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Generation IV high temperature nuclear reactors use TRISO (tristructural isotropic) particles 

for containment of radioactive fission products. In these particles silicon carbide (SiC) is the 

main barrier for containing solid fission products. ZrC has been proposed either as an 

additional layer or replacement of SiC layer of the TRISO fuel particle. This is because ZrC 

would be a better barrier than SiC against the diffusion of Ag and will be more resistant 

against palladium attack. This suggestion is based on ZrC‘s excellent physical properties like: 

low neutron capture cross section, good thermal shock resistance, excellent thermal stability, 

etc. However these properties depend on a number of factors such as chemical composition, 

microstructure, morphology, the presence of impurities, etc. Many attempts have been made 

to grow ZrC layers. However, the growth of high quality polycrystalline ZrC layers with 

good stoichiometry has remained a challenge. This study focuses on designing a chemical 

vapour deposition (CVD) reactor for growing ZrC layers and studying the properties of ZrC 

layers grown under different conditions. 
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CVD was chosen as the most effective process to grow ZrC layers. CVD enables the 

production of relatively pure uniform layers with good adhesion and reproducibility at fairly 

good deposition rates.  A thermal CVD reactor system operating at atmospheric pressure was 

designed to grow ZrC layers. Radio frequency (RF) induction heating was used as the energy 

source, with a vertical-flow design, using thermally stable materials. The ZrC layers were 

grown while varying the substrate temperature, gas flow ratios, substrate-gas inlet gaps, 

deposition time and partial pressures. The precursors utilised to grow ZrC were zirconium 

tetrachloride (ZrCl4) and methane (CH4) in an excess of argon and hydrogen. The deposited 

ZrC layers were then characterised by X-ray diffraction (XRD), energy dispersive X-ray 

spectroscopy (EDS), Raman spectroscopy and field emission scanning electron microscopy 

(FE-SEM). 

 To optimise the process parameters, response surface methodology was applied. A central 

composite design was used to investigate the effect of temperature (1200 °C–1600 °C) and 

molar ratio of CH4/ZrCl4 (6.04–24.44) on the growth rate, atomic ratio of C/Zr and crystallite 

size of ZrC layers. The temperature of 1353.3 °C and the CH4/ZrCl4 molar ratio of 10.41 

were determined as the optimal conditions for growing near-stoichiometric ZrC layers. The 

optimum values for C/Zr atomic percentage ratio, growth rate and average crystallite size 

were 1.03, 6.05 μm/h and 29.8 nm respectively. 

The influence of the gap between the gas inlet and the substrate (70–170 mm) on the growth 

rate, surface morphology, phase composition and microstructure of ZrC layers deposited at 

different temperatures was investigated. The growth rate of ZrC layers prepared at 1400 °C 

was higher than at 1200 °C, and decreased with increase in the gap at both temperatures. The 

boundary layer thickness increased with an increase in substrate-inlet gap. The diffusion 

coefficients of the reactants increased with temperature. A model was used to illustrate the 

diffusion of source materials through the boundary layer to the reacting surface. An increase 
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in the gap from 70 mm to 170 mm at a temperature of 1400 °C, caused the layers to become 

more uniform. An increase in particle agglomeration was also observed. By contrast, at 1200 

°C the surface crystallites had complex facets that decreased in size as the gap increased from 

70 mm to 170 mm. 

The effect of ZrCl4 partial pressure on the growth rate, microstructure and surface 

morphology of the layers deposited at 1400 °C for 2 h was studied. The boundary layer 

thickness decreased as the ZrCl4 partial pressure increased. The transport process of the 

source materials was laminar and forced convection flow. The flow process of the source 

materials through the boundary layer to the reacting surface was illustrated using a model. 

The growth rate and average crystallite size increased with ZrCl4 partial pressure, while the 

lattice parameter, lattice strain and dislocation density decreased. The size of crystals 

increased and the cavities surrounding them decreased in number as the ZrCl4 partial pressure 

increased. 

The microstructure evolution and the growth characteristics of ZrC layers with deposition 

time (0.5 to 2.5 hours at 1400 °C) were investigated. The average crystallite size of the ZrC 

layers increased from 27.8 nm to 32.3 nm with deposition time from 0.5 h to 2.5 h. At short 

deposition times the Raman spectra showed the acoustic and optic branches indicating that 

the ZrC contained carbon vacancies. The D and G peaks were observed and their intensities 

increased with deposition time. This was an indication that carbon inclusions in the layers 

increased with deposition time. The surface morphology of the ZrC layers depended strongly 

on the deposition time. That is, for a short deposition time the surface of the layers was 

relatively flat and smooth but as the deposition time increased the size of the clusters 

increased.  
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CHAPTER 1  

INTRODUCTION 

1.1 Background 

A key feature of the modern world is the high consumption of electrical energy. Two 

competing factors shaping the world energy economy are the rapid industrialization of the 

developing countries and the global drive to reduce the carbon footprint. The industrialization 

leads to a corresponding growth in electricity consumption. Currently about 85% of the 

world‘s energy consumption comes from fossil fuel [1,2]. However, the Kyoto Protocol with 

its demand to lower the carbon footprint necessitates a movement away from traditional fossil 

fuel based power plants to alternative power production methods. Nuclear power is one with 

a low carbon footprint.  However, the perception of the general public is very negative 

towards it [3]. This negativity is based on the fear of possible leakage of high level 

radioactive nuclear waste into the environment during long term storage of the waste and 

during accident conditions such as those that occurred at Three Mile Island, Chernobyl and 

Fukushima [3,4].  

For fission reactors, the heavy mass reaction products start with nuclei with atomic number 

30, i.e. 72

30 Zn, and end with 158

63 Gd [5]. The generally regarded radiologically important fission 

products are m110 Ag, 134 I, 131Cs and 137 Cs, 90 Sr, 88 Kr, 133 Xe and 
155

Eu with the following 

somewhat less important fission products 132 Te, 140 La and the actinide 239 Pu [5–7].  

These and other factors have prompted the U.S. Department of Energy's Office of Nuclear 

Energy, Science and Technology to engage governments, industries, and the research 

communities worldwide in a wide-range of discussions on the development of next 

generation nuclear energy systems, the so-called Generation IV power plants [8]. These 
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reactors represent advances in sustainability, economics, safety, reliability and proliferation-

resistance.  An international task force is developing six Generation IV nuclear reactor 

technologies targeted for deployment by 2030 [8]. All of these operate at higher temperatures 

than today's reactors. 

Generation IV high temperature nuclear reactors use TRISO (tristructural isotropic)  particles 

for containment of radioactive fission products (FPs) [9]. The TRISO particles consist of 

uranium oxide or uranium carbide kernel coated with low density pyrolytic carbon (the buffer 

layer), high density Inner  Pyrolytic Carbon (IPyC), silicon carbide (SiC), and dense Outer  

Pyrolytic Carbon (OPyC) [10]. In the TRISO particles SiC is the main barrier for containing 

solid FPs. These particles retain most FPs with the exception of silver at temperatures below 

1000 °C. In a recent review paper by Malherbe on SiC [5], 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 Pd attack [11,12].  ZrC would also act as an oxygen 

getter, thereby reducing the possibility of failure due to the amoeba effect. 

ZrC has a high melting temperature of 3540 °C, and relatively low vapour pressure compared 

to SiC, which begins to decompose at about 1500 °C [13]. ZrC also has a low neutron capture 

cross section, good thermal shock resistance, relatively low density, excellent thermal 

stability, and high hardness [14,15]. It is important to note that the properties of ZrC coatings 

depend on a number of factors such as chemical composition, crystallite size and 

morphology, orientations of crystal planes, structural defects, porosity, and the presence of 

impurities. These factors are a function of the methods and conditions used in growing ZrC 

coatings. Chemical vapour deposition (CVD) produces coatings with very low levels of 

impurities and low porosity [16], which is why it is the preferred method. 
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Compared to SiC, little research has been published on the use of ZrC in nuclear reactors. 

The main reason is probably that SiC has proven nuclear applications and other desirable 

physical properties (e.g. a wide band gap semiconductor, it is the second hardest natural 

material, etc.). Another reason for this might be that it is difficult to grow good quality ZrC.  

1.2 Motivation 

ZrC either as a powder mixed with the fuel or as a thin layer on the fuel kernel has been 

proposed for use as an oxygen getter in the UO2 kernel TRISO fuel. The high oxidation 

potential of ZrC (above room temperature) is perceived to act as a reducing agent for the 

oxygen generated from the fission process of UO2. This avoids unfavourable oxidation 

reactions and reduces the formation of CO which are very detrimental more especially at high 

fuel burn-up levels. Another proposed use is the replacement of the SiC layer with a ZrC 

layer as barrier for containing fission products in the TRISO fuel particle. This is because 

ZrC has a low neutron capture cross section, an enhanced corrosion resistance to fission 

product attack and diffusion, and is stable even at high temperatures [17]. However, the 

properties of ZrC layers vary greatly depending on synthesis technique used and how well the 

deposition parameters are managed during its production. 

The detailed chemical vapour deposition reactor design for the deposition of ZrC layers will 

enable the production of ZrC layers that have properties which are desired for nuclear 

applications, especially as fission product barrier. Increased understanding of ZrC deposition 

parameters will assist in the production of ZrC layers with optimum quality. Although, the 

deposition process parameters may not entirely be transferable between different CVD 

designs, the understanding of the effects of these process parameters and CVD reactor 

geometry is crucial. This is because deposition parameters affect the properties of ZrC layers 

and hence make it hard to give specifications of ZrC layers to a particular application. 



4 
 

1.3 Aims 

This work is aimed at detailing the development of a deposition process for the preparation 

and optimisation of ZrC layers from ZrCl4-Ar-CH4-H2 precursors using induction thermal 

CVD at atmospheric pressure. With objectives: 

1. To fabricate and develop a laboratory scale CVD system so as to produce ZrC layers of 

various stoichiometry. 

2. To investigate the microstructure and composition of ZrC coatings deposited as a 

function of the input variables. 

3. To investigate the effect of the CVD deposition parameters on the properties of the 

deposited ZrC layers. 

1.4 Approach 

The vertical–wall RF inductively heated CVD system was developed in-house at The South 

African Nuclear Energy Cooperation (Necsa) SOC Ltd. This study was carried out 

experimentally on a laboratory scale. The effect of substrate temperature, methane/zirconium 

tetra chloride molar ratio, precursor partial pressures (methane, zirconium tetra chloride and 

hydrogen), substrate-gas inlet gap and deposition time were studied.  

The focus of this study was geared at fabricating the CVD reactor system and understanding 

the effect of deposition process on the properties of ZrC layers deposited at atmospheric 

pressure. The characterised properties were crystallite size, composition (stoichiometry), 

lattice strain, lattice parameter, dislocation density, surface morphology and preferred 

orientation. Layer thickness and growth rate were also investigated as a deposition process 

output at various deposition parameters. 
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1.5 Contributions 

This study contributes significantly to the existing body of knowledge. As much as some of 

the techniques employed in this study are not new, many aspects of this study are unique. 

These include but are not limited to: 

1. Design and fabrication of a vertical-wall thermal CVD system with special reference to 

ZrC layers. 

2. Optimisation of the ZrC growth process by response surface methodology. 

3. Investigation of the effect of substrate-gas inlet gap on the properties of the deposited ZrC 

layers. 

4. Investigation of the effect of ZrCl4 partial pressure on the properties of the deposited ZrC 

layers. 

5. The role of deposition time on the growth and evolution of microstructure and 

morphology of the ZrC layers. 

1.6 Thesis layout 

In this study ZrC layers were grown on a graphite substrate by CVD and characterised by 

scanning electron microscopy, X-ray diffraction, Raman spectroscopy and Energy dispersive 

X-ray spectroscopy. During the growth of ZrC layers, several growth parameters were varied 

in the CVD reactor. The most important of these are the temperature profile in the reactor, the 

gas flow parameters (gas speed, ratio of the different gases, partial pressures of the gases), 

deposition time and also the parameters of the reactor geometry. As each of these parameters 

is interdependent, experimentation, by changing these variables, is important for growing a 

stoichiometric ZrC layer with a polycrystalline microstructure.  

The rest of the thesis is organised as follows: Chapter 2 is an introduction to coated fuel 

particles for high temperature gas cooled reactors. The SiC-TRISO coated fuel particle 
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failures and the diffusion mechanism of fission products has been briefly highlighted. 

Chapter 3 discusses the properties, characteristics and applications of ZrC. Different 

synthesis techniques that are used to produce ZrC are highlighted. Chapter 4 outlines general 

aspects of film deposition, the chemical vapour deposition process and its variants are 

discussed. The use of induction heating in the CVD process has also been explained. 

Chapter 5 provides details with respect to the analytical and characterisation techniques 

used. These techniques include scanning electron microscopy, X-ray diffraction, Raman 

spectroscopy and energy dispersive X-ray spectroscopy. Chapter 6 details the CVD 

equipment design and fabrication. The deposition process of ZrC layers at different 

deposition parameters used in this work is explained. Chapter 7 presents the results of the 

investigation of the growth of ZrC layers by the CVD process. The effect of various CVD 

process parameters on the growth characteristics and properties of ZrC layers have been 

extensively discussed. Chapter 8 contains the conclusions and recommendations of the 

study. Chapter 9 lists the publications originating from this thesis and conferences attended. 

This is followed by the appendices detailing the procedures followed to construct and use the 

CVD system. This includes the standard operating procedures, safety evaluation for the 

project and hazard and operability study of the CVD process.  
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CHAPTER 2  

COATED FUEL PARTICLES FOR HIGH TEMPERATURE 

GAS COOLED NUCLEAR REACTORS 
 

2.1  The TRISO fuel particle 

There are many new designs of nuclear reactors based on coated fuel particles. Among them 

are the high temperature gas-cooled reactors (HTGRs). HTGRs belong to the Gen-IV reactor 

category which has a bright future in the electricity and hydrogen production because of their 

superior characteristics. Much attention has been paid to the inherent safety characteristics of 

HTGRs, even more so after the Fukushima nuclear accident. The most important safety 

assurance is the HTGR nuclear fuel element based on the coated fuel particles. That is why 

the coating process of nuclear fuel particles is one of the most important subjects for research 

[1]. The current advanced designs are modifications of the German UO2 and the US UCO 

coated particles. These are promising and feasible under the worldwide cooperation and 

efforts: (1) the spherical fuel element used in the pebble bed concept in Germany, Russia, 

China and South Africa (shelved); and (2) the block-type fuel element applied in the 

prismatic core in the United States, the United Kingdom and Japan. As much as HTGR fuel 

designs are being developed in various countries, they all use the same generic refractory 

coated fuel particles [2]. 

The fuel of the HTGR, known as TRISO (tristructural isotropic) coated fuel particles is made 

of a uranium kernel (about 0.5 mm in diameter) coated with a low density (buffer) pyrolytic 

carbon, a highly dense inner pyrolytic carbon layer (IPyC), a silicon carbide (SiC) coating 

and a final dense outer pyrolytic carbon coating (OPyC) [3] as shown in Figure 2-1. 

The low density pyrocarbon buffer provides the void volume for gaseous fission products and 

also accommodates kernel swelling. It also reduces the effect of fission product fragment 
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recoil, thus protecting other layers from damage [4]. The IPyC is a gas-tight coating and acts 

as a substrate to the SiC layer and provides it with mechanical support. It shields the kernel 

from chlorine attack, which is produced during the CVD of the SiC layer. It is also a metallic 

fission products diffusion barrier and reduces tensile stresses on the SiC [3,4]. The high 

density SiC acts as a pressure retaining layer and a primary metallic fission product diffusion 

barrier. The OPyC is a further diffusion barrier for gaseous and metallic fission products and 

it also reduces tensile stress on the SiC. The OPyC protects the SiC during particle handling 

and sphere or compact formation, and provides a bonding surface for the over coating. The 

four coating layers are deposited on kernels in a heated furnace by CVD. Flowing gases in 

the furnace suspend the kernels so that they form a fluidized bed [5]. 

 

Figure 2-1: Illustrative cutaway drawing of the coated TRISO fuel particle. Taken from [6]. 

2.2  SiC-TRISO coated fuel particle failure 

The performance of the fuel particle depends upon temperature, fast fluence and burn-up 

trajectory experienced in service, which varies spatially within the core. The Generetion-IV 

concept, with its emphasis on safety features, relies upon the capability of the fuel to retain 

radionuclides to a very high degree during both normal operation and accident conditions [5]. 

A TRISO particle is considered to have failed when the structural layers surrounding the 
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kernel have been damaged or breached in a manner that allows the release of fission products. 

The SiC coating supported by other layers provides the barrier that prevents the escape of 

fission products. The main fuel failures for TRISO fuel are over pressurization, fission 

product attack and the amoeba effect [7]. Attack of the fuel particle by carbon monoxide 

(CO) and fission products can reduce the thickness and strength of its coating [5,7]. The 

fission products, carbon and uranium, all compete for oxygen in this closed system. The 

system oxygen potential determines which elements are oxidized and which are not. The 

oxygen potential,
2O is defined as 

22
ln OO PRT [8]. In this case R is the gas constant, T is 

the absolute temperature, and
2OP  is partial pressure of oxygen. In pure UO2 fuel, the oxygen 

potential increases as a function of burn-up and results in the production of CO. This CO 

increases the pressure in the particle. The gaseous fission products released from the fuel 

kernel also increases the internal pressure. Cracks will develop in the layers if the pressure 

exerted by CO and the gaseous fission products is greater than the tensile strength of the 

structural layers [7]. This will cause the SiC layer to fail. It is assumed that the SiC layer 

carries the entire internal pressure and the stress (ζ) in the layer is approximated by
t

rP

2
 , 

where r is the radius, P is the pressure, and t is the layer thickness. Therefore the total gas 

pressure (PTotal)  in the particle is the sum of the CO gas pressure (PCO) and the pressure by 

released fission gases (PFPs)  [8] given by COFPsTotal PPP  .                                                                                             

The CO gas also provides a mechanism for enhanced carbon transport inside the kernel. The 

carbon transport mechanism is elevated with increase in temperature gradient, which yields 

different equilibria of CO gas with solid carbon. The carbon transport to the colder side of the 

particle leads to a concomitant migration of the kernel along the temperature gradient, the so 

called amoeba effect (see Figure 2-2). This kernel migrates toward the SiC layer where it can 

chemically attack and also fracture the layer [7]. Kernel migration ∆x is given by 
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t
dx

dT

T
Kx

2

1
 , where t is time, T is the temperature and K is the migration factor. Particle 

failure due to kernel migration is said to occur when the kernel touches the SiC layer [8]. 

 

Figure 2-2: Illustration of the amoeba effect. Carbon is transported from the hot to the cool 

side. Taken from [8]. 

Therefore, the failure probability of the TRISO particle depends on burn-up and internal gas 

pressure. As already noted, crack extension and fracture are observed in case of tensile 

loading. The cumulative failure probability for each coating layer is expressed by a Weibull 

distribution with the following equation;  
 



























m

t
tf

0

2lnexp1



, where  tf  is the 

failure probability of the layer at irradiation time t ,  t  is the stress on the layer at 

irradiation time t , 0  is the median strength of the layer and m  is the Weibull modulus of 

the layer. The 0  values for the pyrocarbon layers and SiC are 200 MPa and 873 MPa 

respectively. The Weibull moduli values for the pyrocarbon and SiC layers are 5.0 and 8.02 

respectively [9]. 

As proposed in the Generation-IV International Forum, the Generation-IV nuclear energy 

system requires a gas outlet temperature beyond 1600 °C for supplying electricity and for 

hydrogen production. This temperature is close to the transition temperature of the current 
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commonly used materials in the nuclear industry. The Generation-IV fuel reactors are 

required to have excellent safety performance up to burn-ups of about 15–20% FIMA and 

fluence values of 6×10
25

 n/m
2
 (E > 0.1 MeV). This is  to allow economic operation of the 

reactor system and good fissile material utilization [10]. As much as SiC has excellent 

properties, it may not fulfil the Generation-IV nuclear energy system requirements since it 

gradually loses strength due to neutron irradiation and mechanical integrity at very high 

temperatures, especially at about 1500 °C, by thermal dissociation. Degradation of the SiC 

coating layer leads to extensive release of fission products from the TRISO-coated fuel 

particles [7,11]. Achieving these goals requires the use of a better material than SiC by either 

replacing it or by enhancing it. Studies have proposed that ZrC could replace SiC layer in the 

TRISO fuel particle [12]. Another suggestion is that a thin layer of ZrC could be applied 

inside the typical TRISO coatings [7,13]. Since the kernel migration is due to the presence of 

free oxygen, the addition of ZrC as gettering material to the kernel can suppress oxygen 

release and hence prolong the fuel particle‘s life span. 

2.3 Diffusion mechanism of fission products  

Ideally, diffusion takes place as a random walk process within the crystalline material [14]. 

The diffusion mechanism attempts to describe the details of atomic migration associated with 

mass transport through a medium [15]. The transport of atoms through a crystalline material, 

especially metals and alloys, at elevated temperature is associated with diffusion [16]. 

Thermally excited atoms may be transferred from a crystal lattice site to an interstitial site or 

an adjacent site [17]. As with fuel particle failure, a number of mechanisms have been 

identified which govern the transport of radionuclides in HTGR core materials [18]. The 

source and the pathway of the fission products from HTGRs are given in Figure 2-3. 
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Figure 2-3:  HTGR fission products sources and pathways. Taken from  [18]. 

The principal steps and pathways of the transport of radionuclides from the location of their 

birth through the various material regions of the core to their release into the helium coolant 

are also shown schematically in Figure 2-4. The two main sources of fission product released 

from the core are: as-manufactured heavy metal contamination and particles whose coatings 

fail in service [18,19]. The latter source can be further categorized into (1) coating failure 

during normal operation and (2) incremental coating failure during core heat up accidents. In 

addition, certain volatile fission metals can, at sufficiently high temperatures and long 

operation time, diffuse through the SiC coatings of intact TRISO particles [19]. 

The fractional release of a radionuclide from the core can be expressed by the relationship: 

 

g

DFC

A

fFCFfCf
f




1
, where f is fractional release of radionuclides from the core, C 

is the heavy metal contamination fraction, fC is the fractional release from contamination, F is 

the failure fraction, fF is the fractional release from failed particles, fD is the fractional 

diffusive release from intact particles and Ag is the matrix/graphite attenuation factor [19]. 
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Figure 2-4: Principal steps in radionuclide release from an HTGR core. Taken from  [19]. 

Radionuclide transport is essentially treated as a transient solid-state diffusion problem with 

various modifications to account for the effects of irradiation and heterogeneities in the core 

materials [18,19]. Fick‘s first law of diffusion (considered to be in slab geometry) suggests 

that the diffusive flux of atoms ϕ is proportional to the negative of the concentration gradient 

∆c, with the proportionality constant being the diffusion coefficient D, i.e. 
x

c
D



 , where

x  is the spatial coordinate. If the radioactive decay of the fission products is ignored, then net 

flux in or out of the given volume per unit length is equal to the concentration gradient of 

fission products per unit time (mass balance equation): 
xt

c








 
. 
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Since concentration is assumed to vary with time and the diffusion coefficient is taken to be 

independent of concentration, then the diffusion process can be described by Fick‘s second 

law of diffusion (for unidirectional mass flow under non steady conditions), i.e.























x

c
D

xt

c
 [16,19]. Considering constant source diffusion, the solution for this equation 

may be given by   









Dt

x

Dt

A
txc

4
exp,

2


, where is A constant.    

For fission metal transport in the fuel kernel, the diffusivity is given by
2r

D
D  . In this case 

D’ is the reduced diffusion coefficient and r is the radius of the kernel [19]. Therefore, the 

radioactive fission products will penetrate deeper into the protective layer with increase in 

time. As already mentioned the diffusion coefficient may actually be affected by several 

factors, including concentration. The solution to Fick‘s second law of diffusion then has to be 

modified to cater for other factors. Radionuclides are produced by various nuclear reactions 

in the core, and the radiologically significant ones decay so that the mass balance equation is 

modified to include a source term s (volumetric source rate) and a decay term λ (decay 

constant): sc
x

c
D

xt

c






















 . Since the release of fission products from the fuel kernel 

is treated as a transient diffusion process, for spherical geometry the generalized continuity 

equation can be given by sc
r

c
D

rrt

c
























2

1
. The diffusion mechanism of fission 

products in the fuel particle is very complex and always modelled [19].  

For solid-state diffusion processes, the diffusion coefficient depends on the temperature, 

composition and crystal structure of the material. The dependence of D on temperature is 

described by Arrhenius exponential relationship: 









RT

Q
DD exp0

, where Do is a pre-
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exponential factor which depends on bonding forces between atoms of the crystalline lattice, 

Q is the activation energy of diffusion and R is the gas constant [16,19].  
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CHAPTER 3 

 ZIRCONIUM CARBIDE 

3.1 Properties of zirconium carbide 

ZrC is a Group IV transition metal carbide possessing a NaCl-structure i.e. a face centered 

cubic close packed structure (Fm-3m, space group 225) [1], as seen in Figure 3-1. It has the 

appearance of a dark-grey metallic substance with lattice parameter of about 4.698 Å [1,2]. 

The carbon atoms occupy the octahedral interstitial sites of the zirconium lattice. This 

imposes size limitations on both carbon and zirconium for the available carbon to fit in the 

existing sites. This in turn determines the ZrC stoichiometry [1]. 

 

Figure 3-1: The NaCl (rock salt) structure of bulk ZrC. Taken from [3]. 

The electronic configurations of zirconium and carbon are [Kr]5s
2
4d

2
 and [He]2s

2
2p

2
 

respectively [1,4]. The interstitial structure of ZrC leads to a combination of metallic, 

covalent and ionic bonds. The ionic bonding is due to the difference in electronegativity 

between zirconium and carbon. Carbon is more electronegative; the electronegativity values 

of carbon and zirconium are 2.55 and 1.33 respectively [4,5]. The interactions between the 2p 

states of carbon and 4d states of zirconium results in both covalent and metallic bonding 

[2,4]. Normally in ZrC, the Zr-C bond is much stronger compared to the Zr-Zr and the C-C 
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bonds [1,2,6]. This is demonstrated by their bond lengths and charge densities as shown in 

Table 3-1. The Zr-C bond has combined characteristics of both ionic and covalent bonding 

[1]. Therefore, ZrC is a polar covalent compound just like other transitional metal carbides 

[2,6]. However, there is considerably more contribution to the properties of ZrC by the 

covalent bond compared to the ionic bond, irrespective of the high charge transfer from 

zirconium to carbon (0.42 e/pair) [1,6]. The covalent character of an ionic bond depends on 

the polarising power of the positive ion and the polarisability of the negative ion, both of 

which increase with charge [7]. Since both Zr
4+

 and C
4-

 have high charges, this explains why 

the covalent character dominates. 

Table 3-1: Bond lengths and charge densities  of C-C, Zr-C and Zr-Zr bonds of ZrC [6][8]. 

Bonds Bond type Bond length (Å) Charge density (e/au
3
) 

C-C Covalent 3.340 0.0226 

C-Zr ionic/covalent 2.209 0.0412 

Zr-Zr Metallic 3.340 0.0218 

 

 Metallic bonding results from the ionisation of the atoms; the electrostatic attraction between 

the positive metal ions located in the lattice, and the delocalised electrons moving freely 

throughout the lattice gives rise to the metallic bonds [1,4]. Due to metallic bonding, ZrC 

possesses good thermal and electrical conductivity,  close to that of the zirconium metal itself 

[6]. ZrC has a high elastic modulus and hardness due to the strong covalent bond between 

zirconium and carbon [1,2]. ZrC is thermally stable with very low vapour pressure and 

decomposes at very high temperature, i.e. above 3500 °C. It is also chemically inert to 

various reagents and highly resistant to corrosion and wear [6]. Compared to other carbides 

like tungsten carbide (15.8 g/cm
3
), tantalum carbide (14.5 g/cm

3
) and hafnium carbide 

(12.67 g/cm
3
), ZrC has a relatively low density (6.59 g/cm

3
). It has a relatively low work 

function (3.4 eV) compared to other emitter materials such as SiC (4.52 eV) and 

molybdenum carbide (4.6 eV) [1]. At carbon contents higher than 0.98 (i.e.ZrC0.98), the 
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material contains free carbon. ZrC is both thermally and chemically stable for a carbon-to-

metal ratio ranging from 0.65 to 0.98 and has a large heat capacity of about 37.8 J/mol K 

compared to other refractory carbides [1,9].   

Owing to its very good properties listed above, ZrC has been proposed in TRISO coated fuel 

microspheres. It has been reported that ZrC coated fuel particles only failed a post irradiation 

heating test after about 6000 seconds at 2400 °C, whereas nearly 100 % of SiC coated fuel 

particles failed instantaneously at about 1700 °C. ZrC layers retained most metallic fission 

products (e.g. Pd, Cs) and it remained chemically stable [10–12]. The CVD SiC used for 

TRISO particles is usually the cubic β-type. At temperatures above 1500 °C β-SiC starts 

transforming into the hexagonal α-type SiC, with the process going to completion at 2400 °C 

[10,13]. In this range of temperatures SiC also undergoes thermal dissociation. Additional 

physical properties of ZrC are listed in Table 3-2.  

It is important to note that the properties of ZrC depend on a number of factors, e.g. chemical 

composition, crystallite size and morphology, crystal orientation, structural defects, porosity, 

stoichiometry, presence of impurities and presence of different phases. These factors are 

functions of the methods and conditions used in the growth of the ZrC films (layers or 

coatings).  

In this study the deposition conditions were optimized so as to obtain ZrC layers with 

uniform structure and stoichiometric composition (or with a composition close to 

stoichiometry) by CVD. The growth parameters were varied and investigated. Parameters 

such as the temperature profile in the reactor, the gas flow parameters (gas speed, ratio of 

different gases and partial pressure of the gases), parameters of the substrate, reactor 

geometry, and deposition procedure were investigated. These results are presented in Chapter 

7.  
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Table 3-2: Properties and characteristics of ZrC  

Property and characteristic Nature and Value 

Atomic structure Cubic close packed (Fcc B1, NaCl) [1,2] 

Space Group Fm3m [1] 

Colour Silver gray [1] 

Lattice Parameter 4.689 Å [14] 4.698 Å [1], 4.7017 Å [2] 

Pearson Symbol cF8 [1,2] 

Composition ZrC0.55 to ZrC0.99 [6] 

Molecular Weight 104.91 g/mole  

X-ray Density  6.59 g/cm
3 

[1,2] 

Melting Point 3540 °C (melts without decomposition) [15]  

Thermal Conductivity 20.5 W/m°C [1] 

Thermal Expansion 6.7×10
-6 

/°C [1,14] 

Electrical Resistivity 45–55 μΩcm [1], 63–75 μΩcm [16] 

Magnetic Susceptibility -23 × 10
-6

 emu/mol 

Hall Constant 9.42×10
-4

 cmAs 

Superconductive transition temperature  < 1.2 K 

Vickers Hardness 25.5 GPa [1] 

Modulus of Elasticity 350–440 GPa  

Bulk Modulus 207 GPa [1] 

Shear Modulus 172 GPa [1] 

Poisson‘s Ratio 0.191 [1] 

 

3.2   Cladding materials for nuclear reactor requirements 

With the current Generation-IV nuclear reactor agenda, a material to qualify for use as a 

suitable cladding material for nuclear reactors should concurrently be able to withstand high 

temperature effects and intense gamma and neutron irradiation [17]. The material should also 

have a low neutron absorption cross section and be able to confine the radioactive fission 

products generated during nuclear processes [18]. Under these harsh conditions, the 

mechanical properties of the material should remain uncompromised [17]. Furthermore, it is 

essential that the material must be chemically inert or should have a low rate of corrosion 

with respect to the fuel, fission products, moderator and coolant [17,18]. The fabrication 
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process of the material in its pure form should be relatively easy and the cost should be 

reasonable [18].  

Comparing these requirements with the properties of ZrC described in Section 3.1, it is clear 

that ZrC qualifies for use as a cladding material in nuclear reactors. However, compared to 

SiC, the fabrication process of ZrC is more complex [19]. CVD of stoichiometric and 

impurity free ZrC layers has remained a challenge. Whereas ZrC has a low neutron 

absorption cross section, the presence of impurities in the ZrC layers is likely to increase it. A 

nuclear reactor core material must have a low neutron absorption cross section so as to 

sustain the nuclear chain reactions and also to have a high retention capacity for fission 

products. There is, however, a lack of adequate information on some of the behavioral 

properties of ZrC as a nuclear cladding material. For instance, little is known of the basics of 

defect formation, clustering and evolution of ZrC under irradiation [20]. Data on high burn-

up, long-duration irradiation exposure tests on ZrC are also very scanty [19].    

3.3  Zirconium carbide phases 

Stable ZrC exists in a wide composition range. Because of this reason, ZrC is usually 

regarded as a non-stoichiometric compound. The vacancies that exist in ZrC are commonly 

the missing carbon atoms, and therefore its empirical formula is always written as  ZrCx, 

where x<1 [1,6]. From the phase diagram for ZrC given in Figure 3-2, the ZrCx phase exists 

from around 37.5 to 49.5 atomic percent of carbon [4]. The highest melting point of the ZrCx 

phase is observed at around 3732 K for ZrC0.85. At atomic percentages of carbon less than 

approximately 37.5, the ZrCx phase coexists with a hexagonal close packed Zr (α-Zr) phase 

until around 1200 K. Beyond this temperature up to about 2127 K, the α-Zr metal becomes 

body centred cubic (β-Zr). Above 2127 K, the β-Zr phase starts to melt, giving rise to a liquid 

Zr phase and a solid ZrCx phase. It is also observed from the phase diagram in Figure 3-2 that 

ZrCx does not exist when x is greater than 1. The phase diagram only indicates that at a 
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carbon content of more than 49.5 atomic percent, the phases present are ZrCx+C [4,6]. It is 

important to note that the ZrC+C phases are more commonly formed during ZrC processing, 

compared to other phases; this is also revealed by its phase diagram.  

 

Figure 3-2: Zr-C system phase diagram. Taken from [6]. 

3.4 Zirconium carbide synthesis 

Zirconium carbide has been synthesised predominantly by three reaction types: (1) solid state 

reactions; (ii) reactions using solution based precursors; and (iii) vapour based reactions. The 

characteristics of ZrC vary with the methods of preparation. These characteristics include 

chemical composition, microstructure and the amount/nature of impurities present. Therefore, 

when choosing a method of preparation and during the preparation of ZrC a number of 

factors need to be evaluated. These include: (1) chemical impurities (e.g. oxygen and other 

gaseous impurities), (2) the stoichiometry of the product (i.e. carbon to zirconium ratio), (3) 

grain size and texture orientation, (4) the existence of secondary phases and (5) pore size, 

porosity and morphology [6]. 
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3.4.1 Preparation of ZrC by solid phase reactions 

The preparation of ZrC from carbon and zirconia  (ZrO2) is one of the earliest techniques 

used to obtain ZrC [2]. Several groups like Maître et al. [21], Dong et al. [22], Sarkar et al. 

[23] and Jain [24] (among others) have prepared ZrC by this method. The solid phase 

reaction technique is generally one of the earliest and the most common methods of ZrC bulk 

preparation. The preparation of ZrC from ZrO2 and carbon combines basically three  

processes: (1) hot pressing; (2) carbothermal reduction; and (3) sintering in a single process 

[2,6]. It relies on the reaction of heated graphite and ZrO2 in an airtight furnace [2,6]. 

Equation (3-1) represents the general chemical equation for the reaction that takes place:  

 COZrCCZrO 232      (3-1) 

The temperatures used in this method of preparation are high, ranging from 1800 °C to 2600 

°C. The preparation process requires a prolonged duration of heating of between 16 h to 24 h 

[6]. The ZrC produced by this method contains many impurities in its structure. The most 

common source of impurity is oxygen, which, if present, produces zirconium oxycarbide 

(ZrCxOy). Several attempts have been made to reduce the oxygen content by heating ZrCxOy 

under controlled conditions so as to attain  a sample of the required  shape, grain size, lattice 

parameter and density [2,6]. Equation (3-2) represents one of the reactions related to the 

heating of ZrCxOy in the presence of carbon to give ZrC: 

   yCOZrCCyxOZrC yx  1     (3-2) 

 

The  

  It has been reported that the complete removal of oxygen impurities from ZrC is very 

difficult. The lowest levels of oxygen impurities were realized when the zirconium 

oxycarbide compound was close to its melting temperature. Even though it is possible to 

obtain pure ZrC at the melting point of zirconium oxycarbide, reproducibility and 

compositional homogeneity are hard to achieve [2].  
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In 1963 Norton and Lewis [2] prepared ZrC by reacting zirconium hydride (ZrH) and carbon 

powders in a heated evacuated furnace at 2200 °C for 3 h. This reaction is referred to as a 

combustion synthesis reaction or self-heating synthesis. Since then, several other groups have 

prepared ZrC using the same method in the temperature range of 2500 °C to 3200 °C [2,6]. 

This reaction can also be conducted by heating the sample using induction and letting the 

heat propagate through the entire sample material. This processing technique of ZrC suffers  

the same problem mentioned above, namely the presence of oxygen in the product [2]. It was 

reported that the lattice parameter of these as-prepared samples was lower than that expected 

of a pure ZrC sample. This was due to the increased oxygen content associated with this 

synthesis route. ZrH highly reacts with oxygen, resulting into ZrC combined with oxygen 

[2,6]. The increased oxygen content reduces the carbon content in the compound, as shown in 

Figure 3-3. 

 

Figure 3-3: Carbon content as a function of oxygen content in zirconium oxycarbide. Taken 

from  [23]. 

Using the same technique, some researchers resorted to using zirconium powder instead of 

ZrH. For example, Gokul et al. [25] processed ZrC cylindrical compacts by direct combustion 
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of zirconium and graphite powders. The powder mixture was cold pressed in argon and then 

inductively heated at a temperature up to 2400 °C for about 15 min. 

ZrC has also been processed through a reactive melt infiltration method. In this case, graphite 

substrates are used as the carbon source. The zirconium powder is then placed around the 

graphite substrates in a crucible (preferably graphite) [26,27]. The crucible containing the 

sample is then heated beyond the melting point of zirconium (i.e. between 1900 and 2300 °C) 

for about one hour.  The molten zirconium powder then reacts with graphite to form a ZrC 

coating.  The sample is then cooled naturally before the heating furnace is opened [27]. It has 

been reported that this method produces ZrC coatings which are very brittle and the coating 

develops a number of cracks compared to layers produced by other methods like CVD 

[26,28]. 

Another method for producing ZrC is called solid state metathesis. In this case a zirconium 

halide (e.g. ZrCl4) and zirconium metal are reacted with a metallic compound containing 

carbon (e.g. CaC2 or Al4C3). The zirconium source and the carbon source are ground together 

and heated in a sealed evacuated container. The chemical reactions for the halide ZrCl4 and 

the carbide Al4C3 are indicated by Equations (3-3) and (3-4):  

 
3

1000

344
433 AlClZrCCAlZrCl Co

      (3-3) 

 CCaClZrCCaCZrCl Co

322
2

500

24
      (3-4) 

The CaCl2 by-product can be removed by dissolution in methanol and water, and the AlCl3 

by sublimation. This method produces a single crystalline phase of ZrC. This ZrC synthesis 

technique was carried out by researchers such as Nartowsk et al. [29] and Zou et al. [30].  
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3.4.2 Preparation of zirconium carbide from solution-based precursors 

ZrC has also been synthesised through the wet chemical route from solution based precursors. 

This process has the ability of mixing constituents at a much finer scale leading to a more 

efficient diffusion reaction than when using the powder processing methods [6,31]. The most 

commonly applied solution-based precursor method for preparing ZrC is the sol-gel process. 

In the sol-gel process, ZrC is prepared by reacting organic compound solutions containing 

carbon and zirconium [6]. Different liquid precursors have been used in this method: (1) 

Single source metalorganic precursors such as tetraneopentyl zirconium  
432 )(CHCCHZr : 

ZrC has been grown from this metallo-organic compound at relatively low temperatures, 

ranging from 300 °C to 750 °C. However, the ZrC obtained is non-stoichiometric because of 

a high carbon content, with the ratio of C:Zr ranging from 2:1 to 5:1 [9]. (2)  Metal alkoxides 

such as zirconium-n-propoxide (   
483HOCZr  or ZNP ), zirconium 2,4,-pentanedionate (

ZNT ), and zirconium n-butoxide: The alkoxide is usually mixed with controlled amounts of 

other solvents, commonly water, to form a gel of required viscosity. After mixing, the 

alkoxide precursor is successively condensed and hydrolysed. This reaction of the metal 

alkoxides with water spontaneously produces a precipitate. To get a gel, the alkoxide is 

modified chemically so that the reactivity with water is reduced. The most commonly used 

stabilising and modifying agent is acetic acid. Acetic acid prevents the precipitation process 

by decreasing the rate of hydrolysis and condensation [32,33]. Lengthy comprehensive 

drying for about 24 h and heat treatment for about 6 h (carbothermic reduction reaction) are 

applied in order to separate the final product from the solution. This method also faces the 

challenge of residual oxygen affecting the material properties and stoichiometry. However, if 

the proportions of reactant precursors are carefully varied, ZrC with varying stoichiometry 

may be produced  [6]. 
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3.4.3 Preparation of ZrC from vapour phase based reactions 

Vapour phase synthesis of ZrC has now become the most common technique of producing 

ZrC layers and coatings. This method produces films with very low levels of impurities and 

porosity.  That is why vapour phase synthesis is the method predominantly used for nuclear 

fuel coatings, since TRISO-fuel particles require uniform, dense and isotropic coatings 

normally produced in a fluidized bed reactor [6,34]. Earlier studies on the production of ZrC 

films and coatings involved the reaction of heated zirconium metal sponge with the halogens 

(typically I2, Br2 and Cl2) to produce zirconium halide. The zirconium halide is then reacted 

with a carbon source, normally a hydrocarbon in gaseous form [35,36]. Also direct 

applications of zirconium halides (ZrCl4, ZrI4 and ZrBr4) as a feed precursor (as a zirconium 

metal source) have been used extensively [6,36–40]. For this study ZrCl4 was used as Zr 

metal source, because it is not as dangerous as ZrBr4 and can more effectively produce ZrC of 

good stoichiometry than ZrI4 [37]. CVD of ZrC from ZrCl4 and CH4 in the presence of H2 

was used for this study.  

3.5  Effect of oxygen and carbon content on ZrC lattice parameter 

ZrC has been prepared with several C/Zr molar ratios, varying from extremely low or high 

carbon content to near-stoichiometric ZrC. In a bid to produce pure and stoichiometric ZrC, 

the relationship between C/Zr and O/Zr and the lattice parameter has been studied extensively 

by various workers [2,23,41,42]. Studies have indicated that if the amount of oxygen in ZrC 

is increased, the lattice parameter is decreased. Figure 3-4 illustrates this behaviour. It was 

further noted that the lattice parameter increases when the molar ratio C/ZrC increases; this 

behaviour is illustrated in Figure 3-5 [23]. The lattice parameter of ZrC combined with 

oxygen is generally less than that of ZrC with no oxygen. When the oxygen content in ZrC is 

reduced, the lattice parameter increases. This means that the difference between the lattice 
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parameter values of ZrC with oxygen and ZrC without oxygen reduces with reduced oxygen 

content [41]. 

 

Figure 3-4: Variation of the lattice parameter of zirconium oxycarbide with (a) carbon and 

(b) oxygen concentration. Taken  from  [41]. 

 

Figure 3-5: Effect of oxygen content on lattice parameter of zirconium 

oxycarbide (lattice parameter normalized to C/Zr ratio of 0.75; arrows 

indicate magnitude and direction of correction used). Taken from [23]. 

3.6 Effect of irradiation and oxidation on ZrC layers 

Studies have indicated that the properties of ZrC vary with its stoichiometry (C/Zr atomic 

percentage ratio) [6]. For example, Yang et al. [43] indicated that the C/Zr ratio had a notable 

effect on the irradiation response of zone-refined ultra-high pure ZrC. They noted that the 

sub-stoichiometric ZrC samples (C/Zr<1) had an improved irradiation resistant 
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microstructure compared to hyper-stoichiometric ZrC samples (C/Zr>1). Huang et al. [44] 

reported that ZrCx, after proton irradiation at 800 °C, was highly decorated with dislocation 

loops. The loop size and density depended both on dose and stoichiometry, with ZrC1.2 

showing quite different behaviour compared to the lower C-ratio stoichiometries.  

Information about the oxidation behaviour for various ZrC stoichiometries is limited. 

However, in the review by Katoh et al. [6], it is speculated that the excess carbon in ZrC can 

change the oxidation behaviour of ZrC materials. The excess carbon can increase the 

production of CO2, which may increase the chances of inter-crystalline fracture and fracture 

below normal temperature. 

3.7 Applications of ZrC 

Zirconium carbide, either as a powder, bulk material, or as a layer, is a potential material in a 

number of applications. Some of these applications include: 

(1) Thermophotovoltaic radiators and field emitter tips and arrays. This is because ZrC 

exhibits high emissivity and high current density at elevated temperatures [45]. 

(2) In addition to its other good properties, ZrC has a low neutron capture cross section 

and therefore can be used as a diffusion barrier for fission products for nuclear fuel 

TRISO particle. 

(3) Because of its hardness, ZrC can be used as a cutting and drilling tool, and as a wear 

resistant coating. 

(4) ZrC has found use in aircrafts because of its low density, hardness, corrosion 

resistance, and its capacity to withstand high temperatures.  
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CHAPTER 4 

FILM DEPOSITION 

4.1 Overview of film growth 

Films are layers or coatings produced by laying down particles which may or may not 

subsequently react with each other to form a truly continuous layer [1,2]. In this section we 

shall concentrate on backed films (film on a substrate) rather than unsupported films. Film 

technology deals mainly with fabrication, characterization and applications of the films. 

Films have a number of applications including optics, optical electronics, microelectronics, 

catalysis, communication, coating applications, and in the generation and conservation of 

energy [3].  In this study we are concerned with ZrC films for nuclear energy applications. 

There are usually three general attributes that must be controlled when growing films. These 

are: (1) stoichiometry (the right stoichiometry or composition is an important aspect since 

materials show certain properties only within a given composition range), (2) surface 

morphology (the film surface is a very important factor that needs to be controlled during 

deposition, since some film properties depend on the surface morphology [4]) and (3) crystal 

structure (the films can be classified as crystalline (epitaxial), polycrystalline or amorphous). 

Crystallinity is important in controlling certain film properties [5]. Thus, the right crystal 

structure and orientation should be ensured in order to optimise the desired properties. The 

choice of the substrate is also very important in growing films so that the best alignment of 

the film is achieved. This is because the presence of grain boundaries affects the properties of 

the films [6].  

In order to minimise the substrate influence on the grown films, the deposition of films is 

usually carried out relatively slowly (especially for thin films). The substrates are very 
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important in film growth because they play an important part in controlling the 

microstructure and other film properties [6,7]. The considerations for selecting a substrate for 

growing the films include: chemical compatibility, matching coefficients of thermal 

expansion, nature of the surface, cleanliness, substrate homogeneity and thermal stability [7]. 

Lattice mismatch and crystal structure of the substrate are also required in the growth of 

epitaxial films [6].  Graphite substrates were used for this study since it satisfied most of the 

requirements for a good substrate for the growth of polycrystalline ZrC films. 

4.2 Film growth modes 

There are generally three film growth modes for growing epitaxial films on a substrate. These 

are: (1) Frank-van der Merwe (FM) mode, (2) Volmer-Weber (VW) mode and (3) Stranski-

Krastanov (SK) mode [8]. These three film growth modes are illustrated in Figure 4-1. Even 

though these growth modes were specified for epitaxial growth, they are also often used to 

describe the growth modes of polycrystalline films. 

The FM mode is also called layer by layer mode or 2D mode. In this growth mode the 

adsorbed atoms have very good lattice match with the substrate they are being deposited 

onto. Due to the good lattice match, the adsorbed atoms attach themselves directly to the 

substrate, which limits the growth of clusters. The substrate and the adsorbed atoms are 

strongly attached, more than the atoms are attached to each other. Consequently, the coverage 

of the growing film onto the substrate is even (there is complete wetting of the substrate) 

[8,9]. Here, one layer has to be completely grown for the next one to start growing. The VW 

growth mode is also referred to as island or 3D growth mode. As the name suggests, here 3D 

islands are formed.  In this growth mode the adsorbed atoms are more strongly bound to 

themselves than they are to the substrate. Therefore, the deposited material pile together 
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forming three dimensional islands [8]. The nucleation of new islands takes place even when 

the previous layer is not completely grown. 

The SK mode is a combination of both FM and VW growth modes.  At the start, the growth 

of the crystals is layer by layer (FM mode) until the film reaches a ‗critical‘ thickness. When 

the ‗critical‘ thickness is attained, islands are created, dominating the growth process (i.e VW 

mode) as depicted in Figure 4-1 [8,9].  

 

Figure 4-1: Schematic diagram of the film growth modes. Taken from [9]. 

These three growth modes occur as a result of varying interactions between the adatoms (the 

growing film or the deposit) and the substrate [8,10]. If we consider the point of contact 

between the growing film island and the substrate, then the surface tension can be taken as 

the force per unit length of the boundary [8]. In other words, surface tension exists due to the 

interface between two ‗phases‘. The relationship of the interfacial tension between substrate-

deposit (γSF), substrate-vapour (active gases) (γSV) and deposit-vapour (γFV) can be expressed 

by:  cosFVSFSV  , where θ is the contact angle. The contact angle is an indication of the 

degree of wetting when a substrate and the growing film interact. The smaller the contact 

angle the higher is the wettability of the growing film on the substrate surface (Figure 4-2). 
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When θ=0, we have layer by layer growth (i.e FVFSSV   ), hence it is energetically 

favourable for the film to cover the substrate surface completely. If θ>0, island growth (VW) 

mode is realised. In this case we have; FVFSSV   . For SK the growth mode the condition 

for FM is first fulfilled, but then growth of intermediate layers changes the amount of surface 

tension of the substrate and that of the film substrate-interface, leading to island growth 

[8,9,11]. For this case, the surface energy of the substrate surpasses the sum of the deposit 

surface energy and the substrate-deposit interfacial energy: (i.e. FVFSSV   ) [11]. The SK 

mode normally occurs when there is a lattice mismatch between the substrate and the 

growing film which generates a build-up in strain. It has been reported that when films are 

under a state of strain, island formation is more energetically favourable so as to reduce the 

strain energy in the crystal [12]. Therefore the SK growth mode is as a result of the 

compromise involving the surface, strain relaxation and interface energy minimization.  

 

Figure 4-2: Diagrammatic illustration of the correlation between the contact angle and 

wettability of the substrate by a growing film. Taken from [13]. 

4.3 Film deposition techniques  

The properties of films depend strongly on the deposition techniques and conditions under 

which they are being deposited [1]. In this work therefore, emphasis has been put on 

describing and understanding both the different methods of film deposition as well as the 

methods available for analysis and characterisation of films.  The techniques used for the 

deposition of films are generally grouped into two classes, namely physical deposition and 

chemical deposition, as shown in Table 4-1 [14,15]. Among them, physical vapour deposition 
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(PVD) and chemical vapour deposition (CVD) are the two techniques that have been widely 

used to produce films from the vapour or the gaseous phase. However, CVD has been 

preferred since it produces films of superior quality as compared to PVD [15]. Therefore the 

emphasis in this chapter is on the CVD technique. The methods that were used in this study 

to analyse and characterise ZrC films are elaborated in Chapter 5. 

Table 4-1: Thin film deposition techniques [15] 

Film deposition techniques 

  
Physical deposition processes Chemical deposition processes 

Sputtering 

techniques 

Vacuum evaporation 

techniques 

Vapour phase 

techniques 

Liquid phase 

techniques 

 Glow discharge Resistive heating  Thermal CVD  Electro deposition 

 Triode sputtering Flash evaporation  Laser CVD Spray pyrolysis 

 A.C. sputtering Electron beam evaporation  PECVD Sol-gel process  

 Magnetron sputtering Laser ablation  MOCVD Solution growth 

Face target sputtering Arc evaporation  APCVD Anodization 

Ion beam sputtering RF heating  Photo CVD Liquid phase epitaxy 

RF sputtering  Ion plating  ALD  SILAR 

   Electroless deposition  

 

4.4 Chemical vapour deposition (CVD) 

In CVD, activated gaseous reactants chemically react to form a stable solid film on a heated 

substrate [16]. The precursors‘ chemical reactions take place in the gaseous phase in the 

neighborhood of a hot substrate [7,16]. In other words, the CVD process involves the 

transportation of volatile precursor(s) in vapour form (often with the help of a carrier gas) to 

the reaction chamber, where they decompose and get deposited as a solid film on a heated 

substrate. After the deposition, volatile byproducts are eliminated [17]. A detailed description 

of the CVD process is given in Section 4.5. 
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The CVD process is normally classified in terms of the parameters used during the deposition 

process [14]. These parameters are the nature of the precursor used, the method of activation, 

the reactor pressure, the deposition temperature, the deposition time, cold/hot wall heating 

and the condition of gas flow [4] (see Figure 4-3). For example, if the process is enhanced by 

heat, plasma or high frequency radiation (e.g. ultra violet radiation) it is referred to as thermal 

CVD, plasma-enhanced CVD (PECVD) or photo-assisted CVD, respectively [7].  

The CVD technique is complex. However, it has acquired a lot of preferences in the growing 

of layers and coatings due to its distinctive attributes compared to other methods like PVD. 

CVD enables the production of pure uniform films with good adhesion and reproducibility at 

relatively good deposition rates [16,18]. By controlling the CVD process parameters 

(pressure, temperature, flow rate, composition of the gas mixture, etc.), the desired crystal 

structure, stoichiometry, surface morphology and orientation can be obtained. Also, since 

CVD can use a broad variety of precursors like hydrides, halides, nitrides, organometallics 

and others, a variety of materials (e.g. sulphides, carbides, oxides, nitrides, III-V and II-VI 

materials) can be deposited [16]. In the CVD film growth process, the substrate is expected 

not to have influence on the properties of the film. However, the allowed limits vary from 

application to application [19]. For effective operation and deposition processes, the thermal 

CVD reactor should be composed of the following fundamental units: (1) an inlet gase 

delivery and supply system, (2) a reaction chamber, (3) a loading/unloading system, (4) a 

power system, (5) a process control system and (6) an exhaust gas treatment system [19]. 
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Figure 4-3: Break down of CVD methods. Taken from [4]. 

4.4.1 Thermal CVD 

Thermal CVD is the conventional CVD technique which operates at high temperature. This 

technique uses heat energy to activate the gas and gas-solid phase reactions needed for the 

deposition process [5]. The heat is generated by resistive heating, or by high frequency 
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induction heating, radiant heating, or hot plate heating, or a combination of these sources 

[20]. Thermal CVD is usually used to deposit films for high temperature applications and for 

wear-resistant applications [4] like the ones used for the TRISO nuclear fuel particle [21]. 

The deposition temperatures usually range from 800 °C to 2000 °C [20]. This poses a 

limitation on certain substrates with low melting temperatures. When the substrate melting 

temperature is low, other methods like plasma enhanced CVD (PECVD), laser CVD 

(LCVD), photo-assisted CVD (PCVD) or catalytic assisted CVD are employed, which reduce 

the deposition temperature [20]. 

The wide range of materials deposited by thermal CVD methods has stimulated the design 

and construction of a large number of processes and systems [4,20]. In general, thermal 

processes have been distinguished by terms such as low or high temperature, atmospheric or 

low pressure, a cold or hot wall reactor, and  a closed or open system. For a particular 

category of process, the variant distinctions in design and operation often make it hard to 

compare the performance of a particular systems or reactors, even when depositing the same 

material [5]. 

4.4.2 Closed and open CVD systems 

A CVD system is said to be closed, or sometimes referred to as a chemical transport system, 

when the products are recycled for reuse within an enclosure. It is basically used for metal 

purification and protective coatings [4]. In a closed system the applied temperature 

differential produces the driving force for the reaction [20], whereas a CVD system is termed 

―open‖ or a flowing gas system if the reactants are introduced continuously and flow through 

the reactor. This is the most commonly used CVD system for the deposition of films [19]. In 

this study an open CVD system was used for the deposition of ZrC films.  
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4.4.3 Hot and cold wall CVD reactors 

The deposition process can be carried out in a cold or a hot wall CVD system. The discussion 

about cold and hot wall reactors is very important to this study, mainly because of two 

reasons [22]: 

1. The type of reactor and its operating conditions can impact greatly on the deposition 

process. 

2. Quantitative information can be generated when the right mode of reactor operation is 

chosen. 

 In a hot wall reactor, the reactor wall is completely surrounded by an isothermal furnace 

[20]. The reaction gases are usually introduced into the reactor after the temperature has been 

raised to the required level. These reactors are usually large and many substrates can be 

accommodated, hence a large number of films can be produced in one operation [4,5,19]. The 

hot wall reactor is easy to operate and it can operate under a range of pressures and 

temperatures. Different orientations of the substrate in relation to the direction of gas flow 

can be achieved. Here the temperature is more uniformly distributed. However, the walls of 

the reactor may also be coated and this has a number of disadvantages. Some of the 

disadvantages are listed below [5,20]:  

(a) it limits the reactor to growing films from only one type of precursor mixture,  

(b) the deposits may end up falling off the wall and this can contaminate the substrate and 

the deposit, 

(c) the amount of active species arriving at the substrate surface may be reduced. This will 

decrease the deposition rate of the film on the substrate (i.e. feed rate limited deposition),  

(d)  the deposition on the wall can change the conditions of the experiment leading to 

problems of reproducibility of the films,  
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(e) Furthermore, homogeneous gas-phase reactions in the heated gas may take place, 

causing reduced deposition rates.  

Hence, hot-wall reactors are used essentially on the laboratory scale to examine the general 

feasibility of using a given precursor. Hot wall reactors are frequently used to find reaction 

product distributions, since the large heated surface area consumes the precursor completely 

and produces high yields of the reaction products [22].  

In cold wall reactors, the heated part of the reactor is only around the substrate position. The 

rest of the reactor remains at lower temperatures. The heating process is usually by RF 

induction heating or by high radiant heating [4,22]. Unlike for the hot wall reactor where 

most reactions are exothermic, for cold wall reactors most reactions are endothermic (heat is 

absorbed). Because the substrates are at a higher temperature than the reaction chamber wall, 

the deposition will mainly take place on the substrate surfaces. Therefore, no depositions 

occur on the reaction chamber walls since it is at lower temperatures. In this case 

contaminations caused by the interaction between the reactor wall and the precursor vapour 

can be considerably minimised. Cold wall reactors are cheap, simple to manufacture and to 

control. The reaction and deposition rate is reduced, but the layer uniformity is improved 

[4,5,19]. 

4.4.4  High and Low pressure CVD 

The deposition pressure during the CVD process has a considerable effect on the nature of 

the films deposited. A CVD process where the deposition is carried out at pressures close to 

or higher than atmospheric pressure is termed high pressure CVD (HPCVD). In this case the 

deposition reactions are diffusion limited (mass transport limited) [20]. The rate of deposition 

is much faster, but with poor step coverage. In simple terms, step coverage (sometimes 

referred as conformality) is determined from the ratio of the film thickness at its thinnest part 

to that at its thickest part. When this ratio is close to one, then there is good step coverage. To 
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avoid vapour phase precipitation, some precursors may require dilution with inert gases or 

sometimes hydrogen when operating at atmospheric pressure. CVD reactors operating at 

atmospheric pressure are usually cheaper and simpler to fabricate [5,7].  

Compared to HPCVD, a low pressure CVD (LPCVD) process (typically 10 to 1000 Pa), the 

reactant mass transfer rate towards the substrate is improved relative to the surface reaction 

rate [15]. This implies that the growth rate controlling mechanism is due to surface reactions 

than to mass transport. Films with better uniformity, conformality and improved quality can 

be produced [5,15]. However, the film growth rate may be reduced. To compensate for low 

pressure, normally high concentrations of precursor gases are used. When the deposition 

pressures are very low, i.e. below 10
−6 Pa, the CVD process is referred to as ultra-high 

vacuum CVD (UHVCVD) [4,5].  

4.5  The CVD process 

CVD systems are of various types, as already mentioned in the previous sections (low or high 

temperature, low or high pressure, cold or hot wall, closed or open reactor system). 

Regardless of the category of the CVD system, a CVD process must have a process controller 

to deliver and control precursors to the reaction chamber [14]. It must also have an energy 

source to drive the chemical reactions and an exhaust system to remove the byproducts and 

the depleted gases from the chamber [7,14]. However, the selection of the CVD technique is 

influenced by several aspects, such as the initial and running costs of the CVD system, 

reactant(s) used in the CVD process, purity of the deposit, maximum acceptable air leak rate 

into the system and size and shape of the substrate  [18].  

In the CVD film growth process, key sequential steps are involved as illustrated in Figure 4-

4. Normally, active gaseous reactants are generated and then transported from the gas inlets 

to the reaction chamber. In the reaction chamber the gaseous reactants go through gas phase 
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reactions, producing film precursors and by-products [6,12]. This is followed by mass 

transport of the film precursors and the-by-products to the surface of a hot substrate. At this 

point the gaseous reactants get adsorbed (chemically or physically) onto the surface of the hot 

substrate, and the film deposit and other by-products are produced by chemical reactions at 

the gas-solid interface [5,16,19]. The film deposits then spreads out along the surface of a hot 

substrate, producing centres for crystallization and growth of the film. The gaseous by-

products including the unreacted gaseous precursor(s) are then taken away from the boundary 

layer by means of diffusion or convection [5,16,19].  

 

Figure 4-4: The major progressions of the process of CVD. Taken from [19]. 

4.5.1  Precursor requirements for CVD process 

The chemical reactions with respect to the precursors used in the CVD process may generally 

be classified into 8 categories.  These categories are: (1) hydrolysis, (2) reduction, (3) 

disproportionation, (4) oxidation, (5) thermal decomposition (also referred to as pyrolysis), 

(6) synthesis, (7) reversible transfer and (8) compound formation (carbidization and 

nitridation) [5,16,20]. For example, the reaction type in which ZrC is produced from 
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zirconium tetrachloride and methane, or other higher hydrocarbons like cyclopropane, is 

called compound formation [5,20];  This chemical reaction is represented by Equation (4-1): 

              ZrCl4+CH4→ZrC+4HCl                                                                                         (4-1) 

Therefore the nature of the CVD reaction type determines the category of the precursor to be 

used [20]. 

This section highlights the nature and general characteristics of a good precursor for film 

growth using CVD. A good precursor should have a high level of purity to prevent 

contamination of the deposit with unwanted products. Therefore the precursors should react 

without generating side or parasitic reactions [18,20]. The rate of deposition or reaction of the 

precursor should be neither too slow nor too fast. The reactions should occur on the substrate 

surface and the precursor should not be so reactive as to react in the vapour phase under the 

delivery conditions. It should be stable under normal storage conditions (room temperature) 

to avoid the need for special storage. A good precursor should have a low vaporisation 

temperature and a high vapour pressure [7,14,18]. This means that for a precursor to qualify 

to be used in a CVD process, it should possess a sufficient level of volatility at low 

temperatures, well below that of its decomposition. Moreover, it should have low levels of 

explosivity, toxicity and flammability. This allows for safe manipulation of the precursor and 

disposal of unreacted chemicals without using special procedures. It is also desirable that the 

precursors are readily available and cost effective for the production of the films [7,16,20]. 

4.5.2 Vaporisation of precursors for the CVD process 

At ambient temperatures precursors exist in three forms; liquids, gases and solids. Of these, 

the gaseous precursors are easy to deliver and are sometimes diluted with inert gases to curb 

accidents [14,23]. Liquid precursors are the most commonly used precursors for CVD. Liquid 

and solid precursors are normally vaporized by heating to the required temperature so that 

they may be carried to the reaction chamber by the carrier gas [14,22,23]. A high vapour 
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pressure is necessary for easy precursor delivery into the reaction chamber and to realize high 

deposition rates. The solid precursors are the most difficult to deliver to the reaction zone, 

because they tend to block the delivery channels and most of them are not very volatile. The 

temperatures used to vaporise the precursor must be below their decomposition temperatures, 

since this may lead to precursor delivery rates which are irreproducible. Some unknown 

species may also be generated and transported to the reaction chamber [22].  

As already mentioned, ZrCl4 powder and CH4 were used as precursors in the CVD process of 

ZrC films. ZrCl4 is a white monoclinic hygroscopic powder which hydrolyses in water. It is 

soluble in alcohol and concentrated hydrochloric acid [24–26]. The physical properties of 

ZrCl4 are shown in Table 4-2. It has been reported that metal halides such as ZrCl4 normally 

do not produce pure films below 600 °C. They usually need a reducing agent such as H2 gas 

to avoid impurities in the film [22]. Accurate control of the flow rate of ZrCl4 plays a very 

important role. The flow rate of ZrCl4 is controlled by the temperature of ZrCl4 and the flow 

rate of the carrier gas. The temperature at which ZrCl4 is maintained, determines its vapour 

pressure. This means the vapour pressure and thermal chemical changes of ZrCl4 during 

vaporisation are very crucial for growing  ZrC films with the desired properties [27]. 

Table 4-2: Physical properties of zirconium tetrachloride [25,26]. 

Property Specification 

Appearance  White powder at room temperature 

Molecular weight 233.03 g/mol at 15 °C 

Density  2.80 (g/cm
3
) 

Transition temperature 331 °C  

Latent heat of sublimation 4.54×10
5
 J/kg at 331 °C 

Specific gravity 2.805 g/cm
3
 at 15 °C 

Triple point temperature  473 (°C) 

Triple point pressure  22.36 (bar) 

Critical point temperature  504 (°C) 

Critical  point pressure  57.66 (bar) 

Critical  point volume   319 (ml/mol) 
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The relationship between temperature and vapour pressure P of a precursor may be expressed 

using the Clausius-Clapeyron Equation (4-2):  

               
m

sub

VT

H

dT

dP




                                                                                                           (4-2) 

where ∆Hsub is the change enthalpy of sublimation (the enthalpy of a phase transition has 

little dependence on temperature), ∆Vm is the change in molar volume of  two phases 

(∆Vm=Vg-Vs) and T is the transformation temperature [5]. However, the volume of a vapour 

Vg is much more than that of a solid (Vs). This means that the vapour volume Vg can represent 

the volume change (∆Vm). If we assume the vapour to be a perfect gas, such that PnRTVg  , 

then the Clausius–Clapeyron equation can be written as in Equation (4-3):  

                 
 

2

ln

RT

H

dT

Pd sub
                                                                                                   (4-3) 

Equation (4-3), when integrated gives Equation (4-4), which can also be expressed as given 

in Equation (4-5). 

                  
RT

H
AP sub
ln                                                                                                 (4-4) 

                  
T

B
AP 10log                                                                                                   (4-5) 

where A and B are constants  [4,5]. For ZrCl4 the values of A and B for K583T   have been 

reported to be 11.605 and 5317, respectively [28]. Thus, if the temperature is known the 

vapour pressure can be determined. However, the values A and B may be influenced by the 

experimental conditions at hand. Therefore, it is important to determine the precursor vapour 

pressure at the operating experimental conditions and set up at hand. In the literature, the 

vaporisation temperatures of ZrCl4 that have been used in the CVD process for the deposition 

of ZrC range from 160 to 315 °C [24,28–32]. 



51 
 

4.5.3  The CVD process: Kinetics and thermodynamics 

Thermodynamic analysis of a CVD process provides information about the possible chemical 

reactions at equilibrium conditions. Therefore, thermodynamic studies determine the 

feasibility of a given CVD reaction. For the production of high quality films, determining the 

feasibility of the CVD process should always be the first step. This allows for proper 

selection of suitable precursors and the CVD reactor components.  Deposition conditions 

such as reactant concentration, temperature and pressure can be predicted based on 

minimisation of the Gibbs free energy. The phase diagrams showing the possible equilibrium 

phases present as a result of the chemical reaction system can also be generated [4] [5]. The 

feasibility analysis of the current study is given in Chapter 6. It is important to note that CVD 

reactions and processes are complex and non-equilibrium [4].  

The rate of the deposition process in a CVD system is determined by the process kinetics. 

There are several CVD kinetics steps involved during film growth. The slowest of the steps 

limits the general deposition rate of the films [4] [20]. The four main rate-limiting factors or 

controls in a CVD process commonly identified are: (1) thermodynamic control, (2) 

nucleation control, (3) mass transport control and (4) surface kinetics control [18]. In 

thermodynamic control, the rate of deposition of the films is the same as the rate of mass 

input into the reactor. This usually takes place at limiting conditions of deposition (for 

example at high temperatures, very low flow rates, etc.). The dependence of the deposition 

rate on temperature is determined from thermodynamic calculations. In addition to the CVD 

process being thermodynamically favourable, the barrier to nucleation has to be overcome. 

The rate of deposition is controlled by nucleation normally at very low reactant 

concentrations [14,18]. Nucleation is the kinetics of formation of the ―nuclei‖ of a solid phase 

of the material being deposited from the gaseous phase.  These nuclei create sites upon which 

additional particles are deposited as the crystal grows [18]. Nucleation can either be 
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homogeneous or heterogeneous. Heterogeneous nucleation occurs when the formation of the 

nuclei is influenced by a foreign material (e.g. a substrate). In homogeneous nucleation the 

nuclei formation occurs away from the substrate surface and thereafter falls on the substrate 

[5,14,20]. Coatings are more firmly bound to a substrate in reactions involving heterogeneous 

nucleation than those involving homogeneous nucleation [5,14]. In this study, the formation 

of ZrC occurred only when the active species were in contact with the substrate (i.e. 

heterogeneous nucleation). 

Of all the CVD kinetics the most dominant deposition rate controls are the surface reaction 

and mass transport.  The reaction is said to be mass transport controlled when the transport of 

the reactants transport and/or the reactant products across the boundary layer determines the 

deposition rate. It often takes place when the deposition temperatures and pressures are high. 

Mass transport is used to control the processes in the vapour phase in the reactor. 

If the mass transport through the boundary layer is sufficiently large the system is controlled 

by surface kinetic reactions [14]. Therefore surface kinetic control occurs when the rate of 

deposition is lower than the rate of mass input into and/or from the reactor. Surface kinetic 

control is the favoured process control for producing films with uniform thickness and 

complex shapes. The surface reaction rate rises exponentially with an increase in temperature, 

which results into a mass transport limited growth mode at very high temperatures [14,18].  

There are four distinct mass transport processes across a boundary layer in the CVD process. 

These are [18]: 

(1) Fickian diffusion which arises from a concentration gradient across the boundary 

layer. 
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(2) Thermal diffusion, also called Soret diffusion,that is influenced by temperature 

differences in the reactor. This category of diffusion is very significant in systems with 

big deviations in molecular size and molecular weights between the vapour species. 

(3)  A concentration gradient that results in a density gradient, leading to a buoyancy-

driven advective flux. 

(4) In the general CVD reaction, the number of moles of gas can be altered. This may 

produce a flux towards or away from the surface of the substrate [18]. So the film 

growth rate depends on the precursor concentrations.  

4.5.4 Effect of deposition temperature and concentration on the film growth 

As already discussed in Section 4.5.3, the rate limiting mechanisms for film growth in a CVD 

system are influenced by many factors. However, the deposition temperature and 

concentration(s) of the reactants between the gas inlet Cg and the substrate surface Cs 

dominate [5,33].  Reaction resistances are normally applied to predict the rate limiting steps 

in a CVD process [18]. If the process is mass transport limited, then according to Fick‘s law, 

the reactant flux can be given by Equation (4-6); 

              
dx

dC
DJ i

i                                                                                                             (4-6)   

where Ji is the diffusion flux of species i  across the boundary layer, D is the diffusivity of the 

reactants, Ci is the concentration of species i and x is the direction perpendicular to the 

substrate surface [14]. 

Considering the gas diffusion through a fixed boundary layer having a thickness of δ in the 

neighbourhood of the substrate, the mass flux can be approximated by Equation (4-7) [5]; 
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54 
 

The flux of reactants utilised by the reaction occurring at the surface of the growing film is 

equal to the surface reaction flux and is given by Equation (4-8): 

             sss CkJ                                                                                                                   (4-8) 

where sk  is the surface reaction rate constant. In steady state: sgs JJ  . This leads to Equation 

(4-9):  
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where 


D
hg   is the gas phase mass transfer coefficient. Equation (4-9) predicts that the 

surface concentration drops to zero if gs hk  , hence mass transfer control.  In this case, 

slow gas transport through the boundary layer limits the otherwise rapid surface reaction. 

Surface reaction control dominates when sg kh  . In this case, 
gs CC ~ . Here the surface 

reaction is sluggish even though sufficient reactant gas is available. It is important to note that 

ks and hg depend on temperature. Figure 4-5 shows a model illustrating the thin film growth 

process. The growth rate Ġ of the film is expressed as the ratio of reactant flux J to the 

number of atoms per unit volume in the film (atomic density) N [5] (i.e. NJG  ). Then the 

film growth rates for surface reaction and mass transport controlled processes are s
g

k
N

C
G   

for gs hk   and g

g
h

N

C
G   for sg kh  , respectively. 
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Figure 4-5: Schematic diagram of the CVD film growth process model. Taken from [5].  

4.5.5 The boundary layer 

The boundary layer is the region near the substrate surface where the gas stream velocity, the 

concentrations of the vapour species and the temperature are not equal to those in the main 

gas stream [20]. The variations of these parameters along the deposition chamber have an 

effect on the film properties (e.g. film growth rate and uniformity). The boundary layer is 

thus one of the significant factors considered so as to produce high quality films. When the 

thickness of the boundary layer is increased, the flux of the reactants towards the substrate is 

reduced, hence reducing the film growth rate. The boundary layer is thinner or almost absent 

at edges of a substrate due to the gas flow streams and this may result in thicker coatings at 

the edges of a substrate compared to the ―flat‖ exposed part of the substrate [14,20]. The 

boundary layer thickness can be reduced by (1) elevating the reactant gas temperature at the 

surface of the substrate, (2) reducing the pressure using a low pressure deposition chamber, 

(3) increasing the reactant gas flow velocity, (4) reducing the size of the substrate and (5) 

reducing the substrate-gas inlet gap.  

 The boundary layer thickness in a vertical wall CVD reaction chamber is the distance across 

the boundary layer from the substrate to the point where the flow velocity of the gas mixture 
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is the same as the inlet velocity (―free stream‖ velocity) of the gas mixture [34]. The 

thickness of the boundary layer δc at the inlet-substrate distance X is related to the Reynolds 

number (Re) by Equation (4-10). The Reynolds number is a dimensionless parameter that 

characterises fluid flow dynamics. The gas flow is laminar if Re<1000, otherwise it is 

turbulent [14] [20]. The Reynolds number depends on the viscosity η, density ρ, flow velocity 

ν of the gas mixture and the diameter of the reactor d. The Reynolds number is estimated 

from Equation (4-11) [20]:  
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4.6 Induction heating process in CVD 

Induction heating is commonly used in CVD processes so as to achieve high deposition 

temperatures in a relatively short time [35,36]. It is a non-contact method in which an 

electrically conducting material is heated by an alternating magnetic field. This is supported 

by Faraday‘s law of electromagnetic induction. The induction heating system comprises 

mainly of an alternating-current power supply, an induction coil made from a very good 

electric conducting material and the material to be heated, called the workpiece or susceptor. 

In this case the latter is a graphite tube which in this study is referred to as the reaction 

chamber. The alternating current flow through the induction coil creates an alternating 

magnetic field that passes through the susceptor. This alternating electromagnetic field 

produces an induced current (eddy current) which is normally resisted by the resistivity of the 

material. This resistance to the induced current results in the generation of heat in the 

susceptor [36–38]. Therefore induction heating relies basically on two physical principles: (i) 

electromagnetic induction and Joule heating [36]. The amount and distribution of the 
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temperature resulting from the Joule heat depends on the design of the reactor, the input 

power, the frequency and the coil position and its geometry. Induction heating is in most 

cases applied in heat treatment and surface heating, since the magnitude of the induced 

current reduces with distance from the susceptor. However, comparatively uniform heating 

configurations can be achieved when adequate time is given for heat conduction. To ensure 

strict control of the heating rates and configurations, great attention must be paid to the radio 

frequency of the power supply, the rating and the induction coil design [36]. 

4.6.1  Electromagnetic formulation 

The differential forms of Maxwell‘s Equations (4-12) to (4-15) (in meter-kilogram-second-

coulomb units) can be used to predict the behaviour of electromagnetic fields in a material.  

 t

E
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 (Ampere‘s law)                                                                    (4-12) 

 t

B
E









 
(Faraday‘s law)                                                                              (4-13) 
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  (Gauss law)                                                                                           (4-

14) 

 0 B


   (Gauss law)                                                                                          (4-

15) 

where E is the eddy electric field induced in the graphite and insulation, B is the magnetic 

flux density, J is the current density,  μ is the magnetic permeability and ε is the permittivity 

of the media [39]. 

Assuming the displacement current density is much less than the induced conductive current, 

then 0




t

E



. This is because the graphite reaction chamber used in this study is non-

magnetic and the frequency applied is less than 10 MHz (i.e. f=205 Hz). Therefore the heat 

losses due to hysteresis can be neglected [39].   
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Since 0 B


 then B


can be expressed in terms of the vector potential A


 as AB


 . 

Equations (4-12) and (4-13) can then be expressed by Equations (4-16) and (4-17) 

respectively, for EJ


 . 
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A vector whose curl is zero can be expressed as a gradient of a scalar. Therefore







t

A
E




, where   is an electric scalar potential satisfying the vector identity

  0  .  

The electric field intensity can then be expressed by Equation (4-18) as:  

              



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t

A
E




                                                                                                         (4-18) 

Substituting Equation (4-18) in Equation (4-16) results in Equation (4-19); 
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From Equation (4-19),   is the conduction current density (current density source in the 

coil) denoted by sJ


 and 
t

A






 is the induced current density (or eddy current) eJ


  [39]: 

              )(
1 2

es JJA

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

                                                                                                 (4-20) 

This means that the total current density J


 consists of the above two terms. Since there is a 

single frequency applied, then all electromagnetic quantities are oscillating harmonically with 

that single particular frequency. Therefore ti

s eJJ  0


 and tieAA  0


. 
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                                                                                            (4-21) 
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0A


 is the vector potential amplitude, 0J


 is the current density amplitude of the external 

generator and ζ is the electrical conductivity. sJ


 differs from zero only in the coil, which 

implies that the heat q received by the reaction chamber is only from the induced current 

density EJ e


  [39–41]:   

              
ti

o eA
t

A

t

A
EEq  222 









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
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                                                               (4-22) 

Heat transfer and electromagnetic processes are very complex and therefore the 

implementation of an exact analytical method is difficult and beyond the scope of this thesis. 

 
The electromagnetic field carries its power from the outer surface of the conductor (in this 

case the graphite reaction chamber) towards its centre. As the electromagnetic wave 

penetrates through the conductor, it suffers ohmic losses. Since materials used in induction 

heating are good conductors, it means the ohmic losses per unit distance are high [40,42].  

Therefore the wave decays quickly and dies after short distances from the outer surface as it 

penetrates the conductor. This is called the skin depth. For this reason, the current normally 

tends to flow a short distance into the conductor. The variation of electromagnetic wave with 

time at lower frequencies is slower, thus the wave survives for a longer time as it flows 

through the conductor [39]. This increases the skin depth. That is why in this study an RF 

power supply operating at low frequency was chosen. For non-magnetic conductors the skin 

depth δ is given by 



2

 [41]. This means the skin depth depends on the work piece 

characteristics and the frequency of the alternating current [43]. 

If the induction coil is properly designed, its efficiency can even exceed 90%. But the general 

efficiency of the system (the percentage electrical energy taken from the power line that is 

basically used in the heating of the work piece) relies on many factors including: (1) coupling 
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of the coil and the work piece, (2) the conversion efficiency of the power supply, (3) 

matching of the induction heated load and coil to the induction power supply, and (4) the 

tuning of the induction heating circuit [36] [43].  
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CHAPTER 5  

ANALYTICAL AND CHARACTERISATION 

TECHNIQUES 

 

After the deposition process, the as-deposited ZrC layers were analysed and characterised by 

several techniques. The main techniques used in this study were scanning electron 

microscopy (SEM), energy dispersive X-rays spectroscopy (EDS), X-ray diffraction (XRD), 

and Raman spectroscopy. This chapter discusses the key aspects of these techniques in 

relation to this work.  

5.1 X-Ray Diffraction Technique  

5.1.1 Background  

X-ray diffraction (XRD) is a non-destructive technique that is very significant in materials 

characterisation, including films and coatings. It is used to study the crystallographic 

structure and chemical composition of materials. Information about films and other material 

properties such as crystallite size, residual stress, dislocation density, lattice strain, preferred 

orientation, film thickness and lattice parameter can be obtained from XRD measurements 

[1].  

X-rays were discovered in 1895 by Willhelm Roentgen. They are electromagnetic radiation 

with energy range from 0.1 keV to 10 MeV, and wavelengths of the order of 1 Å. In 

diffraction analysis only hard X-rays (short wavelengths down to 0.1 Å) are used.  X-rays are 

produced by bombarding a metal target with a beam of high energetic electrons [2]. The 

intensity of X-rays and the direction of the scattered beam are usually measured by the 

detector, which is crucial for diffraction analysis. X-ray detection is rooted in the fact that X-

rays have the ability to interact with matter, produce signals and other effects that can be 
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registered. This means that every photon entering the X-ray detector originates from a 

particular event, or even a series of events, which may be registered. From these event(s) the 

intensity (total photon count) is determined [3]. The X-ray wavelength is of the same order of 

magnitude as the interatomic distance in the crystal lattice. Therefore XRD is the best 

technique for probing the structure of a crystalline material [1]. 

5.1.2 Phase and composition identification 

When a single monochromatic beam of X-rays of a particular frequency is directed towards a 

sample, it will interact with a sample. After interaction, the originally single X-ray beam is 

diffracted by the crystallites in the sample at various angles. The intensities of the diffracted 

beams and the corresponding angles of diffraction are then recorded by the detector. This 

information is normally represented graphically by the use of suitable software as a plot of 

intensities (which correspond to the diffraction beam strength) against angles (corresponding 

to the beam position) resulting in a diffraction pattern. From the angles and the intensities of 

the diffraction pattern, phase identification and quantification can be made. This is due to the 

fact that the angles of diffraction depend on the geometry of the crystal lattice. Therefore the 

crystal structure of the sample and the size of the unit cell can be determined as explained in 

Section 5.1.3. The intensity of a diffraction line depends on the type of atoms, its 

arrangement in the crystal lattice and the crystallographic orientation [4].  Usually an XRD 

system is installed with a search/match software data base which is used to identify the 

phases and compounds present in the XRD pattern. The angle/position of the XRD pattern 

being measured is matched with reference data in the data base. If all the angular positions 

correspond with each other, then the compound or phase in the sample is identified to be the 

same as that in the data base.  

XRD measurements are more sensitive to structural differences than to chemical differences 

and therefore additional techniques such as EDS are typically used in conjunction. 
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5.1.3 Crystal lattice structure and Bragg diffraction 

A crystal structure can be studied through the diffraction of neutrons, electrons and photons. 

The level of diffraction is determined by the wavelength of the incident radiation and the 

crystal structure of the material being studied. If the incident radiation has a wavelength 

which is close to or smaller than that of the lattice constant, then the diffracted beam may 

take a different direction compared to that of the incident beam [5]. The diffraction of an X-

ray beam in crystalline materials was explained by Bragg. It was argued that the diffraction of 

an X-ray beam from crystalline materials may be described and conceptualised with the help 

of mirror reflection notations  [3] as depicted in Figure 5-1. 

For Bragg‘s condition, radiation of wavelength λ incident on atoms of a crystalline lattice is 

scattered and undergoes constructive interference. Therefore, the two waves are in phase. For 

constructive interference to occur the path difference of the two waves should be equal to an 

integral multiple of the wavelength. From Figure 5-1 the path difference is BC+CD and 

BC=CD. Thus, nBC 2 . Therefore, the Bragg condition may be written as: 

  
 nd sin2                                                                                                          (5-1) 

where n, d and θ are the order of reflection, the interplanar spacing and Bragg‘s angle for the 

(hkl) plane, respectively [3,5]. 

 

Figure 5-1: Bragg's law [3]. 
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Using Bragg‘s equation (5-1), the values of d can be determined. For cubic crystalline 

materials such as ZrC, the lattice parameter (a) is described by Equation (5-2):       

   22222 / lkhda hkl                                                                                          (5-2) 

Since hkl are the Miller indices for the (hkl) plane, then  222 lkh   is a constant denoted 

by m. Therefore, by combining Equations (5-1) and (5-2), the value of a can be determined 

from  Equation (5-3):  

  hkl

m
a




2

2
2

sin4
                                                                                                   (5-3) 

The peaks of the diffraction pattern must first of all be indexed, in order to obtain the correct 

value of m, so that  a is analytically obtained [1] from Equation 5-3. The crystal structure of a 

material can also be identified from the family of Miller indices [6].   

5.1.4 Peak broadening of XRD patterns 

In general, peak broadening of an XRD peak is caused by three factors: (1) crystallite size, 

(2) instrumental broadening and (3) the presence of strain in the material. If the instrumental 

broadening is corrected, peak broadening can be used to determine crystallite size and the 

strain in the material. This is because peak broadening decreases with increase in the 

crystallite sizes and increases with an increase in strain [7]. Let the measured peak 

broadening of the standard and that of the sample at full maximum at half maxima (FWHM) 

intensity of the peaks be Bs and Bm, respectively. The correct broadening B in relation to the 

sample‘s diffraction peaks can then be determined from Equation (5-4) [8]:   

  2
1

22

sm BBB                                                                                                     (5-4) 

From Figure 5-2 we assume that the intensity is zero at 2θ1 and 2θ2 so that  B can be 

estimated as half the difference between the two angles, given by Equation (5-5): 
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                2121 22
2

1
 B                                                                                       (5-5)        

 

Figure 5-2: Schematic illustration of XRD peak broadening in crystalline materials. Taken 

from [8]. 

Applying Bragg‘s law, the path differences for the two angles are given by Equation (5-6): 
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This gives: 

   






 







 


2
sin

2
cos2sinsin 2121

21


 DD                                            (5-7) 

But B 221   and 






 








 

22
sin 2121 

, therefore Equation (5-7) becomes: 
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The crystallite size D is then given by Equation (5-9): 

 BB

K
D





cos
                                                                                                            (5-9)  

Equation (5-9) is referred to as Scherrer‘s formula. To compensate for the peak shape, a 

constant K called the shape factor was introduced, which is usually about 0.94 as derived by 

Scherrer for cubic structures [9]. The sizes of crystallites in polycrystalline materials have 
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significant effects on its properties. For instance, decreasing the crystallite size increases the 

hardness and strength of the material [8]. Therefore, it is important to determine the 

crystallite sizes of the materials prepared.  

From the calculated values of crystallite sizes, the dislocation density δ can be estimated. The 

dislocation density has been defined as the total length of all the dislocation lines per unit 

volume of a crystalline material [10]. Taking the crystallite size as the cube root of the 

crystallite volume and assuming all the crystallites have the same size and shape, Smallman, 

1956 [11] expressed the relationship between  δ and  D to Equation (5-10):  

  
23 D

n

D

nD
                                                                                                           (5-10) 

where n is number of dislocation lines in a unit volume of the crystallite. 

5.1.5 Microstrain and residual stress in films 

During the deposition of films strain may be introduced in the lattice planes. This causes the 

value of the interplanar spacing to change. This difference between the interplanar spacing 

values before and after the stress was introduced is comparable to the amount of stress. If the 

d-values, after the stress has been introduced, are constant in a particular plane for any set of 

(hkl) planes then uniform microstrain is produced. However, if the d-values for any particular 

set of (hkl) planes keep changing from plane to plane, it means the strain present is non-

uniform. Uniform microstrain causes the diffraction peaks to shift from their original position 

before stress was introduced, whereas non uniform microstrain causes peak broadening of the 

respective diffraction peaks as illustrated in Figure 5-3. From the peak shift and peak 

broadening of the diffraction peaks, the amount of strain in the material can be estimated [8]. 

The level of strain in a material relates to the degree of distortion and crystal imperfection in 

that material. The microstrain ε is  calculated from peak broadening B and diffraction angle θ 

[12] as indicated by Equation (5-11):   
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  


tan4

B
                                                                                                             (5-11) 

 

Figure 5-3: Effect of microstrain on peak position and broadening. Taken from [8]. 

The contributions of strain and crystallite size to peak broadening (i.e. Bε and BD 

respectively) do not depend on one another. It has been reported that crystallite sizes are best 

approximated by the Cauchy distribution, whereas microstrain (lattice distortions) is best 

appoximated by a Gaussian distribution. Therefore, peak broadening may be given by either 

BBB D  (Cauchy) or 22
BBB D   (Gauss) [13][14]. Studies using transmission electron 

microscopy have reported that the best fit was obtained for the Cauchy distribution. This 

could be because the contribution to peak broadening due to crystallite size is much greater 
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than that from microstrain [13]. The overall peak broadening is then given by combining 

Equations (5-9) and (5-11) [12]: 

 




cos
tan4

D

K
B                                                                                             (5-12) 

Rewriting Equation (5-12), we get the Williamson-Hall equation (5-13): 

 D

K
B


  sin4cos                                                                                          (5-13)  

If Equation (5-13) is plotted with  cosB  on the vertical axis and sin4  on the horizontal 

axis, the strain can be determined from the slope of the graph and the crystallite size from the 

vertical intercept [12,15].  

The strain existing in a film can also be determined directly from the change in lattice 

parameter , obtained from XRD measurements [16]: 

 

%100



o

o

a

aa
                                                                                       (5-14) 

where ao is the bulk lattice constant. 

The stress is usually caused by the presence of an external force on the material. However, in 

some cases, even when the external force has been removed, the material remains stressed. 

This kind of stress is called residual stress. Residual stress may be caused by chemical and/or 

thermal processes during the deposition process. Residual stress arises from the heating and 

cooling processes due to the differences in the coefficients of thermal expansion between the 

substrate and the deposited material and also during solid state transformations. Other 

processes influencing residual stress include the chemical composition of the film and growth 

induced stresses (e.g. due to misfit between the substrate and the film) of the reaction 

products formed on the substrate [17]. Increasing the film thickness reduces the effect of the 

substrate on the film and improves layer uniformity, which in turn reduces stress in the film.  
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The residual stress ζ can be determined from XRD results (from the lattice strain). Using 

Hooke‘s law, stress is proportional to strain [1]; hence, stress in terms of strain and Young‘s 

modulus E is given by Equation (5-15):  

          E   (5-15) 

Therefore Equation (5-13) becomes: 

          D

K

E
B





  sin4cos  

(5-16) 

If the value of Young‘s modulus is known, the values of the stress in the material can be 

determined. 

5.1.6 Texture analysis and preferred orientation 

Preferred orientation is a situation whereby the distribution of crystal orientations is non-

random [8]. In the deposition of films it is very important to ascertain whether crystals with 

the required orientation have been grown.  The properties of crystalline materials usually 

depend on how the crystal planes are oriented, since they are in most cases anisotropic. The 

preferred orientation is obtained by texture analysis. There are mainly two ways of 

determining preferred orientation; either in terms of pole figures and or texture coefficients 

[1,8]. Pole figure measurements by XRD is performed in such a way that the scattering angle 

remains constant while the tilt angle α and  rotational angle β keep changing as the diffraction 

intensity is being measured [18] (see Figure 5-4). Stereographic representations, sometimes 

called equal area projections, are the most commonly used pole figure [1].  The values of the 

diffraction intensity when plotted as a function of angles α and β give the pole figure  [18]. 

The intensity of a particular (hkl) reflection is proportional to the number of (hkl) planes in 

the reflecting condition. Therefore the pole figure determines the probability of getting a 

particular plane normal as a function of the sample orientation. If the values of the intensity 

obtained are uniform, it implies that the grains in the sample are randomly oriented [1]. 
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Figure 5-4: Stereographic projections and fixed scattering angle. Taken from [18]. 

Preferred orientation can also be determined analytically by means of texture coefficients. 

The texture coefficient  hklT  is usually determined from Equation (5-17) [19]:  
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(5-17) 

In the Equation (5-17), I(hkl) is the relative intensity of the (hkl) plane as measured from the 

diffraction pattern of the sample and N is the number of diffraction peaks considered. The 

quantity Io(hkl) is the relative integrated intensity of the reference randomly oriented grains 

(i.e. a powder sample) [8,19]. The value of  hklI0  for the corresponding plane can be 

obtained from the ICDD data file. In this study ICDD data file number ZrC: 03-065-8833 and 

C: 00-008-0415 was used. If the values of  T(hkl) are less than or equal to one, it means the 

crystallites in that plane are randomly oriented and when the value of T(hkl) is greater than 

one, it implies preferred orientation of the crystallites in a given [hkl] direction [10,19].  

Io(hkl) can also be calculated by considering the six factors which mainly influence relative 

intensity. The six main factors are the structure factor, multiplicity factor, Lorentz factor, 

polarization factor, temperature factor and absorption factor. However, other than the 

structure factor F, multiplicity factor p and Lorentz factor  




cossin

cos1
2

2
 , the other factors are 
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constant for all the diffraction peaks for a particular diffraction pattern. Therefore they are 

always left out in the expression for calculating the relative integrated intensity [8]. Hence the 

relative integrated intensity can be calculated from Equation (5-18) [2,8]:  

           







 






cossin

cos1
2

2
2

pFIo  
(5-18) 

The degree of preferred orientation of the whole sample  is obtained by determining the 

standard deviation of all the values of T(hkl) estimated from the sample as per Equation (5-

17). This is given by Equation (5-19) [19]:  

  

    

N

hklThklT
N

o 



2

                                                                                  (5-19) 

The value of To(hkl) is always equal to 1 since it represents the texture coefficient of a 

powder sample [19–21]. A sample with α-values greater than zero implies a preferred 

orientation, whereas one with an α-value equal to zero implies that the sample is completely 

randomly oriented. Since α is an indication of the degree of preferred orientation of the 

sample it is used in comparing samples for randomness and preferred orientation  [19–21]. 

In this study XRD investigation of the crystal structure, the composition and the preferred 

orientations of the ZrC layers was carried out using a Bruker D8 Advance diffractometer, 

equipped with a theta-theta goniometer.  Measurements conducted covered almost the whole 

geometry of the top surface of the as-deposited ZrC samples. The measurements were taken 

using a copper tube (Cu Kα radiation source with λ=1.54056 Å). The working potential and 

the corresponding current used during spectrum acquisition were 1 kV and 40 mA, 

respectively. The incident angle of the X-rays to the sample was set at 7.5° for all the 

measurements. At the incident angle of 7.5
o
, the penetration of an X-ray wavelength into the 

ZrC layer was 1.8 μm. Since the thickness of all the deposited layers was greater than 1.8 μm, 



75 
 

then all the phases present in the XRD patterns were assumed to be from the deposited 

sample.  

  Diffraction data were collected using a LynxEye position sensitive detector. The 

composition of the ZrC layers was analysed by the Rietveld refinement method using the 

TOPAS V4.2 [22] software package. The general guidelines for structure refinement using 

the Rietveld (whole-profile) method formulated by the International Union of 

Crystallography Commission on Powder Diffraction were applied, both in XRD pattern 

collection and phase refinement [22]. The agreement indices were used to evaluate the 

refinement. For all the spectra, the weighted R profile and goodness of fit ranged from 2.6% 

to 5.8% and from 24.6 to 48.8 respectively. 

5.2 Energy dispersive X-Ray spectroscopy  

5.2.1 Principle of analysis 

Energy dispersive X-Ray Spectroscopy (EDS or sometimes EDX) is a non-destructive 

quantitative and qualitative chemical microanalysis technique. EDS is normally attached to a 

transmission electron microscope (TEM) or a scanning electron microscope (SEM). In 

principal, EDS has the capability of analysing the elemental composition of materials whose 

atomic number is greater than three [23]. However, not all EDS instruments are equipped to 

detect light elements with atomic number less than ten (3<Z<10). Information on the material 

composition can be achieved both as a map or a point layout. Normally a beam of electrons 

from the electron microscope is directed into the sample [17]. Figure 5-5 illustrates the 

formation of X-rays when the incident electron beam interacts with the atoms in a sample.  

The beam of incident electrons (typical energy 5 keV to 20 keV) bombarding the sample 

loses energy. One of the ways in which energy is lost is by emission of X-rays.  This happens 

when the incident electrons bombard the atoms of the sample causing electrons to be ejected 

from inner electronic shells, thus creating electron vacancies [23,24]. 
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Figure 5-5: Schematic diagram illustrating incident electron bombardment of an atom in the 

sample and X-ray emission: (a) a vacancy is created in the K shell and (b) the vacancy is 

filled from the L shell. 

The electron vacancies will make the atom unstable. Electron rearrangement in the shells will 

therefore occur so as to minimise the energy. Usually the electrons from higher energy levels 

fall to an inner shell to fill the vacancies. The electrons from the higher energy level have 

more energy than the ones being replaced. The energy difference will then be given out in the 

form of X-ray photons. Every element in a sample emits a unique and characteristic spectrum 

of X-rays. The energies of these X-ray photons are characteristic of the elements of the 

sample from which they are emitted [24][25]. The characteristic X-ray lines are identified 

based on the shell from which the electron is removed and the shell where the filling electron 

is dropped. For example, in Figure 5-5, the characteristic X-ray line is Kα. 

The X-rays emitted from a sample are gathered by the EDS detector to determine the 

elemental chemical composition of the material. The EDS detector filters the characteristic 

X-rays of different elements in sample into energy bands or a spectrum. The elemental 

composition of the sample is determined by evaluating the spectrum obtained [23]. A typical 

EDS spectrum is given in Figure 5-6.  
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Figure 5-6: Example of EDS spectrum with characteristic peaks and elemental weight 

percentage of a sample. 

5.3 What happens inside the EDS detector 

When an incident X-ray strikes the detector, the detector converts the energy of each 

individual X-ray into a voltage signal proportional to the X-ray energy [23][26]. Normally 

there are three sequential processes through which it is accomplished. (1) The atoms are 

ionised in the semiconductor crystal (either lithium or silicon), which converts the X-rays into 

charge pulses. (2) Each charge pulse is converted into a voltage signal by a charge-sensitive 

preamplifier. This generated voltage signal is still proportional to X-ray energy. (3) The 

voltage signal is then transmitted to a multichannel analyser for processing. The voltage that 

is turned out from the multichannel analyser is in the form of a ‗ramp‘. Each voltage step on 

the ramp corresponds to a particular X-ray energy.  This energy for each incident X-ray as 

determined from the voltage measurement is then sent to a computer for display and further 

data evaluation [23].  

In this study, the EDS instrument used for the characterisation of the elemental composition 

of the ZrC layers was manufactured by Oxford Instruments. It was mounted on a Zeiss Ultra 

Plus FE-SEM. The accelerating voltage while collecting the EDS spectra was set at of 15 
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keV.  For this voltage, the interaction volume (depth of penetration) of electrons in ZrC layer 

was determined using Monte Carlo simulation for electrons software called MC-set. The 

penetration depth was found to be 1.3 μm, which is less than the thickness of all the layers 

that were deposited.  This means that the carbon detected by EDS did not originate from the 

graphite substrate. Also compared to the entire interaction volume, the contribution of carbon 

from the surface contamination (if any) to the measured data is very negligible. It is important 

to note that, hand gloves together with tweezers were used during sample handling and the 

samples were stored in airtight clean containers. To cater for inhomogeneity in the sample, 

five measurements from five different regions on the surface of each sample were taken and 

the average of this was taken as the ‗true‘ elemental composition of the sample. For this 

study, the instrument generated the elemental composition values as a weight percentage. The 

weight percentage of each element (i.e. Wi of i
th

 element) was therefore converted into atomic 

percentage (at%) by considering the atomic weight of each element  (i.e. Ai of i
th

 element) in 

the sample composed of n elements. This was calculated from Equation (5-20)  

                 %100%

1






n

i

ii

ii

AW

AW
At                                                                                       (5-20)  

5.4 Raman Spectroscopy 

5.4.1 Introduction to Raman 

Raman spectroscopy is a non-destructive technique for structural and chemical composition 

characterisation of materials by employing the Raman scattering effect [27]. The Raman 

scattering effect was discovered in India in 1928 by Chandrasekhara Venkata Raman [28] 

and this later gave birth to the Raman spectroscopy technique. Raman spectroscopy is based 

on inelastic scattering of intense monochromatic light from a laser. For inelastic scattering to 

occur, it implies that the photon frequency of monochromatic laser light changes after 
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interaction with a sample [27,29]. Photons of the laser light are absorbed by the sample and 

then re-emitted. The frequency of the reemitted photons is shifted up or down in comparison 

to the original monochromatic frequency, which is called the Raman effect [27,29,30]. This 

shift provides information about vibrational, rotational and other low frequency transitions in 

the molecules. Raman spectroscopy can be used to study solid, liquid and gaseous samples 

[29]. Therefore Raman scattering can be used to reveal the structure and composition of 

crystals and molecules [19]. 

There are generally four major fundamental components of a Raman system. These are (1) 

the sample illumination system and light collection optics, (2) the excitation source (laser), 

(3) a detector and (4) a wavelength selector (filter or spectrophotometer) (see Figure 5-7). 

The sample to be measured is usually irradiated with a laser beam. The laser beam used in 

Raman analysis is normally in the near ultraviolet, visible or near infrared region. The 

radiation after interaction with the sample is collected with the help of a lens. The lens then 

directs this scattered radiation through an interference filter or a spectrophotometer to obtain 

a Raman spectrum of the sample. 

 

Figure 5-7: Schematic diagram of a basic Raman spectroscopy instrument and the radiation 

beam flow path. Taken from [31].  
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5.4.2 Raman spectroscopy and Raman spectra 

In Raman spectroscopy the sample is irradiated by an intense laser beam with frequency vo. 

The incident beam after interacting with the sample molecules is scattered in all directions 

[32]. Figure 5-8 illustrates the different radiations produced when an incident beam is 

scattered by a sample. The scattered light is usually observed in the direction perpendicular to 

the incident beam. A big fraction of the scattered radiation has a frequency similar to that of 

the incident beam vo. This type of scattering is elastic and is called Rayleigh scattering. The 

remaining small fraction about 10
-5 

of the incident beam has frequencies (vo ± vm), where vm 

is the vibrational frequency of a molecule. This type of scattering is inelastic and it represents 

Raman scattering.  When the frequency of the scattered radiation is lower than the incident 

radiation (i.e. the frequency is (vo-vm)), we get the Stokes lines in a Raman spectrum. If the 

frequency of scattered radiation is higher than the incident radiation (i.e. its frequency is 

(vo+vm)), anti-Stokes lines appear in the Raman spectrum [33]. Thus, in Raman spectroscopy 

we measure the vibrational frequency (vm) as a shift from incident beam frequency (vo). 

Figure 5-9 shows the Rayleigh and Raman scattering, including Stokes and anti-Stokes lines 

[32]. 

 

Figure 5-8: Schematic illustration of different radiations produced after an incident beam is 

scattered by a sample. Taken from [31].  
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Figure 5-9: Diagrammatic illustration of Rayleigh and Raman scattering. Stokes and anti-

Stokes lines are indicated. Taken from [34]. 

Stokes lines are more intense than anti-Stokes lines. In Stokes scattering the photons are 

scattered to lower energy, implying that the wavelength tends towards the red end of the 

spectrum. This is because at room temperature molecules are normally in their ground 

vibrational states.  For this reason the Stokes transition outweighs the anti-Stokes transition 

lines and can easily be detected using a basic Raman equipment [30,35]. Usually a small 

number of molecules is vibrationally excited prior to irradiation of the sample by the laser 

beam. The scattered photons from these molecules have higher energy than the photons 

scattered from the rest of the molecules in the sample. This energy gain implies a shift in 

wavelength towards the blue end of the spectrum for anti-Stokes Raman lines. The gain or 

loss in energy a photon experiences as it interacts with a molecule is a characteristic of the 

vibrational modes of a particular bond in a molecule. This is because the photon energy shift 

differs from bond to bond (i.e. C-O is not the same as C-C and not the same as Zr-C, etc). 

Therefore, when the whole spectrum is recorded, spectral features can be used to identify and 

characterise the molecules. This is because spectral features are associated with the various 

different bonds and vibrations [30]. 
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5.4.3 Raman scattering 

According to classical electromagnetic theory, Raman scattering can be explained as follows; 

The electric field strength E of an incident electromagnetic wave (laser beam) fluctuates with 

time t as shown in Equation (5-21): 

             
 tEE 00 2cos                                                                                              (5-21) 

where Eo is the vibrational amplitude of the laser [28,36]. The scattering of a photon is caused 

by molecular polarisation. Polarisation allows  the electric field intensity E to induce an 

electric dipole moment in atom or molecule [28,30]. The induced electric dipole moment P 

may be given by Equation (5-22): 

               tEEP 00 2cos                                                                                    (5-22) 

Here α is the polarizability [23]. Since the molecule is vibrating with frequency vm and with a 

particular vibrational amplitude, say qo, then the displacement q of the molecule about its 

origin can be represented by Equation (5-23): 

               tqq m2cos0 ,                                                                                              (5-23) 

For small amplitudes of vibration, α is a linear function of q and it can be represented by 

Equation (5-24): 
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Here, αo is the polarizability at the equilibrium position and 
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
is the rate of change of α 

with respect to a change in q evaluated at the equilibrium position. Therefore, by combining 

Equations (5-23) and (5-24), the induced dipole moment is given by Equation (5-25): 
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According to the classical theory, the first term of Equation (5-27) represents an oscillating 

dipole that radiates at the light frequency vo (Rayleigh scattering), while the second term of 

the same equation corresponds to the Raman scattering at frequencies vo+vm (anti-Stokes) and 

vo-vm (Stokes). If  0
0





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







q


, then the vibration is not Raman active. So for the vibration to 

be Raman active the rate of change of polarizability with vibration must not equal to zero 

[28,36]. In normal Raman spectroscopy, the excited line is chosen so that its energy is far 

below the first electronic excited state. Under normal conditions the Stokes lines are stronger 

that anti-Stokes lines. Since both give the same information it is customary to measure only 

the Stokes side of the spectrum [37,38]. 

In this study the Raman spectroscopy analysis was performed using a Horiba Jobin-Yvon 

T64000 spectrometer with an argon-krypton laser of an excitation wavelength of 514 nm and 

a laser power of 148 mW. The spectra were acquired from Raman shifts ranging from 200 

cm
-1

 to 1800 cm
-1

 at the aperture of the 50 times objective lens. The analysis of the Raman 

spectra was performed by Labspec 5 software, which enabled the measurement of peak 

height, position and width.  

5.5 Scanning electron microscopy  

5.5.1 Description of the technique 

Scanning electron microscopy (SEM) is a non-destructive evaluation technique for high-

resolution imaging of sample surfaces [39]. It provides information about the surface 

morphology, crystal structure, chemical composition and electrical behaviour of the sample 
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[40]. Compared to optical microscopy, which uses visible light for imaging, the scanning 

electron microscope (SEM) uses electrons [39]. One of the main advantages of SEM over 

optical microscopy is that SEM has a higher resolution and therefore has a higher 

magnification (over 150,000×). This allows for the visualization of fine structures on the 

sample that optical microscopy cannot reveal [41]. SEM has a large depth of field. The depth 

of field is the distance between the nearest and furthest point which are in focus. Thus, 

information on three-dimensional topography of the sample [42][43] is provided. SEM is one 

of the most popular and very versatile instruments. It is capable of obtaining images of 

sample surfaces of a wide variety of materials. The images obtained by SEM have a wide 

range of applications [23].  

The basic components of a SEM (see Figure 5-10) may be grouped into four categories: (1) 

the electron column, (2) the specimen (or sample) chamber, (3) the vacuum pumping system 

and (4) the electron control and imaging system [44]. The SEM generates a beam of incident 

electrons in an electron column above the sample chamber. The electrons are produced by a 

thermal emission source, such as a heated tungsten filament, or by a field emission cathode. 

The energy of the incident electrons can be as low as 100 eV or as high as 30 keV depending 

on the evaluation objectives [39]. These electrons are emitted by the electron gun in the SEM 

column and are focused into a small beam through a series of electromagnetic lenses onto the 

sample surface, which is usually mounted on a mobile sample holder (see Figure 5-10). The 

electron beam upon impinging on the sample surface is scanned in a raster pattern over the 

sample surface for imaging [45]. Scanning coils near the end of the column direct and 

position the focused beam onto the sample surface [39]. The beam can also be focused at a 

single point or scanned along a line for X-ray analysis. The beam can be focused to a final 

probe diameter as small as about 10 Å [39][46]. The emitted electrons are detected for each 

position in the scanned area by an electron detector. The intensity of the emitted electron 
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signal is displayed as brightness on a cathode ray tube or the monitor. By synchronizing the 

monitor scan to that of the scan of the incident electron beam, the monitor display represents 

the morphology of the sample surface area scanned by the beam [45].  

 

Figure 5-10: Schematic diagram of the electron paths in a conventional scanning electron 

microscope. Taken from  [47].  

5.5.2 Electron beam sample interaction and detection 

When the incident electron beam interacts with the sample, some electrons are scattered, 

others are absorbed and transmitted, hence giving out a number of signals [47,48]. The 

signals given out by the sample include secondary electrons, backscattered electrons, Auger 

electrons, X-rays and cathodoluminescence (light) [40] as shown in Figure 5-11.  As much as 

all these signals are generated at the same time, they are collected and analysed by various 

detectors independently. The SEM utilizes these signals to observe and analyse the sample 

surface (or just beneath the surface) [39].  
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Figure 5-11: Incident electron beam interaction with the sample and radiations emitted. 

Taken from [49]. 

The incident electrons cause electrons to be emitted from the sample due to elastic and 

inelastic scattering events within the near-surface region of the material. Figure 5-12 is a 

schematic diagram that illustrates how various signals are emitted from the sample. High-

energy electrons that are ejected by an elastic collision of an incident electron, typically with 

a sample atom‘s nucleus, are referred to as backscattered electrons. The energy of 

backscattered electrons is comparable to that of the incident electrons [39] [50]. The detected 

signals of the backscattered electrons are used for differentiating between areas on the sample 

surface with different chemical compositions. This is made use of by looking at the atomic 

number contrast and topographical contrast. For instance, in a ZrC micrograph formed by the 

signals from the backscattered electrons, the areas with zirconium will appear brighter than 

those with C. This is because Zr has a higher atomic number. Backscattered electrons are also 

used to form electron backscatter diffraction (EBSD) from which crystallographic structure 

of the sample can be determined [42] [43]. 

The emitted lower-energy electrons resulting from inelastic scattering are called secondary 

electrons. Secondary electrons can be formed from inelastic scattering of the loosely bound 
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valence electrons (in the K-shell) from the sample [39] [50]. The energy of secondary 

electrons is ≤ 50 eV [23]. Their signal is used to study the surface topography and 

morphology of the sample. These electrons are generated along the incident electrons‘ 

trajectory but only those generated within few nano-meters underneath the sample surface are 

detected– the others are absorbed in the sample owing to their low energy.  

 

Figure 5-12: Emission of various signals from the sample. Taken from [50]. 

Auger electrons result from higher energy level electrons filling the vacancies in a lower 

energy level, as already explained in Section 5.2. The difference in the two energies is carried 

away through the emission of Auger electrons (low energy electrons) or the production of X-

rays. The signals that result from these Auger electrons can be used for chemical analysis of 

the sample surface. The X-ray signals are used in chemical characterization of the samples by 

EDS [23]. 

The volume with in the sample in which the incident electrons interacts with the sample is 

referred to as the ―interaction volume‖ (see Figure 5-13). The elemental atomic numbers of 

the sample, sample density and incident electron beam energy determines the magnitude of 

electron scattering inside the sample. An increase in electron beam energy increases the 
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scattering range. However, materials of large atomic numbers and densities produce small 

electron scattering ranges [49].  

 

Figure 5-13: Schematic of the volume of generation of various radiations emitted by the 

incident electron beam interacting with the sample. Taken from [51]. 

5.5.3 Sample requirements 

The SEM column and sample chamber are operated under vacuum in the range of 10
-3

 to 10
-4

 

Pa. This is done to allow the electrons to travel freely from the electron beam source to the 

sample and then to the detectors. The good vacuum in the chamber also enhances high-

resolution imaging [39][51]. Because SEM is operated under high vacuum, the nature of 

samples to be studied must meet this requirement. This implies that samples of materials such 

as liquids and volatile samples require special treatment before they are studied with SEM. 

The powder samples must be specially prepared to avoid contamination of the sample 

chamber. The samples must also be firmly fixed on the SEM sample holder. If the sample is 

non-conductive, it has to be coated with materials like graphite, gold or platinum to improve 

its conductivity. The coating must be done in such a way that the surface morphology of the 

material being coated is not affected significantly [39] [52].  Samples to be analysed in 

secondary electron mode must all be electrically conductive. In backscattered electron 

imaging mode both conductive and nonconductive samples can be analysed [39][51]. In an 

attempt to solve some of these sample limitation issues, some special SEM instruments have 
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been manufactured. These include variable-pressure SEM (VPSEM), which operates at 

higher specimen chamber pressures, thus allowing for non-conductive materials, and 

environmental SEM (ESEM) that allows the analysis of samples of wet materials. The 

samples to be studied should also be of the dimensions a given SEM sample chamber and 

sample holder can accommodate. Typically SEM equipment can accommodate with ease 

samples of dimensions up to 200 mm diameter and 50 mm height [39]. 

In this study the surface morphology of as-deposited ZrC layers were analysed using 

ultrahigh resolution field-emission scanning electron microscopy (FE-SEM, Zeiss Ultra 

Plus). This SEM instrument is equipped with detectors for secondary electron, backscattered 

electron and an in-lens secondary electron.  The EDS detector is also is attached to this SEM, 

the use of EDS has already been discussed in Section 5.2. The in-lens detector system was 

used to study the topography and morphology of the ZrC layers. The purpose of the in-lens 

detector system is to acquire images of high resolution by shortening the gap between the 

objective lens and sample, and enhancing the lens performance. The gap between the sample 

and the lens is made short by placing the sample in the magnetic field of the lens. The 

secondary electrons from the sample move upward in the strong magnetic field of the lens 

and are collected by the in-lens detector positioned above the objective lens. The image 

contrast when the in-lens detector is used is different from that of the conventional objective 

lens.  Furthermore, since the use of in-lens detectors is a modern development, such SEM 

systems also have better electron optics allowing low acceleration voltages. Low accelerating 

voltages allow for more surface features of the sample to be revealed (i.e. it is more surface 

sensitive) and minimisation of charging effects [49]. This is good for studying the uniformity 

of the surface structure of the samples. The in-lens system allows the detection of surface 

defects–a very important parameter in the growth process of ZrC, as defects can create an 

easy diffusion path for the fission products. Surface defects are a disadvantage for the 
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purpose of using ZrC as a diffusion barrier layer. The electron beam of the Zeiss Ultra Plus 

FE-SEM at the University of Pretoria can be varied from 200 eV to 20 keV with good 

focussing capabilities.  This enables the detection of the top surface as well as features deeper 

inside the layer. For the analysis of the ZrC layers the accelerating voltage was set at 1 kV 

and the working distance ranged from 2.0 to 3.0 mm. The surface morphology of the as-

deposited ZrC layers was found to vary depending on the deposition parameters. The 

discussion of micrographs of ZrC layers deposited at different conditions and parameters is 

given in Chapter 7.  
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CHAPTER 6 

EQUIPMENT FABRICATION AND CONSTRUCTION 

Prior to the design of the CVD system for the deposition of ZrC layers, a thermodynamic 

analysis was carried out. This was done in order to establish the feasibility of the chemical 

reactions of the reactants at room temperature and at elevated temperatures. The results of 

this analysis were used as guidelines for the selection of the appropriate materials for the 

construction of the reactor system. The precursor compounds for ZrC were ZrCl4 and CH4, as 

zirconium and carbon sources, respectively. The feasibility of the chemical reaction is 

predicted by the change in the Gibbs free energy. When the Gibbs free energy of the reaction 

is negative, the reaction is feasible under the given conditions [1]. The Gibbs free energy of 

the reaction and the corresponding equilibrium thermodynamic constant were calculated. The 

results are discussed in Chapter 7 of this thesis. HSC Chemistry software (a thermochemical 

software package) [2] was also used to show the speciation of the reactants with temperature. 

Based on the results of the thermodynamic analysis, deposition temperatures ranging from 

1200 °C to 1600 °C were selected. 

6.1  Design and fabrication of the CVD system 

In this study a vertical-wall thermal CVD system, as indicated in Figure 6-1, was developed 

in-house at Necsa. The detailed Standard Operating Procedures (SOP) for this equipment 

were developed and are given in Appendix I. The process parameters and reactor geometry 

were engineered so as to control the growth and quality of ZrC layers. The main components 

required for the fabrication and construction of the CVD system were strategically designed, 

selected and assembled with careful planning and adherence to engineering principles. The 

CVD system was constructed with components that can accommodate the high substrate 
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temperatures for ZrC growth, even beyond 1700 °C, and the very reactive and hazardous 

deposition gases (ZrCl4, methane and hydrogen). 
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Figure 6-1: Piping and instrumentation diagram of the CVD reactor assembly. 

This in-house-built CVD system consisted of four basic components. These were: 

(i) The gas supply and delivery system (including ZrCl4 vaporiser system) 

(ii) An RF Power supply system and the induction coil 

(iii) The reactor system (including the graphite reaction chamber), and 

(iv) The exhaust/scrubber system 
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6.1.1  Power supply system 

An RF induction heating source with maximum power output of 10 kW was used. This RF 

power supply model EASYHEAT LV AT 8310 was manufactured by Ambrell, Ameritherm 

Inc, USA. It was connected to a copper tubing induction heating coil. The copper coil was 

water cooled to prevent it from melting and reduce internal heat losses. The gap between the 

four-turn helical copper coils and the graphite reaction chamber was kept to a minimum to 

ensure good RF coupling with the coil. This distance was sufficient to accommodate the 

thermal insulation (using ceramic material) to reduce heat transfer from the heated graphite 

reaction chamber to the coil. The ceramic material also secured the graphite reaction chamber 

at the centre of the coil in a fixed position. When the material to be heated is placed close to 

the coil, there is increased current flow, which raises the amount of heat induced in that 

material. To achieve uniform heating it is required that the coupling distance Cd should be 

equal but not more than twice the coil pitch [3], since heating effects also depends on the 

pitch of coil windings. The coupling distance was estimated using Equation (6-1); 

   

     2

gin

d

dD
C


  

         (6-1) 

where Din is the inner diameter of the coil and dg is the diameter of the graphite reaction 

chamber (acting as the work piece).  Table 6-1 gives a summary of the specifications of the 

coil used. To ensure maximum uniform heating, the effective heating length of the coil on the 

graphite reaction chamber was estimated using Equation (6-2) [4] and was found to be 6.34 

cm: 

   
     

 pcg CdNh 
 
          (6-2) 

Here hg is the portion of the length of the cylindrical graphite tube with maximum heating, Cp 

is the pitch of the coil winding, dc is the diameter of conductor (copper tubing) and N is 

number of coil turns able to produce maximum uniform heating on about 6.34 cm of the 



98 
 

length of the graphite reaction chamber. The inductance of this coil was calculated using 

Wheeler‘s formula [5] given in Equation (6-3) and was found to be 0.832 μH. 
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       (6-3) 

Here L is the coil inductance, N is the number of turns, D and l is the diameter and length of 

the coil in inches, respectively. 

Table 6-1: Coil design specifications. 

Specification Design value 

Material Copper 

Coil type Helical (round) 

Number of turns 4 

Inner diameter (cm) 5.1 

Outer diameter (cm) 6.38 

Diameter of the coil tubing (cm) 0.64 

Coil length (cm) 3.60 

Coil pitch (cm) 0.945 

Coupling distance (cm) 0.80 

Gap between the windings 

Coil inductance (μH) 

0.305 

0.832  

 

6.1.2 Power supply calibration 

As already mentioned, the required temperatures for the growth of ZrC layers from ZrCl4 and 

methane were predetermined by a thermodynamic analysis (see Chapter 7). The results 

indicated that the growth of ZrC is realised at temperatures above 1000 °C. Therefore, a 

suitable power supply with the capability of generating these temperatures was secured. The 

power-temperature calibration was carried out before the actual ZrC deposition experiments 

were conducted.  During power-temperature calibration, the substrates were loaded in the 

reaction chamber and only argon was used to maintain a similar environment as that during 

deposition. The substrate temperatures were measured by an infra-red optical pyrometer 

through a quartz viewing window at the top of the flange (see Figure 6-1). The pyrometer 

readings were recorded while the graphite reaction chamber top-lid was open, in order to 
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measure the actual temperature of the substrates. The power calibration experiments were 

carried out five times and the average temperature values were considered to avoid errors 

which may arise from the pyrometer readings. This is because the pyrometer readings also 

depended on how well it was focused on the hottest part of the heated material through the 

window of the reactor.  The pyrometer readings with respect to the power supplied and the 

current are given in Table 6-2.  

Table 6-2: RF Power Supply settings and the temperature generated 

Power output (W) Current (A) Substrate Temperature (°C) 

1463 42 1090 

1650 44 1151 

1843 46 1256 

2031 48 1311 

2241 50 1369 

2472 52 1409 

2633 54 1468 

2848 56 1537 

3056 58 1599 

3276 60 1637 

3530 62 1689 

3734  64 1720 

 

These average values were used to plot a graph of power supplied and resulting temperature, 

as shown in Figure 6-2. The plot in Figure 6-2 was used to set the approximate ‗final‘ 

substrate temperature for the deposition of ZrC layers. During the deposition of ZrC, the top-

lid of the graphite reaction chamber was closed, to avoid contamination of the ZrC layer and 

to ensure all the inlet gases reach the substrate.  Therefore, the power output of the RF power 

supply was set at a value corresponding to the desired substrate temperature in line with the 

power-temperature calibration data given in Figure 6-2. 
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Figure 6-2: The RF power supply calibration curve. 

6.1.3 The CVD reactor system 

The CVD reactor system shown in Figure 6-1 was fabricated and constructed at Necsa as 

already mentioned. The elbow stainless steel outer casing and the graphite reaction chamber 

are among the many components. 

The stainless steel reactor casing was made 420 mm high with an internal diameter of 237 

mm. The thickness of its walls was 27 mm. Figure 6-  gives the physical layout of the reactor 

system, indicating the dimensions of the components. The schematic of the CVD reaction 

chamber system showing its parts is given in Figure 6-4 (cross section) and Figure 6-5 

(physical layout). One of the roles of the stainless steel outer casing was to confine the 

corrosive exit gases and enable safe extraction.  
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6.1.3.1 The stainless steel reactor casing 

 

Figure 6-3: Dimensional schematic layout of the reactor system. All dimensions are in 

millimetres 
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Figure 6-4: The cross section of the reactor system. 

 

 

Figure 6-5: Schematic of the physical layout of the CVD reactor system. 
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6.1.3.2 The graphite tube reaction chamber 

The cylindrical high density grade graphite tube manufactured by Le Carbone-Lorraine had 

an inner diameter of 2.5 cm and a length of 30 cm. This type of graphite is denoted ―anode 

carbon‖ or ―carbon 20/20‖. The cylindrical graphite tube (reaction chamber) together with a 

substrate stage made of the same material attached at its bottom end were fixed inside the 

steel casing, as shown in Figure 6-4 and Figure 6-5. The 74.1 g solid cylindrical graphite 

substrate stage had a length of 13.5 cm and diameter of 2.2 cm. The graphite tube was at the 

same time used as the work piece for induction heating to attain the required temperature for 

the substrates (1200 °C up to 1700 °C for this experiment). Table 6-3 gives a summary of the 

material specifications and properties of the graphite tube that was used in this study.  

Table 6-3: Reaction chamber material specification. 

Specification Design value 

Material Graphite 

Purity 100.00% 

Thermal conductivity (Wm
-1 

°C
-1

)  8.5 

Coefficient of thermal expansion (°C
-1

) 4.3x10
-6

 

Inner diameter (cm) 2.5 

Outer diameter (cm) 3.5 

Length (cm) 30 

Density (gcm
-3

) 1.77 

Grain size (µm) 15 

Porosity 9% 

 

The graphite tube was equipped with leads on both ends, i.e. the gas inlet at the top and outlet 

at the bottom. The gas inlet and outlet permitted the flow of the gases past the heated 

substrates mounted on the substrate stage. The distance from the inlet to the substrate stage 

varied between 70 mm and 170 mm. Zirconia wool was used as an insulator for both heat and 

electricity and was placed between the steel casing and the graphite reaction chamber. 
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6.1.4 The gas delivery system 

The gas delivery system comprised of three separate pressurised cylinders (methane, argon 

and hydrogen cylinders) fitted with pressure gauges and flow meters. The precursors used in 

deposition of ZrC were anhydrous zirconium tetrachloride powder (purity > 99.5%; Hf < 50 

mg kg
-1

 manufactured by Sigma-Aldrich (Pty) Ltd) and methane (CH4, 99.99% pure). ZrCl4 

was carried from the vaporisation chamber to the reaction chamber by argon (Ar, 99.999% 

pure). Hydrogen gas (H2, 99.999% pure) was used to provide a reducing and diluting 

environment for the ZrCl4 vapour and the HCl effluent. Argon was also used to flush the 

reactor by continuously (4 times before each deposition) pressurising and depressurising it in 

order to remove air (oxygen) and atmospheric moisture. Methane, hydrogen and argon 

volumetric flow rates were manually controlled by pre-calibrated flow meters and directed 

into the reaction chamber as shown in Figure 6-1. The deposition was carried out at 

atmospheric pressure (which was about 87 kPa absolute at location).  

The flow meters were calibrated at room temperature and atmospheric pressure using the 

Gilian Gilibrator-2 NIOSH Primary Standard Air Flow Calibrator. The purity of the gases 

was tested using a tripple quadrupole gas chromatography mass-spectrometry (GC-MS) 

system. Argon was passed through the vaporiser loaded with ZrCl4 power so that it could 

carry ZrCl4 vapour to the reaction chamber at the required flow and proportion. The feed 

pipes made of stainless steel carrying hydrogen, methane and ZrCl4 (under argon) were 

joined together and then fed into the reaction chamber. To avoid ZrCl4 agglomerating and 

clogging the inlet pipe, the feed pipes were heated to 300 °C (ZrCl4 vaporiser temperature) by 

an electric heat tracing tape. The pipes were also covered with heat insulating material 

(zirconium wool) so as to avoid heat losses to the surroundings. Argon was also used as a 

purge gas and to stabilise the total reactor pressure. 
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6.1.5  The ZrCl4 vaporisation system 

The control and transport of ZrCl4 vapour into the reaction chamber are crucial for the 

production of ZrC with the desired stoichiometry and morphology. ZrCl4 was first vaporised 

in the vaporisation system and the vapour was continuously swept to the reaction chamber 

using argon carrier gas. ZrCl4 was vaporised to the required vapour pressure in order to 

optimise the growth characteristics of the ZrC layers.  Several studies have been conducted 

on the CVD growth of ZrC from zirconium halides. It has been noted that ZrCl4, as opposed 

to other halides such as ZrBr4 and ZrI4, produces ZrC with relatively good stoichiometry, and 

is less toxic and relatively more volatile [6]. That is the reason it was selected as a precursor 

for this study. The physical properties of ZrCl4 are listed in Table 4-2 (Chapter 4). 

The ZrCl4 vaporisation system consisted of an oven heated to 300 °C (just below its phase 

transition temperature at 331 °C) and a cylindrical steel vessel, 24.6 cm long with inner 

diameter of 4.3 cm. The loaded cylindrical steel vessel was connected to the inlet pipes, and 

argon was allowed to sweep through freely. Figure 6- shows the physical layout of the ZrCl4 

vaporiser system.  
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Figure 6-6: Physical layout of the ZrCl4 vaporiser system. 

Since ZrCl4 powder is very hygroscopic; precautions were taken to avoid its exposure to 

atmospheric moisture as far as possible. To determine and optimise the vapour pressure of 

ZrCl4 for the deposition of ZrC layers, ZrCl4 was heated under vacuum and under argon for 3 

minutes at each temperature. Table 6-4 gives the values of the temperature and the 

corresponding ZrCl4 vapour pressures. Figure 6- shows a plot of the gauge pressure as a 

function of temperature, measured under vacuum and at argon gauge pressure of 11 kPa.  
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Table 6-4: Temperature and ZrCl4 pressure. 

T (°C) 

Pressure under 

vacuum (kPa) 

Pressure under 

argon (kPa) 

20 0 11 

50 1 11 

100 5 15 

150 9 25 

200 20 35 

250 36 53 

300 54 75 

320 95 114 

340 110 127 

360 116 135 

380 118 144 

400 121 148 

 

For ZrCl4 under argon, the total pressure measured was the sum of the ZrCl4 (vapour) and 

argon partial pressures. It was observed that the presence of argon in the ZrCl4 does not 

change the pressure-temperature trend of ZrCl4, as shown in Figure 6-. From room 

temperature up to 150 °C the increase in pressure of ZrCl4 is small. There is a rapid increase 

from around 190 °C to about 330 °C. A quick raise in vapour pressure is due to an increase in 

ZrCl4 vapour molecules as the temperature is increased [7].  After 330 °C the trend of the 

curve changed, indicating full sublimation of the ZrCl4. To avoid full sublimation and have a 

manageable vapour pressure, a temperature of 300 °C was chosen throughout this study. 

The ZrCl4 vaporisation process was investigated by thermodynamic analysis. It was found 

that the vaporisation process of ZrCl4 does not generate other lower halides such as ZrCl3, 

ZrCl2 or ZrCl, as illustrated by Figure 6-. This is because the Gibbs free energies of formation 

of ZrCl3, ZrCl2 and ZrCl are all greater than zero within the experimental conditions.   
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Figure 6-7: variation of ZrCl4 vapour pressure with temperature. 
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Figure 6-8: Decomposition of ZrCl4. 

6.1.6 ZrCl4 mass transfer rate calibration 

As mentioned, the ZrCl4 vapour was delivered into the reaction chamber by an argon flow, 

subsequently mixed with the methane and the hydrogen feed. The vapour pressure and the 



109 
 

mass transfer rate of ZrCl4 mainly depend on the temperature at which ZrCl4 is vaporised and 

the argon flow rate. The mass flow rate of ZrCl4 was controlled by varying the argon flow 

rate and keeping the vaporiser temperature at 300 °C. The ZrCl4 mass transfer rate as a 

function of argon flow rate is shown in Table 6-5 and Figure 6-. The calibration curve was 

obtained by flowing argon through the ZrCl4 powder at different argon flow rates for 20 

minutes, and determining the mass difference after each run. The mass transfer rate of ZrCl4 

for each run was determined from Equation (6-4), derived experimentally: 

   

     t

MM
ratetranfermassZrCl ab 4

               (6-4) 

where Mb is the mass of the loaded ZrCl4 vaporiser before vaporisation and argon flow and 

Ma is the mass of the loaded ZrCl4 vaporiser after vaporisation and argon flow for time t. 

Table 6-5: ZrCl4 mass flow in argon at 300 °C. 

Ar flow rate Mass of ZrCl4 loaded in vaporiser (g)     

(sccm) before (Mb) after (Ma) M=(Mb-Ma) (g)      M(g/h) 

100 981.95 981.71 0.24 0.48 

200 983.7 983.41 0.29 0.58 

300 984.81 984.49 0.32 0.63 

400 981.91 981.54 0.37 0.75 

500 981.22 980.75 0.47 0.94 

600 981.51 981 0.51 1.01 

700 982.41 981.84 0.57 1.14 

800 981.87 981.23 0.64 1.27 
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Figure 6-9 Calibration curve of ZrCl4 mass flow rate in argon. 

6.1.7 The exhaust system 

The exhaust system was another essential part of the system. It consisted of a vacuum pump, 

cooling water jacket, scrubber containing calcium carbonate chips (CaCO3) and extraction 

ventilation. First of all, the hot exit gases from the reaction chamber were passed through a 

coiled steel pipe equipped with a cooling water jacket, before entering the scrubber 

containing calcium carbonate. The reason for passing the exit gases through the calcium 

carbonate scrubber was to remove hydrogen chloride gas and any unreacted ZrCl4 before it 

was released through the extraction system. Within the scrubber, a dust trap was installed to 

filter the exhaust gases before release into the environment. To regulate the reactor total 

pressure and to avoid accumulation of the exit gases in the reactor, which may otherwise 

cause contamination of the deposit, the reactor system was connected to a rotary vane 

vacuum pump. 
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6.1.8 Low Flammable limits of Hydrogen and Methane 

Hydrogen and methane are explosive and flammable gases, whose flammability are enhanced 

by high temperature, pressure and the presence of oxygen. Since the experimental 

environment was operated under all these conditions, caution was taken to curb the associated 

dangers. For safety and environmental considerations the maximum flow rates of hydrogen 

and methane that should not be exceeded, were determined. This was based on the minimum 

concentrations of hydrogen and methane that are necessary to support combustion, referred to 

as the lower flammable or explosive limit (LFL or LEL). The standard LFL of hydrogen and 

methane at room temperatures are 4% and 5% by volume, respectively. This implies that 

below these limits the gases are too ―lean‖ to burn. However, Necsa demands that the 

hydrogen and methane concentration should be below 20% of their LFL. The ventilation 

effective volumetric flow rate of air Q, was calculated using Equation (6-5): 

   

  
   



















0

0

P

P

T

T
AVQ v

v

    
         (6-5) 

Here A is the cross sectional area of the extraction ventilation, whose diameter was measured 

as 10.3 cm, V is the ventilation extraction rate measured as 310 cm/s, Tv =292 K and  To=273 

K  are the temperature of the extraction ventilation and absolute temperature,  and Pv =87 kPa 

and  Po =101 kPa  are the pressure of the extraction ventilation and standard atmospheric 

pressure, respectively. The effective volumetric flow rate of air Q, was found to be 20660 

cm
3
/s. The maximum methane or hydrogen flow rates (Qx) that were used for these 

experiments were 42 cm
3
/min (~ 0.7 cm

3
/s) and 870 cm

3
/min (~14.5 cm

3
/s). These values 

were assumed to be the maximum leak rate. Therefore, the percentage methane or hydrogen 

concentration (Cx) in the extraction was determined from Equation (6-6): 
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The 0.070% and 0.0034% hydrogen and methane concentrations obtained were below the 

LFL of 4% and 5% for hydrogen and methane, respectively. Therefore the Necsa restriction 

of the hydrogen and methane concentrations being below 20% of its LFL was also satisfied. 

6.1.9 Leak detection 

A strong effort was made to reach the required level of vacuum in the reactor system. 

Another difficult part was to maintain that level of vacuum by minimising leakages. The 

source of leakages that were monitored included those along the gas supply lines, the reactor 

system and the exhaust lines. Three methods were used for leak detection. This was done by: 

(1) pressuring the reactor with argon and leaving it for over two hours, while monitoring the 

pressure drop, (2) checking the joints with soap bubbles and (3) using a hydrogen leak 

detector. The leak detection tests were carried out before and during every experiment. When 

the required minimum leak rate was achieved, the CVD system was considered fit for 

deposition. In fact, whenever there was a leak, ZrC layers hardly grew on the substrate and 

when any deposit did occur, the layer uniformity was compromised. 

6.2  Substrate Preparation 

The substrates of average diameter 10 mm and thickness 2.5 mm were cut from bulk high 

density (1.71g cm
-3

) graphite discs. These substrates had the same physical properties as 

those of the graphite reaction chamber listed in Table 6-3. These graphite substrates were 

hand polished on a polishing wheel, using 1000 grit silicon carbide paper. They were then 

sequentially cleaned by ultrasonic agitation in acetone, ethanol and then demineralised water 

for 20 minutes each. The clean substrates were dried in an oven at 200 °C for 2 hours. The 

cleaning and polishing was done to remove any oils, oxides and other contaminants. In order 

to enhance adhesion and reduce the number of impurities in the layer being deposited, the 

substrates were polished and cleaned. After the cleaning and drying process all the substrates 
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were weighed to determine the mass of each substrate before deposition. These substrates 

were then kept in airtight desiccators ready for deposition. Prior to deposition, the substrates 

were mounted on the clean graphite substrate stage inside the graphite reaction chamber. The 

substrate stage was cleaned in a similar way to the substrates, to avoid contamination. The 

substrate stage was positioned such that it‘s top, where the substrates sit, was within the area 

circumscribed by the induction coil. This was done to maximise and control the temperature.  
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CHAPTER 7 

 INVESTIGATING THE GROWTH OF ZrC LAYERS BY 

CHEMICAL VAPOUR DEPOSITION 

The deposition of the ZrC layers was conducted at atmospheric pressure. At the start of every 

experimental run, a 10 minute interval was taken before taking each reading to allow the 

temperatures of the substrates and the reaction chamber to reach thermal equilibrium. Several 

deposition parameters were varied to study their effects on the properties of the ZrC 

deposited layers.  These included (i) substrate temperatures, (ii) CH4/ZrCl4 molar ratios, (iii) 

inlet-substrate gaps, (iv) precursor partial pressures and (v) deposition time.  

7.1  Optimisation of the synthesis of ZrC layers in an RF induction-

heating CVD system using response surface methodology 

7.1.1 Introduction 

This section details the development of a deposition process for the preparation and 

optimisation of ZrC layers from ZrCl4-Ar-CH4-H2 precursors using induction thermal CVD at 

atmospheric pressure. The objectives were to: (1) asses the fabricated CVD system, (2) 

investigate the microstructure and composition of ZrC layers deposited as a function of the 

input variables and (3) maximise the growth rate and minimise the amount of free carbon in 

the deposited ZrC layers. To achieve these objectives, a statistical optimisation method to 

grow ZrC layers in a CVD system using response surface methodology was introduced. This 

method allows one to determine the deposition parameters for obtaining specific layer 

properties, e.g. ZrC layers with a specific composition.  This has not yet been reported for 

ZrC layer growth. The ZrC layers were produced by CVD at temperatures ranging from 1200 

°C to 1600 °C and CH4/ZrCl4 molar ratios from 6.04 to 24.44. The temperature and the 

CH4/ZrCl4 ratio were chosen as the most important variables influencing the properties of 
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ZrC layers. In order to achieve optimum conditions for growing ZrC layers, a statistical 

experimental design methodology (central composite design) was applied to explore the 

effects of these variables [1]. Other deposition conditions such as total reactor pressure, 

deposition time, reactor geometry, hydrogen flow and carrier gas and its flow were 

maintained constant throughout the experimental process.  

7.1.2 Thermodynamic feasibility of ZrC growth 

The overall chemical reaction, considering only reagents and the two main products, is: 

   ZrCl4(g) + CH4(g) = ZrC(s) + 4HCl(g)   (7-1) 

The Gibbs free energy of formation and the corresponding equilibrium thermodynamic 

constant was also calculated from equations (7-2) and (7-3) respectively:                                              

 
   

reactantproduc 


 TftTfTr GGG                                                        (7-2) 
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                                                                                             (7-3) 

The temperature-dependent values of the Gibbs free energy of formation of methane, 

zirconium carbide, hydrogen chloride gas and zirconium tetrachloride at atmospheric 

pressure were obtained from JANAF thermodynamic tables [2,3]. Table 7-1 gives the details 

of the calculated values of the Gibbs free energy change for the reaction and thermodynamic 

equilibrium constant for temperatures from 298.15 K to 2000 K at atmospheric pressure. 

The Gibbs free energy change for the reaction as a function of temperature, and the 

corresponding equilibrium constant [4], are shown in Figure 7-1. The Gibbs free energy 

change at 298.15 K was found to be +311.3 J mol
-1

 and only becomes zero at 1600.8 K 

(1327.6 °C). This indicates that the reaction for the production of ZrC is only feasible starting 

from the temperature of 1600.8 K, since at that temperature 0GΔ Θ

Tr   and KT >1. 
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Table 7-1: Gibbs free energy of formation of ZrC and equilibrium thermodynamic constant 

resulting from the reaction of CH4 and ZrCl4 at atmospheric pressure. 

T/K 

Gibbs free energy (J/mol) ∆rG
θ
  

(J/mol) KT CH4 ZrCl4 ZrC HCl 

298.15 -50.768 -835.003 -193.282 -95.300 311.289 0.881986 

300 -50.618 -834.786 -193.262 -95.318 310.870 0.882817 

400 -42.054 -823.139 -192.208 -96.280 287.865 0.917080 

500 -32.741 -811.635 -191.299 -97.166 264.413 0.938374 

600 -22.887 -800.24 -190.508 -97.985 240.679 0.952898 

700 -12.643 -788.929 -189.806 -98.747 216.778 0.963437 

800 -2.115 -777.679 -189.168 -99.465 192.766 0.971434 

900 8.616 -766.470 -188.570 -100.146 168.700 0.977707 

1000 19.492 -755.286 -187.995 -100.799 144.603 0.982758 

1100 30.472 -744.113 -187.428 -101.430 120.493 0.986911 

1200 41.524 -732.717 -186.635 -102.044 96.382 0.990386 

1300 52.626 -721.224 -185.744 -102.644 72.278 0.993335 

1400 63.761 -709.755 -184.875 -103.234 48.183 0.995869 

1500 74.918 -698.303 -184.023 -103.815 24.102 0.998069 

1600 86.088 -686.863 -183.182 -104.388 0.0410 0.999997 

1700 97.265 -675.430 -182.349 -104.956 -24.008 1.001700 

1800 108.445 -663.996 -181.519 -105.519 -48.044 1.003216 

1900 119.624 -652.558 -180.687 -106.077 -72.061 1.004572 

2000 130.802 -641.108 -179.849 -106.631 -96.067 1.005794 
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Figure 7-1: Gibbs free energy of formation and equilibrium thermodynamic constant of ZrC. 
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A more sophisticated thermodynamic approach, taking into account all possible product 

species, is via the minimisation of the system Gibbs free energy [5]. Figure 7-2 shows 

speciation results obtained using this method. The software HSC Chemistry [6] was used for 

this purpose. It is clear from Figure 7-2 that the growth of ZrC is possible at temperatures as 

low as 900 °C, but higher yields are expected at higher temperatures. The temperature of 

1600.8 K (1327.6 °C) in Table 7-1 and Figure 7-1, therefore indicates the equilibrium point 

of the reactants and the products. The temperature range predicted from the plots in Figure 

7-1 and  Figure 7-2 is similar to those reported in the literature [7–9].  

It should be noted that methane is unstable at temperatures higher than 400 °C (see Figure 

7-2), yielding carbon and hydrogen upon decomposition. On the other hand, hydrogen does 

not reduce ZrCl4, in the absence of other substances, within this experimental range. The 

formation of ZrC is thus controlled by the presence of methane, with its decomposition 

making carbon available for the reaction process. Independent deposition of carbon alone on 

the substrate is thus possible. The reaction rate of methane with zirconium tetrachloride is 

strongly influenced by the temperature of the substrate surface. As the temperature increases 

the chemical reaction is pushed to the region of high yields of ZrC and concomitantly higher 

degrees of dissociation of ZrCl4.  
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Figure 7-2: Temperature dependence of reactant speciation. 

7.1.3 Design of experiments and response surface methodology 

Design of experiments (DOE) is a systematic statistical technique for establishing the 

relationship between factors influencing a process and their output. DOE may be applied 

when: (1) developing a new process and product, (2) improving and optimising the already 

existing process and product quality, (3) examining the important process factors, and (4) 

minimising cost and testing of robustness of both the process and product [10]. For this study, 

a collection of mathematical and statistical procedures, called response surface methodology 

(RSM), was applied [1,11]. The effect of the independent variables on the response(s) in 

question is analysed and modelled [1]. A model of response Y related to two or more 

independent variables (X1, X2…Xn) is obtained by regression analysis applied to the raw 

experimental data. A regression equation represents the response Y parametrically in terms of 

the independent variables, i.e.  ),...,( 21 nXXXfY . Equation (7-4) and (7-5) below 

represent the general expression for linear and quadratic models, respectively: 
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      (7-5) 

Here n is the number of an independent variable, ε is the error or noise, Co is a constant, Cij 

the interaction coefficient, Ci the linear coefficient and Cii the quadratic coefficient. The value 

and the sign of the coeffients of X in these equations represent the magnitude and trend of the 

influence of that term on the response. A positive sign of the coefficient in the equation 

implies an increase in the response and a negative sign a decreasing effect [12]. When the 

response Y is plotted, a surface (response surface) is generated [13].  

The ZrC deposition process was investigated using a central composite design (CCD). Two 

independent variables (substrate temperature, X1=T) and molar ratio CH4/ZrCl4 (X2=M) were 

chosen. The experimental design was studied using DESIGN-EXPERT
®
 7.0 [14], a statistical 

software package. Substrate temperature and molar ratio CH4/ZrCl4 were all studied, each at 

five levels coded as –α, -1 0 1 and α. Figure 7-3 shows the CCD for the two variables. 

Thirteen experimental points were generated. These included four axial points, four factorial 

points, and five replicated centre points, as shown in Table 7-2. Coding of levels allows the 

analysis of input variables having orders of magnitude (or range) difference between them, 

i.e. this prevents the ones with large values to dominate the lower value ones in the statistical 

analysis. It involves transforming the actual values of each input variable into dimensionless 

coordinates (values). Equation 7-6 was applied to transform actual values (Xi) into coded  

values (xi) based on the experimental design [15,16]: 
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If in the actual scale the upper value is Xh and the lower value is Xl, then the centre point

2/)(0

lhi XXX   and the distance between the upper or lower and centre point
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2/)( lhi XXX  .   is the major coded limit value of the experimental matrix. For two 

input variables 41421.12  [15]. 

Table 7-2: Experimental design matrix for the parameters of the CVD experiments. 

Exp. 

Number 

Point 

type 

Temperature  CH4/ZrCl4  CH4 flow 

rate 

H2 flow 

rate  

Ar flow 

rate  

ZrCl4 

flow  

  (
o
C)  (sccm) (sccm) (sccs) (gh

-1
) 

1 Axial 1400 24.44 43.3 853 562 1.0 

2 Axial 1400 6.04 10.7 853 562 1.0 

3 Factorial 1541 8.73 15.5 853 562 1.0 

4 Factorial 1259 21.75 38.5 853 562 1.0 

5 Centre 1400 15.24 27.0 853 562 1.0 

6 Axial 1600 15.24 27.0 853 562 1.0 

7 Centre 1400 15.24 27.0 853 562 1.0 

8 Centre 1400 15.24 27.0 853 562 1.0 

9 Centre 1400 15.24 27.0 853 562 1.0 

10 Factorial 1259 8.73 15.5 853 562 1.0 

11 Factorial 1541 21.75 38.5 853 562 1.0 

12 Centre 1400 15.24 27.0 853 562 1.0 

13 Axial 1200 15.24 27.0 853 562 1.0 
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Figure 7-3: The CCD of temperature and CH4/ZrCl4 in actual and coded terms. 
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Growth rate (Y1), atomic ratio of C/Zr (Y2) and average crystallite size (Y3) were selected as 

dependent variables (responses). For the purpose of analysing the raw data and testing the 

goodness of fit of the model, an analysis of variance (ANOVA) was implemented. The 

testing of model adequacy involved testing for significance of the regression model, testing 

for significance on model coefficients and testing for lack of fit [13]. The p-value, F-value, R-

squared, predicted R-squared, and adjusted R-squared values of the statistical tests were used 

as quality indicators. The model with a p-value (Probability > F) less than 0.05 is considered 

to be statistically significant [1]. R-squared, known as the coefficient of determination, is a 

measure of variability in the observed response values that can be explained by the 

experimental independent variables and their interactions. The R-squared value range 

between 0 and 1 (0% and 100%). The model is regarded very strong and with better 

prediction of the response when R-squared is close to or equal to 1 [17]. The adjusted R-

squared corrects the R-squared value for the sample size and for the number of terms in the 

model. The closer their values to one another, the better the model is [18]. Another 

component in assessing the model suitability is the concept ―adequate precision‖ , which 

compares the range of predicted values at design points to avarage design error, and measures 

the signal–to–noise ratio. A value of greater than 4 is acceptable [18].  

7.1.4 Growth rate of zirconium carbide 

The growth rate Y1 (change in layer thickness per unit time) was estimated using the mass 

increase of the substrate. The layer thickness was obtained using Equation (7-7): 

 

          ZrCtS

M
Y


1

 
    (7-7) 

 Here M  is the mass of the layer, S  is the surface area of the substrate, 
ZrC

 is the density of 

zirconium carbide (6.59 kg m
-3

) and t  is the deposition time.  The use of a constant 

zirconium carbide density value obviously introduces an error into the calculation of the 
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growth rate.  The values of the growth rate at different substrate temperatures and CH4/ZrCl4 

molar ratio are presented in Table 7-3. 

Table 7-3: Experimental results. The growth rate was determined from Eq. (7-7). The 

average crystallite size was calculated from the Scherrer formula given in Eq. (5-9). C/Zr is 

the ratio of the elemental atomic composition determined by EDS. 

  Factor 1 Factor 2 Response 1 Response 2 Response 3 

Run 

A:Temperature 

(ºC) 

B:CH4/ZrCl4 

(mol/mol) 

Growth rate 

(µm/h) 

C/Zr 

(mol/mol) 

Grain size 

(nm) 

1 1400.0 24.4 9 2.57 21.8 

2 1400.0 6.0 5.4 1.05 23.9 

3 1541.4 8.7 5 1.06 29.1 

4 1258.6 21.7 5.3 1.09 28.4 

5 1400.0 15.2 7.6 1.53 31.9 

6 1600.0 15.2 8.3 1.88 34.1 

7 1400.0 15.2 7.9 1.23 32 

8 1400.0 15.2 7.4 1.15 34.2 

9 1400.0 15.2 7.2 1.13 33.4 

10 1258.6 8.7 4.2 1.03 25.8 

11 1541.4 21.7 9.3 1.68 27.8 

12 1400.0 15.2 7.9 1.26 32.6 

13 1200.0 15.2 3.7 1.08 26.3 

 

From the analysis of the effect of temperature and CH4/ZrCl4 on the growth rate by RSM, the 

best fitted-model was found to be quadratic. The relationship between the growth rate 

(response Y1) and the independent variables (temperature and CH4/ZrCl4) was represented in 

actual and coded factors by the regression Equations (7-8a) and (7-8b) respectively.  

Table 7-4 presents the ANOVA results for the growth rate of ZrC coatings. This model was 

also statistically significant with a p-value less than 0.05 (95% confidence). As required the 

lack-of-fit was non-significant with an F-value and p-value of 4.28 and 0.0969 respectively. 

The coefficient of determination R-squared and adjusted R-squared values were 96% and 

93%, indicating that the regression model gives a good description of the relationship 

between the temperature and CH4/ZrCl4 (independent variables), and the growth rate 

(response). Therefore this model can be used to navigate the design space reliably.  
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Table 7-4: ANOVA quadratic model results for growth rate (response Y1). 
Source Sum of 

squares 

Degrees of 

freedom 

Mean of 

square 

Standard 

Error 

F-value p-value 

Prob > F 

 

Model 39.14 5 7.83 0.12 34.23 < 0.0001 significant 

A-Temperature 15.98 1 15.98 0.17 69.88 < 0.0001  

B-CH4/ZrCl4 13.76 1 13.76 0.17 60.17 0.0001  

AB 2.56 1 2.56 0.24 11.2 0.0123  

A
2
 6.44 1 6.44 0.18 28.19 0.0011  

B
2
 0.91 1 0.91 0.18 4 0.0857  

Residual 1.6 7 0.23     

Lack of fit 1.22 3 0.41  4.28 0.0969 not significant 

Pure error 0.38 4 0.095     

Corrected total 40.74 12      

Standard deviation = 0.48    R
2
=0.9607  

Mean = 6.78     Adjusted R
2
 =0.9327 

%Coefficient of variation= 7.05   Predicted R
2
=0.7724 

Predicted residual error of sums (PRESS)=9.27  Adequate precision=18.85 

 

Figure 7-4 and Figure 7-5 shows the response surface contour and three dimensional plots 

illustrating the effects of substrate temperature and CH4/ZrCl4 molar ratio on the growth rate. 

The dots represent the experimental values (given in Table 7-2). The numbers in rectangles 

denote the values of the response along the given contour given by Equation 7-8. The 

numerical symbol ―5‖ represents the five replicated centre points. Generally, increasing 

temperature and CH4/ZrCl4 ratio increase the coating growth rate. The effect of temperature 

on the ZrC growth rate is expected both thermodynamically and from a kinetic viewpoint, 

since increasing temperature increases the species diffusivities, rates of chemical reaction and 

promotes adsorption of the active species onto the substrate [4,19]. A high CH4/ZrCl4 molar 

ratio increases the availability of carbon in the reaction zone, which arguably will increase 

both the nucleation and growth rate.  
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Figure 7-4: The contour plot indicating the effect of substrate temperature and CH4/ZrCl4 

ratio on the growth rate of ZrC. The dots and numerical values are explained in the text. 

 

 

Figure 7-5: The three dimensional plot indicating the effect of substrate temperature and 

CH4/ZrCl4 ratio on growth rate of ZrC. The dots and numerical values are explained in the 

text. 
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7.1.5 Crystallographic structure and phase composition 

Figure 7-6 shows typical XRD patterns of ZrC layers deposited at a substrate temperature of 

1259 ºC  for CH4/ZrCl4 molar ratio of 8.73 and 21.7 denoted by (a) and (b), respectively. 

Those deposited at 1541 ºC for CH4/ZrCl4 of 8.73 and 21.7 are denoted by (c) and (d), 

respectively. Ten reflections ((111), (200), (220), (311), (222), (400), (331), (420), (422) and 

(511)) of ZrC layers were observed. These reflections indicate that polycrystalline face-

centred cubic structure of the ZrC layers have been deposited when matched with the 

International Centre for Diffraction Data (ICDD) file number 03.065-8833. As the substrate 

temperature and the CH4/ZrCl4 molar ratio were increased, carbon peaks started to emerge 

whose intensity increased with increasing temperature and CH4/ZrCl4 ratio. EDS analysis 

showed that the atomic percentage ratio of C/Zr varied from 1.03 to 2.57 as the temperature 

increased from 1200 ºC to 1600 ºC at various CH4/ZrCl4 ratios, as indicated in Table 7-3.  

 

Figure 7-6: Typical XRD pattern for ZrC layers deposited at 1259 ºC for a CH4/ZrCl4 molar 

ratio of  8.73 and 21.73 denoted as (a), (b) and those at 1541 ºC for CH4/ZrCl4 molar ratio of  

8.73 and 21.73, denoted as (c) and (d), respectively.  
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It was observed that at low substrate temperature the increase in CH4/ZrCl4 molar ratio did 

not cause a significant change in C/Zr as compared to higher substrate temperatures (see 

Figure 7-6).  

Table 7-5 gives the ANOVA results for a linear regression model for the atomic ratio of C/Zr. 

This relationship between the independent variables and the response in terms of actual and 

coded factors is illustrated by the linear regression Equation (7-9a) and (7-9b) respectively. 

The model is significant with a p-value of less than 0.05 and an F-value of 6.58. The lack-of-

fit of the model terms is non-significant, as required. The R-squared and adjusted R-squared 

values are 56.83% and 48.20% respectively. The R-squared and adjusted R-squared values 

obtained are close to each other, though far from 100%. Since the overall model is significant 

and lack of fit is non-significant, the R-squared value may not affect the interpretation of the 

relationship between the independent variables (temperature and CH4/ZrCl4) and the response 

(C/Zr). 
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Table 7-5: ANOVA linear regression model results for C/Zr (response Y2). 

Source 

Sum of 

squares 

Degrees of 

freedom 

Mean of 

square 

 

Standard 

error F-value 

p-value 

Prob > F   

Model 1.38 2 0.69 0.090 6.56 0.0150 Significant 

A-Temperature 0.38 1 0.38 0.11 3.65 0.0853 

 B-CH4/ZrCl4 1.0 1 1.00 0.11 9.52 0.0115 

 Residual 1.05 10 0.11  

   Lack of Fit 0.95 6 0.16  6.15 0.0501 not significant 

Pure Error 0.10 4 0.026  

   Corrected total 2.44 12  

    Standard deviation = 0.32 

 

 

 

R
2
=0.5683 

 Mean = 1.36 

 

 

 

Adjusted R
2
 = 0.4820 

%Coefficient of variation=  23.76  

 

Predicted R
2
= 0.1140 

Predicted residual error of sums (PRESS)= 2.16 

 

Adequate precision= 7.352 
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The contour plot in Figure 7-7 and the three dimension plot in Figure 7-8 further illustrate the 

relationship of temperature and CH4/ZrCl4, and the atomic ratio of C/Zr. The same kind of 

information/notation as in Figure 7-4 was used mutatis mutandis in Figure 7-7. There was an 

increase in C/Zr atomic percentage ratio as both the substrate temperature and CH4/ZrCl4 

molar ratio increased. The increase in carbon content may be attributed partly to the 

differences in the decomposition rates of methane and ZrCl4 at higher temperatures in the 

reaction zone. As can be seen from Figure 7-2 methane decomposes into carbon and 

hydrogen as early as 420 °C. However, Zr-containing species remain in gaseous form 

throughout the temperature range. This may result in excess carbon in the deposit. The 

deposition of free carbon leads to an increased C/Zr ratio in the deposited layers and carbon 

inclusions at high ratios. The presence of free carbon in ZrC layers at elevated deposition 

temperatures was also reported by Wang et al. [9]. An increase in the CH4/ZrCl4 ratio 

provides more carbon in the reaction zone, which also leads to increased carbon content in 

the ZrC layers. Studies have indicated that the properties of ZrC vary with its stoichiometry 

(C/Zr atomic percentage ratio) [20]. For example, Yang et al. [21] indicated that the C/Zr 

ratio had a notable effect on the irradiation response of zone-refined ultra-high pure ZrC. 

They noted that the sub-stoichiometric ZrC samples (C/Zr<1) had an improved irradiation 

resistant microstructure compared to hyper-stoichiometric ZrC samples (C/Zr>1). Huang et 

al. [22] reported that ZrCx material after proton irradiation at 800 °C was highly decorated 

with dislocation loops. The loop size and density depended both on dose and stoichiometry, 

with ZrC1.2 showing quite different behaviour compared to the lower C-ratio stoichiometries.  

Information about the oxidation behaviour for various ZrC stoichiometries is limited. 

However, in the review by Katoh et al.[20], they speculated that the excess carbon in ZrC can 

change the oxidation behaviour of ZrC materials. The excess carbon can increase the 
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production of CO2, which may increase the chances of inter-crystalline fracture and below 

normal temperature fracture. 

 

Figure 7-7: The contour plot showing the effect of temperature and CH4/ZrCl4 ratio on the 

C/Zr ratio. 

 

 

Figure 7-8: The 3-D plot showing the effect of temperature and CH4/ZrCl4 ratio on the C/Zr 

ratio. 
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7.1.6 Average crystallite size 

The average crystallite size, Y3 was calculated from the Scherrer formula, see Equation (5-9). 

The crystallite size in polycrystalline materials significantly affects the mechanical properties 

of the material [23,24]. The average crystallite size varied from 21.8 nm to 34.1 nm as the 

temperature increased from 1200 °C to 1600 °C at various CH4/ZrCl4 ratios, as indicated in 

Table 7-2. The execution of RSM produced the regression Equations (7-10a) and (7-10b) that 

represent the relationship between the average crystallite size and the independent variables 

in actual and coded factors, respectively. Table 7-6 gives the ANOVA results for the average 

crystallite size.  

22

3

23253

3
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1057.81081.41006.128.417.069.129

BAABBAY

MTTMMTY



 

 
(7-10a) 

(7-10b) 

Table 7-6: ANOVA quadratic model results for crystallite size (response Y3). 

Source Sum of 

squares 

Degrees of 

freedom 

Mean of 

square 

Standard 

error 

F-Value p-value 

Prob > F 

 

Model 180.66 5 36.13 0.71 14.14 0.0015 Significant 

T-Temperature 23.57 1 23.57 0.57 9.22 0.0189  

M-CH4/ZrCl4 0.35 1 0.35 0.57 0.14 0.7228  

TM 3.8 1 3.8 0.24 1.49 0.262  

T
2
 6.92 1 6.92 0.18 2.71 0.1438  

M
2
 151.88 1 151.88 0.18 59.44 0.0001  

Residual 17.89 7 2.56     

Lack of fit 14.08 3 4.69  4.93 0.0787 not significant 

Pure error 3.81 4 0.95     

Corrected total 198.55 12      

Standard deviation = 1.60    R
2 
= 0.9099  

Mean = 29.33     Adjusted R
2
 = 0.8456 

%Coefficient of variation = 5.45   Predicted R
2 
= 0.4658 

Predicted residual error of  sums  (PRESS)=106.07  Adequate precision = 9.275 

 

A quadratic model was found to be statistically significant. The model‘s corresponding p-

value is less than 0.05 (95% confidence). The lack-of-fit is not significant as can be seen from 

the F-value and p-value of 4.93 and 0.0787, respectively. The R-squared and adjusted R-

squared values are 91% and 85%, indicating that the regression model gives a good 
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description of the relationship between the temperature and CH4/ZrCl4 (independent 

variables), and the crystallite size (response). 

To fully describe the interactions and the quadratic effect of the temperature and CH4/ZrCl4 

on crystallite size, the response surface analyses was plotted in a contour and a three 

dimensional graph given in Figure 7-9 and Figure 7-10, respectively. Again, the same kind of 

information/notation as in Figure 7-4 was used mutatis mutandis in Figure 7-9.  

It can be observed that the average crystallite size increases as the temperature and CH4/ZrCl4 

ratio increase. This is because increasing temperature increases atomic mobility, which 

favours crystal growth. There should also be a sufficient CH4/ZrCl4 concentration to facilitate 

the reaction mechanism. It can also be observed from Figure 7-9 and Figure 7-10 that as the 

temperature and CH4/ZrCl4 increase further, the crystallite size decreases. The reason for this 

may be due to an increased amount of free carbon, which acts as an impurity during ZrC 

crystal growth. This co-deposition of free carbon may retard the growth of ZrC crystallites. 

 

Figure 7-9: A contour plot showing the effect of temperature and CH4/ZrCl4 ratio on the 

crystallite size. 
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Figure 7-10: The 3-D plot showing the effect of temperature and CH4/ZrCl4 ratio on the 

crystallite size. 

7.1.7 Optimisation of the experimental and model results 

Following the examination of the regression equations and the contour plots representing the 

independent variables and responses, an additional optimisation process was carried out using 

Design Expert software. The target was to maximise the growth rate and minimise the 

amount of free carbon in the deposited layers. These two responses (factors) have a direct 

influence on the other response (crystallite size) generated. It can be observed from Section 

7.1.4, that the value of C/Zr ratio is increased by increasing the substrate temperature or 

CH4/ZrCl4 molar ratio, or both. Therefore these two independent variables must be 

minimized as indicated in Table 7-7. The optimal substrate temperature and CH4/ZrCl4 molar 

ratio were determined to be 1347 °C and 10.6 respectively. For these parameter conditions, 

the predicted growth rate (Y1), C/Zr atomic percentage ratio (Y2) and average crystallite size 

(Y3) were 6.05 µm/h, 1.03 and 29.56 nm, respectively. The combined statistical desirability 

for these optimised values was found to be 0.67. Alternatively, one can solve Equations 7-8, 

7-9 and 7-10 to obtain the targeted conditions for the desired responses. 
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Table 7-7: Optimum conditions and constraints for stoichiometric ZrC coating growth  

Constraints 

  

Lower Upper Lower Upper 

  Name Goal Limit Limit Weight Weight Importance 

Temperature Minimize 1200 1600 1 1 3   

CH4/ZrCl4 Minimize 6.04 24.4 1 1 3 

 C/Zr Minimize 1.03 2.57 1 1 3 

 Grain size is in range 21.8 34.2 1 1 3 

 Growth rate Maximize 3.7 9.3 1 1 3   

Solutions 

Number 

Temperature 

(
o
C) 

CH4/ZrCl4 

(mol/mol) 

C/Zr 

At% 

Grain 

size (nm) 

Growth rate 

(μm/h) Desirability 

1 1346.9 10.6 1.03 29.56 6.05 0.67 Selected 

 

7.1.8 Surface morphology  

The variation of the surface morphology of the ZrC layers deposited at varying substrate 

temperatures and CH4/ZrCl4 molar ratios is highlighted in Figure 7-11. Samples prepared at 

1259 °C with CH4/ZrCl4 molar ratios of 8.73 and 21.75 are denoted by (a) and (b), whereas 

samples deposited at a substrate temperature of 1541 °C with CH4/ZrCl4 ratios of 8.73 and 

21.73 are denoted by (c) and (d), respectively. Sample (a) shows small grains surrounded by 

lots of cavities. When the CH4/ZrCl4 was increased to 21.75 the grain size increased and the 

amount and size of cavities reduced (see Figure 7-11 (b)). The grains also tend to cluster 

together, forming a cauliflower-like structure. This might be an indication of small grains 

agglomerating to form much bigger grains during deposition. Increasing the CH4/ZrCl4 molar 

ratio increases the amount of carbon-containing species that would readily combine with Zr-

containing species to form ZrC. This implies that the layer growth was increasingly less 

limited by carbon availability.  

The grains became much denser and bigger as the deposition temperature increased to 1541 

°C for a CH4/ZrCl4 ratio of 8.73 (see Figure 7-11 (c)). This may be attributed to an increase 

in the mobility of the deposited molecules on the substrate surfaces as the temperature was 
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increased. This might have resulted in increased lateral diffusion and clustering of the atoms 

at the surface of the substrate. Particles tend to cluster in order to reduce the high surface 

energy they possess at high temperatures. Keeping the temperature at 1541 °C and increasing 

the CH4/ZrCl4 molar ratio to 21.75, the surface of the layers became much smoother with 

almost no islands (see Figure 7-11 (d)). No cavities were visible between the particles. This 

observation may be explained with reference to Section 7.1.5. An increase in temperature and 

CH4/ZrCl4 ratio increased the growth rate and the carbon content in the layers. The excess 

carbon may act as additional nucleation sites, thus increasing the size of particles and 

levelling the islands. From these results, it is quite clear that both the substrate temperature 

and the CH4/ZrCl4 molar ratio had a significant impact on the surface morphology of the 

deposited layers 

 

Figure 7-11: FE-SEM images of the surface morphology of ZrC layers deposited at 1259 ºC 

((a) and (c)) and 1541 ºC (i.e. (b) and (d)) for CH4/ZrCl4 molar ratio of  8.73 ( (a) and (b)) 

and 21.73 ((c) and (d)).  



134 
 

7.2  Influence of the substrate gas-inlet gap on the growth rate, 

morphology and microstructure of ZrC layers 
 

7.2.1 Introduction 

During the course of the experimental work, it became evident that the position of the 

reactive gas inlet above the substrate had a distinct and unexpected effect on the growth 

parameters of ZrC. This possibility has been mentioned before in a computational study by 

Vanka et al. [25]. They noted that the gap between the substrate and the inlet is a sensitive 

parameter since it determines the natural convection parameters and therefore affects the 

growth dynamics of the layers [25]. To our knowledge, no experimental work has been 

reported on the growth and properties of ZrC layers in an induction heated CVD reactor at 

different substrate-gas inlet gaps. This part of the study reports on the influence of the 

substrate-gas inlet gap on the growth rate, surface morphology and microstructure of ZrC 

films deposited on graphite substrates. Lui et al. [8] noted that the deposition of ZrC layers at 

substrate temperatures below 1250 °C and above 1250 °C is controlled by two different 

growth processes. For this reason substrate temperatures of 1200 °C and 1400 °C were 

selected for this work.  

The substrate-gas inlet gap (ZY) (Figure 7-12) was varied from 70 mm to 90 mm, 120 mm, 

145 mm and 170 mm. This was done by changing the inlet (Y) feed line lengths and 

maintaining the substrates at the same position on the top of the substrate stage (Z). Changing 

the substrate position would result in changes to the temperature of the substrate and its 

immediate vicinity, since the temperature at any point inside the reactor is dependent on its 

position relative to the induction heating coil. As discussed in Section 7.1, temperature plays 

a major role in the composition and morphology of the deposited layers. Therefore, changing 

the substrate position would negate an investigation of the effect of the substrate-gas inlet 



135 
 

gap.  The deposition was conducted at atmospheric pressure at two substrate temperatures viz. 

1200 °C and 1400 °C for 2 hours. The deposition parameters are indicated in Table 7-8. 

 

Figure 7-12: Schematic diagram of the CVD reactor system. 

7.2.2 Gas flow parameters in the reaction chamber 

It was assumed that the total reactant gas pressure was uniform throughout the reactor space 

for the entire deposition time and the reactants did not react chemically in the vapour phase to 

form ZrC. Some of the gas properties are indicated in Table 7-8.  

The velocity V of the mixture of gases entering the reaction chamber was calculated using 

Equation (7-11). 
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(7-11) 
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where ρi and Vi are the density and velocity of the 
thi  component respectively with 

)60( 2rQV ii   and r  (0.32 cm) being the radius of the inlet steel pipes. The velocity V  of 

the gas mixture was found to be 0.183 m/s.  

The values of density, velocity and viscosity of ZrCl4 vapour were not included in the 

calculations since ZrCl4 vapour constituted the smallest (and negligible) fraction of the total 

gas mixture. The density of the gas mixture was estimated from Equation (7-12) and was 

found to be 0.393 kg/m
3
: 
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(7-12) 

The viscosity of the gas mixture was calculated from Equation (7-13). 
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Here, yi, Mi and ηi are the mole fraction, molar weight and viscosity, respectively of the 
thi  

component at the desired temperature. The mole fraction of an individual gas was determined 

from their volumetric flow rates as 
i

iii QQy  [4]. The viscosity of the gas mixture was 

found to be 2.92×10
-5

 Pa·s. 

The growth of ZrC layers on the substrate is controlled by ZrCl4/CH4 diffusion to the surface 

of the substrate. Assuming the concentration of ZrCl4/CH4 in the vicinity of the substrate 

surface tends towards zero, then the concentration drop between the bulk and the surface is 

equal to the inlet concentration No. The concentration of individual reactants in the mixture 

was calculated from Equation (7-14). 

           ii
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    (7-14) 
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where 
i

m  is the reactant mass transfer rate and wi is the molar fraction. In this study, the 

ZrCl4 concentration in the mixture was found to be 8.12×10
-8

 mol/cm
3
. The molecular 

volume of the growing ZrC layer  νk was 15.67 cm
3
/mol. 

From the experimental parameters and gas properties, the Reynolds number (Re) at the inlet 

inside the reaction chamber was found to be 61.7, indicating that the flow of the reactants in 

the reaction chamber was mainly laminar. The Reynolds number was determined from 

Equation (7-15): 

          


dV
Re  

       (7-15) 

Here d=2.5 cm is the diameter of the reaction chamber.  

Table 7-8:  Experimental growth parameters for ZrC layers when changing the substrate-gas 

inlet gap. 

Time 

(h) 

Pressure 

(atm) 

Substrate 

temperature (°C) 

Substrate-gas inlet 

gap (mm) 

Vaporiser 

temperature (°C) 

2 1.0 1200 and 1400 70-170 300 

     

Gases 

Flow rate Qi 

(sccm) 

Velocity Vi 

(m/s) Density ρi (kg/m
3
) Viscosity×10

-5
 ηi (Pa.s) 

CH4 26 0.442 0.6669 at 20 °C 1.1 at 20°C 

H2 853 0.0135 0.0838 at 20 °C 0.88 at 20 °C 

Ar 562 0.291 0.8494 at 300 °C 3.67 at 300 °C 

 

Due to natural convection and the friction between the reactant flow and the substrate surface 

(viscosity of the reactants), the velocity of the reactants in the vicinity of the substrate surface 

reaches a minimum. The difference in the gas flow velocities at the substrate surface and the 

bulk gives rise to a stagnant boundary layer. The boundary layer thickness   is related to the 

Reynolds number by Equation (7-16) [19]: 

             
Re

d
X  

      (7-16) 
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The boundary layer thickness was estimated to be 5.3 mm, 6.0 mm, 7.0 mm, 7.8 mm and 8.3 

mm for a substrate-inlet gap X equal to 70 mm, 90 mm, 120 mm, 145 mm and 170 mm, 

respectively.  

7.2.3 Growth rate 

The change in layer thickness per unit deposition time (i.e. the growth rate, k) was determined 

from Equation (7-7). 

The effect of substrate-inlet gap and substrate temperature on the growth rate of ZrC layers is 

shown by Figure 7-13. From these plots, it is quite clear that the growth rate decreases almost 

linearly with increase in substrate–inlet gap at both temperatures. The results also show an 

increased growth rate when the temperature is increased from 1200 °C to 1400 °C. The effect 

of the gas inlet position may be due to an increased diffusion rate of reactant species across 

the boundary layer [26] and the temperature effect may be due to increased surface reaction 

kinetics at higher temperatures [27]. The transport of the reactants in the reaction chamber is 

controlled by complex fluid dynamics [19,28]. A detailed examination of fluid dynamics in 

the vertical wall CVD is not presented in this work. We shall limit our discussion to diffusion 

of the reactants through the boundary layer. The boundary layer gives rise to changes in the 

reactant flow velocity, which results in a concentration gradient of reactant gases in the 

vicinity of the substrate surface [19,23]. The reactant gas concentration in the vicinity of the 

substrate surface is usually higher when the gas inlet is closer to the substrate. The higher gas 

concentration results in an increased mass transfer rate and this increases the arrival rates of 

reacting species to the substrate surface.  The flux J of the reactant through the boundary 

layer in the vicinity of the substrate surface inside the reaction chamber is given by Equation 

(7-17): 

          
0DN

J


  
    (7-17) 
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Here D is the diffusion constant (a proportionality constant between the molar flux due to 

molecular diffusion and the gradient in concentration of the reactant species) and  No is the 

concentration difference over the boundary layer thickness δ [29]. Therefore, increasing the 

boundary layer thickness reduces the diffusion flux of the reactants. The growth rate k, in 

terms of diffusion flux, boundary layer thickness and substrate–inlet gap is expressed by 

Equation (7-18): 
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(7-18) 

Here  νk is the molecular volume of the crystal [33]. This expression shows that the growth 

rate is determined by the reciprocal of the square root of the substrate-inlet gap. This is in 

agreement with our experimental results obtained in Figure 7-13, where the growth rate is 

observed to have a linear relationship to the reciprocal of the square root of the substrate-inlet 

gap. 

It was also observed (by visual inspection) that when the substrate–inlet gap was large (short 

inlet feed line), the amount of ZrCl4 gas diffusing out of the reaction chamber increased and 

deposited on the top lid of the stainless-steel casing. This might have decreased the 

concentration of ZrCl4 reaching the substrate and consequently contributed to the decrease in 

ZrC layer growth rate as the substrate-inlet gap increased. 

From the slope of the curves in the insert in Figure 7-13 (1.111×10
-6

 cm
-3/2

 for 1200 °C and 

1.393×10
-6

 cm
-3/2

 for 1400 °C) and the parameters of the multicomponent reactant gaseous 

mixture indicated in Section 7.2.2, the diffusion coefficients of the reactants for the ZrC layer 

growth process were determined from  Equation (7-19): 
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   (7-19) 
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The reactant diffusivity was found to be 0.176 cm
2
/s and 0.200 cm

2
/s for 1200 °C and 

1400°C, respectively. These values show that the derived diffusion coefficients increase 

marginally as the substrate temperature is increased. The values of diffusion coefficients 

above are likely to be low, since they are determined from the actual growth rate of the 

layers, and yet not all the diffusing reactants are effectively used to form the ZrC layer. The 

reactant loss may arise from parasitic reactions inside the reaction chamber and the reactants 

diffusing out of the chamber unreacted.  

 

Figure 7-13: Dependence of growth rate of ZrC layers on substrate-inlet gap 

To explain the deposition mechanism, we use a concentration boundary layer model given in 

Figure 7-14. A number of steps are involved in the growth process: (1) The inlet gases (ZrCl4 

in Ar, CH4 and H2) are transported to the heated substrate surface or boundary layer, (2) gas 

phase reactions take place and the intermediate species (i.e. CH4=C+2H2) which form are 

transported (diffuse) through the boundary layer to the substrate, (3) the reactants and their 

intermediate species diffuse and are absorbed onto the heated substrate surface. This 
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produces the ZrC deposit and by-products, (4) the ZrC deposit then diffuse along the heated 

substrate surface forming crystallisation centres, leading to the growth of the ZrC layer 

according to the Burton-Cabrera-Frank step-flow mechanism [34]. In parallel with this, (5) 

the by-products and unreacted reactants are removed from the deposited film surface first by 

diffusion through the boundary layer and then by convection, (6) some reactants and their 

intermediate product are lost within and from the reaction chamber, and (7) the by-products 

and unreacted reactants are transported away from the reaction chamber. The slowest process 

determines the actual layer growth rate. For the deposition conditions and parameters used in 

this work, mass transport (diffusion) across the boundary layer becomes the rate controlling 

step. 

 
Figure 7-14: Concentration boundary layer model for CVD process of ZrC layers in the 

vertical reaction chamber. 

 

7.2.4 Crystallographic structure and phase composition 

The crystal structure and phase composition of all the deposited ZrC layers were investigated 

by XRD analysis. Figure 7-15 and Figure 7-16 show the XRD patterns of ZrC layers 

deposited at 1200 °C and 1400 °C, respectively. The peaks and their corresponding Miller 

indices are also indicated in the figures. The diffraction peaks present were indexed within a 
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cubic rock salt (NaCl) structure and confirmed using the International Centre for Diffraction 

Data (ICDD) file number ZrC: 03-065-8833. Carbon peaks (matched with ICCD file number 

C: 00-056-0159) are evident in the XRD patterns.The carbon peak intensities were observed 

to increase with both substrate-inlet gap increase (from 70 mm to 170 mm) and temperature 

increase (from 1200 °C to 1400 °C). Phase quantification was performed by Rietveld 

refinement [35]. The results revealed that the samples consisted mainly of the ZrC phase and 

some amounts of free carbon. The C/ZrC ratios at the two temperatures for each substrate-

inlet gap was determined and plotted as shown in Figure 7-17. At 1200 °C the C/ZrC ratio is 

lower than at 1400 °C for all the substrate-inlet gaps. The figure also shows a general 

increase of C/ZrC ratio with an increase in substrate-inlet gap. The increase in free carbon 

may be attributed to the fact that the rate at which methane decomposes to form carbon and 

hydrogen increases with increasing temperature; higher growth rates imply higher fluxes of 

reactants to the deposition surface, and a higher probability for methane to decompose rather 

than to take part in a concerted reaction to form the carbide. Generally the diffusion rate of 

heavy gas molecules is lower compare to the light gas molecules and this corresponds to their 

participation in the growth process. When the substrate-inlet gap is narrowed, ZrCl4 is 

brought closer to the substrate and its participation in the growth process is improved, hence 

C/ZrC decreases. 
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Figure 7-15: XRD pattern of ZrC layers deposited at 1200 
o
C for different substrate-inlet 

gaps. 
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Figure 7-16: XRD patterns of ZrC layers deposited at 1400 
o
C for different substrate-inlet 

gaps. 
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 Figure 7-17:  C/ZrC phase composition as a function of substrate-inlet gap. 

7.2.5 Crystallite size 

The crystallite size of polycrystalline materials affects their mechanical properties [23]. The 

average crystallite size was calculated from the Scherrer formula using Equation (5-9). 

Figure 7-18 illustrates the dependence of average crystallite size of ZrC layers on substrate-

inlet gap at 1200 °C and 1400 °C. The average crystallite size decreased from 33.3 ± 0.8 nm 

to 22.8 ± 1.0 nm for ZrC layers deposited at 1200 °C and from 30.8 ± 0.2 nm to 21.2 ± 0.6 

nm for layers deposited at 1400 °C as the substrate-inlet gap increased from 70 mm–170 mm. 

This reduction in average crystallite size might be due to two reasons. The reduced reactant 

concentrations at the substrate surface at wider substrate-inlet gaps may retard crystallite 

growth. Furthermore, as indicated in Figure 7-17, an increase in substrate-inlet gap results in 

an increase in the amount of free carbon. This free carbon, which is deposited as a secondary 

phase, acts as impurities in the deposited layer. The presence of impurities in the ZrC layers 

may also cause retardation in the crystallite growth. 
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Figure 7-18: Dependence of average crystallite size of ZrC layers on the substrate-inlet gap. 

7.2.6 Peak broadening and lattice strain  

Figure 7-19 shows a plot of the FWHM for the (200) diffraction peak as a function of 

substrate-inlet gap. From this figure, it is quite clear that the FWHM increases with substrate-

inlet gap indicating peak broadening. Broadening of XRD peaks indicates a possible decrease 

in crystallite size (grain refinement) and/or the presence of lattice strain in the material [36].  
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Figure 7-19:  FWHM as a function of substrate-inlet gap at 1200 °C and 1400 °C. 



146 
 

Strain is a measure of distortions and crystal imperfections in the material. The strain was  

calculated from the FWHM using Equation (5-11) [37].  

The results in Figure 7-20 shows that as the substrate-inlet gap increases, the strain in the ZrC 

layers increased. The strain in the layers is likely to have been introduced in the lattice planes 

during deposition by chemical and thermal processes. Polycrystalline layers deposited on a 

substrate are usually in a strained state [38]. The increase in strain in the layer as the 

substrate-inlet gap increased may be due to reduced layer thickness, decreased reactant 

concentrations, the effects of crystallite size, and also the increase in secondary phases (free 

carbon). Strain causes the interplanar spacing to change from the stress free values to values 

comparable to the amount of stress introduced [23,39]. A very thin  layer is likely to be 

discontinuous [40],  introducing stress in the material.  
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Figure 7-20: Effect of substrate -inlet gap on lattice strain at 1200 °C and 1400 °C. 
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7.2.7 Preferred orientation  

To ascertain whether the crystals displayed preferred orientation, texture coefficients were 

determined. Texture coefficients  hklT   of the samples were calculated using Equation (5-

17) from the first five ZrC diffraction peaks for each sample. 

Preferred orientation influences the properties of crystalline materials. Values of the texture 

coefficient,  hklT , less than or equal to one means that the crystallites are randomly 

oriented, while a value of  hklT  greater than one implies preferred orientation of the 

crystallites in a given [hkl] direction [41–43]. Figure 7-21 and Figure 7-22 show the variation 

of texture coefficients with substrate-inlet gap at a substrate temperature of 1200 °C and 1400 

°C, respectively.  

At 1200 °C, the texture coefficients were greater than one for all the layers, implying 

preferential orientation in all the indicated diffraction planes. The (220) plane was most 

preferred, with a  hklT  value of 3.6 at 70 mm. At 90 mm and 120 mm, the (200) plane was 

slightly more preferred than (220). There was a general decrease in the  hklT  values for all 

the diffraction planes at substrate inlet gaps of 145 mm to 170 mm. The (111) diffraction 

plane was generally the least preferred orientation. This may be due high reactant-substrate 

interaction energy and reactant concentration when the substrate-inlet gap is narrowed. For 

ZrC layers deposited at 1400 °C, the (200) plane was more preferred at 70 mm and 90 mm. 

When the substrate-inlet gap increased, the preferred orientation shifted to (220). Similar to 

results at 1200 °C, the (111) plane was the least favoured diffraction plane. At increased 

temperature of 1400 °C the surface energy and atomic mobility are increased; this may be the 

reason why the (111) plane is less preferred due to non-equilibrium conditions [44]. The 

accumulation of free carbon (impurities) on the substrate surface has an influence on the 

substrate energy which may also have an effect on the preferred orientation of the planes. 
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Figure 7-21:  Texture coefficients of ZrC layers deposited at 1200 
o
C as a function of 

substrate-inlet gap. 

 
Figure 7-22: Texture coefficients of ZrC layers deposited at 1400 

o
C as a function of 

substrate-inlet gap. 

The degree of preferred orientation ( ) of each sample as a whole was calculated from 

Equation (5-19). Figure 7-23 shows the variation in the degree of preferred orientation with 

substrate-inlet gap. All samples have -values greater than zero, indicating a good degree of 

preferential orientation at both temperatures. The  -values decrease as the substrate-inlet 

gap and temperature increases. This indicates that to produce layers with highly preferred 

orientation a relatively narrow substrate-inlet gap is recommended. As already stated in 

Section 5.1.6 (Chapter 5) that, some properties of crystalline materials depend on the 
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orientation of the crystal planes. In polycrystalline materials, an increased degree of preferred 

orientation would mean different planes are highly oriented preferentially in specified 

directions. This may create an easy passage of the fission products to diffusion through the 

layer. The mechanical properties can also be improved, for example the propagation of a 

crack developed in one plane may be stopped by the adjacent crystal plane. In this case, 

samples with a low degree of preferred orientation would be more desirable than highly 

oriented samples. 

 

Figure 7-23: Effect of substrate-inlet gap on degree of preferred orientation of ZrC layers. 

7.2.8 Surface morphology and microstructure 

The FE-SEM was used to examine the surface morphology and microstructure of ZrC layers. 

The micrographs of ZrC layer surfaces deposited at 1200 °C for different substrate-inlet gaps 

are depicted in Figure 7-24. At 70 mm (Figure 7-24 (A)), the ZrC layer surface shows a large 

complex facetted structure surrounded by small particles at the periphery and on top. These 

small particles have the same shape as the larger ones (see the high magnification insert in 

Figure 7-24 (A)). The surface morphology at a substrate-inlet gap of 120 mm indicated in 

Figure 7-24 (B)) shows small granules, almost of the same size, with very few openings on 

the layer surface. These small granules have the same structure (complex facets) as those at 
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70 mm (see the insert in Figure 7-24 (B)). At 170 mm (Figure 7-24 (C)), ZrC layer surface 

shows ball-shaped particles clustered together to form a cauliflower-like shape. The 

cauliflower-like clusters of varying sizes are surrounded by numerous large openings, 

compared to that of the image for a 120 mm gap.  

Figure 7-25 shows the surface morphology of ZrC layers deposited at 1400 °C for a 

substrate-inlet gap of 70 mm (Figure 7-25 (A)), 120 mm (Figure 7-25 (B)) and 170 mm 

(Figure 7-25 (C)). For 70 mm gap, the surface morphology consists of agglomerates of ball-

like particles surrounded by openings. When the gap was increased to 120 mm, the 

agglomerates (cauliflower-like) become bigger and the size of the openings surrounding them 

reduces significantly. Further substrate-inlet gap increase to 170 mm, the surface morphology 

became more uniform, dense and smoother with almost no openings around the clusters. The 

cauliflower-like clusters tend to pebble-like structure.  

The average particle sizes for the different gap conditions increased for the 1400 °C grown 

layers. This can be attributed to the increase in the surface energy and mobility of the ZrC 

molecules on the surfaces of the deposited (poly-crystalline) ZrC crystals at the higher 

temperature. Another reason for the increase in particle size (agglomeration) as substrate-inlet 

gap increased may be due to the increase in carbon content in the layers, which acts as 

additional nucleation sites. Judging from these results, it is quite clear that the substrate-inlet 

gap and substrate temperature control the morphology and growth uniformity of ZrC layers.  
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Figure 7-24: SEM images of ZrC layers deposited at 1200 °C for a substrate-inlet gap of (A) 

70 mm, (B) 120 mm and (C) 170 mm. 

 

Figure 7-25: SEM images of ZrC layers deposited at 1400 °C for a substrate-inlet gap of (A) 

70 mm, (B) 120 mm and (C) 170 mm. 

 

7.3  The role of ZrCl4 on the growth characteristics of ZrC layers 

7.3.1 Introduction 

The inlet gas concentration is primarily regulated by the partial pressure of the precursors. 

The partial pressure of a gas determines the thermodynamic activity of its molecules. It is 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 [45]. In a CVD reactor, the 

partial pressure depends on gas flow rates, vaporising temperature, and the substrate-gas inlet 

gap. The influence of substrate-inlet gap on the growth characteristics of ZrC layers has been 

reported in Section 7.2. Several researchers have studied the effect of carbon source 

(especially CH4 and C3H6) [9,46,47] and hydrogen flow rates [47,48] on the properties of ZrC 

layers. The effect of reactor total pressure on the growth and structure of ZrC layers has also 
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been reported by Zhu et al. [47]. However, no study has been found relating to the effect of 

ZrCl4 partial pressure on the growth and structure of ZrC layers grown by thermal CVD. 

Therefore, this part of the study was conducted to investigate the influence of the ZrCl4 

partial pressure on the growth rate, microstructure and surface morphology of deposited ZrC 

layers on graphite substrates. 

The vapour pressure of ZrCl4 was determined from the vapour pressure-temperature 

calibration curve given in Figure 7-26. The partial pressure of ZrCl4 was controlled by 

controlling the argon flow rate and the temperature of the vaporiser. From Figure 7-26, a 

temperature of 300 °C corresponds to a ZrCl4 vapour pressure of 43 kPa. The ZrCl4 mass 

flow rate in argon carrier 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 Equation 

(7-20), Amagat‘s law of partial volume given in Equation (7-21) and the ideal gas equation, 

we obtain the  pressure, volume and the mole amount relation given by equation (7-22) 

[4,49]:  
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Here Vi is the partial volume of any individual gas component i, Pi is the partial pressure of 

any individual gas component i, PT is the total pressure of the gas mixture, ni is the molar 

amount of substance of gas i, and nT is the total amount of substance in the gas mixture. 
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For steady state conditions (i.e. where the total volume, total the pressure and the deposition 

temperature are all constant), the partial pressure can be written in terms of the volumetric 

flow rates of the gases given in Equation (7-23): 
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Therefore the partial pressure fraction of ZrCl4 (i.e. PZrCl4/PT) was calculated from Equation 

(7-24) in which the volumetric flow rate
4ZrCl

V of ZrCl4 was determined from Equation (7-25): 
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In Equation (7-25), 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 7-9 gives the deposition conditions. 

Table 7-9: 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/m
2
) 1.883 1.353 3.67 

Density (kg/m
3
) 0.337 0.042 0.8494 
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Figure 7-26: Variation of ZrCl4 vapour pressure with vapouriser temperature. The 

experimental procedure of how this was arrived at is described in Chapter 6. 

 

7.3.2 Gas flow behaviour and analytical description model of the gas flow 

process 

The flow behaviour of the gases in the reaction chamber was established by calculating the 

magnitudes of the following dimensionless quantities. They were the Reynolds number, Re, 

and Grashof number, Gr. The values of these quantities, given in Table 7-10, were calculated 

using Equations (7-16) and (7-26) [4,19,50]: 

               
2

32


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oT

Tdg
Gr


                                                                                                 (7-26)    

Here 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 [19]) and forced convection dominated (i.e. Gr/Re
2
 <10 [19]). The boundary 

layer thickness  was also calculated from Equation (7-17), with the diameter of the reaction 

chamber d =25 mm and the substrate-gas inlet gap X = 90 mm. 

The velocity v, density ρ and viscosity η of the mixture of gases entering the reaction 

chamber were calculated using equations (7-11), (7-12) and (7-13) [4], respectively.  
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Table 7-10: Gas flow parameters and dimensionless quantities. 

Experiment # 1 2 3 4 5 

Partial pressure 

fraction ×10
3
 

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/m
3
) 0.234 0.307 0.363 0.407 0.444 

η ×10
-5

 (Ns/m
2
) 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 ×10
3
 2.1 3.0 3.7 4.4 5.1 

Gr/Re
2
 3.4 1.6 0.9 0.6     0.4 

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 flow 

(and hence increase in the overall mean flows) decreased the boundary layer thickness (see 

Figure 7-27), consequently increasing the arrival rate (the flux) of the reactants. The 

boundary layer thickness was found to decrease from 9.11 mm to 4.82 mm as the ZrCl4 

partial pressure fraction increase from 4.45×10
-3 

to 6.01×10
-3 

 

4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0 6.2
8

12

16

20

24

28

 Velocity

 Boundary layer thickness

Partial presure fraction x10
-3

V
e

lo
c
it
y
 (

c
m

/s
)

0.4

0.5

0.6

0.7

0.8

0.9

 B
o

u
n

d
a

ry
 l
a

y
e

r 
th

ic
k
n

e
s
s
 (

c
m

)

 

Figure 7-27:  Variation of boundary layer thickness and mean gas velocity with ZrCl4 partial 

pressure fraction.  

The inlet gas stream was considered to be an ideal gas that was being transported through a 

boundary layer to the deposition surface. Then by applying Fick‘s law, the diffusion of ZrCl4 
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vapour from the bulk gas stream towards the substrate may be described by the flux J1 given 

by
dx

dp

RT

D
J

ZrCl4
1


 . In this case, this equation can be approximated by 


sb pp

RT

D
J


1 , 

where bp  is the partial pressure fraction of ZrCl4 in the bulk gas stream, sp  is the partial 

pressure fraction of ZrCl4 at the substrate surface, and T is the deposition temperature 

[29,51,52]. It is important to note that the ZrCl4 concentration 
4ZrClC  is related to its partial 

pressure 
4ZrCl

p  by 
RT

p
C

ZrCl

ZrCl
4

4
 . 

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 to 

form a layer. The flux J2 consumed by the reacting surface may be given by s

m p
RT

k
J 2 , 

where km is the surface reaction rate constant [51]. For the sake of determining 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), thus













m
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s
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p
D

p



 . 

It has already been established from previous studies that at the current growth conditions, 

the deposition of ZrC is mass transport lilmited [8][53].  In this case mk
D



, so that

b

m

s p
k

D
p


  [27,51]. This means that ps< pb. Therefore the gas transport across the boundary 

layer for this deposition process may schematically be presented as shown in Figure 7-28. 
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Figure 7-28:  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. 

 

7.3.3 Effect of ZrCl4 partial pressure on ZrC growth rate 

To establish the dependence of ZrC 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 Figure 7-29. This plot shows that, within experimental error, the growth rate of ZrC layers 

increased linearly with ZrCl4 partial pressure. As indicated in Section 7.3.2, 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 2Jvk k , where νk is 

the molecular volume of the crystal [51]. This explains the linear growth rate of the layers 

with partial pressure, and is in agreement with Figure 7-28. 
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Figure 7-29: Effect of ZrCl4 inlet partial pressure fraction on growth rate. 

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 is 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 (a thermodynamic chemical software program) [6] was used to 

study the behaviour of the reacting species. Figure 7-30 shows the ZrCl4 concentration 

dependence speciation curve for the ZrCl4-CH4-H2 system. According to Figure 7-30, at a 

deposition temperature 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 actives species is zirconium limited. 
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Figure 7-30: ZrCl4 concentration dependence speciation curve for the ZrCl4-CH4-H2 feed 

system at 1400 °C. 

7.3.4 Microstructural analysis 

Figure 7-31 shows the XRD patterns of ZrC films 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° values of 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 by z in Figure 7-31. The 

ZrC peaks present were indexed within a cubic rock-salt (NaCl) structure type.  

The carbon phase present was found to be hexagonal graphite with its reflections (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° values of 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 Figure 7-31 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 
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alongside ZrC. As illustrated in Figure 7-30, all of the methane gas is decomposed into H2 

and carbon, while the ZrCl4 remains in gaseous form throughout the experimental run. The 

amount of carbon from methane is normally higher than ZrCl4 (see Table 7-9), therefore 

leading to C being deposited alongside ZrC. 

The preferred orientation as determined from the texture coefficient calculated using the 

Harris method [23,42] 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 the 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, resulting from the 

differences in surface energies and/or growth anisotropies. At low ZrCl4 partial pressure, the 

arrival rate of Zr atoms at the growth 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 higher surface energies, thereby 

minimising the Gibbs free energy of the crystallites, in accordance with Wulff‘s law [54]. 

Among all the ZrC planes, the (111) plane has the lowest surface energy, because of the fact 

that its surface atoms are the most densely packed per unit area. Higher index 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. 
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Figure 7-31: XRD patterns of ZrC layers deposited at 1400 °C for different ZrCl4 partial 

pressure fractions. 

 

7.3.5 Lattice parameter, lattice strain and residual stress 

The lattice parameter (a) of the ZrC layers were determined from the Miller indices (hkl) and 

interplanar spacings d of the various planes [23] using Equation (5-2).   

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 Equation (5-2) and the error function f(θ) 

calculated from Equation (7-27) [55]: 
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(7-27) 

The intercepts 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 indicated in Figure 7-32. The 
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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 Figure 7-33). 

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 Figure 7-31. 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. 

The presence of carbon inclusions might have increased the distance between the 

neighbouring 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 within the 

range reported for ZrC bulk material (4.6890–4.7017 Å [56–59]). However, it is important to 

note that layers deposited by CVD always experience some kind of strain [60] and this may 

be the reason for any variation of the lattice parameter value from the ―actual expected 

value‖.  
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Figure 7-32: Nelson-Riley plots (plots of the lattice parameters as a function of the error 

function) for different ZrCl4 partial pressure fractions. 

Strain measures the level of distortion and crystal imperfection in the material and was 

calculated from peak broadening at half with full maxima and diffraction angle [37] as 

indicated by Equation (5-11). 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 
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Figure 7-34. This is because when the ZrCl4 partial pressure was increased the concentration 

of defects 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. 

7.3.6 Average crystallite size and dislocation density 

The average crystallite size of ZrC layers deposited at different ZrCl4 partial pressure was 

determined from Scherrer‘s formula [23] given by Equation (5-9). The effect of instrumental 

broadening was subtracted from the XRD profile before calculating the values of crystallite 

sizes. The values of average crystallite size changed from 21.5 nm 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 Figure 

7-33. As shown in Figure 7-30, 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 on the substrate before ZrC can 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 increased, consequently reducing the amount of free carbon in the layer. A reduction 

in the amount of free carbon results into increased crystallite size, since carbon inclusions 

interference with ZrC crystal growth. 



165 
 

4.4 4.6 4.8 5.0 5.2 5.4 5.6 5.8 6.0

21.5

22.0

22.5

23.0

23.5

24.0
 Average crystallite size

 Corrected lattice parameter

ZrCl
4
 partial pressure fraction x10

-3

A
v
e

ra
g

e
 c

ry
s
ta

lli
te

 s
iz

e
 (

n
m

)

4.694

4.696

4.698

4.700

C
o

rr
e

c
te

d
 l
a

tt
ic

e
 p

a
ra

m
e

te
r 

(Å
)

 

Figure 7-33: Influence of ZrCl4 partial pressure on average crystallite size and lattice 

parameter. 

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 [41]  [61] given by Equation (7-28): 

where D 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 2.16×10
15 

m
-2

 to 1.81×10
15 

m
-2

 

as the partial pressure fraction varied from 4.45×10
-3

 to 6.01×10
-3 

(see Figure 7-34). 

It is evident from Figure 7-34 that as the partial pressure increased, the lattice strain and the 

dislocation density decreased. This may be attributed to a reduction in carbon inclusions 

which can give rise to extended defects such as dislocations. The increase in the average 

crystallite size results in a decrease in the grain boundaries in ZrC layers. 

        
2

1

D
L          (7-28) 
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Figure 7-34: Variation of dislocation density and lattice strain with ZrCl4 partial pressure 

fraction. 

7.3.7 Surface morphology analysis 

Figure 7-35 shows the FE-images of ZrC layers deposited at 1400 °C at different ZrCl4 

partial pressures. At the low ZrCl4 partial pressure fraction of 4.45×10
-3 

(Figure 7-35 (a)), the 

layer had small crystals tending to cluster together surrounded and 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 a ZrCl4 partial pressure fraction of 6.01×10
-3 

(Figure 7-35 (e)), almost all 

the clusters joined together, almost completely eliminating the voids. 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, 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 an increase in 

ZrCl4 partial pressure. It can be deduced that the layer surface grew by both the additions of 

atoms and the coalescence of primary particles, since crystals tend to pile on top of each other 

and also merge as they increase in size. 
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Figure 7-35: FE-SEM images of ZrC layers deposited at 1400 °C at 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

. 

7.4  Time dependence of microstructural and morphological evolution of 

ZrC layers 

7.4.1 Introduction 

The growth characteristics and properties of ZrC layers grown by CVD are greatly influenced 

by the deposition conditions. These include the deposition temperature and time, the 

precursor partial pressures and compositions, the reactor geometry, and the level and state of 

vacuum in the reaction chamber, among others. Of these conditions, the effect of deposition 

time on the growth behaviour of ZrC layers has been the least emphasised. And yet certain 

tendencies in the deposition process and in the microstructural evolution of CVD layers may 

be evident in the early stages of the growth process. A particular deposition time is required 

for these growth process steps to reach their fullest, so as to realise quality deposit. This 

deposition time may depend on the layer being deposited, deposition temperature, nature of 

the precursors and other deposition parameters. 

The deposition ZrC layers were carried out at 1400 °C for different deposition times from 0.5 

h to 2.5 h at atmospheric pressure. For each experimental run 6 g of ZrCl4 powder were 
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vaporised at 300 °C in a static vaporisation system. The flow rates were maintained at 15 

sccm, 862 sccm and 843 sccm for methane, hydrogen and argon respectively.  

In this subsection, the flow behaviour of the ZrCl4 precursor in a static vaporiser system at 

different deposition times was analysed. Furthermore, we have examined the time 

dependence of microstructural and morphological evolution of the as-deposited ZrC layers. 

Deposition time is a very important growth parameter that controls the quality of the deposit, 

the thickness of the layer and its uniformity, among others. 

7.4.2 Layer thickness and growth rate 

Figure  shows the variation in layer thickness and growth rate of as-deposited ZrC layers at 

various deposition times. There was a general increase in layer thickness as deposition time 

was increased. The increase in layer thickness was more rapid between 0.5 h and 1.0 h. After 

1.0 h, the increase in layer thickness was very small, even when the deposition time was 

continuously increased, as reflected by the growth rate curve shown in Figure 7-36.  The 

growth rate was more rapid between 0.5 h to 1 h and there after it declined sharply.  This 

observation may be due to loading the same amount of ZrCl4 powder in the vaporiser system 

for all deposition times. The continuous transportation of ZrCl4 vapour by argon reduces the 

amount of vapour generated and delivered into the reaction chamber.  Even though the feed 

lines were wrapped with an electrical heat tracing tape, there was still a tendency of ZrCl4 

accumulating along the vaporiser feed line to the reaction chamber. This was evidenced by 

the increase in mass of the vaporiser with deposition time. If the rate at which the amount of 

ZrCl4 accumulated along the vaporiser feed line was not constant, this might also have 

affected the amount of ZrCl4 delivered to the reaction chamber, hence affecting the layer 

growth rate.  Figure 7-36 shows the variation of the amount of ZrCl4 consumed from the 

vaporiser and ZrCl4 mass flow rate to the reaction chamber. It was observed that as the 

deposition time increased, the amount of ZrCl4 transported into the reaction chamber 
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increased rapidly between 0.5 h to 1.0 h. Beyond 1 h the increase in the amount of ZrCl4 

consumed was not very significant. Therefore, the reduction in the supply of ZrCl4 as the 

deposition time increased was the reason for the observed trend in both the layer thickness 

and the growth rate. 

 

Figure 7-36: Influence of deposition time on layer thickness and growth rate. 

 

 

Figure 7-36: Variation of the amount of ZrCl4 used during the ZrC deposition process using 

the ZrCl4 static vaporiser. 
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7.4.3 XRD structural and phase analysis 

The XRD patterns of ZrC layers deposited for 0.5 h, 1.0 h, 1.5 h, 2.0 h and 2.5 h are shown in 

Figure 7-38. These patterns belong to a face centred cubic structure. These diffraction 

patterns revealed only ZrC peaks when matched with the standard data file number ICDD 

ZrC: 03-065-8833. The diffraction patterns had well-defined sharp Bragg peaks. This 

indicated that the ZrC layers deposited at all deposition times possessed a good degree of 

crystallinity. Figure 7-38 also shows that changes in the deposition time had an effect on both 

the peak intensities and the orientation of the planes, as indicated in Figure 7-39. The 

preferred orientation as deduced from the texture coefficient determined by the Harris method 

[23,42] revealed that, the (220) diffraction plane was the preferred orientation for all 

deposition times. However, its texture coefficient values reduced from 3.32 to 1.02 as the 

deposition time was increased from 0.5 h to 2.5 h. The (111) and (200) diffraction planes 

were randomly oriented for all deposition times. The texture coefficient values of (111) and 

(200)  planes increased gradually with deposition time from 0.39 to 0.96. 

 

Figure 7-38: XRD pattern of ZrC layers deposited at different deposition times. 
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At the very early stages of nucleation crystallites are randomly oriented [62]. As the layer 

thickness is increased crystallites with the fastest growing crystallographic planes normal to 

the substrate will envelope the other crystallites and determine the final orientation of the 

deposited layer (evolutionary selection rule) [62] [63]. However, crystallites grow such that 

they minimize the sum of the surface energy and strain energy in an attempt to attain 

equilibrium conditions. Since these energies vary from one crystallographic plane to another, 

the orientation of planes is not always the same. In this case small crystallites were observed 

for short deposition times (as depicted by the SEM images in Section 7.4.6). The reason for 

this was the high growth rate of the ZrC layer, which introduced defects. According to the 

step-flow model of crystal growth [64] these defects act as growth points for new (small) 

crystallites. As was shown in Figure 7-36, the growth rate decreased with time.  This 

favoured the growth of larger crystals.  The growth process was performed at high 

temperature, i.e. 1400 °C.  Consequently, with increasing time the crystallites also grew into 

larger crystals due to the continued diffusion of the ZrC molecules, acting as source material 

for the crystallites.  Furthermore, small crystallites have high surface energies compared to 

large crystallites. This favours the growth of high energy crystallographic planes, thereby 

increasing the areas of the low energy planes in line with Wulf‘s law [54]. In addition, due to 

their high surface energies the small crystals gets absorbed into the larger crystals (Ostwald 

ripening) to minimise the total surface energy. This parasitic growth of the crystals 

maximises the areas of crystal planes with lower surface energies, also in line with Wulf‘s 

law.  This explains the reason why the (220) plane was the initial preferred orientation (see 

Figure 7-39) and why the texture coefficient value gradually decreased with increasing 

deposition time.  Simultaneously, there were gradual increases in the texture coefficient 

values of the low energy planes (111) and (200).   
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Figure 7-39: Variation of texture coefficient with deposition time. 

It is also important to note that the deposition in this study was conducted at high 

temperatures (1400 °C). It has been reported that at 1400 °C the CVD growth process of ZrC 

is  mass transport controlled  [53]. Kajikawa etal. [65] reported that the most densely packed 

planes (i.e (111)), grow faster than other crystallographic planes in the surface reaction 

controlled regime, whereas the (220) plane grows faster in the adsorption controlled regime. 

These results agree with the above findings. 

7.4.4 Microstructure evolution 

The average crystallite size was calculated from the Scherrer formula given by Equation (5-

9). The average crystallite size of the as deposited ZrC layers was found to increase from 27.8 

nm to 32.3 nm as the deposition time was increased from 0.5 h to 2.5 h, as indicated in Figure 

7-. This is expected, since the continuous supply of the reactants may contribute to further 

film growth and hence an increase in crystallite size. Other reasons for this crystallite size 

increase were discussed in the Section 7.4.2. A sharp increase in average crystallite size was 

observed between 0.5 h to 1.0 h and thereafter the average crystallite size increased gently.  
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This observation may be due the variation in the supply of ZrCl4 towards the growing 

surface. At the start, the supply of Zr-containing species per unit time was high and it 

gradually reduced as deposition time was increased. 

The number of crystallites per unit area (N) was determined from Equation (7-29), 

              
3D

x
N 

                                                                                                               
(7-29) 

Here D is the average crystallite size and x is the layer thickness [66,67]. Figure 7-40 also 

shows that the number of crystallites per unit area increased with an increase in the time of 

deposition. It can also be observed that the amount of ZrCl4 delivered per unit time in the 

reaction chamber also affects the number of crystallites per unit area of the layer deposited. 

One would expect the number of crystallites per unit area to decrease with an increase in 

crystallite size. However, this is not the case, since increasing the layer thickness increases 

the area and therefore more crystallites can be accommodated. This is an indication that the 

layer thickness grows faster than the crystallite size.  
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Figure 7-40: Dependence of average crystallite size and number of crystallites per unit area 

on deposition time. 
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7.4.5 Raman analysis 

Raman spectroscopic analysis was used to establish the purity and composition of the 

deposited ZrC layers. Raman spectroscopic analysis produce a characteristic spectrum for 

materials, depending on the vibrational modes of their molecules [68].  Figure 7-41 shows the 

Raman spectra acquired at room temperature for samples deposited for different deposition 

times. ZrC possesses a crystal structure like that of NaCl. Stoichiometric compounds with a 

NaCl structure have all their atoms occupying sites of inversion symmetry and therefore do 

not allow first-order Raman scattering [69,70]. This means that stoichiometric ZrC is not 

Raman active and hence no ZrC Raman peak can be detected. However, within the measured 

spectral range the deposited layers revealed some peaks at Raman shifts of about 210, 290, 

522 cm
-1

, 625 cm
-1

, 1350 cm
-1

 and 1580 cm
-1

 (see Figure 7-41 and the figure inserted). This 

means that the deposited ZrC layers are ideally not stoichiometric or contains some level of 

impurities. It has been reported that the ZrC primitive cell has 2 atoms with 6 vibrational 

modes, half of which are acoustic and the other half are optical modes [71]. Kim et al. [69] 

reported that a ZrC Raman spectrum with peaks at around 210 cm
-1

 and 280 cm
-1

 

representing acoustic branches and Raman peaks at 540 cm
-1

 and 600 cm
-1

 representing 

optical branches due to the presence of carbon vacancies in the ZrC structure. The reason for 

this is that the vacancies in the ZrC structure interrupts the local symmetry, permitting the 

defect-induced Raman scattering to be detected [69,72]. This means that at low deposition 

times we have more carbon vacancies in the ZrC structure (i.e. we have a sub-stoichiometric 

ZrC). As was discussed in Section 7.4.2, for low deposition times the growth rate of the ZrC 

layer was very high. This high growth rate introduced more defects, including carbon 

vacancies, into the layer. As the deposition time was increased from 1.0 h to 2. 5 h, the peaks 

at about 210, 290, 522 cm
-1

 and 625 cm
-1

 reduced. Instead, the free carbon peaks originating 

from carbon inclusions in the ZrC matrix, at around 1350 cm
-1

 and 1580 cm
-1

 became more 
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prominent. This means that the number of carbon vacancies decreased with a growth in free 

carbon inclusions.  The carbon peaks are evident by the presence of the D and G-peak. The 

D-band is associated with defects in graphitic materials. The G-peak is associated with in-

plane vibrations of C–C bonds and is a measure of graphitization or degree of metallicity of 

graphitic materials [73,74]. The presence of free carbon was detected by Raman but not by 

XRD measurements, because Raman is more sensitive to structural changes than XRD.  It 

should be noted that, the carbon observed in the layers is not from the graphite substrate, 

because of the presence of amorphous carbon. 

It was observed that for growth time 0.5 h and 1 h the D and G-peaks are broad. This can be 

seen from the FWHM variation, illustrated by Figure 7-42. This shows that for short 

deposition times, there is poor crystallization of the free carbon, which improves as the 

deposition time is increased, in line with the crystal growth model discussed in Section 7.4.2. 

For short  the growth times (0.5 h and 1.0 h), the free carbon is more of amorphous type than 

graphitic type, since the 1500 cm
-1 

Raman peak is broad (see Figure 7-41). This is typical for 

amorphous sp
2
 bonded carbon [75].   

 

Figure 7-37: Raman spectroscopy analysis of ZrC layers at different deposition times. 
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Also, as the deposition time increased from 0.5 h to 2.5 h, there was a shift to the left of both 

the D and G band (from 1359 cm
-1

 to 1348 cm
-1

 and from 1590 cm
-1

 to 1581 cm
-1

, 

respectively). There was an overall increase in intensity of the D and G-peaks as the 

deposition time was increased, as observed from Figure 7-42. This implies that the longer the 

deposition time the higher the amount of free carbon co-deposited. This was due to the 

decreased flow of ZrCl4 and constant supply of methane, the source for the carbon atoms, to 

the reaction surface, as explained in [76]. However, compared to the intensities of the D-peak 

(ID), the intensities of the G-peak (IG) increased more as the deposition time increased. This 

was due to the decreasing supply of Zr atoms to the reaction (i.e. growth) surface and the 

constant supply of C atoms. This relative increase in C atoms led to a higher growth rate of 

the carbon in the carbon inclusions. In line with this argument, the values of ID/IG given in 

Figure 7-42 decreases with an increase in deposition time.  

 
 

Figure 7-38: Variance of FWHM of D and G carbon peaks with deposition time. The insert 

indicates the variation of the ID/IG with time. 

The ID/IG ratio is a measure of the presence of defects in the structure of the carbon materials. 

As already mentioned, the G-peak is a result of in-plane vibrations of sp
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atoms whereas, the D-peak is due to out of plane vibrations attributed to the presence of 

structural defects [73] [77]. This means that ID/IG is related to the sp
3
/sp

2
 ratio. As the 

deposition time was increased there was a transformation from sp
3
 material to sp

2
 material, 

meaning that there was a reduction in the defects in the structure of the carbon material. Thus, 

the free carbon in the deposited layers became more graphitic. This is supported by the 

corresponding decrease in the FWHM values of the G-peak.  

7.4.6 Morphological evolution 

Figure 7-43 shows the surface morphology of ZrC layers deposited at 1400 °C for different 

deposition times. It was observed that the morphology of the ZrC varied with deposition time.  

For a deposition time of 0.5 h, the ZrC layer is consists of small particles. The surface is 

relatively smooth and flat with uniform particle size. The deposition time of 1 h, the small 

particles start to form clusters. When the deposition time was further increased almost all the 

crystals formed clustered and the size of the clusters grew larger. The growth of protrusions 

on SiC was previously explained by preferential thermophoretic deposition of particles [65]. 

 Even though the average crystallite size calculated from the XRD (using Scherrer‘s 

equation) increased with deposition time just as size of crystals observed from the SEM 

micrographs, they may not easily be compared because of the coalescence of crystals into 

aggregates.  
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Figure 7-43: The evolution of surface morphology with an increase in deposition time. 
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CHAPTER 8 

CONCLUSIONS AND FUTURE WORK  

8.1 Conclusion 

This study focused on detailing the development of a deposition process for the preparation 

and optimisation of ZrC layers from ZrCl4-Ar-CH4-H2 precursors, using induction thermal 

CVD at atmospheric pressure. A vertical wall thermal CVD reactor was designed, fabricated 

and used for the deposition of ZrC layers. This CVD reactor has the capability of depositing a 

variety of films and coatings for various research and industrial applications. The process 

parameters and the CVD reactor geometry were engineered so as to control the growth and 

quality of ZrC layers. ZrCl4-CH4-H2-Ar mixtures were used for the deposition of ZrC layers. 

ZrCl4 vapour flow control was achieved by careful designing of the CVD vaporiser system 

and controlling the argon carrier gas flow plus the vaporisation temperature. The amount of 

ZrCl4 loaded and its surface area exposed to the carrier gas was also carefully managed. The 

ZrC layers were deposited on graphite substrates under a variety of conditions. The deposited 

ZrC layers were then studied according to their deposition condition, namely substrate 

temperature, precursor flow ratios and partial pressures, reactor geometry and deposition 

time. 

The substrate temperature (1200 °C-1600 °C) and CH4/ZrCl4 ratio (6.0 to 24.4) were 

examined both thermodynamically and experimentally and were found to have a major 

influence on ZrC growth kinetics. Response surface methodology (RSM) was used to give a 

correlation between the responses (average crystallite size, growth rate and composition) and 

the independent variables (substrate temperature and CH4/ZrCl4 ratio). The growth rate and 

average crystallite size followed a quadratic trend, whereas the composition (C/Zr) followed 

a linear trend. The optimum conditions for producing relatively thick near-stoichiometric ZrC 
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layers (i.e. C/Zr of 1.03 and a growth rate of 6.05 µm/h) with crystallite size of 29.8 nm were 

determined as 1353.3 °C for the substrate temperature and 10.14 for the CH4/ZrCl4 molar 

ratio.  

The influence of the gap between the gas inlet and the substrate (70 mm–170 mm) on ZrC 

layer growth characteristics was investigated at 1200 °C and 1400 °C. The growth rate 

decreased with increasing substrate-inlet gap at both temperatures. When the gap between the 

substrate and the inlet was reduced the boundary layer thickness decreased. The decreased 

boundary layer thickness resulted into higher fluxes of reactants and hence increased growth 

rates. The diffusion coefficient of the gas mixture at 1200 °C was lower than at 1400 °C. 

Correspondingly, the layer growth rate at 1200 °C was lower than at 1400 °C. The C/ZrC 

ratio increased with an increase in substrate-inlet gap at both temperatures, with 1400 °C 

yielding the highest ratio.  Increasing the substrate-inlet gap both at 1200 °C and 1400 °C 

resulted in a decreased in the average crystallite size and increased the lattice strain. The 

increase in lattice strain was probably due to an increase in lattice imperfection, resulting 

from the increased concentration of free carbon in the deposited layer. The (111) diffraction 

plane was the least favoured orientation, whereas (200) and (220) were more favoured planes. 

The degree of preferred orientation decreased with substrate-inlet gap at the two 

temperatures. The samples deposited at 1200 °C had a higher degree of preferred orientation 

than those deposited at 1400 °C. For the 1200 °C substrate temperature, at 70 mm substrate-

inlet gap, the crystals had better developed facets with high crystallinity, which deteriorated 

with an increase in substrate-inlet gap. The morphology of the deposited layers changed as 

the substrate-inlet gap and substrate temperature were varied. 

Furthermore, the role of ZrCl4 partial pressure on the microstructure and surface morphology 

was investigated. The boundary layer thickness decreased with an increase in the ZrCl4 

partial pressure resulting in higher fluxes and growth rates. The gas flows were laminar and 
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forced convectional. The growth rate of the ZrC layers increased almost linearly with 

increasing ZrCl4 partial pressure. The ZrC layer microstructure and morphology were found 

to vary with ZrCl4 partial pressure. At low ZrCl4 partial pressure ZrC and carbon were co-

deposited. The amount carbon in the layers decreased with an increase in ZrCl4 partial 

pressure values. The (111) diffraction plane was a more favoured orientation at lower ZrCl4 

partial pressure, whereas the (200) and (220) were the 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 

particles tending to cluster together and 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 aggregation of particles into large agglomerates were also 

enhanced as the ZrCl4 partial pressure increased. 

The dependence of growth rate, microstructure and morphological evolution of ZrC layers on 

deposition times was also studied. The ZrC layers were deposited at 1400 °C for different 

deposition time ranging from 0.5 h to 2.5 h. The results indicated that the stagnant ZrCl4 

vaporiser and deposition time had an effect on the quantity of ZrCl4 delivered to the reaction 

chamber. The amount of ZrCl4 delivered to the reaction chamber declined as the deposition 

time increased. Meanwhile, the mass of the ZrCl4 vaporiser increased as the deposition time 

increased implying, that more and more ZrCl4 got clogged in the vaporiser. The ZrC layer 

thickness increased rapidly from 0.5 h to 1.5 h and thereafter the increase was not significant. 

There was an increase in growth rate of the ZrC layers up to the deposition time of 1 h and 

thereafter the growth rate started declining. For all deposition times, the structure of the 

layers deposited was polycrystalline and face centred. The preferred orientation of the 

diffraction planes varied with the deposition time with the (220) and (200) planes more 
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preferred for short and long deposition times, respectively. The crystallite size increased from 

27.8 nm to 32.3 nm as the deposition time increased from 0.5 h to 2.5 h. The number of 

crystallites also increased with the deposition time. The Raman spectra showed the presence 

of free carbon, which increased with an increase in deposition time. At the early stages of 

deposition the free carbon was amorphous but its level of crystallisation increased with 

deposition time. The deposition time had an influence on the surface morphology as well. For 

short deposition times, the surfaces of the ZrC layers were relatively flat and smooth. As the 

time increased, islands emerged which increased in size with time. 

In summary: 

 The deposition of ZrC layers can be achieved with a careful design of the CVD 

system and by controlling the deposition conditions. The controlled delivery of ZrCl4 

into the reaction chamber is very important for obtaining layers of the desired 

properties. To achieve this, the vaporization temperature, ZrCl4 surface area exposed, 

carrier gas flow rate and time have to be maintained constant.  

 ZrC layers of different stoichiometry can be produced by controlling  (a) the precursor 

flow rates (either by varying the ZrCl4 flow rate and keeping the methane flow rate at 

constant, or varying the methane flow rate and  keeping the ZrCl4 flow rate constant), 

(b) the gap between the substrate and the gas inlet and (c) the deposition temperature. 

However, for all the deposition conditions studied, hardly sub-stoichiometric ZrC 

layers were produced even at a reduced methane flow rate. Very low methane flow 

rates yielded very thin layers (or no layer), making it difficult to characterize.  

 The growth rates of the ZrC layers have a strong dependence on the boundary layer 

thickness and the precursor fluxes. Increasing deposition temperature, deposition time 

and precursor flow rates, all have a positive effect on the ZrC layer growth rate.  
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 ZrC layers deposited by varying the substrate temperature, precursor flow rates 

(compositions and partial pressures), deposition time and substrate-gas inlet gap 

exhibit distinct microstructural and morphological differences.  

 Other studies have indicated that sub-stoichiometric ZrC samples (C/Zr<1) had an 

improved irradiation resistant microstructure compared to hyper-stoichiometric ZrC 

samples (C/Zr>1).  

Based on the results of this study, the conclusion can be drawn that stoichiometric or near 

stoichiometric ZrC layers can be produced and that they appear promising for application 

as fission product barrier in the nuclear TRISO fuel particle. 

8.2 Future work 

For further improvement and optimization of the CVD process, as well as improving the 

fundamental understanding of the whole process so as to obtain high quality ZrC layers, the 

following studies are recommended: 

 Computer simulations of the relevant physical and chemical phenomena that are 

difficult to measure.  

 Investigation of the temperature distribution inside the CVD reactor and how it is 

influenced by changes in induction coil frequency, power input to the coil and 

graphite reactor chamber thickness.  

 A comparison of ZrC layer characteristics deposited in a hot-wall and a cold-wall 

reaction chamber, and a vertical-wall and a horizontal-wall reaction chamber to 

ascertain which reactor type can produce quality ZrC layers.  

 Irradiation by fast, heavy, highly-charged particles of the ZrC layers produced. 
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Appendix A: Standard operating procedure (SOP) for the CVD of ZrC (Doc 

no. AC-AMI-SOP-15001) 

1. Purpose and scope 

The purpose and scope of this document is to describe the processes applicable to the start-up, 

running and shut-down of the chemical vapour deposition setup. This includes the 10 kW 

induction power supply, reactor system, gas supply system and exhaust/scrubber. Possible 

emergency situations are addressed as well as risks associated with the procedure. Using these 

procedures hydrogen and methane concentration should never exceed 20% of its lower 

flammability limit. For a more detailed project description and scope, see the project plan (Doc 

no. AC-AMI-DES-15004). The document Doc no. AC-AMI-DES-15004 has been integrated in 

the thesis and therefore not given in the appendix. 

2.  Background information 

The setup is used to inductively heat the reactor (graphite tube), which is inserted in the centre of 

the induction water cooled copper coil. The graphite tube acts as the work piece and generates 

the temperatures required to initiate the chemical vapour deposition of ZrC layers on the graphite 

substrates. The precursors are introduced in the reaction chamber when the required temperatures 

have been attained and the gases are left to flow for the desired time. For more detailed 

background information, see the process description (Doc no. AC-AMI-DES-15004). 

Applications of this technology described here include the synthesis of zirconium carbide layers 

using ZrCl4 and methane as precursors. The equipment can potentially be adjusted to allow for 

direct deposition of other materials such as SiC, TiN, TaC, TiC, ZrN onto a substrate of various 

dimensions and orientations. 

3. SOP for the RF induction heating CVD setup 

The relevant documentation for the RF induction power supply is provided within the lab safety 

file, located at the entrance to the lab. Also, the operator should familiarize him/herself with 

the material safety data sheets (MSDS) files of the various materials before commencing 

any experiments. 
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The process and instrumentation diagram (P&ID) of the process is located on page 198 in 

Appendix A. The start-up, running and shutdown procedures are based on this diagram and 

equipment numbering system. 

3.1 Pre-experimental preparations 

Ensure all the person protective equipment (PPE) are available and in good conditions. PPE must be 

dressed before the start of any operations relating to the experiment. For this experimental process the 

most important PPEs are the Lab coat, face mask, rubber gloves, heat resistant gloves, latex gloves 

safety shoes, Respirators. The ventilation system, water system and electrical system have to be 

checked to ascertain their conditions 

3.1.1 Storage and loading of ZrCl4 

ZrCl4 powder is stored in an enclosed cupboard in Lab 142. It will be scooped from its container 

with a specular into a small sample bottle placed inside a glove box.  The small sample bottle 

containing ZrCl4 will be transferred to Lab 329 and kept in the desiccator. A desired mount will 

be loaded in the vaporiser as quick as possible to avoid contact with moisture and personal 

exposure. A vapour/dust respirator should be used during this process. 

3.1.2 Installation of graphite tube 

For every experimental run the graphite tube is installed at the start and uninstalled at end of the 

experiment when it has sufficiently cooled. In order to avoid contamination of the deposit, it is 

important that the tube cleaned properly for every experimental run. It should also be well 

position so that the inlet gases are properly directed right to its inside and the exit gas pipe well 

fixed to its port. The effectiveness of the centring is dependent on window located at the top of 

the flange. 

3.2 Start-up procedure 

1. Mount the substrates on a clean substrate stage and fix the substrate stage in the graphite tube 

(reaction chamber) 

2. Fix the loaded graphite tube at the centre of the induction coil inside the steel casing. 

3. Fasten the exit gas pipe on the graphite reaction chamber 

4. Ensure that the insulating material has been used to prevent heating of the steel casing 

5. Ensure that the reactor system is tightly closed and the inlet pipe is properly directed into the 

reaction chamber. 
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6. Ensure that cooling water (CW) is flowing through the induction RF power supply and also 

the cooling water jacket in the exhaust system. Open valves V-1 & V-9, then V-6 &V-7 

7. Ensure that all valves are closed except those of the CW. 

8. Flow argon in the reactor for some time and open the vacuum pump so that all the oxygen and 

moisture is extracted away from the reactor. Open valve V-3 

9. Ensure that the required amount of ZrCl4 powder is loaded in vaporiser and the temperature of 

the vaporisation system is set to the desired level. 

10. Switch on the heating tape and set it at required temperature to heat the pipes of other gases. 

11. Switch on the RF power supply and allow time of about 10 minutes to preheat. 

12. Open FI-101 and set the flow rate of the methane (CH4) stream to desired value 

13. Open FI-102 and set the flow rate of the hydrogen gas to the desired value.  

14. Open FI-103 and set the flow rate of the argon gas to the desired value.  

15. Open V-2 and V-4 and release ZrCl4 to the reactor.  

16. Keep valves V-3 and V-7 open for the desired deposition time and maintain the vacuum 

pump valve on. 

17. Pressure indicator (P-101) should indicate the required pressure inside the reactor. It is 

always a good idea to close V-7 and check whether required pressure is maintained within 

the reactor. 

18. Check that total reactor pressure remains at about atmospheric pressure. 

3.3 During operation 

During operation, the gas flow rates can be altered, however the user must be vigilant of the 

operating pressure inside the reactor, as higher flow rates will increase the pressure.  

The total power is also adjustable during operation, although if power is reduced too much the 

required deposition temperatures of ZrC may not be achieved and hence no deposit. 

The operator can at any time shutdown the RF power supply, without adjusting the flow rates, by 

pressing the large red button on the user interface controller connected to the power supply, or by 

pressing ―Stop‖ on the touch screen of the controller. 

Experimental runs should be closely monitored and must under no circumstances be left 

unattended. At least two people (who are both familiar with the operation of the system) must be 

present during experimental runs. 
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3.4 Shut-down procedure 

1. First switch off the RF power supply by pressing the large red button connected on the user 

interface controller or by pressing ―Stop‖ on the touch screen of the controller. Press ―Stop‖ 

again to initiate the cool down phase. 

2. Close V-5 to prevent the flow of hydrogen, methane and ZrCl4. 

3. Close valve V-2 and V-4, and the gas cylinder valves for methane and hydrogen 

4. Keep valve V-3 open for some time for argon to stabilise the temperatures and to flush the 

pipes of any residual ZrCl4. Be aware that the reactor or graphite tube will still remain hot for 

a while. 

5. Close V-3 to stop the flow of argon. 

6. Shutdown the vacuum pump. 

7. Close valves V-7. 

8. Ensure all the gas bottles are tightly closed 

9. Clean the collection sample containers in order to keep the material deposit (ZrC). 

10. When the user interface controller indicates that the cooling phase has finished, switch off 

the power supply. 

11. Close valves V-1 and V-9, V-6 and V-7 and (in that order) and shut off the flow of CW. 

12. After the graphite reactor has cooled sufficiently uninstall it from the system 

13. First clean the outside of the graphite to avoid contamination of the ZrC coatings 

14. Open it to remove the substrate stage and the remove the substrates. It is expected that ZrC 

layer will be coated on the substrates. And keep the ZrC coated substrates in a clean airtight 

containment 

3.5 Emergency procedures 

In case of any emergency, immediately shut off the system by pressing the large red button on 

the user interface controller. Afterwards, stop the flow of gas, specifically that of hydrogen, 

methane and ZrCl4, by closing the valves of all gas cylinders. Switch off the power from the 

heating tape. Also switch off the power connected to the vaporiser system. Shut down the 

vacuum pump/scrubber. 

3.6 Safety risk scenarios 

The focus of these procedures is partly to maintain a hydrogen and methane concentration that 

never exceeds 20% of its lower flammability limit. For hydrogen this amounts to no more than 
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0.8% (v/v) and methane it is not more than 1% v/v. The following are a few scenarios that might 

occur during the course of the experiments, as well as the procedures to be followed should such 

a scenario occur. Also, one should familiarize oneself with the MSDS of all chemicals involved, 

in the case of accidental contact, inhalation or ingestion.  

3.6.1 ZrCl4 spill 

In the case of ZrCl4 spill, absorb with DRY earth, sand or other non-combustible material. DO 

NOT bring into contact with water. DO NOT touch spilled ZrCl4. Prevent entry into sewers, 

basements or confined areas. Dispose-off properly. 

3.6.2 ZrCl4 reaction 

WARNING: Hydrogen chloride gas is produced during reaction. Other toxic products such as 

halogenated compounds and metallic oxides may also be produced. DO NOT USE WATER. Use 

DRY chemical powder or sand. Wear gas mask and hand gloves. 

3.6.3 Gas leaks 

The entire system will, in all cases, run slightly higher than atmospheric pressure, which will 

prevent oxygen gas from leaking into the reactor. However, gas leaks are to be checked for 

throughout the system on a regular basis (at least once a week) and before each experimental run. 

This can be done by flushing the system with an inert gas and placing soap water over all the 

valves, fittings and connections. Hydrogen and methane leak tests are also to be performed using 

a portable hydrogen and methane leak detectors, which can be found in the lab. If the leak 

detector is not in the lab, speak to the person responsible.  

The lab ventilation system must be checked regularly (at least once daily), and should be running 

on a continuous basis, in order to ensure the prevention of any gas build-up within the labs. 

Ventilation outlets are located within the fume cupboards as well as at various points throughout 

the ceiling. The hydrogen and methane gas cylinders are to be equipped with flame resistors. The 

hydrogen and methane lines are to be connected to the reactor via continuous steel piping (i.e. no 

in-between connections).  

In the event that an operator becomes aware of a leak during operation (which might be indicated 

by an increase in pressure or the presence of an unknown odour), immediately press the large red 

button on the user interface controller and close all cylinder valves (specifically hydrogen, 
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methane and ZrCl4).  Switch off vacuum pump/scrubber. Wait for gas to exit through the 

ventilation system, and check for leaks throughout entire process. The doors of the lab must be 

kept clear open during experimental operation. 

3.6.4 Current leakage 

The reactor system casing is earthed to avoid possibility of electrical shock from the body of the 

steel casing. The graphite reaction chamber is isolated from the rest of other connections and 

from the steel casing. The insulating material (zirconia wool) has been placed between the 

graphite reaction chamber and the steel casing to avoid any leakage. Also the connecting pipes to 

the graphite reaction chamber are made of ceramic materials so that there is no electrical 

conduction what so ever. However the user has to ensure safety by wearing the appropriate 

gloves. In case of serious power problems switch of the circuit breaker 

3.6.5 Overheating of the system 

The maximum temperature of operation for this experiment is 1600 
o
C. The RF induction system 

is water cooled. One has to ensure cooling water is switched on and all the inlet and outlet water 

values are open before the RF power supply is started. This water has to remain open for 

appropriate time after the experiment has stopped until the system cools down. The exit pipe is 

equipped with water jacket to cool the exit gases before entering the scrubber. The zirconia wool 

in between the graphite reaction chamber and the steel casing is also a good insulator of heat. 

3.6.6 Duration of experimental runs 

These procedures are written for experimental runs of not long than three hours approximately 

performed at temperatures from 1100 
o
C to 1600 

o
C. Experimental runs should be closely 

monitored and shall under no circumstances be left unattended. At least two people (who are 

both familiar with the operation of the system) must be present during experimental runs. It is 

again noted that the hydrogen and methane concentration that never exceeds 20% of its lower 

flammability limit. The start-up and shut-down procedures apply for each experimental run, and 

should therefore be followed accordingly. This includes closing of cylinder valves between runs. 

The figure below represents the PI&D diagram for this process. 
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Appendix B: Safety risk evaluation for the project (DOC NO: AC-AMI-HRA-

15002) 

1. Scenario 

Chemical vapour deposition of zirconium carbide coatings using induction heating syatem  

2. Motivation 

ZrC coatings are to be synthesised and deposited onto surfaces  

3. Safety Risk Evaluation Outcome 

B: Moderate  

4. Chemical scenarios to be used 

4.1 Zirconium (IV) chloride (CAS #:10026-11-6)  

Use description: Chemical is to be evaporated and injected into the reactor  

Motivation: ZrCl4 is used as precursor for the synthesis of ZrC  

Quantity description: Less than 25 g  

Operation description: Enclosed/Sealed process (eg Glove box, hot cell or closed reactor system) 

or possible exposure < 10% of its occupational exposure limit (OEL)  

Resulting risk level: A: Negligible/Low  

4.2 Argon (CAS #:7440-37-1)  

Use description:  

Argon gas will flow through the reactor  

Motivation:  

Argon is inert and will feed the ZrCl4 into the reactor and will be used to prevent oxygen from 

entering the reactor  

Quantity description: Less than 10 kg  

Operation description: Manual semi-enclosed process (e.g. inside a fume cupboard) or possible 

exposure 50-100% of OEL  

Resulting risk level: A: Negligible/Low  

4.3 Hydrogen gas (CAS #:1333-74-0)  

Use description: Hydrogen will flow through the reactor  

Motivation: Hydrogen helps create a reducing environment to help the ZrCl4 to form ZrC in the 

presence of a carbon source  

Quantity description: Less than 1 kg  
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Operation description: Manual semi-enclosed process (e.g. inside a fume cupboard) or possible 

exposure 50-100% of OEL  

Resulting risk level: A: Negligible/Low  

4.4 Zirconium carbide (CAS #:12070-14-3)  

Use description: Product from the reaction between ZrCl4, H2 and methane  

Motivation: Desired product  

Quantity description: Less than 100 g  

Operation description: Manual semi-enclosed process (e.g. inside a fume cupboard) or possible 

exposure 50-100% of OEL  

Resulting risk level: A: Negligible/Low  

4.5 Hydrogen chloride (CAS #:7647-01-0)  

Use description: Waste product from the reaction  

Motivation: HCl forms as by-product and will be neutralised by a scrubber  

Quantity description: Less than 25 g  

Operation description: Manual semi-enclosed process (e.g. inside a fume cupboard) or possible 

exposure 50-100% of OEL  

Resulting risk level: A: Negligible/Low  

4.6 Methane (CAS #:74-82-8)  

Use description: Methane will be used as carbon source in the production of ZrC coatings during 

the reaction with ZrCl4  

Motivation: Methane will be used as carbon source  

Quantity description: Less than 100 g  

Operation description: Manual semi-enclosed process (e.g. inside a fume cupboard) or possible 

exposure 50-100% of OEL  

Resulting risk level: A: Negligible/Low  
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5. Other safety risk elements 

Heading Question Answer Motivation Risk Level 

Experimental setup 

What is the total 

volume of the 

experimental 

setup? 

Laboratory setup inside 

fume hood where V < 

5L 

  A: Negligible/Low 

Experimental setup 

Are you going to 

work in glass and 

what will the 

value of pressure 

(in kPa) x 

volume (in L) 

be? 

Not working in glass   A: Negligible/Low 

Experimental setup 

Are you going to 

work in plastic 

and what will the 

value of pressure 

(in kPa) x 

volume (in L) 

be?  

Not working in plastic   A: Negligible/Low 

Experimental setup 

Are you going to 

work in metal 

and what will the 

value of pressure 

(in kPa) x 

volume (in L) 

be? 

pV is less than 500 and 

p<1000kPa(g) or p is 

less than half the design 

pressure of the vessel  

  A: Negligible/Low 

Experimental setup 

Will you be 

working with 

flammable 

liquids? 

Flash point > 38°C and 

Volume < 25L or flash 

point < 38°C and 

Volume < 2.5L and 

working in fume hood 

  A: Negligible/Low 

Experimental setup 

Will you be 

working with 

flammable gas? 

Total inventory in mol x 

0.0373% >= Lower 

flammable/explosion 

limit AND working in 

ventilated enclosure 

(eg. fume cupboard, 

vented box, etc.) 

  B: Moderate 
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Experimental setup 

Will you be 

working with 

flammable 

solids? 

No flammable solids   A: Negligible/Low 

Experimental setup 

Will it be 

neccessary to 

move any 

expensive 

equipment? 

No   A: Negligible/Low 

Experimental setup 

How much 

effluent do you 

expect to 

generate? 

V < 50L   A: Negligible/Low 

Ionizing Radiation 

What will the 

size of your 

inventory of 

radiactive 

material be? 

Uncontrolled. No 

radioactive material. 
  A: Negligible/Low 

Ionizing Radiation 

What is the 

possibility of 

radioactive 

contamination? 

Uncontrolled. No 

contamination possible. 
  A: Negligible/Low 

Ionizing Radiation 

What is the 

possibility of 

radiation 

exposure? 

Uncontrolled. No 

exposure possible. 
  A: Negligible/Low 

Ionizing Radiation 

Will you have to 

transfer 

radioactive 

material? 

No transfer required.   A: Negligible/Low 

Facility  

Will all the 

criteria as 

specified in the 

facility specific 

basic operational 

rules be adhered 

to? 

Yes   A: Negligible/Low 

Facility How will you Work within the current   A: Negligible/Low 
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influence the 

current 

ventilation 

system? 

ventilation system. No 

modification to the 

system. 

Facility 

How will you 

influence the 

current electrical 

system?  

Use existing electrical 

infrastructure as is 
  A: Negligible/Low 

Facility 

How will you 

influence the 

current utility 

supplies? 

Use existing outlets   A: Negligible/Low 

Facility 

How will you 

influence the 

current effluent 

system?  

Use existing outlets   A: Negligible/Low 

Facility 

How will you 

influence the 

current building 

structure?  

Use existing structure   A: Negligible/Low 

Physical and 

Environmental 

Factors 

What will the 

level of noise be 

that an operator 

will be exposed 

to? 

<85dB(A)   A: Negligible/Low 

Physical and 

Environmental 

Factors 

What will the 

wet bulb globe 

temperature 

(WBGT) index 

be in your work 

area? 

WBGT index < 25   A: Negligible/Low 

Physical and 

Environmental 

Factors  

What will the dry 

bulb temperature 

(DBT) be in your 

work area?  

DBT > 5°C   A: Negligible/Low 

Physical and 

Environmental 

Factors 

Will your work 

area be exposed 

to glare or your 

Mild degree of glare 

(e.g. Computer screen, 

indoor lights, etc.) 

  A: Negligible/Low 
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experiment 

involve strong 

light emmisions? 

Physical and 

Environmental 

Factors 

Will you be 

exposed to 

segmental 

vibration? 

No vibration   A: Negligible/Low 

Physical and 

Environmental 

Factors 

Will you be 

exposed to whole 

body vibration?  

No vibration    A: Negligible/Low 

Physical and 

Environmental 

Factors 

Will you use a 

laser and what 

classification will 

it be? 

No laser will be used   A: Negligible/Low 

Physical and 

Environmental 

Factors 

To what degree 

will ergonomic 

stress be 

encountered? 

Low demand (Low 

repetition, normal body 

position and low 

weight) 

  A: Negligible/Low 
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Appendix C: Hazard and operability study (HAZOP) report on the CVD 

of ZrC (Doc no. AC-AMI-HRA-15001) 

1. Introduction 

The purpose of this phase of the project is to deposit zirconium carbide onto graphite 

substrates under varying operating parameters. Zirconium tetrachloride and methane are 

used as precursor, and are injected into an induction heated reactor at pressure close to 

atmosphere. 

The long term goal envisions the encapsulation of nuclear waste and fission products, with 

zirconium carbide serving as a replacement or an added layer on silicon carbide in the 

nuclear fuel particle for the prevention of radionuclide release. 

2. Purpose 

The purpose of this report is to present the results of the HAZOP performed on the system 

and to outline the recommendations that have emerged from this study. 

3. Scope 

The study was performed on the CVD process given in Appendix A 

4. References 

a) AC-AMI-SOP-15001:  Standard operating procedure for chemical vapour 

deposition equipment 

b) AC-AMI-DES-15004: Process description for chemical vapour deposition of 

zirconium carbide  

c) AC-AMI-HRA-15002: Safety risk evaluation for the Project  

5. Methodology 

Each of the deviations in the list on the study proforma was applied to the path, 

questioning whether it could occur.  If the deviation was not likely to occur or create a 

problem or hazard, NA (Not Applicable) was added to the column and it was given no 

further consideration. 

If it was decided that the event could occur and its consequences would be unacceptable, 

then a cross was made in the ‗Yes‘ column and a number (1,2,3...) entered in the ‗Ref‘ 
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column. The hazardous event was then referred to in the study record proforma and 

analysed with respect to the following: 

 Causes (e.g. failures);  

 Likelihood (frequency);  

 Consequences (e.g. problems or hazards);  

 Preventative measures which will eliminate the causes; 

 Protective or emergency measures to reduce the consequences; 

 Risk rating (likelihood x consequence); 

 Recommendations to either prevent the event or protect against its consequences 

not already provided for in the preliminary design; and 

 Assigning a person responsible for carrying out the actions to implement the 

recommendations. 

The consequence matrix was used to determine the risk rating for each hazard.  The 

hazards with the highest risk rating will be of highest priority. The consequence matrix is 

shown below: 

 

 

Risk rating 

       F
re

q
u

en
cy

 

4 4 8 12 16 

3 3 6 9 12 

2 2 4 6 8 

1 1 2 3 4 

  

1 2 3 4 

  

Consequence / Severity 

 Where: 

Likelihood/ Frequency Rating 

Cause will occur frequently - weekly or monthly 4 

Cause is expected to occur every year 3 

Cause is expected to occur once every few/10 years 2 

Cause could occur rarely - maybe once during plant life 1 
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Consequences/ Severity Rating 

Fatality/permanent injury, facility destruction, off-site environmental 

consequences, facility closed for financial reasons. 4 

Severe injury, major damage to facility, on-site environmental 

consequences, serious financial setback. 3 

Injury, minor damage to facility, localized environmental consequences, 

financial setback. 2 

No injury or property damage but could lead to unscheduled maintenance 

and loss of production with minor financial implications. 1 
 

 

The person to take action is Saphina Biira (SB) supervised by Hertzog Bissett (HB) 

 

5. Summary of identified recommended actions 

Recommended actions (reference to study results in parentheses) Resp. 

Person Check regulator, Install a pressure relief valve on the best position  (1,3,22) SB,HB 

Install HCl dry scrubber (Calcium carbonate bed) before vacuum pump (2,26) SB,HB 

Check reactor temperature during runs; Put off system (power supply) if the temperature 

reaches 1700C (14) 

SB,HB 

Operator reactor above atmospheric pressure, Check vacuum integrity of system, Update 

operating procedure (ensure system leak tight), If leak then pressurise and snoop to detect 

area of leak (20) 

SB,HB 

Connect pressure relief outlet  to extraction or vent, Stop experiment (24) SB,HB 

Flame arrestor valves (10) SB,HB 

Do not perform or stop experiment if ventilation is off (30) SB,HB 

Check vacuum of system before each run (use snoop) (33) SB,HB 

Use portable hydrogen and methane detector, lower flammability limit calculations were 

done, First runs will be under supervision (35) 

SB,HB 

Check scrubber regularly, calculations were done of the maximum amount of HCl which 

can form (39) 

SB,HB 

Do not perform or stop experiment if ventilation is off, Put of power supply on circuit 

breaker in passage (SAP) (42) 

SB,HB 

Check argon supply before run (43) SB,HB 

Handle as chemical waste according to specifications (48) SB,HB 

Make sure no leaks, Use PPE, MSDS available (51) 

 

SB,HB 

Fire brigade assessment (Additional assessment) SB,HB 
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6. Study results 

6.1 HAZOP 3 Record 

No Description Scenario Probability Severity Risk 
Preventive action or established 

control 
Resp. 

1 Pressure High Human error, pressure regulators Highly unlikely Minor injury and/or significant cost Low 
Check regulator, Install pressure relief 

valve on the best position 
HB, SB 

2 Pressure Surge Vacuum pump Highly unlikely No impact Very Low 
Check vacuum pump and blockage of 

CaCO3 bed 
  

3 Pressure High Inlet Similar to No1 Highly unlikely Minor injury and/or significant cost Low 
Check regulator, Install pressure relief 

valve on the best position 
HB, SB 

4 Pressure Low Inlet   Never No impact Very Low     

5 Pressure Low Discharge   Never No impact Very Low     

6 Pressure Vacuum Vacuum pump default Highly unlikely No impact       

7 Flow High Regulator and flow meters, Cooling 

water 

Highly unlikely Minor cost and/or loss of time Very Low     

8 Flow Low Similar to No7 Highly unlikely Minor cost and/or loss of time       

9 Flow No Similar to No7 Highly unlikely Minor cost and/or loss of time Very Low     

10 Flow Reverse Methane and Hydrogen lines Highly unlikely Minor cost and/or loss of time Very Low Flame arrestor valves HB, SB 

11 Flow Two Phase   Never No impact Very Low     

12 Flow to / from other direction   Never No impact Very Low     

13 Velocity High Similar to No7           

14 Temperature High Faulty power supply Possible Minor cost and/or loss of time Medium 
Check reactor temperature during runs; 

Put off system (power supply) if the 

temperature reaches 1700C 

  

15 Temperature Low   Never No impact Very Low     

16 Temperature Freezing   Never No impact       

17 Level High   Never No impact Very Low     

18 Level Low   Never No impact Very Low     

19 Level No   Never No impact Very Low     

20 Composition 
Faulty flow meters or regulators, 

Presence of oxygen (explosion) 

Unlikely but 

possible 
Disabling injury and/or severe cost Medium 

Operator reactor above atmospheric 

pressure, Check vacuum integrity of 

system, Update operating procedure 

(ensure system leak tight), If leak then 

pressurise and snoop to detect area of 

leak 

SB 

21 Property Change   Never No impact Very Low     
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22 Contamination water leak in reactor (type defective) Highly unlikely Disabling injury and/or severe cost Medium 
Check water lines before runs for leaks, 

Pressure relief valve 
HB, SB 

23 Material / Product addition   Never No impact Very Low     

24 Relief Pressure Pressure relief valve opens Highly unlikely Minor cost and/or loss of time Very Low 
Pressure relief outlet connected to 

extraction or vent, Stop experiment 
HB, SB 

25 Relief Thermal   Never No impact Very Low     

26 
Compatibility Material / Pressure / 

Equipment 
HCl gas will form Likely No impact Very Low 

CaCO3 bed used as scrubber to capture 

the HCl gas 
  

27 Corrosion / Erosion Presence of HCl Possible Minor cost and/or loss of time Medium System made of stainless steel   

28 Vibration   Never No impact Very Low     

29 Water Hammer Water cooling system Highly unlikely No impact Very Low     

30 Vents / Drains Building ventilation off Highly unlikely No impact Very Low 
Do not perform or stop experiment if 

ventilation is off 
  

31 Sample Points   Never No impact Very Low     

32 Dead Legs   Never No impact Very Low     

33 Critical pipelines and valves 
All types (cooling and gas), pipe and 

valves leaking 
Highly unlikely Minor injury and/or significant cost Low 

Check vacuum of system before each 

run (use snoop) 
  

34 Static electricity   Never No impact Very Low     

35 Fire protection 
Run away temperature (No 14), 

Hydrogen leak 

Unlikely but 

possible 
Disabling injury and/or severe cost Medium 

Portable hydrogen detector, lower 

flammability limit calculations were 

done, First run will be under supervision 

  

36 Civil considerations   Never No impact Very Low     

37 Utilities Electricity failure Highly unlikely Minor cost and/or loss of time Very Low     

38 Lines and bends See No33 Highly unlikely Minor cost and/or loss of time Very Low     

39 Pollution Air / Noise / Environment Scrubber fails Highly unlikely Minor cost and/or loss of time Very Low 

Check scrubber regularly, calculations 

were done of the maximum amount of 

HCl which can form 

  

40 Electrical control systems Power supply failure Highly unlikely Minor cost and/or loss of time Very Low     

41 Actuated valves   Never No impact Very Low     

42 Electrical classification 
Building ventilation fails, can cause 

built-up of hydrogen 
Highly unlikely Minor injury and/or significant cost Low 

Do not perform or stop experiment if 

ventilation is off, Put of power supply 

on circuit breaker in passage (SOP) 

  

43 Purging and inerting Argon system fail Highly unlikely Minor cost and/or loss of time Very Low Check argon supply before run   

44 Cathodic protection   Never No impact Very Low     

45 Interlock systems Interlock on power supply fails Highly unlikely No impact Very Low     

46 Ventilation systems See No30 Highly unlikely No impact Very Low     

47 Specification break   Never No impact Very Low     



 

Applied Chemistry 
This document is the property of NECSA and shall not be used, reproduced, 

transmitted or disclosed without prior written permission  

 

208 
 

48 Bunding Spillage / waste / effluent Spend Scrubber waste Likely No impact Very Low 
Handle as chemical waste according to 

specifications 
  

49 Maintenance Spares / frequency   Never No impact Very Low     

50 
Operations Procedures / 

commissioning 
  Never No impact Very Low     

51 Exposure to chemical toxicity HCl exposure, ZrCl4 exposure Highly unlikely Minor injury and/or significant cost Low 
Make sure no leaks, Use PPE, MSDS 

available 
  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Applied Chemistry 
This document is the property of NECSA and shall not be used, reproduced, 

transmitted or disclosed without prior written permission  

 

209 
 

Appendix D: Close out report for Hazop on CVD of ZrC layers (DOC No: 

AC-AMI-HRA-15003) 

1. Aim/Background 

The aim of this report is to identify possible problems and comply with recommended actions 

in order to satisfy the HAZOP (Doc. AC-AMI-HRA-15001) and project safety committee 

recommendations (Doc. AC-AMI-HRA-15001). 

2. Description/Results 

The recommended actions were listed in the above mentioned documents. The action has 

been taken as indicated in Table 1 and Table 2 below.   

Table 1. Hazop recommended actions and completed actions  

Recommended actions (reference to study results in parentheses) Complete

d 
Date 

Check regulator, Install a pressure relief valve on the best position  (1,3,22,24) yes 20/07/2015 

Install HCl dry scrubber (Calcium carbonate bed) before vacuum pump (2,26) yes 10/07/2015 

Check reactor temperature during runs; Put off system (power supply) if the 

temperature reaches 1700C (14) 

yes 
 

Operator reactor above atmospheric pressure, Check vacuum integrity of system, 

Update operating procedure (ensure system leak tight), If leak then pressurise and 

snoop to detect area of leak (20) 

yes 

 

Flame arrestor valves (10) yes 01/07/2015 

Do not perform or stop experiment if ventilation is off (30) yes  

Check vacuum of system before each run (use snoop) (33) yes  

Use portable hydrogen and methane detector, lower flammability limit calculations 

were done, First runs will be under supervision (35) 

yes 
 

Check scrubber regularly, calculations were done of the maximum amount of HCl 

which can form (39) 

yes 
 

Do not perform or stop experiment if ventilation is off, Put of power supply on circuit 

breaker in passage (SAP) (42) 

yes 
 

Check argon supply before run (43) yes  

Handle as chemical waste according to specifications (48) yes  

Make sure no leaks, Use PPE, MSDS available (51) Yes  

Fire brigade assessment (Additional assessment) Yes 09/07/2015 
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Table 11:  Project safety committee recommendations and competed actions 

Action No. Recommended actions Completed Date 

1 Transport zirconium tetrachloride in ait tight plastic container  Yes  

2 Engineer must check and approve explosive limits and 

dilution calculations 
Yes 23/07/2015 

3 
Experimental check list before start of experiment Yes 22/07/2015 

4 Indicate quantities of waste generated and the disposal route 

in SOP 
Yes 22/07/2015 

5 In indicate the quantities used per experimental run and flow 

rates 
Yes 22/07/2015 

6 Submit close-out Hazop report Yes 23/07/2015 

 

3. Conclusion 
All of the recommended actions were completed, dated and signed in this closeout report.  
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Appendix E: Fire and explosion risk evaluation of the 

experimental CVD of ZrC layers 
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