SCIENCE CHINA
Physics, Mechanics & Astronomy

* Article

March 2016 Vol. 59 No. 3: 634601

doi: 10.1007/511433-015-5758-4

A molecular dynamics investigation of the deformation mechanism
and shape memory effect of epoxy shape memory polymersJr

Hua Yang', ZhengDao Wang', YaFang Guo'", and XingHua Shi*’

! Institute of Engineering Mechanics, Beijing Jiaotong University, Beijing 100044, China;
% State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences, Beijing 100190, China

Received August 25, 2015; accepted November 2, 2015; published online January 6, 2016

Following deformation, thermally induced shape memory polymers (SMPs) have the ability to recover their original shape
with a change in temperature. In this work, the thermomechanical properties and shape memory behaviors of three types of
epoxy SMPs with varying curing agent contents were investigated using a molecular dynamics (MD) method. The mechanical
properties under uniaxial tension at different temperatures were obtained, and the simulation results compared reasonably with
experimental data. In addition, in a thermomechanical cycle, ideal shape memory effects for the three types of SMPs were re-
vealed through the shape frozen and shape recovery responses at low and high temperatures, respectively, indicating that the

recovery time is strongly influenced by the ratio of E-51 to 4,4’-Methylenedianiline.
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1 Introduction

Shape memory polymers (SMPs), which are an important
type of stimuli-responsive polymer, can recover their origi-
nal shape upon exposure to external stimuli, such as heat [1],
light [2-4], magnetic field [5,6], and moisture [7,8]. Owing
to their prominent advantages, e.g., low density, high frozen
strain, low manufacturing cost, easy processability, wide
shape transition temperature, and partial biocompatibility,
SMPs have wide potential applications, such as in actuators,
sensors, and smart devices. During the last two decades,
extensive attention has been paid to the fabrication and de-
sign of new SMPs and their composites, including SMP
matrices [9-13], particle- or fiber-reinforced SMP compo-
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sites [13,14], SMP foams [15,16], and sandwich structures
[17,18]. Meanwhile, numerous works have reported the
thermomechanical behavior and shape memory effects of
SMPs and their composites [19-22]. Based on experimental
results and the molecular mechanism of shape memory, Lu
et al. [23,24] presented a phenomenological approach to
study the state transition and working mechanism of the
chemoresponsive shape memory effect in SMPs. In addition,
Liu et al. [24] developed a three-dimensional small-strain
internal state variable constitutive model to predict the
thermomechanical behavior of SMPs. Recently, SMPs with
two-way and multishape memory effects are attracting on-
going interest [25-28]. In these studies, the ratio of curing
agent to epoxy resin is thought to be an essential factor in
the fabrication of high-performance SMPs because different
ratios of curing agent to epoxy resin lead to different glass
transition temperatures, different thermomechanical proper-
ties, etc. However, an understanding of how the ratio affects
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these properties remains elusive. Therefore, we built three
SMP epoxy systems with varying curing agent contents to
investigate the influence of the ratio of curing agent to
epoxy resin on the thermomechanical properties of SMP, as
well as their recovery properties.

Molecular dynamics (MD) is now a well-established and
important tool that allows practical problems to be explored
in detail on the macromolecular scale for polymers to obtain
information that cannot be extracted directly from experi-
ments. MD simulations can also consider the vibrational
modes of individual atoms and calculate many fundamental
atomic interactions at the individual chain level, which
cannot be obtained by other numerical simulation methods,
such as the finite element method. For example, Jang et al.
[29] used MD simulations to investigate the mechanical and
transport properties of a poly(ethylene oxide)-poly(acrylic
acid) double network hydrogel with 76 wt% water content.
Li et al. [30] extensively characterized the thermomechani-
cal response of a thermoset polymer composed of epoxy
EPONB862 and curing agent Diethyltoluenediamine (DET-
DA) using MD simulations. However, few of these simu-
lated works involve SMPs. Diani and Gall [31] obtained
some interesting results by using a full atomistic simulation
of the shape-memory behavior of polyisoprene. Instead of
real SMPs, a virtual polyisoprene was constructed in their
model, in which entropy dependent shape storage and re-
covery was confirmed. Recently, Ghobadi et al. [32] pre-
sented an atomistic modeling approach to predict the
shape-memory behavior of poly(L-lactide) and its cyclic
uniaxial thermomechanical test.

SMP-resin-based composites reinforced by continuous
fibers are regarded as the most promising materials for de-
ployable structures in future space applications [33-36]. The
fabrication of high-performance SMP epoxy systems is thus
essential. A series of shape memory epoxy systems with
tailored shape transition temperatures and different ther-
momechanical properties have been synthesized. Many ex-
perimental measurements, such as thermal frozen/recovery
tests, differential scanning calorimetry (DSC), and dynamic
mechanical analysis (DMA), have been performed to inves-
tigate the shape memory behavior and thermomechanical
properties of the fabricated specimens. In the present work,
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MD simulation was applied to study the thermomechanical
properties and shape memory effect of epoxy SMPs with
varying contents of curing agent. The simulation results are
also compared with related experimental data [37]. Our in-
vestigation allows elucidation of the underlying mechanism
that accounts for such thermomechanical properties and
shape memory effect.

2 Materials and simulation description

The mechanical properties and shape memory behavior of
three types of epoxy SMPs with varying curing agent con-
tents were investigated in this work. The specimens were
prepared using a commercial thermoset epoxy system, E-51,
and curing agent, 4,4-methylenedianiline (DDM). Accord-
ing to the different mass ratios of E-51 to DDM, three types
of specimens were prepared. Table 1 lists the formulations
of the prepared shape memory epoxy systems, labeled 1# to
3#. The experimental shape frozen/recovery responses and
viscoelastic behaviors of specimens 1# to 3# can be found
in ref. [37].

Materials Studio [38] was used to build the initial molec-
ular model, and further MD simulation was performed using
LAMMPS [39]. The E-51 and DDM repeat units are shown
in Figure 1, where the letters h and t represent a head and a
tail linkage, respectively. According to the mass ratios listed
in Table 1, the repeat unit ratios of E-51 and DDM for
specimens 1# to 3# are 10:3, 3:1, and 13:5, respectively. To
reduce the molecular weight effect in the three systems, the
molecular numbers of E-51:DDM in each system were
70:21, 66:22, and 65:25. Using the random copolymer
builder and amorphous cell generator program in Materials
Studio, an E-51/DDM random copolymer system was con-
structed.

The following dynamics simulations were all performed
using LAMMPS parallel MD code. 3-D periodic boundary
conditions were employed for all the simulations to remove
possible surface effects. The initial equilibrated structure
was obtained using NVT and NPT ensembles sequentially
at a high temperature (550 K) with a timestep of 1 fs. Simu-
lations were performed using polymer consistent force field

Figure 1 Molecular structural repeat units for (a) E-51 epoxy and (b) DDM curing agent.
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Table 1 Formulations of the prepared shape memory epoxy systems
(mass ratio)

Specimen E-51 DDM
1# 100 15
2# 100 17
3# 100 19

(PCFF), which is parameterized for a large class of organic
molecules involving H, C, O, S, P, F, Cl, and Br, allowing it
to be applied to synthetic polymers [40]. It has been found
that the PCFF leads to accurate geometries for various
polymeric systems. The cutoff distance was set to 9.5 A
[31,41]. The shape memory effect in SMPs arises from the
glass transition of the materials owing to the change of ma-
terial temperature. All simulations in this work focused on
the glassy (below the glass transition temperature) and rub-
bery (above the glass transition temperature) states of the
materials.

3 Results and discussion

3.1 Glass transition temperature

The shape fixity and recovery responses of SMPs are due to
frozen segment chains at lower temperatures and a recovery
of flexibility at elevated temperatures. Such processes are
determined by the glass transition temperatures (7,) of the
materials. Thus, T, is one of the most important parameters
for SMPs. The prediction of T, by MD simulation provides
an insight into the molecular structures during the shape
frozen/recovery response of SMPs.

To determine T, for the three types of specimens with
different mass ratios, relaxed specimens 1# to 3# were first
obtained at 550 K. Then, an NPT ensemble was used to
generate V-T curves at a fixed pressure. The volumes at
each temperature were obtained by cooling the system with
a decrement of 50 K. Figure 2 shows the MD simulation
results for the dependence of the volume of specimens 1# to
3# on temperature. The T, values of the materials can be
determined from the intersection of the two straight lines, as
shown in Figure 3. The T, values obtained from the MD
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simulations are 351, 365, and 403 K for specimens 1#, 2#,
and 3#, respectively. Experimental values determined by
differential scanning calorimetry (DSC) (329, 353, and 379
K for specimens 1#, 2#, and 3#, respectively [37]) are also
presented in Figure 3 (red dotted lines). The results show
that the simulated results are close to the experimental data,
with higher curing agent content leading to higher T, values.
The slight difference between the numerical and experi-
mental results may be due to the much smaller chain num-
ber and considerably higher cooling rate in the MD simula-
tions.

3.2 Uniaxial deformation

It is possible to obtain the uniaxial tension stress—strain
curves for amorphous polymers below and above the glass
transition. Here, MD simulations of uniaxial tensile tests
were carried out on specimens 1# to 3# at different temper-
atures. The uniaxial tensile deformation is carried out by
continuously increasing the length of the simulation box
along x direction. A Berendsen barostat was used to main-
tain a pressure of zero in the direction perpendicular to the
stretching direction. The stress-strain curves of y- and
z-directions of 1# sample are shown in Figure 3(a), which
indicating that the stress remains to be 0 MPa during the
tension. The stress-strain curves of the stretched direction
are shown in Figure 3(b). In present study, the samples were
stretched to 50% strain with a loading strain rate of 5x10°
s”'. The results in Figure 3 show that changes in tempera-
ture have a very clear effect on the stress-strain response.
As expected, the material stiffness decreases with increasing
temperature. Following the full chain model of Wu and van
der Giessen [42,43] and assuming that chains are randomly
distributed, the average chain orientation under a uniaxial
stretching can be calculated as:

_ /2 1

— f tan™' [Ttan 6’] sin 6dé,
0 A4

where A, is the stretch and the elastomer is assumed to be

incompressible. The average chain stretch can be calculated

as:
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Figure 2 (Color online) Volume of specimens 1# (a), 2# (b), and 3# (c) as a function of temperature. Experimental data taken from ref. [37] are indicated

with red dotted lines.
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Figure 3 (Color online) (a) Stress-strain curves of y- and z-directions of
1# sample; (b) stress-strain curves of specimens 1#, 2# and 3# at different
temperatures.
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The chain angle in the loading direction and end-to-end
distance under uniaxial tension were calculated to represent
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the chain orientation and chain stretch, respectively. Figure
4 shows a comparison between the theoretical prediction
and the MD simulations, and the MD simulation can be
seen to follow theoretical predictions well.

The simulated stress-strain behavior at a strain rate of
5%x10° 5! shows the same trends as those observed in exper-
imental testing for amorphous polymers. At 250 and 300 K,
the stress-strain curves show a typical elastic response fol-
lowed by yielding, softening, and hardening. The yield
point and softening regime is much more pronounced at 250
K. At 400 K (above Ty), the stress-strain curve does not
show any softening or subsequent strong hardening. The
total interaction energy between the chains in specimen 2#
at different strains and temperatures is shown in Figure 5.
At 300 K, the interaction energy between the chains sharply
decreases from 10% strain to 20% strain, which indicates
the occurrence of plastic deformation. However, no re-
markable change in energy is observed at 500 K during the
tensile process, which is consistent with the stress—strain
curve. In addition, MD simulations can give insight into the
deformation of the molecular structure during the loading
process. Figure 6 shows a comparison of internal images
(whole and zoomed in) of the simulated system under elas-
tic and plastic deformations. It can be seen that the molecu-
lar structure in Figure 6(a) shows nearly homogeneous ten-
sion in the elastic stage. After plastic deformation, however,
various failure modes, such as voids and disengaged junc-
tions in the chains, could be found in the molecular struc-
ture in Figure 6(b).

The mechanical properties and shape memory effect of
SMPs is strongly influenced by temperature. Figures 7 and
8 present snapshots of the molecular structures of the mate-
rial under uniaxial stretches in the glassy and rubbery states,
respectively. Although the initial configurations are similar,
the deformation images of the material in the glassy and
rubbery states are remarkably different. As shown in Figure
7, the chains of the system are nearly homogeneously de-
formed in the glassy state. However, in the rubbery state, as
shown in Figure 8, many voids are found in the structure

—m— Chain angle
—o- Chain angle %‘
1.01 g —e-End-to-end distance P~g© [ 115 §
B —o- End-to-end distance / / <
3 a G2 ®
g \E o/ ©
i N / 7 o
£ 097 LN 0O ¢ F1.10 &
.‘Cu k [ ) 1
[3} l\.<o ./ g
g O m_ g c/ %
g 087 VLN F105 3
S o e\ 2
= 2 \ ¥ £
_g-0” =
074 0o "= 1100 2
T T T T T
0.0 0.2 0.4 0.6 0.8
Strain

Figure 4 (Color online) End-to-end distance and chain orientation from
MD simulations and theoretical predictions.
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Figure 6 (Color online) Microstructures of the material (specimen 2#)
under elastic (a) and plastic deformations (b) at 300 K.

Strain=0.2

Strain=0.5

Figure 7 Snapshots of a representative epoxy SMP (specimen 2#) under
uniaxial stretches in the glassy state (7=300 K).

when the material is under plastic deformation. This might
be due to different deformation mechanisms of SMP chains
at high and low temperatures. The radius of gyration was
used to characterize the structure of the molecules in the
polymers. The radius of gyration of the three specimens in
the glassy and rubbery states at 50% strain is shown in Fig-
ure 9. These results show that the mean square radius of
gyration is smaller in the rubbery state than that in the
glassy state, which indicates that the chains are more flexi-
ble in the rubbery state (Figure 8), and not all of the chains
are loaded, which leads to heterogeneous deformation and

low yield stress (Figure 3). On the contrary, the lager mean
square radius of gyration in the glassy state indicates that
the chains are more entangled (Figure 7), and almost every
chain is loaded during the deformation, which leads to ho-
mogeneous deformation and high yield stress (Figure 3).

3.3 Shape frozen and recovery response

To investigate the shape memory effect, we employed a
thermomechanical cycle for the MD samples. As shown in
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Figure 8 Snapshots of a representative epoxy SMP (specimen 2#) under
uniaxial stretches in the rubbery state (7=500 K).
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Figure 10, the thermomechanical cycle includes four steps:
a uniaxial stretch above T,, a cooling step at a constant uni-
axial stretch, a stress release step below T, and finally a
heating step. In the first step, the relaxed specimens 1# to 3#
were uniaxially stretched 20% above T, (400 K for speci-
mens 1# and 2#, 450 K for specimen 3#), and then the
stretched specimens were subjected to a 2 ns relaxation un-
der an NVT ensemble to reach equilibrium conditions. We
assumed that all the specimens have isotropic incompressi-
ble mechanical behavior [31]. Subsequently, in the shape
memory cooling step, we employed an NVT ensemble to
keep the volume of the stretched system constant. To limit
the volume constraint, we adjusted the transverse dimen-
sions of the box by setting the volume of the box equal to
the volume of the undeformed box at the same temperature.
Thus, the specimens were cooled down to 300 K under an
NVT ensemble with a cooling rate of 50 K/ns. Because the
internal pressure of the specimens cannot be released
through long relaxation simulations at low temperatures, we
employed an NPT ensemble with the Parrinello-Rahman
barostat to release internal stress after the cooling step, set-
ting the temperature to 300 K and the pressure to 0 Pa.
Subsequently, we heated the system to T, using a long NPT
simulation to investigate the recovery effect of SMPs at T,.
Finally, the temperature was raised to the original value
with an NPT simulation, and the strain recovery at three

NVT
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typical temperatures was obtained.

The stretch recovery during shape storage (low tempera-
ture) and shape recovery (high temperature) processes is
shown in Figure 11. With increasing simulation time, no
detectable recovery of the specimens could be observed at
300 K (black dots, Figure 11). That means that the structure
is frozen and the materials exhibit ideal shape storage ef-
fects at room temperature. However, when the temperature
was increased above T, the specimens showed slow and
steady recovery with increasing simulation time (red dots,
Figure 11).

The same shape storage and recovery responses were al-
so observed for all specimens. It is known that the time for
shape recovery is highly dependent on T, [44]: polymers
with higher T, values reform slower than those with lower
T, values. This trend is observed in Figure 11, with the
fastest recovery for specimen 1# and the slowest for speci-
men 3#, even though the recovery temperature is higher.
This occurs because at a given recovery temperature, chain
motion within polymers with a lower T, is less restricted.

4 Conclusions

In summary, MD simulations were used to investigate the
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Figure 10 (Color online) Schematic thermomechanical loading process and the structure evolution for specimens.
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Figure 11 (Color online) Evolution of stretch recovery for specimens 1# (a), 2# (b), and 3# (c) at different temperatures.
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thermomechanical properties and shape memory effect for
three epoxy SMPs with varying contents of curing agent.
The following results have been obtained:

(1) MD simulations revealed that the chains are homo-
geneously stretched along the loading direction during elas-
tic deformation. However, during plastic deformation, vari-
ous failure modes are found in the molecular structure, such
as voids and disengaged junctions in the chains.

(2) The deformation of epoxy SMP resins in the rubbery
state is inhomogeneous because the chains are flexible and
their bonding is weak. In the glassy state, the chains in the
system are homogeneously deformed along the loading di-
rection because the chains become confined and their
bonding is stronger.

(3) MD simulations of three types of SMPs revealed ide-
al shape storage at low temperature and shape recovery at
high temperature. Furthermore, the recovery time is strong-
ly influenced by the ratio of E-51 to DDM with more time
needed for shape recovery as the ratio of curing agent in-
creases.

This work was supported by the National Natural Science Foundation of
China (Grant Nos. 11272044 and 11023001).
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