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A chemical vapour deposition process using radio frequency induction heating operating at atmospheric pressure
was developed for the deposition of ZrC coatings. The precursors utilised in this process were zirconium tetra-
chloride and methane as zirconium and carbon sources respectively, in an excess of hydrogen. Additionally, a
stream of argon was used to, first, remove oxygen from the reactor and then to sweep the vapourised ZrCl4 at
300 °C to the reaction chamber. The ZrC coatings were deposited on graphite substrates at substrate tempera-
tures in the range of 1200 °C–1600 °C. The molar ratio of CH4/ZrCl4 was varied from 6.04 to 24.44. Before the
start of the deposition process, thermodynamic feasibility analysis for the growth of ZrC at atmospheric pressure
was also carried out. Response surface methodology was applied to optimise the process parameters for the de-
position of ZrC coatings. A central composite designwas used to investigate the effects of temperature andmolar
ratio of CH4/ZrCl4 on the growth rate, atomic ratio of C/Zr and crystallite size of ZrC coatings. Quadratic statistical
models for growth rate and crystallite size were established. The atomic ratio of C/Zr followed a linear trend. It
was found that an increase in substrate temperature and CH4/ZrCl4 ratio resulted in increased growth rate of
ZrC coatings. The carbon content (and concomitantly the atomic ratio of C/Zr) in the deposited coatings increased
with temperature and molar ratio of CH4/ZrCl4. The substrate temperature of 1353.3 °C and the CH4/ZrCl4 molar
ratio of 10.41were determined as the optimal condition for growing near-stoichiometry ZrC coatings. The values
were 1.03, 6.05 μm/h and 29.8 nm for C/Zr atomic percentage ratio, growth rate and average crystallite size
respectively.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Generation IV high temperature nuclear reactors use TRISO
(tristructural isotropic) particles for containment of radioactive fission
products [1]. TRISO particles consist of uranium oxide coated uniformly
with lowdensity pyrocarbon, high density inner pyrocarbon, silicon car-
bide (SiC), and dense outer pyrocarbon [2]. In these particles SiC is the
main barrier for containing solid fission products. These particles retain
most fission products with the exception of silver at temperatures
below 1000 °C. In a recent review paper by Malherbe on SiC [3], the
problems of the diffusion of silver and other fission products in SiC was
extensively discussed. In the same review, it was suggested that it
would be advantageous to add a thin ZrC layer (in addition to the normal

SiC layer) to the TRISO layer system because it is a better barrier than SiC
against Ag diffusion and is more resistant against palladium attack [4,5].

ZrC has a highmelting temperature of 3540 °C, and relatively lowva-
pour pressure compared to SiC, which begins to decompose at 1500 °C
[6]. ZrC also has a low neutron capture cross section, good thermal
shock resistance, relatively low density, excellent thermal stability,
and high hardness [7,8]. It is important to note that the properties of
ZrC coatings depend on a number of factors such as chemical composi-
tion, crystallite size and morphology, orientations of crystal planes,
structural defects, porosity, and thepresence of impurities. These factors
are a function of the methods and conditions used in growing ZrC coat-
ings. Chemical vapour deposition (CVD) produces coatings with very
low levels of impurities and low porosity [9], which is why it is the pre-
ferred method.

Compared to SiC, little research has been published on the use of ZrC
in nuclear reactors. Themain reason is probably that SiC has proven nu-
clear applications, and other desirable physical properties (e.g. a wide
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bandgap semiconductor, it's the second hardest natural material, etc.).
Another reason for this might be that it is difficult to grow good quality
ZrC.

In this study, the aim is to introduce a statistical optimisation meth-
od to grow ZrC coatings in a CVD system using a response surfacemeth-
odology. This method allows one to determine the deposition
parameters for obtaining specific coating properties, e.g. ZrC coatings
with a specific composition. This has not yet been reported for ZrC
filmgrowth. The paper also details thedevelopment of a depositionpro-
cess for the preparation and optimisation of ZrC coatings from ZrCl4-Ar-
CH4-H2 precursors using induction thermal CVD at atmospheric pres-
sure. The objectives were: (1) to fabricate and develop the CVD system;

and (2) to investigate the microstructure and composition of ZrC coat-
ings deposited as a function of the input variables. In this study ZrC coat-
ings were produced by CVD at temperatures ranging from 1200 °C to
1600 °C and CH4/ZrCl4 molar ratios from 6.04 to 24.44. After choosing
temperature and the CH4/ZrCl4 ratio as the most important variables
influencing the properties of ZrC, in order to achieve optimum condi-
tions for growing ZrC coatings, a statistical experimental design meth-
odology (central composite design) was applied to explore the effects
of these variables [10]. Other deposition conditions such as total reactor
pressure, deposition time, reactor geometry, hydrogen flow and carrier
gas and its flow have been maintained constant throughout this exper-
imental process.

Fig. 1. (a) Schematic diagram of the CVD reactor system. (b) Process and instrumentation diagram for the CVD reactor set-up.
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