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e  Thermodynamic calculations and experimental studies of triethylamine borane precursor thermal decomposition.
e  Optimization of the deposition parameters of stochiometric and free-carbon BN coating.

e Boron nitride coating in fluidized-bed CVD reactor on silicon carbide short fibers and powder.
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Abstract

This study examines the synthesis by fluidized bed chemical vapor deposition (FB-CVD), using triethylamine borane complex (TEAB) and the detailed
characterization of stoichiometric and carbon-containing boron nitride (BN) interphases. The investigation highlights the importance of optimizing the
CVD parameters to limit carbon contamination and explain the influence of carbon on the structure of the ex-TEAB deposit. The effects of deposition
temperature, pressure, and dilution ratios of TEAB in ammonia and nitrogen (a and f), on the thermal decomposition of TEAB, as well as its impact on
carbon contamination, are investigated through thermodynamic calculations. An infrared analysis experimentally confirms the great influence of TEAB
dilution in ammonia («) on the production of solid and gaseous phases. A high « ratio leads to a large production of hydrocyanic acid (HCN), which
reduces carbon contamination and promotes the formation of stoichiometric BN. The evolution of the TEAB decomposition products, monitored by FTIR
spectroscopy as a function of deposition parameters, is in good agreement with thermodynamic calculations. SEM characterizations of a low-carbon FB-
CVD BN deposit reveal a dense, uniform in thickness, and adherent coating. TEM and EELS analyses conclude to a poorly crystalline and isotropic
microstructure. AES and XPS confirm the presence of boron, nitrogen, and traces of carbon and oxygen. Carbon is not homogeneously distributed, but
appears as a few disordered nano-sized inclusions in a more organized, pure BN continuum. Despite the use of a high-carbon precursor, nearly

stoichiometric BN coatings were synthesized with low carbon and oxygen contamination, demonstrating the benefits of using non-chlorinated precursors.
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Chemical Vapor Deposition, Fluidized Bed, Boron nitride, Physico-chemical characterization, Coating
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1. Introduction

Ceramic materials are stiff and usually exhibit a brittle behavior. However, some damage tolerance can be introduced into ceramic matrix composites
(CMCs) by carefully controlling the interfaces/interphase between fibers and matrix [1]. This effect is characterized by a “pseudo-ductility”, which is
achieved by promoting crack deflection from the matrix (Mode 1) to the fiber/matrix interface (Mode Il). As a result, the composite is able to endure
deformation without catastrophic failure. This is accomplished by introducing a preferential, or sacrificial, damage zone in the form of a thin layer between
the fibers and matrix, otherwise referred to as “interphase”. This interphase needs to be thermochemically compatible with the constituents of the CMC,
exhibit strong adhesion, and withstand high operating temperatures. Additionally, the interphase must be weaker than the matrix to serve as a “mechanical
fuse” [2]. If the interphase is too strong, it will increase the CMC's stiffness and brittleness, while a too weak interphase will result in premature damage
and decrease load-carrying capacity. Therefore, to achieve pseudo-ductile behavior in the final material without limiting the maximum stresses, the
interphase must maintain a balanced bond that is neither too strong nor too weak [3]. The commonly used interphase materials possess a layered crystalline
structure, the layers being roughly parallel to the fiber surface and weakly bonded to each other, facilitating crack deflection and energy dissipation.

Examples of such materials include pyrolytic carbon (PyC) and hexagonal boron nitride (h-BN).

Historically, the interphase used in CMCs was composed of PyC prepared by chemical vapor deposition or chemical vapor infiltration (CVD/CVI).
Pyrolysis of various hydrocarbon precursors, such as methane [4-6], propane [1,7,8], propylene [9-11], ethylene [12-14], has been extensively studied.
The selection of hydrocarbons as precursors has been motivated by their accessibility and affordability. Furthermore, in the gaseous state and under
standard temperature and pressure conditions, their handling and transport to the reaction zone do not cause significant technological challenges. Ethanol

and other bio-based precursors can also be considered [15-18].

Hexagonal boron nitride (h-BN) displays a combination of chemical, electrical, mechanical and thermal properties that make it well suited for a wide
range of high-value industrial applications. Recently, hexagonal or turbostratic BN emerged as an interesting candidate for interphase coatings in CMCs,
challenging the historically favored PyC interphase. Both graphite and boron nitride have hexagonal crystallographic structures with strong covalent
bonding in the plane and weak bonding between planes. Although PyC and BN interphases are not strictly hexagonal but turbostratic. When exposed to
standard CVD conditions, the dominant forms of boron nitride and carbon are inherently turbostratic, which implies the occurrence of stacking faults
within the (002) planes. h-BN exhibits superior oxidation resistance compared to PyC due to its higher onset temperature of oxidation (800°C for h-BN
compared to 400°C for PyC) [19]. However, turbostratic BN competes significantly with PyC only when the latter exhibits sufficient anisotropy. Indeed,

anisotropic BN shows a better oxidation resistance than isotropic BN [20,21].

In the development of BN interphases, the most common precursors have been boron trichloride (BCls) [22-25] or boron trifluoride (BFs) [26-28] as
sources of boron, along with ammonia (NH;) for nitrogen. Although these precursors were the subject of extensive study and yielded acceptable
deposition, the major decomposition by-products, i.e., HCI and HF, have caused significant damage to silicon carbide (SiC) fibers and chemical vapor
deposition equipment, thus posing risks to experimenters. An alternative approach involves the use of organoboron precursors such as tris(dimethylamino)
borane (TDMAB): B(N(CHs),)s or triethylamine borane complex (TEAB): (C,Hs)sN-BHs;. These single-source precursors are liquids at room temperature
and contain both boron and nitrogen within the same molecule. Their initial B:C:N ratios are 1:6:3 and 1:6:1, respectively. Moreover, they offer several
advantageous properties, including non-toxicity, non-explosiveness, room temperature stability, relatively high vapor pressures, and corrosive
compatibility with fibers or CVD reactor-sensitive components. Due to the significant cost difference between the two precursors (around 2000 €.mol™
for TDMAB and about 250 €.mol™ for TEAB), the TEAB/NH./N, system was chosen for this study.

CMCs have primarily been developed using long woven fibers as continuous reinforcements. However, for certain applications, CMCs with discontinuous
reinforcements could be advantageous. Discontinuous reinforcements, such as short fibers, facilitate processing and provide greater design flexibility for
components having complex shapes, smaller thicknesses or properties requiring more isotropy. The FB-CVD process is particularly suitable to coat
discontinuous reinforcements such as short fibers, and is well adapted to the use of novel liquid precursors such as TEAB. Nevertheless, adding the
fluidization process to the CVD process itself introduces certain trade-offs. Although both operations need to work in tandem during deposition, their
respective operating parameters would often need to be adjusted in opposite directions. For example, the gas flow rate is a crucial parameter for both
charge fluidization and for CVVD deposition. This parameter impacts the quality of gas-solid exchange, regulates fluidization regimes, and induces charge
mixing, while the gas flow rate governs the entrainment of gas, varies precursor residence time in the reaction zone and affects the kinetic regime. The
total flow rate is bounded at a low level by the minimum fluidization velocity (U, ) and at a high level by the terminal free fall velocity of the particles
(U,). These constraints impact both the total flow rate and the precursor residence time in the hot zone. Generally, fluidization relies on velocities around
multiple U, resulting in residence times of some seconds. As a result, compromises must be made between fluidization and CVD deposition

requirements.
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Previous studies [18,29] have shown the ability to fluidize short fiber and powder mixtures at various proportions, temperatures and pressures. The
temperature-related results have minimal effects on fluidization, and studies suggest that an optimal fluidization pressure of about 200 mbar. This pressure
can be increased, e.g. to meet the requirements of CVD deposition, but it should not drop below 100 mbar due to the rarefied flows that significantly
affect fluidization quality. Additionally, preliminary experiments have demonstrated the capability to not only fluidize mixtures of powders and short
fibers, but also to predict the minimum fluidization velocity of such mixtures based on simplified parameters. These results have been put to use in the

present study to meet the demands of interphase coating.

The objective of this study is to develop an interphase coating of stoichiometric BN using a new precursor (TEAB) on particulate mixtures and to
characterize the chemical and structural properties of such coating in order to evaluate its potential application as an interphase in CMCs. To achieve this,

we perform thermodynamic calculations of the TEAB/NH3/N, system to predict the optimal deposition conditions for the boron nitride interphase as a
_ y o _QNH3/ _QNZ/ i
function of the deposition temperature, initial dilution ratios (a« = Qress and 8 = Qreas + QNH3) and total pressure. The thermodynamic

calculations are then compared with the experimental results of a Fourier Transform Infrared (FTIR) spectroscopy study of the decomposition of TEAB.
These preliminary investigations provide guidance for the selection of C\VVD parameters. The coatings are finally thoroughly characterized using Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), Electron Energy Loss Spectroscopy (EELS), Auger Electron Spectroscopy
(AES) and X-ray Photoelectron Spectroscopy (XPS).

2. Materials and methods
2.1. Synthesis

The coatings are synthesized with a fluidized bed reactor. Further description of the reactor can be found in [18]. To protect the reactor's sensitive
components from overheating, the column is initially filled with 580 g of zirconia beads with a diameter of 0.5 mm [30], to raise the particle bed to the
heating elements level. A mixture of SIKA® TECH 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 the pressure being raised to 200 mbar for the coating.
The precursor (TEAB) is then fed under pressure into a commercial evaporator (from 2M Process). The evaporator combines the liquid precursor with
nitrogen in aerosol form. The volumetric flow rate of TEAB is measured and controlled by a Coriolis flowmeter. The aerosol is heated inside the
evaporator cell and transported to the bottom of the column via an insulated line. The ammonia conveying line is also heated to prevent cold spots and
recondensation of the liquid precursor during the precursor mixture before it reaches the reaction zone. The heating elements are gradually warmed to the
coating temperature and then stabilized before the injection of the precursors. 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 particle bed is recovered,
sieved, and analyzed using the various characterization methods described below. Prior to its injection in gaseous form, when liquid TEAB is heated to
its evaporation temperature, it may gradually gel, leading to clogging of the small section pipes (1/8”). To prevent interruptions to the deposition process,
and considering the relatively low deposition rates (a few tens of nanometers per hour only), it was chosen to purge the whole injection system at least

every two hours. In the present case, the coating is deposited in four steps, i.e. 1h + 2h + 1h + 2h, for a cumulative deposition duration of 6h.
2.2.  Thermodynamic calculations

Preliminary thermodynamic analyses of the equilibrium starting from the TEAB/NHi/N, system are performed using Thermo-Calc [31]. The
thermodynamic equilibrium is calculated based on the CALPHAD (CALculation of PHAse Diagrams) methodology [32,33]. The thermodynamic
assessments of the solids and the gaseous species were obtained from the NIST Chemistry WebBook [34], the NASA database [35] and the B-C system

[36]. Calculations take into account atomic ratios B ; C ; N and H, as a function of dilutions ratios @ = QNH3/Q and 8 = QNZ/Q +0 (with
TEAB TEAB NH3

Qy the volumetric flow of the X gas) equal to% ; g ; %‘W and m;i respectively, with £ = 26 + 4a + 28 (1 + a) and constant total pressure. The

mole fractions are plotted versus temperature with and interval of 10°C. The range of the parameters used here is considered within the limitations of the
CVD reactor installation, except for the temperature, which is extended to 1100°C. Only one parameter is varied while the others are held constant.
Optimization by parameter combinations was not performed here, the thermodynamic calculations are mainly aimed at identifying the most influential

CVD parameters. For clarity, only species with a mole fraction higher than 10 are shown here.
2.3. Characterizations techniques

Since no morphological or compositional disparities were observed between the fiber and powder deposits, the physico-chemical characterizations were

conducted on the fibers. Their regular cylindrical geometry indeed facilitates the identification of the orientation of the deposit axis relative to the substrate.
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2.3.1. SEM/EDX analysis

The coatings are examined by Scanning Electron Microscopy (SEM), utilizing either a SEM FEI Quanta 400 FEG V3® or a Hitachi S4500 FEG.
Microscopic images are captured with an acceleration voltage set at 5 kV (FEI Quanta) or 3 kV (Hitachi), for optimal resolution and minimal interaction
disturbance. X-ray Energy Dispersive Spectroscopy (EDS) analysis are performed with a FEI Quanta SEM equipped with a 100 mm?2 EDS Ultim Premium
detector, operating at a minimal 5 keV acceleration voltage for surface analysis of thin coatings (< 100 nm). Prior to the EDS-SEM analysis of deposits,
the particles underwent a special procedure were the coated particles are cold pressed with copper powder, embedded in epoxy resin and cut to get cross-

sectional views of the coatings.
2.3.2.  Auger analysis

The Auger Electron Spectroscopy (AES) analysis was conducted using an ULVAC-Phi AUGER PHI 710 nanosonde with an Ar* ion gun to produce
depth profiles. The probe had a diameter of 10 nm and an interaction depth of 5 nm. To prevent charge artifacts, sample inclination was applied. The
AES was stimulated by incident electrons (5-25 keV). The emitted electron spectra (50 eV to 2.5 keV) were recorded for elemental identification and

elemental quantification. The concentration precision achieved was 5%
2.3.3. XPS analysis

A ThermoFisher Scientific K-ALPHA spectrometer was used for X-ray Photoelectron Spectroscopy (XPS) surface analysis with a monochromated Al-
Ka source (hv = 1486.6 V) and a 200 um X-ray spot size. The powders were pressed onto indium foils, and the entire spectra (0-800 eV) were acquired
using a constant pass energy of 200 eV, while high-resolution spectra were captured with a constant pass energy of 40 eV. Charge neutralization was
applied during the analysis, and depth profiles were acquired using an Ar+ ion gun, with 360s sputtering between each level. High-resolution spectra (Cys,
Oy, Sizp, Nis, Bis) were measured using the Avantage software provided by ThermoFisher Scientific, employing Scofield sensitivity factors. Before
sputtering, the XPS spectra were initially recorded to prevent alterations in the binding energies. Slight Ar* sputtering was performed to eliminate surface
contamination and verify the elemental composition's uniformity through depth. The binding energy values used to fit the spectra and the corresponding

atomic environments are summarized in Table 1.

Table 1 : Chemical compounds, atomic environments and related binding energies used for the fitting of the Bi, Ni; and Cys XPS spectra [37].

Bis
B,0; B-O; 192.8 eV
“Oxydes” B-C,03.,/B-N,Oz,, 191.8 eV
h-BN B-N; 190.7 eV
h-B-C-N B-NnCsn 189.5eV
h-B-C B-BnCs.n 188.4 eV
B,C/h-B-C -/B-Cs 187.5eV
B (clusters) - 186.6 eV

Nis
“Oxydes” N-C,Ozn 400.8 eV
h-B-C-N/oxidized h-BN N-C3/N-OyBs.n 399.9 eV
h-B-C-N N-C.Bsn 398.7 eV
h-BN N-B; 397.4eV

Cis
h-B-C-N C-NyBsn 285.8 eV
h-B-C-N/C sp® C-NiBgs.n/- 285.0 eV
h-C (sp?, graphite) C-Cs 284.3 eV
Oxidized carbide C-BCs.4/C-BOs:n 283.6 eV
h-B-C/carbide (SiC) C-B,C3.4/C-Si4 282.6 eV
B4C C-Bs 281.7 eV

2.3.4. TEM and EELS analysis

For Transmission Electron Microscopy (TEM) analysis, samples of coated particles were embedded in epoxy resin, cut with a wire saw, and mechanically

thinned to a thickness of approximately 100 pm. These thin cross sections containing coated fibers were then processed using Ar* ion beam milling
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(JEOL, lonSlicer, EM-09100IS) until electron transparency was achieved. The study employed conventional Transmission Electron Microscopy (TEM)
to analyze samples using Bright Field (BF), Dark Field (DF), and High Resolution (HR) modes. A CM30ST microscope (Philips, Thermofischer) was
used, operating at 300 kV with a LaBg source. The DF images were generated via electron beam scattering from sp%-BN basal atomic layers spaced
between 0.3 and 0.4 nm. HR-TEM images were obtained from the thinnest parts of the thin foils. SAD patterns were acquired from areas of 400 nm in
diameter to determine the microstructural organization of turbostratic BN using two parameters derived from the SAD patterns. The first parameter
quantify the structural anisotropy, using the method employed by Bourrat et al. for pyrocarbon [38]. The experiment involved measuring the orientation
angle (0A4), i.e. the azimuthal opening of the arc related to the first-order reflection of the sp>-hybridized atom basal layers. If the intensity remains
constant along the radius circle of 0.3-0.4 nm, the material is therefore assumed to be isotropic. The second parameter is the coherence length L. and is
measured from the full width at half maximum of the radial intensity of the arcs using a Scherrer-type equation, as in X-ray diffraction analysis [39]. The
(04, L.) values for a given coating were averaged from 3 SAD patterns obtained from various fiber coatings. Additional imaging techniques including
Scanning Transmission Electron Microscopy in High Angular Annular Dark-Field mode (STEM-HAADF), and Electron Energy Loss Spectroscopy
(EELS) analysis were carried out at the “Centre de microcaractérisation Raimond Castaing” (UAR 3623) in Toulouse, France. A JEOL JEM-ARM200F
microscope equipped with a cold FEG source operating at 200 kV was used. STEM-HAADF imagery was carried out with a GATAN and a JEOL
detector, and EELS spectrometry with the GATAN GIF QUANTUM ER, using two different dispersions values 0.1 eV/channel and 0.25 eV/channel,
with a resolution of 0.6 eV and 1 eV, respectively.

2.3.5. FTIR analysis

The Fourier Transform Infrared (FTIR) spectra were recorded from the gas phase after thermal decomposition of the precursors in a second convenional
vertical reactor, which is also used for CVD coating on static substrates [40]. The reactor is equipped with a 700 mm long silica tube having an internal
diameter of 35 mm. Heating is accomplished through a radio-frequency induction system placed outside the tube, and the reactor walls are coated with
expanded graphite. The pressure in the reactor is regulated by a motorized valve and a pressure sensor. Gases are transported from the top of the reactor,
passing through the hot deposition zone, the gas cell at the exit (at room temperature for the infrared analysis) and eventually in two cryogenic traps prior
to arriving at the vacuum pump. The gas analysis cell is equipped with two ZnSe portholes at both ends. The infrared spectra are acquired using an MCT-
A detector in ex-situ configuration. The reactor's temperature is regulated with a Eurotherm controller, which is connected to a CELES inductive heating
generator. The temperature is raised at a rate of 30°C per minute and stabilized several minutes to stabilize the hot gas temperature and eliminate any
impurities. Once the infrared signal is free of any contaminant, a blank spectrum is recorded and the precursors are injected through a bubbler. The
mixture of TEAB and N is then carried to the reactor in pure heated nitrogen, flowing through the bubbler heated in a water bath. The reactor undergoes
cleaning by heating up to 900°C under a pure nitrogen flow for a few hours between each FTIR acquisition. Spectra are acquired with Thermo Fisher

Scientific's OMNIC software and processed using TQAnalyst software.
3. Results and discussion
3.1. BN coating

Control of the BN coating process is essentially governed by the parameters of the CVD process. These essential parameters include: the initial dilution

ratio between ammonia and TEAB flow rates (a = QNH3/QTEAB)’ the initial dilution ratio between nitrogen and precursor flow rates (8 =

Qn, / .
Qrens + szg)‘ the total flow rate (Q,,.), the deposition temperature (T) and the total reactor pressure (P).

Experimental, thermodynamic, and literature data all support the need to add ammonia in excess to get pure BN [41-43]. Some authors even recommend
an «a ratio such as @ > 10 [44]. Indeed, a high « ratio decreases the amount of carbon in coatings [45,46] and reduces the operating temperature [44]. The
effect of the initial partial pressure and of the total total flow rate are not clearly analyzed in the literature. The growth rate was founded to increase
linearly with the square root of the precursor flow rate [44]. Numerous studies have investigated the role of the coating temperature, commonly ranging
from 600 to 900°C. TEAB decomposes when exposed to temperatures exceeding 500°C and, above a certain temperature (~ 850°C with NH; added), the
breaking of amine bonds leads to an increase of the carbon concentration in the coating [45]. The literature consistently reports the coating of h-BN from
TEAB under low reactor pressures, below 1 mbar or a few tens of mbar. Few academic studies have been conducted with pressures exceeding 20 mbar.
However, it has been observed that at extremely low pressures (P < 1 mbar), the deposition rate of the coating seems to increase with decreasing pressure
[44].

The majority of experimental studies on ex-TEAB (“ex-" refers to the original precursor of the obtained coating.) coatings suggest the formation of a
ternary B-C-N compound across diverse temperatures and operating conditions [44,46-49]. Adding ammonia has potential to decrease carbon
concentration in CVD/LP-CVD [42,44,47,49,50] and PE-CVD coatings [42,46,51,52]. Carbon-free BN coatings were observed only in plasma enhanced
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CVD (PE-CVD) coatings at high temperatures. Levy et al. [44] and Ramanuja [50] have defined two distinct coating regimes from TEAB, one with
ammonia and one without. The inclusion of ammonia in the gas mixture restricts the presence of carbon contamination in high-temperature coatings by

favoring the creation of hydrocyanic acid (HCN).
3.2.  Thermodynamic calculations

Previous studies have focused on thermodynamic calculations under specific conditions for TEAB/N, and TEAB/NH3/N, systems [53]. The authors
examined the thermal decomposition of TEAB when mixed with nitrogen, with or without ammonia. The respective dilution ratios were @ = 0 and 8 =
101 for the TEAB/N; system and @ = 16 and g = 5 for the TEAB/NH3/N; system. All computations were performed at 55 mbar, for both gaseous and
solid species. The conclusion of the heterogeneous system indicates that the addition of ammonia improves hydrocarbon formation by providing extra
hydrogen. Increased temperatures promote HCN production and decrease the amount of solid carbon. To restrict the carbon formation, limit homogeneous
phase reactions and prevent pyrolysis of carbonaceous by-products such as C,H, and CH,, short residence times and cold wall CVD reactors are
recommended in this study. Regarding the homogeneous system, both TEAB/N, and TEAB/NH3/N; gas mixtures give similar results. The gas phase
under 1200°C is mostly rich in hydrocarbons, whereas beyond that temperature, HCN, C,H,, low concentration of C,H, and CH; and H radicals are
produced. The introduction of NHj is equivalent to the addition of hydrogen, which favors saturated species and lighter hydrocarbons. Experimental gas
analysis at the exit of a hot-wall CVD reactor revealed distinct TEAB decomposition modes. The production of gaseous carbon compounds, including
HCN, CH,, and C;H,, is at its maximum level when temperatures exceed 900°C and NH3 is added. To efficiently remove carbon, primarily in the form
of HCN and CH,, during the LP-CVD experiments high temperatures seem to be necessary. The FTIR spectroscopy results are consistent with
thermodynamic predictions, but kinetic effects also play a significant part. Solid carbon formation is indeed generally limited at short residence times,
i.e., at low precursor maturation. The study suggests that cold wall reactor could be used to reduce co-deposition of solid carbon [53]. By maintaining
lower temperatures at the reactor walls, this reactor design would efficiently reduce the residence time of the precursor in the hot zone. The decomposition

of the TEAB hydrocarbon branches, leading to reactive unsaturated species and eventually solid carbon, would therefore be limited.

The current study investigates the influence of several parameters on the formation of solid and gaseous phases from the TEAB/NH3/N, system using a
computational thermodynamic approach. These parameters include dilution coefficients a (0; 10; 20; 30; 60) and B (%5; Y%; 1; 2; 5), pressure (100; 200;
300; 400; 500 mbar) and temperature (400 to 2000°C). The primary objective is to enhance the knowledge of the relationship between these parameters
and the formation of BN and to optimize these conditions for the elaboration of BN coatings with low carbon content. This approach requires a careful
choice of dilution ratios, temperature, and pressure. This orchestration achieves the desired coating properties and kinetics, while advancing an
understanding of the complex thermodynamic interactions of the C\VVD medium using this innovative precursor.

3.2.1. Influence of dilution & = Q"’”3/
TEAB

Thermodynamic calculations are carried out allowing the formation of a solid phase in addition to a gas phase. The dilution g is set equal to 1/3 and the

pressure is constant equal to 200 mbar. The dilution factor « varies between 0 and 60 (0; 10; 20; 30; 60), corresponding respectively to the TEAB/N,
system (a = 0) and TEAB/NH3/N; (¢ = 60, where the ammonia flow rate is 60 times greater than that of TEAB). The results of the thermodynamic
calculations are shown in Figure 1. The mole fractions of gaseous and solid species are shown as a function of temperature and dilution ratio @. The
curves for each species are represented by monochrome gradients symbolizing individual species according to color i.e.: N, in orange, CH, in blue, NH;
in green, etc. The shade varies with the dilution factor « : the brightest corresponding to the lowest dilution: @ = 0 and conversely, the faintest

corresponding to the highest dilution: a = 60.

In this case, the addition of ammonia, i.e. a > 0, decreases the mole fraction of methane (CH,), thus reducing the carbon content in the coating.
Conversely, hydrocyanic acid (HCN) appears only at high temperature. Hydrocyanic acid captures carbon atoms in the gaseous form and reduce the
amount of solid carbon. In fact, The formation of HCN is to be promoted as much as possible in order to reduce the carbon content in the BN coating.
Similarly, at 1000°C, the mole fraction of methane, a precursor of carbon coating, decreases, from 1.7x10? for @ = 0 to 9.7x10* for « = 10, i.e. a
reduction of over 40%. Increasing the value of the dilution a beyond 10 has no significant effect on the composition of the gas phase, except for the
methane concentration, which remains constant at very low temperatures (while there is no carbon coating), then decreases progressively with increasing
temperature. This transition is temperature-shifted: e.g. from 450°C for a = 10 to 580°C for a = 60. This shift corresponds to the start of methane
decomposition in favor of solid carbon coating, which is also shifted at low temperatures by the addition of NH3. The absence (or very low values < 10
%) of boron species in the gas phase indicates that the majority of these boron species participate directly to the coating rather than to the creation of

gaseous boron species.
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Regarding the solid formation (cf. Figure 1.b, where “Gas” refers to the sum of all gaseous species detailed previously), graphite and boron nitride are
the two thermodynamically stable phases. Boron nitride remains stable over the entire temperature and dilution range a, except in the absence of ammonia
(a = 0), for which boron nitride turns into boron carbide (B,C) at around 1850°C. For the other dilutions, the higher nitrogen partial pressure stabilizes
boron nitride up to 2000°C. Graphite remains relatively stable between 800 and 1800°C. Above 1800°C graphite feeds the gas phase with carbonaceous
species (C2Hs, C2N2), while between 400 and 800°C, the graphite mole fraction increases rapidly. Here again, the addition of ammonia drastically reduces
the mole fraction of graphite at low temperatures, and its introduction in excess shifts the onset of the graphite phase in temperature. For example, graphite
reaches a mole fraction equal to 1% at 470°C for @ = 10 versus 650°C for @ = 60. Increasing the dilution of TEAB in ammonia, and thus indirectly
introducing an excess of nitrogen, delays the onset of formation of the graphite phase at temperature, by increasing the partial pressure of hydrocyanic
acid and reducing that of methane. These results are in line with the literature, which suggests increasing the dilution ratio « to reduce the proportion of

carbon in BN coatings.

a) 10 b) 10°4 a
Gas 60
Graphite

10'Y” BN 0

Mole fraction (-)
=
Mole fraction (-)

10 10 77
10
1074
0
10" v - a - - r — 10 : - . - . - .
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
Temperature (°C) Temperature (°C)

Figure 1 : Heterogeneous equilibrium mole fractions of a) gaseous species (Hz, N, CH,4, C;H,, HCN, NH; and H) and b) solid species (BN, C et
B4C for @ = 0 only) and gas for & = 0;10;20; 30 and 60 (“Gas” refers to the sum of all gaseous species).

The driving forces for the formation of each solid phase, corresponding to the Gibbs free energy difference induced by the exclusion of the solid phases
in the equilibrium calculations, normalized by R.T (where R is the ideal gas constant and T is the temperature), are plotted as a function of temperature
and a (cf. Figure 2). Here again, the addition of ammonia decreases the driving force for the graphitic carbon formation and simultaneously increases the
BN formation for temperatures above 700°C. While the increase in a progressively reduces the driving force for solid carbon formation, the driving force
for BN is globally unchanged. In order to obtain BN coatings with a minimum of carbon, it is therefore preferable to operate at a high a dilution ratio
and at temperatures below 900°C. These conditions will certainly reduce the deposition kinetics, since increasing the dilution of TEAB in ammonia

reduces the proportion of precursors in the gas mixture, while decreasing the reactor temperature slow down surface reactions.

N

BN

Graphite

Driving force

B,C

400 600 80D 1000 1200 1400 1600 1800 2000
Temperature (°C)

Figure 2 : Driving forces of solid species: C, BN (and B4,C for &« = 0 only) for & = 0;10;20; 30 and 60.

3.2.2. Influence of dilution g = QNZ/QTEAB + Qun
3

Thermodynamic calculations are carried out by setting the « dilution ratio to 20 and the pressure to 200 mbar. The dilution factor B varies between Y4
and 5 (% ¥5; 1; 2; 5), i.e. in the TEAB/NHa/N, system, with a nitrogen flow rate that is £ times greater than that of TEAB+NHs. The results of the
thermodynamic calculations are gathered in Figure 3. The presentation of the results follows the same rules as before, with the shade this time providing
information on the dilution factor §: the brightest corresponding to the lowest dilution: 8 = %5 and conversely, the faintest corresponding to the highest
dilution: 8 = 5.
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In this case, the species that are most affected by the variation in dilution 8 are H,, N, CHq4, H, C;H, and NH3. Only hydrogen cyanide appears to be
unaffected by the change in dilution. The mole fractions of the other species decrease as dilution increases, with a very slight temperature shift. For
example: the proportion in methane drops from 500°C for B = %, to 440°C for B = 5. Similarly, acetylene (C.H,) reaches a mole fraction of 10° at
1420°C for = Y5 versus 1320°C for § = 5. Increasing the dilution factor 8 has only a limited effect on the gas phase. On the other hand, increasing
dilution B shifts the onset of methane decomposition and hence formation of free carbon. The gas phase remains stable for the lowest temperatures (<
500°C), then decreases as gaseous species contribute to the coating. The gas phase shows a minimum mole fraction between 1000 and 1150°C, indicating
that most of the gas species participate in the coating. Beyond this point, the gas phase becomes again more abundant, to the detriment of the solid phase.
In fact, the solid phase that varies in proportion in the graphitic carbon which, as the temperature rises, decomposes to form carbonaceous gas species.
The mole fraction of BN is stable at all temperatures, while carbon vanishes at low temperatures (< 450°C), increases rapidly between 450°C and 1150°C,
to reach a maximum, then gradually decreases up to 2000°C. It seems therefore preferable to choose the coating temperature away from this maximum
in order to reduce the amount of free carbon in the solid. The lower the dilution 8 value, the higher the temperature of this maximum is. Finally, as

expected, increasing the precursor dilution S leads to a decrease in the mole fractions of solid phases.

0 0
a) 10 b) 10”4 —
) — - ) Gas 4

5
—_ ~ 1! 2
- < 10 .
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H 51
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B o
Z S
= =10’
10° ey . . r ————— 107 L . r r - r r
400 600 800 1000 1200 1400 1600 1800 2000 400 600 800 1000 1200 1400 1600 1800 2000
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Figure 3 : Heterogeneous equilibrium mole fractions of a) gaseous species (Hz, N, CH4, C,H,, HCN, NH; and H) and b) solid species (BN et C)
for B = 1/3 ; 1/2 ;1;2 and 5 (“Gas” refers to the sum of all gaseous species).

For a = 20, B = Y5 and at 200 mbar, the ratio between the mole fraction of BN and graphite indicates that when the temperature increases from 500°C,
the proportion of boron nitride decreases rapidly to reach a minimum equal to 25% at 1150°C, and then increases more slowly at higher temperatures.

Here, in terms of BN proportion, the solid obtained at 800°C and 1600°C are equivalent and made of approximately 26% BN and 74% graphite.
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Figure 4 : Ratio of mole fractions between BN and C for a = 20, 8 = 1/3 and P = 200 mbar.
The driving forces of the solid species are plotted as a function of temperature and g dilution (cf. Figure 5). The driving force of boron nitride remains
unchanged as a function of 8 and greater than that of carbon below 900°C. The variation in 8 influences both the value and the temperature shift of the

maximum driving force of graphitic carbon. For example: the driving force of carbon becomes positive beyond 440°C for 8 = ¥, versus 510°C for § =

5. It is therefore preferable to operate at a high g dilution to favor the BN phase, while possibly affecting the deposition rate.
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Figure 5 : Driving forces of solid species: C and BN for g = 1/3 ; 1/2 ;1;2and 5.

3.2.3. Influence of pressure

In this section, thermodynamic calculations are carried out after setting the dilutions factors at « = 20 and 8 = %. The pressure in the reactor varies
between 100 and 500 mbar (100; 200; 300; 400; 500 mbar). These levels of pressure are not usually encountered in the literature on the CVD of boron
nitride since, generally, authors select lower pressures that are often more favorable in terms of coating quality or operations. However, the fluidized-bed
technology requires higher pressures (> 100 mbar) for issues of fluidization quality and flow regimes. The results of the thermodynamic calculations are
shown in Figure 6. The color gradation provides information on the pressure P e.g.: the brightest hue corresponds to the lowest pressure: P = 100 mbar

whereas, the faintest hue relates to the highest dilution: P = 500 mbar.

For all the pressures explored here, the gas phase is made up of the same species as evidenced before. Pressure has no significant effect on the mole
fractions of hydrocyanic acid and acetylene (all curves overlap, cf. Figure 5.a). On the other hand, raising the pressure increases the mole fraction of
methane and ammonia, and decreases that of hydrogen (a shift to higher temperatures is observed for all curves). For example, the mole fraction of
methane begins to fall at 460°C for 100 mbar, compared with 560°C for 500 mbar. This trend is also observed for graphite, which begins to appear at
460°C for 100 mbar and 560°C for 500 mbar. Conversely, hydrogen reaches a mole fraction of 10 at 1540°C for 100 mbar, versus 1640°C for 500 mbar.
As before, the gas phase remains stable at the lowest temperatures (< 550°C), decreases rapidly to reach a minimum between 550°C and 1150°C, then
increases again beyond 1150°C. At around 1950°C for P = 100 mbar, the proportion of the gas phase increases as BN disappears and boron carbide is
formed. At other pressures, B4C is absent over the temperature range studied. BN is stable at all pressures, while the appearance of graphite is temperature-
shifted: it reaches 1% at 480°C for P = 100 mbar, versus 580°C for P = 500 mbar. At low temperatures (< 600°C), increasing the pressure favors the
BN phase over graphite. However, after a certain temperature, the proportion of graphite increases very rapidly and the resulting coating contains more
graphite than boron nitride.

0

a) 10" —— b) 10 = Pmbar)
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£ E 300
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Figure 6 : Heterogeneous equilibrium mole fractions of a) gaseous species (H,, N, CH,, C,H,, HCN, NH3 and H) and b) solid species (BN and
C) for P =100;200;300;400 and 500 mbar.

The driving force of boron nitride changes very little with pressure. Below around 700°C, low pressures exhibit the highest BN driving forces, while
above 700°C, the trend is reversed, and the highest BN driving forces are found at the highest pressures. For example, from 100 to 500 mbar, the driving
force decreases by 5% at 500°C, while it increases by 7% at 900°C. The driving force of graphite is only affected below 1300°C. Increasing the pressure

shifts the driving force of graphite to higher temperatures. Thus, increasing pressure delays the appearance of carbon in the BN coating.
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Figure 7 : Driving forces of solid species: C and BN for P = 100;200 ;300 ;400 and 500 mbar.

3.3.  FTIR study of the thermal decomposition of the TEAB/NH5/N; system

The thermodynamic study provides an overview of the reaction products expected from the thermal decomposition of the precursor. Since this study is
performed under conditions of thermodynamic equilibrium, experimental results may differ from theoretical data. During CVD coating, thermal
decomposition of the gases is influenced by the residence time of the precursor species in the hot zone. This residence time is generally short, on the order
of a few seconds at most. As a result, the in-situ partial pressures of the precursors and decomposition products do not reach a state of thermodynamic

equilibrium, and the above calculations (that may differ from the hot gases generated in-situ) must be interpreted with caution.

This part of the research focuses specifically on the study of TEAB decomposition under different conditions using FTIR spectroscopy of cold exhaust

gases of a specially designed CVD reactor. The preliminary thermodynamic approach revealed the importance of TEAB dilution in ammonia, obtained
by adjusting the dilution ratio a = QNHS/QTEAB' Consequently, the dilution ratio @ and the temperature were chosen as the key experimental parameters

for this study.

It was decided to follow the relative variation of the concentrations of the species generated by the thermal decomposition of TEAB as a function of
temperature, from ambient to 1000°C (the temperature limit of the reactor). The study was carried out at a pressure of 200 mbar, which is the pressure
used for FB-CVD coatings. The reactor was cleaned between each manipulation and the spectra obtained in absorbance were corrected by subtracting

the background spectrum (recorded without precursor diluted in nitrogen).
3.3.1. Variation in ammonia quantity

For each series of experiments (¢ = 0, @ = 10 and @ = 30, shown in Figure 8), the operating parameters such as the total flow rate, pressure, and TEAB
flow rate are held constant at values of 255 sccm, 2.5 sccm, and 200 mbar, respectively. The temperature of the bubbler water bath and the ammonia and

nitrogen flow rates were adjusted to obtain the desired total flow rate and « dilution ratio.

The results are illustrated in Figure 8, which shows the FTIR spectra and the evolution of the areas under the peaks for each of the species for a = 0,
a =10 and a = 30. For all « dilutions, at temperatures below 400°C, TEAB exhibits a characteristic infrared absorption band at 2400 cm, due to the
presence of the B-H bond, indicating the integrity of the complex. Above 400°C, this characteristic band is no longer observed and the triethylamine
(TEA) characteristic absorption bands appear instead between 2750 and 3000 cm™. Above 600°C, new absorption bands appear corresponding to the

formation of C,H, and CH,, indicating the onset of TEA decomposition. At even higher temperatures, the absorption bands of HCN and C,H, are observed.

Experimental results show that methane, ethylene, and hydrocyanic acid exhibit a similar behavior. They appear at temperatures above 400°C and their
sub-peak areas increase up to 800°C, before decreasing at higher temperatures. Acetylene, on the other hand, shows a continuous increase in the sub-

peak area with increasing temperature up to 1000°C.

The infrared spectra obtained show a high intensity of ammonia absorption bands, with some of these bands even reaching saturation in the 500-1200
cm? region. These saturated bands overlap the absorption bands of other species in the 500-1700 cm™ and 3200-3600 cm™ ranges. At a temperature of
400°C, a distortion of the background appears, producing a peak around 3800 cm™. The results obtained do not show the appearance of new species with

the addition of ammonia to the mixture.

The methane concentration increases between 400 and 1000°C, and this species is formed at lower temperature than in the TEAB/N; system. The sub-
peak area for hydrocyanic acid increases from 600°C to 1000°C, while acetylene shows a similar trend in the TEAB/N, system. The addition of NH; has

three effects on species formation, especially at elevated temperatures. First, it increases HCN production, which could lead to a potential decrease of the
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amount of carbon in deposits formed at this temperature. Second, the partial pressure of CH,4 increases in the temperature range from 800 to 1000°C,
400 which corresponds to an overall increase of carbon in the homogeneous phase. Finally, the presence of the NH; peaks makes impossible to process to the
analysis of the C;H, peak due to overlapping absorption bands between the two species.

FTIR spectra
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Figure 8 : FTIR spectra at different temperatures of the TEAB/NH,/N, mixture at P = 200 mbar and Q,,, = 255 sccm. a) ¢ = 0, B = 101, b)
a =10, =8andc) a = 30, B = 2. Sub-peak areas for the various species identified. d)a = 0, 8 = 101,¢e) a = 10, B = 8 and f) a = 30,
405 B=2.

3.3.1. Comparison with thermodynamic study

Since thermal decomposition of the system during hot wall CVD occurs via both homogeneous and heterogeneous phase reactions (i.e., leading to gaseous
products and solid deposition), the results obtained from FTIR measurements are compared with both homogeneous and heterogeneous thermodynamic
predictions at equilibrium. By preventing the formation of solid species (i.e., assuming an infinite residence time of the gases), thermodynamic
410 calculations predict the appearance of certain heavy species such as borazine (BsHgN3) or benzene (CsHg), as well as other light borated species such as
borane (BH3) (see Figure S1 and S1 in Supplementary Material). However, these species are not revealed by FTIR measurements at the reactor outlet.

Such a discrepancy between thermodynamic predictions and experimental measurements can be explained by the limited residence time of the gas
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intermediates in the hot zone, or the high reactivity of certain species. The residence time under CVD conditions is limited to about half a second, which
is not sufficient to allow the formation of high molecular weight species such as borazine or benzene that require significant molecular rearrangement
relative to the initial precursors. Borane, on the other hand, is formed immediately after the B-N bond is broken in TEAB and does not require significant
atomic rearrangement. Its absence in the FTIR spectra can therefore be attributed to its active contribution in the boron nitride deposition.

In contrast, the infrared spectra confirm the presence of methane (CHy,), acetylene (C,H,), ethylene (C;H,), and hydrogen cyanide (HCN), as predicted
by thermodynamic calculations. The experimental results show that acetylene appears at temperatures above 600°C for @ = 0 and around 700°C for a =
10, in agreement with thermodynamic predictions. According to the same predictions, the presence of CH, is expected over the entire temperature range
for all « dilutions. However, for kinetic reasons, methane is experimentally detected only at 400°C and above. The fraction of ethylene increases up to
800°C for a = 0 and then decreases at higher temperatures, contrary to thermodynamic predictions, which revealed a continuous increase over the whole
temperature range. Finally, the experimental results show that the HCN onset temperature is lower than predicted for @ = 0 (600°C compared to 900°C
for the thermodynamic prediction), but agrees for @ > 0, with a difference of about 20°C between FTIR results (700°C) and thermodynamic predictions
(680°C). In conclusion, experimental measurements agree with thermodynamic calculations for light species that do not require significant molecular
rearrangement, especially at high temperatures.

Theoretical and experimental studies therefore demonstrate that high « dilution ratio should minimize free carbon concentration in the BN coating. The
B dilution ratio and the pressure are also helpful in reducing carbon concentration, although only of secondary importance. Temperature is a significant
factor in controlling the carbon content, it is important to maintain a temperature that promotes effective decomposition of the precursor, typically around
400°C. However, it is crucial to avoid exceeding a range of 800-900°C, as this could lead to decomposition of ethyl groups and hence C and BN co-
deposition. To decrease the carbon proportion within the coating, a higher « dilution appears to be appropriate. However, increasing the « dilution also
reduces the concentration of TEAB in the gaseous precursor mixture, resulting in a very low deposition rate (less than ten nanometers per hour). In order
to maintain a sufficient deposition rate, and given the need of regular flushing of the TEAB line (see section 2.1), the a dilution was set to 10. Due to the

FB-CVD reactor technical constraints of heating and evaporation, and the requirements for the fluidization of the fibers/powder mixtures, it was chosen

to synthesize a BN coating from TEAB at 800°C, 200 mbar, with a total gas flow of 250 sccm (~ 10U,,) and dilutions ratios of & = 10 and § = 1/3.

3.4. Characterization of the coatings
3.4.1. Global structure of the coating

The coated particles are observed by Scanning Electron Microscopy. Figure 9 shows secondary (SE) and backscattered electron (BSE) images. The
images reveal the uniformity of the coating on the powder and fibers (cf. Figure 9.a). To better reveal the thickness of the coating, the particles were
lightly flakked by hand with a mortar and observed under the same conditions (cf. Figure 9.b) showing a fiber with a slightly flaked coating, revealing
the SiC substrate (brighter) and the BN coating (darker) by gray level contrast. The micrographs show that the coating is homogeneous on the surface of
the powder and fibers, covering all particle asperities with the thickness in the order of a hundred nanometers. EDS was also carried out, confirming the

presence of B, C, N, O and Si.

S - )

Figure 9 : a) SEM-BSE image showing homogeneously coated particles after the deposition process. b) SEM-SE image of the coating at the

surface of a deliberately fractured fiber.

Preliminary SEM observations of the surface of the coated powders and fibers confirmed that the coating uniformly covers the particles. TEM cross-
sectional analysis reveals that the coating thickness is approximately 100-110 nm (cf. Figure 10.a and Figure 10.b), regular from one particle to the next.
The BN coating has an isotropic microstructure and is poorly crystallized. On the SAD pattern (cf. Figure 10.c), the signal associated with the first-order

reflection of the sp?hybrided turbostratic BN (at dy,, ~ 0.3-0.4 nm) forms a diffuse and continuous circle, revealing that there is no preferential
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orientation on the coating. The circle of bright spots corresponding to the 0.25 nm distance arise from the SiC nanograins (diffraction of the 111 planes
of the cubic structure) of the Hi-Nicalon S fiber. The area selection diaphragm, with a diameter of 400 nm, includes both the thin coating and the fiber
surface. The TEM-DF image (Figure 10.b) is low in contrast, homogeneous, and finely spotted at nanometric scale. The crystalline parameter L. deduced
from SAD pattern [38] is estimated at 2.5 nm. The HR-TEM image (Figure 10.d) shows coherent domains consisting of a stack of a few distorted basal
layers less than five nanometers in size, corresponding to the small bright spots in the TEM-DF image (Figure 10.b). Such a poor structural organization
is expected for BN prepared at low temperature [54,55]. In this study, the deposit was obtained in several stages, with interruptions in deposition and
heating and intermediate atmospheric exposures. Remarkably, the coating presents no structural or chemical change and remains dense and homogeneous
throughout his thickness.
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Figure 10 : TEM structural analysis of the coating: a) BF image, b) corresponding DF image, c) corresponding SAD pattern, d) HR image.

3.4.2. Global composition of the coating

After the final deposition stage, the FB-CVD coatings are stored under nitrogen to limit contamination from atmospheric moisture. The “thick” coating,
cumulating 6 hours of deposition, is analyzed by Electron Energy Loss Spectroscopy. The EELS spectrum of the coating (cf. Figure 11) shows strong
boron and nitrogen edges, but also reveals the presence of carbon and oxygen. The average atomic composition deduced from the area of the different
characteristic edges is 41%,. of boron, 47%,. of nitrogen, 7%, of oxygen and 5%, of carbon. The shape of the B-K edge, with the two 7* and ¢*
characteristics peaks at respectively 194 eV and 202 eV (cf. Figure 11 inset), similar as that of turbostratic boron nitride including carbon [54,56,57]. The
EELS spectrum is therefore consistent with the microstructural description provided by TEM analysis. AES and XPS analysis confirm that the coating

consists of boron nitride containing carbon and oxygen impurities.
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Figure 11 : Enlarged EELS spectrum and inset B-K edge.

The presence of carbon and oxygen impurities is often reported in poorly organized BN coatings obtained by CVD [54,56]. However, the amount of

carbon present in this coating (5%.:), derived from a precursor containing ethyl group, is notably low compared to that obtained for other CVD BN
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coatings, about 25%,; for boron chloride/ammonia precursor [54] or 15%.,; for boron-organic/ammonia precursor [56]. A careful investigation of carbon

in the BN coating is necessary because it has been shown to alter its resistance to oxidation.

Auger Electron Spectroscopy, combined with ion etching, provides a much better spatial resolution compared to EDS, typically of a few nanometers. The
particles are attached on a carbon scotch tape and placed under ultra-high vacuum in the analysis chamber. At the extreme surface of the fibers, zones of
a few um? are selected and progressively etched during the analysis. Figure 12.a shows the element tracking as a function of the sputter time. From the
coating thickness measured by TEM, a sputter speed of approximatively 30 nm.min can be deduced. After a thin layer of surface pollution (at zero
sputter time), the coating turns out to be stoichiometric (average values of 48%,. of boron and 47%,. of nitrogen) with very low carbon and oxygen
concentrations, around 3% and 2%, respectively. Such an oxygen concentration is relatively low compared with others ex-BCl; BN coatings [25,37,58].

The low carbon concentration is even more remarkable considering the high carbon ratio of the precursor.
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Figure 12 : a) Atomic concentration profile in the thickness obtained by AES. b), c) and d) XPS deconvolution of the C, B and N spectra
obtained within the coating after sputtering.

XPS was used to characterize the chemical environment of the atoms in the coating. Figure 12.b, Figure 12.c and Figure 12.d present deconvolutions
obtained from XPS spectra at the core of the deposit in the carbon, boron and nitrogen regions. The boron spectrum (B, cf. Figure 12.c) shows
predominantly B-N; bonds up to 39%;, and a less abundant boron bonds with carbon or oxygen up to 7%;. It should be noted that no component
attributed to free boron, boron carbide (B4C), or boron oxide (B,Os) were deduced from the deconvolution. The deconvolution of the nitrogen spectrum
(Nys, cf. Figure 12.d) shows a main peak at 398.0 eV, attributed to the N-B; environment (as in h-BN). This value is close to those commonly reported in
the literature, around 398 eV [59]. However, other authors have reported shifts in this value for CVD BN deposits [37]. In contrast to Puyoo et al. results
on ex-BCl; LP-CVD BN deposits, the ex-TEAB BN deposit reveals a nitrogen chemical environment consisting mainly of N-B; bonds. Puyoo et al.
indeed observed several other components at higher energies, indicating a variety of atomic environments (N-B,C, N-BC,, N-Cs, and partially oxidized
sites). The deconvolution of the carbon spectrum (Cs, cf. Figure 12.b) shows a complex structure, reflecting a diversity of bonds formed by carbon. The
peaks are centered around regions of C-B;, C3.,, C-B,O3.,, and C-N,B3., environments. A slight contribution from C-Cs sp? bonds is observed around 284.4
eV. The chemical environment in the core of the BN coating is resumed in Table 2. The nitrogen region indicates a main sp? coordination with boron,
while the carbon region suggests mixed sp? environments with nitrogen and boron. Finally, the oxygen atomic environment (not showed here) also

suggests bonds with carbon, as well as hydrogen while the silicon environment is attributed to the Si-C bonds.

Page | 15



Table 2 : Summary of elements and chemical bonds detected by XPS with fit characteristics and atomic proportions.

Element/Bonding Peak FWHM Area Concentration
(eV) (eV) (CPS.eV) (Yoat.)
Bis 189.70 2.17 31218.71 46.24
BN 190.35 2.02 26255.87 39.08
BCO/BNO 191.30 1.89 4987.19 7.43
Nis 397.16 1.80 81599.37 37.31
NB 397.97 1.70 75807.12 34.84
NC/NBO 399.61 1.55 5209.76 2.40
Oss 531.46 221 26424.08 8.20
O=C 532.27 212 24024.82 7.50
0-C 534.29 147 1497.12 0.47
Cis 282.70 341 9458.34 7.21
C-Si 282.78 1.77 3929.64 3.01
C-Si-0/C-B-C/C-B-O 283.84 1.73 1703.14 131
C-C (sp?) 284.40 1.44 1733.89 1.33
C-N-B 285.45 1.46 1195.13 0.92
C-0-C 286.28 1.44 415.11 0.32
C=0 287.20 1.46 400.29 0.31
Sizp 99.82 2.36 1247.32 1.04
Si-C 100.53 1.60 1223.49 1.03
3.4.3. Fiber/coating interface
500 In all cases the interface between the fiber and the coating observed in TEM is cohesive, the BN deposit adheres to the SiC surfaces of the powder and

the fibers. At TEM high magnification, a nanometric amorphous phase, limited to a few nanometers in thickness, can be observed between the fiber and
the coating (cf. Figure 13.aand Figure 13.b). In the STEM-HAADF mode (cf. Figure 13.a), the nanolayer appears discontinuous and irregular in thickness,
with some contrast between the SiC fiber and the BN coating. The chemical composition profile line recorded by EELS trough the interface reveals that
the amorphous phase contains oxygen and silicon (cf. Figure 13.c). At the interface, the Si-L; edge shifts slightly away from its position in the fiber (cf.

505 Figure 13.d, comparison between (2) and (1) spectra). The peak value (107.5 eV) of the (2) spectrum suggests a Si-O type chemical environment in the
interface [60]. The presence of this amorphous oxide layer can be attributed to the heat treatment of the desizing process of the fibers, during which the
surface of the fibers is partially oxidized in air at 600°C. Advantageously, this amorphous phase at the interface does not appear to alter the coating ability
adhesion to the fiber.
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Figure 13 : Analysis of the fiber-coating interface: a) STEM-HAADF, b) HR-TEM images, ¢) normalized intensity of elements Si, C, B, N, O along profile line
(white line in a) image). d) EELS Si-Ls spectra in the fiber (1) at 0 nm, the interface (2) at 17 nm and the coating (3) at 38 nm (areas are marked on a) image).

3.4.4. Local coating characterizations

The STEM-HAADF imagery of the entire coating reveals uniformly dispersed dark nanometric regions (cf. Figure 14.a). Within the coating, on a more
local scale, STEM-HAADF images show homogeneously distributed dark zones (cf. Figure 14.b). The STEM-BF image highlights a loss of the
turbostratic structure at the dark and amorphous zones (cf. Figure 14.c). The EELS low-loss and core-loss spectra suggest a change in atomic density.
Indeed, the EELS profile line through these local inhomogeneities indicates a variation in the intensity of the zero loss (ZL) peak, reflecting the evolution
of the signal passing through the sample (see Figure S3 in Supplementary Material). At the center of the dark and amorphous zones, the ZL intensity
increases, indicating a lower atomic density (i.e. more transmitted signal) compared to adjacent regions. This information can be interpreted in different
ways. Assuming a uniform composition (i.e. a constant density), the variation in ZL intensity can be attributed to a variation in sample thickness. On the
other hand, if a constant thickness is assumed, the variation in ZL intensity can be attributed to a variation in atomic density, meaning a variation in the
elemental composition or structure of the material. At this stage of the analysis, it is not possible to determine the cause of this variation. However, it is

possible to calculate, without further assumptions, the relative logarithmic ratio between thickness (t) and the mean free path of the electrons in the
material (4): ‘f/}L = —In (IO/It), also known as the mean number of scattering events per incident electron (see Figure S3 Supplementary Material).

This quantity is proportional to the ratio of ZL intensities (I,) to the sum of ZL and inelastic scattering (I,). The darker regions show a significant decrease
in the average scattering events per incident electron. While the light regions in STEM-HAADF imagery reflect areas of high atomic density, the dark

regions correspond to a decrease in the average atomic density of the deposit.
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Figure 14 : a) Global STEM-HAADF of the BN coating (local inhomogeneity outlined in blue). b) STEM-HAADF and c) BF images of local
inhomogeneity.

The EELS core-loss spectra show significant variation in the characteristic boron peaks as they pass through these dark zones (cf. Figure 15.a and Figure
15.b). Basically, during the ionization process, an electron in the electron cloud undergoes a transition from a 1s core state to unoccupied states located
in the conduction band above the Fermi level. These unoccupied states are specifically associated with orbitals of symmetry p, (designated ) or py, py
(designated ¢*). The boron K-edge spectrum illustrates the transitions between the 1s core states and the =* and o* states. These transitions appear on the
EELS spectrum as two distinct peaks: one at around 194 eV corresponds to * transitions, while the other, at around 202 eV, corresponds to o* transitions.
It is important to characterize these peaks, as their intensity, energy position, width and threshold energy reflect the projected density of states in the
conduction band, i.e. the electronic, crystallographic and chemical environment. In hexagonal or turbostratic boron nitride materials, the intensities of

these peaks are usually balanced [61-63,25,64] compared to pure o-bonded materials like cubic boron nitride or boron carbide [65,41].

Recent studies of CVD-BN coatings on Nicalon fibers by Pippel et al. revealed the presence of chemically heterogeneous carbon-rich zones within the
deposit [56]. Using energy-filtered elemental mapping (EFTEM), Pippel et al. observed the distribution of carbon and boron within the coating. Most of
the carbon in the BN layer precipitates as nanoclusters (dark zones in HAADF images) between the BN nanocrystals. However, a comparison with other

images revealed the presence of some carbon in the BN zones, possibly incorporated into the hexagonal BN structure.

For a better understanding of these results, the authors carried out a detailed analysis of the C-K edge. In contrast to the EELS spectrum of amorphous
carbon, the carbon 7* peak in the BN coating is slightly more intense, and the o* peak sharper [56]. These observations indicate that the carbon in the
coating is more graphitized than in an amorphous film. In addition, the appearance of the carbon peaks is shifted by around 2 eV compared with the
reference spectrum of amorphous carbon. This difference can be interpreted by a lower binding energy of the carbon incorporated in BN(C), as the carbon
atoms are surrounded by boron atoms with a lower electronegativity than carbon in graphite. This result is consistent with the composition profiles. In
some regions of the coating, the difference between the boron and the nitrogen concentration cannot be compensated for by oxygen alone, suggesting the
incorporation of carbon atoms to complete the hexagonal structure of BN. In our case, the carbon signal is too weak to characterize the * and ¢* peaks.

However, the same methodology is used here for the boron peak.

The respective amplitudes of both 7* and o* peaks exhibit a variation along the profile as it passes through the inhomogeneity. At the edges of the dark
zone spectrum (cf. Figure 15.c), the =* peak (plotted in red) is more intense than the o* peak (plotted in green). This trend is inverted at the center of the

zone (cf. Figure 15.d). To quantify this variation, two adjustments were made near these two peaks, using two Gaussian functions of the type: y; ;-1, =

2
Ai/ .exp (x _xoi)/ 2 |- The first Gaussian, denoted 1, corresponds to the fit of the =* peak, while the second Gaussian, denoted 2,
o\2m o;

corresponds to the fit on the o* peak. Figure 15.e shows the evolution of the parameter AlUZ/Azal, i.e. the ratio of the =* and o* peak intensities.

Figure 15.e shows the variation in the boron ”*/0* intensity ratio as a function of spatial position. This ratio is greater than 1 outside the darker regions
and less than 1 within, indicating the loss of the turbostratic character within the darker zones. The organization of turbostratic BN is characterized by a
balanced intensity of ”*/U* (which corresponds to o bonding within sp? layers and = bonding between adjacent layers). Conversely, a small 7T*/U*
parameter typically corresponds to the presence of sp® bonding, as observed in structures such as boron carbide [66,67] or amorphous boron nitride [68]
and BCN [66,69,70], which may occur between the basal sp? planes of turbostratic BN. The variation in t/ ', intensity is therefore mainly assignable to a

change in material density.
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Figure 15 : a) EELS spectra and b) boron region along the profile line. Example of regression on a c) light (zone 1) and d) dark area (zone 2).

e) m* /o ratio along the profile line.

The homogeneous elemental composition along the profile line is shown in Figure 16, this composition is consistent with the AES and XPS analysis.
While boron and nitrogen concentrations remain stable along the profile line, and especially as they pass through these darker zones, oxygen and carbon
concentrations tend to evolve in opposite directions. Outside these darker zones, oxygen dominates over carbon, while inside, carbon seems to dominate
over oxygen. This trend may support the hypothesis that carbon is inserted into the BN structure and disrupts the turbostratic organization of the BN.
Studies have indeed suggested that carbon insertion in the BN structure can distort hexagonal sp? planes, which can lead to a change in the ”*/U* parameter
[61,71,72]. Considering that these zones of weak turbostratic organization are relatively richer in carbon than the rest of the deposit and that the
deconvolutions of the XPS spectra indicate a majority of bonds between carbon and boron, it becomes very likely that the arrangement of covalent bonds
in these zones becomes three-dimensional, as it can be in boron carbide for instance, which disturbs the turbostratic structure and explain the decrease in
the™'/ 5+ Parameter.
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8
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Figure 16 : STEM-HAADF image with profile line of elemental composition obtained by EELS.

In summary, this work indicates that: i) the majority of the carbon in the BN(C) deposit is arranged in the form of poorly organized nanoclusters (areas
appearing dark on STEM-HAADF images and less organized on HR-TEM images) and ii) carbon is incorporated into the turbostratic BN structure,
causing distortion of the sp? basal planes. The coating remains predominantly composed of turbostratic boron nitride, the main bonding being between
boron and nitrogen atoms, with low carbon and oxygen concentrations. At the core of the deposit, disorganized carbon-rich structures of a few tens of
nanometers are observed locally, which can be explained by the incorporation of carbon introduced during the precursor decomposition and deposition
process. Electron Energy Loss Spectroscopy provides valuable information on the organization of the deposit and the distribution of carbon and oxygen
heteroelements. The results of this analysis are consistent with previous studies of boron nitride coatings made with other precursors [54,56]. This feature

is encouraging for the use of TEAB as a non-chlorinated second-generation precursor for stoichiometric BN coatings. Despite the presence of three ethyl
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groups and a C:B ratio of 6:1, the coating retains a low atomic concentration of carbon and oxygen. In comparison, the atomic carbon contents observed

by Pippel et al. [56] and Leparoux and Serin [54] were three and five times higher, respectively, than those analyzed here.
4.  Conclusion

The thermodynamic study and experimental analysis of the gas phase highlighted the influence of certain CVD process parameters on the composition

of the gases and solid phases resulting from TEAB decomposition, and in particular on the carbon content of the deposits. The a parameter (a =
QN”S/ TEAB) appears as the most influential factor in reducing the carbon concentration in the coatings. High « values indeed promote the production of

hydrocyanic acid (HCN), which reduces carbon contamination and favor the formation of pure boron nitride. Experimental examination of the thermal
decomposition of TEAB precursor, via FTIR spectroscopy, confirmed the thermodynamic predictions and revealed the formation of new molecules such
as methane (CHy,), acetylene (C,H,), ethylene (C,H,), and hydrogen cyanide (HCN) resulting from the precursor decomposition. The addition of ammonia
into the reaction mixture enhances the formation of HCN, reducing the carbon content of the coatings (while the amount of carbonaceous species also

increases with the initial ammonia concentration in the mixture).

In a second step, a comprehensive investigation of a low-carbon boron nitride coating has provided detailed information on its structure, microstructure
and chemical composition. SEM imaging revealed the uniform coverage of all particles with an adherent coating of uniform thickness of approximately
100 nanometers. Assuming uniform deposition on all particle surfaces and stoichiometric deposition of h-BN, the yield of ex-TEAB deposition reaches
around 50%, which is much higher than in the case of a BCls/NH; mixture (usually only a few percent). This result is mostly due to the FB-CVD process
itself, which considerably favors mass transfer between the gas and the substrate. Elemental analysis confirmed the presence of boron, carbon, nitrogen
and oxygen. TEM and EELS techniques were used to characterize the structure and chemical composition of the coating at the nanometer scale. The BN
coating is isotropic and has a weakly crystallized structure, with coherent domains including several distorted basal layers, each measuring less than five
nanometers. The EELS spectra unequivocally show the presence of boron, nitrogen, carbon, and oxygen. However, the carbon and oxygen content within
the low-carbon ex-TEAB coating is significantly lower than in B-C-N coatings obtained other hydrocarbon containing precursors [37]. The carbon content
is only 3%, by AES spectroscopy (5%.: by EELS spectroscopy). Such a concentration is not incompatible with the requirements for an application as a
CMC interphase. B-C-N coatings with significantly higher carbon concentrations have indeed resulted in damage-resistant SiC/SiC composites and a
much better oxidation resistance than pyrocarbon in dry air [37]. Nevertheless, as in the case of pure BN or carbon-rich B-C-N deposits, the wet corrosion
resistance of the ex-TEAB BN deposit probably remains limited due to its poor structural organization [37,73]. Thermal post-treatments could further

improve the chemical resistance by inducing BN recrystallization or at least a reorganization of the local environment of B atoms in the solid [37,43].
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