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ABSTRACT: Little attention has been devoted to studying the pressures during the
mesophase pitches carbonization processes and their effects on the as-produced carbon fibers’
mechanical properties. Herein, we study the pressure-enhanced graphitization of mesophase
pitch and the promoted tensile stresses of the produced carbon fibers using full atomistic
simulations based on reactive force fields. Results show that pressures increase the tensile stress
of as-produced fibers by 3.7—11 times under 1—6 GPa isotropic compressing pressure. The
highest tensile stress can reach 4.39 GPa in carbonized coal tar pitch at 4000 K under 6 GPa.
In experimental work, the pressurized laser-processed mesophase pitch generates less gas and
shows more ordered carbonized structures in Raman spectra. This work provides a
fundamental understanding of the reaction mechanism of carbon fiber production under
pressure, and also illustrates a promising method to manufacture mesophase pitch-based
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carbon fibers with exceptional mechanical properties.

arbon fiber (CF), one of the lightest and strongest

materials, has long been applied in functional structures
that require lightweight, including aerospace crafts, orthopedic
implants, highspeed railways, etc. There are two typical types
of CFs, i.e. polyacrylonitrile (PAN)-based CFs and pitch-based
CFs. PAN-base CFs are synthesized by oxidation and
polymerization of PAN precursors, followed by spinning and
carbonization of the fibers." Pitch-based fibers are produced
following a similar procedure, while the low cost of coal-
derived pitch precursors significantly decreased the price.”
Mesophase pitches (MP) have aligned aromatic local
structures, which result in better alignment of graphitic clusters
in produced CFs, thus resulting in better mechanical strengths
than CFs derived from isotropic pitches.” The high aromatic
content and large local distance inherited from the precursors
also result in high electrical conductivities and thermal
conductivities, which are promising for applications for thermal
management of electronics devices.

Despite their low costs and high conductivities, mesophase
pitch-based CFs, in general, have lower tensile strengths
compared to PAN-based carbon fibers.” The improvement of
mechanical strengths and the batch-to-batch consistencies of
pitch-based CFs are critical for their large-scale manufacturing
and versatile utilization. The current complex fabrication
routines limit the fundamental study of reactions and
properties, while the atomistic simulation could provide
insights into the precursor-fabrication property by mimicking
the high-temperature pyrolysis and alignment of aromatic
sheets in various conditions. Furthermore, there are very few
studies on how pressure could affect the carbonization and
graphitization during the formation of CFs, yet in reality, the
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precursor molecules should have been pressurized in the
spinning process and pyrolysis process.” On the carbon phase
diagram, pressure is critical for sp> to sp® transition under
extreme temperatures up to 3000 K.” The study of pressured
carbonizations of MPs can reveal their evolution reaction
pathways under pressure and can help to optimize the
screening of MP precursors and processing parameters for
CFs with higher modulus and tensile strength.

In this work, we employ molecular dynamics simulations
using a reactive force field (Reaxff) to investigate the structural
and chemical evolution of two typical MPs, i.e. petroleum-
derived pitch and coal tar-derived pitch, at high temperature
and specifically under high pressure from 1 to 6 GPa. In the
MD simulation, two kinds of MP precursors are randomly put
in boxes to generate configurations with a density of 1.5 g/cm®.
After the equilibration, structures are heated up to 4000 K and
heated with pressure from 1 to 6 GPa to simulate the MPs
pyrolysis reaction and carbonized structures are tested by using
Airebo-MD for tensile strengths. The computational details are
provided in the Supporting Information (Figure S1). To verify
the effect of pressure in carbonization of MP, the pressure
condition is introduced in the laser processing of MP as an
experimental part. Our results provide a molecular-scale
understanding of the mechanism of pressurized carbon fiber
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Figure 1. (A) Petroleum-derived Pitch (PP, C,,H,s) molecule consumption rates heated up to different temperatures in confined volume and NVT
ensemble. (B) Coal Tar-derived Pitch (CTP, C,,H,,) molecule consumption rates heated up to different temperatures in confined volume and
NVT ensemble. Two kinds of reactants are mostly consumed at 30 and 33 ps at 4000 K. (C) PP (C,,H,¢) molecule consumption rates heated up
to 4000 K under different pressures from 1 to 6 GPa. (D) CTP (C,,H,,) molecule consumption rates heated up to 4000 K under different
pressures from 1 to 6 GPa. (E) Light (gas) byproduct decomposed from PP (C,,Hs). (F) Gas byproduct decomposed from CTP (C,,H,).

production, which may enable carbon fibers with exceptional
mechanical properties by adjusting the processing method of
mesophase pitch.

Precursor Consumption and Gaseous Byproducts. Three
temperatures at 2500, 3000, and 4000 K are tested by heating
the relaxed MP structures using NVT ensemble.® As shown in
Figure 1A and 1B, Petroleum-derived Pitch (PP) and Coal
Tar-derived Pitch (CTP) molecules’ consumption rates
increase with the rise of temperature due to increased reaction
rates at high temperatures, and the CTP system shows a lower
consumption rate at the same temperature compared to that of
PP. Considering the only difference between CTP and PP
molecules is the presence of two more methyl groups, the
above results indicate that methyl groups can promote the
reaction activity of pitches. Besides, precursors heated in the
NVT ensemble at 4000 K are set as control groups. Figure 1C
and 1D show that the effect of increasing pressures on the
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consumption rates of reactant molecules is not as significant as
that of temperature, especially under 1, 2, and 3 GPa, where
the consumption curves of the reactants almost overlap. Above
4 GPa, the reaction rates begin to increase with the increase of
the pressures in both cases of PP and CTP.

In the processes of reactant consumptions, the distribution
of four major kinds of gas byproducts (CH,, C,H,, H,, C,H,)
and the other gas byproducts are generated by the end of
simulations. These four gas byproducts added up to more than
85% of the total gas molecules, wherein H, shows the highest
amount. With the increase of pressure, the gas decreases by
56.0% and 58.9% in CTP and PP, respectively. C,H, decreases
by 86.4% and 84.7% in the heating process of CTP and PP; H,
decreases by 13.0% and 37.5% in the heating process of CTP
and PP. Such results indicate that the most significant
suppression of degassing occurs in unsaturated gas such as
C,H,. The major outgas hydrogen is consistent with most
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Figure 2. (A) CF yield as a function of time from 196 PP (C,,H,¢) molecules. (B) CF yield from 196 CTP (C,,H,,). (C) H:C ratios of CFs as a
function of time from 196 PP (C,,H,4) molecules. (D) H:C ratios of CFs from 196 CTP (C,,H,,) molecules. (E) C—C radial pair distribution
functions (RDF) of CFs from 196 PP(C,,H ) molecules. (F) C—C RDF of CFs from 196 CTP(C,,H,,) molecules. (G) XRD spectra of the initial
system and CFs from 196 PP(C,,H ) molecules. (H) XRD spectra of the initial system and CFs from 196 CTP(C,,H,,) molecules. Curve “NVT”
corresponds to precursors in NVT ensemble as a control group (without fixed pressure).

experimental results of petroleum dehydrogenation reactions
upon heating.” Meanwhile, the gaseous byproducts by CTP
precursors are 33%—48% less than PP, and the variety of gas
products by CTP is 2—4 less than that of PP precursors, which
reflects fewer pathways for PP’s decomposition.”
Carbonization and Graphitization. Figure 2A and 2B show
the change of carbon yield over time, where the carbon yield is
defined as the proportion of the carbon numbers in solid
products out of carbon numbers in the whole system. The
criterion to screen solid products is whether the total number
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of carbon atoms in the molecule exceeds 40.” With the increase
of pressure, the completion time of Stage I (carbon yield
increases rapidly) is reduced by 44.8% in PP and 13% in CTP
(from 2 to 6 GPa), while the carbon yield of the whole process
is improved from 73% to 96.1% in PP and from 84% to 98.1%
in CTP. Compared to the control group, the results indicate
that the pressure both accelerates the carbonization process
and helps contain a high carbonization yield. Experimental
work proposed similar improvement of carbonization yield
under pressure.’’ Under the same pressure condition, PP

https://doi.org/10.1021/acs.jpclett.2c00664
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Figure 3. (A) Stress—strain curve of CF from 196 PP (C,,H,¢) molecules. (B) Stress—strain curve of CF from 196 CTP (C,,H,,) molecules. (C)
Visualization of tensile fractures in CF from 196 PP(C,,H;4) molecules. (D) Visualization of tensile fractures in CF from 196 CTP (C,,H,,)
molecules. Curve “NVT” corresponds to precursors in NVT ensemble as a control group (without fixed pressure).

precursors complete the carbonization stage I in a shorter time
and the carbonization rate at the end of stage I is lower than
that of the CTP precursor. These results can be attributed to
more decomposition pathways of PP precursors with more
secondary decomposition reactions occurring in the carbon-
ization process, which interfere with the major carbonization
reactions. The carbonization ratio of the final reaction is
between 65% and 90%, similar to the description of pitch-
based carbon fibers in experimental research."’

As shown in Figure 2C and 2D, the significant decreases in
H:C ratios in PP (24.6%) and CTP (12.2%) molecules in stage
I correspond to their rapid dehydrogenation and carbonization,
which slow down when the major carbon solid frames form.
The slight rise of the H:C ratio in PP (by 6%) and CTP (by
1.67%) upon longer heating time can be attributed to the
recombination of gas molecules, majorly hydrogen and
hydrocarbons, with the solid carbon under extreme pressure.
With long enough simulation time, we estimate that the final
H:C ratio will converge around 0.67 in PP and 0.54 in CTP,
respectively. The depression of gas molecules during the
mesophase pitch pyrolysis has also been observed in the
experimental work,'” suggesting that the evolution of hydro-
carbon gases from the precursors is depressed.

Figure 2E and 2F show the C—C radial distribution function
of CF produced by PP and CTP at the end of the simulation.
The first peak around 1.21 A in the figure corresponds to the
length of the C—C triple bond after sp hybridization, reflecting
the proportion of the number of C—C single bonds in a gas
such as C,H,. The peak around 1.42 A reflects the nearest
distance to each carbon atom in the carbon fiber product while
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the peak near 2.60 A refers to the second adjacent carbon
distance of each carbon atom in the carbon fiber product. With
the increase of pressure, the second peak shifts to a shorter
distance due to the rise of the second nearest peak of 2.46 A in
the products of pyrolyzed PP and CTP."

X-ray diffraction (XRD) spectra for CFs produced by PP
and CTP at 1—6 GPa are plotted in Figure 2G and 2H. In
typical graphite crystal structure and some graphitic CFs, the
first peak is near 20 = 25°, showing a characteristic interlayer
(dooy) with a lattice distance of 3.44—3.45 A in graphite, and
peaks at around 45° and 80° show the atomic arrangement in
(100) and (110) planes with lattice distances of 2.13 and 1.23
A" The XRD pattern of the initial PP precursor system and
CTP precursor system before reaction exhibits three visible
peaks, respectively, at 26 = 20°, 45°, and 80°. Results suggest
that initial PP and CTP have different interlayer structures yet
a similar bonding configuration compared to graphite. As for
carbonized CFs formed at 4000 K under 1—6 GPa, the second
peak (45°) and third peak (80°) get lost, consistent with
experimental research on pitch-based CFs.'® With the reaction
pressure increasing, the CFs formed by PP and CTP both
show a more visible peak near 20 = 25° which suggests that
interlayer structures similar to graphite are formed under high
pressure.

On the other hand, considering the action and evolution of
oxygen introduced in the stabilization process of CF’s
production, systems of precursors and oxygen-derived gas
(CO2) are simulated as a comparison (Figures S2—S4).

Tensile Experiment. Simulation of the tensile experiment is
carried out on the carbon fibers produced under different

https://doi.org/10.1021/acs.jpclett.2c00664
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pressures as shown in Figure 3. In Figure 3A and 3B, with the
increase of pressure, the tensile strengths of the PP-derived
carbon fibers change from 0.2 to 2.4 GPa, with corresponding
tensile moduli increase from 0.18 to 10.56 GPa. Tensile
strengths of the carbon fibers derived from CTP precursor
increase from 0.92 to 4.39 GPa while the tensile moduli
increase from 1.4 to 22.46 GPa. Such phenomena show that
the increase of reaction pressure does improve the graphitiza-
tion of carbon fiber products and has a significant effect of
improving their tensile strengths. To date, the current CFs on
market have a range of strengths from 1.38 to 3.83 GPa),
modulus 159—965 GPa, and elongation to break 0.3—0.9% of
pitch-based carbon fiber." The simulated tensile strengths have
the same order of magnitude as the real carbon fibers, while the
tensile modulus and elongation to break is 7 times smaller
which can be improved by adjusting the scale of the simulation
model. Compared with the mechanical properties of PP- and
CTP-derived CFs under the same pressure, the CFs produced
by the CTP precursors (with better thermal stability and
limited decomposition pathways) are 2—S times higher in
tensile strength and modulus than those prepared by the PP
precursors with higher reactivity.

Results of research aiming to investigate CFs’ mechanical
properties from the perspective of molecular dynamics
simulation are shown in Table S1. The ranges of the tensile
strength of CFs obtained by existing research are generally
higher than the range of the experimental results (3—7 GPa).
Joshi'* et al. propose that the overestimation of tensile strength
in their simulation test was due to the ultrahigh deformation
rate and the low limit on the maximum pore size compared to
the relatively small scale of unit used in the simulations.
However, the tensile strength of CFs generated by our models
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is more likely to agree with the experimental range. The main
reason for this difference is that the simulation in our study
involved the whole synthesis of CFs rather than directly
creating a model of CF, resulting in CF products with more
complicated imperfections and thus closer to the real CFs.
Since some researchers'”'” used models assembled by few-
layer structure laterally aligned and rolled up, the simulated
tensile strength is closer to that of ideal monolayer graphene
(130 + 10 GPa).'® Such results reveal a potential of high
strength of fully graphitized CFs with few detects, yet these
structures are difficult to synthesize from either PAN or MPs.
They also compressed and heated the ladder-like structures,"*
but they did not control the simulation conditions to simulate
the actual process of synthesis of CFs as in this work. Since
CFs produced under different reaction conditions have great
differences in mechanical properties, we suggest that the
method to obtain models of CFs by simulating the reaction
process is more convincing and proper.

Experimental Results. As shown in Figure 4A, a single-
crystalline slice of NaCl was pressed against the MP sheet by
bolt pretightening force to keep a pressurized condition
through laser processing while a control group at atmospheric
pressure was set. Figure 4B shows a comparison of Raman
spectroscopy results of pressurized and unpressurized laser-
treated MP samples (power rate: 50%, scan speed: 40 mm/s).
There are three obvious peaks in the spectra of each laser-
treated MP sample at shifts of about 1350, 1580, and 2700
cm™, namely, peaks D, G, and 2D peak, respectively. A
decreasing trend of peak D, representing a reduction of sp’
hybridized carbon atoms and a decrease of disordered
structure in imperfect fields of graphitelike sheets,'” and a
lower I,/I; ratio have been both observed by changing the

https://doi.org/10.1021/acs.jpclett.2c00664
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energy density of input laser (Figures S3—S4). Besides, as
shown in Figure 4B, a further decreasing of peak D in Raman
spectra results under the pressurized condition shows that
extra pressure could help generate more ordered structures
even at the same density of energy input. Peak 2D in Raman
spectroscopy results of MP samples, sensitive to the stacking of
layer-structure of carbon,”” shows no obvious variation when
the corresponding energy density of the laser is changed
(Figures S3—S4). However, a larger range and higher height of
peak 2D could be observed when the extra pressure condition
was introduced, suggesting that pressurizing is effective in
helping generate more multilayer-like structures or graphitic
layers in MP samples (Figure S2). As shown in Figure 4C and
Figures S2—S3, laser-processed MP samples at different laser
scan speeds and rates of power were tested and similar trends
of peak D and 2D were observed, which can be evidence of our
MD simulation’s conclusion about the pressure condition’s
effect in helping build CF’s higher crystallinity. As shown in
Figure 4D, the weight loss of laser-treated MP samples in
pressurized carbonization, regarded as the gas generation, was
less than that in unpressurized carbonization. With the rates of
laser power increasing from 10% to 90% (energy density from
0.08—0.70 J/mm?), this effect of inhibition of gas formation
was increased from 57% to 83%. This effect of inhibition is
similar to the MD simulation’s results shown in Figure 1E and
1F, providing an explanation of how higher crystallinity is
generated in the pressurized condition. A pressure cell”' and
bic-anvil type high-pressure facility” can be used to apply
higher pressure to experiments.

In conclusion, the simulation results reveal that adding
pressures (1—6 GPa) can affect the reaction activities, carbon
product yields, and graphitic content evolutions during the
high-temperature processes, and illustrate a significant
improvement of tensile strength of both PP-derived and
CTP-derived CFs. The increase of pressures rarely increases
the reactant consumption rates, while high pressures suppress
the degassing from the mesophase pitches and thus increase
the carbon yields. The pressures promote the graphitization
during heating, and the condensed CFs show exceptional
mechanical properties. The CFs made of carbonized PP at
4000 K under 6 GPa provide a tensile strength as high as 2.4
GPa, while the CFs of CTP carbonized at the same condition
provide a tensile strength as high as 4.39 GPa. Such results
demonstrate a promising direction to manufacture ultrastrong
mesophase pitch-based CFs. In the experimental work, Raman
spectroscopy results show that the introduction of pressure
helps build more ordered structures in MP laser processing and
inhibits the gas generation by 57%—83%, which helps build
higher crystallinity for as-produced fibers.
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