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ReaxFF molecular dynamics study on oxidation
behavior of 3C-SiC: Polar face effects”
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The oxidation of nanoscale 3C-SiC involving four polar faces (C(100), Si(100), C(111), and Si(111)) is studied by
means of a reactive force field molecular dynamics (ReaxFF MD) simulation. It is shown that the consistency of 3C-SiC
structure is broken over 2000 K and the low-density carbon chains are formed within SiC slab. By analyzing the oxygen

concentration and fitting to rate theory, activation barriers for C(100), Si(100), C(111), and Si(111) are found to be 30.1,
35.6, 29.9, and 33.4 kJ-mol~!. These results reflect lower oxidative stability of C-terminated face, especially along [111]
direction. Compared with hexagonal polytypes of SiC, cubic phase may be more energy-favorable to be oxidized under
high temperature, indicating polytype effect on SiC oxidation behavior.
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1. Introduction

To improve the performance of space vehicles for ex-
tremely harsh service environment, it is crucial to develop
the materials and structures for their thermal protection sys-
tems. Due to the advanced features, composite materials
based on carbon, silicon carbide (SiC), silica (Si0O;), and car-
bon fibers become the latest choice for the thermal protection
system.!!=3] However, because of the high-temperature and
high-pressure working condition, oxidation occurs which can
lead to system degradation.!*71 Therefore, the understand-
ing of related behaviors involving chemical reaction and mi-
crostructure evolution turns out to be a critical issue.

Plenty of experimental efforts have been devoted to ex-
plore the oxidation process of these silicon carbide materi-
als, while limitation exists for reaching temperature higher
than 2000 K as well as understanding the break and forma-
tion of molecular bonding during chemical reaction.8-17] Be-
sides, recent studies on compressive properties of SiC com-
posite materials also found temperature-dependent phenom-
ena and attributed them to the oxidation of SiC. Therefore, it
is difficult to provide a clear explanation due to the limitation
of observation condition.!'8! Modeling approaches have their
advantages and can play important roles in the study. Previ-
ously, calculations based on density functional theory (DFT)
were utilized to investigate the oxygen adsorption behavior for

[19-21

different SiC polytypes. I Although stable configurations

and reaction pathway have been achieved, computational cost
was too high to contain sufficient numbers of atoms.[?>-24]
Classical molecular dynamics simulation on oxygen diffusion

in SiC was also performed without providing information on
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chemical reaction details.>> Basically, the oxidation process
includes chemical reactions, mass transport, and electrostatic
interactions, all of which have its own complexity.?>”1 To be
able to model the profile at a lower calculation cost, a sophis-
ticated bond-order potential, ReaxFF method, was established
by the group of Duin.*®! The parameters have been extended
for Si/C/H/O system by Newsome et al. They studied the ox-
idation process of 2H-SiC(0001) by O, and H;O in a tem-
perature range of 500-5000 K.[**! Furthermore, by develop-
ing the Deal-Grove (D-G) theory, results from MD simulation
have been fitted to compute the transport diffusivity at various
temperatures and further to obtain the activation barriers. 3!
They focused on 2H-SiC(0001) face without providing infor-
mation on the cubic SiC phase (3C-SiC), which is technolog-

9.13.19.311 Begides,

ically important related to crystal growth.!
the anisotropic oxidation nature of SiC has not been taken into
account by MD simulations according to the best knowledge
of the authors.

In the present work, we concentrate on the polar face
effects, to first investigate the oxidation behavior of C(100),
Si(100), C(111), and Si(111) of 3C-SiC by using the ReaxFF
MD simulation, and then calculate the Arrhenius parameters

for each face following a similar framework of Newsome et
] 129:30]

2. ReaxFF MD modeling

The crystal structures of 3C-SiC polar faces including
C(100), Si(100), C(111), and Si(111) are shown in Fig. 1.
To perform the simulation, a bulk of SiC containing 640
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atoms with (100) surface normal to the z axis was set up,
the size of which was 17.4 x 17.4 x 20.6 A. The simulation
cell was created by extending the length along the z direc-
tion to 52.3 A. Periodic boundary condition was used for
such system and both the C-terminated and Si-terminated face
were considered, respectively. Similarly, in order to inves-
tigate the effect of different crystal orientations, atomistic
models with [111] direction along the z axis with C- and Si-
terminated face were set up as well, with the simulation cell
having the size of 16.0 x 15.4 x 54.0 A. Within the rest of the
simulation cell, 200 O, molecules were randomly inserted.
Correspondingly, the oxygen concentration was 3.48 x 10%
and 4.58 x 10* mol-m~3 for (100) and (111) models, respec-
tively, which were high-pressure cases following Newsome’s
work.[?) Hydroxyl groups were added bonding with surface
atoms to protect the SiC surface which is highly reactive. The
cutoff radius was set as 10 A. The length of SiC slab with
[100] and [111] direction was respectively 21 A and 25 A,
either of which was larger than twice of the cutoff radius.
Initial configurations were obtained by minimizing the whole
system and then running MD at 100 K for several steps to
make O, molecules well-distributed, as shown in Fig. 2. Af-
ter that, the temperature was quickly increased to 800, 1000,
1400, 2000, 3000, 4000, 5000 K, controlled by a Berendsen
thermostat to simulate the NVT (Canonical) ensemble. The
temperature damping constant was set as 100 fs and the time
step was adjusted with the value of temperature, 0.25 fs for
2000 K and below, while 0.1 fs for higher temperature. Nose—
Hoover thermostat has also been applied for one case to verify
the thermostat effect, showing no obvious difference. Fur-
thermore, modeling of SiC slab with thickness of 30 A was
carried on. Lager system has been tested as well which verifies
the convergence of the calculations. The initial stage of bonds
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(d)
Fig. 1. (color online) Side view of 3C-SiC polar face. In this and all the
following figures showing atomistic structures, black, and gray spheres in-

dicate carbon and silicon atoms, respectively. (a) C(100), (b) Si(100), (c)
C(11), (d) Si(111).
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Fig. 2. (color online) Initial configurations for MD. In this and all the
following figures showing atomistic structures, red, and white spheres in-
dicate oxygen and hydrogen atoms, respectively. (a) C(100), (b) Si(100),
(c) C(111), (d) Si(111).
breaking and forming which are of most interests was similar
as in the smaller size model. Since the oxidation process is
governed by breaking and forming of covalent bonds which
only involve very few angstroms, the structure we used here
is large enough to model plenty of oxidizing reactions and
the surface oxidation of SiC.[*°! All the simulations were con-

ducted using the open-source LAMMPS code. 323!

3. Results and discussion
3.1. Atomistic structure analysis

The configurations with [100] and [111] directions for
C- and Si-terminated face oxidized under 1000 K, 2000 K,
3000 K, and 5000 K are presented in Figs. 3 and 4, respec-
tively. All of them are observed by ReaxFF MD at 80 ps. It
is noticeable that all the four polar faces turn to react very fast
with oxygen when the temperature is higher. Above 2000 K,
there is a mixture of carbon chain and SiOy in the middle part
of simulation cell, and almost all the oxygen molecules have
been consumed according to Figs. 3 and 4. Since the melting
point of SiO; is nearly 1800 K given by Castro-Marcano et
al.,1?3%] the separated slab is forming a liquid, amorphous sil-
ica phase as temperature increases above 2000 K. While com-
paring with the structures of 2H-SiC oxidation given by New-
some et al.,*”) the consistency seems to be broken at earlier
stage for 3C-SiC. These results imply that the oxidation degree
of 3C-SiC could be greater than that of 2H-SiC. However, by
simply comparing the ReaxFF MD configurations of C(100),
Si(100), C(111), and Si(111), no visible difference has been
shown.

To further understand the structure evolution, the numbers
of O, molecules changing with time at various temperatures
have also been tracked during the simulation. The O—O bond
consumptions for (100) and (111) surfaces oxidized at 1000 K,
3000 K, and 5000 K are illustrated as Fig. 5. The consump-
tion rates of oxygen increase greatly as temperature increases-
for all cases. C-face consumes O—O bond faster than that of
Si-face, with a more evident difference at 1000 K, while less
obvious under higher temperature. It may be attributed to the
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activity enhancement of subsurface as temperature increases,  ulations at 2000 K and 3000 K have been performed for the
so that the effect of terminated element as C or Si on surface ~ model with Si(100) face. The configurations after oxidizing
is weakened. By means of oxygen concentration data at 800,  for 80 ps are presented in Fig. 6. It has been shown that
1000, 1400, 2000, 3000, 4000, and 5000 K obtained from MD there are CO, molecules formed in the middle part of the slab
simulation, analysis on transport rate and energy barriers is

at 3000 K, where SiC was separating and producing graphi-
conducted in subsection 3.2.

tized layer. The analysis of gas concentration changing with
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Fig. 5. Consumption of O, with time during the oxidation at 1000 K,
3000 K, and 5000 K. (a) (100) face. (b) (111) face.
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Fig. 4. (color online) Configurations of (111) face oxidation at 80 ps.

C(111) oxidation at (al) 1000 K, (a2) 2000 K, (a3) 3000 K, (a4) 5000 K.
Si(111) oxidation at (b1) 1000 K, (b2) 2000 K, (b3) 3000 K, (b4) 5000 K.

Moreover, to investigate the effect of initial oxygen con-

. 300 O 1 1 . d and relati . Fig. 6. (color online) Configurations of SiC oxidation at 2000 K (a) and
centration, 2 molecules were inserted and relative sim- 3000 K (b) for 80 ps. Systems contain 300 O, molecules initially.
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time at 2000 K and 3000 K is illustrated in Fig. 7, includ-
ing O,, CO, and CO;. Obviously, CO, molecules have been
generated when both the initial concentration of O, and sys-
tem temperature are high. It seems that excess O, molecules
have passed through the liquid, amorphous silica phase and
totally reacted with carbon layers under 3000 K to form CO,.
These results could be instructive to realistic situation under

high temperature and high pressure to some extent.
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Fig. 7. (color online) Comparison of systems with different initial O,
concentrations at 2000 K and 3000 K. (a) 2000 K, contained 200 O,
molecules initially. (b) 2000 K, contained 300 O, molecules initially. (c)
3000 K, contained 200 O, molecules initially. (d) 3000 K, contained 300
O, molecules initially.

3.2. Estimation of rate constant and activation energy

The transport rate theory to model gas and solid reac-
tion was developed by Newsome et al. It provides a way to
quantify the rate parameters, which is difficult to conduct via

experiments. The relation between oxygen concentration and

reaction time is given by 3"

dcg? coe X

dr _“+I3Cglzd’ (D

1d
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b
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where CG¢ and CGlY; are the concentrations of bulk fluid
containing O atoms changing with time and at initial stage,
pl(;g%tomic is the initial density of O atoms in the fluid phase
of simulation cell, which is calculated by total number of O
atoms divided by fluid phase volume, Ly is taken as the length

of the simulation cell, Lgap 0 is the initial thickness of SiO;

slab, which is used as the thickness of hydroxyl layer nearly
2.8 A, and D, is the transport diffusivity.

By fitting the MD data shown in Fig. 5 with the
concentration-time relationship as Eq. (1), the values of o and
B for each temperature are obtained. Then, using Eq. (2) or
Eq. (3), two values of Dy could be calculated from o or f3.
By weighted averaging, these two Dy values to maximize the
correlation coefficient of theory and simulation results, final
determination of Dy is made. After all the Dy at various tem-
peratures as 800, 1000, 1400, 2000, 3000, 4000, 5000 K for
(100) and (111) face are obtained, activation energies and pre-
exponential factors are calculated by Arrhenius equation as

follows:

D((T) = Doexp (RT“) . )

Take the logarithm to make a linear form as

&)

lnDt(T):lnDo—( Es )1000

1000R) T °

where E, and Dy are the activation energy and pre-exponential
factor respectively, and R is the gas constant taken as
8.3145 J- K~ !-mol .

The fitting of InD; with 1000/T as Eq. (5) for (100) and
(111) face are shown in Fig. 8. The correlation coefficients
of all cases are larger than 0.95. By these fittings, E, and Dy
are calculated for each situation, as displayed in Table 1. The
activation barriers of C-face oxidation are lower than that of
Si-face for both (100) and (111) crystal planes, which indi-
cates the oxidation facility of C-terminated polar face. Previ-
ous results have shown that the oxide growth rate of Si-face
was about 1/10th that of C-face, and both rates were much
higher than the evaluation given by D—G model at oxidation
thickness less than 20 nm. However, almost all the studies
only focused on the oxidation properties under temperature
lower than 2000 K for hexagonal structures. 1435361 Here, the
small difference between C-face and Si-face presented in Ta-
ble 1 may result from the influence of the data point at higher
temperature. As temperature increases, the polar face effects
seem to be reduced. Moreover, at the initial stage involving
extremely thin oxide layer, the oxidation rate is high and cor-
respondingly leads to smaller activation barriers. Apart from
the difference between C- and Si-face, comparison between
(100) and (111) plane reveals slight energy-favorable of (111)

plane, while it is not noticeable.
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Fig. 8. Fitting of Arrhenius equation for oxidation of 3C-SiC (a) (100)
face and (b) (111) face.

Table 1. Activation energy and pre-exponential factor for SiC oxidation
with different polar faces.

E,/kJ-mol~! Dp/1072 cm?-s~!
C-face(100) 30.1 1.0
Si-face(100) 35.6 12
C-face(111) 299 1.0
Si-face(111) 334 1.0

All the E, values are less than that of 2H-SiC (see
Ref. [30]: 46.3 kJ-mol™!), revealing higher oxidation rate of
3C-SiC. Dy is similar for each case, nearly 1072 cm2s~ L It
has reported that the oxidation rates of SiC were dependent on
crystal polytypes.l” An experimental oxidation test on 3-SiC
and the comparison with a-SiC done by the same group re-
vealed that the activation energy for 3-SiC were much lower
than @-SiC.37-38] These seem to be in qualitative agreement
with our calculations which show that the value of activation
energy of 3C-SiC oxidation is less than that of 2H-SiC. How-
ever, since the oxygen concentration is much higher in the
present simulation than in experiments, all the values of ac-
tivation energy obtained here are obviously lower. Addition-
ally, research on the formation of porous SiC ceramics mani-
fested that the cubic phase with oxide was unstable and further

[39

converted to hexagonal form.3°! These could also indicate the

weaker oxidative stability of 3C-SiC in agreement with our

simulation results.

To find the root of polytype effect on oxidation behav-
ior, it is necessary to analyze the differences of their crystal
structures. Among SiC polymorphs, 3C-SiC is the only cu-
bic one with stacking sequence as --- ABCABC:--- along its
[111] direction. This layer stacking direction is defined as the
c axis along [0001] direction for hexagonal structures, along

which 2H-SiC has --- ABAB---
[40

sequence. Following the no-
tation rule by Jagodzinski,*"! the letter 4 is used to describe
the stacking position with a 180° rotation, whereas the letter
k refers to the stacking without rotation. As shown in Fig. 9,
3C-SiC and 2H-SiC are two typical structures with only k or
h stacking sequence. This means that 3C-SiC has only cu-
bic structure component, while 2H-SiC has only hexagonal
one. The oxidation behavior of these polytypes may be in-
fluenced by the amount of k or & component which causes
differences in bonding strength and further induces different
adsorption barriers of oxygen. As the results given by density
functional theory (DFT) calculation,?%! the adsorption energy
of oxygen to Si-terminated surface of 3C-SiC is approximately
0.2 eV less than that of 2H-SiC. The surface configurations are
also different depending on the surface sequence. 3C-SiC has
larger relaxed bond angle than that of 2H, which means that
cubic structure may experience inward relaxation and can be
more flexible than 2H while 2H has a closer structure to sp°.
This sp® character gives rise to a stronger bonding between
adsorbed oxygen and Si atoms on surface for 2H and makes it
more difficult for Si—O bond formation. Such kind of state can
facilitate the initial oxygen adsorption to Si-terminated sur-
face of 3C-SiC and further increase the oxidation rate of 3C
bulk. As to C-terminated SiC surfaces, all the adsorption en-
ergy values are much lower than that of Si-terminated surfaces
for both 3C and 2H, which indicates that the polytype effect
may diminish whereas the influence of top layer can become
the dominating factor.

Apart from the analysis above, the configurations contain-
ing only two neighboring bonding tetrahedrons for 3C and 2H
stacking are shown in the bottom half of Fig. 9. The adjacent
layer of 3C is twisted by 60° with respect to the atom position
of 2H. Due to such twisting, the distance between Si atom and
C atom belong to the neighboring stacking (shown by the ar-
row) for 3C is slightly larger than that of 2H. Thus, 3C-SiC
may provide a wider space for oxygen, correspondingly hold-
ing more oxygen molecules and enhancing the reaction. This
can partially lead to the higher oxidation rate of 3C than that
of 2H-SiC.
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Fig. 9. (color online) Comparison between the micro-structures of 3C- and
2H-SiC.

4. Conclusions

The anisotropy property of SiC oxidation is of great
importance for both theoretical and technical development,
which was seldom studied at a high temperature range of
above 2000 K. With the aid of ReaxFF MD, the structure evo-
lution and oxygen consumption at initial oxidation stage for
C(100), Si(100), C(111), and Si(111) of 3C-SiC were inves-
tigated in this current study. It was found that over 2000 K,
all the four cases completely consumed oxygen molecules at
80 ps, producing a mixture of carbon chain and SiO, in the
middle part of the configurations. By further data fitting, Ar-
rhenius parameters were obtained. The activation energy of
C(111) oxidation was the lowest among the four polar faces,
which can indicate inferior oxidation resistance. In addition,
the values of activation energy for 3C-SiC were computed and
they are in the range of 30-35 kJ-mol~!, which were lower
than that for 2H-SiC. This implies weaker stability of the cu-
bic SiC surrounded by oxygen. It is believed that the polar
face effects of 3C-SiC oxidation presented in this paper can
find applications in developing future high-temperature mate-
rials.
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