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A B S T R A C T   

Flexible woven SiC ceramics are prone to accelerated fiber embrittlement under high temperature oxidation in 
dynamic oxygen environments. The nanocrystalline structure of the constituent fibers impacts the reaction ki-
netics and phase transformations during active oxidation. However, fundamental understanding and quantifi-
cation of grain boundary effects on oxidation behavior in nanocrystalline SiC remain elusive when temperatures 
exceed 1500 K. This study deploys large-scale molecular dynamics simulations with a reactive force-field to 
elucidate the complex roles of atomic oxygen reservoir conditions and grain size on oxidation kinetics and the 
nature of oxides produced in both monocrystalline and nanocrystalline 3C-SiC between 1100 K and 2000 K. The 
simulations with dynamically replenished oxygen provide good agreement with oxidation kinetics and activation 
energies for the monocrystalline Si(100) and C(100) orientations published in the available literature. This study 
reveals that, by contrast, nanocrystalline SiC samples exhibit two distinct oxidation kinetics with a transition 
point at 1500 K due to surface melting, which is supported by experimental evidence. The introduction of a 
grain-boundary network produces a two-fold decrease in oxidation activation energies compared to mono-
crystalline SiC below 1500 K. Above 1500 K, however, the activation energies rise substantially due to the 
formation of a liquid Si phase at the SiC/Si oxide interface. It is shown that the stability of the interfacial liquid 
phase is promoted by incoherent grain boundaries in the crystalline SiC. These findings are important for the 
deployment of nanocrystalline SiC fibers in advanced thermal protection systems for high-temperature 
applications.   

1. Introduction 

Due to its wide band gap and favorable neutronics, SiC offers a well- 
documented and versatile set of physical and mechanical properties that 
are relevant to the nuclear [1] and semiconductor manufacturing [2] 
sectors. In addition, its high thermal stability, strength, and fracture 
toughness [3] at elevated temperature generate equal interest for ther-
mal protection systems (TPS) shielding spacecrafts from a variety of 
high-enthalpy, chemically reactive, disassociated hypersonic flows 
during atmospheric entry [4,5]. Notably, SiC woven fibers have emerged 
as primary materials for the shell of modern flexible TPS [6], because 
recent TPS developments for planetary missions by NASA have shifted 
towards lightweight deployable structures composed of multiple flexible 
insulators sheathed by a thermally resistant woven ceramic fabric [7]. 
Interestingly, a similar technology is deployed in emergency wildfire 
shelters for first responders, serving as the final defense against flame 

entrapment [8,9]. These flexible TPS must withstand immense thermal 
loads, with wildfire temperatures typically ranging in excess of 1070 K 
to 1470 K [10], while TPS for the Space Shuttle Orbiter reportedly 
reached up to 1921 K during re-entry in the Earth atmosphere [11]. 

To provide motivation for the current work, Fig. 1 presents high- 
resolution scanning electron microscopy images of representative Hi- 
Nicalon SiC woven fibers used for flexible TPS in hypersonic inflatable 
aerodynamic heat shields [6,12]. Nominally, Hi-Nicalon fibers contain 
oxygen concentrations less than 1.2 wt.%, because their microstructure 
is comprised of 3C-SiC nanocrystals that are separated by intergranular 
free carbon and a silicon oxycarbide phase [13]. In this instance, the 
fibers have been exposed to a high-enthalpy oxygen plasma at a tem-
perature of 1573 K using an inductively coupled plasma torch that 
simulates hypersonic atmospheric entry environments [14]. Chemical 
analysis of fibers in Fig. 1 indicates an oxygen content of 32 wt.%, which 
corresponds to a 30-fold increase from its nominal value due to 
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oxidation. Furthermore, the occurrence of gas bubbles formed on the 
surface of some fibers suggests that combined high heat flux and oxygen 
content led to local surface melting at temperatures well below the SiC 
melting point (3100 K). Here, we use this experimental evidence to 
underscore the importance of understanding the fundamental mecha-
nisms of active oxidation in nanocrystalline SiC fibers under such 
extreme thermal environments. Several experimental and computa-
tional studies [15,16] have emphasized a pronounced dependence of the 
underlying chemical reactions and passive-to-active oxidation transi-
tions on temperature and oxygen pressure in SiC monocrystals. How-
ever, current oxidation models have so far little predictive power for 
determining how grain boundaries influence the complex surface 
oxidation kinetics and phase transformations in nanocrystalline SiC fi-
bers at high temperature. 

Herein, this study uses large-scale molecular dynamics (MD) simu-
lations with a reactive force field (ReaxFF) to quantify chemical re-
actions and oxidation kinetics in both monocrystalline and 
nanocrystalline 3C-SiC exposed to atomic oxygen in the 1100 K – 2000 K 
range. An improved MD simulation technique, integrating different 
oxygen reservoir conditions and a self-consistent analysis of oxide 
growth, is developed, and validated against available literature data on 
monocrystalline SiC oxidation. This methodology is subsequently 
extended to two nanocrystalline SiC samples of 5 nm and 10 nm in 
average grain size, respectively, to examine the effects of a grain- 
boundary network on temperature-dependent oxidation kinetics and 
associated surface oxidation mechanisms at the atomic scale. Further-
more, we discuss the experimental observations made in Fig. 1 from the 

perspective of temperature-dependent chemical reactions predicted in 
our simulations. The present study is the first to systematically examine 
the effects of a grain-boundary network on active oxidation kinetics in 
SiC with grains on the order of 5–10 nm [17]. 

2. Methods 

2.1. MD simulations 

MD simulations of 3C-SiC oxidation were performed using the Large- 
scale Atomic/Molecular Massively Parallelized Simulator (LAMMPS) 
[18] with the ReaxFF potential for the Si/O/C/H/N system developed by 
Vashisth et al. [19] via optimization of the CHON-2017_weak force field 
[20] with datasets from Pitman et al. [21] for Si/O/H interactions and 
Newsome et al. [6] for C/O/Si interactions. Although recently intro-
duced, this potential has been shown to accurately reproduce chemical 
interactions in the SiC/O system [22,23,19]. We also note that the 
description of Si-C interactions (which in turn defines the melting 
temperature and other material properties) follows directly from the 
work of Newsome et al. [16], which has been applied extensively in 
prior reactive SiC studies. Two monocrystalline materials with free 
surfaces parallel to the Si(100) and C(100) planes, respectively, were 
simulated as a pair for computing efficiency. A spatially continuous 
oxygen reservoir was used to oxidize both surfaces simultaneously, as 
shown in Fig. 2. The model was created using the software Atomsk [24] 
with an initial size of 15 nm with shrink-wrapped boundaries in the 
z-direction, a cross-sectional area of 4.8 nm × 4.8 nm and periodic 
boundaries in the x- and y-directions. The specified cross-sectional area 
was found to adequately minimize atomic fluctuations. The oxygen 

Fig. 1. Field-emission scanning electron microscopy images of woven nano-
crystalline Hi-Nicalon SiC fibers after thermal exposure to a high-enthalpy ox-
ygen plasma at 1573 K tested in a previous study by Owens et al. [14]. The inset 
indicates the chemical composition of Fiber A obtained from electron dispersive 
x-ray spectroscopy. It should be noted that Fiber B has formed surface gas 
bubbles suggesting the occurrence of local surface melting under such extreme 
high-temperature environments. 

Fig. 2. Atomistic models of 3C-SiC monocrystals with free surfaces parallel to 
either the Si(100) or C(100) planes in their (a) initial and (b) equilibrated 
configurations. Different colors are used to differentiate perfectly crystalline 
and non-crystalline (NC) atoms, respectively. 
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region had a length of 4.7 nm in the z-direction, uniformly filled with 
randomly oriented atomic oxygen with a number density of 40 
atoms/nm3, corresponding to an oxygen partial pressure of 168.05 MPa 
at 300 K and 1120.34 MPa at 2000 K. Atomic oxygen was specifically 
selected to replicate the dissociated oxygen encountered in atmospheric 
re-entry environments. A high gas pressure was used to enable adequate 
chemical reactions to occur during the short MD timescale, in line with 
previous MD simulation studies using reactive force fields [16,25–28]. 

Furthermore, Atomsk [24] was used to construct nanocrystalline 
3C-SiC films with dimensions of 20 nm × 20 nm × 5 nm in the x, y, z 
directions, as shown in Fig. 3. Relevant heat-resistant SiC fibers 
employed in TPS, such as Hi-Nicalon fibers, are characterized by a 
nanocrystalline structure with average grain diameters ranging from 5 
to 50 nm [14,13,17]. Here, the simulated SiC nanocrystals had average 
grain diameters of 5 nm and 10 nm. An oxygen region with the same 
dimensions was introduced to the bottom face of each nanocrystalline 
sample, populated with atomic oxygen, and contained with a reflective 
barrier. The diamond structure identification in the Open Visualization 
Tool (OVITO) [30] was used to differentiate atoms from crystalline and 
non-crystalline (NC) phases. 

All models, including both atomic oxygen and SiC atoms, were pre-
pared using the same methodology reported by Liu et al. [25] to produce 
relaxed GB structures. First, the energy and force were minimized by 
conjugate-gradient method to a threshold of 1 × 10− 6, respectively. 
Reflective walls were used to prevent Si or C atoms from entering the 
oxygen region prematurely. The models were equilibrated at 300 K for 
2.5 ps in the canonical ensemble (NVT) with a Nose-Hoover thermostat 
using a temperature damping coefficient of 25 fs and a timestep of 0.25 
fs. To improve stability, 0.5 nm-thick layers of SiC atoms at the top and 
bottom of the simulation box had their atomic velocity changed to freeze 
the boundaries to a constant temperature of 0.01 K after the initial en-
ergy minimization [25]. We note, however, that these frozen boundaries 

were free to move to account for thermal expansion in the z-direction. 
Atoms outside the frozen boundaries were equilibrated at 300 K in NVT 
for 2.5 ps, heated to 500 K at a rate of 120 K/ps, relaxed for 2.5 ps, 
cooled to 300 K at the same rate, and quenched in the 
isobaric-isothermal ensemble (NPT) at 300 K and 0 Pa for 2.5 ps. Finally, 
the system was equilibrated in NVT at 300 K for 2.5 ps, heated to the 
target temperature at a rate of 120 K/ps, and annealed at this temper-
ature for 200 ps. 

2.2. Oxide growth analysis 

Previous MD simulation studies have either allowed the available 
oxygen to deplete over the simulation [16,25,26,31], or included a very 
large reservoir to maintain constant gas flow [28]. Alternatively, in the 
present study, atomic oxygen atoms were introduced to the system 
dynamically in response to the depletion rate. This was achieved by 
defining an oxygen source region that occupies the oxygen reservoir up 
to 1.5 nm from the SiC surface to ensure that atoms are never added 
directly to the oxide film. The number of depleted atomic oxygen atoms 
were introduced at random positions within the oxygen source region 
every 0.1 ps and their velocities are scaled to maintain constant reservoir 
temperature and pressure. Once again, atomic oxygen was selected to 
better replicate the atmospheric re-entry environment. The ReaxFF po-
tential was used to monitor the bond formation and break up. A 
maximum of eight bonds per atom were allowed, with a coarse bond 
order cutoff of 0.300. The bond count over time was linearly converted 
to the corresponding oxide thickness using Eq. (1) [32]. 

X =
Δm(MSiO2/ṀSiO2)

ρSiO2 A
(1)  

where X is the oxide thickness, Δm is the mass change measured from the 
number of oxygen atoms within the SiO2 phase, MSiO2 is the molecular 
weight of SiO2, ṀSiO2 is the molecular weight gain per mole of SiO2 
formed, ρSiO2 is the density of SiO2 and A is the surface area. The oxide 
growth rate was quantified using the Massoud model of oxidation given 
by Eq. (2) [33]. 

dX
dt

=
B

A + 2X
+ C exp

(

−
X
L

)

(2)  

where B/A is the linear rate constant, B is the parabolic rate constant, C 
is the pre-exponential constant and L is the characteristic length. This 
empirical model improves on the classical linear-parabolic Deal-Grove 
model of oxidation to properly describe oxide films smaller than ~ 30 
nm. However, simulations of SiC have revealed very early-stage oxide 
growth (< 1 nm) with logarithmic-linear time dependence [25], which 
is not efficiently captured by this model. Therefore, it serves as a 
convenient method for empirically quantifying the oxide growth rate, 
but the fitting parameters cannot be reliably compared to prior studies. 
All fitting parameters are provided as Supplementary Tables S1–S4. 
Since an analytical solution is not available, the Optimization Toolkit in 
the software Matlab R2021a (MathWorks Inc., Natick, MA) was used to 
numerically approximate solutions using the 4th Order Runge-Kutta 
method. The result was subsequently treated as a nonlinear minimiza-
tion problem and positive model coefficients were iteratively fitted to 
the data using the Trust Region Reflective Algorithm until a constraint 
tolerance of 1 × 10− 6 was achieved [34]. Arrhenius parameters were 
calculated for each exposed face by fitting the computed growth rates at 
a constant oxide thickness and minimizing the fit error. 

2.3. Experimental characterization 

Nanocrystalline Hi-Nicalon woven SiC fibers (COI Ceramics, Inc, 
USA) were examined experimentally in this study. The fibers were 
distributed in the form of tows, which were untwisted bundles of 

Fig. 3. Atomistic models of 3C-SiC nanocrystalline samples with an average 
grain diameter of (a) 5 nm and (b) 10 nm. Non-crystalline (NC) Si and C atoms 
are highlighted to reveal the grain-boundary microstructure [29]. 
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parallel, continuous filaments of 14 μm in diameter [35]. The SiC tows 
formed a cloth with a 5-harness satin weave having 26 fibers per inch in 
both the warp and weft directions, with each fiber overlapping 4 cross 
fibers before being woven under 1 cross fiber. The woven cloth was 
exposed to a pure oxygen plasma at a heat flux of 79 W/cm2 for 240 s by 
Owens et al. [14]. Surface temperatures were recorded in situ using a 
Marathon Series MR1SACF and MR1SCCF infrared pyrometer 
(600 ◦C–3000 ◦C range) operating with a 0.75–1.1 µm wavelength 
range. Surface temperatures in pure oxygen plasma remained constant 
at 1573 ± 50 K. Microstructure and chemical characterizations were 
carried out after plasma exposure by field-emission scanning electron 
microscopy (Sigma 300 VP, Zeiss, Germany) and electron dispersive 
x-ray spectroscopy (Oxford Instruments, United Kingdom), respectively. 

3. Results 

3.1. Monocrystalline oxide growth 

Our simulations reveal that the time evolution of oxide thickness is 
highly dependent upon the conditions within the oxygen reservoir. 
Fig. 4(a,b) shows the results of a 2000 K static reservoir, which is the 
same as that employed in previous MD simulation studies [25]. Under 
this reservoir condition, the oxide thickness grows rapidly during the 

initial stage of oxidation as shown in the inset of Fig. 4a. Si-C bonds 
break to form new Si-O and C-O bonds, but also non-crystalline C-C ones. 
After the initial uptake, the chemistry of the final configuration at 200 ps 
in Fig. 4b reveals that a gas of CO molecules separates distinctively from 
the SiOx + C phase. This result suggests that the transport of O atoms 
through this oxide phase limits the oxidation reaction at the SiC inter-
face. This hypothesis is supported by the more moderate trajectories 
shown in the latter portion of the curves in Fig. 4a, which are the same as 
logarithmic-linear trajectories found in prior computational work [16, 
25]. Furthermore, Fig. 4b shows that the oxidation rate on the C(100) 
face is partially suppressed, compared to the Si(100) one. This obser-
vation reveals that a static oxygen reservoir condition is not viable for 
multi-grain simulations, because the surface characteristics of certain 
orientations artificially dominate the reaction with the available 
reactants. 

A more realistic reservoir is instead shown in Fig. 4(c,d) and Sup-
plementary Movie S1, wherein the oxygen is replenished dynamically at 
a time-varying rate that preserves the concentration of O atoms in the 
gas reservoir. During the first 20 ps of the simulation, this change re-
duces the initial uptake of O because the reaction products are less 
readily transported away from the crystal surface. Over the entire 
simulation, however, the dynamic oxygen reservoir enabled us to reach 
maximum oxide thicknesses that are 9.3% and 77.7% larger than the 

Fig. 4. Simulations of 3C-SiC monocrystals at 2000 K with differing oxygen reservoir conditions. Time-dependent oxide thickness and periodic simulation snapshots 
are presented for the cases of (a,b) static reservoir and (c,d) dynamic reservoir with oxygen addition. Insets in (a,c) show the trajectories during the first 20 ps 
of simulation. 
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static reservoir for the Si(100) and C(100) faces, respectively. The large 
relative increase in oxide thickness for the C(100) face confirms a pro-
nounced influence of the gas reservoir conditions in these simulations. 
The chemistry of the final configuration at 200 ps in Fig. 4d shows that 
the central region is quickly occupied by a mix of SiOx, CO, O, and 
clumped C chains. More importantly, a salient feature found in Fig. 4d is 
that a non-crystalline melted region of pure Si has formed at the inter-
face between crystalline SiC and SiOx oxides at 2000 K, which is absent 
in the case of the static reservoir. This prediction suggests that the dy-
namic gas reservoir initiates a phase transformation that was not 
directly observed with the static reservoir but is physically meaningful, 
considering our experimental observation of surface melting in nano-
crystalline Hi-Nicalon fibers in Fig. 1. 

The temperature dependence of oxide thickness and oxidation rates 
in the monocrystalline SiC model with dynamically replenished oxygen 
is studied in Fig. 5 for different temperatures ranging from 1300 K to 
2000 K. The trajectories and Massoud model fits are shown in Fig. 5(a,c) 
for the Si(100) and C(100) monocrystals, respectively. The corre-
sponding Arrhenius analysis is shown in Fig. 5(b,d), with R2 > 95% in 
both cases; activation energies of 55.17 kJ/mol and 55.86 kJ/mol are 
obtained for the Si(100) and C(100) monocrystals, respectively. Arrhe-
nius analyses in prior computational studies of 3C-SiC oxidation (in dry 
O2) have provided parameters that varied significantly within the 
literature. For example, for the Si(100) orientation, activation energies 

measured computationally spanned from 35.6 to 86.4 kJ/mol [26,27, 
36]. The values reported herein conform to the computational literature 
but also are generally smaller than the experimental ones. For example, 
Wilson and Opila [32] have comprehensively reviewed experimental 
data on SiC fiber oxidation in differing environments and reported 
activation energies ranging from 69 to 249 kJ/mol for parabolic 
oxidation and from 72 to 192 kJ/mol for linear oxidation [32], which 
agrees with the most recent experiments [37]. In the present study, two 
effects may contribute to this outcome: (i) the inclusion of atomic rather 
than molecular oxygen, (ii) the reaction kinetics themselves. A lower 
activation energy is expected for reaction-limited oxidation, suggesting 
that our simulations are physically accurate. 

3.2. Nanocrystalline oxide growth 

The simulation trajectories and Arrhenius analysis for 5-nm and 10- 
nm nanocrystalline SiC models are presented in Fig. 6(a,b) and 6(c,d), 
respectively. Contrary to the single regime predicted in monocrystal 
simulations, two distinct oxidation regimes are observed in nano-
crystalline SiC, with a temperature transition estimated at T ~ 1500 K or 
1000/T ~ 0.66. Although the melting temperature was not explicitly 
characterized in this work, the transition temperature is consistent with 
our experimental observations of local fiber surface melting that occurs 
prior to 1573 K. Furthermore, classical potentials (e.g., Vashishta, 

Fig. 5. Temperature-dependent oxidation results and Arrhenius analysis for the Si(100) and C(100) monocrystals.  
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Tersoff) demonstrate that surface melting initiates in SiC well below the 
melting temperature and proceeds gradually [38–40], which is consis-
tent with our own observations. For T ≤ 1500 K, activation energies of 
19.17 kJ/mol and 22.14 kJ/mol are obtained for the 5-nm and 10-nm 
nanocrystals, respectively, with R2 > 95% in both cases. Apparently, 
the introduction of a grain-boundary network produced a two-fold 
decrease in activation energies compared to our monocrystalline SiC 
results at T ≤ 1500 K. We find that the activation energy for the 5-nm 
nanocrystalline sample is 2.97 kJ/mol lower than for the 10-nm sam-
ple, while the grain-boundary atom fractions are, respectively, 4.6% and 
1.3%. For T ≥ 1500 K, the activation energies in Fig. 6 are found to 
substantially rise to 126.58 kJ/mol and 166.95 kJ/mol for the 5-nm and 
10-nm nanocrystalline models, respectively. These findings therefore 
reveal a radical change in oxidation kinetics in nanocrystalline SiC at 
temperatures above 1500 K, but not in monocrystalline SiC, which 
suggests fundamentally different oxidation mechanisms. 

A representation of the final oxide thickness reached by the nano-
crystals after 200 ps of oxygen exposure is shown in Fig. 7. It indicates 
that a moderate increase of grain-boundary fraction due to grain 
refinement does uniformly increase the oxide thickness over the entire 
range of temperatures. On one hand, this result is consistent with the 
conclusions of Liu et al. [25] who have predicted that an incoherent GB 
locally accelerates the growth of oxide in monocrystalline SiC at 2000 K 
due to enhanced grain-boundary reactions. On the other hand, the fact 

Fig. 6. Temperature-dependent oxidation results and Arrhenius analysis for nanocrystalline SiC films with grain diameters of 5 nm and 10 nm, respectively.  

Fig. 7. Effect of grain size on final Si oxide thickness reached after 200 ps.  
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that the change is uniform at all temperatures is indicative that, in our 
simulations, grain boundaries are not directly responsible for the 
oxidation kinetics transition predicted in nanocrystalline SiC. 

To better understand why two oxidation regimes exist in nano-
crystalline SiC, Fig. 8 presents the effect of oxidation temperature (1400 
K – 1800 K) on the atomic configuration after 200 ps in the 5-nm 
nanocrystalline model. The dynamics over the full 200 ps of simula-
tion are provided for three temperatures in Supplementary Movies S2- 
S4. At T = 1400 K, we find that a smooth Si oxide layer is formed 
across the entire interface. The oxide layer consists of SiOx and CO 
molecules with a CO gas separating away to the oxygen reservoir. From 
the dynamics of oxygen atoms, we do not observe any preferential 
diffusion of oxygen along grain boundaries, and no significant change in 
the shape of the grain boundary network throughout the simulation 
(Supplementary Movie S2). 

Remarkably, at T = 1600 K, we find the formation and growth of a 
liquid Si layer at the interface between SiC grain boundaries and the 
SiOx oxide (Supplementary Movie S3). The grain boundaries at the 
oxide interface melt and atomically segregate into pure Si and C clusters. 

As the temperature is increased to T = 1800 K, the liquid Si regions 
continue to grow by taking over adjacent crystalline grains (Supple-
mentary Movie S4). Two peculiar characteristics are noteworthy in this 
process. First, although interfacial melting is observed, the bulk material 
remains primarily crystalline up to 1800 K, suggesting that surface 
melting is a by-product of active oxidation mechanisms. Second, Fig. 4 
(c) displays no significant oxygen diffusion through the liquid Si phase 
even at the highest temperature, which gives credence for active 
oxidation between the SiOx scale and the SiC grain boundaries. 

Although the global system temperature is held constant, substantial 
thermal gradients could develop internally. To quantify this effect, the 
average temperature as a function of the z-coordinate (along the 
oxidation direction) is presented in Fig. 9 for the SiC nanocrystal with an 
average grain diameter of 5 nm at several global temperature targets. In 
the region where atomic oxygen atoms are introduced (-5 nm≤ z ≤ − 1.5 
nm), the temperature is constant and adheres closely to the target value. 
However, near the SiC crystal surface (z = 0 nm), the temperature in-
creases, reaching a maximum within 0 ≤ z ≤ 2 nm (at approximately the 
SiC/SiOx interface) before gradually decreasing to satisfy the frozen 

Fig. 8. Snapshots of a nanocrystalline 3C-SiC film with a mean grain diameter of 5 nm after 200 ps at various annealing temperatures from 1400 K to 1800 K. Non- 
crystalline (NC) Si and C atoms have been highlighted in darker colors for clarity. 

L. Capaldi and F. Sansoz                                                                                                                                                                                                                      



Acta Materialia 258 (2023) 119229

8

boundary condition at z = 5 nm. 
Here, an increase in thermal energy inside the crystal is necessary to 

satisfy both the global temperature restriction and the boundary con-
dition. Peak temperatures are 50% and 75% higher than the corre-
sponding target temperatures of 1400 K and 1800 K. This reveals that 
the melting point of the bulk crystal is only exceeded for the highest 
temperature simulations rather than at 1500 K where we observe a 
transition in oxidation kinetic. This further confirms that the observed 
surface melting is primarily a byproduct of active oxidation 
mechanisms. 

4. Discussion 

4.1. Static versus dynamic oxygen reservoirs 

Past experiments on oxidation resistance [41–48], mechanical sta-
bility [49–51], and ablation characteristics [52,53] of SiC 
fiber-reinforced composites and woven SiC fiber materials have shown 
pronounced reductions in tensile strength, fatigue, and creep resistance 
after exposure to high-temperature air and oxygen environments [14, 
54–57]. This effect is found to be compounded by the dissociated atomic 
oxygen encountered at low pressure and very high flow rates when SiC is 
used in atmospheric re-entry conditions [5,15]. These dynamic condi-
tions are profoundly different from static heating of SiC in a standard air 
environment [14]. Therefore, it is physically meaningful to find differ-
ences in the oxidation behavior of SiC between static and dynamic ox-
ygen reservoir conditions in the present study. 

In the monocrystal simulations using a static oxygen reservoir, most 
C atoms in the SiC matrix are transported to the gas reservoir as CO and 
CO2 molecules. The formation of clumped C chains within the SiOx layer 
is indicative that the diffusive driving force is quickly overcome by 
viscous forces once the C molecule grows sufficiently large. The snap-
shots in Fig. 4b show that the reactions at 2000 K occur in the very first 
20 ps of annealing. However, the rate on the C(100) face is partially 
suppressed because the C terminations must first react and be trans-
ported away from the surface. This allows the Si(100) crystal to suc-
cessfully compete for the available reactants in the static oxygen 
reservoir. This observation proves that a static oxygen reservoir condi-
tion is not viable for multi-grain simulations, because this study finds 
that the surface characteristics of certain orientations artificially domi-
nate the reaction with the available reactants in the reservoir. 

Furthermore, it is worth noting in Fig. 5 that the final oxide 

thicknesses reached in conditions below 1500 K are relatively higher in 
the monocrystalline models than in their nanocrystalline counterparts. 
Apparently, this result is counterintuitive because this study concludes 
that the introduction of a grain-boundary network tends to accelerate 
active oxidation rates. We attribute this anomaly to the oxygen intro-
duction technique used to replenish the dynamic reservoir. Oxygen 
atoms are introduced at random positions within the gas reservoir, 
whose dimensions are determined by the respective model. Since the 
monocrystals are much smaller than the nanocrystalline models, a given 
oxygen atom must be transported over significantly shorter distances 
before reaching the SiC interface, hence the enhanced oxidation ki-
netics. Nevertheless, we find that this difference is diminished at higher 
temperatures because active oxidation of monocrystalline and nano-
crystalline SiC under dynamic oxygen reservoirs proves to be dominated 
by equilibrium reactions at the interface between Si oxide scale and 
crystalline SiC, rather than by direct reactions with oxygen atoms. 

4.2. Oxidation mechanisms in nanocrystalline SiC 

Several aspects of the present study provide fundamentally new in-
sights into the roles of a grain-boundary network on active oxidation 
mechanisms in SiC. First, MD simulations are a particularly valuable tool 
for directly studying chemical interactions at very short time scales 
where experiments are technologically challenging. The ReaxFF inter-
atomic potential [58,67] is parameterized using ab initio calculations 
and experimental data, which allows for quantum mechanical calcula-
tions to be accurately reproduced for substantially larger atomic systems 
[59,60]. These potentials have been widely used to study the oxidation 
of 3C-SiC surfaces by O2 and H2O at temperatures up to 5000 K [16,26], 
and the roles of crystal orientation [27,28,22,36,31], point defects [60], 
geometry [61], and atomic oxygen collisions [23] upon monocrystalline 
SiC oxidation. Liu et al. [25] have extended this approach to bicrystals 
containing both coherent and incoherent grain boundaries to investigate 
the physical origin of growth rate enhancements observed experimen-
tally [62–64]. However, the present study is the first to systematically 
examine the effects of a grain-boundary network on active oxidation 
kinetics in SiC with grains on the order of 5–10 nm [17]. 

Second, from the two distinct oxidation kinetics predicted in nano-
crystalline SiC, a higher activation energy above 1500 K indicates that 
the underlying chemical process is more kinetically driven than diffu-
sion controlled at high temperature. Diffusion controlled processes 
generally have activation energies on the order of 15–20 kJ/mol [65], 
whereas higher activation energies suggest that the oxidation rates are 
limited by the chemical reaction. In fact, our results reveal that oxygen 
diffusion is blocked by a layer of liquid Si forming at the oxide/crys-
talline interface at temperatures above 1500 K. Although atom diffusion 
could not be properly simulated over only 200 ps, this conclusion is 
supported by the work of Silva et al. [66], which found that amorphous 
Si has less reactivity and less diffusion transport of oxygen than crys-
talline Si. 

Third, in active oxidation studies, the transition points from passive- 
to-active reactions are critical for understanding the rates of oxidation 
and the roles of microstructures on SiC oxidation [41,15]. The different 
active oxidation mechanisms in SiC have been summarized by Jacobsen 
et al. [15] through four possible equilibrium reactions and associated 
phase transformations:  

SiC(s) + O2(g) = SiO(g) + CO(g)                                                   (3a)  

SiC(s) + 2SiO2(s) = 3SiO(g) + CO(g)                                             (3b)  

SiC(s) + SiO2(s) = 2SiO(g) + C(s)                                                   (3c)  

2SiC(s) + SiO2(g) = 3Si(l, s) + 2CO(g)                                           (3d) 

From our simulations, the formation of clumped C clusters in the 
oxide layer agrees with the product of reaction (3c), suggesting that 

Fig. 9. Average temperature profiles along the oxidation direction for the SiC 
nanocrystalline model with an average grain diameter of 5 nm. A Z-coordinate 
of zero corresponds to the coordinate of the initial gas-solid interface. 
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active oxidation is governed by this type of reaction in the mono-
crystalline C(100) up to 2000 K and the nanocrystalline SiC samples up 
to 1500 K. In monocrystalline Si(100) at 2000 K and nanocrystalline 
samples above 1500 K, the appearance of a pure non-crystalline Si layer 
in the oxide interface matches well with the products of reaction (3d). 
This conclusion is consistent with past experimental observations of SiC 
in dissociated oxygen [5] showing that, at constant oxygen pressure, 
reaction (3d) only achieves thermodynamic equilibrium at higher tem-
peratures than reaction (3c). 

To test the above hypothesis, we compared the chemical analysis of 
Fiber A from the experiment in Fig. 1 to the elemental participation in 
each equilibrium reaction. Table 1 shows the oxygen composition of 
Fiber A is closer to the oxygen participation involved with reaction (3c). 
Interestingly, Fiber B in Fig. 1 shows clear signs of surface melting, 
which could also be attributed to the liquid Si phase produced in reac-
tion (3d). Since the surface temperature measurement fluctuated at 
1573 ± 50 K on those fibers, it is possible that both reactions (3c) and 
(3d) coexisted under the testing conditions. In summary, our simulation 
and experimental evidence suggests that the grain-boundary network 
facilitated the formation and stability of a liquid Si phase at the interface 
where grain boundaries intersected with the Si oxide. In turn, this re-
action kinetically changed the active oxidation process. 

5. Conclusions 

We performed large-scale reactive MD simulations of mono-
crystalline and nanocrystalline 3C-SiC oxidation up to 2000 K. The 
conditions within the oxygen reservoir were found to strongly influence 
the oxidation kinetics and underlying equilibrium reactions. Under 
static conditions, certain orientations dominated the reactions with the 
available reactants and produced oxidation trajectories that were not 
physically accurate. A dynamic condition whereby oxygen atoms were 
continuously introduced to the system, was found to be more reliable for 
large-scale computational studies. It is demonstrated that active oxida-
tion occurs at the interface between the crystalline SiC and Si oxide at all 
temperatures. However, temperature-dependent simulations of nano-
crystalline SiC revealed two distinct oxidation regimes, with a critical 
transition at T = 1500 K, which differed from monocrystalline SiC. A key 
finding is the prediction of surface melting for T > 1500 K, supported by 
experimental evidence, stemming from the formation of a liquid Si 
phase at the SiC/Si oxide interface. It is shown that the stability of the 
interfacial liquid phase is promoted by incoherent grain boundaries in 
the crystalline SiC. This study underscores a critical design consideration 
for the deployment of nanocrystalline SiC fibers for high-temperature 
applications, emphasizing the need for further large-scale atomistic 
simulations. 
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