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Abstract

We report results on stoichiometric and non-stoichiometric ZrC coatings produced on graphite substrates by chemical vapor deposition (CVD)
in the ZrCl4–CH4–Ar system. The phase composition, microstructure and mechanical properties of both (ZrC and ZrC0.85) coatings were studied.
X-ray diffraction (XRD) confirmed the formation of cubic ZrC. A strong (200) texture normal to the substrate surface was observed in both
coatings which were confirmed by scanning electron microscopy (SEM). X-ray photoelectron spectroscopy (XPS) showed ZrC to be the main
phase in both coatings with ∼5.5 mol% ZrO2 minor phase. In stoichiometric ZrC coating, both Young's modulus (31279 GPa) and hardness
(2573.1 GPa) were higher compared to the non-stoichiometric ZrC0.85 coating.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Zirconium carbide (ZrC) is one of the well-known refractory
metal carbides, which has unique combination of chemical,
structural and mechanical properties. For example, ZrC has
high melting point (∼3540 1C), high thermal conductivity,
good chemical stability and excellent mechanical properties at
an elevated temperature [1–3]. Due to an excellent combina-
tion of structural compatibility and mechanical properties, ZrC
is a promising hard ceramic material for a wide range of
applications which includes its use in machining tools, hard-
coating industry and electronic devices [4–9]. ZrC also has
potential applications as coating material for nuclear fuel in
future generation IV nuclear reactors due to its high resistance
to corrosion by fission products [2,4–9]. Deposition techniques
such as dc magnetron sputtering [10], chemical vapor
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10.1016/j.ceramint.2013.06.059

g author at: Guangdong University of Technology, School of
al Engineering, Guangzhou Higher Education Mega Center,
n Xi Road, Guangzhou 510006, China.
2113 9315; fax: +0086 020 3932 2925.
sses: longying0306@gmail.com (Y. Long),
com (X. Xiong).
deposition (CVD) [11] and pulsed laser deposition (PLD)
[12–16] have been adopted to grow high quality, dense and
defect free ceramic coatings. Among these deposition methods,
CVD is widely used to deposit high quality ceramic coatings
[11,17,18]. Further, it has been demonstrated that the use of
zirconium tetrachloride (ZrCl4) as source material for zirco-
nium offers a tight and relatively easy control on the flow of
ZrCl4 vapors when enters into the CVD furnace during CVD
process [11]. Through CVD, various groups [19–24] have
successfully produced near theoretical density and oxide-free
condensates of hard ceramic coatings. However, in hard
ceramic coatings (such as SiC and ZrC) produced by CVD,
the phase composition, microstructure and mechanical proper-
ties are greatly affected by the chosen combination of
deposition parameters [3,9,25–27].
It is known from literature that the deposition parameters (in

CVD) such as gas-flow rate, molar ratio of different species,
deposition temperature and substrate position have significant
effects on microstructure and mechanical properties of such
coatings [5,28,29]. ZrC crystallizes in B1 (NaCl)-type lattice
and can exhibit a wide range of zirconium (Zr) to carbon (C)
ratio [2]. From the phase diagram of Zr–C system (see Fig. 4 in
ghts reserved.
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Fig. 1. Schematic diagram of the CVD system used to produce ZrC coatings.
In the CVD reactor, the substrate positions are marked as solid spheres (●)
giving stoichiometric ZrC and non-stoichiometric ZrC0.85 coatings.

Table 1
Summary of deposition parameters for ZrC coatings produced by CVD.

Deposition
temperature (1C)

Deposition
pressure (Pa)

Gas flow rate
(ml min�1)

Deposition
time (h)

H2 Ar CH4

155075 5000750 900 800 100 3
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Ref. [4]) it is known that the ZrC phase exists when the molar
ratio of carbon to zirconium is in the range of 0.61:1–1:1 at
500 1C [4,6]. During growth of ZrC coating by CVD, a non-
stoichiometric ZrC could be formed having some concentra-
tion of carbon vacancies. Non-stoichiometry may deteriorate
the mechanical properties as compared to the stoichiometric
ZrC coating [4]. Thus, it is worth studying how the structure
and mechanical properties of non-stoichiometric ZrC coating
differ from stoichiometric coating [30]. So far, very few papers
have been published on studying the mechanical properties of
ZrC coating and according to our knowledge, work is not
reported on comparing the properties of stoichiometric and
non-stoichiometric ZrC coatings produced by CVD.

In the present study, we have produced two sets of ZrC
coating by CVD with different Zr to C ratio (i.e. stoichiometric
ZrC and non-stoichiometric ZrC0.85) and studied their phase
composition, microstructure, surface chemistry and mechanical
properties. Phase composition and microstructure were studied
using standard techniques such as X-ray diffraction (XRD) and
scanning electron microscopy (SEM). Surface chemistry of
both coatings was analyzed by applying a surface sensitive
technique such as X-ray photoelectron spectroscopy (XPS).
A correlation between phase composition, microstructure and
mechanical properties of both stoichiometric and non-
stoichiometric ZrC coatings is developed and discussed here.

2. Experiments details

2.1. Sample preparation

Zirconium carbide (ZrC) coatings were produced on gra-
phite substrates by CVD at a temperature of 155075 1C.
Fig. 1 shows the schematic diagram of CVD system used for
the growth of ZrC coatings. High purity graphite substrates
(size 30� 20� 5 cm3) were placed in the hot zone of CVD
reactor (see Fig. 1) and coating was allowed to grow for 3 h.
Before deposition, the substrates were cleaned ultrasonically in
acetone followed by cleaning with ethanol. After substrates
cleaning, the substrates were placed on the substrate table in
the CVD reactor (see Fig. 1). For ZrC coating, zirconium
tetrachloride (ZrCl4) powder (purity 99.9%) and high purity
methane (CH4) were used as source materials for Zr and C,
respectively. Purified hydrogen (H2) gas was used as a
reducing agent for ZrCl4 vapor and argon (Ar) gas was used
as a carrier gas for ZrCl4 and also as a dilution gas. Two
different sets of coatings (i.e. stoichiometric ZrC and non-
stoichiometric ZrC0.85) were obtained by placing graphite
substrates at positions marked in the CVD reactor (see
Fig. 1). The summary of the deposition parameters used to
produce ZrC coatings are listed in Table 1. In the CVD reactor,
ZrC coatings are formed as a result of the following chemical
reactions:

ZrCl4+H2-ZrClx+HCl (x¼0, 1, 2, 3) (1)

CH4-C+H2 (2)

ZrClx+C-ZrC+xCl (3)
Cl+H2-HCl (4)
2.2. Characterization

The surface morphology and microstructure of both coatings
were studied by field-emission scanning electron microscopy
(SEM, FE-SEM Philips XL30 FEG, The Netherlands). Both
surface and cross-sectional SEM images were taken for all
samples to elucidate the microstructure and growth features.
X-ray diffraction (Philips PW-1830 X-ray diffractometer, The
Netherlands) with Cu Kα radiation and operated at 40 kV and
25 mA was used to study the phase composition. X-ray
photoelectron spectroscopy (XPS) [Thermo Fisher Scientific
K-Alpha 1063 spectrometer with a monochromatic Al-Kα

(1486.6 eV) X-ray source] was used to study the surface
compositions/stoichiometry of coatings. XPS spectra were
recorded (in the range of 0–1400 eV) for both samples. XPS
spectra were collected at 50 eV constant pass energy while
high resolution XPS spectra of Zr 3d and C 1s core-levels were
taken at 20 eV pass energy. XPS spectra were processed using
thermal advantage 4.75 analysis software, which allows
smoothing and de-convolution of curves. The hardness (H)
and Young's modulus (Y) of ZrC coatings were measured with
a commercially available micro-indentation device (CSM)
equipped with a Vickers indenter. At least 10 indentations
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per sample were made and the data were averaged over
all measurements to calculate H and Y for both coatings.
The indentation experiment was performed in load control
mode with a load maximum up to 300 mN. This ensures the
exclusion of substrate contribution in the measurements. Both
hardness (H) and Young's modulus (Y) were determined from
the load-displacement micro-indentation data by following the
method purposed by Olive and Pharr [31].

3. Results and discussion

3.1. Microstructure and phase composition analysis

Fig. 2 shows the SEM images of ZrC coatings. From Fig. 2(a) it
can be seen that the as-deposited ZrC coating exhibits a wavy
structure without any obvious crack on the coating surface.
However, high magnification SEM image (Fig. 2(b)) shows the
agglomeration of equal sized grains of spherical shape. Similar
surface morphology of ZrC coatings grown on C/C composites has
been observed by Wang et al. [32]. The SEM image (Fig. 2(c))
taken from the cross-section of the ZrC coating shows that
the coating has a columnar growth structure with thickness
10072 mm. The coating shows a good adhesion with the
substrate. Comparing the SEM images of both coatings, no
significant difference between surface morphology and microstruc-
ture were observed in both coatings. Further, high magnification
Fig. 2. SEM images of ZrC coating (a–b) surface SEM images showing the surface
structure.
cross-sectional SEM image (Fig. 2(d)) reflects a highly dense
coating.
Fig. 3 shows the XRD patterns of as-deposited ZrC coat-

ings. XRD spectra showed that the both coatings exhibited a
crystalline structure with a strong (200) texture normal to
the substrate surface. Comparing the XRD spectra of both
samples, it was observed that the peak position corresponding
to the (200) reflection in non-stoichiometric ZrC0.85 coating
shifted slightly towards the lower 2θ value compared to the
stoichiometric ZrC coating (see Fig. 3b). This peak shift
(towards lower 2θ value) in non-stoichiometric ZrC coating
is found consistent with the findings of Wang et al. [4].
The lattice parameters of both coatings (ZrC0.85 and ZrC)

were calculated and are listed in Table 2. It was found that the
lattice parameter of stoichiometric ZrC coating was 4.693 Å,
which was slightly larger than that of non-stoichiometric
ZrC0.85 coating (see Table 2). This is in agreement with the
results reported by Nachiappan et al. [33] and Wang et al. [4].
They also found a slight decrease in the lattice parameter for
non-stoichiometric ZrCx with the decrease in carbon content.
This can be attributed to the presence of more carbon
vacancies in ZrCx (x¼0–1) with the decrease in x.
Fig. 4 shows the XPS survey spectrum of ZrC coating.

The main peaks observed and the corresponding phases are
indicated on the XPS spectrum. The analysis of XPS spectra of
both samples confirmed the presence of Zr and C atoms as
morphology (c–d) cross-sectional SEM images showing the columnar growth
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Fig. 3. (a) XRD patterns of ZrC and ZrC0.85 coatings and (b) expanded XRD
(200) peak for both spectra showing the shift in peak.

Table 2
Lattice parameter (calculated using XRD results) of ZrC and ZrC0.85 coatings.

Sample JCPDS # Lattice parameter (Å)

ZrC 35–0784 4.693
ZrC0.85 65–8836 4.692
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Fig. 4. XPS survey spectrum of ZrC coating showing the peaks appearing
from different energy levels.
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Fig. 5. XPS spectra showing the intensity variation at the core-levels in
stoichiometric ZrC and non-stoichiometric ZrC0.85 coatings corresponding to
(a) Zr 3d and (b) C 1s energy levels.

Y. Long et al. / Ceramics International 40 (2014) 707–713710
surface elements. However, the peaks corresponding to the
oxygen (O) were also observed. This meant that the surface of
the coating was contaminated by oxygen to some extent and
resulted in the formation Zr–O bond [34].

Zr 3d and C 1 s core-level spectra of ZrC and ZrC0.85

coatings are presented in Fig. 5(a) and (b). From the analysis
of XPS spectra, it was found that the binding energy for ZrC
and ZrC0.85 coating corresponding to Zr 3d peak decreased.
However, in both coatings the carbide (C 1s) peak appears at
the same value of the binding energy. This is consistent with
the change in stoichiometry of Zr and C in ZrC [34,35]. Fig. 6
shows the schematic explaining the atomic sites of Zr and C
atoms in stoichiometric and non-stoichiometric ZrC system.
As C/Zr ratio increases from non-stoichiometry (carbon con-
tent¼0.85) towards stoichiometry, the nearest neighbor envir-
onment of C atoms within ZrC remains almost unchanged, but



Fig. 6. Schematic diagram showing the sites of Zr and C atoms in (a) stoichiometric ZrC system and (b) non-stoichiometric i.e. ZrCx (xo1) system.
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for the Zr atoms there is an increase in the nearest neighbor C
atoms, therefore the Zr 3d peaks shift towards the higher
binding energy side (see Figs. 5 and 6).

Fig. 7 shows the high-resolution XPS spectra with fitting
curves relative to the Zr 3d band. The peak corresponding to
the Zr 3d band is composed of spin–orbit doublets (i.e. Zr 3d5/2
and Zr 3d3/2) each separated by energy difference, ΔE¼2.4
eV. Deconvolution of the Zr 3d peak showed that the binding
energies of Zr atoms involved are 179.2 eV, 181.6 eV,
182.3 eV and 184.7 eV. The binding energies of 182.3 eV
and 184.7 eV correspond to the Zr–C bond while the binding
energies of 179.2 eV and 181.6 eV correspond to the Zr–O
bond [24,35]. The ratio of these two kinds of bonds (i.e. Zr–C
and Zr–O bond) is 88.9% and 11.1%, respectively. This
indicates the presence of ∼5.5 mol% ZrO2 minor phase in
the ZrC coating. The appearance of ZrO2 minor phase can be
attributed to the high affinity between Zr and O during and/or
after coating [9,35]. As the content of ZrO2 minor phase
(measured by XPS in the ZrC coating) is only about 5.5 mol%,
therefore, it is reasonably acceptable that the oxygen (O)
containing phase of Zr can be detected by a surface sensitive
technique such as XPS which was not possible to detect by
XRD [24].

3.2. Hardness and Young's modulus

Fig. 8 shows the representative micro-indentation load–
displacement curves for stoichiometric and non-stoichiometric
ZrC coatings. It can be seen that with a given load of 300 mN,
the displacement in the non-stoichiometric ZrC0.85 coating is
∼820 nm, which is larger than that observed in stoichiometric
ZrC coating (∼750 nm). This means that the mechanical
properties (i.e. hardness, H and Young's modulus, Y) of non-
stoichiometric ZrC0.85 coating are lower when compared with
the stoichiometric ZrC coating. The hardness and Young's
modulus of both coatings were calculated from the load–
displacement curves by following the method purposed by
Olive and Pharr [31]. The calculated hardness and Young's
modulus data are listed in Table 3. Comparing the mechanical
properties of both coatings, it was found that the hardness of



Table 3
Vickers hardness (H) and reduced Young's modulus (Y) of stoichiometric ZrC
and non-stoichiometric ZrC0.85 coatings.

Sample Hardness (H) (GPa) Young's modulus (Y) (GPa)

ZrC 25.371.3 31279
ZrC0.85 22.871.3 302711
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stoichiometric ZrC coating was 3 GPa higher compared to the
non-stoichiometric ZrC0.85 coating while the stoichiometric
ZrC coating has Young's modulus 11 GPa higher than that of
non-stoichiometric ZrC0.85 coating. As discussed above, the
surface morphology, microstructure and texture of both (ZrC
and ZrC0.85) coatings are more or less similar, thus it appears
that the difference in phase composition determines the
mechanical properties in the coatings studied here. Polychro-
nopoulou et al. [36] studied the hardness and Young's modulus
of TiCx (x¼0–1) coatings and found an increase in both
hardness and Young's modulus with the increase in carbon
content. As both zirconium and titanium belong to the same
group, therefore similarity in mechanical properties may exist.
The decrease in mechanical properties can be attributed to the
density of carbon (C) vacancies as the density of C atoms
decreases in the ZrCx lattice when carbon content, x decreases
from x¼1 to x¼0.
4. Conclusions

In conclusion, the stoichiometric and non-stoichiometric
ZrC coatings were produced on graphite substrates by CVD.
The phase composition, microstructure and mechanical proper-
ties were studied by X-ray diffraction (XRD), scanning
electron microscope (SEM), X-ray photoelectron spectroscopy
(XPS) and micro-indentation techniques. The results showed
that the ZrC coatings exhibited a crystalline cubic structure
with strong (200) texture normal to the substrate surface. XPS
spectra confirmed ZrC to be the main phase in both coatings
with ∼5.5 mol% ZrO2 minor phase. XPS spectra of Zr 3d band
shift towards the lower binding energy (for non-stoichiometric
ZrC0.85) while the C 1s peak appears at the same value of the
binding energy in both coatings. Both hardness and Young's
modulus of non-stoichiometric ZrC0.85 coating were lower
compared to the stoichiometric ZrC coating.
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