipated energy. But it is clear
that the deviatoric processes dominate energy absorption.

5.2. Heat generation during cyclic deformation

Temperature increase during cyclic loading of a material
depends not just on the magnitude and frequency of the loading

but also sample size and geometry. In our simulations, isothermal
conditions are enforced via a NoséeHoover thermostat. Thus, any
heat generated is absorbed by the thermostat, which corresponds
to experimental conditions where thermal diffusivity is large
compared with the rate of heating. To estimate effect of dissipation
on sample temperature we compute the equivalent temperature
rise based on the dissipated energy and the change of potential
energy assuming adiabatic conditions. We stress that in the simu-
lation all extra heat is absorbed by the thermostat.

The temperature change DT of the system assuming adiabatic
conditions can be obtained from the specific heat and the heat,

DQ ¼ mcpDT ; (9)

wherem is the mass and cp is the constant pressure specific heat of
the system (our simulations are conducted under isobaric condi-
tions) and its value for the polymer DGEBA/33DDS has been re-
ported previously [33].

Fig. 9 shows an example of the effective, adiabatic temperature
increase per cycle uniaxial stress conditions for the case of higher
stress level and higher frequency. The contributions from the
external work and change in internal energy are separated. The
temperature change in each cycle is approximately 0.5 K and most
of the temperature change originated from the external work. This

Fig. 7. Net mechanical work per cycle: (a) at different stress levels; (b) under different load pathways.

Fig. 8. Dissipated energy results from deviatoric/volumetric strain.
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confirms that most mechanical work is converted into heat in the
cycling process, in agreement with experimental evidence [10].

The rate of temperature rise is shown in Fig. 10 to study the
effects of load pathways, stress level and stress frequency. We can
see that the stress level has a significant effect on the rate of
temperature rise: higher stress level results in higher rate of
temperature rise. The effect of loading pathways on the rate of
temperature rise is also considerable, especially for the cases of
higher stress level. The rate of temperature rise under uniaxial
tension (Path 2) is the highest compared with other loading path-
ways; interestingly Path 2 also led to the fastest rate of strain
accumulation. The effect of loading frequency is small for the high
frequencies achievable in MD simulations.

6. Molecular processes responsible for strain accumulation

Little is known about the molecular-level mechanisms respon-
sible for strain accumulation in thermoset polymers under cyclic
loading. We envision two classes of possible processes: i) re-
orientation of molecular fragments and ii) changes in their
internal structures (stretching or unfolding). Thus, we analyze the
dimension and orientation of epoxy resin monomers and the

curing agent molecules present in the crosslinked system. For
unreacted monomers, the analysis accounts for all atoms in each
molecule and for reacted monomers only atoms between cross-
linked sites are counted.

The first parameter we studied is the radius of gyration. This
quantity is extensively used to describe the dimensions polymer
chains and here we use to study the shape and orientation of
fragments between cross-links in our thermosets. The radius of
gyration Rg of a molecule or fragment at a given time is derived
from the following definition:

R2g ¼ 1P
mi

X
mi

h
ðxi � xcmÞ2þðyi � ycmÞ2þðzi � zcmÞ2

i
(10)

where mi is the mass of atom i (xi, yi, zi) its position and
ðxcm; ycm; zcmÞ is the center of mass of the fragment under consid-
eration. Contributions along each of the three Cartesian coordinates
can be determined from Eq. (10).

We compute the radius of gyration of each fragment at the end
of each deformation cycle. Fig. 11 shows the radius of gyration
averaged over all molecular fragments in the system, including
epoxy resin and curing agent, for the two cases of high stress level
under uniaxial tension (Path 2). We see that the radius of gyration
about the z-axis (the loading direction) increases with the number
of cycles while the radius of gyration about other two axes
decreases; in addition the overall radius of gyration remains rather
constant throughout the simulations. Comparing Fig. 11(a) with
Fig. 11(b), the change of the radius gyration is more marked for the
case of low frequency cycling. Consistent with the strain accumu-
lation data molecular changes are more pronounced during the
early stages of the process and slow downwith loading cycle. These
results indicate that the molecular fragments tend to align along
the deformation axis and do not undergo significant structural
changes.

To confirm these results we studied another quantity: orienta-
tion order parameter. It is borrowed from the similar analysis for
the backbone bonds of polymers [36]. Here, the orientation order
parameter of a monomer about x-direction is defined as

Sx ¼ 1
2

�
3cos2qx � 1

�
; (11)

where cosqx denotes the directional cosine of each fragment about
x-direction. The vector representing the fragment is obtained based
on the maximum and minimum atomic coordinates in the frag-
ment, i.e., v ¼ ðxmax � xminÞiþ ðymax � yminÞjþ ðzmax � zminÞk
(note that different atoms can define the fragment limits at
different times). Similarly the orientation order parameters Sy and
Sz can be obtained. The limiting values of the orientation order
parameter are�0.5, 0.0 and 1.0 for perfectly perpendicular, random
and perfectly parallel molecules with respect to the axis,
respectively.

Fig. 12 shows the orientation order parameter averaged by the
total number of monomers in the system, for the two cases of high
stress level under uniaxial tension. Similar to the radius of gyration,
it can be seen that the orientation order parameter Sz increases
with the number of cycles while Sx and Sy decrease. The changing
rate of the orientation order parameters is relatively larger for the
case of low frequency cycling. This increase of Sz is a strong indi-
cation of monomers having a trend to align along the loading
direction during the cyclic deformation, although the alignment
itself is far from perfectly parallel with the loading direction.

Note that the changes in shape and orientation during cyclic
loading are only shown for the case of uniaxial tension since the
accumulation of the deviatoric ratcheting strain is largest for this

Fig. 9. Temperature change contributed from the dissipated energy and the potential
energy change.

Fig. 10. Rate of temperature rise for different load pathways and different stress levels.
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loading pathway. However, we also examined other loading path-
ways and found that the changes in molecular shape and orienta-
tion exhibit no significant trends.

7. Conclusions

This study uses MD simulations to investigate strain accumu-
lation and energy dissipation of a thermosetting polymer subject to
a family of tri-axial deformation paths, load levels and strain rates.
We focus on the role of the relative amount of deviatoric and
volumetric deformation on strain accumulation and quantify it by
the fraction of volumetric load j ¼ svol/(svol þ sdev). We find that
the uniaxial stress condition j ¼ 0.25 lead to the highest rate of
strain accumulation. Interestingly, this condition also causes the
highest degree of energy dissipation and also corresponds to the
conditions for which the deviatoric and volumetric yield strains are
a minimum [28]. The connection between strain accumulation and
yield condition for triaxial loads should be investigated further to
establish possible connections.

A characterizationof themolecular-level processes responsible for
strain accumulation provide insight into the observed role of volu-
metric and deviatoric deformations and explain the relatively low

strain accumulation for purely deviatoric or volumetric loads.Wefind
that the alignment ofmolecular fragments between cross-links along
the load direction is responsible for strain accumulation. Our results
indicate that a fraction volumetric expansion helps with this process;
under puredeviatoric conditions the reduced free volumehinders the
molecular rearrangements that lead to strain accumulation and
deformation paths dominated by volumetric expansion lack the
deviatoric driving force to trigger the molecular processes.

Our results indicate that composite designs where mechanical
constrains by stiff reinforcements lead to triaxial loads on the
matrix with a fraction of volumetric stress away from 0.25 would
result in structural materials with reduced strain accumulation
under cyclic loading.
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Fig. 11. Evolution of the mean value of radius of gyration under cyclic uniaxial tension.

Fig. 12. Evolution of the mean value of orientation order parameter under cyclic uniaxial tension.
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