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ABSTRACT

Reactive molecular dynamics (MD) simulations are performed to study the initial stage of the oxidation
of carbon fiber and amorphous carbon char with atomic oxygen at temperatures ranging from 1000 K to
4500 K. The carbon fiber and amorphous char models are generated by kinetic Monte-Carlo and liquid
quench methods, respectively. The species formed in the simulation are characterized and carbon
monoxide is found to be the primary product in both systems. The oxidation results are analyzed in
terms of the lifetime of molecules and the reaction rates of various species. Oxygen is found to be
adsorbed on the surface of both carbon fiber and amorphous carbon char. Since the amorphous carbon
has a significantly larger surface area, the number of oxygen atoms adsorbed on the amorphous carbon
surface is significantly higher than on the carbon fiber surface. Six reaction models are proposed to fit the
simulation results from which reaction rates at various temperatures are obtained. Reaction rates of the
key reactions: carbon oxidation and oxygen adsorption follow the Arrhenius law and the activation
energy is extracted for these reactions. These reaction rates are used to predict the long-time evolution of

these systems.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Space vehicles experience extreme heating rates when entering
a planetary atmosphere at extreme hypersonic speed. The tem-
perature in the shock layer can be over the 10,000 K and the vehicle
can experience a heat flux as high as 1 kW/cm? [1]. Therefore, a
Thermal Protection System (TPS) is required to maintain the
integrity of the spacecraft. In some systems, such as the US space
shuttle and SpaceX's Crew Dragon capsule, thermal insulation is
used. As an alternative, particularly for single use vehicles, ablative
materials are used for thermal protection. While thermal insulation
systems rely on the low thermal conductivity of the insulator to
limit heat transport to the spacecraft, ablative heat shields rely on
the consumption of heat in energetically expensive chemical re-
actions by low thermal conductivity ablative materials. Phenolic
Impregnated Carbon Ablator (PICA) is a typical ablative material
developed by NASA AMES research center that offers low thermal
conductivity and efficient ablation properties [2] and has been
successfully used in previous missions including Stardust Sample
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Return Capsule [3], Mars Science Laboratory [4], Origins Spectral
Interpretation Resource Identification Security - Regolith Explorer
(OSIRIS-REX) [5] and Mars 2020 [6].

PICA is designed as a carbon fiber (CF) insulator with a phenolic
resin binder. The high temperature of the shock layer created by the
vehicle in the entry process not only makes PICA oxidize and/or
pyrolyze to gaseous products and absorbs a large amount of heat in
the ablation, but also dissociates the ambient atmospheric gases.
Atomic oxygen is the most reactive species which diffuses through
the boundary layer and reacts with the PICA for Earth and Mars
entry, although molecular oxygen and atomic nitrogen is also
important [7]. The phenolic resin matrix is converted to amorphous
carbon and the CF surface is pitted in the pyrolysis process. The
gases produced by the pyrolysis drive the chemical-reactive shock
layer gases away from the spacecraft, providing additional thermal
protection [8]. Moreover, the porous carbonaceous char pyrolyzed
from the resin continually absorbs heat and reduces the conduction
of heat into the interior of the PICA material; however, it can
decompose through sublimation or be removed by spallation [9].
Thus, the oxidation of carbon (including both the CF and the char) is
central to the ablation of PICA and other carbon-based TPS mate-
rials. However, since the gas-phase and gas-surface chemistry
within the boundary layer in the ablation process is complicated, it
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is challenging to model the oxidation of CF and char under
nonequilibrium and hypersonic conditions.

Modeling and simulation at various length scales has been
applied to resin pyrolysis and carbon oxidation. Poovathingal et al.
and Krishnan et al. [10,11] developed a finite-rate model for carbon
surface oxidation using data from molecular beam experiments
[12] to predict the reaction rates of O, CO, and CO, at various
temperatures. Lachaud et al. [13, 14] developed a multiscale model
to investigate the oxidation of a carbon preform and oxidation of a
char layer in the ablation process. In addition to macroscopic
models, Molecular Dynamics (MD) simulation has also been
employed to investigate the pyrolysis of resin. The initial stage of
the carbonization of phenolic resin was investigated by Jiang et al.
[15] using reactive MD. They identified H,O is the first reaction
product and observed other small species such as Hy, CO, and C;H,.
Bauschlicher and Qi et al. [16,17] simulated and compared the py-
rolysis of phenolic resin with reactive force field (ReaxFF) simula-
tions, density-functional tight-binding (DFTB), and density
functional theory (DFT) modeling methods. They also identified the
reaction paths associated with the production of CO, H, and H,0.
Desai et al. [18] used carbon nanotube and graphene layers to
represent the CF and investigated its effect on the pyrolysis of resin
and found that they have essentially no effect on the pyrolysis
process. MD simulations by Poovathingal et al. [19] showed that
there is no carbon removal from pristine highly-oriented pyrolytic
graphite even when ion irradiated with the 5 eV atomic oxygen.
Both of these results for irradiation of graphene layer and nanotube
results are consistent with the high energy barrier for the removal
of carbon from a perfect graphene layer. Poovathingal et al. [ 19] also
found that pre-existing defects in the CF reduce the energy barrier
and lead to increased carbon removal, followed by the rapid growth
of an etch pit. The real fiber has a much more complicated structure
than the pristine graphite, with graphitic sheets arranged to form
radial, random, onionskin, skin-core or hollow porous structures
depending on the precursors and processing methods [20].

Since CFs also have many pores, defects and sp-coordinated
dangling bonds [21,22], carbon atom removal in the oxidation
process is likely much easier than seen in MD simulations of
graphitic sheets. However, there has been little work on modeling
the oxidation process of CF and char at the atomic scale due to their
complex structure. Recently, several new atomic CF models have
been proposed and have made it possible to perform reactive MD
oxidation simulations. Desai et al. [23] developed a molecular
model to generate CF microstructure from small ladder-like mole-
cules by combining kinetic Monte Carlo (kMC) and MD techniques.
Desai's model was improved upon by Shi et al. [24] using a virtual
energy wall to create a CF with a well-defined surface. Ranganathan
etal.[25] developed and characterized amorphous carbon at a wide
range of densities from 0.5 g/cm? to 3.2 g/cm® using a liquid quench
method. He et al. [26] developed a nanofiber model with a het-
erogeneous microstructure, which can model the skin-core fea-
tures of CF. These new, high-fidelity, CF and amorphous carbon
models provide an opportunity to model the oxidation process and
to investigate the reaction process during pyrolysis at the atomic
scale.

The present work focuses on modeling the reaction processes
between atomic oxygen and CF/char at high temperatures and
characterizes the key kinetic properties, including activation en-
ergy of reactions and reaction products. This article is organized as
follows: Sections 2.1 and 2.2 briefly introduce the generation
method of the CF and amorphous carbon char models. Section 2.3
details the overall setting of the MD simulation initialization and
characterization methodology. Section 2.4 shows the prediction
model of oxidation based on MD simulation. Section 2.5 discusses
how to characterize the adsorbed oxygen atom on the surface of CF
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and amorphous carbon. Sections 3 presents the simulation results
and predictions of the oxidation process of CF and char. Section 4
contains our conclusions.

2. Computational methods
2.1. Generation of the carbon fiber structure

The high-fidelity CF microstructure is generated by the com-
bined kMC and MD method developed by Desai et al. [23] and
refined in our previous work [24]. This kKMC-MD approach lends
itself well to model CFs that have complex cross-sectional struc-
tures. We have used this method to generate two types of CF
models, fiber cores and thin fibers, at a wide range of densities.
Compared with other high-fidelity CF models [27,28], the advan-
tage of this kMC-MD method is that it can generate a CF micro-
structure with a well-defined surface, a capability that is exploited
in the thin fibers. Such a thin fiber model is employed in this work
for CF oxidation.

The full synthesis method is described elsewhere [24], but
briefly summarized here for completeness. The overall steps in the
generation process are: (1) pack aligned eight-carbon atom ladder
units at random positions in a simulation cell that is very thin along
the z-axis, (2) equilibrate the whole system at 300 K for 25 ps, (3)
run the kKMC-MD bond formation cycle for 360 iteration loops to
ensure the graphitization of the CF, (4) replicate the quasi-2D
microstructure along the z-axis to obtain a full 3D structure, and
(5) equilibrate the thin fiber structure at 300 K for 10 ps. For the
generation of a thin fiber, during the initial generation of the
microstructure, the structural units are constrained within a cy-
lindrical region by a virtual energy wall; this results in a well-
defined surface. All key parameters in the generation process are
the same as in our previous work [24] except the initial system size.
In order to capture more oxidation reactions, the current CF model
is larger than it in the previous work. In this work, 61,704 carbon
atoms are packed in a thin cylindrical region with a 1.92 g/cm’
initial density. The initial diameter of the fiber is 400 A, as imposed
by the virtual energy wall. In step 4 above, the quasi 2D structure is
replicated 10 times to generate full 3D structure; the system thus
contains 617,040 carbon atoms after replication. This CF model's
dimensions are 772 x 782 x 50 A2 after the equilibration in step 5.
The detailed characterization of this fiber model include chemical
bonding and comparison with the experimental results can be
found in our previous work[24].

2.2. Generation of the amorphous carbon char structures

The amorphous char structure used in this study is generated
using the liquid quench method developed by Raghavan et al. [25]
The overall steps are: (1) place N carbon atoms at random positions
in the fully periodic simulation cell at constant volume and heat to
10,000 K, (2) equilibrate the system at 10,000 K for 15 ps, (3)
quench the system to 3000 K at a quench rate of 50 K/ps (4) anneal
the system at 3000 K for 140 ps, (5) quench the system to 300K,
again at 50 K/ps, and (6) anneal the system at 300K with constant
volume (NVT) and constant pressure (NPT) for 10 ps respectively.
This model mimics a gas phase under high temperature equili-
bration followed by quenching and annealing to form an amor-
phous carbon microstructure. The time step is 0.07 fs in the
generation process, as in Raghavan's work. More details about this
method and the characterization of the amorphous structure can be
found in Raghavan's paper[25]. Since Lachaud et al. [14] modeled
the ablation process of the PICA by a macroscopic approach and
found the density of the char layer after the ablation to be
0.2—0.3 g/cm?, the initial density of this amorphous carbon char is
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set to 0.3 g/cm?; there are 150,000 carbon atoms in the system. The
char model's dimensions are 215.4 x 215.4 x 215.4 A3 after the NVT
and NPT equilibration in step 6. Moreover, we find that not all
carbon atoms condense into the amorphous carbon char structure;
there are thus some small carbon species, such as C,, C3, in the
structure. Since most of carbon atoms in these species are unsat-
urated with many dangling bonds, these species are very reactive
with oxygen atoms. To avoid the spurious influence of these small
species on our results, molecules that have less than 10 carbon
atoms are identified and removed from the system prior to the
oxidation simulation. In Fig. 1(a) 1070 out of 150,000 carbon atoms
are identified as being in such small clusters and colored as bright
green; removing these atoms only decreases the number of atoms
in the system by 0.7%. Fig. 1(b) shows the amorphous carbon char
structure with these atoms removed; this is the initial structure
prior to the oxidation simulation. Compared with the initial density
0.3 g/cm?, the current density of the amorphous carbon structure is
0.297 g/cm? after the removal of the unsaturated small molecules,
which is still within the range obtained by Lachaud et al. [14].
Moreover, the surface area of this char model is 899 m?/g, which is
of the same order as the experimental surface area of the low
heating rate char (588 m?/g) [29]. The fundamental difference be-
tween fiber and char is that char is a highly interconnected sp/sp?
network. The percentages of sp/sp?/sp° for fiber and char are 6.3%/
93.6%/0.1% and 8.1%/89.6%/2.3%, respectively. Thus, compared with
the fiber, char has a slightly higher percentage of sp and sp> hy-
bridized carbon atoms. The interconnected structure, large voids
that allow rapid diffusion of atomic and other gases, and large
surface area are the key characteristics of char.

2.3. Overall simulation settings

The LAMMPS software [30] is used for all microstructure gen-
eration and oxidation simulations presented in this work. During
the relaxation of the initial structure and bond formation process
(steps 1—3) of the generation of CF, the computationally efficient
Dreiding force field [31] is employed to describe the covalent
atomic interactions, while the Lennard Jones (L]) potential is
employed to describe the van der Waals interactions. The Mol-
template package [32] is used to attach the Dreiding force field and
bonding information to the coordination files. In step 5 of the
generation of the CF model, and in all subsequent steps and the
oxidation simulations of the CF and amorphous char, the more
physically realistic ReaxFF (reactive force field) [33] potential is
used for both models; this force field has been successfully used to
model the pyrolysis of phenolic resin [34] and various novel
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carbon-like structures, including graphene oxide [35] and carbon
nanotubes [36]. Moreover, ReaxFF allows dynamic bond breakage
and formation by using the concept of bond order within a reactive
system.

The Ovito software [37] and its Python interface are used to
visualize the simulations and to analyze the results of the oxidation
simulation. The Packmol package [38] is used for insertion of
structural units in the CF generation process and insertion of oxy-
gen atoms in the oxidation models. In order to make the oxidation
of the CF and char simulation comparable, the initial concentration
of oxygen atom is set to 0.5 mol/L in both models. It should be noted
that to increase the chance of reaction and accelerate the oxidation
simulation process, the oxygen concentration in this work is much
higher than in the atmosphere and mesosphere. Since, as we shall
see, the oxidation process primarily involves the oxidation of single
carbon atoms to form CO, this high pressure does not introduce
chemical reactions absent at low pressures; it merely, increases the
reaction rate without changing the overall kinetics. The “Construct
Surface Mesh” capability in Ovito is used to construct the poly-
hedral surface mesh around carbon atoms for analysis. For the
surface mesh, the probe radius is set to 8 A and the smoothing level
is also set to 8 iterations of the smoothing algorithms for both fiber
and char. Although the shape is irregular, the actual occupied vol-
ume of generated CF and char models can be accurately obtained
from the enclosed area using this method. Fig. 2(a—b) show the
generated CF and amorphous char models with the surface meshes
colored as translucent bright green. To initialize the oxidation
simulations, 7893 (for CF) and 2548 (for char) oxygen atoms are
packed into the empty space of the simulation cell, as shown in
Fig. 2(c—d). Since the ReaxFF potential uses bond order to deter-
mine if two atoms are bond with each other, the minimal distance
tolerance between one oxygen atom and the other atoms is set to
2 A to avoid oxygen-oxygen bond formation during the packing
process and energy minimization.

After oxygen atoms insertion, the oxidation of CF and amor-
phous char systems are simulated in the following steps: (1) relax
the initial system by energy minimization with the conjugate
gradient algorithm, (2) equilibrate the system at the zero pressure
and at 300 K for 10 ps, and (3) rescale the temperature to the target
temperature T with the canonical ensemble (NVT) for 90 ps to
simulate the initial stage of the oxidation process. To investigate the
influence of the temperature on the oxidation process, the target
temperature T in each simulation is set from 1000 K to 4000 K in
500 K intervals. Moreover, we find that the simulation cell of CF
model slightly shrinks after equilibration in the steps 1 and 2,
slightly increasing the initial oxygen concentration in the CF

Fig. 1. (a) The carbon char model before the removal of the carbon atoms in the small clusters. (b) The carbon char model after the removal of the carbon atoms in the small clusters.
Carbon atoms in the small clusters are intentionally enlarged and colored as bright green. Carbon atoms in the char are colored as darker green. (A colour version of this figure can

be viewed online.)
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Fig. 2. (a) 3D view of the generated CF model with the surface mesh. The simulation cell is hidden for a better view. (b) 3D view of the generated amorphous carbon char model
with the surface mesh. (c—d) The oxidation models of CF and amorphous carbon char after oxygen atoms insertion. The carbon atoms are colored as green. The surface mesh area is
colored as translucent bright green in (a—b). Oxygen atoms are colored as red in (c—d). (A colour version of this figure can be viewed online.)

simulation to 0.53 mol/L. In addition, although the simulation cell
of the amorphous carbon char doesn't shrink during the equili-
bration, we observe that many oxygen atoms are adsorbed onto the
surface of the amorphous char due to the large surface area.
Therefore, the initial free oxygen concentration in the amorphous
carbon char model decreases to 0.46 mol/L after equilibration. Pe-
riodic boundary conditions are applied, and the time step is 0.1 fs in
the oxidation simulation. The analysis of the species is performed
with a 1.8 A cutoff for all atom pairs to determine if bond forms
between atoms. The molecular species present are inventoried
every 10 fs. These data provide detailed information for the analysis
of the initial stage of the oxidation.

2.4. Reaction parameter analysis

The dynamic snapshots of MD simulation contain detailed in-
formation of the trajectory of all atoms. Therefore, every atom that
makes up each molecule can be tracked. By tracing the path of each
atom through its various bonding environments, the lifetime of
each species can be identified and counted separately. Since the
true lifetime of any gaseous species that is present at the end of the
simulation cannot be determined, they are not considered in the
lifetime calculations.

The CF-oxygen and char-oxygen reaction mechanism is fairly
complicated. It is beyond the scope of this paper to take account all
the factors that influence the initial stage of oxidation of CF and
char. A necessary and sufficient oxidation mechanism is described
here based on Poovathingal's model [10], where he uses finite-rate
gas—surface reaction models to predict macroscopic behavior of CF
oxidation such as mass loss rates and rate parameters. As shown in
Table 1, we consider several possible reaction mechanisms and
analyze six oxidation models. The complexity of each model is
determined by the number of specific chemical reactions that are
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included in the analysis. In all of these models, we assume that all
reactions are first order reactions and that the rate is only related to
the instantaneous concentration of reactants. Based on Poova-
thingal's model and our findings in Section 2.5, oxygen atoms can
be adsorbed and desorbed on the empty sites of the surface of CF
and carbon char where carbon atoms have dangling bonds.

Reactions 1 and 2 in Table 1 account for the reversible oxygen
adsorption/desorption mechanism, where (s), O and O are an
empty site on the carbon matrix, atomic oxygen and surface-
adsorbed oxygen atoms respectively. Reactions 3 and 4 describe
the reaction of carbon atoms in CF/char with the atomic and
adsorbed oxygen atom to generate CO respectively. Although the
initial large separation of atomic oxygen atoms means that there is
little formation of oxygen molecules during the equilibration, it is
possible for oxygen molecules to be generated during the oxidation
simulation at high temperature. This mechanism is described in
reaction 5. Reaction 6 is the dissociative adsorption of the O, where
one of the O atoms from the O, molecules adsorbs on an empty
carbon site. Reaction 7 describes the possible dissociative adsorp-
tion of CO,, where one of the O atoms from the CO, molecule ad-
sorbs on an empty carbon site. Reactions 8 through 12 describe
several possible reaction paths to generate CO or CO,. We also find
some small molecular species products generated in the oxidation
simulation (see discussions in Sections 3.1 and 3.2). Thus, reactions
13 and 14 account for the generation of these small species, rep-
resented as CO; most of these are actually C;0. In reaction 15, used
only in model 2, the atomic and adsorbed oxygen atoms are treated
as a single entity for oxidation of the CF or char.

Since the number of oxygen atom in the C,O species is fairly
small (no more than 3% of the total number of oxygen atoms), for
simplicity they are not considered separately in models 1-5 but
treated as part of Os. For these models, the number of Og is calcu-
lated by subtracting the number of oxygen atoms in O, O,, CO and
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Table 1

Reaction rate fitting models.
Mechanisms Rate Model 1 Model 2 Model 3 Model 4 Model 5 Model 6
1) 0+ (s)— Os Iy [O] v v v v v v
2)0s— O+ () k2 [Os) v v v v v v
3)C+ 0— CO k3[0] v v v v v
4)C + 05— CO fe4[Os) v v v v
5)0 + 0— 0, ks [0][0] v v v
6)0;— 0 + O ks[02] v v v
7) CO,— CO+ Os k7[COy)] v v v
8) C+ 20— CO2 kg[0][O] v v v
9)2C+ 05— 2C0 kg [05] v v
10) CO+ 0— CO, kio[CO[0] v v
11)C+ 02— (0, k11(0] v v
12) CO, + C— kq2[COs] v v

2C0
13) Gy+ 0— GO ki3[0] v
14) G+ 05— GO k14[0s] v
15)C+ 0/ 0s— ky5[0 /0s] v
co
CO; from the total number of the oxygen atoms in the system. The
Os and C,O are separately considered in model 6, where the number 111 K N M Z‘X,-jk — x;-,
yK
of Os is counted based on the method described in section 2.5. The error =N M Z Z Z p (5)
number of C,O is calculated by subtracting the number of oxygen k=1 j=1 i=1 |Xjjk + Xjji

atoms in O, Og, Oy, CO and CO, from the total number of the oxygen
atoms. Each reaction has a corresponding reaction rate; for
example, the adsorption rate from reaction equation (1) is kq[O]
where k; is the temperature-dependent reaction constant and [O] is
the concentration of oxygen atoms. The rate of this reaction can
also be expressed as:

(1)

d[Os]
t

d =k [O}

Therefore, the ordinary differential equations in the models can
be combined together and rewritten as a system of ordinary
equations. For example, the rate of O consumption and CO gener-
ation in model 3 can be rewritten as:

@ = —k1[0] + k;[0] — k3[O] ?
t
% = k3 [O] + k4[OS] (3)

Since the evolution of the concentration of species as a function
of time is obtained from the MD simulations, the slopes of the curve
are the instant reaction rates. Therefore, this system of ordinary
differential equations transforms to a system of linear equations.
These linear equations are fitted to the simulation data to get the
rate coefficients. To demonstrate this fitting approach, Fig. 3 com-
pares the fitted time dependence of the concentration of species
calculated by model 6 with the actual concentrations obtained from
the oxidation simulation of CF at 3500 K. Similar curves were
generated using the six models at all simulated temperatures. The
activation energy E, and the pre-exponential factor A can be ob-
tained by fitting reaction constants in the linearized Arrhenius law:

Eq
= _a 4
In(k) = In(A) — o= (4)
where R and T are the ideal gas constant and temperature,

respectively. The error of the fitted model is calculated by:
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where x5, and x;, are the concentrations of the species from the

ijk
simulation and model prediction results of the iy, sample point at
the jy;, temperature for the kg, species in the simulation, respec-
tively. Since each model fits several species concentration curves as
the function of time at different temperatures, the error is averaged
by the number of fitted curves K, the number of the simulations at
the various temperatures N, and the number of sampling points M.
Since the species curves of O, CO and Og are included in all models,
only these species are considered in the error analysis. The error
analysis and comparison between models will be discussed in
Section 3.

Because the oxidation process is so complex, detailed analysis
and advanced methods are needed in the post-processing of the
data. In addition to analytic mathematical reaction models, there
are other methods to analyze the oxidation process. In particular,
since the snapshot contains the trajectory of every atom, it is
possible to identify each individual reaction in the simulations.
Then, the rate of each reaction can be computed by directly
counting the number of individual reactions occurring in the
simulation. Such an approach was previously successfully applied
in the analysis of hydrogen peroxide decomposition [39]. However,
unlike the hydrogen peroxide decomposition, separating individual
reactions in this work is substantially more difficult since many
individual reactions can occur on the surface of CF/char at the same
time.

2.5. Oxygen adsorption on surface

During the oxidation, the main products observed are CO, O,
and CO,. Therefore, the primary processes of interest are their
formation from the initial atomic oxygen atmosphere. As shown in

Fig. 4(a), the fraction of initial oxygen atoms in four main gaseous

. No-+Nco+2No, +2N, . . e
species ———2——=2 is not conserved during the whole initial
o

stage of the oxidation, where Ny, is the total number of oxygen
atoms in the system. However, since the total number of oxygen
atoms Ny, in the simulation is fixed, this indicates that additional
processes are also taking place. We observed that almost all of the
uncounted oxygen atoms are adsorbed on the surface of the carbon
fiber, as evidenced by Fig. 4(c—d). The total number of oxygen
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Fig. 3. Example of the model fitting; specifically, the predicted curve for the concentration of species fitted to model 6 (red curves) and the data obtained from the MD simulation
(blue curves) from the oxidation simulation of CF at 3500K. (A colour version of this figure can be viewed online.)

atoms Ny can be refined as following:

Niotar = No + Nco + 2No, + 2Nco, + Nos) + N0 (6)
where No, Nco, No,, Nco2, No(s) and N, are the number of O, CO,
0, CO,, Os and C,O, respectively. Because the carbon fiber is
composed of many independent graphitic sheets, each sheet can be
identified as an independent molecule C, in the simulation, where
m is the number of carbon atoms in the sheet. The graphitic sheets
that adsorb oxygen atoms are identified as the C; O, where n is the
number of oxygen atoms in the molecule. Compared with the small
chemical species C,,,0}, , a graphitic sheet has a very large value for
m and a small value n. Therefore, the molecule C;,, 0y is identified as
a graphitic sheet with oxygen adsorption where m — n> 100; the
threshold value of 100 that determines whether the molecule is
part of a graphitic sheet or is some other kind of species is some-
what arbitrary and was identified by trying various values and
comparing the filtered results in the Ovito software. As shown in
Fig. 4(b), after considering oxygen atom adsorption, the number of
oxygen atoms accounted for by the four gaseous species and on the
surface of fiber is more than 97% of the total number of oxygen
atoms in the simulation at all temperatures. Moreover, we found
that the main species in the remaining unaccounted-for molecules
Cx0 is C,0 with a very short lifetime due to its high reactivity. A
detailed discussion about the lifetime of C;0 and other species will
be presented in section 3.1. Fig. 4(c—d) and Fig. 4(e—f) show the
direct evidence that oxygen atoms adsorbed on the surface of CF
and amorphous carbon at different simulation times. The small
molecules are intentionally hidden and only graphitic sheets or
amorphous carbon meeting the above requirement are shown in
these figures. Although the minimum distance between one oxygen
atom and another atom (either C or O atom) is initially set to 2 A to
avoid the formation of unnecessary bonds, it is inevitable that few
oxygen atoms adsorb on the surface of carbon and char during the
energy minimization process as evidenced in Fig. 4(c) and (e).
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3. Results and discussion
3.1. Analysis of the oxidation of carbon fiber

As shown in Fig. 5(a), oxygen atoms have a relatively long life-
time at low temperature and a short lifetime at high temperature.
With increasing temperature, oxygen atoms become more and
more reactive and therefore the reaction rate increases, which
lowers the average lifetime of oxygen. The concept of occurrence
measures how often the species is generated and consumed. For
example, if a particular oxygen atom appears as atomic oxygen at
the beginning of the simulation, then reacts to be part of another
species, which subsequently decomposes with products that
include the atomic oxygen, then the occurrences for this oxygen
atom as atomic oxygen is two. The occurrence of oxygen increases
with increasing temperature, reaches a maximum at 3500 K and
then decreases from 3500 K to 4500 K. We attribute the initial in-
crease to a number of processes. First, with increasing temperature,
atomic oxygen atom is more frequently adsorbed and desorbed
from the surface of the carbon fiber surface. Second, a number of
metastable species are generated in the MD simulation; because
these metastable species are short lived, the atomic oxygen
generated from the decomposition of the metastable species in-
creases the number of its occurrences. It is interesting that the
number of occurrences of atomic oxygen decreases between 3500 K
and 4000 K. It seems that at these high temperatures many oxygen
atoms react with the CF at the beginning of the simulation.
Therefore, most of the CO is generated in the first half of the
simulation. This consumes oxygen so quickly that both surface
adsorption and generation of metastable species are largely
suppressed.

As shown in Fig. 5(b), the average lifetime of O, is fairly short
compared with that of the atomic oxygen. However, unlike O, the
average lifetime of O, increases with the increase of temperature.
The number of occurrences for oxygen molecules also increases
from 1000 K to 2500 K and then decreases from 3000 K to 4500 K.
The initial increase is due to the formation of molecules from the
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highly reactive atomic oxygen; the decrease is due to the rapid
generation of CO at high temperature, which decreases the possi-
bility of formation of O, since most of O are consumed for CO for-
mation. As we discussed in section 2.5, the oxygen atoms in the four
main gaseous species O, CO, O, CO, and adsorbed oxygens Os ac-
count for more than 97% of the total oxygen atoms, the remaining
3% oxygen atoms mainly are in small molecules, mainly in the
dicarbon monoxide (C;0) molecules, which is extremely reactive
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and short lived. Indeed, as shown in Fig. 5(c), the lifetime of C,0 less
than 3 ps, indicative of its highly reactivity. This short lifetime of
C,0 may be one reason that it not observed in the experiment. The
occurrence of C,0 increases with increasing temperature, indi-
cating that this molecule is frequently generated and then de-
composes at high temperature. Fig. 5(d) shows that the average
lifetime of Os decreases with the increasing temperature from 2000
K to 4500 K, indicating increasing reactivity. Also, the increase of
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number of occurrences of Os with increasing temperature shows
that oxygen atoms are easier adsorbed on the fiber surface at high
temperature but also quickly desorbed.

Fig. 6 shows the distribution of the lifetime of atomic oxygen as
a function of temperature. These distributions are fitted by the
gaussian kernel distribution estimation. Although the location of
the peak of the distribution is almost independent of temperature,
the range of the distribution shrinks with increasing temperature
indicating increasing reactivity of atomic oxygen, corresponding
well with the previous analysis of the average lifetime for atomic
oxygen.

The concentration changes of the major species as function of
time are shown in Fig. 7. It is unsurprising that the consumption
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rate of atomic oxygen increases with increasing temperature,
consistent with the higher reactivity at high temperature. The
generation rate of molecular oxygen also increases with tempera-
ture. However, at high temperature the concentration of molecular
oxygen decreases with time after the appearance of an initial peak.
We attribute this decrease to decomposition to atomic oxygen at
high temperature and the reaction of O, to other species. It does
however seem that molecular oxygen does not react with other
species at low temperature; it is likely that this is due to the short
simulation time, ~0.1 ns, during which such reactions are rare. The
rate of generation of CO increases significantly from 1000 K to
4500 K. The concentration of CO at 4500 K saturates with time
because the oxidation process is now complete, with essentially all
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Table 2

The activation energy of reactions fitted from Model 1 to Model 6 and the prediction error of each model for the oxidation of CF.

O+ (s)—Os (k] /mol) C+ 0—CO (k] /mol) O+ 0— 0, (k] /mol) Error
Model 1 23.13 £ 1.52 58.01 +7.27 N/A 0.164
Model 2 25.08 + 1.79 N/A N/A 0.159
Model 3 29.08 +2.20 55.90 + 4.36 N/A 0.152
Model 4 28.14 + 2.08 59.12 + 4.15 21.20 £ 2.74 0.128
Model 5 27.36 = 2.11 5823 + 493 2392 +3.15 0.114
Model 6 28.63 + 2.62 53.36 + 5.69 26.26 + 3.09 0.105
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Fig. 9. (a—c) The predicted concentration of O, Os and CO for CF as function of time by Model 5 for the oxidation of CF. (d) The predicted highest peak of O species evolution curves

by Model 5 for the oxidation of CF.

of the initial oxygen having reacted to CO: there is little O, CO,, Os
and CxO remaining. Similar to O, the concentration of CO, at high
temperature increases initially and then decreases indicating the
decomposition from CO; to O and CO, which corresponds well with
the analysis of average lifetime of CO,. As shown in Fig. 7, the

concentration of Og also increases at first and then decreases. At low
temperature, the number of Os increases showing that oxygen atom
tends to adsorb on the fiber surface and not be reactive, which is
also indicated by the nearly constant number of Os + O as function
of time; we discuss the long-time evolution below. At high
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temperature, Og is initially adsorbed on the surface then reacts with
other atoms or desorbs from the fiber surface, both of which can
lead to the decrease of the number of Og after the peak. The total
number of Os + O atoms decreases with increasing temperature,
showing that oxygen atom tends to react with other atoms and
transform to other molecules at high temperature. Another inter-
esting aspect is that the highest concentrations of these interme-
diate molecules are not at the highest temperature; the peaks of
concentration for Oy, CO; and Os are 3500 K, 3000 K and 2000 K,
respectively.

By fitting the six models, we obtain the reaction constants of
each reaction model at each temperature. By fitting the reaction
constants at different temperatures, we find that the computed
reaction constants for all of the species that have substantial con-
centrations follow the Arrhenius equation, as expected. For species
with very low concentrations, and hence few reactions, the data is
too noisy to perform a quantitative analysis. The reactions for
which Arrhenius fits can be made yield estimates of the activation
energy that are consistent among the various models, as shown in
Fig. 8. It should be noted that the reaction rates at 4500 K are not
included for Model 1, 2 and 4 because of poor fitting; the error at
4500 K is 2—3 times larger than the value at other temperatures.
We found that the three important reactions, (a) O + (s)— Os (b)
C+ 0—C(0, and (c) 0+ O— 0,, follow the Arrhenius equation. The
activation energies with the error bars for the three reactions are
listed in Table 2. Although, the six models have different systems of
equations of varying complexity, we find the activation energies of
these three reactions obtained from the Arrhenius fitting are
consistent with each other, which indicates that these three re-
actions are significant in all the different models. The activation
energy for oxygen adsorption O + (s)— Os is similar with that for
the oxygen molecule generation O+ O0—0, and the activation
energy for carbon oxidation C + O— CO is around 57 kJ/mol.

In addition, the error of each model, as defined by Eq. (5), is
shown in Table 2. It is not surprising that the error decreases from
Model 1—6 with the increasing complexity. Although Model 2 has

459

same number of reactions as Model 1, reaction 15 in Model 2
considers both O and Os which decreases the predicted error.
Models 3—6 have smaller errors due to the larger number of fitting
parameters in the system of reaction equations. Since Model 5 has
the least error of Models 1-5, none of which consider CO explic-
itly, we use this model to predict the species change in a longer
timer scale up to 800 ps (see Fig. 9 a-c). As is expected, the O is
consumed much faster at high temperature than at low tempera-
ture. In addition, almost all O transform to CO at 3500 K and 4000 K.
For the other temperatures, the concentration of CO still increases,
and more time is needed to completely deplete the O. For all
temperatures except 1000 K, the concentration of Og increases first
and then gradually decreases. And. as shown Fig. 9(d), the highest
peak of Og occurs at 2000 K predicted by Model 5.

3.2. Oxidation of carbon char

Compared with CF model, the char model has larger surface
area, increasing the reaction rates at the same temperature. Also,
the larger surface area enables most of O to be transformed to Os
and adsorbed on the char surface decreasing the lifetime of O.
Fig. 10(a—d) shows the average lifetime (blue bar) and occurrences
(orange line) of O, Oy, C;0 and Og for amorphous carbon char at
from 1000 K to 4500 K during the oxidation simulation. As shown
in Fig. 10(a), the lifetime of the oxygen atoms decreases with
increasing temperature, which is similar to the result of the
oxidation CF. However, the overall lifetime of oxygen in amorphous
carbon char simulation is smaller than in the CF fiber oxidation.
Although the initial oxygen concentrations are very similar, char
has a much larger surface area than the CF (2628 vs 646 nm?) by the
estimation of the surface mesh. Therefore, we expect the reaction
rate on the surface of char to be larger than on the surface of the CF.
As shown in Fig. 10(b), the average lifetime of O also increases from
1000 K to 4000 K and then decreases from 4000 K to 4500 K.
Compared with CF oxidation simulation, O, has a longer lifetime
and a much smaller occurrence in the char oxidation simulation.
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Fig. 10(c) shows the occurrence of C;0 increases from 1000 to
4500K and the average lifetime of C;0 in char oxidation is larger
than in CF oxidation and the occurrence also increases with the
increase of temperature. Fig. 10(d) shows the average lifetime of O
has its largest value, over 20 ps, at 2500 K. This lifetime value of Oy
in the char simulation is larger than in the CF simulation at the
same temperature. Since the total number of oxygen atoms in char
oxidation is only about one-third of the number in the fiber
simulation, most of species undergo fewer reactions in the char
oxidation than in the fiber simulation at the same temperature.
However, the occurrence of Og is higher in the char simulation at
low temperature because of its large surface area.

Fig. 11 shows the change in the concentration of the major
species as a function of time in the amorphous carbon char
oxidation. As in the case of the CF oxidation, the consumption rate
of atomic oxygen and the generation rate of CO increase with
increasing temperature. However, due to the smaller system and
larger surface area of char, the slope of O and CO curves are steeper
than in CF oxidation, indicating the higher reaction rate. Moreover,
the curves of O, and CO, are also similar with those in the CF
simulation: they increase with increasing temperature and then
decrease at high temperature. Similar to the CF oxidation, the curve
of Os also increases with temperature and then decreases, indi-
cating similar adsorption and desorption mechanisms. The total
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Table 3
The activation energy of reactions fitted from model 1 to model 6 and the prediction
error of each model for the oxidation of amorphous carbon char.

O+ (s)—Os (k] /mol) C+ 05— CO (k] /mol) Error
Model 1 33.50 + 0.53 N/A 0.421
Model 2 35.28 + 048 N/A 0.316
Model 3 39.06 + 1.72 171.69 + 8.18 0.301
Model 4 32.69 + 243 157.85 + 1434 0.289
Model 5 4132 +2.04 175.61 + 9.39 0.278
Model 6 4135 +2.21 184.74 + 8.67 0.263

number of Os + O atoms decreases with time, showing that atomic
and adsorbed oxygen atoms react to form other molecules. The
Os + O curve reaches almost zero at around 50 ps in the char
simulation at 4500 K. The completion time of O + O reaction is less
than in the CF simulation. In conclusion, the reaction mechanisms
in the char and fiber oxidation are similar but the reaction rate is
larger in the char. Also, oxygen atoms tend to more readily adsorb
on the surface of char due to the larger surface area compared with
carbon fiber.

We use the same models to fit the oxidation curves of the
amorphous carbon char. Moreover, since the concentration of the
03 and CO», is low in the amorphous carbon char simulations, only
0, CO and Og curves are used for fitting models. Similar to the fitting
of CF model, we find these models fit well for temperatures ranging
from 2000 K to 4500 K. The small number of reactions at 1000 K
and 1500 K mean the rates have large uncertainties; these are not
included in the fit. We found only two reactions, (a) O + (s) — Os (b)

C+ 05— (O, follow the Arrhenius law (see Fig. 12). The reason that
the C + O reaction does not follow the Arrhenius law is that, as
shown in Fig. 11, most oxygen atom are adsorbed on the surface of
char at the initial stage of the simulation. This leads the C + Os — CO
to be the dominant reaction in the char oxidation. The activation
energies of these two reactions and the fitting error of the models
are listed in Table 3. The average activation energy of O + (s) — Os is
36 kJ/mol which is larger than the 27 k]/mol value from the CF
oxidation. The average activation energy of oxidation reaction
C + Os— CO is around 172 kJ/mol, much larger than the activation
energy of C + 0— CO in the CF oxidation. Moreover, Model 4 pre-
dicts a relatively low activation energy of the oxidation reaction,
around 157 kJ/mol. Since the oxygen is adsorbed on the surface of
the char, desorption of CO from the char surface also needs extra
energy. That could contribute the higher oxidation energy in the
char simulation. Although the activation energy of reactions in char
oxidation is higher, the pre-exponential factor is also higher.
Therefore, the reaction rate in the char oxidation is higher than the
reaction rate in the CF oxidation. Model 5 also has the lowest fitting
error of Models 1-5. Therefore, it is also selected to predict the
evolution of species up to 200 ps (see Fig. 13). The trends of pre-
diction results are similar with the result of the CF oxidation. Also,
the highest peak for Os occurs at 2000 K for the char oxidation
simulations ranging from 2000 K to 4500K.

4. Conclusions

Large-scale reactive MD simulations are performed for CF and
amorphous carbon char. High fidelity models are constructed by
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Fig. 13. The predicted concentration of O, Os and CO for CF as function of time by Model 5 for the oxidation of amorphous carbon char.

461



L. Shi, M. Sessim, M.R. Tonks et al.

the combined kMC-MD and liquid quench methods, respectively.
We demonstrate the ability of the CF and char models to simulate
oxidation at high temperature using the MD method. We find that
CO is the main product in the oxidation simulations of both CF and
amorphous carbon, which is in agreement with the result of mo-
lecular beam experiments of CF [12]. In the oxidation process, we
find that atomic oxygen tends to adsorb on the surface of the car-
bon fiber and char. Other species, most significantly O,, CO, and
Cx0, are also found in the oxidation process but at a much lower
concentration than CO. The main species in the small molecules
CxO is C30, which is highly reactive and has a short lifetime
compared with other species. Six reaction models are proposed. For
CF oxidation simulation, the oxygen adsorption O+ (s)— Os, car-
bon oxidation C + O— CO and oxygen formation O+ O— O, follow
the Arrhenius law and have activation energies of 27 kJ/mol, 57 kJ/
mol, and 24 kJ/mol, respectively. For the amorphous carbon
oxidation simulations, the oxygen adsorption O + (s)—Os and
carbon oxidation C + O; — CO follows the Arrhenius law and have
average activation energies 38 kJ/mol and 172 kJ/mol, respectively.
Compared with the CF oxidation, the carbon atoms of char react
with adsorbed oxygen rather than atomic oxygen, which is more
stable, resulting the higher activation energy of char oxidation.
Moreover, the long-time evolution of the concentration of each is
also predicted for both CF and amorphous char using the lowest
error model. Overall, we have demonstrated the great potential of
MD models for the simulation of oxidation of carbon fiber and
amorphous carbon. These models can provide insights into the
reaction mechanism that take place during the oxidation process.
The MD simulations combined with high-fidelity atomic carbon
models and the analytic mathematical model presented here not
only shows the evolution of species at the initial state of oxidation
but also increases the understanding of the oxidation mechanism at
the initial state of CF and char. Moreover, the method presented
here shows that the predictive tools have the potential to evaluate
and analyze the material's response under extreme conditions,
which is often difficult experimentally.
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