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Highlights

. Uniform and robust SiC coating on short fibers by FB-CVD.

. Use of triethylsilane as a safer precursor compared to halogenated alternatives.

e  Demonstration of a multi-layer interphase/pre-matrix deposit on powdered substrate.

. Stratified structure of the SiC coating with alternating carbon-rich and silicon-rich zones.

. Potential of the FB-CVD technology in particle reinforcement coatings for composites.
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Abstract

This article investigates the application of triethylsilane (TES) as a non-halogenated and less hazardous precursor in the Fluidized Bed — Chemical Vapor
Deposition (FB-CVD) process for depositing silicon carbide (SiC) on short fibers. The study focuses on characterizing the pre-matrix SiC coating on an
interphase boron nitride (BN) layer, aiming to enhance the understanding of these coatings for potential use in short-fiber-reinforced silicon carbide
ceramic matrix composites (SiC/SiC CMCs). The FB-CVD process is explored as a promising method for coating short fibers, offering an innovative
approach to enhance the applicability of discontinuous reinforced SiC/SiC CMCs. The study employs various characterization techniques, including
Scanning Electron Microscopy (SEM), Energy Dispersive Spectroscopy (EDX), Auger Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy
(XPS) and Transmission Electron Microscopy (TEM), to analyze the coated fibers comprehensively. Results indicate the uniformity and robustness of
the SiC coating, with particular attention to preserving the underlying BN layer. The study reveals a distinctive stratified structure in the SiC deposit,
alternating between carbon-rich and silicon-rich zones. The analysis of the SiCx atomic composition through Auger spectroscopy and the atomic
environment through XPS provides valuable insights. The research demonstrates the potential of TES as a precursor for SiC coating. These findings
contribute to advancing the understanding of FB-CVD processes for short-fiber coating, offering a pathway to tailor coatings for improved effectiveness
in short-fiber-reinforced SiC/SiC composites. The study opens avenues for further optimization strategies to achieve precise control over coating

properties.
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For a proper readability of the figures, all require color printing.

1. Introduction

The aerospace industry is increasingly using silicon carbide fiber-reinforced ceramic matrix composites (SiC/SiC CMCs) to fulfill their requirements for
lightweight materials, superior mechanical strength, and thermal stability [1-3]. Among these materials, short fiber-reinforced CMCs have gained
considerable attention for their properties, which enable an optimal balance of weight, mechanical strength, and resistance to harsh environmental
conditions [4,5]. Moreover, such materials have the potential to be applied to thermostructural parts with complex shapes or low thicknesses. To achieve
optimal performance, short fibers must undergo coating with an interphase and pre-matrix layers. The interphase layer is crucial for the composite to
reach a pseudo-ductile behavior and the pre-matrix layer is needed to protect the fibers exposed to liquid silicon when densified by melt infiltration (MI).
While interphase coatings are made of pyrolytic carbon [6] or, more recently, turbostratic boron nitride [7] and act as a mechanical fuse, pre-matrix
coatings can be made of silicon carbide to be chemically compatible with the matrix densification process. As a result, these components have significant
potential to improve the performance and durability of materials exposed to severe conditions [8]. While the specifications for long fibers, which are
typically woven, coating are well understood and managed [9-14], there is a need to re-evaluate the surface engineering to accommodate short fibers.

This tailoring is essential to improve the overall effectiveness of short-fibers SiC/SiC composites.

One promising method for coating short fibers is the Fluidized Bed — Chemical Vapor Deposition (FB-CVD) process [15,16]. This technique offers an
innovative approach for short fiber coating. FB-CVD has a notable advantage in depositing ceramics layers on particulate substrates [17-19], especially
short fibers [16]. To ensure resistance against the matrix densifications made by the Melt Infiltration (MI) process, it is necessary to have a uniform
coating all over the surface of the particles. Therefore, critical considerations during synthesis is to uniformly coat the substrates, control the adhesion of
the coating, as well as the interlayer adhesion in multilayer coatings. Halogenated precursors such as trichloride boron (BCls) [20] or trifluoride boron
(BF3) [21] mixed with ammonia (NHs) are commonly used in the industry for BN interphase coatings, while methyltrichlorosilane (SiCl;CHs) [22] or
silane/hydrocarbons mixture [23] are used for SiC pre-matrix coatings. Although these precursors exhibit conformal deposition, they also generate
undesirable byproducts which cause equipment degradation and require expensive cold or cryogenic traps or are highly hazardous and present a potential
danger to the experimenter or the environment due to their toxicity. To reduce these disadvantages, non-halogenated and less hazardous precursors are
under investigation. This study focuses on the use of triethylsilane ((C2Hs)3;Si, TES) as a single-source SiC precursor. Triethylsilane is liquid at room
temperature and offer potential advantages in pre-matrix coatings. Triethylsilane precursor has been used with plasma-enhanced CVD process to prepare
silicon-containing films for transistor devices [24], amorphous silicon carbonitride (a-SiixCx:H) films [25], silicon nitride films [26], amorphous
hydrogenated silicon carbonitride (a-SiCN:H) films [27,28], or with repeated cycle of CVD and oxidation processes to prepare SiO; films [29]. All of the

studies suggest that the coatings were amorphous, and in most SiC deposits, carbon exceeds silicon.

This article investigates the potential use of TES for the FB-CVD deposition of silicon carbide on short fibers, with particular emphasis on the
characterization of the pre-matrix SiC coating on an interphase BN layer. Understanding these coatings is crucial for assessing their effectiveness as

reinforcing constituents in SiC/SiC composites, resulting in significant advancements in high-performance materials technology.
2. Experimental procedure and characterizations
2.1. FB-CVD coating

The coatings are applied through a fluidized bed reactor, further description of the reactor can be found in [15]. To protect the reactor's sensitive
components, the column is initially filled with 580 g of zirconia beads with a diameter of 0.5 mm [30], raising the charge to the heating elements' height.
Next, a mixture of SIKA® TECH silicon carbide (SiC) powders from Fiven and desized SiC Hi-Nicalon type S short fibers from NGS Advanced Fibers
Co., Ltd is added into the fluidization column. The mixture is mixed and maintained in the fluidized bed for several minutes at a high nitrogen flow rate
exceeding 2000 sccm. The column is then placed under vacuum for several hours before being raised to 200 mbar for the CVD process. The liquid
precursor (TES) is then fed under pressure into a commercial evaporator from 2M Process. The evaporator combines the liquid precursor with nitrogen
in aerosol form. The aerosol is heated inside the evaporator cell and transported to the plant via an insulated line using the gas stream. The heating
elements are gradually warmed to the coating temperature (850°C) and then stabilized before the injection of the precursor. At the outlet, precursor
decomposition by-products are trapped by a series of cold traps and particle filters to prevent fine particles from entering the pumping system. Following
the coating process, the charge is recovered, sieved, and analyzed. The SiC coating is applied to a BN ex-TEAB interphase previously described in [31].

This initial coating maintained stoichiometry with a low carbon content, despite utilizing a precursor rich in carbon. The thickness of the coating measured
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approximately 100 nm. In the following, silicon carbide deposition will be referred to as "SiCx" due to its non-stoichiometric silicon and carbon content

(x>1).
2.2. High temperature treatments

Following the CVD coating process, the coated particles were subjected to heat treatment in a horizontal tube furnace. The furnace was heated to a
temperature of 1450°C for a duration of 2 hours under an argon atmosphere and at atmospheric pressure, monitored via pyrometric sighting. The coated
particles were contained within a graphite crucible and covered by a pierced graphite disk to allow for release of any pyrolysis gases. The crucibles are

initially cleansed and subjected to vacuum heat treatment in order to avoid any contamination.
2.3. Characterizations techniques
2.3.1. SEM/EDX analysis

The coatings were analyzed via Scanning Electron Microscopy (SEM), using the FEI Quanta 400 FEG V3® and the Hitachi S4500 FEG SEM instruments.
Microscopic images were captured under specific acceleration voltages, with the FEI Quanta operating at 5 kV and the Hitachi at 3 kV, to maximize
resolution and reduce potential interference. The X-ray analysis was conducted utilizing the FEI Quanta SEM, which is equipped with a 100 mm? EDX
Ultim Premium detector, and operated at a minimal acceleration voltage of 5 keV. This method was selected to enable extensive surface analysis,
specifically appropriate for thin coatings. Before the EDX-SEM analysis, the particles underwent a preparation process consisting of mixing coated

particles with copper powder, palletization, sectioning and polishing. This method yielded cross-sectional views of the coatings with better resolution.
2.3.2.  Auger analysis

The study employed Auger Electron Spectroscopy (AES) using an ULVAC-Phi AUGER PHI 710 nanosonde equipped with an Ar® ion gun. The
nanosonde had a diameter of 10 nm and an interaction depth of 5 nm. To alleviate charge-induced artifacts, a sample inclination was applied. AES was
achieved through incident electrons (5-25 keV) similar to Scanning Electron Microscopy. Emitted electron spectra ranging from 50 eV to 2.5 keV were
recorded to identify elements and analyze concentrations with a precision of 5%a.. The ULVAC-Phi AUGER PHI 710 nanosonde, coupled with an Ar’

ion gun for creating depth profiles, was used to obtain high-resolution spectra.
2.3.3. XPS analysis

In order to conduct X-ray Photoelectron Spectroscopy (XPS) surface analysis a ThermoFisher Scientific K-ALPHA spectrometer, which was equipped
with a monochromated Al-Ka source (hv = 1486.6 eV) and a 200 pm X-ray spot size, was used. To gather comprehensive spectra, the particulate samples
were pressed onto indium foils, then the instrument collected data with a constant pass energy of 200 eV spanning the range of 0-800 eV. High-resolution
spectra were obtained using a constant pass energy of 40 eV. Charge neutralization was utilized throughout the analysis process, and depth profiles were
produced using an Ar" ion gun with 360s of sputtering incorporated between each profiling level. High-resolution spectra for core levels including Sizp,
Cis and Ois were obtained using ThermoFisher Scientific's Avantage software and applying Scofield sensitivity factors. To maintain the preservation of
binding energies, initial XPS spectra were captured prior to the start of the sputtering process. Minimal Ar" sputtering was performed to remove any

surface impurities and ensure that there is a consistent elemental composition at all depths of the material.
2.3.4. TEM analysis

Samples of coated and heat-treated particles were embedded in epoxy resin, cut with a wire saw, and mechanically thinned to a thickness of approximately
100 pum. These thin cross sections containing coated and heat-treated fibers were then processed using Ar’ ion beam milling (JEOL, IonSlicer, EM-
09100IS) until electron transparency was achieved. The study employed conventional Transmission Electron Microscopy (TEM) to analyze samples
using Bright-Field (BF) and Dark-Field (DF) modes. The CM30ST microscope (Philips, Thermofischer) was used, operating at 300 kV with a LaB¢
source. The DF images were generated via electron beam scattering from sp’-C basal atomic layers spaced between 0.3 and 0.4 nm and SiC basal atomic
layers spaced between 0.2 and 0.3 nm. Selected Area Diffraction (SAD) patterns were acquired from areas of 400 nm diameter to determine the

microstructural organization.
3. Results and discussion

Scanning Electron Microscopy images (see Figure 1) of the BN/SiCx coatings show remarkable uniformity in thickness throughout the entire surface of
the particles (see Figure 1.a). It is crucial to highlight the BN deposit's lack of alterations, breaks, or damage. The uninterrupted continuity indicates the
deposition process's robustness and the stability of operating conditions during different coating stages. Consistency in this regard is vital to ensure the

integrity of superimposed layers, especially in the case of multilayer coatings or laminated composite structures. The lack of degradation between
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consecutive layers ensures that composite material properties remain constant, preventing the formation of weak spots and ensuring dependable
performance throughout the coating's thickness. This coherence is indicative of the high quality of the coating obtained through the FB-CVD deposition
process. SEM images of the intentionally flakked coating (see Figure 1.b) display the undamaged BN lower layer and SiCx upper layer on the particles.
Finally, the cold copper pelletized and polished preparation (see Figure 1.c) assesses the homogeneity of the material, the SiCx coating is approximately

500 nm thick on all particles observed and the BN interphase remains adherent to the particles under the pre-matrix coating.

Figure 1 : a) SEM-BSE image of the coating at the reactor discharge (undamaged), b) SEM-SE images of the BN/SiC coatings deliberately flaked (to reveal the
coatings) and ¢) SEM-BSE image of the BN/SiCx coating cold-pelletized in copper (cut and polished).

Energy Dispersive Spectroscopy analyses confirm the preservation of the BN and SiCx layers and provide data on the approximate atomic content of the
last coating (see Figure 2). These results demonstrate a consistent match with the expected compositions of the coatings, which is necessary to assess the
conformity of successive deposits and maintain the consistency of the chemical properties of the coated materials. EDX analysis conducted on the coated

particles at the reactor outlet indicates that the concentration comprises of about 20%.. silicon and 80%.. carbon.

Cu

2 pm

Figure 2 : EDX mapping of the polished cross-section of the BN/SiC coated fiber crimped in copper.
The atomic concentrations of silicon and carbon, as determined by Auger spectroscopy, exhibit the same stoichiometry compared to those obtained
through EDX with SiCx coating with x = 4. Nevertheless, the examination of the profile line (see Figure 3) consistently verifies the integrity of the BN
deposit underlying the SiCx deposit. The atomic environment of the SiCx coating is subjected to XPS analysis following the etching of the surface of the
particles (see Figure 4). Figure 4 show deconvolutions of the XPS spectra within the silicon, carbon, and oxygen regions. In the silicon spectrum (Sizp,
see Figure 4.a), predominant Si-Cs bonds are observed, constituting up to 19%.. atomic concentration, with less frequent silicon bonds involving carbon
and oxygen, accounting for up to 1%.:. atomic concentration. The deconvolution of the carbon spectrum (Cis, see Figure 4.b) reveals a complex structure,
indicative of a diverse array of carbon bonds. Peaks are centered around C-Si4, C-C, C-CO, and C-O environments. Notably, the deconvolution identifies
a primary peak at 284.5 eV, assigned to the C-C sp? environment, representing over 46%a.. The second most prevalent bond is attributed to C-Sis bonds,
comprising 22%a.. The remaining carbon forms bonds with oxygen, reaching up to 9%... Finally, the oxygen atomic environment (O1s, see Figure 4.c)

suggests bonds with silicon and carbon of less than 2%ut..
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Figure 3 : Auger profil spectroscopy of the BN/SiCy coated fiber crimped in copper (SEM-BSE image).
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Figure 4 : XPS deconvolution of the Si, C and O spectra obtained within the SiCx coating.

Table 1 : Summary of elements and chemical bonds detected by XPS with fit characteristics and atomic proportions.

Peak FWHM Area Concentration
Element/Bonding
(eV) (eV) (CPS.eV) (%our)
Sizp 20.57
Si-Cs (Sizp312) 100.47 1.17 12901.69 19.45
Si-Ca (Sizp112) 101.07 1.15 7995.52 0.00
Si-OC3 (Sizpsr2) 102.02 1.26 744.39 1.12
Si-OC; (Sizpir2) 102.62 1.26 491.89 0.00
Cis 77.59
C-C (sp?) 284.50 1.31 50788.02 46.24
C-Si4 283.63 1.54 24276.05 22.09
C-CO 285.49 1.42 7632.90 6.95
C-OH 286.85 1.82 2527.93 2.31
O1s 1.84
0-SiCs 532.55 1.83 4969.72 1.84

The SiCx deposit is subjected to analysis through transmission electron microscopy (see Figure 5). Following FB-CVD elaboration, BF images of the
deposits suggest a slightly stratified structure, with areas exhibiting uniformly distributed variations in brightness (see Figure 5.a). To simulate high-
temperature behavior, BN/SiCx undergo thermal treatment at 1450 °C for 2 hours under 1 bar of argon. TEM and EDX observations demonstrate that the
morphological state and surface elemental composition suggest that the thermal treatment has preserved the chemical integrity of the deposits with a SiCx
coating with x = 4 again. However, the microstructure has evolved significantly. BF images (see Figure 5.b) reveal that the SiCx deposit consists of
parallel layers to the fiber surface, alternating between dark and light layers. DF images of sp? carbon at 002 (see Figure 5.c) and silicon carbide at 111

(see Figure 5.d) confirm the presence of layers corresponding to regions rich in silicon carbide or carbon. Electron diffractions exhibit characteristic SiC
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rings at 2.42 A and 2.52 A (characteristic of the 111 direction of nanocrystalline SiC-B) and a more diffuse ring at 3.52 A characteristic of sp? carbon
layers. Figure 5.e illustrates the simultaneous presence of DF-illuminated regions associated with sp? carbon (depicted in black) and SiC (depicted in
yellow) within a single image. The stratified structure is clearly discernible, characterized by alternating layers containing turbostratic sp? carbon and

crystallized SiC grains. Regarding the BN ex-TEAB deposit, there are no significant changes in its structure or texture.

Figure 5 : TEM-BF analysis of a SiCx coating: a) after elaboration and b) after high-temperature treatment. TEM-DF c¢) 002 (PyC) and d) 111 (SiC). e) Combined
MET-DF 002 (in black) and 111 (in yellow) images.

This distinctive structure can be explained by the specific geometry of the fluidized bed reactor. In the CVD process, the reactive gas mixture, blended
with the carrier gas, is introduced at the bottom of the column, passes through the porous distributor ensuring uniform gas distribution, and then comes
into contact with the solid phase throughout the height of the bed driven by the gas flow. The hot zone extends over the entire height of the bed, providing
the necessary energy for both the precursor's decomposition and its maturation. The maturation is more advanced when the precursor species remains in
this reactive hot zone for an extended period. In practice, when the precursor is sufficiently decomposed to allow for deposition on the particles, and the
gas phase is in sufficiently intimate contact with the solid phase, a portion of the gas phase initially forms a siliceous deposit (silicon coating being
thermodynamically more favorable [32]). The other part of this gas phase continues to mature under the influence of temperature, undergoing a series of
more advanced chemical reactions. Among these, ethyl groups decompose and form a more carbonaceous deposit [33]. These reactions occur at different
maturation stages, resulting in deposits forming at different heights in the fluidized bed. This hypothesis has been validated through in-situ deposits on
fixed substrates placed at various heights in the fluidized bed. Stochiometric silicon carbide deposits were found in the first centimeters of the bed,
gradually becoming contaminated with excess carbon at higher elevations. During fluidization, particles successively encounter the upper and lower
regions of the bed due to their agitation. Consequently, particles encounter environments conducive to both carbonaceous and siliceous deposits, giving

rise to the appearance of this stratified structure alternating between carbon-rich and silicon-rich zones.
4.  Conclusion

In conclusion, this study explores the utilization of triethylsilane as a non-halogenated and less hazardous precursor for the Fluidized Bed — Chemical
Vapor Deposition process in depositing silicon carbide on short fibers. The focus is on characterizing the pre-matrix SiC coating on a boron nitride
interphase, aiming to enhance the understanding of these coatings for their potential application in short-fiber-reinforced SiC/SiC CMCs. The
experimental procedures involved FB-CVD coating using TES as a single-source SiC precursor, high-temperature treatments, and comprehensive

characterizations through various techniques, including SEM/EDX, Auger, XPS and TEM analysis.
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SEM images demonstrate the uniformity and robustness of the SiCx coating, with particular attention to the preservation of the underlying BN layer. EDX
analyses confirm the expected compositions of the coatings, crucial for assessing the conformity of successive deposits. Auger spectroscopy provides
insights into the atomic concentration of SiCy, and XPS analysis delves into the atomic environment of the SiCx coating mainly composed of C-C and C-
Sis bonds. TEM analysis offer a detailed examination of coated and heat-treated particles, revealing a distinctive stratified structure with alternating

carbon-rich and silicon-rich zones.

The study highlights the potential of TES as a precursor for SiC deposition, addressing concerns related to halogenated precursors' disadvantages. The
results contribute valuable insights into the FB-CVD process for short-fiber coating, offering a pathway for tailoring coatings. Further research could
explore optimization strategies for achieving precise control over coating properties and enhancing the performance of these coatings in demanding

applications within the aerospace industry and beyond.
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