
Contents lists available at ScienceDirect

Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

The role of ZrCl4 partial pressure on the growth characteristics of chemical
vapour deposited ZrC layers

S. Biiraa,b,⁎, P.L. Crousec, H. Bissettd, T.T. Hlatshwayoa, E.G. Njorogea, J.T. Neld, T.P. Ntsoaned,
J.B. Malherbea

a Department of Physics, University of Pretoria, Pretoria 0002, South Africa
b Department of Physics, Busitema University, P.O Box 236, Tororo, Uganda
c Department of Chemical Engineering, University of Pretoria, 0002 South Africa
d The South African Nuclear Energy Corporation (Necsa), Pretoria 0001 South Africa

A R T I C L E I N F O

Keywords:
Zirconium carbide
Chemical vapour deposition
Partial pressure
Surface morphology
Microstructure
Growth rate

A B S T R A C T

ZrC layers were deposited in a chemical vapour deposition (CVD) reactor on graphite substrates using a ZrCl4-
Ar-CH4-H2 precursor mixture. The deposition was conducted at different ZrCl4 partial pressures at a constant
substrate temperature of 1400 °C for 2 h at atmospheric pressure. The deposited ZrC layers were characterised
using X-ray diffraction (XRD) and field emission scanning electron microscopy (FE-SEM). The effect of ZrCl4
partial pressure on the growth rate, microstructure and surface morphology of the deposited layers was studied.
The ZrCl4 partial pressure was manipulated by changing the flow rate of the argon carrier gas through the
sublimation chamber. The boundary layer thickness decreased as ZrCl4 partial pressures increased due
increased argon flows. The increased ZrCl4 partial pressure increased the growth rate of ZrC layers linearly.
It was found that the transport process of the source materials was laminar and forced convection flow. The flow
process of source materials through the boundary layer to the reacting surface was also illustrated using a
model. The average crystallite size increased with ZrCl4 partial pressures, whereas the lattice parameter, lattice
strain and dislocation density decreased as ZrCl4 partial pressure increased. The surface morphology of the as-
deposited ZrC layers varied with the ZrCl4 partial pressure. The size of crystals grew larger and the cavities
surrounding them decreased in number and size as the ZrCl4 partial pressure increased.

1. Introduction

The properties and importance of ZrC either as a layer or bulk
material have already been emphasised by several authors [1–7]. Of
particular interest for our research group and hence for this study is its
proposed usage for coating the zircaloy cylinders containing the fuel
elements in conventional nuclear reactors and in high-temperature gas
cooled nuclear reactors [5]. ZrC, either as a powder mixed with the fuel
or as a thin layer on the UO2 fuel kernel has been proposed for use as
an oxygen getter in TRISO (tristructural-isotropic) fuel particles. Due
to its high oxidation potential, ZrC is perceived to act as a reducing
agent for the oxygen generated from the UO2 fission process [8,9]. This
may prevent unfavourable oxidation reactions and reduce the forma-
tion of CO both of which are detrimental, especially at high fuel burn-
up levels [2,8]. ZrC has also been proposed as a possible replacement
for the SiC layer as a diffusion barrier layer for containing fission
products in the TRISO fuel particle [5]. This is because ZrC has a low
neutron capture cross section, enhanced resistance to fission products

attack and diffusion, and is stable even at high temperatures [8].
However, the properties of ZrC layer vary greatly depending on
synthesis technique used and how well the deposition parameters are
managed during its production.

Chemical vapour deposition (CVD) compared to other ZrC synth-
esis techniques has been highlighted as a method of choice to grow
good quality layers [2,10]. CVD enables the production of relatively
pure uniform layers with good adhesion and reproducibility at fairly
good deposition rates [11,12]. The growth and structure of layers
deposited by CVD vary depending on the reactor geometry (size and
type of the reactor, inlet-substrate gap, inlet diameter) and deposition
parameters. The deposition parameters include temperature, time,
reactor total pressure and the precursor's properties (i.e. type, compo-
sitions, concentrations, flow rates and partial pressures) [13,14]. The
structure of the chemical vapour deposited layer determines its
physical properties. Therefore, the CVD parameters, especially those
that affect the layer structure, should be studied carefully and
optimised. The layer structure and growth are mainly controlled by
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the substrate temperature and the gas concentrations in the reaction
chamber [10,15]. The inlet gas concentration is primarily regulated by
the partial pressure of the precursors. The partial pressure of a gas
determines its thermodynamic activity. It has been noted that gases
will diffuse, react or dissolve according to their partial pressures, and
not necessarily according to their concentrations in a gas mixture [16].
In a CVD reactor, the partial pressure depends on gas flow rates,
vapourising temperature, and substrate-gas inlet gap. The influence of
substrate-inlet gap on the growth characteristics of ZrC layers has been
reported in [13]. Several researchers have studied the effect of the
carbon source (especially CH4 and C3H6) [14,17,18] and hydrogen flow
rates [17,19] on the properties of ZrC layers. The effect of reactor total
pressure on the growth and structure of ZrC layers has also been
reported by Zhu et al. [17]. However, to our knowledge, no study has
been reported on the effect of ZrCl4 partial pressure on the growth and
structure of ZrC grown by thermal CVD. ZrCl4 was chosen for this study
since it is more commonly used for CVD of ZrC layers than the other
halides such as ZrF4, ZrBr4 and ZrI4. This is due to the fact that ZrCl4 is
the most volatile of the zirconium halides; it is less dangerous than
ZrBr4 and ZrC with a better stoichiometry can be obtained more
effectively than when using ZrI4 [19]. Therefore, this study reports on
the investigation of the influence of the ZrCl4 partial pressure on the
growth rate, microstructure and surface morphology of deposited ZrC
layers on graphite substrates.

2. Experimental procedure

ZrC layers were grown on graphite substrate disks (radius 10 mm,
thickness 2.5 mm) by reacting ZrCl4, CH4 and H2 in an in-house built
vertical-wall CVD reactor at atmospheric pressure (87 kPa absolute at
location). The reaction chamber, a graphite tube, with 2.5 cm internal
diameter (d) was inductively heated by a copper coil connected to a
10 kW RF power supply. The gap between the substrate and the gas
inlet (X) was maintained at 90 mm. Fig. 1 shows the experimental set-
up for the reactor system. The gas flow rates were monitored by well-
calibrated rotameters. Exit gases from the reactor were directed
through a CaCO3 scrubber fitted before the vacuum pump and
subsequently through the extraction ventilation. The system was
purged with argon before the start of each experimental run. To attain
thermal equilibrium stability, the reaction chamber was allowed to heat
up for 10 min before the start of the 2 h deposition. ZrC layers were
deposited at a substrate temperature of 1400 °C. At the end of the 2 h,

all the inlet gases were closed and the reactor was allowed to cool to
room temperature before removing the deposited samples. In fact,
layers that were removed before the reactor cooled completely to room
temperature were found to have several cracks and were not used for
analysis in this study. The substrates were weighed before and after
deposition to estimate the mass gain. The average growth rate of the
ZrC layers was calculated from the mass gain, the surface area of the
substrate and theoretical density of ZrC (6.59 g/cm3).

During the experimental run, ZrCl4 powder was housed in a
stationary stainless steel vaporiser at a uniform temperature of
300 °C. To avoid agglomeration of the ZrCl4 powder, the ZrCl4 delivery
line to the reactor was also maintained at 300 °C by electric heat
tracing tape. The vapour pressure of ZrCl4 was determined from the
vapour pressure ─ temperature calibration curve given in Fig. 2. The
partial pressure of ZrCl4 was controlled by controlling the argon flow
rate and the temperature of the vaporiser. From Fig. 2, a temperature
of 300 °C corresponds to a ZrCl4 vapour pressure of about 43 kPa. The
ZrCl4 mass flow rate in the argon carrier gas was determined from the
quantity of ZrCl4 swept from the vaporiser during each experimental
run.

By applying Dalton's law of partial pressure given in Eq. (1),
Amagat's law of partial volume given in Eq. (2), and the ideal gas
equation we obtain, the pressure, volume and the mole amount relation
given by Eq. (3) [20,21].

Fig. 1. The CVD reactor set-up.

Fig. 2. Variation of ZrCl4 vapour pressure with temperature.
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Here Vi is the partial volume and Pi is the partial pressure of any
individual gas component i, PT is the total pressure of the gas mixture,
ni is the mole amount of substance of gas i, nT is the total number of
moles in the gas mixture.

For steady state conditions (i.e. where the total volume, total the
pressure and the deposition temperature are all constant), then the
partial pressure can be written in terms of the volumetric flow rates of
the gases
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The partial pressure fraction of ZrCl4 (i.e. PZrCl4/PT) was calculated
from Eq. (5) in which the volumetric flow rate, VŻrCl4 of ZrCl4 was
determined from Eq. (6).
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From Eq. (6), ṁ is the mass flow rate of ZrCl4, M is the molar mass
of ZrCl4, R is the universal gas constant, TV is the temperature of the
vaporiser and PV is the vapour pressure of ZrCl4 in the stream of inlet
gases. Table 1 gives the deposition conditions.

2.1. Characterisation

The structure analysis of ZrC layers deposited at the selected
constant temperature of 1400 °C for different ZrCl4 partial pressures
was carried out using a Bruker XRD D8 Advance with a Cu Kα radiation
source (λ = 1.5406 Å). During XRD pattern collection the working
potential and current were set at 40 kV and 40 mA respectively. The
values of 2θ were recorded between 15° to 125°. The surface
morphology of the layers was characterised using a Zeiss Ultra Plus
Field Emission Scanning Electron microscopy (FE-SEM) at an accel-
eration voltage of 1 kV.

The graphite substrates were weighed by an electronic mass balance
with a precision of 0.0001 g prior to and after deposition to determine
the weight gain. Using a ZrC density of 6.59 g/cm3, the measured
weight gain, and with a known value of the surface area, the average
layer growth rate (thickness per deposition time) was calculated at the
various partial pressures of ZrCl4.

3. Results and discussion

3.1. Gas flow behaviour and qualitative description of the deposition
process

The flow behaviour of the gases in the reaction chamber was
established by calculating the magnitudes of the following dimension-
less quantities. They were the Grashof number, Gr and the Reynolds
number, Re. The values of these quantities given in Table 2 were
calculated using Eqs. (7) and (8) [21–23].

Gr gρ d ΔT
T η

=
o

2 3

2 (7)

dvρ
η

Re =
(8)

where ΔT is the temperature difference between the reactor wall and
the substrate and To is the temperature of the gases as it enters the
reactor. The gas flow was found to be laminar (i.e. Re < 1000 [23]) and
forced convection dominated (i.e Gr/Re2 < 10 [23]). The boundary

layer thickness δ was also calculated from δ = Xd
Re

, where d=25 mm is

the diameter of the reaction chamber and X = 90 mm is substrate-gas
inlet gap.

The velocity v, density ρ and viscosity η of the mixture of gases
entering the reaction chamber were calculated using Eqs. (9), (10) and
(11) [21] respectively.
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where ρi, vi, yi, Mi, and ηi, are the density, velocity, mole fraction,
molar weight and viscosity respectively of the ith gas component at the
desired temperature given in Table 1. v V πr= ̇ /(60 )i i

2 and r (0.32 cm) is
the radius of the inlet feed line. The mole fraction of an individual gas
was determined from their volumetric flow rates as y V V= ̇ /∑ ̇

i i i i [21].
In an attempt to increase the ZrCl4 partial pressures, the argon

flows were increased which improved the overall mean flow velocity of
the reactants. Therefore this increased argon flows (and hence increase
in the overall mean flows) decreased the boundary layer thickness (see
Fig. 3), consequently increasing the arrival rate (the flux) of the
reactants. The boundary layer thickness was found to decrease from
9.6 to 4.5 mm as the ZrCl4 partial pressure fraction increase from 4.45
× 10−3 to 6.01 × 10−3.

The inlet gas stream was considered to be an ideal gas that was
being transported through a boundary layer to the deposition surface.
By applying Fick's law, the diffusion of ZrCl4 vapour from the bulk gas
stream towards the substrate may be described by the flux J1 given by;

Table 1
Deposition parameters and gas properties.

Experiment number 1 2 3 4 5

Gas flow rates
CH4 (sccm) 15 15 15 15 15
H2 (sccm) 853 853 853 853 853
Ar (sccm) 264 415 562 704 849
ZrCl4 (g/h) 0.64 0.81 0.98 1.14 1.34
ZrCl4 (sccm) 5.07 6.42 7.77 9.04 10.38
ZrCl4 partial pressure fraction (×10−3) 4.45 4.98 5.40 5.72 6.01
Gas at 300 °C CH4 H2 Ar
Viscosity ×10−5 (Ns/m2) 1.883 1.353 3.67
Density (kg/m3) 0.337 0.042 0.8494

Table 2
Gas flow parameters and dimensionless quantities.

Experiment # 1 2 3 4 5

Partial pressure fraction ×103 4.45 4.98 5.4 5.72 6.01
v (cm/s) 11.2 16.6 21.9 27.0 32.2
ρ (kg/m3) 0.234 0.307 0.363 0.407 0.444
η × 10−5 (Ns/m2) 2.618 2.921 3.065 3.160 3.231
Re 24.5 43.6 64.7 86.7 110.5
δ × 10−3(m) 9.6 7.2 5.9 5.1 4.5
Gr × 103 2.1 3.0 3.7 4.4 5.1
Gr/Re2 3.4 1.6 0.9 0.6 0.4

S. Biira et al. Ceramics International xxx (xxxx) xxx–xxx

3



J = D
RT

dp

dx1
− ZrCl4 . In our case, this equation can be approximated by

J = D
RT

p p
δ1
−b s , where pb is the partial pressure fraction of ZrCl4 in the

gas bulk stream, ps is the partial pressure fraction of ZrCl4 at the
substrate surface, and T is the deposition temperature [15,24,25]. It is
important to note that the ZrCl4 concentration CZrCl4 is related to its

partial pressure pZrCl4
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After crossing the boundary layer, the gases arrive at the substrate
surface. On arrival, the active gases ZrCl4 and carbon containing
species are adsorbed onto the substrate and react forming a layer.
The flux J2 consumed by the reacting surface may be given by J p= k

RT s2
m ,

where km is the surface reaction rate constant [15]. For the sake of
establishing ps, we assumed a steady state condition where the mass
flux crossing the boundary layer was equal to the flux consumed at the

substrate surface to form a layer (i.e. J1 = J2). So that ⎛
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has already been established from previous studies that at the current
growth conditions, the deposition of ZrC is mass transport lilmited
[13,26]. In this case k< <D

δ m, so that p p≈s
D

δk bm
[12,15]. This means

that ps < pb. Therefore the gas transport across the boundary layer for
this deposition process may schematically be presented as shown in
Fig. 4.

3.2. Effect of ZrCl4 partial pressure on ZrC growth rate

To establish the dependence of ZrC layers growth rate on the ZrCl4
partial pressure, the growth rate of ZrC layers deposited at 1400 °C was
plotted against the ZrCl4 partial pressure as indicated in Fig. 5. This
plot shows that, within experimental error, the growth rate of ZrC
layers increased linearly with ZrCl4 partial pressure. As indicated in
Section 3.1, mass transport limits the deposition such that the flux
arriving at the substrate is proportional to the rate of chemical reaction
of the reacting species at the substrate interface. The flux J2, which is
proportional to the rate of chemical reaction of the reactants on the
growing surface (resulting from partial pressures), and the growth rate
k of the layer are related by k v J= k 2, where νk is the molecular volume
of the crystal [15]. This explains the linear growth rate of the layers
with partial pressure, and is in agreement with Fig. 4.

Another aspect accounting for the variation of growth rate with
partial pressure is the concentration of the reacting species in the gas
mixture. At low ZrCl4 partial pressures, there are more carbon-
containing species than zirconium containing species in the reaction
chamber which accounts for the low ZrC growth rate. This is due to the
fact that the growth rate of ZrC layers was limited by the availability of
Zr-containing species. Therefore any increase in ZrCl4 partial pressure
boosted the ZrC layer growth rate. For further illustration, an HSC
Chemistry software (an equilibrium thermodynamics chemical soft-
ware program) [27] was used to study the behaviour of the reacting
species. Fig. 6 shows the ZrCl4 dependence speciation curve for the
ZrCl4-CH4-H2 system. According to Fig. 6, at a deposition temperature

Fig. 3. Variation of boundary layer thickness and mean gas velocity with ZrCl4 partial
pressure fraction.

Fig. 4. Schematic of the CVD reactant transport model across the boundary layer. Pb1,
Pb2, Pb3 are the partial pressures at the inlet and Ps1, Ps2, Ps3 are their corresponding
partial pressures at the surface. Also J11, J12 J13 are the diffusion fluxes of the gas at the
inlet and J21, J22, J23 are the corresponding fluxes close to the substrate surface.

Fig. 5. Effect of ZrCl4 inlet partial pressure fraction on growth rate.

Fig. 6. ZrCl4 concentration dependence speciation curve for ZrCl4-CH4-H2 feed system
at 1400 °C.
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of 1400 °C, the methane gas was fully decomposed to carbon and
hydrogen while ZrCl4 remained in its gaseous form. So there was
always an excess of carbon and therefore at low ZrCl4 partial pressures
(like those used in this study) the reaction between the active species is
zirconium limited.

3.3. Microstructural analysis

Fig. 7 shows the XRD patterns of ZrC layers deposited at 1400 °C
for different ZrCl4 partial pressures. For confirmation purposes, the
diffraction patterns were matched with the standard ICDD
(International Centre for Diffraction Data Release 2007) file numbers
ZrC: 03-065-8833 and C: 00-008-0415. Ten reflections (111), (200),
(220), (311), (222), (400), (331), (420), (422) and (511) corresponding
to 2θ° at about 32.9, 38.3, 55.2, 65.9, 69.2, 81.9, 91.2, 94.3, 106.8 and
116.8 respectively are indicated in Fig. 7. The ZrC peaks present were
indexed within a cubic rock-salt (NaCl) structure type.

The carbon phase present was hexagonal graphite with its reflec-
tions (hkil) of (0002), (10 1 0), (10 1 1), (10 1 2), (0004), (10 1 3), (11 2
0), (11 2 2), (0006), (20 2 1) and (11 2 4) at 2θ° at about 26.5, 42.4,
44.6, 50.7, 54.9, 60.0, 77.5, 83.5, 87.1, 94.1 and 101.8 respectively. In
Fig. 7 only the most prominent carbon peaks are indicated by c. The
intensities of the carbon peaks increased with a decrease in ZrCl4
partial pressure. The decrease in concentration of ZrCl4 vapour as the
partial pressure was reduced, resulted in excess carbon (from the
decomposition of methane) which was deposited as free carbon along-
side ZrC. As illustrated in Fig. 6, all of the methane gas was
decomposed into H2 and carbon while the ZrCl4 vapour remained in
gaseous form throughout the experimental run [14]. The amount of
carbon from methane was normally higher than ZrCl4 (see Table 1) and
therefore leading to C being deposited alongside ZrC.

The preferred orientation as determined from the texture coefficient
calculated using the Harris method [28,29] was found to vary with
ZrCl4 partial pressure. At the lowest ZrCl4 partial pressure fraction of
4.45 × 10−3, the (111) diffraction plane was the preferred orientation.
When ZrCl4 partial pressure fraction increased to 4.98 × 10−3 and 5.40
× 10−3, the preferred orientation shifted to (200) and finally at higher
partial pressure fractions of 5.72 × 10−3 and 6.01 × 10−3, the preferred
orientation changed to (220). This is due to the growth competition
among different crystal planes occurring during deposition because of
the differences in surface energies and/or growth anisotropies. At low
ZrCl4 partial pressures, the arrival rate of Zr atoms at the growing
surface is low enough for equilibrium crystal growth conditions to be
achieved. Therefore, one would expect the planes with the minimum
surface energy to grow preferentially compared to those with high

surface energies, thereby minimising the Gibbs free energy of the
crystallites, in accordance with Wulff's law [30]. Among all the ZrC
planes, the (111) diffraction plane has the lowest surface energy,
because of the fact that its surface atoms are the most densely packed
per unit area. Higher indices planes are difficult to form because they
have relatively long Zr-C distances. As the ZrCl4 partial pressure was
increased, the higher arrival rate of ZrCl4 atoms at the substrate surface
resulted in increased atomic collisions and, thus, interacting molecules
which allowed for non-equilibrium crystal growth to take place. This
implies that the high-index crystallographic planes (200) and (220)
also formed.

3.3.1. Lattice parameter, lattice strain and residual stress
The lattice parameters (a) of the ZrC layers were determined from

the Miller indices (hkl) and interplanar spacing d of the various planes
[28] using Eq. (12).

a d h k l= / ( + + )2 2 2
(12)

The lattice parameter values obtained by this method were found to
vary from one diffraction plane to another for the same sample.
Therefore, Nelson-Riley plots were used to determine the corrected
lattice parameter value for each ZrC deposited layer. Nelson-Riley plots
are plots of the lattice parameter calculated from Eq. (12) and the error
function f(θ) calculated from Eq. (13) [31].

⎛
⎝⎜

⎞
⎠⎟f θ θ

θ
θ

θ
( ) = 1

2
cos
sin

+ cos2 2

(13)

The intercept of Nelson-Riley plots (i.e. at θ = 90) gives the
corrected value of the lattice parameter of a particular sample. The
Nelson-Riley plots are not shown in this paper. The corrected lattice
parameter values obtained from the plots decreased from 4.6995 Å to
4.6938 Å with an increase in the ZrCl4 partial pressure from 4.45 ×
10−3 to 6.01 × 10−3 (see Fig. 8). This observation may be due to the
presence of defects in the ZrC layer at low ZrCl4 partial pressures. At
low partial pressure, there are more carbon inclusions in the lattice as
illustrated in Fig. 7. The carbon inclusions in the lattice of the ZrC
layers are reduced when the ZrCl4 partial pressure is increased. The
reduction in the carbon inclusions in the ZrC layer might have led to
lattice contraction which then resulted in a reduced lattice parameter
value. This might be due to the presence of carbon impurities
increasing the distance between the neighbour atoms in the ZrC lattice
structure. This gives rise to relaxation of the lattice causing the lattice
parameter to increase.

All the corrected lattice parameter values of the as-deposited ZrC
layers were found to possess lattice parameter values that are within
the range of the ZrC bulk material (4.6890–4.7017 Å [1,32–34]).

Fig. 7. XRD patterns of ZrC layers deposited at 1400 °C for different ZrCl4 partial
pressure fractions.

Fig. 8. Influence of ZrCl4 partial pressure on average crystallite size and lattice
parameter.
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However, it is important to note that, layers deposited by this method,
always experience some kind of strain [35] and this may be the reason
for any variation of the lattice parameter value from the “actual
expected value”. Strain (ε) measures the level of distortions and crystal
imperfections in the material and was calculated from peak broadening
B at half width at full maximum and diffraction angle θ [36] as
indicated by Eq. (14).

ε B
θ

=
4 tan (14)

There was a decrease in lattice strain from 4.08 × 10−3 to 3.72 ×
10−3 as the ZrCl4 partial pressure was increased from 4.45 × 10−3 to
6.01 × 10−3 as shown in Fig. 9. This is because when the ZrCl4 partial
pressure was increased the concentrations of the defects (e.g. carbon
inclusions) in the as-deposited ZrC layer reduced which resulted in a
reduction in the lattice strain. Also when the layer thickness increased
due to an increase in partial pressure, the influence of the substrate on
the layer is reduced this in turn also reduces the strain in the grown
layer.

Fig. 9. Variation of dislocation density and lattice strain with ZrCl4 partial pressure
fraction.

Fig. 10. FE-SEM images of ZrC layers deposited at 1400 °C for different ZrCl4 partial pressure fractions: (a) 4.45 × 10−3; (b) 4.98 × 10−3; (c) 5.40 × 10−3; (d) 5.72 × 10−3; (e) 6.01 × 10−3.
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3.3.2. Average crystallite size and dislocation density
The average crystallite size G of ZrC layers deposited at different

ZrCl4 partial pressure was determined from Scherrer's formula [37]
given by Eq. (15).

G λ
B θ

= 0.94
cos (15)

where λ is the X-rays wavelength (0.15418 nm). The effect of instru-
mental broadening was subtracted from the XRD profile before calculat-
ing the values of crystallite sizes. The values of average crystallite size
changed from 21.5 to 23.6 nm as the ZrCl4 partial pressure fraction
changed from 4.45 × 10−3 to 6.01 × 10−3, as can be seen from Fig. 8. As
shown in Fig. 6, methane decomposes into carbon and hydrogen long
before the decomposition of ZrCl4. Therefore at low ZrCl4 partial
pressures, carbon is in excess of Zr-containing species and carbon may
even deposit first on the substrate before ZrC could deposit. The presence
of this free carbon will restrict the ZrC crystal growth and crystallisation
process. The thermodynamics and kinetics involving ZrC deposition are
different from those involving ZrC+C, so are their nucleation and growth
mechanisms. When the ZrCl4 partial pressure was increased the Zr-
containing species combining with the carbon containing species in-
creased, consequently reduced the amount of free carbon in the layer.
Reducing the amount of the free carbon reduced its interference to the
ZrC crystal growth which resulted in increased crystallite size.

Assuming a random distribution of dislocations, the number of
dislocation lines crossing a unit area in the layer of the deposited ZrC
here referred to as dislocation density L was calculated from
Williamson-Smallman's formula [38,39] given by Eq. (16).

L
G

= 1
2 (16)

where G is the average crystallite size. Dislocation density is one of the
indications of the number of defects in the layer and it was found to
vary from 2.16 × 1015 m−2 to 1.81 × 1015 as the partial pressure
fraction varied from 4.45 × 10−3 to 6.01 × 10−3 (see Fig. 9).

It is evident from Fig. 9 that as the partial pressure increased, the
lattice strain and the dislocation density decreased. This may be
attributed to the reduction in carbon inclusions which can give rise
to extended defects such as dislocations.

3.4. Surface morphology analysis

Fig. 10 shows in-lens SEM images of ZrC layers deposited at
1400 °C for different ZrCl4 partial pressures. At the low ZrCl4 partial
pressure fraction of 4.45 × 10−3 (Fig. 10(a)), the layer had small
particles tending to cluster together surrounded by lots of voids. As the
ZrCl4 partial pressure increased, there was increased aggregation of the
particles. This resulted in a decrease in both the size and number of
voids in the ZrC layer causing the layer to become increasingly
homogeneous. The ZrC layer coverage of the substrate surface was
also enhanced. At the ZrCl4 partial pressure fraction of 6.01 × 10−3

(Fig. 10(e)), almost all the clusters joined together and the voids
significantly reduced. There was no distinctive change in the shape of
the crystals as the partial pressure was varied. In line with the average
crystallite size as determined by XRD (see Fig. 8), the particles in the
SEM images also increased in size with increasing ZrCl4 partial
pressure. There was an increased tendency of clusters growing on top
of each other and whose sizes also increased with the increase in ZrCl4
partial pressure. It can be deduced that the layer surface grew by both
additions of atoms and coalescence of primary particles since particles
tend to pile on top of the other and also merge as they increase in size.

4. Conclusion

ZrC layers were successfully deposited on graphite substrates in a
vertical CVD reactor. The growth rate of ZrC layers was studied at

various ZrCl4 partial pressures. The role of ZrCl4 partial pressure on the
microstructure and surface morphology was investigated using XRD
and FE-SEM. The boundary layer thickness decreased resulting from
increased argon flows. As determined by Reynolds and Grashof
numbers, the gas flow process was dominated by laminar and forced
convection flows. The transport process of the source materials through
the boundary layer to the reacting surface was illustrated using a
model. The growth rate of the ZrC layers increased linearly with
increasing ZrCl4 partial pressure. The ZrC layer microstructure and
morphology varied with ZrCl4 partial pressure. XRD results showed the
formation of only the ZrC phase at ZrCl4 partial pressure fractions of
5.72 × 10−3 and 6.01 × 10−3. As the ZrCl4 partial pressure decreased
carbon peaks started to emerge. The carbon peaks were very prominent
at the lowest ZrCl4 partial pressure values. The (111) diffraction plane
was a more favoured orientation at lower ZrCl4 partial pressure
whereas the (200) and (220) were more favoured planes at higher
ZrCl4 partial pressure. There was a general increase in average
crystallite size with increasing ZrCl4 partial pressure. The lattice
parameter, lattice strain and dislocation density decreased with
increasing ZrCl4 partial pressure. At low ZrCl4 partial pressures, the
ZrC layer had small crystals tending to cluster together surrounded by
lots of voids. When the ZrCl4 partial pressure was further increased the
crystals increased in size and became more dense and coarse. The
clustering and aggregating of particles into big agglomerates were also
enhanced as the ZrCl4 partial pressure increased.
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