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Abstract: Chemical Vapor Infiltration (CVI) has proven remarkably successful in producing strong
and lightweight ceramic matrix composite materials. This technology has matured to regular in-
dustrial use. However, two fundamental problems remain, and those are the formation of pores
and depositing of weaker material than silicon carbide (SiC), namely, Si. Definitive knowledge of
the molecular mechanism would catalyze an advance in the chemical precursors used in CVI. In
this work, the CVI reaction is modeled using density functional theory (DFT) calculations. The
DFT calculations here use the Bayesian Error Estimation Functional with van der Waals correction
(BEEF-vdW). The main findings begin with C deposition determining the rate of solid SiC growth
due to Si being far more reactive. Therefore, increasing the C content of the precursor is a logical
CVI strategy. Methane (CH4) is more reactive than ethane (C2H6) and ethylene (C2H2) and would be
effective as an additive to the chemical precursor. Increasing the deposition rate of C has the benefit
of decreasing pure Si deposits. Si melts at 1410 ◦C and CMCs are used in high-temperature settings
beyond this melting point, including in aeroengines and nuclear fuel cladding.
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1. Introduction

Chemical Vapor Infiltration (CVI) is a densification process to close out pores in
ceramic matrix composites (CMCs). CVI often leads to silicon (Si) deposition instead of a
desired silicon carbide (SiC) deposition if an inappropriate choice of chemical precursor
is used. Si weakens the flexural strength and lowers the temperature resistance of the
CMC. In aerospace and nuclear applications, the final CMC must be resilient under high
temperatures, which are often above the melting point of Si at 1410 ◦C. CMCs are used
in aeroengines, which often operate at temperatures as high as 1700 ◦C [1]. Another
common application is nuclear fuel cladding as it must be resilient at high temperatures for
safety reasons [2]. The analogous process for deposition, chemical vapor deposition, is an
important process for semiconductors [3]. A long literature record establishes that SiC is
lightweight and resistant to high temperatures approaching 2000 ◦C [4]. Another impact of
precursor choice is the porosity of the final product. The formation of pores comes from
the product gases from the deposition reaction [5–8]. Higher porosity decreases flexural
strength; therefore, it is crucial to understand the deposition mechanism of CVI to ensure
the densification quality.

CVI was developed in the 1960s [4]. The CVI process consists of a chemical vapor
precursor mix infiltrating a fiber mesh preform to deposit the solid matrix. The common
choice of fibers are often C or SiC. The fibers are often continuous and mechanically
braided. The fiber mesh typically occupies only 40% of the final volume of the CMC [9].
Methyltrichlorosilane (MTS or CH3SiCl3) is often selected as the precursor and several
studies have been reported for its complex gas phase thermochemistry [10–13]. These
studies have identified a few important intermediates directly involved in the final depo-
sition step of the reaction network [10–12]. DFT has been used to elucidate the reaction
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mechanism [14–16]. Yet another technique has been to use ab initio molecular dynamics
to find reaction pathways [17]. Nevertheless, characteristics of an appropriate choice of
chemical precursor mixture for CVI is an issue for debate. Therefore, the authors perform
DFT calculations to provide insights for precursor choices.

The DFT calculations in this work answer explicit questions about the properties of
the chemical precursor choice for CVI. The options are to change the ratios of C, H, and
Si, at least. Desenfant et al. [8] provide an overview of the spectrum of precursors that
have been used in CVI. There exists a variety of chemical precursors to choose from [4]. In
addition to methyltrichlorosilane (CH3SiCl3, MTS), high-carbon content precursors have
been investigated. Two leading examples are C2H5SiCl3 and (CH3)2SiCl2. Other ideas
have been to place another hydrocarbon species such as methane (CH4) in the precursor
mixture and include hydrochloric acid (HCl) to alleviate Si buildup. CVI could benefit
from using methane due to methane’s relative abundance compared to the amount that
methane is used as a fuel. The chemical insight from DFT will provide guidance on the
experimental design of chemical precursor mixes for CVI.

The Chemical Vapor Infiltration section lays out the key reaction mechanism and the
elementary steps for DFT. The CVI section is split into two subsections: reactions concerning
SiC versus Si deposition and reactions concerning pore formation. The Computational
Methods section states the specifics of the DFT calculations and transition state search for
reproducibility purposes. The Results and Discussion section is split into a subsection on
the reaction mechanism computed with DFT and a subsection on the suggested chemical
precursor choice for the CVI process.

2. Chemical Vapor Infiltration
2.1. SiC versus Si Deposition

The overall reaction for MTS deposition on SiC is

CH3SiCl3 + SiC ←→ SiC + 3HCl (1)

The overall reaction is divided into reaction steps that form the reaction mechanism.
The full SiC crystal used in DFT calculations is visualized in Figure 1. A thermodynamic
evaluation of Si-containing intermediates depositing Si versus SiC is sought [8]. Si is an
issue, especially at the matrix–fiber interface, because it weakens the flexural strength of the
CMC [4,18]. Si prevents fiber detachment from the matrix and is associated with lower flex-
ural strength. Two intermediates that exist in the gas phase are SiCl2 (dichlorosilane) [15]
and SiCl3 (trichlorosilane) [12]. The deposition reactions of these two intermediates on Si
are visualized in Figure 2. In both reactions, the Si deposits and the Cl react with H to form
hydrochloric acid (HCl). The reaction involving SiCl−3 produces more product gas, HCl,
than the reaction involving SiCl2−

2 . Equation (2) yields no overall change in the number of
gas molecules. The starting two SiCl2−

2(g) gas molecules and two H2(g) gas molecules are
replaced by four HCl(g) gas molecules. Equation (3) yields an increase of one gas molecule.
In Equation (3), the starting three SiCl−3(g) gas molecules and two H2(g) gas molecules are
replaced by six HCl(g) gas molecules. Notably, an experimental study by Lu et al. [6]
identified SiCl2−

2 as a key reaction intermediate. The presence of product gas blocks the
transport of reactants into the material coming from the surface. The gases become trapped
and form pores when the surface of the material has been sealed upon the completion of
the CVI process [19]. The reactions are as follows:

2SiCl2−
2(g) + Si + 2H2(g) ←→ Si+2 + 4HCl(g) (2)

2SiCl−3(g) + Si + 3H2(g) ←→ Si+2 + 6HCl(g) (3)
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Figure 1. Full SiC crystal cells used in DFT calculations. The vacancy occurs at the surface.

Figure 2. Reactions that deposit Si on Si.

The mechanistic question that these two reactions answer is which intermediate, either
dichlorosilane (SiCl2−

2(g)) or trichlorosilane (SiCl−3(g)), is more reactive towards depositing
on the Si surface.

The same two intermediates, dichlorosilane and trichlorosilane, deposit Si on SiC. A
mechanistic possibility is tested by changing the starting state of the SiC surface. Either the
Si of dichlorosilane or trichlorosilane can fill either the vacancies of C or Si. The reactions to
form C vacancies are

2SiCl−3(g) + Si−2C−2 + 3H2(g) ←→ SiC−2 + 6HCl(g) (4)

2SiCl2−
2(g) + Si−2C−2 + 2H2(g) ←→ SiC−2 + 4HCl(g) (5)

In this work, a negative subscript indicates missing atoms relative to a complete slab
of 54 C atoms and 54 S atoms. For example, SiC−2 refers to Si54C52. The reactions to fill Si
vacancies are

2SiCl−3(g) + Si−2C + 3H2(g) ←→ SiC + 6HCl(g) (6)

2SiCl2−
2(g) + Si−2C + 2H2(g) ←→ SiC + 4HCl(g) (7)

The four reactions of Equations (4)–(7) regarding the deposition of Si on SiC are shown
in Figure 3.
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Figure 3. Reactions that deposit Si on SiC.

The C deposition mechanism is the next piece to address. Sukkaew et al. [14] and
Danielsson [16] performed quantum chemical calculations of the CVI reactions using DFT
and transition state theory. The active intermediates that participated in deposition were
C2H4, C2H2, CH4, and CH3 [14]. C2H6 is also a gas-phase intermediate [12]. CH3 was
supported as key species in the experimental work by Lu et al. [6]. CH4 is then investigated
with a transition state search to reveal its mechanism and activation barrier. During reaction,
CH4 transforms to CH3 and fills a C surface vacancy.

Deposition of C by C2H2 and C2H6, respectively, are compared in the pore formation
section. Two types of mechanisms are considered. One mechanism is the filling of C
vacancies. The other mechanism is the forming of Si vacancies. These two intermediates
that both deposit two carbons but produce different amounts of H2(g) show how the final
porosity of the material is influenced by the chemistry of the precursor.

2.2. Pore Formation

C2H2 and C2H6 thermodynamic adsorption are computed with DFT to reveal the
effect of the C:H ratio on the deposition rate, because C2H2 yields less H2 than C2H6
and would therefore produce a less porous product. Moreover, less H2(g) translates to
more penetration into the material of the precursor mix, yielding a more uniform porosity
distribution and potentially less CVI time. The time of CVI is an important manufacturing
consideration [20].

The following CVI reactions are calculated with DFT, beginning with the C2H2 deposi-
tion of C:

C2H2(g) + SiC ←→ SiC+2 + H2(g) (8)

C2H2(g) + SiC−2 ←→ SiC + H2(g) (9)
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The intermediate C2H6 leads to two further unique reactions mirroring the above two
reactions. Figure 4 shows the reactions of the C deposition.

C2H6(g) + SiC ←→ SiC+2 + 3H2(g) (10)

C2H6(g) + SiC−2 ←→ SiC + 3H2(g) (11)

Figure 4. Reactions that deposit carbon. (a) Two C from ethylene are deposited on a SiC surface.
(b) Two C from ethylene are deposited into two C vacancies of the SiC surface. (c) Two C from ethane
are deposited on a SiC surface, yielding more hydrogen gas. (d) Two C from ethane are deposited
into two C vacancies of the SiC surface, yielding more hydrogen gas.

During CVI, SiC is deposited in pores, and the pores at the surface fill before the
pores fill in the material [19]. At the surface, the concentration of the precursor mixture
is high. Product gases from the reaction in the material decrease the concentration of the
precursor mixture in the material, slowing the deposition rate of solid SiC in the material.
The precursor mixture must diffuse through the product gases. The result is that the surface
seals, effectively ending CVI and leaving pores in the material. One strategy is to decrease
the pressure to allow for faster transport out of product gases [20]. However, the downside
is that less pressure means less concentration of the precursor mixture and longer time
needed to deposit, slowing the manufacturing time. Producing less gas while depositing
solid would be advantageous. C2H2 would provide this benefit over C2H6 with an equal
deposition rate.

3. Computational Methods

DFT calculations were conducted with the Vienna ab initio simulation Package
(VASP) [21]. Plane-wave pseudopotentials represented the core electrons of the nuclei,
and the plane wave cutoff for inclusion was 400 eV. The ionic convergence criteria was set
to 0.01 eV/Å. The electronic convergence criteria was set to 0.001 eV. The k-points were
4 × 4 × 1 Monkhorst–Pack. Gaussian smearing was used with a width of 0.05 eV.
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The Bayesian Error Estimation Functional with van der Waals correction (BEEF-vdW)
was used [22]. Furthermore, BEEF-vdW, a generalized gradient approximation functional
like PBE, is an appropriate functional for this system considering that the material is not an
oxide. BEEF-vdW provides a UQ of its computed energy. The gas molecule entropies were
obtained from the National Institute of Standards and Technology Chemistry Webbook
(NIST). The entropy of ethane, C2H6, was not available on NIST and was substituted with
the entropy of ethylene, C2H4. The temperature was set to 1000 ◦C [4]. The harmonic
oscillator approach was used to compute the zero-point energy correction [23].

The transition state searches were conducted with the growing string method [24]. The
single-ended string began the transition state searches [25]. Then, to achieve convergence,
the double-ended growing string was run from the result of single-ended growing string.
The single-ended string may converge on its own. The single-ended string transition
state search began with the converged reactant intermediate state. The bond broke, and
additions and torsions were set. The single-ended string added nodes or ionic positions
along the reaction path, accordingly, and with gradient information from DFT.

4. Results and Discussion
4.1. Reaction Mechanism

All results for the reactions listed in the CVI section are reported in Table 1. The mean
energies and standard deviations of each reaction are listed. The first five reactions are
C-depositing reactions. Alternately, C-depositing reactions and S-depositing reactions
deposit SiC. The first four reactions compare two intermediates, acetylene (C2H2) and
ethane (C2H6), depositing into C vacancies or depositing to create Si vacancies, and those
are relevant to pore formation. The methane (CH4) deposition reaction is into a C vacancy.
The remaining reactions are Si-depositing. Si reactions are for SiC and Si (solid phase).

Table 1. DFT results.

Reaction Equation Reaction Energy (eV) Standard Deviation (eV)

C2H2(g) + SiC ←→ SiC+2 + H2(g) 3.344 0.296

C2H2(g) + SiC−2 ←→ SiC + H2(g) −0.185 0.339

C2H6(g) + SiC ←→ SiC+2 + 3H2(g) 3.278 0.269

C2H6(g) + SiC−2 ←→ SiC + 3H2(g) −0.251 0.266

CH4(g) + SiC−1 ←→ SiC + 3H∗ −1.228 0.170

2SiCl2−
2(g) + Si−2C−2 + 2H2(g) ←→ SiC−2 + 4HCl −13.893 1.309

2SiCl−3(g) + Si−2C−2 + 3H2(g) ←→ SiC−2 + 6HCl −22.409 1.480

2SiCl2−
2(g) + Si−2C + 2H2(g) ←→ SiC + 4HCl −16.020 1.463

2SiCl−3(g) + Si−2C + 3H2(g) ←→ SiC + 6HCl −24.536 1.586

2SiCl2−
2(g) + Si−2 + 2H2(g) ←→ Si + 4HCl −8.947 1.389

2SiCl−3(g) + Si + 3H2(g) ←→ Si+2 + 6HCl −17.463 1.568

The results for the two intermediates related to pore formation are visualized in
Figure 5. Their reactions deposit the same amount of C but produce differing quantities of
product gas. One may see that, despite ethane being favored over acetylene, the uncertainty
overlaps considerably (Figure 5). The two intermediates are essentially competitive in
adsorption. Therefore, acetylene would be preferred to adsorb because it produces less
product gas and would lead to less porosity in the final material. By producing less product
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gas, more precursor gas is able to transport into the material. With more precursor gas in
the material, the solid deposition rate increases, decreasing porosity.

Figure 5. Uncertainty quantification of deposition of ethane, C2H6, and acetylene, C2H2, into the
carbon vacancies in silicon carbide, SiC.

Figure 5 is contrasted with Figure 6, where there is a clear difference in thermodynamic
distinction. C2H6 prefers to deposit C in vacancies rather than on top of a complete SiC
surface. This difference could be attributed to the instability of the SiC vacancy structure.
The significance is that the C deposition rate controls the growth of solid SiC. Excess C is
not deposited on filled SiC surfaces due to not being thermodynamically favorable (results
in Table 1).

Figure 6. Uncertainty quantification of deposition of ethane, C2H6, onto C vacancies in a SiC surface
versus on top of a SiC surface.

4.2. Methane Deposition

The methane (CH4) deposition reaction converged to an exact transition state. CH3 is
a molecule formed along the reaction coordinate [6,14]. The free energy profile, including
uncertainty quantification from BEEF-vdW and key structures, are shown in Figure 7. The
activation barrier is from the first C-H bond breaking. The other C-H bond-breaking steps
do not exhibit activation barriers with the possible exception of the second C-H bond
breaking. There might be an activation barrier but the margin is within the uncertainty of
the DFT. DFT errors tend to be correlated [26,27]. Therefore, the overall transition state has
a strong probability as predicted by DFT of being the first C-H bond breaking in spite of
the overlap of the 95% confidence intervals as the reaction proceeds, due to the correlation
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effect. The Hs adsorb on both C and S in the final state. These mechanistic results are
consistent with CH3 being an important and active intermediate that deposits C [14].

Figure 7. Methane deposition on SiC free energy including transition state (T = 1000 ◦C). The mean
activation barrier is 0.918 (eV), with an upper bound of 1.342 and a lower bound of 0.493. The
standard deviation is 0.212.

4.3. Summary of Thermodynamics

Figure 8 shows the order of thermodynamic favorability of the CVI reactions. More-
over, it shows the amount of product gas leading to porosity. Acetylene is the least
thermodynamically favorable reaction, yet it produces the least hydrogen gas and, there-
fore, the least final porosity while being of similar thermodynamic favorability as ethane.
Ethane produces the most product gas to yield the most final porosity. Both of these C2
intermediates prefer to fill C vacancies formed by strongly-depositing Si. Methane is the
most favorable intermediate for depositing C, and it is an intermediate producer of pores
compared with acetylene and ethane. Si deposition in general is more favorable than
C deposition. Si deposition on either surface produces twice as much product gas as it
consumes. Si most favorably deposits on SiC; however, Si favorably deposits on Si than
C deposits on SiC, leading to Si deposits. Notably, SiCl2 produces less product gas than
SiCl3 and is less reactive.

4.4. Chemical Precursor Suggestions

The most significant strategy is to add CH4 to the chemical precursor, as this molecule
is the most reactive for depositing C. In general, extra hydrocarbon species [28] in the
precursor mix to increase the C:Si ratio helps. Depositing C increases the rate of CVI and also
decreases the fraction of undesirable solid Si forming. The speed of the CVI process matters
in manufacturing [20]. The chlorosilane intermediates are more reactive than hydrocarbon
intermediates, both supported by literature and DFT calculations here [8,29,30]. For this
reason, HCl [31] has been added to abate Si growth [8]. It is a worthwhile strategy given
the reaction mechanism. HCl is a product of the Si growth reactions, and adding more
of the HCl product drives the reaction back towards the reactants. Moreover, if SiCl2 is
increased in the precursor mix to the exclusion of SiCl3, the result would be less Si deposits
and less porosity.
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Porosity from CVI is due in most part to the gaseous reaction products. The idea that
acetylene adsorbs as readily as ethane can lead to a chemical precursor strategy to reduce
the amount of gases produced. An example is vinyltrichlorosilane (VTS, C2H3SiCl3) [8].
There is more carbon and less hydrogen in this precursor. For every carbon deposited, less
gaseous hydrogen is released in contrast to MTS (CH3SiCl3).

Figure 8. Summary of thermodynamic findings for CVI.

5. Conclusions

The key reaction mechanism steps of the Chemical Vapor Infiltration (CVI) of silicon
carbide ceramic matrix composites (CMCs) have been computed using density functional
theory (DFT). The goal and outcome were to provide guidance on chemical precursor choice.
DFT has provided the foundational chemical insight. Si deposition on SiC is favored to Si
deposition on Si. Nonetheless, Si deposition of any kind is thermodynamically favorable
to C deposition. Therefore, any strategy to increase the amount of C relative to Si in the
precursor mix is beneficial. CH4 is thermodynamically favored to the other C-containing
intermediates computed here and is suggested as an addition to the chemical precursor.
Should decreasing porosity be the priority, more than Si mitigation and speed, using a
precursor with a high C:H ratio is suggested, such as vinyltrichlorosilane (VTS, C2H3SiCl3).
Any strategy to maximize dichlorosilane (SiCl2) and minimize trichlorosilane (SiCl3) is
beneficial for both mitigating Si deposits and decreasing porosity.

During CVI, the precursor mix penetrates inside the pores of the material yet loses
concentration the deeper it penetrates. The loss of precursor concentration is due to being
consumed by reaction and also the filling of the pores by the gaseous reaction product.
Therefore, in future work, a combined reaction and transport model will be made to predict
the results of the CVI process.
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