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ABSTRACT: Polylactic acid (PLA) and poly(ethylene tereph-
thalate glycol) (PETG) are popular thermoplastics used in additive
manufacturing applications. The mechanical properties of PLA and
PETG can be significantly improved by introducing fillers, such as
glass and iron nanoparticles (NPs), into the polymer matrix.
Molecular dynamics (MD) simulations with the reactive INTER-
FACE force field were used to predict the mechanical responses of
neat PLA/PETG and PLA−glass/iron and PETG−glass/iron
nanocomposites with relatively high loadings of glass/iron NPs.
We found that the iron and glass NPs significantly increased the
elastic moduli of the PLA matrix, while the PETG matrix exhibited
modest increases in elastic moduli. This difference in reinforce-
ment ability may be due to the slightly greater attraction between the glass/iron NP and PLA matrix. The NASA Multiscale Analysis
Tool was used to predict the mechanical response across a range of volume percent glass/iron filler by using only the neat and highly
loaded MD predictions as input. This provides a faster and more efficient approach than creating multiple MD models per volume
percent per polymer/filler combination. To validate the micromechanics predictions, experimental samples incorporating hollow
glass microspheres (MS) and carbonyl iron particles (CIP) into PLA/PETG were developed and tested for elastic modulus. The
CIP produced a larger reinforcement in elastic modulus than the MS, with similar increases in elastic modulus between PLA/CIP
and PETG/CIP at 7.77 vol % CIP. The micromechanics-based mechanical predictions compare excellently with the experimental
values, validating the integrated micromechanical/MD simulation-based approach.

■ INTRODUCTION
Polylactic acid (PLA) and polyethylene terephthalate glycol
(PETG) are popular thermoplastics used in additive
manufacturing (3D printing) applications.1−16 PLA is
commonly used as a 3D printing filament due to its
processability, biodegradability, compostability, and recycla-
bility.17−21 PETG is widely used in 3D printing due to its
flexibility, processability, and good chemical, moisture, and UV
resistance.1,2,12−15 The mechanical properties of PLA and
PETG can be significantly improved by introducing fillers into
the polymer matrix. The resulting polymer composites can be
manufactured into production-ready 3D printing filaments.15,22

Glass beads and iron particles have previously been used in 3D
printing filaments with success.23−27

Glass has been used as a mechanical reinforcement in
polymers for decades as both fibers and hollow/solid glass
beads.28−31 Glass beads have been used as a filler in PLA to
improve various properties including fire safety,32 thermal
insulation,33 elastic modulus and thermal decomposition
temperature,34 and compression strength and acoustic
insulation.35 Glass fibers have been used in PETG for 3D
printing applications,36 but, to our knowledge, glass beads have

not been used in PETG. Carbonyl iron particles (CIP) are
mainly used in applications that take advantage of their
magnetism such as electromagnetic interference shielding and
medical treatments.24−27,37−41 However, CIP can also be used
to improve the thermo-mechanical properties of the polymer
matrix.42 CIP have been used in PETG for electromagnetic
interference shielding25 but, to our knowledge, have not been
used in PETG or PLA as a mechanical reinforcement. Glass
beads and CIP were chosen as fillers in this work because the
mechanical responses of PLA/CIP, PETG/glass, and PETG/
CIP have not yet been explored. PLA with glass beads has been
investigated as a foam composite,34 but not as a solid. Thus, we
included PLA/glass as well in the current investigation.

Molecular dynamics (MD) simulations are widely used for
predicting thermo-mechanical properties of polymers and
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polymer composites.43−63 MD simulations have proven to be
accurate, efficient, trustworthy, and quite capable of exploring
the structure−property relationships of polymer composites.
With MD, atoms are simulated according to Newton’s laws of
motion combined with “force fields” that define how the atoms
interact with each other. An MD simulation is only as accurate
as the force field. The INTERFACE force field (IFF) and IFF
reactive version (IFF-R) produce accurate predictions of
thermal, mechanical, and interfacial properties of polymer
composites.43,44,49,50,54,56,58,63−67

In this study, we explored the structure−property relation-
ships of PLA and PETG glass/iron nanocomposites at 20
volume percent (vol %) glass/iron. Our goal was to understand
how the mechanical properties of the PLA/PETG−glass/iron
nanocomposites change as the volume percent of glass/iron
increases from 0 to 20 vol %. However, creating multiple MD
models per vol % per polymer/filler combination quickly
becomes impractical due to time and computational resource
constraints. However, it is possible to use a micromechanics
approach to predict mechanical properties as a function of vol
% filler using the MD predictions as input.55,59 The NASA
Multiscale Analysis Tool (NASMAT)68,69 uses accurate and
efficient micromechanical theory.70,71 NASMAT is the
successor to and is based on MAC/GMC micromechanics
software developed by the NASA Glenn Research Center. The
micromechanics theory underpinning NASMAT and MAC/
GMC have been validated multiple times.44,46,55,57,59,60,62,69

Additionally, the use of micromechanics via NASMAT and
MAC/GMC can effectively “scale up” MD results to the
macroscale, thus eliminating the need to simulate exper-
imental-size glass beads or CIP.72

In the following sections, we describe the procedure for
establishing and testing well-equilibrated, polymerized neat
PLA/PETG and PLA/PETG−iron/glass nanocomposite MD
models. The micromechanics approach with NASMAT is
detailed, and the experimental manufacture and testing of the
PLA/PETG−CIP/hollow glass bead composites are described.
The experimental mechanical response is then discussed. The
strength of the PLA/PETG−iron/glass interface is discussed in
terms of MD interaction energy. The MD mechanical response
is discussed. Finally, the micromechanical predictions as a
function of iron/glass are compared with experimental results
for validation. The micromechanical predictions compare
excellently with the experimental values, validating the
micromechanical dilution approach.

■ THEORETICAL METHODS
The open-source MD code LAMMPS73,74 was used to perform
all MD simulations (1 fs time step). Detailed methodologies
for constructing all of the MD polymers and nanocomposites
are given in the Supporting Information. Unless otherwise
noted, all molecular visualizations were rendered with the
OVITO software.75 The class2 IFF64,65 was used to construct
the MD models. IFF is well-known for accurately predicting
interfacial properties of polymer nanocomposites.43,49,50,56,58

However, IFF is a fixed-bond force field and is fundamentally
incapable of accurately simulating large deformations. IFF was
extended with the Morse potential in 202166 to enable bond
scission, thus allowing IFF to accurately simulate large
deformation. This hybrid class2/Morse force field is called
IFF-R (IFF Reactive version), and it was used in this study for
the prediction of the mechanical properties.

Neat PLA and PETG. A PLA trimer and a PETG monomer
were constructed and parameterized in the IFF using in-house
BASH/Python tools. The molecular structures of the PLA
trimer and PETG monomer are shown in Figures 1 and 2,

respectively. The REACTER protocol76,77 as implemented in
LAMMPS was used for polymerization. For PLA, a trimer was
chosen because the trimer molecule is long enough that the
REACTER protocol can be easily used without length issues.
The energy of the PLA trimer and PETG monomer was
minimized using the conjugate gradient algorithm (Polak−
Ribiere version) with an energy tolerance of 1 × 10−4

(unitless), a force tolerance of 1 × 10−6 (kcal/mol Å), a
maximum iteration of 1000, and a maximum force/energy
evaluation of 10,000. After minimization, each trimer/
monomer was simulated at 300 K for 3 ns by using the
NVT ensemble (N is the constant number of particles, V is the
constant volume, and T is the constant temperature) to
equilibrate the structure.

Ten neat PLA replicates and ten neat PETG replicates were
established in IFF. The neat PLA systems initially contained
24,960 atoms (832 trimers), and the neat PETG systems
initially contained 25,620 atoms (420 monomers). Each PLA
replicate started in a gaseous state and was densified in a high-
temperature three-stage process: (1) temperature ramp from
300 to 500 K with NVT over 100 ps; (2) NPT (N is the
constant number of particles, P is the constant pressure, and T
is the constant temperature) (iso keyword) at 500 K and 1.0

Figure 1. PLA trimer molecular structure as used in this work.

Figure 2. PETG molecular structure as used in this work.
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atm for 200 ps to rapidly shrink the simulation box; and (3)
densify to a bulk density of 1.187 g cm−3 at a rate of 20 Å ns−1.
This density was chosen such that the final equilibrated density
would be close to the experimental density of 1.242 g cm−3.
Please see Supporting Information for more discussion. The
PETG replicates were densified similarly, but with a few
changes: (1) temperature was set to 300 K; (2) the NVT and
NPT runs were increased to 400 and 500 ps, respectively, to
account for the significantly larger molecule; and (3) the bulk
density was 1.27 g cm−3. The PLA systems were densified at
500 K rather than 300 K because they were more prone to the
formation of void space, and the higher temperature reduced
the formation of voids considerably. After densification, long-
range Coulombic interactions were enabled with a Lennard-
Jones and Coulombic cutoff of 10.0 Å, and the PLA/PETG
replicates were then polymerized similarly using the REAC-
TER protocol. Please see Supporting Information for the
complete list of REACTER parameters used. PLA used NVT,
while PETG used the NPT ensemble with the aniso keyword.
The PLA replicates were polymerized at 350 K and 1.0 atm,
while the PETG replicates were polymerized at 600 K and 1.0
atm (both for 1 ns); these conditions were used for the
greatest extents of polymerization. PLA undergoes a linear
polycondensation reaction, which produces a water molecule
every time two PLA molecules bond. In this work, the water
molecules were immediately deleted after forming using the
deleteIDs keyword in the REACTER mapping file to simulate
a fully dried material. When PETG molecules bond, a
hydrogen molecule is produced. Similarly to PLA, these
hydrogen molecules were deleted to simulate a fully off-gassed
material. For PLA, the average extent of polymerization was
90% ± 0.73%, while for PETG, the average extent of
polymerization was 92% ± 0.90%. Please see Table S1 for
molecular weight information on the neat PLA and PETG MD
samples.

The polymerized systems were then equilibrated for 4 ns
using NPT (aniso keyword) at 300 K and 1.0 atm. The
anisotropic barostat is used to allow the systems to fully relax
in each Cartesian axis. The analysis of potential energy
monitoring, density profiling, and explicit residual stress
checking revealed that the system relaxed within 1 ns, and
simulated systems are well-equilibrated. An explicit check for
residual stresses was conducted on the polymerized, equili-
brated systems; residual stresses were negligible. Figure 3
shows the xz-plane of two equilibrated, polymerized MD
models of neat PLA and PETG. The average PLA and PETG
densities in our simulations were found to be 1.246 ± 0.010 g

cm−3 and 1.2386 ± 0.0014 g cm−3, respectively. The predicted
PLA density compares excellently with the experimental value
of 1.242 g cm−3, while the predicted PETG density compares
moderately well with the experimental value of 1.335 g cm−3.
Please note that the density of PETG ranges from 1.18 to 1.37
g cm−3.78 Therefore, we started our simulation of PETG with
an average density of 1.27 g cm−3. Additionally, given that the
predicted mechanical properties of PETG compare well with
the experiment (as seen later in the Results and Discussion
section), we can say that the relative mismatch between
predicted and experimental PETG density is acceptable.
Glass and Iron Nanoparticles. The 31 Å diameter

hydrogen-terminated glass nanoparticle (NP) was carved out
of a bulk quartz crystal79 using Python and the Atomic
Simulation Environment (ASE) library.80 The molecular
topology was added according to Sorkin et al.;81 please see
the Supporting Information for more details. The NP (1595
atoms) was parameterized in IFF using an in-house Python
script. The parameterized NP was minimized using the
conjugate gradient algorithm (Polak−Ribiere version) with
an energy tolerance of 1 × 10−4 (unitless), a force tolerance of
1 × 10−6 (kcal/mol Å), a maximum iteration of 1000, and a
maximum force/energy evaluation of 10,000. The velocity
distribution was set to 300 K, and the NP was run for 100 ps
with NVT at 300 K to ensure stability. The glass NPs are
shown in Figure 4a. It is important to note that the MD glass

NP was created as a solid to conserve computational resources.
A hollow MD glass NP would need to be significantly larger for
the hollowness to appropriately affect the MD simulations.

The 32 Å diameter iron NP (1513 atoms) was carved out of
a bulk FCC (100) iron crystal created with ASE and then
assigned IFF-compatible Lennard-Jones parameters.82 The
iron NP is shown in Figure 4b. This iron NP was not
minimized or simulated prior to insertion into the polymer
systems due to the simpler parameters. It is important to note
that iron at room temperature is in the BCC crystal structure,
but the BCC crystal structure is unavailable for iron in IFF.82 It
is currently possible to use iron in the BCC structure with IFF
only if the initial BCC atom positions are fixed in space (thus
holding the BCC structure in place), but this usage will not
allow for deformation upon load transfer, resulting in
unrealistic predictions. While BCC iron is available in other
force fields, such as the embedded atom model, we chose IFF
for simplicity. Covering the surface of the iron NP with an
oxide layer would be most realistic, but iron oxide is also not
yet available in IFF. Still, even with these caveats, the PLA/
PETG−iron predictions match well with the experiment.

Figure 3. Representative MD models of PLA (left) and PETG
(right).

Figure 4. Glass (a) and iron (b) NPs used in this work.
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PLA/PETG−Glass/Iron Nanocomposites. The target
volume percent of reinforcement for the PLA/PETG nano-
composites was 20% glass/iron. This target volume percent
was chosen to conserve computational resources, as a larger
amount of glass/iron would necessarily require fewer amounts
of polymer molecules. Also, a larger target volume percent
would allow for a larger range of volume percent after dilution
with neat polymer using micromechanics, which would be
more helpful to the composite community than a smaller
range. Ten replicates of PLA−glass, PLA−iron, PETG−glass,
and PETG−iron (total of 40 replicates) were established in
IFF. The required number of equilibrated PLA and PETG
molecules (315 PLA molecules−9450 atoms, 144 PETG
molecules−8784 atoms) needed to achieve 20% by volume
glass/iron PLA/PETG nanocomposites after polymerization
(85% PLA, 90% PETG) were placed into a simulation box in a
gaseous state. The replicates were then densified to the PLA/
PETG bulk densities according to the same methodology as
the neat polymers. After densification, a spherical indentation
(using the “fix indent” LAMMPS command) was created
gradually from zero to 40 Å in diameter over 10 ps with NVT
at 300 K. These indented systems were used for both glass and
iron NPs. After indentation, the glass-iron NP was inserted
into the center of the spherical void. To prevent the system
from immediately drifting, the linear momentum was zeroed.
The systems were then run for 50 ps under NVE, but each
atom was limited to moving a maximum distance of 0.1 Å per
time step. If any atoms were overlapped as a result of inserting
the glass/iron NP, then NVE with a limiter would resolve the
overlap safely. The systems were run with NVT at 300 K for
100 ps and finally NPT (iso keyword) at 300 K and 1.0 atm for
500 ps in a brief equilibration.

After indentation and insertion of the NP, long-range
Coulombic interactions were enabled with a Lennard-Jones
and Coulombic cutoff of 10.0 Å, and then each system was
polymerized by using the REACTER protocol. The REACTER
settings of the polymer nanocomposites were the same as those
of the respective matrix polymer. Please see the Supporting
Information for the complete list of REACTER protocols. The
nanocomposites were polymerized over 1 ns using the NPT
ensemble (aniso keyword) to set the pressure and temperature.
The average extents of polymerization for the PLA/glass and
PLA/iron nanocomposites were 86% ± 1.4% and 84% ± 1.2%,
respectively. The average extents of polymerization for the
PETG/glass and PETG/iron nanocomposites were 92% ±
1.1% and 86% ± 2.4%, respectively. Please see Table S1 for
molecular weight information on the PLA−glass/iron and
PETG−glass/iron MD samples.

The polymerized PLA/PETG−glass/iron systems were then
equilibrated for 2 ns under NPT (aniso keyword) at 300 K and
1.0 atm. The anisotropic barostat is used to allow the systems
to fully relax in each Cartesian axis. The analysis of potential
energy monitoring, density profiling, and explicit residual stress
checking revealed that system relaxed within 1 ns and
simulated systems are well-equilibrated. An explicit check for
residual stresses was conducted on the polymerized, equili-
brated systems; residual stresses were negligible. Figure 5
shows the xz-plane of the two equilibrated polymerized MD
models of PLA/iron and PETG/glass. The average densities of
the PLA−glass/iron nanocomposites were 1.5224 ± 0.0029 g
cm−3 and 2.4417 ± 0.0067 g cm−3, respectively. The average
densities of the PETG−glass/iron nanocomposites were
1.4411 ± 0.0053 g cm−3 and 2.3506 ± 0.0060 g cm−3,

respectively. After equilibration, the interaction energy
between the PLA/PETG matrix and glass/iron reinforcement
was measured using the LAMMPS “compute group/group”
command over 500 ps under the NPT (aniso keyword)
ensemble at 300 K and 1.0 atm. The interaction energy values
reported in this work are a result of a running average over
every time step of the 500 ps simulation time. It is important to
note that the final volume percentages of the PLA/PETG−
glass/iron systems drifted from 20 vol %. Table 1 shows the
final loadings of the PLA/PETG−glass/iron MD nano-
composites in terms of volume and mass percent.

MD Property Predictions. For each of the polymerized,
equilibrated neat PLA/PETG and PLA/PETG−glass/iron
nanocomposite replicates, the elastic modulus, Poisson’s
ratio, shear modulus, and bulk modulus were predicted
according to the standard MD methodology.43,44,46 The
number of samples used to compute the averages of density
(ρ) and bulk modulus (K) is 10. The number of samples used
to compute the averages of elastic modulus (E), shear modulus
(G), and Poisson’s ratio (ν) is 30. In the standard MD
methodology, each MD model is strained uniaxially and in
shear in the three Cartesian axes and planes, respectively. In
this work, the old in-house R tool used to analyze the stress−
strain curves was replaced with a new in-house Python tool
using the “piecewise-regression” Python package.83 Example

Figure 5. Representative MD models of PLA/iron (left) and PETG/
glass (right) nanocomposites. The top view shows the outside of the
MD model, while the bottom view shows a slice through the center of
the composites.

Table 1. PLA/PETG−Glass/Iron MD Nanocomposite
Loading in Mass and Volume Percent

polymer filler volume, % mass, %

PLA iron 16.66 ± 0.04 55.04 ± 0.02
PLA glass 21.72 ± 0.29 27.95 ± 0.02
PETG iron 16.47 ± 0.06 56.55 ± 0.00
PETG glass 21.66 ± 0.43 29.17 ± 0.00
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plots for elastic modulus, Poisson’s ratio, and shear modulus
can be seen in the Supporting Information as Figures S3−S5,
respectively.
Micromechanics. NASMAT68,69 can predict mechanical

properties of PLA/PETG−glass/iron composites across a
range of vol % glass/iron by using only the neat and highly
loaded MD predictions as input; this approach has been used
successfully in the past.55,59 In NASMAT, the generalized
method of cells was used to calculate the homogenized
mechanical properties of a 2 × 2 × 2 three-dimensional triply
periodic repeating unit cell containing the properties of both
neat and nanocomposite MD systems. The mechanical
properties of the neat PLA/PETG MD systems were assigned
to seven of the eight cells, while the nanocomposite properties
were assigned to the eighth cubic cell. Due to periodicity, this
setup simulates NPs of PLA/PETG−glass/iron embedded in
neat PLA/PETG. In the NASMAT input decks, the elastic
modulus and Poisson’s ratio of neat and nanocomposite were
drawn randomly from a normal distribution of the averaged
neat and nanocomposite MD properties. Mechanical isotropy
of both neat and nanocomposite was enforced via G E

2(1 )
= + .

The neat polymer can reasonably be assumed to be isotropic.
The nanocomposites represent glass/iron NPs spread through-
out polymer matrix; this type of material is often isotropic;
thus, isotropy of the nanocomposites is enforced here. Due to
the random drawing of elastic moduli, each volume percent of
glass/iron was run 500 times, and the results were averaged.

■ EXPERIMENTAL METHODS
PLA was sourced from MatterHackers (Translucent Clear
ProSeries) as a filament with a diameter of 1.75 mm and a
density of 1.25 g cm−3. PETG was sourced from MatterHack-
ers (ProSeries) as a filament with a diameter of 1.75 mm and a
density of 1.335 g cm−3. The filament was then pelletized for
extrusion. CIP (CM GRADE) from BASF had a density of 7.9
g cm−3 and an average particle size of 10 μm. Hollow G-800
Ceramic Microspheres (MS) were purchased from Zeeo-
spheres Ceramic, LLC, and had a density of 2.2 g cm−3 and an
average particle size of 14 μm.

Extrusion was performed by using a Thermo Fisher Process
11 twin-screw extruder. A calibration curve was made by
collecting three samples from both the additive and polymer
feeders for one min each to determine linearity. We point out
the reason behind the 3.94 and 7.77 vol % of the MS/CIP
loadings in PLA and PETG. The initial target blending ratios
for polymer and fillers were 2.5 and 5.0% by volume. When
initial batching was performed using PLA and MS, the true
density of the MS as reported in the product literature (ρ =
2.2 g cm−3) was used for calculations. However, the reported
true density of MS did not take into account the hollowness.
As such, the hollow MS actually took up a larger bulk volume
of the polymer blend than originally intended. The bulk
density of the MS was experimentally determined to be 1.375 g
cm−3. Subsequently, the volume percentages of fillers were
recalculated to be 3.94 and 7.77%. These new volume
percentages were then held constant for all other blends. In
terms of mass, the loadings are for PLA/MS, 4.35 and 8.54%;
for PLA/CIP, 20.63 and 34.81%; and for PETG/CIP, 20.25
and 34.27%. Using an excel spreadsheet, the polymer and
additive feed rates with the least deviation were selected to
yield the desired composite wt %. Based on the melting point,
the temperature profile chosen for this material was 200 °C for

zones 2−8 and 190 °C for the die, where zone one is chilled.
This profile was chosen to ensure proper flow and low torque
on the extruder. Once a steady state flow was achieved, dog
bones and disks (2 mm thickness × 25 mm diameter) were
injection molded using a Thermo Scientific HAAKE MiniJet
Pro Injection Molding system at 200 °C and 400 psi. It is
important to note that due to project limitations, there was
only enough MS available to manufacture the PLA/MS
composites.

Density measurements were recorded using a Sartorius
balance and density measuring kit according to ASTM D792.
Tensile testing was performed using an Instron ElectroPuls
E3000 instrument equipped with a 5 kN load cell. Samples
were tested using a constant tensile displacement of 2 mm/min
according to ASTM D-638.

■ RESULTS AND DISCUSSION
Experimental Tensile Testing. The mechanical response

of the PLA/PETG−MS/CIP composites is shown in Figures
6−8, and the elastic/specific-elastic moduli are shown in Table

2. In all of the PLA composites, the overall tensile strain
behavior decreased. The 7.77 vol % CIP PETG−CIP samples
had some observable variance in the strain to break behavior.
The neat PLA samples produced elastic modulus values of 2.65
± 0.04 GPa. The addition of the MS produced modulus values
of 2.67 ± 0.10 and 2.81 ± 0.04 GPa for 3.94 vol % (0.59%
increase) and 7.77 vol % (6.08% increase), respectively. The
PLA−CIP composites showed larger average elastic moduli
but also had more variance in performance. The 3.94 vol %
CIP had an elastic modulus value of 2.81 GPa, and the 7.77 vol
% CIP exhibited a value of 3.31 GPa which equates to 6.02 and
24.88% increases compared to the neat PLA. The Young’s
modulus of PETG was calculated to be 2.12 ± 0.08 GPa. With
the addition of CIP into PETG, the Young’s moduli values
increased to 2.45 and 2.69 GPa for 3.94 and 7.7 vol % CIP,
respectively. This corresponded to 15.68 and 27.08% increases
compared to the neat PETG. The specific elastic moduli of the
filled polymers are all roughly equal or smaller than those of
the neat polymer.

Figure 6. Experimental mechanical response of PLA with glass MS.
Four samples were manufactured for each loading (neat, 3.9 vol %, 7.7
vol %).
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Interaction Energy. The interaction energy between the
polymer matrix and reinforcement is one metric for
determining the strength of the interface. If the interface is

strong, then load will be transferred from the matrix to the
reinforcement. Generally, the reinforcement can take a
significantly larger amount of load than that of the matrix. If
loading is transferred from the matrix to reinforcement, the
overall composites can survive in more stressful conditions. In
this study, we used glass and iron NPs of different sizes, and
therefore the interaction energies of the nanocomposites
cannot be compared directly. By normalizing the interaction
energies by the number of atoms in each reinforcement, we can
compare the PLA/PETG nanocomposites.

Table 3 shows the interaction energies of the PLA/PETG
glass/iron nanocomposites divided by the number of atoms in

the NP. With interaction energies, the more negative the value,
the more strongly attracted together the matrix and reinforce-
ment are. The polymer matrices are both more strongly
attracted to iron than the glass. It is possible to break down the
interaction energy of the overall polymer into the interaction
energy of each atom type with the NP. Upon examination of
the average interaction energy breakdown (on a per-filler-atom
basis) for each PLA/glass and PLA/iron (Figure S6), the PLA
oxygen atoms have a positive interaction energy (repulsion)
with the glass NP, while they have a negative interaction
energy (attraction) with the iron NP. The oxygen atoms of
both PLA and glass have a negative charge, thus repulsion is to
be expected. The PETG/glass behaves similarly, with the
polymer oxygen atoms having a repulsive energy with the glass
while they have an attractive energy with the iron. We believe
that if the iron NP had an oxide surface, then the attraction of
the polymer to the iron NP would be of a similar strength as
the glass NP. The glass and iron NPs are slightly more
attracted to PLA than PETG. Both PLA and PETG are
attracted to the glass NP, largely due to the alcohol group’s
hydrogen atoms. However, the molecular structure of PLA has
two alcohol groups, while PETG has only one (see Figures 1
and 2). Thus, PLA is more attracted to the glass NP than
PETG due to the extra alcohol group. PLA has a greater
attraction to the iron NP than PETG because the oxygen and
carbon atoms in PLA’s alcohol and ketone groups and carbon
backbone simply interact significantly more strongly with the
iron NP than these groups do in PETG (see Figure S6).
Mechanical Properties. Molecular Dynamics. The elastic

moduli and densities of the neat PLA/PETG and glass/iron
nanocomposites are shown in Table 4. Table 5 shows the
average mechanical property predictions normalized by the
neat PLA/PETG values to more easily show the relative
increase/decrease in elastic moduli and density. Elastic
modulus (E) increased significantly from neat for PLA/glass,
PLA/iron, and PETG/iron. The glass NP did not reinforce the
PETG matrix as much as it reinforced the PLA matrix; the
degree of reinforcement is less than 20% across the elastic
modulus, bulk modulus (K), and shear modulus (G). Poisson’s
ratio (ν) does not change significantly for the PLA/PETG−

Figure 7. Experimental mechanical response of PLA with CIP. Four
samples were manufactured for each loading (neat, 3.9 vol %, 7.7 vol
%).

Figure 8. Experimental mechanical response of PETG with CIP. The
number of manufactured samples per loading is as follows: four
samples of neat PETG, five samples of PETG at 3.94 vol %, and three
samples of PETG at 7.77 vol %.

Table 2. Elastic Modulus (E) and Specific Elastic Modulus
(E/ρ) of the Experimental PLA/PETG−MS/CIP
Composites

polymer filler vol % E (GPa) E/ρ (GPa/g cm−3)

PLA 2.65 ± 0.04 2.13 ± 0.03
PLA MS 3.94 2.67 ± 0.10 2.11 ± 0.08
PLA MS 7.77 2.81 ± 0.04 2.17 ± 0.03
PLA CIP 3.94 2.81 ± 0.13 1.82 ± 0.08
PLA CIP 7.77 3.31 ± 0.05 1.75 ± 0.03
PETG 2.12 ± 0.08 1.59 ± 0.06
PETG CIP 3.94 2.45 ± 0.02 1.58 ± 0.01
PETG CIP 7.77 2.69 ± 0.04 1.48 ± 0.02

Table 3. Interaction Energies on a Per-atom-reinforcement
Basis of the PLA−Glass/Iron and PETG−Glass/Iron
Nanocomposites in kcal/mol

polymer filler interaction energy

PLA iron −2.20 ± 0.02
PLA glass −0.63 ± 0.03
PETG iron −2.00 ± 0.02
PETG glass −0.50 ± 0.02
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glass nanocomposites but does for the PLA/PETG−iron
nanocomposites. The PLA/PETG−iron nanocomposites have
a greater interaction energy than the PLA/PETG−glass
nanocomposites; also, it is possible that the stronger interface
causes the polymers to shrink less in the transverse direction
when stretched in the axial direction. Moreover, the relative
rigidity of the iron versus the glass might also be affecting the
Poisson’s ratio. For both PLA and PETG, the iron NP provides
a greater degree of reinforcement than the glass NP because
iron has greater elastic moduli than glass. The degree of
reinforcement of both glass and iron is greater for PLA than
PETG. Computationally, this could be due to the slightly
greater attraction between the glass/iron NP and the PLA
matrix. In the experimental samples, the iron reinforcement
provides greater reinforcement for PETG than PLA. It is
known that CIP has a metal oxide layer as well as a SiO2 layer
for enhanced magnetization.84 It is possible that in the
experimental samples, the metal oxide and SiO2 layers interact
more strongly with the PETG than the PLA.

A significant advantage of polymer composites is their
general potential for excellent mechanical properties while
being lighter than metal alloys. One area where polymer
composites have been used to great success is the aerospace
industry.85 By replacing metal alloys with lighter-weight yet
strong and stiff polymer composites, aerospace companies have
enabled greater fuel efficiency in their aircraft. Thus, with a
high density filler such as iron, it is important to evaluate the
specific elastic moduli (elastic moduli divided by the density).
Table 6 shows that the specific elastic moduli of the glass
nanocomposites are greater than those of the iron nano-
composites. The PLA/glass and PLA/iron nanocomposites
exhibit a 44 and 9% improvement in specific elastic modulus,
respectively. However, the PETG/glass nanocomposite ex-
hibits a 2.5% improvement in specific elastic modulus, while
the PETG/iron exhibits a 9% decrease. Therefore, if density is
a concern, we do not recommend using PETG reinforced with
iron NPs. If density is not a concern, then Table 4 shows
significant increases in the elastic moduli with the iron-
reinforced composites. The MD-specific moduli trends

contrast with the experimental results. The experimental
samples are loaded significantly less than the MD models,
and it is probable that, with these glass and iron fillers,
significant improvement in specific elastic moduli will only
occur at relatively high loadings.

PLA has been researched using MD simulations several
times.86−93 Studies range from predicting the shape-memory
behavior of PLA86,91,92 to investigating how chain scission and
solvation affect the biodegradation of PLA90 to creating coarse-
grained force fields for PLA88,89 to exploring the interface of
PLA with attapulgite87 to predicting the thermo-mechanical
properties of PLA.93 Three of these computational studies
reported mechanical properties.89,90,93 Two of them89,90 only
reported elastic modulus, while the third93 reported elastic
modulus, Poisson’s ratio, and shear modulus. The coarse-
grained elastic modulus predictions of Glagolev and
Vasilevskaya89 are reported in hundreds of MPa, which is
significantly lower than experiment; the reported density is also
significantly lower than experiment, which can significantly
affect thermo-mechanical properties. Alex et al.90 reported an
elastic modulus of 4 GPa but did not compare it to experiment.
They conducted nanoDMA analysis of neat PLA and found
that the storage modulus varied from 1 to 3 GPa. In some
cases, it is reasonable to assume that the storage modulus is
approximately equal to the elastic modulus. However, their
MD elastic modulus prediction does not compare well with
their experimental data.90 Alex et al.90 used a PLA-specific
force field called PLAFF394 that was, to our knowledge, never
validated for mechanical property predictions, thus explaining
this discrepancy. The third study by Xiang et al.93 predicted
elastic modulus, Poisson’s ratio, and shear modulus of neat
PLA using the COMPASS force field95 which has been
validated numerous times for polymers.96 Our neat PLA elastic
modulus (2.42 ± 0.32 GPa) compares fairly well with their
value of 1.83 GPa. Additionally, our neat PLA shear modulus
(0.89 ± 0.15 GPa) compares well with their value of 0.82 GPa.
Although our neat PLA Poisson’s ratio (0.35 ± 0.06) does not
compare well with their predicted value of 0.12,93 it shows

Table 4. Mechanical Property Predictions of MD Systemsa

polymer filler (vol %) ρ (g cm−3) K (GPa) E (GPa) ν G (GPa)

PLA 1.246 ± 0.010 4.17 ± 0.30 2.42 ± 0.32 0.35 ± 0.06 0.89 ± 0.15
glass (22) 1.522 ± 0.003 7.38 ± 0.28 4.26 ± 0.64 0.34 ± 0.07 1.44 ± 0.26
iron (17) 2.442 ± 0.007 9.04 ± 0.37 5.17 ± 1.04 0.33 ± 0.08 1.72 ± 0.37

PETG 1.239 ± 0.001 6.11 ± 0.15 1.98 ± 0.28 0.41 ± 0.06 0.66 ± 0.12
glass (22) 1.441 ± 0.005 6.46 ± 0.26 2.37 ± 0.43 0.41 ± 0.10 0.76 ± 0.17
iron (16) 2.351 ± 0.006 8.07 ± 0.34 3.42 ± 0.65 0.36 ± 0.09 0.90 ± 0.20

aDensity is ρ, bulk modulus is K, elastic modulus is E, Poisson’s ratio is ν, and shear modulus is G.

Table 5. Normalized Average Mechanical Property
Predictions of MD Systemsa

polymer filler ρN KN EN νN GN

PLA 1.00 1.00 1.00 1.00 1.00
glass 1.22 1.77 1.76 0.97 1.61
iron 1.96 2.17 2.13 0.93 1.93

PETG 1.00 1.00 1.00 1.00 1.00
glass 1.16 1.06 1.20 1.00 1.16
iron 1.90 1.32 1.73 0.88 1.38

aDensity is ρN, bulk modulus is KN, elastic modulus is EN, Poisson’s
ratio is νN, and shear modulus is GN.

Table 6. Computed Specific Moduli and Specific Poisson’s
Ratio Obtained by Dividing with the Corresponding
Density of MD Systemsa

polymer filler K/ρ E/ρ ν/ρ G/ρ
PLA 3.35 1.94 0.28 0.72

glass 4.85 2.80 0.22 0.94
iron 3.70 2.12 0.13 0.70

PETG 4.94 1.60 0.33 0.53
glass 4.48 1.64 0.28 0.53
iron 3.43 1.45 0.15 0.38

aSpecific moduli are in units of GPa/g cm−3, and specific Poisson’s
ratio is in units of 1/g cm−3.
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excellent agreement with the experimental Poisson’s ratio,
which is close to 0.33.97 We were not able to find any MD
simulation studies of PETG in the open literature.
Micromechanics. In this study, our goal was to understand

how the mechanical properties of PLA/PETG−glass/iron
composites change as the volume percent (vol %) of glass/iron
increases from 0 to 20 vol %. MD models with a relatively high
loading of glass and iron at 20 vol % in PLA and PETG were
created. The vol % was initially 20 vol % but drifted later on in
the creation process with a minimum of 16 vol % and a
maximum of 22 vol %. MD models with differing vol % filler
cannot be directly compared as differences in properties are
likely due to the difference in loading. However, it is possible
to use a micromechanics approach to predict mechanical
properties over a range of loadings using the neat and glass/
iron-filled MD predictions as input.55,59 This enables a

comparison of mechanical properties of previously uncompar-
able MD models. Additionally, it is no longer required to
create multiple MD models per vol % per polymer/filler
combination to determine the effect of loading on mechanical
properties with this micromechanical dilution scheme. This
vastly reduces the time, effort, and computational resources
required for such a study. Due to the drift from 20 vol %, the
range of study shifted to 0−15 vol % as shown in Figures 9, 10,
and S7−S14.

Figure 9 shows the predicted elastic modulus of the PLA−
glass/iron and PETG−glass/iron nanocomposites as a function
of volume percent glass/iron. PLA is a slightly stiffer polymer
than PETG, and thus the PLA−glass/iron predictions start
slightly higher. However, the reinforcing effect of the glass/iron
NPs is significantly greater for PLA than PETG. For both PLA
and PETG, the iron nanocomposites exhibit a higher elastic

Figure 9. Elastic modulus NASMAT predictions for PLA−glass/iron (a) and PETG−glass/iron (b) nanocomposites. Please note that the 3.94 vol
% PLA−iron experimental data point was shifted to the right by 0.35 vol % for clarity. The shaded area (dark tan) between the iron (tan color) and
glass (blue color) shows the overlap between the two data sets. The elastic modulus values at 0 vol % are MD predictions. Please see Tables S2−S5
for the NASMAT and MD predictions side-by-side.

Figure 10. Specific elastic modulus NASMAT predictions for PLA−glass/iron (a) and PETG−glass/iron (b) nanocomposites. The shaded area
(dark tan) between the iron (tan color) and glass (blue color) shows the overlap between the two data sets. The elastic modulus values at 0 vol %
are MD predictions. Please see Tables S2−S5 for the NASMAT and MD predictions side-by-side.
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modulus than the glass nanocomposites at all loadings, which
is expected because iron is significantly stiffer than glass. The
PLA predictions steadily increase with increasing vol % glass/
iron. PETG/iron behaves similarly, albeit with a much smaller
increase, but PETG/glass increases slowly with increasing vol
% glass and ends up about 14.5% higher than neat PETG.
However, the increase in elastic modulus from neat PETG to
15 vol % glass is small, 0.29 GPa, which gives the appearance
that the PETG/glass curve in Figure 9 is flat. Experimental
data are included in Figure 9 for validation of the modeling.
The predictions match the experimental data well, with all
experimental data points being encompassed by the
predictions’ standard deviation, which limits the extents of
the blue and tan-shaded regions. The PLA/iron experimental
data matches best, followed by PLA/glass and PETG/iron.

Figure 10 shows the predicted specific elastic modulus of the
PLA−glass/iron and PETG−glass/iron nanocomposites as a
function of volume percent glass/iron. Figure 10 shows that
the specific modulus of PLA/glass steadily increases, while
PLA/iron decreases from 0 to 5 vol % and then slowly
increases to slightly above the starting value by 15 vol %. The
PETG/glass predictions remain nearly constant with increasing
vol % glass/iron, while the PETG/iron predictions steadily
decrease. The experimental data correlates well with the
predictions, with the PLA/glass data matching best, followed
by PETG/iron and PLA/iron.

It is important to note that there are several factors that
differ between simulation and experiment, such as strain rate,
crystallinity, and molecular weight, that should result in a
poorer comparison. All polymers exhibit a phenomenon called
the strain rate effect, in which the faster a polymer experiences
deformation, the stiffer and stronger the polymer will be. In
predicting the elastic moduli, the polymer MD models had to
be strained significantly faster (due to computational rigor)
than the experimental samples, which should result in
significantly higher elastic and shear moduli. In semicrystalline
polymers, there exist two phases: a softer, more pliable
amorphous phase and a stiffer, more brittle crystalline phase.
The experimental PLA composites are semicrystalline, whereas
the MD models are amorphous, which should result in the MD
predictions having lower elastic and shear moduli. The
molecular weight of a polymer signifies how long the polymer’s
chains are on average. A polymer sample with longer chains
than another sample will typically exhibit a larger elastic
modulus because the longer chains are more entangled with
each other and can stretch further before failure. The
molecular weight between MD and experiment is likely
different, but historically, with MD, molecular weight does
not usually affect the comparison of mechanical properties
between simulation and experiment. This is due to the
periodicity of the MD models, which allows the MD models to
behave as bulk systems. In the case of PLA, the strain rate
effect and the lack of crystallinity of the MD models likely
canceled each other out, with the overall effect being
mechanical properties similar to those of the experiment. In
the case of PETG matching so well even with the strain rate
effect, it is possible that the significantly higher strain rate of
the MD simulations does not always result in a clear strain rate
effect. The strain rate effect is not always seen with every
polymer in every MD force field.

Figures S7−S14 show the NASMAT predictions of
Poisson’s ratio and the shear modulus of the PLA−glass/iron
and PETG−glass/iron nanocomposites. We included these

plots in the Supporting Information because we do not have
experimental data for Poisson’s ratio or shear modulus for any
of the studied systems.

■ CONCLUSIONS
The mechanical response of PLA−glass/iron and PETG−
glass/iron nanocomposites at a relatively high loading was
predicted using MD simulations with the reactive IFF. The
NASMAT was used to predict the mechanical response across
the range of 1−15 vol % glass/iron filler by using only the neat
and highly loaded MD predictions as input. This approach
vastly reduces the time, effort, and computational resources
required. Experimental samples incorporating hollow glass MS
and CIP into PLA/PETG were manufactured and tested for
the elastic modulus. Experimentally, the CIP produced a larger
reinforcement in elastic modulus than the MS, with similar
increases in elastic modulus between PLA/CIP and PETG/
CIP at 7.77 vol % CIP. Computationally, we found that the
iron and glass NPs significantly increased the elastic moduli of
the PLA matrix, while the PETG matrix exhibited modest
increases in elastic moduli. This difference in reinforcement
ability may be due to the slightly greater attraction between
glass/iron NP and PLA matrix. The micromechanics-based
mechanical predictions compare excellently with the exper-
imental values, validating the integrated micromechanical/MD
simulation-based approach.
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