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ABSTRACT: Elium-based thermoplastic composites are a key

material for future use in the marine, wind energy, and automotive Molecular

dynamics model

He o+ e —

industries because of their recyclability and ease of manufacture. et building
To optimize the processing of the Elium composites to yield MMA monomer and dimer Densified system l
optimal structural properties, computational process modeling can e

be used to relate processing parameters to residual stresses and Simulated

material durability. The key ingredient for reliable and accurate
process modeling is the evolution of physical, thermal, and
mechanical properties during polymerization. The objective of this
study is to use molecular dynamics to predict the mass density,
bulk modulus, shear modulus, Young’s modulus, Poisson’s ratio,
glass transition temperature, and coefficient of thermal expansion
as a function of the extent of reaction of the polymer. The
predicted properties compare favorably to the experimentally measured values in the fully polymerized state. This data set of
properties provides needed input data for process modeling of Elium-based composites for process parameter optimization and
improved durability and performance.
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1. INTRODUCTION

Thermoplastic polymer matrix composites (TPMCs) are
commonly used in the marine, energy, and automotive
industries because of their excellent fracture toughness, fatigue

imentally, a much more efficient and cost-effective approach is
through molecular dynamics (MD) simulation. MD simulation
has been used to determine the properties of a wide range of
thermoset resins during curing19’21_26 and thermoplastics

resistance, impact strength, recyclability, and ease of joint
welding. Specifically, Elium-based TPMCs have shown much
promise because of these characteristics and because of their
unique ability to polymerize during composite processing,
similar to thermoset resins.' "' Low-viscosity Elium resins can
be easily infused into composite molds and subsequently
polymerized, providing the benefits of thermoset processing
while simultaneously providing the advantages of TPMCs.
These resins are a next-generation alternative for wind turbine
blades due to their recyclability relative to state-of-the-art
thermosets.'”~"> However, like thermosets, in situ polymer-
ization of Elium during composite processing is accompanied
by chemical shrinkage, which can result in residual stress
formation that is detrimental to the laminate strength.'®™"®
Computational, multiscale process modeling is a key tool for
optimizing processing parameters (annealing temperatures,
hold times, ramp rates) to yield composite structures with
minimal residual stresses."”>' One critical ingredient of
accurate processing modeling is a set of resin properties
(physical, thermal, and mechanical) as a function of polymer-
ization. Although these properties can be obtained exper-

© 2024 The Authors. Published by
American Chemical Society

7 ACS Publications

during crystallization.”””* However, the properties of Elium
and the closely related poly(methyl methacrylate) (PMMA)
have not been determined as a function of polymerization.
Therefore, to enable process modeling and optimization of
processing parameters for Elium-based composites, a compre-
hensive set of resin properties must be determined as a
function of polymerization.

The objective of this study is to develop MD models to
simulate the polymerization process of Elium thermoplastic
resin and predict the thermo-mechanical properties as a
function of polymerization. Specifically, the coeflicient of
thermal expansion (CTE), glass transition temperature (Tg),
mass density, volumetric shrinkage, bulk modulus, shear
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modulus, Young’s modulus, Poisson’s ratio, and tensile
strength are predicted at the molecular level. The prediction
of these properties is necessary for the design and optimization
of the next generation of recyclable and easily manufacturable
composites.

2. METHODS

2.1. Material. Elium resin is manufactured by Arkema and
based on methyl methacrylate (MMA) and acrylic copoly-
mers.”"" Although the chemistry of the acrylic copolymers and
their exact concentration is proprietary, the polymerization
process is primarily based on the free radical polymerization
observed in MMA.® Therefore, to predict the thermo-
mechanical properties of this system as a function of
polymerization, a mixture of MMA monomers and dimers
with a stoichiometric ratio of 1:1 was modeled. Figure 1 shows

a) b)
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Figure 1. Molecular structure of (a) MMA monomer with a
molecular weight of 100.12 g/mol and (b) MMA dimer with a
molecular weight of 200.24 g/mol. The average molecular weight of
the mixture of these two is 150.18 g/mol.

the molecular structures of the MMA monomer and dimer. In
this study, the predicted properties are compared with
experimentally measured values for Elium and PMMA resins
from the literature.

The Large-scale Atomic/Molecular Massively Parallel
Simulator (LAMMPS)*” software package was used to perform
the MD simulations in this study. Simulation boxes with
periodic boundaries in the x-, y-, and z-directions were used in
all simulations discussed in this work. The Reactive Interface
Forcefield (IFF-R)***! was used to describe the interatomic
and intermolecular interactions of the Elium resin. IFF-R is an
all-atom forced field that utilizes Morse bonds to simulate the
nonlinear response of stretched covalent bonds. IFF-R has
previously been used to predict the thermo-mechanical and
interfacial properties of thermosets such as epoxy, polybenzox-
azine, and BMIL'%?!7263273¢ 15 addition, IFF-R has also been
used to model thermoplastics such as PEEK, cyanate esters,
and polyamides.”®***>°"~*" These previous studies show that
IFF-R is a reliable forcefield for predicting the thermo-
mechanical properties of polymer materials. For all of the MD
simulations performed in this study, the pairwise interactions
were calculated using the Lenard Jones 12/6 equation. Both
short-range and long-range Coulombic interactions were
simulated with the “lj/class2/coul/long” LAMMPS command
with a global cutoff distance of 10 A.

2.2. MD Models. The monomers and dimers were initially
created individually and relaxed by using the CHEM3D
(PerkinElmer, INC., MA, USA) software package. These
monomer and dimer structures were then imported into the
LAMMPS environment (Figure 2a). The monomer and dimer
molecules were replicated using the “replicate” command to
create a bulk system of 15,435 atoms which included 343
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Figure 2. Molecular modeling workflow to create the polymerized
models. Colors in the polymerized system represent the cluster
analysis of the model. The atomic clusters in the model are color-

coded by chain length.

MMA monomers and 343 MMA dimers with an initial mass
density of 0.15 g/cc (Figure 2b). The number of atoms was
determined based on the study performed by Kashmari et al.*'
on the effect of MD model size on the precision of predicted
material properties.

After the low-density bulk system was created, a
minimization step was performed using the “minimize”
command with a conjugate gradient solver. The model was
then densified using the “fix deform” command to the target
density of 1.01 g/cc (Figure 2c) at a densification rate of 0.22
g/cc/ns in the NVT (constant volume and temperature)
ensemble at 300 K. The densification step was followed by an
annealing cycle where the temperature was ramped up from
300 to S00 K in the NPT (constant pressure and temperature)
ensemble, followed by a temperature hold simulation using the
NPT ensemble at 500 K temperature for 500 ps. For annealing,
a temperature of 500 K was selected based on previous MD
studies performed by Odegard et al*” that showed the
stabilization of MD models after annealing at temperatures of
500 K and above. The model was subsequently cooled to 300
K at a cooling rate of 50 K/ns. This annealing cycle was
simulated to equilibrate the models and relax the monomers to
eliminate any residual stresses in the model after the
densification step. The annealing cycle was followed by a
relaxation simulation at 300 K using the NPT ensemble for
500 ps to relax the energies and conformations formed during
the annealing cycle. For the densification, annealing, and
relaxation simulations, the time step was set to 1 fs. This
process was repeated to create five replicate models with
unique initial velocities assigned to the atoms by using the
“velocity” command. Previous studies have shown that the five
replicate. MD models accurately and efficiently predict the
material properties of neat polymers.”>**!

2.3. Polymerization. The polymerization process was
simulated using the “fix bond/react” command in LAMMPS.*
To implement the “fix bond/react” protocol for simulating the
reaction, the topological conditions before and after the
reaction between the atoms involved in the reaction were
specified. This was performed by creating prereaction
templates, postreaction templates, and mapping files of the

https://doi.org/10.1021/acs.jpcc.4c04061
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Figure 3. Polymer reaction possibilities with a mixture of MMA monomers and dimers.
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Figure 4. Evolution of oligomers during polymerization including the (a) plot of percentage of atoms in the simulation box associated with the
corresponding cluster as a function of extent of reaction and (b) evolution of clusters in the MD simulation box over a range of extent of reaction
levels. Error bars represent the standard error between the replicate models.

Elium undergoes a free radical polymerization reaction
reaction sites. Detailed information on the “fix bond/react” initiated by electron donor pairs associated with oxygen or
command can be found elsewhere.**** nitrogen atoms® in initiator molecules. However, because the

15641 https://doi.org/10.1021/acs.jpcc.4c04061
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initiator molecules are in very low concentrations (1.5—3 wt.
%), it was assumed that their presence has a negligible effect on
the properties, and thus they were not modeled directly in this
study. Three reaction possibilities are shown in Figure 3 for an
initial mixture of reacting MMA monomers and dimers.
Dimer/dimer and dimer/monomer reactions result in a
polymer chain that can continue to react with monomers,
dimers, and other polymer chains. Detailed information on the
template files used to simulate these reactions is provided in
the Supporting Information (SI).

Polymerization was simulated while heating the simulation
box from 300 to 800 K at a heating rate of 62.5 K/ns with a
time step of 0.1 fs. This heating cycle was simulated to increase
the mobility of the monomers to accelerate the polymerization.
Reaction site stabilization was performed every 5000 timesteps
using the “fix nve/limit” command in LAMMPS. Further, all
nonreacting atoms during the polymerization simulation were
controlled by the NVT thermostat. The polymerization was
quantified by the extent of the reaction by calculating the
number of functional bonds that reacted during polymer-
ization. The extent of reaction at any given time ¢ is the
number of reactive functional groups that have reacted divided
by the number of reactive functional groups initially present.

The output data files of the polymerized structures were
created at the extent of reaction intervals of 0.1 (i.e,, 0.1, 0.2,
0.3, etc.). The simulations were run until the maximum
polymerization level (ie., 0915 extent of reaction) was
achieved with an average simulation time of 8 ns. This
approach minimized the simulation time necessary for the
complete polymerization. The polymerization step was then
followed by a simulation at 300 K in the NPT ensemble with
the “iso” pressure settings (for which simulation box sizes are
controlled isometrically) for S00 ps to cool the models to room
temperature with timesteps of 1 fs.

All polymerized models were subjected to high-temperature
annealing simulations. The temperature was ramped up to 500
K using the NPT ensemble, and the models were subsequently
cooled to 300 K at a cooling rate of 50 K/ns. This annealing
step was performed to eliminate any residual stresses or
unfavorable conformations in the simulation box during
polymerization by allowing the model to expand at higher
temperatures and cool at a controlled rate. Annealing
simulations have previously been used in MD modeling
studies to eliminate residual stresses.'””"*>*® Following the
annealing, equilibration simulations were performed in the
NPT ensemble at 300 K for 1 ns by using “aniso” pressure
settings (simulation box sizes are controlled anisometrically)
for 1 ns. Both annealing and equilibration simulations were
performed with timesteps of 1 fs. Local density in the
simulation box is a function of the spread of polymerization in
the simulation box and the local conformations observed in the
MD simulation box."* The spatial densities of the annealed
models were analyzed for the local unfavorable conformations
within the simulation box. This was performed by plotting
density values of a one-dimensional bin along each axis with a
bin size of S A, as shown in Figure S7 of the SL

Figure 4a shows a plot of the evolution of the three largest
clusters in the simulation box of a representative polymer
model using the cluster analysis tool in the OVITO"
visualization software package. Each color in the image
represents a cluster of atoms bonded to covalent bonds. All
three oligomer chains grow as polymerization progresses. The
size of the largest cluster increases significantly from an extent

15642

of reaction of 0.8 to the fully polymerized state (i.e., an extent
of reaction of 0.915). Figure 4b shows the visualization of
clusters of polymer oligomers as a function of polymerization.
It is evident that the highest polymerization simulation box
shows a smaller number of individual clusters relative to the
low polymerization states, as expected. MD models show the
combination of atactic, syndiotactic, and isotactic config-
urations. Detailed information on the tacticity observed is
provided in Section S1 of the SI. Further, detailed information
about the molecular weight distributions and the chain sizes is
provided in Section S1 of the SI. However, it is important to
note that the molecular weights observed in MD models at the
nanoscale are not expected to match the results obtained from
the macroscale experiment.

2.4. Physical Properties. The mass density and
volumetric shrinkage (relative to the initial unpolymerized
state) were predicted for each replicate at specific levels of
extent of reaction ranging from 0 to 0.915. The mass density
was determined after the equilibration step, and the volumetric
shrinkage was calculated by
Vf -V

Vi (1)

where V;is the volume of the simulation box at specific levels
of polymerization, and V; is the volume of the initial
unpolymerized model.

2.5. Mechanical Properties. Odegard et al.”* predicted
the mechanical properties of epoxy systems using an MD
framework as a function of cross-linking density. Similar MD
procedures were implemented in this work to predict the
mechanical properties. First, the bulk modulus was predicted
for each replicate at each level of polymerization. These
simulations were performed at 300 K with 1 fs timesteps using
the NPT ensemble at 1 atm pressure for 1 ns, followed by a
simulation at an increased pressure of 5000 atm for 1 ns.”* The
average volumes associated with these two pressures were
determined and used to calculate bulk modulus using

_y9oP
Osv )

where V) is the average volume at equilibrium conditions, 6P is
the change in pressure, and 6V is the change in volume of the
simulation box.

Second, to predict shear modulus values, simulations were
performed by applying a 20% shear strain in each of the three
principal planes at a shear strain rate of 2 X 10® s™!. These
simulations were performed at 300 K and 1 atm pressure using
the NPT ensemble with a time step of 0.5 fs. For each replicate
model, three shear stress—strain plots were obtained,
corresponding to each principal plane. Using a Python script,
the data was fit with a bilinear curve, and the corresponding
breakpoint was determined. Figure S8 in the SI shows a
representative shear stress-shear strain plot with the corre-
sponding bilinear fit. The shear modulus was determined as the
slope of the linear fit below the breakpoint. Assuming that the
material is isotropic, the Young’s modulus and Poisson’s ratio
were calculated using the following equations:*®

AV =

K

_ 9KG
3K+ G (3)
3K — 2G

V= ——
6K + 2G (4)

https://doi.org/10.1021/acs.jpcc.4c04061
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Figure S. Physical properties as a function of extent of reaction. (a) Plot of MD-predicted mass density values as a function of extent of reaction. A
snapshot of a representative MD model is shown for visualization. (b) Plot of volumetric shrinkage as a function of extent of reaction. The error
bars, which are partially hidden behind the data markers, represent the standard error between the replicate models. The equations of the sigmoidal
curve fits of the data are shown in the plots. An exaggerated visual representation of the volumetric shrinkage of the MD simulation box is shown.

where E is the Young’s modulus, K is the bulk modulus, G is CTE = 1 ( v )
the shear modulus, and v is the Poisson’s ratio. - 3y \dT (6)
The von Mises stress was calculated from the stress
components from the shear deformation simulations using where V is the initial volume of the simulation box and dV/dT
is the rate of change of volume with respect to simulation
1 2 2 2 temperature. More details on CTE calculations and procedures
oM = {_[(Gx - Gy) + (Gy - Gz) + (Gz - Gx) can be found elsewhere.”***
2 2 2 3. RESULTS AND DISCUSSIONS
+ 6(Txy +17. +7, )}} ' . ]
(5) Figure Sa shows a plot of the mass density of Elium as a
function of the extent of reaction calculated at room
where, o, 0, o, are principal stresses in the x, y, and z temperature. The mass density increases with increases in
directions, and 7,, 7., 7,, are the shear stresses in the xy, xz, the extent of reaction because the formation of new covalent

bonds results in a more compact structure. The MD-predicted
mass density value of 1.172 + 0.001 g/cc for the fully
polymerized model is compared with the experimentally
determined value of 1.183 g/cc by Muthuraj et al,*® and the
mass density of the unpolymerized resin is compared with the
experimental value reported in the manufacturer’s datasheet.’!
Further, the mass density values of the fully polymerized

and yz planes, respectively. The von Misses stress was plotted
against the shear strain values, and the yield strength was
computed at the corresponding bilinear breakpoint. More
details on this procedure can be found elsewhere.”* Figure S9
in the SI shows a representative plot of von Mises stress against
shear strain and the bilinear fit calculated with the Python

script. models are compared with the experimental density value of
2.6. Thermal Properties. The experimental measurement PMMA of 1.18°* and 1.19 g/cc*® from the literature. The MD-

of T, is dependent on the cooling rate.*”** Therefore, T, predicted mass density values of both polymerized and

values were predicted through a simulated heating cycle for unpolymerized models agree with the experimental values of

each replicate. The equilibrated models were subjected to a both Elium and PMMA.

temperature ramp from 250 to 550 K at a heating rate of 50 K/ Figure Sb shows the volumetric shrinkage as a function of

the extent of reaction predicted by MD. The volumetric
shrinkage increases with increases in the extent of reaction.

. . ) . Significant volumetric shrinkage with increases in the extent of
was plotted against the simulation temperature as shown in L . .
reaction is commonly observed in thermosets like epoxy.

Figure S10 in the SI. The bilinear breakpoint was identified as Previ . h d £ vol :
he T, for the given model.*’ Further details on the procedure revious experiments show a wide range '40—60V0 umetric
the I, & : p shrinkage for PMMA ranging from 9 to 20%.> The MD-

ns in the NPT ensemble using 1 fs timesteps. The volume of
the simulation box was recorded during the simulations and

can be found elsewhere.””’ predicted value of 13.09 + 0.3% is within the range of the

The coefficient of thermal expansion (CTE) was calculated values measured experimentally.
below and above the T, The slope values obtained from linear Figure Sb also shows the wide range of experimentally
regression fits of volume versus simulation temperature plots reported values for cure shrinkag &5+~ which is likely a result
were utilized to calculate the CTE values using of different molecular weights after polymerization. Figure S6
15643 https://doi.org/10.1021/acs.jpcc.4c04061
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shows a representative molecular weight distribution of the
polymers in the simulation box. Because the molecular weight
distributions between all the replicates were very similar, the
precision in the MD-predicted cure shrinkage values is
significantly higher than those reported in the literature.

The evolution of the bulk modulus as a function of the
extent of reaction predicted by MD is shown in Figure 6a. The
bulk modulus increases with increases in the extent of reaction
with a sigmoidal trend. With increasing extent of reaction,
more covalent bonds are formed in the molecular structure,
resulting in increases in resistance to compressive deformation.
Figure 6a also includes the experimental value of bulk modulus
of 6 GPa from Mott et al.°' The fully polymerized value from
MD simulation is 6.67 + 0.09 GPa.

Figure 6b shows the MD-predicted evolution of the shear
modulus and Young’s modulus as a function of the extent of
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reaction. Both moduli increase with increases in the extent of
reaction in a sigmoidal trend. The shear modulus was
negligible for models with an extent of reaction ranging from
0.0 to 0.3, which indicates that the material is still in the liquid
phase and does not provide any resistance to the applied shear
deformation. For the extent of reaction values of 0.4 and above,
there is a significant increase in shear modulus that follows a
sigmoidal pattern. The predicted Young’s modulus value of the
fully polymerized system of 3.34 + 0.08 GPa agrees with the
value reported in the Elium technical data sheet (3.3 GPa)*!
and the experimentally determined value of Elium 188
reported by Kazemi et al.°” (3.6 GPa). The Young’s modulus
predictions also agree with the experimentally measured
Young’s modulus value by Banks-Sills et al.>® (3.1 GPa).
Further, the MD-predicted shear modulus value of 1.18 + 0.02
GPa compares well with the shear modulus value of PMMA of

https://doi.org/10.1021/acs.jpcc.4c04061
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1.1 GPa from Mott et al." It can also be noted that the MD-
predicted values in this work for shear and Young’s modulus
agrees with MD-predicted values of PMMA material usin:
COMPASS force field of 1.257 and 3.184 GPa, respectively.”
It is important to note that previous studies have analyzed the
discrepancies with predicted elastic modulus and experimen-
tally measured values resulting from the many order-of-
magnitude differences in strain rates.'”*>**=% For some
polymer systems, the so-called strain rate effect is signifi-
cant,'*>%%% while in other cases, it is minimal for predicted
elastic modulus.”"***”*® The relative magnitude of the strain-
rate effect is related to the viscous nature of each individual
polymer.”® The results shown in Figure 6b indicate that this
system shows a minimal strain rate effect for the elastic
modulus because of the close correspondence of predicted and
measured elastic modulus properties.

Figure 7a shows the response of Poisson’s ratio as a function
of the extent of reaction. For models with an extent of reaction
of 0.4 and above, the Poisson’s ratio decreases with increases in
the extent of reaction. The experimentally measured values
from the literature of Poisson’s ratio for the Elium 188 system
is 0.37 ¢ and for PMMA is 0.39,”” which are compared with the
MD-predicted value of 0.42 for the fully polymerized system in
Figure 7a. It is important to note that for an extent of reaction
of 0.3 and below, the polymer is still in a liquid state and has a
Poisson’s ratio value (0.5) that is characteristic of many liquids.

Figure 7b shows the plot of predicted yield strength values as
a function of the extent of reaction. The MD-predicted yield
strength value of 245.6 + 10 MPa for the fully polymerized
system (i.e., 0.915 extent of reaction) is significantly higher
than the experimental yield strength value of 76 MPa for
Elium®' and 97.5 + 12 for PMMA.?’ It has previously been
shown that the yield strength of PMMA is highly dependent on
the strain rate value at which the mechanical test experiments
were performed.®® It can also be noted that the MD-predicted
value in this study agrees with the MD-predicted value of yield
strength for neat PMMA material using a polymer consistent
force field (PCFF) of 242 MPa.*”’

In addition, thermosets like epoxies and polybenzoxazine
have previously demonstrated significantly higher predicted
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values of yield strength due to their viscoelastic nature.”"**”

Elium is a viscoelastic material. Discrepancies in the values of
Young’s modulus predicted by MD models and experimental
values are the result of higher strain rates applied during the
MD simulations. However, because of the differences between
time and length scales compared to experiments, it is essential
to apply such high strain rates for computational efficiency and
remains a limitation of MD methods in predicting accurate
yield strength for viscoelastic materials. For extents of 0.3 and
below, the yield strength is negligibly small, indicating that the
polymer does not have a load-carrying capacity.

Figure 8a shows the plot of T, values as a function of the
extent of reaction. From Figures 6b and 7, it is clear that the
polymer behaves as a liquid at extents of reaction of 0.3 and
below at room temperature. Hence, the T, was calculated only
for the extents of reaction ranging from 0.4 to 0.91S. In this
range, the T, values increase with increases in the extent of
reaction. The MD-predicted value of the fully polymerized
system of 116.7 + 7 °C agrees with the experimental values of
115.6 °C by Tschentscher et al.* of acetone recycled Elium and
123 °C by Raponi et al.”" of Elium measured by DMA. The
MD-predicted value agrees with the experimentally measured
T, values of PMMA of 108 °C by Porter et al.”? and 111 °C by
Moller et al.** The predicted value of T, using IFF-R compares
with the MD-predicted value of T, for PMMA of 116 °C by
Min et al.”* using the Dreiding atomic potential, and 113 °C by
Li et al® using the COMPASS force field, 187 °Cc® using
PCFF, and 208 °C™* using OPLS-AA forcefield.

Figure 8b shows the plot of CTE as a function of the extent
of reaction. Both CTE values above and below T, decrease
with increases in the extent of reaction. The CTE values below
T, are consistently lower than the CTE values above T,. The
MD-predicted CTE value of 6.8 + 0.5 X 107> C'~ for the fully
polymerized system below T, is comparable to the
experimentally measured CTE value of below T, of PMMA
9.3 X 107 C™' by Han et al”> and the experimentally
measured CTE value of 6.5 X 107> C™' as reported in the
Elium data sheet.”’ The MD-predicted CTE values agree with
the experimentally measured CTE values of PMMA and Elium.
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4. CONCLUSIONS

Based on the MD predictions from this study, the mechanical
properties of Elium evolve very quickly starting at an extent of
reaction around 0.4 and approaching the fully polymerized
values at an extent of reaction around 0.7. The predicted
mechanical properties agree well with experiments, except for
the yield strength, which is highly affected by the strain rate
discrepancy between MD predictions and experimental
measurements. The predictions demonstrate that the thermal
properties evolve linearly with increases in the extent of
reaction. The predicted T, CTE below Ty and CTE above T,
in the fully polymerized state match experimental measure-
ments very closely.

The MD-predicted material properties as a function of
polymerization provide a critical data set for computationally
driven process-modeling of Elium composites. Such modeling
is necessary for optimizing processing parameters to reduce
process-induced residual stresses and deformations.”®’” This
optimization can ultimately improve the durability of
composite structures for a wide range of applications, including
wind energy, where composite material recyclability is a key
driving force for utilizing thermoplastic composites.
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