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Furan Resin Polymerization and Pyrolysis Evolution
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Glassy carbon (GC) material derived from
pyrolyzed furan resin was modeled by using reactive molecular
dynamics (MD) simulations. The MD polymerization simulation
protocols to cure the furan resin precursor material are validated
via comparison of the predicted density and Young’s modulus with
experimental values. The MD pyrolysis simulations protocols to
pyrolyze the furan resin precursor is validated by comparison of
calculated density, Young’s modulus, carbon content, sp* carbon
content, the in-plane crystallite size, out-of-plane crystallite
stacking height, and interplanar crystallite spacing with exper-
imental results from the literature for furan resin derived GC. The
modeling methodology established in this work can provide a powerful tool for the modeling-driven design of next-generation
carbon—carbon composite precursor chemistries for thermal protection systems and other high-temperature applications.

2300
@ Carbon

® Oxygen
Hydrogen

Simulation Temperature (K)

400
300

y

»
Polymerization Volatilization ~ Pyrolysis

furan resin, glassy carbon, pyrolysis, carbonization, carbon—carbon composites, thermal protective system

dependent elastic properties, and their final microstructure is
an ongoing topic of discussion with no consensus in the
literature."” Furthermore, the nanostructure of GC is not fully
understood or characterized.® To fully optimize the properties

Glassy carbon (GC), also known as vitreous carbon, was
originally synthesized in the 1930s." GC differs from
amorphous carbon or graphite due to its semicrystalline
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atomic structure. The atomic structure gives this material
unique properties such as excellent electrical conductivity,
biocompatibility, chemical inertness, thermal stability, low
mass density, and relatively high Young’s modulus."” Because
of these properties, GC is extensively used in ablatives,
carbon—carbon composites (C/C composites), electrodes,
bone implants, and synthetic zeolites, to name a few
applications.””~” C/C composites are particularly relevant to
the development of the next generation of hypersonic vehicles
that require lightweight and thermally resistant structural
components. However, the process parameters used to
manufacture this material, which play a critical role in the
resulting morphology and the final properties of the material,
have proven difficult to optimize systematically.

GC properties are heavily influenced by the chemistry of the
precursor polymer.’® During the pyrolysis process, at elevated
temperatures and in an inert atmosphere, most of the
heteroatoms are removed in the form of volatiles. The
characteristics of this evolving structure are highly dependent
on the processing conditions and precursor chemistry.” The
development of next-generation GC-based materials, such as
C/C composites, is complicated by several factors. The many
possible combinations of processing conditions and precursor
chemistries mean GC materials have a large design space,
which is difficult to fully explore experimentally due to cost and
time constraints. Additionally, GCs exhibit length-scale-

© 2023 The Authors. Published by
American Chemical Society

WACS Publications

of GC in high-performance structural materials such as C/C
composites, a high-throughput method is needed to discover
effective precursor chemistries and processing conditions that
lead to optimal pyrolysis.

There have been a variety of models proposed for GC’s
atomic structure starting with the graphitizing and non-
graphitizing models suggested by Franklin et al.*” in 1951
which view GC atomic arrangement as basic structural units
that reassemble small units of graphite. Then in 1971 Jenkin et
al."*'” correlated the nongraphitizing model of GC with the
crystalline nature of graphite, specifically the stacking height
(L), and the in-plane crystallite size (L,) associated with
graphitic planes. The most recent model proposed by
Jurkiewicz et al,’ views GC atomic arrangement as curved
carbon layers that resemble imperfect fullerenes.””* There have
been various attempts in the past to characterize GC as well as
to understand the effect of processing parameters on the
resulting structure and properties. There is experimental
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Figure 1. Most common reaction mechanism and corresponding product for PFA polymerization.

Table 1. Commonly Reported PFA Reaction Products and Corresponding Percent Moieties for Each Product Used for MD

Polymerization of PFA

Arrangement Chemical Structure Approximate % moieties
Linear \@/ 60% [29]
79 10% [29]

Ring opening U 5% [33]

a,B-unsaturated RPLN

y-lactons ﬁ 10% [29]
N NA

Conjugated \@/ 17% [33]
SNeNA

Diels-Alder g

Diels-Alder + 0% 129

Ring opening 20% [29]

evidence that higher processing temperatures during pyrolysis
lead to higher carbon content, higher sp2 carbon content, and
more crystalline morphologies. However, this increase does not
always correspond to higher Young’s modulus of the mesoscale
material.">'"'* Both the experimental characterization and
proposed models have yet to provide a comprehensive
understanding of GC and how to tailor GC properties for
specific uses. Moreover, there is a lack of understanding of how
different processing conditions of GC and the resulting
properties can affect the mesoscale C/C composite properties.

Integrated computational materials engineering (ICME) has
recently been applied to polymer matrix composites (PMCs)
to tailor the cure cycles of the composite for different
applications.”>™*' The ICME approach uses properties
computed from nanoscale molecular dynamics (MD) simu-
lations in which properties are determined as a function of
cure. The nanoscale properties, provided by MD for ICME and
PMC optimization are the degree of cure, density, shrinkage,
elastic properties, and thermal properties. It is of interest to
extend the ICME approach to C/C composite manufacturing
to tune the processing conditions that affect the final C/C
composite performance. The first step toward extending the
ICME approach to C/C composites is the development of
experimentally validated MD models of GC.

2556

There have been a variety of attempts to use MD to model
carbonization and graphitization processes such as Jian et al.”*
who used a representative proxy precursor method to
understand what reaction mechanisms may occur for carbon
fiber synthesis. Zhang et al.** also used a representative proxy
precursor to understand the thermal conductivity changes
during different pyrolysis states. However, the proxy precursor
method does not allow for a complete understanding of
shrinkage that occurs as the polymer evolves into a GC
structure due to the oversimplification of the proxy precursor
chemistry. Nor can the proxy precursor method cannot
quantify the elastic properties before pyrolysis and the initial
stages of pyrolysis. Purse et al.”* modeled phenolic resin
polymerization and pyrolysis with gas removal to find char
yield, Young’s modulus, reaction mechanics, and thermal
conductivity for different pyrolysis temperatures, but the mass
densities of the model lack experimental validation. Gissinger
et al.>® recently found that MD simulations could be used to
predict the char yield of a variety of different precursors via an
implementation of a novel MD in silico volatile removal
algorithm.

To the authors’ knowledge, there has been no MD study of
GC pyrolysis that generates an experimentally validated
structure that can be subsequently used in an ICME process

https://doi.org/10.1021/acsaenm.3c00360
ACS Appl. Eng. Mater. 2023, 1, 2555—-2566
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modeling approach for C/C composites. Furthermore, the
difficulty of experimentally characterizing GC presents a
unique challenge of bridging the MD model to a physical
sample for use in an ICME process modeling approach. ICME
process modeling for PMCs has used the degree of cure
(experimental) and cross-link density (MD) to link the MD
models to the experiment. A linking metric that can relate a
physical sample and the MD model still needs to be discovered
for GC modeling integration into an ICME approach for C/C
composites. The objective of this research is to establish
experimentally validated reactive MD simulation protocols for
the efficient and accurate prediction of the evolving physical
and mechanical properties of the GC materials. The simulation
protocols can be used to facilitate model-driven development
of the future generation of C/C composites for hypersonic
structural applications once integrated into an ICME process
modeling approach. The developed MD protocols are applied
to model the structural evolution of furan resin during the
polymerization and pyrolysis processes. The experimental
component of this work was undertaken to provide mass
density and Young’s modulus data to validate the MD
polymerization models.

Furan resin is a thermoset polymer produced from the
polymerization of furfuryl alcohol (FA) in the presence of heat
and a catalyst. FA is derived from waste vegetable biomass,
making FA, and consequently furan resin, or poly furfuryl
alcohol (PFA), a renewable and environmentally friendly
material.>*® PFA has found uses in the production of GC,
adhesives, binders for foundry molds, corrosion protection, C/
C composites, and fully biobased composites.”*** Despite the
wide range of applications of PFA, its fundamental polymer-
ization chemistry is complex and is not fully understood by the
scientific community. Processing conditions, such as the heat
and catalysts used, as well as processing times and storage
methods of the FA monomer, all effect the final polymerized
structure.”***~*! Due to the sensitivity of PFA polymerization
to processing conditions, there are many reaction mechanisms
and corresponding products that may or may not contribute to
the production of a particular cured sample. FA polymerization
is dominated by the polycondensation reaction shown in
Figure 1.

Several other products are thought to contribute to the fully
polymerized structure and are shown in Table 1.%°%***3 The
prevalence of each reaction product is reported in the last
column. Other potential mechanisms and products have been
postulated in the literature but are not incorporated in the
current MD simulations.”****°

During experimental pyrolysis, volatiles are released and
pores form in the GC material, reducing the mass density of
the product. Polymer-infiltration-pyrolysis (PIP) cycles can be
used to densify the GC material and reduce open porosity. PIP
cycles can be repeated any number of times until the desired
mass density is achieved. Bulk mass densities of GC range
between 1.5 and 1.9 g/cm®” Typical pyrolysis temperatures
range between 1000 and 1500 K, which produces GC-material
consisting mainly of carbonaceous material with a crystalline
nature dependent on the precursor chemistry.”*® Various
metrics have been used to characterize GC, which are
summarized in Table 2 and will be referred to as GC
characteristics throughout the rest of the discussions.

Char Yield (C,) is the measure of mass retention during
pyrolysis and can be calculated as a ratio of the mass of the
evolved char to the mass of the initial polymer system:
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Table 2. PFA-Derived GC Characteristics of Interest with
Corresponding Temperature Range

Experimental
Metric T (K) value
Char yield (%) 1000 50—60°
Interplanar crystallite spacing dgg, (&) 1100—1500 3.7-3.8'012
In-plane crystallite size L, (A) 1100—1500 15-18"
Out-of-plane crystallite stacking height L, ~ 1100—1500 10"
&)
Carbon content (%) 1000—1700 94-98”
sp> carbon content (%) 1000—1700 95-98°
C = mass y,,
y =
masspolymer (1)

The interplanar spacing (d,,), the stacking height (L), and
the crystallite width (L,) of graphitic planes can be
experimentally determined by X-ray diffraction (XRD) and
give insight into the morphology and crystallinity of the GC
material. dy, is computed using Bragg’s law and the associated
(002) reflection angle

A

~ 2sin(6) @)
where A is the characteristic Cu—Ka radiation wavelength of
1.54 A" L, and L. are computed by using the Scherrer
equation:

K4

L=——-—
Pcos(0) 3)
L, is computed from the diffraction peaks associated with the
(100) planes and L, is computed from the diffraction peaks
associated with the (002) planes. § is the full width at half-
maximum of the peak used to compute L, and L..'>*

All MD results presented here were obtained with the LAMMPS
(Large-Scale Atomic/Molecular Massively Parallel Simulator) 2020
software package®® and used the ReaxFF force field to model
interatomic interactions as implemented in LAMMPS via the “pair
reaxff’ command. The “fix geq/reax” command was used to enable
atomic charges to vary during the simulation in response to bonding
changes using a charge equilibration algorithm.>”*’ All MD
simulations were performed with a 0.1 fs time step, and charges
were equilibrated every time step using a low taper radius cutoff of 0
A, a high taper radius cutoff of 10 A, and a charge tolerance of 1.0e7S.
The entire MD study was performed in two main stages:
polymerization and pyrolysis, which are detailed in sections 2.2 and
2.3, respectively.

The bonding evolution of all MD models was tracked via the bond
order output provided by the “fix reaxff/bonds” command in
LAMMPS. All bonding analyses performed used this bond order
information in combination with the standard LAMMPS datafile to
interpret bonding. All bonding analyses had bond orders sampled for
0.1 ps in 0.01 ps intervals in the corresponding ensembles,
temperatures, and pressures at various stages of modeling. The
bond orders were averaged together and a minimum bond order
cutoft of 0.3 was used to decide if the bond is strong enough to be
considered as a bond. A secondary criterion was also enforced that the
number of bonded neighbors per element could not exceed the
valence number of the element (for example the valence number of
carbon is 4, so a maximum number of bonded neighbors for all carbon
atoms of 4 was enforced). If an atom of a specific element had more
bonded neighbors than the valence number, the weakest bonds were
rejected.

https://doi.org/10.1021/acsaenm.3c00360
ACS Appl. Eng. Mater. 2023, 1, 2555—-2566
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Figure 2. MD model building workflow used to polymerize PFA in ReaxFF.

Table 3. PFA starting Molecules with Open Valence Atoms Are Colored Red and the Mix Counts for Each Molecule

Arrangement Chemical Structure Mix count
Conjugated + o NN\ A © cH 2
Linear \ / _ \ /
o (¢} o

Ring opening + " CHe 2
Linear \
Conjugated 5

H,C
Diels-Alder +
Linear 4

PFA was synthesized by polymerization of FA. An aqueous p-
toluenesulfonic acid catalyst solution was obtained by adding 1.0 g of
p-toluenesulfonic acid to 14.5 mL of water at 298 K. The acid catalyst
solution was mixed gently with a glass stir rod for 1 min. The acid
catalyst solution was added dropwise to 300 mL of FA monomer with
constant gentle manual stirring using a glass rod at 298 K. The
mixture was poured into a silicone mold to produce specimens with
dimensions of 3 mm thickness, 25 mm width, and 178 mm length.
The mold was placed into an oven, and the mixture was cured at 313
K under atmospheric pressure for 96 h. The oven temperature was
then raised to 373 K and held for 1 h and then raised again to 443 K

2558

and held for 1 h. Afterward, the oven was turned off and the mixture
was allowed to cool to 298 K overnight.

The polymerization of PFA was performed using the CHON-
17_Weak parameter set due to its demonstrated ability to accurately
predict mass density and elastic properties.*"** Five statistically
different, relatively small models (referred to as “replicates” hereafter)
of 4860 atoms were built, as well as a single larger system of 32,400
atoms. An open valence approach was used to enhance the reactivity
and accelerate the polymerization process by placing undercoordi-
nated atoms at certain locations in the reactant molecules. The
relative amount of each precursor molecule was chosen to match the
percentages found in experimental work by Tondi et al*’ and

https://doi.org/10.1021/acsaenm.3c00360
ACS Appl. Eng. Mater. 2023, 1, 2555—-2566
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Figure 3. MD model pyrolysis parametric study used to find the MD simulation settings that could best predict the experimental GC
characteristics. The parameters labeled in blue vary at each step of the parameter optimization, while the parameters labeled in black are fixed.

Shibutani et al,*® summarized in Table 1. The polymerization
workflow is shown in Figure 2 (molecules visualized in OVTIO™).

The initial molecules were built and minimized in ChemDraw 3D
and then converted to a LAMMPS datafile with the atomic partial
charges set to zero. The starting molecules were mixed in specific
molar ratios (Figure 2) at a low density of 0.35 g/cm® and heated
from 1 to 300 at 10 K/ps to allow the molecules to adjust to the
ReaxFF potential and to allow the charges to be equilibrated in the
canonical ensemble (NVT). Subsequent 300 K NVT simulations were
initialized with random velocity seeds for each of the five replicates
and the large system to produce statistically independent models. The
mixed molecules were then replicated, and the simulation cell
dimensions were uniformly reduced at 300 K in the NVT ensemble
until the mass density reached 1.13 g/cm’, the experimental density of
uncured FA.** The densified system was subjected to five sequential
heating-holding-cooling-equilibration cycles to polymerize the system.
The heating and cooling stage temperatures were ramped at 10 K/ps,
and the equilibration stage was performed at 300 K and 1 atm in the
constant pressure, constant temperate ensemble (NPT) for 10 ps.
The holding stage was performed for 75 ps at 400 K in NVT, which is
the reported processing temperature for PFA.** Finally, the
polymerized models were simulated at 300 K and 1 atm for 500 ps
in the NPT ensemble to allow the final polymerized structure to fully
equilibrate. The starting furan molecules, mixing count, and
associated open valence locations are listed in Table 3.

The starting molecules were carefully constructed to help
incorporate the features observed by Tondi et al.”® and Shibutani et
al.*® Tondi et al. determined that 20% of their cured samples were
formed via a Diels—Alder ring-opening reaction, while Shibutani et al.
found that approximately 17% of their cured samples had conjugated
furan rings. To incorporate the observations of Shibutani et al. into
the current work, the Diels—Alder bonding configuration with a
closed ring (Table 1) was used, since this Diels—Alder reaction
involves a conjugated furan ring. The mixing ratio of each molecule
was established by attempting to match the moiety percent of the
starting molecules to those shown in Table 1. The resulting percent
moiety breakdown of the starting molecules used in the simulations is
58.54% linear, 19.51% Diels—Alder, 4.89% ring-opening, and 17.06%
conjugated. Two metrics were used to track and quantify the cure
evolution of the system. The first metric was the largest cluster mass
ratio, which is the mass of the largest cluster of bonded atoms divided

2559

by the entire system mass. The second metric was the extent of the
reaction for polycondensation reactions:*®

_N-N

N, (4)

where p is the extent of reaction (conversion), Nj, is the initial number
of molecules before polymerization, and N is the number of reacted
molecules at any point throughout the polymerization process. For
this study, the largest cluster percent mass and extent of reaction data
were computed at the end of each equilibration stage in the
polymerization cycle of Figure 2 (every 105 ps due to the heating-
holding-cooling-equilibration simulation time of each cycle).

Once the largest cluster mass ratio and extent of reaction converged
with respect to the simulation run time, the mass density and Young’s
modulus for each replicate were computed for model validation. The
mass density was computed by averaging the last 250 ps of LAMMPS
density data from the equilibration stage (Figure S1). The Young’s
modulus was determined by applying uniaxial strain to each
equilibrated model in the 3 principal directions at a strain rate of
10 ns™". The uniaxial strain simulation occurred at 300 K and 1 atm
using the NPT ensemble, which employed both the Nosé—Hoover
barostat and thermostat and allowed Poisson’s contraction to occur in
the transverse directions. The normal stress in the simulation was
computed using the LAMMPS “compute pressure” command, which
provides a symmetric pressure tensor. The Young’s modulus was
computed by fitting linear regression lines to the initial linear region
of the stress—strain response and is shown in Figure S1.*

The simulated pyrolysis of the polymerized and equilibrated PFA
models was performed using the CHON19 parameter set due to its
demonstrated ability to accurately model char formation in hydro-
carbon materials.** The CHON19 carbon parametrization used
existing carbon parameters from the Srinivasan parameter set™
developed for graphene/fullerene materials, which should allow it to
work well for predicting the mechanical properties of partially
graphitic materials."® To simulate the off-gassing of volatile species
during the pyrolysis process, the “fix reaogf;f/species delete” command in
LAMMPS, developed by Gissinger et al,” was used to identify (based
on bond-order averaging) and remove the small molecules in the
system. The bond orders in the system were sampled every time step
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and averaged over 0.01 ps to find the mass of volatile molecules, and a
mass limit of 50 amu was used remove common furan pyrolysis
volatiles such as H,0, CH,, CO, CO,, and H,.° For each time step in
which volatiles were removed from the system, all molecules under 50
amu were removed with no rate of removal defined.

To accurately develop MD models of GC to be used in an ICME
process modeling approach, the MD-predicted properties must match
experimental properties. In this work, the MD predicted Young’s
modulus of the GC material have been compared to that of ultrathin
carbon materials because sample size and Young’s modulus are known
to be inversely correlated in GC,”>*° likely due to the presence of
larger pores or defects in larger samples. The MD-predicted density is
compared to the experimental skeletal density of pyrolyzed PFA.
Experimental skeletal density removes the contribution of open pore
volume, as determined by standard helium pycnometer methods, from
the calculation. The skeletal density yields a density value more
reflective of the nanoscale structure of the MD GC material."”
Therefore, both the MD-predicted density and Young’s modulus are
compared to the experimental values taken from the literature at the
nanometer length scales.'”*° The linear shrinkage at the nanometer
length scale is also computed to compare to the approximate
mesoscale shrinkage that GC-derived PFA undergoes.

The optimal MD pyrolysis settings will be determined by
comparing the models to the experimental GC characteristics listed
in Table 2. Once the optimal MD simulation settings are found via a
parametric study, they will be used to pyrolyze all models. To reduce
the computational cost, the parametric study was performed on a
smaller polymer model (4860 atoms). The pyrolysis of a large system
and its comparison to a smaller system are of interest because, if there
is minor difference in the results, then it would be more economical to
use smaller systems for future studies (a detailed discussion of the
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MD simulation size can be found in the Supporting Information). The
MD pyrolysis parametric study is summarized in Figure 3. Typical
experimental pyrolysis temperatures range between 1000 and 1500
K. Experimental pyrolysis also occurs within hours to days of
processing, whereas MD is limited to nanoseconds. To allow the
evolution of the structure to change from polymer to GC within the
nanosecond time scale accessible in MD, higher temperatures and
pressures are required. The higher temperatures in MD accelerate the
chemical reactions, whereas the higher pressures allow the simulation
density to more quickly converge to a final value.

The sp', sp? and sp® carbon content, the S-membered, 6-
membered, and 7-membered all-carbon rings, and the hydrogen and
oxygen content (referred to as “chemical characteristics” from here
and onward) were tracked during pyrolysis simulations. The chemical
characteristics were analyzed every 10 ps and were expected to
converge with respect to the simulation time to demonstrate that
most of the reactions have occurred. The fully polymerized systems
were heated at 10 K/ps in the NVT ensemble up to the pyrolysis
temperature. Once at the pyrolysis temperature, the temperature and
pressure were held constant using the Nosé—Hoover thermostat and
barostat for 2000 ps before cooling to 300 K in NVT at a cooling rate
of 10 K/ps. This was followed by a 300 K, 1 atm NPT simulation for
500 ps to equilibrate the models. Before equilibration of the models,
each model was checked for any small volatiles that may have formed
and were removed if present. No volatiles were observed to form after
equilibration. The MD-predicted GC-material density and Young’s
modulus were computed in the same manner that the MD
polymerized properties were computed (visualized in Figure S1).
The crystallite dimensions and sizes were computed using XRD
spectra provided by the LAMMPS “compute xrd” command.”’ The
Scherrer constant K value of 0.9 adopted by Burket et al.'” for
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calculating both L, and L. for PFA derived GC was used to compute
the values for the MD models. The background was removed from
the LAMMPS computed XRD spectra, and Gaussian curves were fit
to the 002, 100, and 112 peaks. The max 8 and f# were computed from
the 002 and 100 peaks to determine dy,, L,, and L. for the pyrolyzed
MD models (Figure S8).

The specimen densities were measured using the water
buoyancy method according to the ASTM D792 density
standard. The density was calculated to be 1.253 + 0.002 g/
cm®. Specimens were then evaluated for elastic properties at
296 K according to ASTM D638 tensile standard using the
ASTM Type I sample geometry: 65 mm long X 3.2 mm thick.
The cured specimens were machined into dog-bone-shaped
samples with a width of 12.6 mm by using a Ceast table router.
Samples were tested at a crosshead rate of 1 mm/min using an
Instron 4206 screw-driven mechanical testing machine. Strain
values were measured with a 50.8 mm Epsilon axial
extensometer. Young’s modulus was determined from the
initial slope of the stress—strain curve. Six tensile tests were
performed, and the Young’s modulus was found to be 3.059 =+
0.163 GPa.

The largest cluster mass ratio and the extent of reaction for all
models converged after S polymerization cycles (515 ps) and
are shown in Figure 4a. The data indicate that further
simulation time would not lead to any further reactions, thus
marking the end point for the polymerization stage. The
average largest cluster mass ratio percent reached 79.3%, and
the average extent of reaction reached 86.0%. The largest
cluster contains most of the atoms and fills most of the
simulation cell as shown in Figure 4c. The second largest
cluster shown in Figure 4d is much smaller than the first largest
cluster. After the polymerization was complete, the average
equilibrated mass density was found to be 1.272 + 0.010 g/
cm®, which agrees well with the experimentally determined
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value (Figure 4b) and the literature value of 1.27 g/ cm®."' The
average MD Young’s modulus was 3.1 + 0.2 GPa, which also
agrees well with the experimentally determined Young’s
modulus (Figure 4b) despite the different strain rates used
in the experiment and MD simulation. The larger strain rates
used in MD means that it is possible that the MD predicted
mechanical properties are higher due to the inability of the
molecular chains to relax during the strain simulations. Li et
al.>* observed that Young’s modulus computed by MD for
amorphous polymers is insensitive to the applied strain rate,
whereas the MD computed yield strength has a larger
dependence on the applied strain rate. The MD data of Patil
et al."* show the same findings for amorphous polymers and
the strain rate sensitivity of predicted mechanical properties. As
the polymer evolved from a liquid to the final polymerized
state the average nanometer length scale linear shrinkage was
found to be 3.72 + 0.25%.

The initial combination of pyrolysis settings in the parametric
study consisted of a volatile deletion interval of 0.1 ps, S0 amu
mass cutoff for volatile removal, 2000 K processing temper-
ature, and a processing pressure of 2 GPa. After 2000 ps of
simulation time, the convergence of the chemical character-
istics indicated that the chemical conversion process was
essentially complete. The convergence of all tracked chemical
characteristics indicated that a simulation time of 2000 ps was
sufficient. An example convergence graph for a smaller model
can be seen in Figure S2a, where all chemical characteristics
converged after 2000 ps of simulation time.

The GC characteristics as a function of temperature were
computed after 2000 ps of simulation time and are seen in
Figure Sa. The simulation temperature of 2300 K best matches
these GC characteristics, whereas lower temperatures result in
lower than desired sp” carbon content and higher temperatures
create lower than desired char yield and higher than desired L,
size. Thus, 2300 K will be used for the remainder of the
simulations. The temperature effects on the crystallite size
found experimentally by Burket et al.'” indicate that higher
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temperatures decrease the dy, spacing, increase the L, in-plane
dimensions, and increase the L, out-of-plane stacking height.
The temperature-crystallite size effect is reflected in the data
presented in Figure Sa, where the increase in the temperature
resulted in smaller d, values and increased L, and L values.
Next, a study of simulation time was performed at 2300 K, 2
GPa, and a volatile removal interval of 0.1 ps to confirm the
GC characteristics have enough time to converge at the new
processing temperature. The evolution of the GC character-
istics during the simulation is shown in Figure Sb. After 1750
ps, there was negligible change in GC characteristics,
concluding that 2000 ps of simulation time is sufficient.
Finally, the effect of simulation pressure was studied after
2000 ps of simulation time, a temperature of 2300 K, and a
volatile removal interval of 0.1 ps. Six pressures ranging from 1
to 6 GPa were simulated, and the resulting predicted GC
characteristics are shown in Figure Sc. The data in the figure
demonstrate that the simulation pressure had a negligible effect
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on the resulting GC characteristics. The simulation pressure of
2, 3, and 4 GPa all have the same char yield value and L, size,
whereas higher pressures like 5 and 6 GPa slightly increase
char yield and increase the L, size. The simulation pressure of
1 GPa slightly decreases the char yield and L, size. To help
decide which pressure should be used, the MD model density
during pyrolysis was computed at 2300 K at the different
pressures by averaging the last SO ps of density data during the
2000 ps pyrolysis and volatile removal simulation (shown in
Figure 5Sd). The pyrolysis pressure influences the pyrolyzed
system density, where an increase in the pyrolysis pressure
increases the system density. Once the pyrolyzed models were
cooled and equilibrated at 300 K and 1 atm, the final
equilibrated density was lower than the density at the elevated
pyrolysis temperature and pressure because of the temperature
and pressure differences at each stage. The pyrolysis pressure
of 2 GPa provided a final room temperature and pressure—
density that matches the experimental skeletal density found by
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Burket et al,'* and thus 2 GPa is the decided pyrolysis
pressure.

The effect of volatile deletion intervals could not be studied
because longer deletion intervals required significantly longer
simulation times to reach converged chemical characteristics
(Figure S2). The value of 0.1 ps was accepted as a reasonable
value that permitted converged results in useful simulation run
times. The parametric study concluded that the optimal
simulation parameters that can predict experimental validated
GC characteristics are 2300 K, 2 GPa, a volatile removal
interval of 0.1 ps, a volatile mass cutoff of 50 amu, and a
maximum simulation time of 2000 ps. These settings
subsequently were used to pyrolyze all other models, the
results of which are described below.

As observed in Figure 6a and c, there were no significant
differences in the computed chemical and GC characteristics
between the five smaller replicates and the large system, as
indicated by the standard deviation of the average of the 6
samples. Individual convergence plots for each smaller model
and the large system can be found in Figure S3. As the
polymerized structure evolved into the pyrolyzed structure, the
system changed significantly in terms of GC characteristics,
especially with an increase in the sp® carbon content and the
production of 5/6/7-membered all-carbon rings. The average
dgoyy Lo, and L values at 2000 ps of simulation time of 3.77 +
0.07 A, 18.00 + 2.00 A, and 11.30 + 0.09 A respectively are in
reasonable agreement with experiments.'” The average carbon
content of 9920 + 0.20% was overpredicted,” while the
average sp” carbon content of 92.80 + 0.90% was under-
predicted.” As the polymerized structure evolves into the
pyrolyzed structure, the atomic structural rearrangements start
to affect the mass density and Young’s modulus (Figure 6b).
The average final mass density after 2000 ps of pyrolysis of
2.08 + 0.03 g/cm® agrees well with the reported skeletal
density range of pyrolyzed PFA of 1.9—2.1 g/cm’® reported by
Burket et al.'” The average final Young’s modulus of 167 + 14
GPa agrees well with the measured modulus of ultrathin
carbon materials of 185 GPa.’® The strain rate effect on the
pyrolyzed structure is less of a concern as compared to the
polymerized structure since there are no molecular chains but
rather a completely connected fused ring sp* carbon structure.
Such a structure will show less viscoelastic tendencies due to
the stiffer arrangement of atoms. A discussion of the MD
system size (number of atoms) can be found in the Supporting
Information.

The cumulative volatile mass loss ratio produced by volatile
removal was analyzed for each system and averaged together
across all systems (Figure 6d). The cumulative volatile
evolution for each model can be found in Figure S4. The
results of these analyses indicate that the main volatiles
removed in the simulations were CO, O, H, C,H,, and CO,.
Oxygen and hydrogen atoms are not expected volatiles in the
experiment, which implies that longer removal intervals might
be needed to allow time for secondary reactions to produce O,,
H,, or other molecular volatiles.

Considering that the polymerized and final pyrolyzed
models have been validated with experimental literature, it
can be assumed that the evolution of chemical and GC
characteristics as well as mechanical properties between the
polymerized and final pyrolyzed states are valid as well. Most
of the changes in chemical characteristics, GC characteristics,
and physical properties occur within the first 500 ps (or one-
quarter) of the pyrolysis process. The crystalline nature of the
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material is already established within the first S00 ps, whereas
the sp®> carbon content and 6-membered all-carbon rings
require longer times to finish evolving. The atomic evolution of
the structure is visualized in Figure 7 at different stages of
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Figure 7. Structural evolution of the large system is visualized
throughout the pyrolysis process.

pyrolysis.”> From Figure 7 it is qualitatively observable that as
the GC structure gets pyrolyzed, there is an increase in
imperfect fullerene ribbons that start to template with one
another creating complex interconnected free-volume pockets.
The emergence of such interconnected pockets is likely due to
a higher degree of sp> carbon and 6-membered all-carbon rings
appearing in the later stages of pyrolysis.

The linear shrinkage experienced during pyrolysis is shown
in Figure 6a. After 2000 ps, the linear shrinkage was found to
be 2895 + 0.56%, which is overpredicted relative to the
experimentally known value of about 20% linear shrinkage at
the mesoscale.”'" The reason for this overprediction could be
that the linear shrinkage computed with the MD models is at
the nanometer length scale and excludes the effects of porosity.
The combined nanometer length shrinkage due to covalent
bond formation during polymerization and the complex
chemical restructuring and crystallization due to pyrolysis is
32%. During C/C composite manufacturing, residual stress will
build up due to this level of shrinkage, and ICME process
modeling can be used to quantify the residual stress evolution.
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Most of the nanoscale linear shrinkage occurs within the first
500 ps (or a quarter) of the pyrolysis process, with very few
changes beyond the first 500 ps. The GC characteristics,
physical properties, and shrinkage were computed every 500 ps
or one-fourth of the pyrolysis process. The results of this study
indicate that it would be better to discretize the pyrolysis stages
in a logarithmic manner, where more frequent properties and
characteristics are computed early in the pyrolysis process with
respect to the simulation time. Having more frequent
characteristics and properties computed early in the pyrolysis
process would allow for an ICME process modeling approach
to capture better resolutions of shrinkage and residual stress
evolution inside a C/C composite.

A computational workflow to model the polymerization and
pyrolysis of PFA was developed by using reactive molecular
dynamics. The purpose of this effort was to elucidate the
atomic-scale structural and chemical evolution that occurs
throughout the entire process of glassy carbon production to
develop inputs for the ICME process modeling. Experimental
specimens of PFA were synthesized and characterized to
validate the mass density and Young’s modulus predicted by
MD models. The predicted mass density and Young’s modulus
for the MD polymerized models of 1.272 g/cm® and 3.1 GPa
show excellent agreement with experimentally measured values
determined in this work of 1.25 g/cm® and 3.06 GPa. The
predicted mass density and Young’s modulus of the pyrolyzed
models of 2.08 g/cm3 and 167 + 14 GPa agree well with the
experimental values found in the literature of 1.9-2.1 g/ cm’
And 185 GPa.

A parametric study was conducted to determine the optimal
MD parameters for simulating PFA pyrolysis that were
experimentally validated. The optimal simulation parameters
for PFA included volatile removal every 0.1 ps, a simulation
temperature of 2300 K, a simulation pressure of 2 GPa, and a
total simulation time of 2000 ps. Five MD replicates of 4860
atoms and one larger model of 32400 atoms were built to
determine the need for larger MD models of PFA. The results
indicate that both the smaller and large PFA models simulated
with ReaxFF are equally accurate at predicting the polymerized
and pyrolyzed molecular structure and properties. However, it
is important to note that pyrolyzed PFA has mesoscale and
macroscale features at length scales far beyond those that can
be simulated with MD. While this study has guided the MD
simulation protocols necessary to accurately simulate PFA
polymerization and pyrolysis at the nanometer length scale, a
more complete model of the evolution of the PFA pyrolysis
process would require a multiscale approach.

The MD models established in this work can be used to
improve our understanding of the structure—property relation-
ship throughout the evolution of PFA processing during
polymerization and pyrolysis. Parameters such as the density
and Young’s modulus evolution obtained through this
modeling can be used to optimize processing temperatures,
hold times, and ramp rates for GC production derived from
pyrolysis of PFA once applied in an ICME process modeling
approach.w_21 Furthermore, this work guides establishing MD
simulation protocols for simulating next-generation C/C
composite precursor chemistries.

The use of trademarks or names of manufacturers in this
report is for accurate reporting and does not constitute an
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