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Abstract: Tantalum carbide (TaC) and silicon carbide (SiC) layers were deposited on a graphite
tube using a chemical vapor deposition process. Tantalum chloride (TaCl5 ) was synthesized in
situ by reacting tantalum chips with chlorine at 550 ◦ C. TaC was deposited by reacting TaCl5 with
CH4 in the presence of H2 at 1050–1150 ◦ C and 50–100 mbar. SiC was deposited at 1000 ◦ C using
methyl-tri-chloro-silane as a precursor at 50 mbar. At 1150 ◦ C; the coating thickness was found to be
about 600 µm, while at 1050 ◦ C it was about 400 µm for the cumulative deposition time of 10 h. X-ray
diffraction (XRD) and X-ray Photo-Electron Spectroscopy (XPS) studies confirmed the deposition
of TaC and SiC and their phases. Ablation studies of the coated specimens were carried out under
oxyacetylene flame up to 120 s. The coating was found to be intact without surface cracks and with
negligible erosion. The oxide phase of TaC (TaO2 and Ta2 O5 ) and the oxide phase of SiC (SiO2 ) were
also found on the surface, which may have protected the substrate underneath from further oxidation.
Keywords: CVD; TaC/SiC; thremal shock; oxidation

1. Introduction
C/C composites (carbon fibers embedded into a carbon matrix) are used for high temperature
structural and aerospace applications due to their superior thermomechanical properties and high
specific strength. However, C/C composites exhibit substantial oxidative damage under an oxidizing
atmosphere >500 ◦ C [1]. C/C composites suffer severe oxidative and erosive damage under high
temperature flow conditions [2]. The oxidation and erosion resistance of C/C composites can be
enhanced by employing Ultra High Temperature Ceramics (UHTCs) coatings [3]. Compared to
boride UHTCs, carbide UHTCs (TaC, HfC, and ZrC etc.) are preferred due to their simpler synthesis
processes [4–6].
Chemical vapor deposition (CVD) of UHTC by cracking metal-organic-precursors on the surface
of the substrate is the most commonly used technique [7]. Reactive melt infiltration (RMI) of refractory
metals into the porous carbonaceous composites is also used to convert the surface to UHTC [8].
The polymer impregnation and pyrolysis (PIP) process using polymer precursors of UHTCs is also
employed for UHTC coatings. However, the CVD process is usually preferred over RMI and PIP
processes as it provides a dense coating of UHTC with controlled composition and microstructure [4,7].
Moreover, the process temperature of CVD is much lower than that required for the RMI and
PIP processes.
Due to its high melting point (4153–4273 K), high hardness, and excellent resistance to chemical
and physical erosion, TaC has been proposed as an oxidation and erosion resistant coating for
graphite [6,9,10]. In fact, TaC coating has been used as an oxidation and erosion resistant coating on
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the C/C nozzle throat of a solid rocket motor (SRM) [11,12]. Under an oxidizing atmosphere and high
temperature, TaC reacts with oxygen and develops a molten tantalum-oxide protective film on the
surface to further retard oxygen diffusion and oxidation of the substrate underneath.
However, the coefficient of thermal expansion (CTE) of TaC is much higher compared with that
of C/C composites (roughly by more than four times) [9,12,13]. The CTE of SiC is lower compared to
TaC, which also has good chemical stability and compatibility with graphite, and develops a protective
layer of SiO2 under oxidation above 1600 ◦ C [2,5,6]. Therefore, multilayered TaC/SiC coating has
been used as an ablation resistance coating for C/C composites [9]. TaCl5 powder has been used as
a tantalum source, which is evaporated at high temperature reacts with C2 H6 in the presence of H2
to deposit TaC by the CVD technique [12,13]. TaCl5 powder is a special chemical and its uses for
larger size products would affect the economics of the process. In situ synthesis of metal chloride by
chlorination of metals is an effective and cheaper process which been used for generating HfCl4 [14].
Since hafnium and tantalum fall into a similar category, chloride of tantalum can be synthesized using
the chlorination method. The in situ synthesized TaCl5 vapor is proposed to be used as a precursor for
TaC in place of the conventionally used TaCl5 powder.
Aim and Objectives
The aim of this study was to achieve the chemical vapor deposition of TaC and SiC on a graphite
tubular substrate, following the CVD process using the online generated TaCl5 precursor. Ablation
studies of the coated specimen have been carried out under oxyacetylene flame and the resulting
microstructure and phase analysis have been studied and discussed herein.
2. Experimental
2.1. CVD Process Setup
TaC/SiC coatings were deposited on a graphite substrate using the low pressure isothermal
CVD unit. A scheme of the equipment is shown in (Figure 1). The unit consists of two reactors viz.
(a) chlorination reactor, and (b) CVD reactor.

Figure 1. Typical scheme of the TaC deposition unit: (a) in situ chlorination device; (b) CVD reactor.

2.1.1. Chlorination Reactor
This reactor has provision for maintaining a tantalum pellets bed as well as an inlet and an outlet
for argon (used for flushing the chips before reaction) and the reacting gas, chlorine. The outlet of the
reactor is attached to the mixing manifold. The whole chlorination reactor unit is placed in a resistance
heating system attached to a feedback control mechanism for accurate temperature and flow control.
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2.1.2. CVD Reactor
The CVD reactor consists of a rotating base where the substrate is kept. The reactor has provision
of inlet and outlet of the reacting gases, where the inlet comes from the mixing manifold while the
outlet is connected to a vacuum pumping system. The reactor was continuously evacuated using
the vacuum pumping system, which consisted of a liquid ring pump and a roots pump along with
a variable drive-based throttle valve. The exhaust of the vacuum pumping system was connected to
an aqueous (alkali) scrubber to neutralize the chlorinated gases and the HCl byproduct gases.
2.1.3. Mixing Manifold
All the inlet gases were fed into this chamber, which is kept at temperature above 400 ◦ C. The outlet
of the mixing chamber is connected to the CVD reactor.
2.2. CVD Procedure
Two numbers of graphite tubes were coated at 1050 and 1150 ◦ C. One graphite tube was placed
into the CVD reactor at a time. The temperature of the CVD reactor was raised to the pre-decided
values. Methyl-tri-chloro-silane (MTS, SiC precursor) of 98% purity, Alfa Aesar, was injected into the
mixing manifold through a precision mass flow controller at the rate of 200 g/h. Also, H2 was fed into
the mixing manifold at the rate of 10.0 SLM. The mixed gases were passed over the graphite substrate
which was kept at the required temperature (1050 ◦ C) and 100 mbar for 60 min. In parallel, tantalum
pellets of an average size of 25 mm × 15 mm × 1 mm (purity > 99.0%) were added to the chlorination
reactor and a bed with a height about 300 mm was built. The chlorination reactor was heated to
temperatures up to 550 ◦ C and flushed with argon (99.99%) for 30 min. After the completion of 60 min
of deposition of SiC, the MTS supply was ceased. Chlorine gas (>98% purity) was passed through the
tantalum chips (purity > 99.0%, metal basis) bed at the rate of 0.5 SLM. Cl2 reacted with the tantalum
pellets to form TaCl5 (g), the main gaseous precursors of the tantalum source. Separately, CH4 and
H2 were fed into the mixing manifold at the rate of 1.0 SLM and 2.0 SLM, respectively. The outlet of
the chlorination reactor, TaCl5 (g) was fed into the mixing manifold. The mixed gases were injected
into the main CVD reactor through a tube maintained at ≈400 ◦ C to avoid condensation of the mixed
precursor gases. Two layers of TaC were deposited for a duration of 5 h each at 50 and 100 mbar
pressure, respectively. A third layer was deposited by injecting MTS, TaCl5 , and CH4 precursors at
the above-stated flow rates to co-deposit TaC and SiC for 60 min. At the end of each layer deposition,
a representative specimen was cut and kept for further analysis, while the remaining sample was used
for the deposition of the subsequent layer.
2.3. Characterization and Morphology
The coating morphologies were observed by Scanning Electron Microscopy (SEM, JEOL, JSM
6010LA, Tokyo, Japan) with a Secondary Electron (SE) detector also using a Back-Scattering Electrons
detector (BSE) which completes the secondary electron analysis. The crystal structure of the sample
surface was studied by X-ray diffraction (XPERT-PRO, Physical Electronics, Inc., Chanhassen, MN,
USA), while X-ray Photo-Electron Spectroscopy (XPS) was used to analyze the surface groups of the
coating (PHI 5000 Versa Probe II, FEI Inc., Hillsboro, OR, USA).
2.4. Ablation Test Using Lene Flame
Samples of 10-mm width and 40-mm length were cut from the coated tube. A thermal shock and
oxidation resistance test of the coating was carried out by exposing the coated surface to oxyacetylene
flame for 60 and 120 s. The flow rate of the un-reacted gases was maintained at ≈1.5 L/s (25 ◦ C,
0.1 MPa). In order to generate the oxidizing flame, the volume ratio of oxygen to acetylene was kept
around 1.4 (higher than the theoretical requirement ratio of 1.2 for a neutral flame). Distance between
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the specimen and the oxyacetylene torch nozzle was maintained at ≈25 mm. The flame was directed
on the specimen for 60 and 120 s, followed by cooling under a blast of air.
3. Results and Discussion
3.1. Coatings on Tubular Graphite Substrates
A uniform coating was observed on both tubes, but the coating thickness was different.
The cumulative thickness of the coating was found to be 400 and 600 µm, respectively, at 1050 and
1150 ◦ C. Typical images of the multilayered coating obtained are shown in Figure 2a,b. The coating
thickness was built by four different layers (Figure 2a,b). The interfaces of the four layers are shown
with the dotted lines (Figure 2b). Also, the substrate and outer surface of the coating are shown.
The coating was found to be compact but some internal micro voids are still visible (Figure 2b).
Such micro voids might have been introduced during cutting, where loosely bound particles are
dispatched off under the influence of the forceful cutting forces, especially at the interface. Due to
multiple interfaces, the coating is expected to tolerate thermal stresses, if any occur. Figure 2c shows
the microstructures of the as-deposited TaC at 1050 ◦ C, 100 mbar. The coating deposited at 1150 ◦ C,
100 mbar (Figure 2d) was highly crystallized with large grains, while that deposited at 1050 ◦ C at same
pressure was found to be smoother and composed of smaller grains (Figure 2c).

Figure 2. As-deposited TaC coating surface morphology and Energy Dispersive X-ray Spectroscopy
(EDAX) analysis: (a) Optical image of the coated sample which shows the four layers; (b) SEM image
to show through-thickness coating layers; (c) coating mophology at 1050 ◦ C, 100 mbar; (d) coating
mophology at 1150 ◦ C, 100 mbar; (e) Energy Dispersive X-ray Spectroscopy spectra of the as-deposited
TaC layer.

Coatings 2017, 7, 101

5 of 12

The size of the grains is the resultant effect of nucleation density, effective temperature on
the deposition site, concentration of the reactants, and the surface condition of the substrate.
Upon increasing the coating thickness, the surface conditions change and the already grown grains
affect the further desired nucleation between the existing grains. In the absence of fresh nucleation,
the existing grains keep growing further and become larger. Though the nucleation density tends
to increase with temperature initially, it then decreases after a critical temperature. The decreasing
nucleation density beyond a critical deposition temperature is believed be due to the change in the
adsorption nature from physical to chemical [15]. Also, the rate of desorption increases significantly,
which results lesser sites for the new grain growth at the higher CVD temperature. The mechanism of
TaC grain growth requires further studies in order to optimize the grain size vs. the ablation resistance.
Figure 2e shows the area EDAX of the coating. It is evident that the coating consists of tantalum
and carbon. The coating constituents are uniformly distributed and their typical chemical composition
on the surface is found to be tantalum (18.84%) and carbon (81.16%) by mass. However, EDAX analysis
is very sensitive to the location and expected to show varied composition under line scan, point scan,
and area scan.
For CVD, diffusion plays an important role in the rate of deposition, while the temperature and
concentration of the reactant play important roles in determining the size of the grains. The rate
of deposition is a function of concentration gradient, which means that at a higher partial pressure
of the reactant, a higher rate of deposition would be obtained. This theory matches well with the
experimental observations, as at 1150 ◦ C and 100 mbar the rate of deposition was slightly higher. Also,
the activity at higher temperatures would be high, which leads to a higher deposition rate.
Color mapping of the chemical composition (across the thickness of the coating) shows almost
uniformly light green color (Figure 3a,b), which indicates its uniformity. However, there are some
other minor areas where red and blue spots are visible. This small change in the color is interpreted as
other constituents such as SiC and free carbon apart from TaC. Although a TaCl5 and CH4 reaction
is preferred, SiC and carbon are unavoidable as trace MTS can lead to SiC deposition, whereas the
presence of CH4 can result in carbon at the reaction temperature. Figure 3c,d show the cross-sectional
view of the coating and its chemical composition mapping. It is evident from Figure 3d that the coating
consists mainly of carbon and tantalum constituents. However, at the interface of the TaC layers
deposited at two different times, there is a distinct change in the composition which is reflected as
a different color (Figure 3e). This shows that there might be some delay in the TaCl5 formation which
causes its lower partial pressure compared to that of CH4 . The relatively lower partial pressure of
TaCl5 and higher partial pressure of CH4 results in a carbon-rich coating at the interface and a different
color than the bulk coating. EDAX spectra of the image (Figure 3c) is shown as Figure 3f. It also shows
that the coating is primarily composed of tantalum and carbon.

Figure 3. Cont.
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Figure 3. EDAX mapping and composition analysis of as-deposited coating across the thickness:
(a) medium magnificantion TaC coating cross-section; (b) chemical composition mapping through color
of Figure 3a; (c) low magnificantion SEM image of cross-section of the coating; (d) carbon composition
mapping through color of Figure 3c; (e) tantalum composition mapping through color of Figure 3c;
(e) area EDAX spectra of Figure 3c.

3.2. XRD and XPS Analysis of the As-Deposited Coating
XRD pattern of the as-deposited coating is shown in Figure 4a. The peaks at 2θ = 36.36◦ , 38.1◦ ,
56.28◦ , 59.8◦ , and 71.89◦ match well with the TaC polymorphs corresponding to the lattice planes of
(002), (101), (003), (110), and (112) according to the JCPDS [74-2307], while the peak at 87.9◦ matches
well with the tantalum carbide according to the JCPDS [02-1023]. The peaks at 2θ = 35.65◦ , 41.4◦ , 47.93◦ ,
60.0◦ , and 71.77◦ match well with the SiC polymorphs corresponding to the lattice planes of (111), (200),
(008), (220), and (311) according to the JCPDS [74-2307]. Similar peak positions for the CVD-deposited
TaC are reported elsewhere [9]. The peaks of TaC and SiC are very near to each other and, in all
probability, they have been superimposed onto each other. In order to obtain further clarity, XPS was
carried out. XPS analyses of the coating scanned for three elements viz. tantalum, silicon, and carbon
are shown in Figure 4b–d. These results show that the coating is composed of TaC and SiC. Binding
peaks for tantalum element (4f 5/2) with carbon are found to be at 24.9 eV (Figure 4b) [16], while
the binding peaks for carbon element (1s) with tantalum and silicon are found to be at 281.9 eV [17]
and at 282.9 eV, respectively [18] (Figure 4d). Meanwhile, the binding peaks for silicon element (2p)
with carbon are found to be at 99.85 eV [19] and at 101.5 eV [20] (Figure 4c). The XRD and XPS data
complement each other and are evident of the deposition of TaC using the in situ synthesized TaCl5 .
The SiC layer introduced between graphite and TaC as well as on the surface as the co-deposition of
TaC + SiC is evident in the XPS studies, where SiC bonding is seen at 99.8 and 101.5 eV (Figure 4c).
Close matching of the binding energies of TaC and SiC with the standards show that the deposition
temperature and other deposition conditions were appropriate.
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Figure 4. XRD and XPS analysis of as-deposited coating: (a) XRD spectra after the deposition of four
layers; (b) XPS spectra of TaC binding energy; (c) XPS spectra of SiC binding energy; (d) XPS spectra of
carbon binding energy with Ta and carbon.

3.3. Characterization after Thermal Shock and Ablation
The coating was found to be intact after the ablation test with no apparent surface cracks due to
thermal shock. There was no change in the thickness of the specimen after the ablation, but the surface
of the samples was somewhat oxidized and discolored, and there was a net weight loss. Since, the
coating thickness was almost the same, the weight loss is interpreted as being due to the oxidation of
the graphite substrate which has two sides without coating. The samples for the ablation test were
cut from the graphite tube; although the coating was thick and uniform over the tube, after cutting
the samples, two newly generated sides became uncoated. The CTE of TaC ((6.7−8.2) × 10−6 K−1 )
was about four times larger than that of the graphite [21]. During cooling and due to the large CTE
mismatch, the TaC coating shrinks in all directions whereas the graphite shrinkage is negligible.
This shrinkage may develop cracks perpendicular to the coating surface. To avoid such problems,
the first coating of SiC was deposited on the graphite tube substrate followed by the TaC coating.
The sequence of the coatings resulted in the gradient of the CTE, which helped to keep the coating
intact during the test. After the incorporation of SiC between the graphite substrate and TaC, and
by building the coating thickness in stages, the coating features multiple interfaces. Due to sudden
temperature change, thermal stresses may be generated which may lead to multiple cracks in the
coating if the stresses exceed the strength of the coating. However, the multiple interfaces present in
the coating could absorb the thermal stresses generated during the oxyacetylene test, and the coating
could remain crack-free after the ablation test.
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3.4. Morphology and Phase Analysis of the Ablated Specimens
From the SEM images depicted in Figure 5a–d, it is evident that the coating surface morphology
was changed after the ablation test for both test durations. The effect of the testing duration was
negligible on the thickness of the coating. There are indications that some materials were melted and
then formed a relatively smoother structure, as shown in Figure 5a–d. Also, spherical micro balls
formed at some locations (Figure 5b). This might be due to the oxide formation of the TaC and SiC
coating under high temperature oxidizing conditions [9,22].
4TaC + 9O2 = 2Ta2 O5 + 4CO2

(i)

TaC + 2O2 = TaO2 + CO2

(ii)

2SiC + 3O2 = 2SiO2 + 2CO

(iii)

SiC + 2O2 = SiO2 + CO2

(iv)

SiO2 melts around 1600 ◦ C, whereas Ta2 O5 melts around 1870 ◦ C. During the oxyacetylene test,
surface temperature can reach well above the melting points of these oxides.

Figure 5. Surface morphology of the ablated specimens: (a) SEM image of the as-ablated specimen;
(b,c) magnified image at two different locations showing different surface morphologies; (d) solidified
network of the molten oxide phases of TaC and SiC.

Ablation of the TaC coating under oxyacetylene flame is mainly an oxidation process at
temperature above 2000 ◦ C. Over 700 ◦ C, TaC begins to be oxidized into Ta2 O5 in the presence of
air [9,12,13]. Oxidation involves the diffusion reaction of C to the outside and O to the coating interior,
the movement of Ta atoms is rather small due to its heavy atomic mass, and the morphology of the TaC
columnar crystal is largely inherited [9,12,13]. During the oxyacetylene test, the surface temperature of
the coated sample reaches above 2000 ◦ C and the coating oxidizes to form the fine particles of Ta2 O5
crystals. In addition, the dense morphology of tantalum oxide in the Figure 5c, is interpreted due to
the melting of Ta2 O5 -SiO2 , which is in liquid phase at temperatures above 1560 ◦ C [23]. The molten
oxides form a continuous network and hinder the diffusion of oxygen. The glassy phase showed
that nano-aggregates of tantalum and silicon oxide precipitate and tend to coalesce. Therefore, the
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coating and substrate underneath remain intact and the oxide phase continuously protects the graphite
for larger durations. A variation of oxygen concentration at different locations is shown in Figure 6.
At location 001 (which corresponds to the graphite), oxygen is found to be almost zero, while at the
ablated surface, the oxygen concentration is found to be 16.82%. At other locations viz. 002, 003,
and 004, the concentration of oxygen is less than 1.0%. This shows that the molten oxide layer at the
outermost surface did not allow oxygen diffusion from the top to the substrate, and the substrate thus
remained unaffected.

Figure 6. Along the thickness chemical composition of the coating after the ablation test.

XRD and EDAX pattern of the oxyacetylene tested coating is shown in Figure 7a–d. The number
of peaks is greater compared to the as-coated sample. The peaks might be due to TaC, SiC, and their
oxide phases, as expected. The peaks at 2θ = 35.65◦ , 47.93◦ , 60.0◦ , and 71.77◦ match well with the
polymorph of SiC corresponding to the lattice planes of (111), (008), (220), and (311) according to the
JCPDS [74-2307]. The peaks at 2θ = 36.36◦ , 59.8◦ , and 71.89◦ match well with the TaC polymorph
corresponding to the lattice planes of (002), (110), and (112) according to the JCPDS [74-2307], while
there are many additional peaks compared to the as-deposited coating. These are attributed to the
oxides of TaC and SiC. TaO2 peaks were identified at positions viz. 2θ = 26.74◦ , 34.94◦ , 38.19◦ , 42.3◦ ,
47.0◦ , 50.1◦ , and 60.4◦ corresponding to the lattice planes of (400), (222), (440), (242), (123), (701), and
(004), respectively, as per the JCPDS [77-2305]. Meanwhile, Ta2 O5 peaks were identified at positions
viz. 2θ = 28.24◦ , 35.6◦ , 38.06◦ , 42.3◦ , 47.4◦ , 50.04◦ , 56.19◦ , and 60.05◦ , corresponding to the lattice
planes of (411), (16 0 1), (13 1 1), (15 0 2), (20 1 0), (213), (12 1 3), and (16 2 1), respectively, as per the
JCPDS [79-1375]. Some of the peaks of SiO2 were also identified at positions viz. 2θ = 26.63◦ , 50.1◦ ,
and 75.64◦ corresponding to lattice planes of (101), (112), and (032), respectively, as per the JCPDS
[86-1630]. The peaks of SiC and TaC are very near to each other and might have been superimposed
onto each other. TaO2 , Ta2 O5 , and SiO2 formation during the ablation of TaC and SiC have also been
reported by others [9,12,13].
The EDAX analysis of the flame-tested sample shows that all the micro balls have elemental
tantalum and silicon apart from oxygen and carbon. As expected, the point EDAX shows different
chemical composition (Figure 7b–d) than the area EDAX. The oxides of SiC and TaC may melt at
the oxyacetylene test temperature, but solidification of Ta2 O5 and SiO2 would occur at different
temperatures. Ta2 O5 would solidify at around 1870 ◦ C while SiO2 would solidify at around 1600 ◦ C,
therefore due to heterogeneity their flow might be hindered and at some places the oxides are seen as
micro balls rather than the continuous homogeneous solidified ceramic layer. However, the density of
such micro balls is very high and gaps between these balls are in sub-microns. They therefore create
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a reasonably good sealing and protecting layer against oxygen diffusion and subsequent oxidation.
In some places, such micro balls are not visible; this might be due to the removal of the softened oxide
phase under the oxyacetylene flame velocity. Upon a further increase in temperature, the coating
might form a continuous layer and act as a perfect seal against inward oxygen diffusion.

Figure 7. XRD and EDAX analysis of the ablated surface: (a) XRD spectra of the surface of the coating
after the oxyacetylene test; (b) typical SEM image of the ablated surface; (c) EDAX spectra of the specific
points at the ablated surface.

4. Conclusions

•

•

•

•

Chlorination of tantalum chips at ≈550 ◦ C has resulted in the in situ synthesis of TaCl5 . Based on
TaCl5 -CH4 -Ar and CH3 SiCl3 -H2 -Ar reactive systems, the crack-free multilayer coating of TaC and
SiC is successfully developed on a graphite tube by CVD at 1050–1150 ◦ C and 50–100 mbar. XRD
and XPS studies confirm the formation of TaC and SiC.
By depositing SiC as transition layers between the graphite and TaC, the stress concentration
could be released and crack-free coating could be obtained. The coating remained intact even
after the ablation test under oxyacetylene flame. At 1150 ◦ C the thickness of the coating was about
600 µm, while at 1050 ◦ C it was about 400 µm for the same duration and flow conditions.
The oxyacetylene flame ablation of the TaC coating is mainly an oxidation process where surface
TaC is oxidized to TaO2 and Ta2 O2 , while SiC oxided SiO2 and acted as protective liquid film to
prevent further oxidation of the graphite underneath.
The uniform deposition of TaC on the cylindrical graphite tube has established the process for
generating a CVD coating of TaC on similar geometrical featured propulsion systems such as
graphite throat inserts, as well as the chambers and nozzles of rocket motors.
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