The high temperature reaction of ammonia with carbon and SiC—C ceramics
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Abstract
This contribution aimed at developing a treatment under ammonia in order to eliminate free
carbon from the surface of SiC-based fine ceramics like fibers or coatings. The reaction of NH3
with graphitic and non-graphitic carbon was first investigated through kinetic measurements,
in situ gas phase analysis and physicochemical investigations of the solid. The carbon etching
rate is controlled by heterogeneous reactions involving active sites arising from bulk structural
defects and the formation of HCN. A selection of SiC-based fibers and coatings with various
carbon contents and (micro)structures was treated in ammonia in favorable conditions. The
analyses of the tested SiC—C specimens revealed a reduction of the free carbon content and,
simultaneously, a nitridation of the initial Si—C—(O) continuum over a reaction layer. The
growth rate, composition and the volume change of this layer vary with the initial
microstructure. The ammonia treatment is able to restore the adhesion of carbon-contaminated

surfaces.
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1. Introduction

The properties of polycrystalline SiC-based materials can strongly be affected by the
presence of free carbon that may result from some processing routes. For instance, the oxidation
of the free carbon phase present in polymer-derived Si—C—O fibers is believed to reduce the
lifetime in air of the fibers at moderate temperatures (600-700 °C), while the self-healing
capability of the matrix of SiC/SiC composites is not yet effective [1]. Also, some specific
chemical vapor deposition (CVD) conditions, using CH3SiCls/H, mixtures, can lead to a high

carbon excess affecting the adhesion of the coating on the substrate [2].



The development of a post-processing treatment of SiC-based materials, compatible
with the fabrication of composites and enabling the elimination of free carbon, would therefore
be of a great interest. Gas phase treatments are preferable to liquid routes, as they allow high
temperature reactions and favor reproducibility and uniformity, while avoiding complicated
hand operations (e.g. soaking, drying, rising...).

Pure carbon can be readily eliminated by controlled oxidation in Oz, H>O, or CO; [3,4].
But silicon-containing materials invariably lead to the formation of SiO» which is, though
superficial, very difficult to get rid of afterwards. Another well-known method to gasify carbon,
without oxygen, is a treatment under flowing ammonia (NH3) [5-9]. NH3 reacts with carbon
between 700 and 1200 °C producing hydrogen cyanide HCN, which is evacuated in the gas
phase. On the other hand, a very limited nitridation of bulk SiC is expected in NH3 atmosphere
within this temperature range [8,10,11].

The aim of the present contribution is to propose a treatment of SiC-based fibers and
coatings under pure ammonia as the gas reactive source, which effectively leads to the
elimination of the free carbon phase over a significant thickness from the outer surface. This
work is intended to provide a good understanding and optimization of the chemical process of
such a treatment. Surprisingly, the heterogeneous kinetics of the reaction with NH3 and the role
of the pure carbon structure have not yet been studied in detail. It is precisely this point that is
addressed in the first stage. Various experimental approaches have been used to achieve this,
such as kinetic measurements, gas phase analysis, morphological and structural analyses. In a
second step, a selection of free carbon-rich SiC-based fibers and coatings have been treated in
ammonia according to favorable conditions and analyzed to assess the effects of the treatments.
Finally, the benefits of the ammonia treatments are evaluated by conducting basic by effective

tests for the respective applications of the materials.

2. Experimental

2.1. Description of the carbon materials

Different forms of carbon were considered for the ammonia treatments for reasons that
will be detailed in section 3.2.1. Cylinders (& = h = 10 mm, of external surface 4.71 cm?) of
polycrystalline graphite (2318PT from Mersen, of apparent density of 1.86 g.cm™ and average
grain size of 5 um) were tested, either uncoated or after deposition of a pyrocarbon coating.

The coating was a high density/anisotropy pyrocarbon of the “high anisotropic laminar” (HAL)



[12], or “high textured” [13], or also “regenerative laminar” [14—16] type. It was deposited from
pure propane at 1050 °C and 5 kPa, in conditions defined in reference [17].

A cleaved and cross-cut highly oriented pyrolytic graphite (HOPG) specimen (from
Mersen), with a high proportion of carbon layer edges exposed to the surface (5 x 5 x5 mm?),
was also examined.

Finally, vitreous carbon foam specimens derived from phenolic resin were submitted to
the NH3 treatments. The foam geometry was chosen for its high specific surface, to improve
the sensitivity of the etching rate measurements with the microbalance. The cylindrical samples
(& =h = 10 mm) were cut in reticulated carbon foam slabs provided by the French atomic
energy commission (CEA), Le Ripault, France. The carbon foam slabs (of apparent density:
0.04 g.cm™, true density: 1.7 g.cm™ and specific surface: 32 cm™') were prepared by replica of
a polyurethane foam with a resol-type phenolic resin and pyrolysis up to 1000°C [17,18]. The
vitreous carbon specimens were treated in NHj3 either as-pyrolyzed (referred to as VCFioo0) or

heat-treated 1 h at 2000 °C under pure Ar (VCF2000).

2.2. Description of the pristine SiC—C materials

Two types of fibers were considered: the standard Nicalon, from Nippon Carbon (NL
200) and the Tyranno ZMI from UBE Industries. These fibers both belong to the Si—-C-O
system and are respectively form the first and second generation of fine SiC-based fibers, the
Tyranno ZMI containing also traces of zirconium and significantly less oxygen than the Nicalon
NL 200 [19].

The CVD coatings were deposited on a silicon wafer from a mixture of
methyltrichlorosilane (MTS, of formula CH3SiCls,) and H», at a pressure of 5 kPa and a
temperature of 1000 °C. Their respective composition, uniform through the whole thickness

(tc), was adjusted by changing the flow rate (or molar) ratio & = Qu2/Qwmrs [2].

2.3. Description of the ammonia treatments

The experimental set up used for the kinetic analysis of NH3 etching of the carbon
specimens and the NH3 post-treatments of the SiC—C coatings consisted of a vertical silica tube
(23 mm in diameter) heated in its central part by radio-frequency induction of a graphite
susceptor. The temperature (7' < 1100 °C), the pressure (2 < P < 100 kPa) and the NH3 flow

rate Q (> 99.96 % from Air Liquide, 25 < Q < 500 standard cubic centimeters, or sccm) were



all accurately controlled. The etching rate of the carbon specimens was measured in situ with a
microbalance (Setaram B Setsys) connected on top of the reactor.

The CVD coatings were heated under argon up to a constant treatment temperature 7 =
1095°C, before the NH3 flow was established (Q = 400 sccm). P was varied from 10 to 50 kPa
and the duration of the treatment ranged from 7z = 0.25 h to 3 h.

The Si—C—-O fibers were treated in a resistive horizontal furnace equipped with a silica
tube (of diameter 60 mm). The specimens were heated (15 °C.min!) at atmospheric pressure
(P =100 kPa) directly under the pure NH3 flow (40 sccm) up to a treatment temperature of 7' =

1100 °C, for a reaction time ranging from 7 =1 to 6 h.

2.4. Characterization techniques

A Fourier transform infrared (FTIR) spectrometer (Nicolet 550) was coupled to the
reactor for in situ analysis of the gases passing through the reactor. 32 scans with a 0.5 cm’!
resolution were recorded for each spectrum. The background was recorded under pure flowing

argon for each temperature condition prior to the reactive gas analysis.

The morphology of the specimens was examined using a scanning electron microscope
(FEG-SEM HitachiS-4500). The structural organization of the carbon phase in the various
materials was assessed by Raman microspectroscopy (RMS, Horiba Jobin-Yvon Labram HR)
(L= 632.8 nm, spectral resolution =~ 2 cm ™, lateral resolution = 1 um), X-ray diffraction (Bruker
D8 Advance (Acukal = 0.15419 nm), and transmission electron microscopy (TEM, Philips,
CMB30SP, operating at 300 kV). The TEM specimens were prepared according to the procedure

described in reference [2].

The bulk elemental composition of the Si—C-O fibers was determined by elemental
analysis at the CNRS central analysis service in Solaize, France (C, O and H with specific
analyzers and Si and Zr by inductively coupled plasma — atomic emission spectroscopy). The
surface and in-depth elemental composition of the pristine and NHs-treated SiC-based
specimens were characterized by Auger electron spectroscopy (AES) coupled with Ar*
sputtering (VG Microlab 310-F). The accelerating voltage and beam current were respectively
10 kV and 5 nA. The Si and C concentrations were obtained using sensitivity factors inferred
from the analysis of a SiC standard. The etching depth was calibrated using standard Ta>Os

layers.



3. Results and discussion

3.1. Characterization of the pristine SiC—C materials

The bulk elemental concentrations of the two Si—C—O fibers are reported in Table 1 (the
atomic concentrations are calculated from the weight concentrations and by neglecting
hydrogen). The two fibers consist predominantly of nanometric SiC grains, an amorphous
SiO2«Ci.x phase and free highly disordered sp? carbon [20-23], evidenced by broad D and G
bands on the Raman spectra (Fig. 1) [24]. Considering independently the SiC + SiO2xCix
continuum (with tetrahedrally coordinated Si and C atoms) and the free aromatic carbon, as
suggested by Kroll [25], one can calculate the amount of free carbon directly from the atomic
concentrations (see Table 1) [22]. The atomic concentration depth profiles recorded from the
surface by AES are in agreement with bulk compositions. However, they reveal an increase of
the oxygen concentration — and the Zr concentration for the Tyranno ZMI fiber — near the
surface through a thin (less than 80 nm-thick) layer (Fig. 2).

A near stoichiometric composition of the CVD coating was obtained for an initial molar
MTS/H; ratio of « = 3 (the coating being referred to as CVDy) [2]. The SiC phase was mainly
of the B type (3C in Ramsdell notation) and the coherent domains of nanometer size. Variable
amounts of co-deposited free carbon (20 and 70 at. %) were obtained for lower « ratios
(coatings referred to as CVD2o and CVD7o, respectively) (Table 2, Fig. 3). In the CVD7o sample,
both TEM and RMS analyses did not reveal the SiC phase but evidenced only free carbon, with
a very disordered structure involving short and distorted polyaromatic layers (Fig. 4a), with
some degree of anisotropy (Fig. 4b), and characterized by broad Raman bands (Fig. 5) [2]. The
AES depth profiles showed the presence of oxygen at the interface which likely arises from a

slight initial oxidation of the Si substrate (Fig. 3).

3.2. The reaction between carbon and ammonia

3.2.1. Preliminary analyses and behavior of the various carbon specimens

The carbon specimens tested were chosen by trying to approach the structure/texture of
the carbon phase present in the SiC—C materials. The carbon structure is poorly organized in
both SiC—C materials considered. In the fibers, the carbon domains are short and stacked in 2—

3 polyaromatic layers inserted between the SiC grains of the continuum [20,26], giving rise to



a highly disordered (as shown by the Raman spectra, in Fig. 1) and isotropic microstructure. In
the carbon-rich CVD coatings (CVD»o), the carbon domains are much more abundant, thicker
and longer, but also distorted at the nanometer scale (Fig. 4) [2]. As in low temperature
pyrocarbon [12—16], the layers are arranged in an anisotropic texture at the micrometer scale
and assembled parallel to the substrate (see selected area electron diffraction pattern in Fig. 4)
[2].

The pyrocarbon coating was first selected for the ammonia treatments because of its
structural and textural features a priori similar to the SiC-C coating [12-16]. The pyrocarbon
coating deposited on graphite was treated under pure NH3, at a flow rate Q = 400 sccm, a
pressure P = 10 kPa, and a maximum temperature of 7 = 1095 °C. No significant weight loss
was detected up to 1095°C until the coating eventually cracked, exposing the graphite substrate,
itself being much more sensitive to the reaction with NH3. Accordingly, the same treatment was
applied to the bare polycrystalline graphite substrate. Contrary to the pyrocarbon coating, a
significant steady state weight loss was recorded for T > 900 °C, in agreement with previous
studies [5—7]. Polygraphite is inherently a heterogeneous material. To better understand the
correlation between the NH3 etching behavior and the carbon crystallinity and anisotropy, the
HOPG specimen was tested in the same conditions as above. As for the pyrocarbon sample, no
reaction was detected up to 7= 1095 °C.

Finally, to better approximate the structure of the free carbon phase present in the Si—
C-O fibers, the vitreous carbon foam specimens were submitted to the NH3 treatments. As for
other phenolic resin-based cokes, the vitreous carbon foam pyrolyzed at 1000°C (VCF1000) 1s
expected to be highly disordered, with very short and distorted domains of only a few layer
stacks arranged without any preferential orientation [27,28]. Accordingly, the Raman spectrum
of the VCF000 foam shows very broad D and G carbon bands, similar to those observed for the
Si—C-O fibers (the bands are slightly broader for the NL-200 than for the ZMI, see Fig. 1). On
the other hand, the Raman spectrum of the vitreous carbon foam heat-treated at 2000 °C
(VCF2000) reveals sharper D and G bands (Fig. 1), suggesting that the structural organization
was significantly improved by annealing. The material is still expected to be isotropic, but with
longer coherent domains and more extended and entangled polyaromatic layers, entrapping a
high amount of microporosity [27,29-31]. The Raman analysis suggests that the VCF1000 foam
is representative, in terms of structure, of the free carbon phase of the Si—C—O fibers (both fibers
are indeed reported to be pyrolyzed slightly above 1000°C, see [19]). Under the same NH3
treatment conditions as above, the onset of the reaction was detected at a temperature as low as

T =700 °C for the VCF1000 foam. This result is in agreement with another study performed on



disordered carbon from sucrose at atmospheric pressure [9]. On the other hand, the VCF2000
foam starts to react only at 7=950°C. It should be noted that the foam specimens allowed lower
etching rate measurements than bulk graphite due to their higher specific surface.

The graphite and VCFiopo vitreous carbon foam being more adapted than the other
carbon specimens, because of their higher reactivity, specific surface, or better similarity with
the free carbon phase in the fibers, these two materials were selected for a more detailed kinetic

analysis.

3.2.2. Kinetic study

The influence of the NHj3 flow rate (Q = 25-500 sccm) on the kinetics of carbon etching
by NHj3 was first investigated. The total pressure was fixed at P= 10 kPa and the temperature
chosen relatively high (7= 1095°C) for the less reactive graphite specimen and moderate (7 =
850 °C) for the more reactive VCFiooo specimen. The etching rate (K in ug.min'cm?) was
assessed from the weight loss for each value of Q, once the steady state was reached, i.e. when
the surface state of the specimen was assumed to be stable versus time. Two distinct kinetic
regimes were observed with a transition at about Q = 100-150 sccm for both graphite and
VCFio000 specimens (Fig. 6). K increases significantly with Q for low Q values (domain 1) and
only slightly for Q > 150 sccm (domain 2), suggesting a transition from a regime controlled by
mass transfer (MT) to another regime controlled by chemical reactions (CR).

To confirm these assumptions, the influence of the temperature on the etching rate of
the graphite specimen was studied for two different flow rates chosen within domains (1) and
(2), i.e. respectively at Q = 50 sccm and 400 sccm (Fig. 6). The etching rate K was measured
by gradually increasing the temperature (T < 1095°C). K obeys an Arrhenius law for both flow
rates and almost the whole temperature range (Fig. 7). A slight decrease of thermal activation
is however observed around 1095 °C and especially for Q = 50 sccm, reflecting the effect of
the MT limitation. The apparent activation energy (Ea.) can be evaluated, within the 7' = 900
1070 °C domain, at about 325 £ 8 kJ.mol! for Q = 400 sccm and 271 + 7 kJmol™! for Q = 50
sccm. Such a high thermal activation suggests that kinetics are controlled by heterogeneous
chemical reactions, as expected at Q = 400 sccm (see Fig. 6), but also at Q = 50 sccm provided
the temperature does not exceed 1070 °C.

In order to study the influence of the carbon structure and microtexture on the etching
kinetics in the CR-controlled regime, the flow rate was set to Q = 400 sccm (the pressure being
still fixed at P = 10 kPa) and the K temperature dependence was compared for graphite and

both VCFi000 and VCFzo00 specimens. As expected from section 3.1.1., the etching rate is about



20 times higher for the VCFiooo — respectively = 40 times lower for VCF2o0 — than for the
graphite reference (Fig. 7). However, despite the distinct K values and temperature domains
investigated, the apparent activation energies are relatively close for the three materials (E, =
325 + 8 kJ.mol! for graphite and T = 9001070 °C, E, = 249 + 8 kJ.mol"! for VCFip and T =
700-900 °C and E, = 307 + 2 kJ.mol"! for VCF»00 and T = 950—1050 °C, see Fig. 7 and Table
3). This result suggests that kinetics are likely controlled by a common surface chemical
reaction mechanism.

The influence of the total pressure (P = 7-100 kPa) was finally investigated for both
graphite and VCFio00 specimens within the CR-controlled regimes identified above, i.e. at Q =
400sccm and T = 970 °C for graphite and T = 850 °C for VCFiooo (Fig.8). For P > 10 kPa, K
follows a typical K(T,P) = f(T) x P" kinetic law for both graphite and VCFipp, with similar
apparent reaction orders: n = 0.32 £ 0.04 and 0.32 £ 0.01, respectively. This behavior confirms
again that kinetics are controlled by chemical reactions for both materials within a large domain
of pressure and temperature. The following general law for the etching rate can be proposed for
both materials, provided kinetics are CR-controlled (Table 3): K(7,P)=Ko exp(-E/RT) P",

where Kj is a pre-exponential factor and R the perfect gas constant.

3.2.3. FTIR in situ analyses

In order to clarify the mechanism involved in the carbon gasification under ammonia
and particularly investigate the gas products, an in situ FTIR analysis of the gas phase was
carried out. The analyses was performed at P = 10 kPa, various temperatures and gas flow rates,
and either (1) without any carbon specimen or (i1) with an annular cylinder of vitreous carbon
foam (VCFio00) installed in the hot zone. The objective of the latter experiment was to provide
areactive carbon surface while letting the IR beam go through the flowing gas along the reactor,
to follow the in situ NH3 consumption and products formation. For all conditions and even at
high T (up to 1050 °C) and low Q (down to 100 sccm), the FTIR analyses did not reveal any
significant NH3 depletion (the accuracy of the variation in intensity of the NH3 IR features was
limited because the gas column analyzed included the hot zone but also the initial gas mixture
upstream and the reacted gases downstream). On the other hand, at 7= 1050 °C and Q = 100
sccm (a relatively high temperature and low gas flow rate were selected to maximize the
concentrations of the gas products resulting from heterogeneous reactions), the analyses clearly
revealed the main IR features of HCN (8nxc.n at 713 cm™ and vne.n at 3260 cm'!) formed by the

reaction between ammonia and carbon (Fig. 9a,b). Although traces of CH4 were also detected



(ven at 3015 ecm!, see Fig. 9c), this study confirms that HCN is the major product of carbon

gasification by reaction with ammonia [5-8].

3.2.4. Characterization of the etched carbon specimens

The morphology and the superficial structure of the etched specimens obtained after the
recording of the Arrhenius curves (Fig. 7) were respectively analyzed by SEM and RMS. Only
specimens that underwent significant etching rates were examined, the net mass loss being still
well below the initial mass (< 1 % for graphite, < 10 % for VCFi000). The poorly organized
carbon phase in the graphite specimen (located at the pore edges or grain boundaries) was
etched preferentially (Fig. 10). The resulting surface was rough, the etching leaving only grains
with a high structural organization degree, with straight and thick graphitic domains (Fig. 10).
After etching, the Raman spectra showed a significant sharpening of the typical carbon bands
(D, G and D’ bands respectively at 1350, 1580 and 1620 cm™) [32] due to an apparent
superficial ordering of the material, i.e. to the selective etching of the disordered carbon phase
(Fig. 10). In contrast, the surface of the VCFjoo0 foam remained very smooth up to the highest
magnification and the Raman features were also unchanged after etching. Only the sharpest
edges of the struts were smoothed out (Fig. 11). Some widely open cracks also appeared at cell
vertices, suggesting an internal stress relaxation phenomenon, similarly as for the oxidation of

phenolic resin-based coke [28].

3.2.5. The carbon etching mechanism; correlation between structure and reactivity

The reaction between carbon and ammonia was first described by Clouet at the end of
the 18™ century and since then constantly studied, for the production of HCN [5-7] or for
addressing more specific issues [8,9,33,34]. It is well admitted that above 700°C, two reactions
take place in parallel: (i) the heterogeneous reaction between a NH3; molecule from the gas and

an active site C* of the carbon surface (Equation 1):

NH; + C* 2 HCN + H, (1)

and (i1) the dissociation of NH3 (Equation 2), which occurs at the expense the former [5-8,33]:

NH; = 1/2 N> + 3/2H» 2)



In the temperature range explored in this work and in the literature, the NH3 dissociation is
expected to be mainly heterogeneous [33] and thus, as for Equation 1, influenced by the nature
of the carbon surface. The interaction between a NH3 molecule and a less active surface site

(than C*) C’, would then lead to catalytic dissociation (Equation 2°):

NH3; + C" > C + 1/2 N2 + 3/2H; (2%)

The FTIR analyses revealed that the proportion of NH3 consumed remained low, either with or
without reactive carbon present in the hot zone (see section 3.1.3). Homogeneous dissociation
(Equation 2) was indeed negligible due to the too low temperature [33]. On the other hand, even
if some NH3 reacted with carbon in the hot zone, the amount consumed by heterogeneous
reactions or catalytic dissociation (Equations 1 and 2”) was too scarce to be followed by FTIR.
Equation (1) is the only reaction leading to carbon gasification. It is therefore most probably
responsible for (i) the CR-controlled kinetic regime of the etching rate, which has been
characterized in situ (at least at high Q values, Fig. 6-8), (ii) the formation of HCN, also
evidenced in situ (Fig. 9b,c) and (ii1) the specimen surface etching evidenced by SEM (Fig.
10,11). Katsura et al., who studied the reaction of non-graphitic carbon with NH3, surprisingly,
did not consider Equation 1 at all [34]. These authors are the only one who proposed CHy as
the main product of the carbon gasification reaction (from gas chromatography analyses),

instead of HCN (Equation 3):

NH;3 + C = CHs + N» 3)

The present FTIR analyses have shown that this reaction cannot be strictly excluded (traces of
CH4 were indeed detected, see Fig. 9¢) but that it is negligible compared to Equation 1.

It clearly appears from sections 3.1.1 and 3.1.2 that kinetics of reaction between carbon
and NH3 are strongly connected to the nature of the carbon surface. From the present results
and as with the well-documented oxidation of carbon [35-40], the kinetics of carbon
gasification in ammonia appears to be strongly related to the proportion of active adsorption
sites [6,7,33]. The active specific surface (ASA), as measured by thermal programmed
desorption [36,41], is itself naturally linked to the structural organization of the carbon material
at its surface, or in the subsurface if the material is being consumed. In fact, in the case of carbon
oxidation, the reactive surface effectively leading to gasification may differ from the ASA and

involve preferentially carbon layer edges [42]. This explains why the HAL pyrocarbon



specimens, whose growth mechanism [12] and high anisotropy [14—16] limit the amount of free
edges at the surface, did not react homogeneously with NH3 until local pitting and cracking of
the coating. On the other hand, the edges of the HOPG specimen were found totally insensitive
to NHj3 etching (see section 3.1.2). This result shows that while the majority of active sites
effectively involved in carbon gasification belong to carbon edges, not all edge atoms present
at the surface are effective active sites. Hence, one can reasonably assume that the effective
reactive sites present on the surface being consumed arise preferentially from high energy (e.g.
in-plane) structural defects [43] that were initially comprised in the subsurface. Consequently,
the homogeneous and high defect density in the phenolic resin-based coke pyrolysed at low
temperature [27] leads to a particularly high reaction rate of VCFioo0 (Fig. 7) and a smooth
surface compared to graphite (Figs. 10,11). The onset of the reaction also appears at a
particularly low temperature, as for oxidation [28] or for the reaction with sucrose-derived
carbon [9]. Polycrystalline graphite has itself a heterogeneous microstructure that induces a
selective etching of the disordered intergranular phases (Fig. 10). Finally, a high temperature
treatment, by eliminating the amount of structural defects — and effective active sites —, reduces
drastically the reactivity of non-graphitizable carbon by oxidation [44] or, as here, by reaction
with NH3 (compare VCFio00 and VCF2000 in Fig. 7). Except the density of active sites — or high
energy structural defects —, which affects the reaction rate, the mechanism of the reaction
between carbon and NH3 remains essentially the same for the various carbon materials, as
shown by their relatively close activation energies (Fig. 7). However, the slightly lower E, value
obtained for VCF1o00, compared to VCFa00 and graphite, could be related to slightly different
transition states during the elementary reaction (Equation 1), due to the different local structure

around the carbon active sites.

3.3. The reaction of ammonia with the Si—C-O fibers

The AES depth profiles of the treated fibers were examined to assess the superficial
chemical changes resulting from the reaction of the Si—C-O fibers with ammonia. As expected,
the carbon concentration is significantly reduced at the surface of the fiber. The carbon removal
is however compensated by a nitridation of the surface, the concentrations of the other elements
being almost unchanged (Fig. 12). SEM analyses were conducted to observe the morphology
of the reaction layers and compare their thicknesses #1, (see inset in Fig. 13) with the values
deduced from the AES profiles (#1 was determined from the average of values from five

different specimens). The outer surface morphology of the treated fibers was in all cases as



smooth as for the pristine fibers: no apparent defects were created by the ammonia treatments.
On the other hand, #1 increases with the reaction time 7 (Fig. 13). The Nicalon fiber has a low
reactivity; the reaction layer was not revealed by SEM and its thickness determined by AES
was lower than 100 nm for 7z < 6 h (Fig. 13). In contrast, the thickness of the reaction layer at
the surface of the Tyranno ZMI fiber is 350 nm for z = 3 h (Fig. 13) and reaches about 1000

nm for . =6 h.

3.4. The reaction of ammonia with the SiC—C CVD coatings

The first experiment (CVD7o-10-3) was the NH3 treatment of the CVD7¢ specimen (70
at. % of free carbon, t. = 400 nm) at P = 10 kPa for 7z = 3 h (here and the in the following, the
experiment and the resulting specimen are referred to as CVD,-P- 7, where x is the free carbon
concentration in at. %, P the pressure in kPa and 7 the duration time in h, see Table 4). Except
weak residual features, the original D and G carbon bands have almost vanished on the Raman
spectrum (Fig. 14). The presence of a strong 520 cm™! peak due to the silicon substrate reveals
that the free carbon phase is almost fully eliminated. The AES profile confirms that the carbon
content is significantly reduced, but it also reveals a significant nitridation through the whole
reaction layer (Fig. 15). Oxygen (=12 at. %) is present at the interface with the substrate,
probably arising from the initial contamination of the CVD7p specimen (Fig. 3). A
deconvolution of the C-KLL peak concluded that some residual free carbon (=10 at. %) was
still present within the outer part of the reaction layer, in agreement with the RMS analyses. It
is worthy of note that the conversion of the coating is associated with a decrease in thickness
of about 65 % (Figs. 3,15).

The CVD7-50-3 experiment performed on CVD7o was strictly identical to CVD7o-10-3,
except that the pressure was raised up to P = 50 kPa. The carbon Raman bands were no more
observed in this case (Fig. 16), illustrating that free carbon was completely removed through
the whole thickness. The AES profile indeed confirmed that the carbon content was strongly
reduced and assigned only to a carbide phase (Fig. 17). However, a high oxygen concentration
(=20 at. %) was detected throughout the reaction layer, probably due to an unexpected
contamination during the NH3 treatment, favored by the high pressure.

For the third CVD7p-50-0.25 experiment on CVD7o, & was reduced to 0.25 h. The carbon

bands were then almost as strong as in the as-deposited coating. A new weak silicon peak from



the wafer however appeared on the Raman spectrum (Fig. 18), indicating that the removal of
the free carbon phase was only partial.

The conditions of the CVD2p-50-3 experiment (identical to CVD7p-50-3) was then
applied to the CVD2o specimen (20 at. % of free carbon, z. = 200 nm). The nature of the surface
of the resulting specimen was heterogeneous. A few spots were found almost depleted of free
carbon whereas the major part still showed strong Raman carbon features together with the Si
peak (Fig. 18). The free carbon removal by the reaction with NH3; was apparently impeded in
CVDyy, although this coating was half thinner than CVD7¢ and contained considerably less free
carbon.

Finally, the treatment of the pure SiC CVDy coating in the same conditions (CVDy-50-
3) resulted in only a very superficial carbon-depleted and nitrided reaction layer (#1 < Snm)

(Fig. 19).

3.5. The NH3 + SiC—C reaction mechanism; correlation between (micro)structure and

reactivity

The study of the reaction between carbon and NH3 allowed proposing conditions that
are a priori favorable for the etching of free carbon in the SiC—C materials. Under these
conditions (7'~ 1100 °C, P = 50-100 kPa), a few hours duration treatment of both Si—C-O
fibers and CVD SiC—C coatings effectively lead to a partial or total elimination of free carbon
over a few hundred nanometer-thick converted superficial layers.

In the SiC—C materials, the carbon removal (Equation 1) is always accompanied by a
nitridation reaction. During the process, the nitrogen atoms replace gradually the carbon atoms
in the silicon tetrahedral environment, while the oxygen atoms that can be present in some cases
(e.g. in the Si—C-O fibers or at the interface of the SiC—C coatings) remain bonded to silicon.

In the case of the Si—C-O fibers, if S102xCi-x represents the SiC + Si02xCix continuum
(i.e. excluding the free carbon phase), Equation 4 can be proposed to explain the nitridation

reaction that occurs in parallel with carbon gasification (Equation 1):

Si02xCix + 7/3y NH3 = SiO2xN4y3Cix-y + y HCN + 3y Hy (with0 < X +y < 1) 4)

The converted layer therefore consists of a silicon oxycarbonitride SiO2xNay3Ci-x-y continuum,

essentially amorphous (possibly also enclosing residual nanocrystalline B-SiC) and residual



free carbon if not fully eliminated. Accordingly, the amount of oxygen in the continuum is not
significantly altered except at the very near surface where a thin oxygen rich layer was initially
present (Figs. 2,12).

In the case of the pristine SiC—C coatings, which are almost oxygen free (Fig. 3),
Equation 4 is no more valid. A nitridation reaction still occurs and a silicon oxycarbonitride is
still formed, but this time resulting from a simultaneous oxidation due to contamination (Figs.
15,17). The oxygen atoms present in traces in the gas phase compete with the nitrogen atoms
in the carbon substitution around tetrahedral silicon. Such a contamination can not be excluded
during fiber treatments, but since oxygen is already abundant in the initial ceramic, its effect is
limited, as shown by the AES profile (Figs. 2,12).

Although the reaction of NH3 with pure SiC is limited and only superficial [8,10,11],
the nitridation yield can be expected to be much higher for nanocrystalline SiC than for bulk
SiC, due to the much higher surface-to-volume ratio of the former. This effect explains the
reactivity of the Si—C—-O fibers containing B-SiC nanocrystallites (=2 nm) [23] and more
especially of the CVD7g coatings, where the SiC phase is probably limited to clusters of only a
few atoms or even isolated SiCy tetrahedral sites (no coherent domains were found by TEM,
see section 3.1).

Although nothing has been reported on the reaction of silicon oxycarbide ceramics with
NHs, the reaction mechanism — as the kinetics — is probably different to that involved for pure
SiC. Studies on 6H-SiC in NH3/N> mixtures showed that the presence of even trace amounts of
oxygen can play a significant part in the nitridation process of SiC [10,11]. These studies indeed
showed that a superficial Si-C—N-O layer was generated below 1400 °C, as in the present case.

The gasification of the free carbon phase (Equation 1), on the other hand, is promoted
by the accessibility of the latter by diffusion to reactive gases (NH3 or possibly NHx" radicals)
inwards and HCN outwards. The reaction is also favored by an abundant and continuous
(percolated) free carbon phase, the gasification of which providing access to the reactant gases
and promoting the removal of HCN. This is the reason why the Tyranno ZMI containing 23.7
at. % of free carbon is more reactive than the Nicalon fiber (16.1 at. % of free carbon). This is
also why free carbon is fully eliminated in the CVD7-50-3 specimen (CVD7o containing
initially 70 at. % of free carbon) and not in the CVD2¢-50-3 specimen (CVD2o containing 20 at.
% of free carbon). The nitridation reaction, on the other hand, is enhanced by an easier access
to the SiC phase of the nitriding species, but also by the amount of free carbon/SiC interfaces.

The SiC phase in CVD7y is scarce but homogeneously dispersed in the continuous free carbon



phase (no SiC clusters were found by TEM analysis). It is therefore much more prone to
nitridation after carbon removal than the pure and coarse-grained CVDy coating.

The global conversion reaction is associated with a large volume reduction depending
on the initial free carbon content. The reaction layer is however dense and smooth, suggesting
improved properties in terms of chemical inertness (e.g., in oxidation resistance) or coating

adherence (through the removal of anisotropic carbon).

3.6. Influence of the NH3 treatment on basic properties of the Si—C-O fibers

The oxidation resistance and the failure strength at room temperature of the Si—-C—O
fibers were both examined before and after the NH3 treatments (3 h and 6 h at 1100°C). The
oxidation behavior was briefly evaluated by SEM analysis of fiber cross sections after long-
term annealing in ambient air at relatively low temperature (45 days at 600°C). These conditions
were chosen because they are particularly detrimental to the SiC/SiC composite lifetime (since
the healing of matrix cracks is not effective). It is therefore under these conditions that the
nitriding effect would a priori be the most beneficial [22]. The thickness of the oxide layer was
first measured by SEM after oxidation of the pristine fibers. The oxidized layer was found
considerably thicker for the Nicalon NL 200 than for the Tyranno ZMI (725 nm versus 75 nm).
This result is consistent with low temperature extrapolations of previous data [45] (such a low
testing temperature was not explored by the authors). The thickness of the layer formed
successively after nitridation and oxidation was also measured by SEM. It is important to
precise that no distinction could be made by SEM between the outer layer formed by oxidation
and a possible residual nitrided layer which would not have been oxidized. Yet, the resulting
complex Si—C-N—-O layer was clearly discernable from the unreacted substrate, as were the
nitrided and oxidized layers formed independently. No real benefit of the nitridation on the
oxidation behavior was evidenced in the case of the Tyranno ZMI fiber: after the ammonia
treatments, the layer formed by oxidation at the surface of the Tyranno ZMI was equivalent in
thickness to the original nitrided layer. On the other hand, the thickness of layer found after
oxidation was lower when the Nicalon NL 200 was pre-treated in NH3 (175 and 200 nm,
respectively for 7 = 3 and 6 h, versus 725 nm for the pristine fiber).

The average failure strength was unfortunately considerably reduced after the NHj3
treatments for both fibers: of -18 % (3 h) and -41 % (6 h) for the Nicalon NL 200 and -48 % (3
h) and -61 % (6 h) for the Tyranno ZMI. Since no apparent new defects were observed after the

treatment, such a strong decrease of strength could be assigned to surface tensile residual



stresses resulting from the shrinkage of the layer upon nitridation (the treatment temperature

was probably too low to activate viscous flow and relax stress).

3.7. Influence of the NH3 treatment on the adhesion of SiC/¢/SiC multilayers

In order to validate the concept of restoring the surface of a CVD SiC deposit
contaminated by free carbon [2], two different SiC/¢/SiC multilayers were prepared on silicon
wafer substrates and submitted to adhesion tests by scratch testing. In the first bilayer, the
interfacial layer (¢) is a 400 nm-thick carbon-rich CVD7o coating deposited between two
identical pure SiC CVDy coatings. In the second bilayer, the same interfacial layer was treated
in ammonia in condition CVD7-50-3 to remove free carbon before deposition of the second
pure SiC layer (Fig. 20). The interfacial layer in the second bilayer therefore consisted of a Si—
C-N-O layer (see Fig. 17). The first and second pure SiC layers had thicknesses of respectively
2.5 and 0.5 pm to minimize the contribution of the more compliant Si substrate. The scratch
tests on the two SiC/@/SiC multilayers were performed exactly in the same conditions, as
defined in reference [2].

Although debonding was observed in both cases, the threshold load corresponding to
interface failure is twice as high for the second bilayer, whose interface was treated with NH3
(L = 18 N), as for the first SiC/CVD70/SiC bilayer (L = 9 N) (Fig. 20). The adhesion
characteristics of the "restored" bilayer naturally did not reach the level of those of a SiC
monolayer obtained without any interfacial layer (no debonding was observed up to L =25 N).
However, this result confirms the benefit of the NH3 treatment: the removal of free carbon at

the interface between two SiC layers indeed improved the adhesion between the layers.

4. Conclusion

The study of the reaction between different types of carbon and NH3 has shown that the
etching rate is mainly controlled by the surface reaction leading to the formation of HCN. The
kinetic law of the reaction rate was determined for various flow rate, pressure and temperature
conditions. The apparent activation energy and reaction order are close regardless of the type
of carbon, revealing a common reaction mechanism. On the other hand, the etching rate is
strongly dependent on the amount of reactive sites on the surface, which is itself related to the

structural organization at the atomic scale and the exposure of layer edges upon surface



recession. This preliminary study allowed selecting favorable conditions for free carbon
removal from the surface of Si—C-O fibers or CVD SiC—C coatings.

Under these conditions, a few hours of treatment are sufficient to remove free carbon
over a thickness of several hundred nanometers. The removal of carbon is accompanied by a
nitridation reaction of the SiC phase, during which nitrogen atoms substitute for carbon atoms
in the tetrahedral environment of silicon. Oxygen may simultaneously be introduced during the
reaction if it is already present in the ceramic or due to contamination.

The conversion layer therefore consists of a mainly amorphous Si—~C—N—-O material,
possibly including residual SiC nanocrystals and free carbon, if not been completely removed.
The gasification of carbon is facilitated by the accessibility of gases by diffusion through the
reaction layer and therefore by the presence of an abundant free carbon phase forming a
continuous network. For this reason, and contrary to what might have been expected a priori,
free carbon is completely removed from CVD SiC—C coatings containing a large carbon excess
(i.e. 70 at. % of free C) and not from coatings with much less free carbon (20 at. %). The
nitridation reaction occurring in parallel is favored by the accessibility of the SiC phase by NH3,
but also by the proportion of SiC/free carbon interfaces. The SiC phase was not abundant in the
coating containing 70 at. % of free C, but homogeneously distributed within the carbonaceous
phase, which made it much more sensitive to nitridation than a pure SiC deposit. The conversion
of the layer is associated with a strong reduction in thickness, which depends on the initial free
carbon content.

The reaction layer is dense and its surface smooth, which suggests interesting properties
in terms of chemical inertness. The ammonia treatments indeed improve the oxidation
resistance of the Nicalon NL 200 fiber at 600°C, but this benefit is restrained by the drop of the
failure strength observed in parallel. Finally, adhesion measurements on SiC/¢/SiC multilayers
have validated the concept of NHj3 treatments to restore carbon-contaminated surfaces. The
removal of free carbon from a SiC—C layer inserted between two pure SiC layers significantly

improves the adhesion between the SiC layers.
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Tables

Si C O Zr Free C
H dsic
(wt./ (wt./ (wt./ (wt. / (wt. /
(wt. %) (nm)
at. %) at. %) at. %) at. %) at. %)
55.9/ 29.5/ 12.0/ 10.3/
NL-200 - <0.30 1.5
38.4 47.3 14.4 16.1
53.1/ 34.8/ 8.6/ 1.1/ 15.6/
ZMI 0.33 2.1
354 54.4 10.0 0.2 23.7

Table 1: Elemental composition and SiC-grain size of the Si-C-O fibers (as measured by
elemental analysis and XRD, respectively). Atomic concentrations are calculated from weight
concentrations (hydrogen is not taken into account). The free carbon concentrations are

calculated directly from atomic concentration [22]

Si C O Free C
tc (nm) | dsic (nm)
(at. %) (at. %) (at. %) (at. %)
CVDy 50 50 0 >1000 510
CVDy 40 60 <2 20 200 -
CVD7o 15 85 70 400 -

Table 2: Chemical composition, SiC-grain size and thickness of the CVD SiC—C coatings (from
AES and TEM [2] analyses, respectively)

T (°C) P (kPa) | Q(sccm) | E,(kJmoll) n
Graphite 0.32+£0.04
970 10-100 400 —
VCFi000 0.32+£0.01
50 271 +£7
Graphite | 900-1070
325+8
10 -
VCFio00 | 700-900 400 249 £ 8

VCFa00 | 950-1050 307£2




Table 3 : Kinetic law parameters, for the graphite and vitreous carbon foam specimens.

Experiment / NHj3 treatment
) Coating / tc (nm)

specimen T(C°C) | O(sccm) | P (kPa) % (h)

CVD70-10-3 CVD7 /400 10 3

CVD7-50-3 CVD70 /400 3
CVD79-50-0.25 CVD70 /400 1095 400 50 0.25

CVD20-50-3 CVD2o /200 3

CVDy-50-3 CVDy / >1000 3

Table 4 : Experiment/specimen name and NH3 treatment conditions of the various CVD SiC—

C coatings.



Figure Captions
Fig. 1: Raman spectra of the Si—C—O fibers and the vitreous C foam specimens
Fig. 2: AES profile of the pristine Tyranno ZMI fiber.
Fig. 3: AES profile of the pristine CVD7¢ coating.

Fig. 4: TEM images of a pristine CVD7¢ coating. (a) C-002 dark field, (b) high resolution and
selected area electron diffraction pattern (inset).

Fig. 5: Raman spectrum of the pristine CVD7 coating.
Fig. 6: Influence of the NH3 flow rate on the etching rate (P = 10 kPa).

Fig. 7: Influence of the temperature on the etching rate (P = 10 kPa, Q = 400 sccm except *: 50
sccm).

Fig. 8: Influence of the pressure on the etching rate (Q = 400 sccm).

Fig. 9: In situ FTIR spectra of the gas phase, with or without a vitreous C foam in the hot zone.
(a) complete spectra and enlarged spectra showing the (b) v(N-H) and v(NC-H) vibrations,
respectively in NH3 and HCN and (c¢) v(C-H) vibration in CHa.

Fig. 10: SEM micrographs showing the surface of the (a) pristine and (b) etched (P = 10 kPa,
Q =400 sccm, T <1095 °C, see Fig. 7) graphite specimens.

Fig. 11: SEM micrographs showing the surface of the (a) pristine and (b) etched (P = 10 kPa,
Q =400 sccm, T <875 °C, see Fig. 7) vitreous C foam (VCFi00) specimens.

Fig. 12: AES profile of the treated ZMI fiber (P = 100 kPa, 7= 1100 °C, Q =40 sccm, =5
h).

Fig. 13: Influence of the treatment time of the Si—C—O fibers on the thickness of the reaction
layer (P = 100 kPa, T=1100 °C, Q =40 sccm).

Fig. 14: Raman spectrum from the CVD7p-10-3 specimen (see Table 4).

Fig. 15: AES profile from the CVD7-10-3 specimen (see Table 4).

Fig. 16: Raman spectrum from the CVD79-50-3 specimen (see Table 4).

Fig. 17: AES profile from the CVD7-50-3 specimen (see Table 4).

Fig. 18: Raman spectra from the CVD7-50-0.25 and CVD2¢-50-3 specimens (see Table 4).
Fig. 19: AES profile from the CVDy-50-3 specimen (see Table 4).

Fig. 20: Preparation procedure and scratch tests on the SiC/¢/SiC bilayers
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Fig. 11: SEM micrographs showing the surface of the (a) pristine and (b) etched (P = 10 kPa,
Q =400 sccm, T <875 °C, see Fig. 7) vitreous C foam (VCF,,,,) specimens.
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. Fig. 12: AES profile from the treated ZMI fiber (P = 100 kPa,
Fig. 12 T=1100°C, Q =40 sccm, 7. = 3 h).
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. Fig. 13: Influence of the treatment time of the Si—C—O fibers on the thickness
Flg . 13 of the reaction layer (P = 100 kPa, 7= 1100 °C, Q =40 sccm).
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Flg 14 Fig. 14: Raman spectrum from the CVD,,-10-3 specimen (see Table 4)
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Fig. 15: AES profile from the CVD,,-10-3 specimen (see Table 4)
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Flg 16 Fig. 16: Raman spectrum from the CVD,,,-50-3 specimen (see Table 4)
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Fig. 17: AES profile from the CVD,,,-50-3 specimen (see Table 4)
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Flg 18 Fig. 18: Raman spectrum from the CVD,,-50-0.25 and CVD,,-50-3 specimens (see Table 4)



100

3 80-
c
S
CU - "
£ 601gj
(D)
(&) ] —_— ~
CC) i
4_
s /c
g i
< 201 O
N N
O""I""l_ """"" L S B B L R B
0 10 20 30 40 50 60
Depth (nm)

Fig. 19: AES profile from the CVD,-50-3 specimen (see Table 4)

Fig. 19
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Flg . 20 Fig. 20: Preparation procedure and scratch tests on the SiC/¢/SiC bilayers
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