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ABSTRACT: Crosslinking can fundamentally change the mechan-

ical properties of a linear glassy polymer. It has been experi-

mentally observed that when lightly crosslinked, poly(methyl-

methacrylate) (PMMA) has a characteristically more ductile

response to mechanical loading than does linear PMMA

despite having a higher glass transition temperature. Here,

molecular dynamics (MD) simulations are used to investigate

conformational and energetic differences between linear

PMMA and lightly crosslinked PMMA under shear deformation.

As consistent with experiments, crosslinked PMMA is found to

have a reduced yield stress relative to linear PMMA. Using the

probing capabilities of our explicit atom MD approach, it is

observed that while the crosslinks have a minimal direct

energy contribution to the total system, they can alter how the

main chains conform to macroscopic loading. In crosslinked

PMMA, the backbone aligns more with the direction of external

loading, thereby reducing the force applied to (and associated

deformation of) the polymer bonds. VC 2013 Wiley Periodicals,

Inc. J. Polym. Sci., Part B: Polym. Phys. 2014, 52, 444–449
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INTRODUCTION Poly(methyl-methacrylate) (PMMA) is a
transparent thermoplastic that has been extensively experi-
mentally characterized due to broad commercial and indus-
trial applications. At room temperature, under loading
conditions that are subject to localization (e.g., tension), lin-
ear PMMA is brittle whereas lightly crosslinked PMMA (<10
mol %) is ductile. The mechanical properties of linear PMMA
have been studied under tensile, compressive and shear
deformation as a function of pressure, strain rate, and tem-
perature.1–11 Linear PMMA exhibits elastic–plastic behavior
with a distinct yield followed by either softening or brittle
failure. There have been several experimental investigations
into how the addition of crosslinking segments to linear
PMMA modifies the polymer physical properties.12–16 Com-
paring results from Kingsbury et al. and Rabinowitz et al.,
PMMA crosslinked by 1 mol % ethylene glycol dimethylacry-
late (EGDMA) has a similar elastic modulus but reduced
yield stress relative to linear PMMA (Fig. 1).11,12

Alves et al. and Sasaki et al. both showed that increasing the
EGDMA crosslinking degree results in an increase in glass
transition temperature.13,14 The trend in glass transition
temperature was attributed to the reduction in molecular
mobility from constraints on the chains imposed by the

crosslinks. Typically increasing glass transition temperature
correlates with increased yield stress and reduced ductility;
however, this glass transition temperature may already be
high enough to have minimal influence on the mechanical
behavior (�390 K or 400 K vs. 300 K at ambient). G’Sell
et al. found that the addition of two alternative crosslinkers
to PMMA also increased the glass transition temperature.15

In contrast to the results of Kingsbury et al., G’Sell et al.
found that the yield stress increased with increased cross-
linking; however, these results were for experiments con-
ducted at 368 K where the shifted glass transition
temperature would be expected to have a more prominent
influence than at room temperature.15 PMMA is not unique
in exhibiting significant property changes with crosslinking,
as experimental studies with other base linear polymers
have revealed similar phenomena.17–20 Despite this assort-
ment of relevant data, it is not clear by what mechanisms
crosslinkers affect the mechanical properties in a glassy
polymer, particularly in the lightly crosslinked regime.

Molecular dynamics (MD) simulations are frequently used to
explore the mechanical properties of polymers. They have
been extensively applied to investigate the tensile, compres-
sive, and shear properties of polymers (e.g., modulus of
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elasticity, yield criterion, strain hardening behavior, tempera-
ture, and strain rate dependence) using various atomistic
force fields.21–26 Of the force fields that can potentially cap-
ture the behavior of polymers with an explicit atom
approach, Dreiding is the least computationally intensive.
Sane et al. showed that, using the Dreiding potential, MD
simulations can accurately capture the pressure-dependent
bulk density and the glass transition temperature of
PMMA.25 Jaramillo et al. used the Dreiding force field to
characterize the onset of yield of amorphous PMMA under
various modes of loading in terms of an energy criteria.26

In this study, we employ MD simulations to build under-
standing of how crosslinking influences the response of
PMMA to shear deformation. MD simulations are imple-
mented because they have been shown to have excellent
transferability and accuracy with reasonable computational
cost for various polymers and loading conditions.21,23–26 Fur-
thermore, MD simulations allow access to atomic level detail
not easily accessible experimentally. We study and compare
the shear response of two different structures: linear PMMA
and PMMA crosslinked by 1.15 mol % EGDMA. This study
shows that small amount of crosslinking can significantly
change the polymer properties in terms of shear stress
response, variation of energy components (bonded and non-
bonded interactions), and polymer backbone alignment.

SIMULATION METHOD

Materials and MD Simulation Setup
The linear and crosslinked structures are based upon a lin-
ear PMMA structure constructed from 12 chains of linear
PMMA each 252 monomers long. The initial PMMA struc-

tures were generated using Amorphous Cell in Materials Stu-
dio by Accelrys and then imported into the large-scale
atomic/molecular massively parallel simulator (LAMMPS).27

Three-dimensional periodic boundary conditions were imple-
mented. This chain length (25.2 kg/mol) sufficiently exceeds
the entanglement molecular weight of PMMA, around 10 kg/
mol, resulting in the desired bulk entangled behavior.28 Bulk-
like entangled behavior at this chain length was confirmed
by incremental increase in chain length showing convergence
in the shear stress–strain behavior by 200 monomers (see
Supporting Information). The number of chains was selected
to avoid the size dependence of a periodic box as indicated
by convergence of the shear stress–strain curve (see Sup-
porting Information). For the crosslinked structures, a cross-
linking density of 1.15 mol % EGDMA was used. The
chemical structure of the crosslinked PMMA structure is
given in Figure 2. EGDMA were manually placed on the lin-
ear PMMA chains according to the following rules: all chains
have at least one crosslink, no chains have more than six
crosslinks, crosslinks can only connect chain segments that
are within 10% of the equilibrium length of EGDMA, no
crosslink connects a chain to itself, at least five monomers
are between each crosslink on a given chain.

A physically realistic PMMA structure was generated by
annealing the initial structure. The annealing process con-
sisted of increasing temperature from 300 to 600 K for 25
ns at high pressure (10 atm), maintaining at 600 K and 10
atm for 25 ns, then cooling to a 300 K for another 25 ns,
and then holding for 25 ns at 1 atm and 300 K until a stable
thermodynamic state was reached.24,25 Each set of data pre-
sented was the average result from 10 different initial con-
figurations generated by varying the final portion of the
relaxation time. The simulations were conducted within
LAMMPS.27 The velocity–Verlet time stepping scheme was
used with a time step of 1 fs. A Nos�e–Hoover thermostat
was applied for the temperature control with a damping
parameter of 100 fs. A monotonic simple shear displacement
was applied to each of the structures while maintaining
pressures using a Nos�e–Hoover barostat with a damping
parameter of 1000 fs at 1 atm on the free faces with NPT
dynamics. Deformations were conducted at a constant shear
strain rate and at a temperature of 300 K.

Interatomic Potential
An explicit atom representation was used with atomic inter-
actions captured by the Dreiding interatomic force field,29

with a 12 Å cutoff for nonbonded interactions.26 For electro-
static interaction, the atomic partial charge obtained from
the Gasteiger method was used.30

The total potential energy in the Dreiding force field can be
described as the summation of bonded and nonbonded inter-
action energies.29

ETotal 5EBonded 1ENon-bonded (1)

EBonded 5EBond-stretching 1EAngle 1EDihedral 1EImproper (2)

FIGURE 1 Shear stress–strain data of linear and crosslinked

PMMA from experiments. (Shear strain rate: 4 3 1024 s21 for

Linear, 1023 s21 for crosslinked PMMA at room tempera-

ture).11,12 [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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where KB, KA, KJK, KIm are force constants for bond-
stretching, angle, dihedral, and improper terms respectively;
RIJ is the length of bond IJ, R0 is the equilibrium bond-
length, hIJK is the angle between two bonds (IJ and JK), h0 is
the equilibrium angle, nJK is the periodicity, uIJKL is dihedral
angle between IJK and JKL planes, u0 is the equilibrium dihe-
dral angle, xIm is the angle between a bond IL and JIK plane,
and x0 is the equilibrium angle. The nonbonded energy con-

sists of the Lennard–Jones interaction (ELJ) and the Coulom-
bic interaction (EQ), where 2 is the depth of the Lennard–
Jones potential well, r is the distance at which the interpar-
ticle potential is zero, r is the distance between two atoms, C
is the Coulombic constant and q is the component charge.

RESULTS AND DISCUSSIONS

Glass Transition Temperature
Glass transition temperature (Tg), which describes the transi-
tion of a polymer structure from a glassy to rubbery state,
was computed to verify the generated PMMA structures. Tg
values for the linear and crosslinked PMMA systems are cal-
culated based on the mean squared displacement based
approach.31 The mean squared displacement is obtained
from g0ðtÞ5h riðtÞ2rið0Þ½ �2i, where riðtÞ is the atomic posi-
tion of the ith atom at the time of t. We computed g0ðtÞfrom
250 to 600 K by further relaxing the minimized structure
from 100 to 1000 ps. For linear PMMA, Tg is determined to
be 390 K, which is close to previous simulation results
(3966 2 K, 4206 50 K).25,31 Tg computed via the analogous
volume versus temperature approach was comparable. For
crosslinked PMMA, Tg was determined to be around 410 K.
This trend of increasing Tg with increasing crosslink density
is consistent with, although more exaggerated than, the

FIGURE 2 Chemical structure of EGDMA-crosslinked PMMA.
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experimentally measured trend of Tg increasing from around
390 K to around 405 K when EGDMA crosslinking in PMMA
is increased from 0 to 4.5 mol %.13,14

Shear Stress–Strain
The shear stress–strain curve for both linear and lightly
crosslinked PMMA produced by the MD simulations at ambi-
ent conditions are qualitatively similar to the behavior
observed experimentally (Fig. 3). The linear elastic regime
leads to a yield peak, which is followed by significant strain
softening and eventually mild strain hardening. When the
temperature is increased, the yield peak and subsequent
softening decrease as is typical for glassy polymers (not
shown). Further, as strain rate increases, the expected results
are observed: increase in shear modulus, shear yield peak,
and shear yield peak strain. As the strain rate for crosslinked
PMMA is increased from 108 to 1010 s21, the shear modulus
increases (5786 49 to 9396 123 MPa) and the shear yield
peak increases (53–79 MPa). The shear modulus was calcu-
lated based on the linear region of the curve (strain 0.03–
0.06). The results are in reasonable quantitative agreement
with experiments with a shear modulus of roughly 750 MPa
(increasing modestly with strain rate) and yield occurring at
larger strains and higher stresses at the MD simulated strain
rates of 10821010 s21 than at the experimentally observed
rates depicted in Figure 1 of �1023 s21. In the case of linear
PMMA, the simulation is able to continue through strain soft-
ening where the experiment is not since there is no failure
criterion built into the Dreiding potential.

Comparing the linear and crosslinked PMMA-simulated
stress–strain behavior, it is clear that while each exhibits the
same general phenomena, there are distinct differences (Fig.
3). First, the linear PMMA yield peak is significantly higher
at a given strain rate than the lightly crosslinked PMMA yield
peak. While this trend is consistent with experiments, it is a

somewhat counterintuitive result since crosslinks are typi-
cally expected to increase stiffness and strength. Second, the
postyield transition from strain softening to strain hardening
occurs at a much larger strain for lightly crosslinked PMMA
than for linear PMMA. Again, this is counterintuitive, since it
would be expected that crosslinks would reduce the amount
of chain slip that can occur and therefore bring about the
onset of strain hardening sooner.15

Energy Decomposition
To further understand how crosslinking modifies the shear
response of PMMA, each component in the total energy is
investigated and compared for both crosslinked and linear
PMMA at a strain rate of 109 s21 (Fig. 4). The total energy
of the system can be divided into bonded interaction terms
(bond-stretching, angle, dihedral, improper) and nonbonded
interaction terms (van der Waals and Coulombic interaction).
The nonbonded energy, dominated by van der Waals interac-
tions, is a significant component in both the linear and
lightly crosslinked materials. In linear PMMA, the nonbonded

FIGURE 3 Strain rate-dependent stress responses for linear

PMMA and PMMA crosslinked by 1.15 mol % of EGDMA.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

FIGURE 4 Energy component variation under shear strain at a

rate of 109 s21 for (a) linear PMMA, and (b) PMMA crosslinked

by 1.15 mol % of EGDMA. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]
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energy increases more drastically in the elastic regime than
in crosslinked PMMA and then levels out. The magnitude of
the nonbonded energy is significantly rate dependent but
remains qualitatively similar when the strain rate is reduced
(not shown). The difference in the yield peak between linear
and crosslinked PMMA is largely attributable to this initially
steep nonbonded energy increase. In the next section, this
difference will be examined in terms of chain orientation.
The bonded interactions are noticeably different in the linear
and lightly crosslinked materials. In crosslinked PMMA, the
bond and angle energies are close to equal and level off
around a strain of 0.4. In linear PMMA, the bond energy is
larger than the angle energy, and both are larger than in
crosslinked PMMA and increase throughout the deformation.
The larger bond energy (i.e., larger bond force) could result
in chain scission and be the key differentiator between duc-
tile and brittle PMMA. As bond failure is not included in the
Dreiding potential, this results instead in greater strain hard-
ening for the simulated linear system. In both materials, the
dihedral angle energy decreases gradually with strain due to
the creation of low-energy trans-conformers, the total magni-
tude of this energy contribution is small compared to the
van der Waals, bond, and angle energies.

The origin of the energy contributions to the stress response
is further examined in terms of elements within the cross-
linked PMMA structure: carbon in the main chain backbones,
carbon in the EGDMA backbones, hydrogen, and oxygen
atoms in the main chain (Fig. 5). As expected, the backbone
carbons are the dominant contribution to the bonded energy
since they are the only component forced to stretch rather
than flow with deformation. Conversely, the hydrogens and
oxygens, which are hanging off the main polymer chains,
contribute the majority of the nonbonded energy. Critically,
the direct EGDMA contribution to the total energy is negligi-
ble because there are few EGDMA monomers relative to
PMMA monomers. After a slight increase in both bonded and
nonbonded EGDMA components at small strains (<0.05),
there are no further trends with shear strain. This energy
contribution breakdown suggests that EGDMA does not
directly contribute to the total stress response of the system,
but rather influences the stress response indirectly by modi-
fying how the rest of the polymer conforms to external
loading.

Orientation
The Herman’s orientation function (also known as the
second-order Legendre polynomial), which describes how
portions of the structure align under the applied strain, is
used to further explore the crosslinking conformation
effect.32 This function is given by f5 [(3hcos2(h)i2 1)/2],
where h is the angle of the structure of interest relative to
the direction of interest (f5 0 is randomly oriented, f5 1 is
fully aligned). Here, the structure of interest is a polymer
chain segment and the reference direction is the current
externally applied shear angle. The average alignment of
backbone carbons is compared for both structures (Fig. 6).
When crosslinked, the backbones align more strongly in

response to shear strain. This increased alignment with
crosslinking is consistent with results from an MD study on
crosslinked elastomers.33 It is interesting to note that this
greater backbone alignment corresponds with a reduced
shear yield peak. This inverse correlation demonstrates that
the crosslinking enables the structure to accommodate mac-
roscopic deformation through lower energy (and lower
stress) pathways than in a linear structure.

CONCLUSIONS

The deformation mechanisms of low crosslink density poly-
mers under shear deformation were investigated by compar-
ing linear and crosslinked PMMA structures via MD
simulations. The system size was chosen to mimic bulk-
entangled behavior. The generated structures were found to
be experimentally consistent in terms of Tg and shear
stress–strain behavior. The structures were then further

FIGURE 5 Energy components associated with (a) bonded and

(b) nonbonded interactions for PMMA crosslinked by 1.15 mol

% of EGDMA deformed at a strain rate of 109 s21. (CB: Carbon

backbone, O: Oxygen, H: Hydrogen). [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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analyzed during deformation by decomposing the energy
contributions into atom and interaction types. It was found
that while the EGDMA contribution to the total energy was
negligible due to the small number of atoms, the crosslinks
significantly influence the overall stress response by modify-
ing the backbone conformations under deformation. This
conformational change with crosslinking was evident
through the decrease in nonbonded energy, the reduced
value and postyield flattening of the bond-stretching and
angle energy, and the increased alignment of backbone car-
bons. This study lends insight to the increased ductility in
lightly crosslinked glassy polymers.
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