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Growth and structure of TiC coatings chemically
vapour deposited on graphite substrates
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TiC coatings were grown on graphite substrates by the chemical vapour deposition
technique, using gas mixtures of CH,-TiCl,—H, at a total pressure of 10.7 kPa and at
temperatures of 1400 and 1425 K. The growth rate and structure of the TiC coatings were
investigated as a function of CH, and H, concentrations. The deposition rate of TiC increased
with increasing CH, flow rate, but did not change with H, flow rate. This behaviour was
explained by a mass transport theory. Thermodynamic analyses based on minimization of
Gibbs’ free energy predicted carbon codeposition with TiC. X-ray diffraction and Auger
electron spectroscopy (AES) studies and microstructural observations, however, suggested
that free carbon did not form. Textural analyses indicated that the growth of TiC coatings
was initiated as randomly oriented crystallites, and as the thickness of the coatings
increased, preferentially oriented columnar grains developed. The textures of TiC coatings
with the same thickness changed from the (110 orientation to the {100} orientation with
decreasing H, flow rate for a constant CH, flow rate. The CH, concentration also greatly

influenced the preferred orientation of the coatings.

1. Introduction

Titanium carbide (TiC) coatings have high hardness,
high temperature strength and good corrosion resist-
ance; because of these properties, they have been used
in many areas, ranging from cutting tools to nuclear
materials. The use of protective TiC coatings is an
effective method to improve the surface character-
istics of graphite and graphite based materials. For
example, TiC coatings deposited on graphite sub-
strates as used in fusion reactors reduce surface
erosion and help to improve plasma impurity con-
trol [1, 2]. ’

The chemical vapour deposition (CVD) technique
has been widely used to prepare TiC coatings. TiC
coatings deposited on metals (Mo, steel, Fe) or
cemented carbide (WC—-Co) substrates by this tech-
nique have been the subject of extensive research.
Although a number of studies [3, 4] have investigated
the chemical vapour deposition of TiC on graphite
substrates using CH, gas as a carbon source, there is
little information concerning the effect of CVD para-
meters on the growth rate, composition and texture of
the TiC coatings. Klein and Gallois [5] investigated
the early growth of TiC coatings on a graphite
substrate. The effect of deposition temperature on
the deposition rate and morphology of TiC has
been reported by Paik [6]. This study was under-
taken in order to investigate systematically the influ-
ence of input gas composition on the growth rate,

composition and texture of the TiC coatings grown on
graphite substrates.

1.1. Equilibrium thermodynamic analysis
Thermodynamic calculations based on the mini-
mization of the Gibbs’ free energy were performed for
input gas mixtures of TiCl,, CH, and H, at 1400 K.
The principles of the thermodynamic approach are
described elsewhere [ 7]. For a system of known initial
gas composition, this method gives both the vapour
phase and deposit compositions at a given temper-
ature and pressure when equilibrium is reached. The
calculations require specifying all possible species and
condensed phases which can exist in the temperature
range of interest. In the Ti—Cl-C-H system, 44 gas-
eous species can be considered as constituents of the
gas phase. They include TiCl,, TiCl;, TiCl,, TiCl,
CH,, C,H,, C,H;, CH;Cl, HC], Cl, and H,. B-tita-
nium, C and stoichiometric TiC are the possible solid
equilibrium phases. Thermodynamic data for the spe-
cies were taken from the JANAF tables [8].

Fig. 1 shows the CVD phase diagram of the
Ti~Ci-C~H system as a function of initial partial pres-
sures of TiCl, and CH, at a constant temperature of
1400 K and a total pressure of 10kPa. Hydrogen
makes up the difference between 10 kPa and the sum
of the partial pressures of TiCl, and CH,. The dia-
gram is dominated by the phase fields of TiC and
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Figure ] CVD phase diagram showing the condensed phases which
deposit at equilibrium as a function of partial pressures of TiCl, and
CH, for the Ti-Cl-C-H system at 1400 K and a total pressure of
10 kPa. The total pressure is maintained constant with hydrogen.

TiC + C in the partial pressure range of interest. Tita-
nium carbide is deposited at equilibrium as a single
phase under a wide range of initial compositions. The
deposition range of TiC increases with increasing par-
tial pressures of CH, and TiCl,. It is not codeposited
with carbon at low partial pressures of CH,. The
Ti + TiC phase field is very narrow and limited to low
partial pressures of TiCl, and CH,, with the partial
pressure of TiCl, larger than that of CH,. Thermo-
dynamic calculations indicate that for molar ratios
of CH,/TiCl, larger than unity, free carbon is co-
deposited with TiC, in increasing amount with the
increase in C/Ti ratio in the gas phase.

2. Experimental details

2.1. Chemical vapour deposition

The deposition experiments were carried out in a com-
puter controlled hot wall chemical vapour deposition
reactor. A detailed description of the reactor is given
by Paik [6]. The substrates were rectangles 2 x 1 cm,
1 mm thick, cut from graphite materials whose prop-
erties are tabulated elsewhere [9]. The CVD experi-
ments were conducted at a total pressure of 10.7 kPa,
a total flow rate of 670 standard cubic centimeters per
minute (sccm) and temperatures of 1400 and 1425 K.
At these temperatures, the growth of the TiC coatings
has been reported to be controlied by mass transport
of the gaseous species from the gas phase to the surface
of deposit [6]. The experimental deposition condi-
tions employed for the chemical vapour deposition of
the TiC coatings are shown in Table 1. The experi-
ments were divided into three series at 1425 K. In the
first series, the flow rate of hydrogen was varied from
100 to 600 sccm at constant CH, (50 sccm) and TiCl,
(20 sccm) flow rates. The total flow rate was main-
tained constant with argon. The purpose of these
experiments was to investigate the effect of hydrogen
concentration on the deposition rate and the crystallo-
graphic texture of the coatings. In the second series,
the effect of methane concentration was investigated
by varying the flow rate of methane from 0 to
360 sccm at a constant TiCl, flow rate of 20 sccm.
Finally two experiments were performed at a TiCl,
flow rate of 10sccm and CH, flow rates of 260

TABLE I Experimental conditions for the chemical vapour
deposition of TiC coatings

Deposition Flow rate (sccm) Growth
temperature rate
(K) TiCly CH, H, Ar (ummin~ ")
1425, Series T~ 20 50 100 500 0.104 + 0.009
20 50 200 400 0.119 + 0.007
20 50 300 300 0.093 -+ 0.003
20 50 400 200 0.107 4 0.005
20 50 500 100 0.106 + 0.005
20 50 600 - 0.109
1425, Series II 20 - 650 - 0.017
20 50 600 - 0.110
20 70 580 - 0.130
20 160 490 - 0.170 4 0.01
20 210 440 - 0.370 4+ 0.01
20 260 390 - 0.400 + 0.03
20 310 340 - 0.540 4+ 0.01
20 360 290 - 0.780 4 0.03
1425, Series 11T 10 260 400 - 2
10 360 300 - @
1400 20 - 650 - 0.017
20 50 600 - 0.075
20 175 475 - 0.231 + 0.001
20 370 280 - 0.543 + 0.06

* Powdery deposits.

and 360 sccm. At 1400 K, the effect of CH, concentra-
tion on the growth rate of the TiC coatings was also
investigated.

2.2. Characterization
2.2.1. Scanning electron microscopy and
Auger electron spectroscopy

The morphology of the coatings was examined in
a Jeol scanning electron microscope (model JSM-840).
Samples were coated with a thin layer of gold by
sputtering from a gold target at 70 mA for 10s. The
thickness of the coatings was determined from micro-
graphs of cross-sections.

Auger electron spectroscopy-was performed on the
TiC coatings in order to study their composition. The
electron beam energy was 3 keV with a 0.005 pA beam
current. The diameter of the electron beam was equal
to 20 pm.

2.2.2. X-ray diffraction (XRD)

Precise lattice parameter measurements were per-
formed on a General Electric XRD-6 parafocusing
diffractometer equipped with a copper tube and NiKg
filter. The alignment of the diffractometer was checked
by measuring the lattice constant of a stress-free pow-
dered silicon sample. Lattice parameters of TiC coat-
ings were measured using the K, and K, reflections
of the (115), (224), (420) and (33 1) crystal planes.
The peak position was determined by fitting a para-
bola to the top part of the profile, after the corrections
for Lorentz polarization factors. The Nelson—Riley
analysis [10] was then applied to obtain the true
lattice parameter.
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Preferred orientation, expressed in terms of texture
coefficients, was determined with the parafocusing
diffractometer. The reflections from the (11 1), (200),
(220) and (113) crystal planes were used to investi-
gate textures in the coatings. The relative integrated
intensities of the peaks were determined by measuring
the area of each peak above background, and nor-
malizing the areas with respect to the highest intensity
peak. The intensity data were analysed by the Harris
method [10]. The method calculates texture coeffic-
ient (TC), the fraction of grains having any particular
{hk1} plane parallel to the surface

L /T
(/1) Z (T /Tia)

where I, and Iy, are the integrated intensities of
the coating and powdered TiC, respectively, and n is
the number of reflections used. Data for randomly
oriented TiC were obtained from the JCPDS powder
file [11].

TCW - (1)

3. Results and discussion

3.1. Deposition rates

The growth rate of TiC coatings at 1400 and 1425 K
was investigated as a function of CH, flow rate. As
shown in the Fig. 2a, the deposition rate of TiC grown
at 1400 K linearly increases with CH, concentration
in the gas phase. A slight deviation from linear de-
pendence of the growth rate on CH, flow rate was
observed at 1425 K (Fig. 2b). It should be noted that
TiC coatings were grown without CH, due to the
carbon supply from the graphite substrates. The in-
crease in growth rate with CH, flow rate can be
explained as follows: since deposition was carried out
in the mass transport limited regime, the deposition
process was controlled by mass transport of gas spe-
cies from the bulk gas phase to the surface. An impor-
tant feature of the chemical vapour deposition process
is the presence of a boundary layer just above the
substrate [12]. In this regime, the deposition rate is
proportional to the mass transport flux of gaseous
reactants through the boundary layer, which is given

by [13]
Ji = - hg(cb - Cs) (2)

where J; is the mass transport flux of species i, h,is the
mass transport coefficient of species i, Cy, is the bulk
gas concentration, and C, is the surface concentration.
The mass transport coefficient is given by [13]

hy = Dy/s 3)

where D, is the diffusion coefficient and J is the bound-
ary layer thickness above the substrate. The diffusion
coefficient [14] is given by

D o T3?/P @)

where T is the deposition temperature and P is the
total pressure. The thickness of boundary layer is
given by [13]

8 o (u/v)'? )
1756

1.0

0.8 +

06 1

0.2+ b

Deposition rate (um min ')

0 50 100 150 200 250 300 350 400
(a) Flow rate of methane (scecm)

Deposition rate (um min')

i
—

150 200 250

300 350 400

(b} Flow rate of methane (sccm)

0 50 . 100

Figure 2 Variation of deposition rate as a function of CH, flow rate
at (a) 1400 and (b) 1425 K. The flow rate of TiCl, is 20 sccm. Total
flow rate of 670 sccm is maintained constant with H,.

where p is the kinematic viscosity and v is the
linear gas velocity. Substituting Equations 3-5
into Equation 2, the deposition rate can be ex-
pressed as

rate o (T*%/P)(v/p)'*(Cy=C;) (6)

Since the deposition temperature, the total pressure
and the total flow rate were held constant, the rate is
proportional to the concentration potential across the
boundary layer, assuming no change in kinematic
viscosity with gas composition. In the mass transport
controlled regime, the diffusion process by which reac-
tant compounds are transported to the growth surface
proceeds much slower than reactant consumption by
the actual growth reaction on the deposition surface.
Therefore, it may be assumed that C, is much larger
than C,. Equation 6 then becomes

rate o Cy, (7)

Equation 7 indicates that the growth rate of titanium
carbide is linearly proportional to the reactant con-
centration. Since hydrogen does not affect the growth
rate of TiC, as shown in Table I, and titanium tetra-
chloride is constant, the deposition rate should in-
crease linearly with the concentration or flow rate of
methane. This behaviour is in fairly good agreement
with the experimental results (Fig. 2).

The coatings deposited at CH,/TiCl, ratios of
26 and 36 were powdery because of homogeneous gas
phase reactions.
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Figure 3 A typical Auger spectrum from TiC coatings grown at

1425 K and a CH,/TiCl, ratio of 18. The spectrum was taken after
sputtering for 20 min with Ar* ions at 3 keV.

3.2. Compositional analysis

Auger electron spectroscopy (AES) was performed on
the TiC coatings in order to study their compositions.
Sundgren et al. [15] reported that the appearance of
free carbon in over-stoichiometric titanium carbide
coatings is signalled by characteristic changes in the
C (272 eV) peak. The intensity of the positive excur-
sion of the carbon peak is much smaller than that of
the negative excursion for the over-stoichiometric tita-
nium carbide, whereas stoichiometric TiC has almost
the same intensities for the negative and positive ex-
cursions. Fig. 3 shows an Auger spectrum of the coat-
ing grown at a CH, flow rate of 360 sccm. The shape
of the carbon peak is typical of titanium carbide for all
gas compositions. It is also observed that the ratio of
the carbon peak (272 eV) to the titanium peak (418 eV)
does not change with gas composition. Due to the lack
of a standard TiC sample, no quantification of Auger

results was attempted. The measured peak ratio was,

however, compared with the literature values deter-
mined for stoichiometric TiC. It was found that
the experimental ratio of 1.04 + 0.04 (the average for
all coatings) was close to published values for
stoichiometric TiC, which range from 0.95 to 1.07
[16-18]. This result suggests that the coatings were
stoichiometric.

In order to determine the effect of the CH,/TiCl,
ratio in the gas phase on the compositions of the
coatings, lattice parameters were measured by X-ray
diffraction techniques. The average of the lattice para-
meters was calculated to be 043270 nm, with a
standard deviation of 0.00004 nm, indicating that the
lattice constant does not change with the CH,/TiCl,
ratio. It is known [19] that the lattice parameter of
TiC, does not linearly depend on carbon content,
x, in the compound. The lattice parameter increases
with x below 0.85, at which point a maximum is
reached (a = 0.433 nm) and then decreases above 0.85.
The results on the basis of lattice parameter calcu-
lations indicate that the coatings of TiC may be
stoichiometric. No free carbon was detected by X-ray
diffraction.

Figure 4 Scanning electron micrographs of the TiC coating grown
at 1425 K and at a CH, flow rate of 360 sccm: (a) cross-sectional
view and (b) surface morphology.

It is known that deposition of a second phase leads
to grain refinement in chemically vapour deposited
coatings. Fig. 4a, b shows the cross-sectional view and
surface morphology of the coating grown at a CH,
flow rate of 360 sccm. The coating exhibited columnar
grains originating from small grains near the interface
between the coating and the substrate and increasing
in diameter with thickness. The surface morphology of
the coating consisted of very large pyramidal grains,
indicating that there was no evidence of grain refine-
ment. This observation supports the conclusion that
the coatings consisted of single phase TiC.

The thermodynamic calculations showing free car-
bon codeposited with TiC are in disagreement with
the results of the experiments. This discrepancy suggests
that the CVD process occurred under non-equilibrium
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conditions. A kinetically limiting step in the pyrolysis
of CH, in the gas phase may be the cause of the
absence of free carbon in the deposits.

3.3. Analysis of textures

X-ray diffraction analyses revealed that almost all
coatings exhibited X-ray peak intensities which devi-
ated from those observed in random powder samples.
The coatings have a preferred orientation of a particu-
lar set of crystal planes parallel to the substrate, pro-
ducing fibre texture with the fibre axis parallel to the
growth direction. Fig. 5 shows the variation of the
texture coefficients of the (111), (200), (220) and
(113) reflections with coating thickness for coatings
grown at 1400 K and at a CH, flow rate of 50 sccm.
As can be seen from the figure, the texture coefficient
of the (2 20) crystal plane increases with coating thick-
ness, while those of the (11 1), (200) and (1 1 3) planes
are suppressed. The number of grains that have
a {110) growth orientation parallel to the growth
direction increases. Texture studies indicate that the
coatings at the beginning of the growth tend to have
a nearly random structure, and a {110) preferential
growth orientation develops as growth proceeds. This
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Figure 5 Variation of texture coefficients as a function of thickness

for the coatings grown at 1400 K and at a CH, flow rate of 50 sccm.

Hydrogen flow rate was 600 sccm: O, (111); @, (200); A, (220);
and A, (113).
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Figure 6 The effect of the flow rate of hydrogen on the preferred
orientation of TiC coatings grown at a CH, flow rate of 50 sccm
and at 1425 K. The flow rate of 670 sccm was maintained constant
with argon: O, (111); @, (200); A, (220); A, (113).

behaviour can be explained by evolutionary selection
theory [20]. As shown in Fig. 4a, initial layers of the
coatings are composed of fine grains. With increasing
thickness, certain individual grains become greater in
diameter; screening and suppressing less favourable
grains. From these observations, it can be concluded
that there is competition between differently orien-
tated grains. As growth proceeds, more and more
grains are overgrown by adjacent crystals, and the
number of grains extending to the surface decreases
progressively. Only those crystals with a {110}
growth orientation perpendicular or nearly perpen-
dicular to the substrate surface survive, whereas grains
with other orientations are gradually buried.

The effect of hydrogen concentration on preferred
orientation of the coatings grown at 1425 K and at
CH, flow rate of 50 sccm is shown in Fig. 6. The
thickness of the coatings was kept constant at around
8 um. As can be seen from the figure, the texture coeffic-
ient of the (200) plane decreases with increasing hy-
drogen concentration up to 200 sccm at which point
a slight (113} preferred orientation was observed.
Above that the coating has a high {1 10) orientation.

Table II shows the effect of input gas concentra-
tion on the preferred orientation of the coatings. The

TABLE II The effect of input gas composition on the texture coefficient of TiC coatings

Temperature (K) CH,/TiCl, Thickness (um) Texture coefficient
a1y 200) (220) (113)
1425 0 1.0 0.94 1.23 1.23 0.60
2.5 30 0.45 0.70 1.68 1.17
8.0 12.0 0 2.54 0.08 1.38
10.50 27.0 0 3.13 0 0.87
13.00 300 0 1.27 0.89 1.84
15.50 40.0 0 0.99 1.90 0.11
18.00 54.0 0 0.37 2.10 1.52
26.00 2 0.79 1.34 1.06 0.80
36.00 a 0.74 1.13 1.09 1.04
1400 0 1.0 1.18 0.84 1.51 0.47
2.50 4.5 0.22 0.20 2.70 0.88
8.75 17.3 0 379 0.05 0.16
18.50 40.7 0.12 0.89 1.86 1.19

2 Powdery deposit.
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information obtained from the table can be sum-
marized as follows: thin coatings and powdery coatings
had a nearly random structure as expected. The (110>
preferred orientation was favoured at low CH,/TiCl,
ratios (2.5) as well as at high ratios (15.5 and 18). The
coatings grown at medium ratios (8-13) exhibited
a {100) preferred orientation. It is interesting to note
that the texture coefficient of the (11 1) crystal plane
became zero when the ratio was above 2.5.

4. Conclusions

The growth rate of TiC coatings deposited on graphite
substrates in a mass transport limited regime linearly
increased with CH, concentration in the gas phase,
and this behaviour was explained by a mass trans-
port theory. Contrary to thermodynamic predictions,
X-ray and Auger studies and microstructural observa-
tions indicated that the coatings consisted of a single
phase of stoichiometric TiC. The growth of TiC coat-
ings at a CH,/TiCl, ratio of 2.5 was initiated by fine
grains, which developed into columnar grains with
a sharp {110} preferred orientation as growth pro-
ceeded. The {100)> and {110 preferred orientations
in the TiC coatings of the same thickness grown at
a CH,/TiCl, ratio of 2.5 were favoured by low and
high hydrogen concentrations, respectively.
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