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High temperature gas cooled reactors (HTGRs) such as the pebble bed modular reactor (PBMR) 

is a suitable candidate which uses the tri-structural isotropic (TRISO) particles for containment 

of radioactive fission products. In the TRISO particles silicon carbide (SiC) is the main barrier 

for containing solid fission products. Zirconium carbide (ZrC) is a candidate material to act as an 

additional layer or replace the SiC layer of the TRISO particle. This is due to ZrC being a better 

barrier than SiC against the diffusion of Ag and also being more resistant against palladium 

attack. ZrC also has excellent physical properties such as low neutron capture cross section, good 

thermal shock resistance, excellent thermal stability, etc. However these properties rely on a 
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number of factors such as microstructure, morphology, chemical composition, hardness, 

densification, the presence of impurities, etc. Many studies have been used to grow ZrC layers. 

However, to growth high quality of polycrystalline ZrC layers with good stoichiometry has 

remained a challenge. This study will focus on two methods for manufacturing ZrC; (1) 

designing a chemical vapour deposition (CVD) reactor, (2) spark plasma sintering (SPS) for 

growing ZrC layers and studying the properties of ZrC layers grown under different conditions.  

ZrC has a high affinity for oxygen and due to this property; it can be used as an oxygen getter in 

uranium oxide TRISO fuel particles when added as a protective layer on SiC. Oxidation of ZrC 

starts at temperatures close to 277 °C in lower oxygen partial pressure (1-50 kPa) environments, 

while significant oxidation has been observed at temperatures above 600 
o
C at atmospheric 

pressure. In the case where the ZrC layer replaces the SiC layer as the main diffusion barrier, 

then it would have to be protected from oxidation since oxidation may affect its integrity.  

The oxidation of ZrC can be reduced by adding an iridium (Ir) layer on ZrC. Iridium has a high 

oxidation resistance. Its corrosion resistance is higher than all metals and it has a high melting 

point of 2443 °C. Ir can react with oxygen to form iridium dioxide at a temperature of 1800 °C, 

which is higher than the operating temperature of HTGRs. HTGRs operate at temperatures 

between 950 °C and 1350 °C, Ir at these operating temperatures is not expected to react with 

oxygen, thus making it attractive for use as a protective layer for ZrC against oxidation at high 

temperatures. 

In this study zirconium carbide (ZrC) layers were deposited on graphite substrates using a 

ZrCl4+CH4+H2 and Ar gas mixture in a CVD reactor at temperatures ranging from 1250 °C to 

1450 °C in steps of 50 °C. The deposited layers were characterised by X-ray diffraction (XRD), 

Raman Spectroscopy and Scanning Electron Microscopy (SEM). The deposition rate 
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exponentially increased with increasing temperature and its activation energy showed that the 

deposition mechanism was controlled by surface reactions. The XRD patterns together 

with a Rietveld analysis showed that the layers consisted of ZrC with graphite and carbon 

inclusions in the layers. Raman spectroscopy showed that the graphite was highly disordered. In 

contrast to the ZrC lattice parameter which remained constant at 0.46838 ± 0.00091 nm, the 

average sizes of ZrC crystallites (and the graphite crystallites) depended on the deposition 

temperature and varied between 19.90 nm to 26.18 nm for the ZrC grains and 22.50 nm to 34.5 

nm for the graphite grains inclusions. The texture coefficients of the (111), (200) and (220) 

planes showed that at all deposition temperatures (i.e. from. 1250 
o
C to 1400 

o
C), all three planes 

showed preferred orientation. At 1450 
o
C only the (220) plane grew preferentially. SEM showed 

that the morphology of the as-deposited layers was influenced by the deposition temperature. 

Clustering of the crystals occurred, resulting in a cauliflower appearance on the surface. 

In this study zirconium carbide (ZrC) samples were also prepared by spark plasma sintering 

(SPS), at temperatures of 1700 °C, 1900 °C and 2100 °C at 50 MPa for 10 minutes. The phase 

and microstructure after the sintering process was investigated. The relative density of ZrC 

ceramic pellets formed at 1700 °C, 1900 °C and 2100 °C was measured and found to be 96.5 %, 

98.9 % and 99.5 % respectively. The grain size of ZrC ceramic pellets was calculated and it was 

found to increase from 71.88 nm, 79.15 nm and 83.59 nm as the sintering temperature increased 

from 1700 
o
C, 1900 

o
C to 2100 

o
C respectively. The hardness of ZrC ceramic pellets was found 

to be 7.40 GPa, 17.00 GPa to 18.40 GPa at 1700 
o
C, 1900 

o
C to 2100 

o
C respectively. The 

preferred orientation of ZrC ceramic at 1700 
o
C, 1900 

o
C and 2100 

o
C was the (200) plane. 

Iridium (Ir) thin films were deposited on ZrC ceramics by electron beam deposition method and 

annealed in vacuum at temperatures of 600 °C and 800 °C for 2h. The phase composition, solid-
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state reactions and surface morphology were investigated by grazing incidence X-ray diffraction 

(GIXRD), and scanning electron microscopy (SEM). XRD was used to identify the phases 

present in the as-deposited and annealed samples. XRD analysis showed that Ir2Zr was the initial 

phase formed at 600 °C. At temperature 800 °C, Ir reacted with the ZrC to form IrZr. The SEM 

images of as-sintered samples at 1700 
o
C, 1900 

o
C and 2100 

o
C showed that the ZrC 

surface was heterogeneous and uneven consisting of agglomerated granules with a few 

pores. The number of pores was observed to reduce with sintering temperature. After 

depositing Ir films on ZrC substrate, the structure of the Ir film followed that of the 

substrates. After annealing the Ir-ZrC samples at 600 
o
C and 800 

o
C, the further 

agglomeration of surface granules was observed. 
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Chapter 1. General Introduction 
 

1.1 Background 

The next generation of nuclear reactors would need to have a higher degree of safety and 

efficiency. In a modern high temperature gas cooled reactors (HTGRs) such as the pebble bed 

modular reactor (PBMR) safety and efficiency are improved by the use of tri-structural 

isotropic (TRISO) particles as the nuclear fuel containing unit. A schematic diagram of the 

typical coated TRISO fuel particle is shown in Figure 1-1.  

The basic design includes a fuel kernel of either uranium oxide (UO2) or uranium carbide 

covered with four layers. The first inner layer is a porous, low-density buffer layer composed 

of carbon whose main functions include attenuating fission products (FPs) recoils and 

providing expansion volume for fission gases. The second layer is the inner pyrolytic carbon 

(IPyC) layer. This layer provides a base for silicon carbide (SiC) and during operation it can 

retain gaseous FPs and help keep the SiC layer in compression. The third layer is the SiC 

layer which lies between IPyC and outer pyrolytic carbon (OPyC), which provides structural 

support for the fuel particle and is the primary barrier against FPs release. The OPyC layer 

compresses the SiC layer and provides a final barrier against the release of gaseous fission 

products[1,2]. The fuel kernel is 0.5 mm in diameter, the buffer layer is 95 μm thick, IPyC 

and OPyC are each 40 μm thick and the SiC is 35μm thick [1]. 
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Figure 1-1: Schematic diagram of the TRISO coated fuel particle for the pebble bed modular 

reactor[3]. 

 

HTGRs operate at temperatures of about 950 °C [4]. During normal operation conditions, the 

SiC layer in the TRISO particle retains most of the important FPs with the exception of silver 

(Ag), strontium (Sr) and Europium (Eu) [2,5]. Palladium which is also a FP has been reported 

to attack the SiC layer leading to the formation of nodules of palladium silicides. The 

formation of the palladium silicides leads to the thinning of the SiC layer and assists in the 

release of silver through SiC layer [6]. Therefore, these affect the integrity of SiC to act as the 

main diffusion barrier in TRISO particles [7].  

ZrC has been suggested as an additional layer to SiC or as a material to replace SiC in the 

TRISO fuel system [2]. This is because ZrC is a better diffusion barrier against FPs such as 

Ag compared to SiC and it is significantly more resistant to Pd attack [8,9]. 

1.2 Zirconium carbide (ZrC) 

Zirconium carbide (ZrC) is a group IV transition metal carbide with a NaCl structure where 

the Zr or C atoms have a face centered cubic (fcc) close packed structure[10] as seen in 
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Figure1-2. Its appearance is dark-grey in colour with a lattice parameter of about 4.698 Å 

reported in ref. [10]. ZrC is thermally stable with very low vapour pressure but decomposes 

at very high temperatures of about 3420 
o
C [10].Compared to other carbides like tungsten 

carbide (WC) which has density of 15.8 g/cm
3
, titanium carbide (TiC) with a density of 4.91 

g/cm
3
 and hafnium carbide (HfC) with a density of 12.67 g/cm

3
, ZrC has a relatively low 

density of 6.59 g/cm
3
[10]. ZrC also has relatively low Vickers Hardness of 25.5 GPa 

compared to HfC which has a Vickers Hardness of 26.1 GPa, and TiC which has a Vickers 

Hardness of around 28-35 GPa [10]. Table 1-1lists additional physical properties of ZrC as 

reported in ref.[10]. 

ZrC has several applications in industry such as: (a) thermo-photovoltaic radiators and field 

emitter tips and arrays, (b) as a diffusion barrier for fission products for nuclear fuel TRISO 

particle, (c) as a cutting and drilling tool material and as a wear resistant coating etc. 

 

 

Figure1-2: The NaCl (rock salt) structure of ZrC. Taken from[11]. 

 

Due to the properties mentioned above, ZrC can be used as replacement for SiC coatings in 

TRSIO particles. The reasons for selecting ZrC reported in ref.[12] are; (a) it has a higher 

melting temperature stability compared to silicon carbide (3540 
o
C versus 2700 

o
C), (b) ZrC 

has been found to have better resistance to chemical attack than silicon carbide, (c) ZrC has a 



17 
 

low neutron capture cross section compared with silicon carbide, (d) ZrC has good thermal 

shock resistance, relatively low density, excellent thermal stability and high hardness 

[13].The properties of ZrC depend on a number of factors such as chemical composition, 

crystallite size, morphology, orientation of crystal planes, structural defects, porosity, and the 

presence of impurities[14]. These factors are a function of the methods and conditions used in 

growing ZrC coatings. Two methods were used in this study to produce ZrC. The first 

method is chemical vapour deposition (CVD) which produces layers with very low levels of 

impurities and low porosity[15], which are reasons why it is the preferred method. 

Table 1-1: Characteristics and properties of ZrC. Taken from [10]. 

Properties Quantity  

Structure Cubic closed pack (FCC) 

Colour  Silver gray, Gray 

Space group  Fm3m 

Composition ZrC0.55 to ZrC0.99 

Density (g/cm
3
) 6.59 

Melting temperature (°C) 3420 

Hardness  25.5 GPa Vickers hardness  

Thermal conductivity  20.5 W/m °C 

Thermal expansion (°C) 6.7×10
-6

/°C 

Electrical resistivity (μΩ cm) 45±10 

Modulus of elasticity  350 – 440 GPa 

Magnetic susceptibility  -23×10
-6

 emu/mol 

 

Compared to SiC, few authors have published on the use of ZrC in the nuclear reactor 

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

desirable physical properties such as a wide band gap semiconductor [14]. Another reason for 

this might be that it is difficult to grow good quality ZrC layers. 
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The second method is spark plasma sintering (SPS). This is an effective technique for 

preparing dense ZrC ceramics. During SPS, the rapid and thorough heat distribution 

throughout the specimen generated from the high frequency transformation and 

dispersion of the spark/Joule heat makes it possible to densify the materials at a low 

temperature and in a short time interval [16]. Various precursors can be used to synthesis 

ZrC ceramic by SPS. Sun et al. [16] reported on the preparation of ZrC by reactive spark 

plasma sintering using zirconium oxide and carbon black. According to reaction in equation 

(1.1) ZrO2 and carbon black with a molar ratio of 1:3 were mixed by rolling ball milling for 

24 hours. The slurry was then dried in a rotary evaporator at 80 
o
C:  

ZrO2+ 3C →ZrC + 2CO (1.1) 

Sciti et al. [17] also reported on the microstructures and mechanical properties of dense ZrC 

composites. ZrC powders were used as raw materials sintered by SPS method at 2100 
o
C for 

3 min in a vacuum under an applied pressure of 65 MPa. However, a relatively high 

sintering temperature may still be required for ZrC densification using the SPS 

method[16].  

1.3 Iridium (Ir) 

Much effort has been put in controlling the oxidation of carbon structures by the use of 

protective coatings. Therefore, to perform this function, the protective coatings must have 

low volatility, be chemically stable and mechanically compatible with the ceramic material 

e.g. zirconium carbide [18]. Furthermore, the protective coatings must inhibit the diffusion 

of oxygen to the substrate and the diffusion of carbon through the coatings. These protective 

coatings can applied as either a single layer or multilayer coating[18]. 

Iridium can be used as crucible material for the growth of single crystals. Ir has considerable 

advantages such as, ahigh melting point of 2447 
o
C, low oxygen permeability, good chemical 
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compatibility and superior oxidation resistance[18].Table 1-2 gives a summary of additional 

physical and electrical properties of Ir. 

Ir is one of the most promising candidates for use as protective coating for structural ceramic 

materials such as ZrC against extreme environments [18]. Ir is used in many applications 

such as a barrier layer on structural carbon materials [19], re-rocket thrusters, heavy-metal-

ion sensors, and patterned thin-film microelectrodes [20].Ir protective films or coatings can 

be prepared by several deposition methods such as chemical vapour deposition (CVD) [21], 

magnetron sputtering (MS)[22] and double glow plasma (DGP)[23]. In this study, electron 

beam deposition (EBD) was used and discussed in chapter 4 in detail. 

Table 1-2: Properties of iridium. 

Properties Quantity References  

Melting point 2447ºC [18] 

Oxygen permeability 10
–14

 g cm
–1

s
–1

 (2200ºC) [24] 

Density 22.65 g/cm
3
 [24] 

Vickers hardness 3.2 GPa [25] 

Thermal expansion coefficient ~6.2 × 10
–6

 ºC
–1

 [26] 

Thermal conductivity (0–100ºC) 1.48 J cm
–1

 s
–1

 ºC
–1

 [27] 

Specific heat (0–100ºC) 0.134 J g
–1

 ºC
–1

 [27] 

Electrical resistivity 5.1 μΩ cm [28] 

Young‟s modulus 524 GPa [29] 

Tensile strength (annealed), 20ºC 490–740 MPa [27] 

Poisson ratio 0.26 [27] 

 

Strife et al. [30] investigated the reactions between Ir and metal carbides at high 

temperatures, viz. between 1650 
o
C and 2127 

o
C at inert atmosphere (argon).They reported 

that the interaction between zirconium carbide and iridium coatings deposited by chemical 

vapour deposition can be predicted from available thermodynamic data in the temperature 
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range of 1650 
o
C and 2127 

o
C. From the standard free energies, they stated that the ZrIr3 

compound formation was favoured. 

Criscione et al. [31]investigated the reactions between Ir and zirconium carbide structures 

under varying high temperature conditions between 1200 
o
C to 2200 

o
C at helium gas 

pressure of up to 670 mmHg. Thermal annealing of zirconium carbide and iridium resulted in 

the formation of the ZrIr3intermetallic phase. The results showed that, when Ir-ZrC contacts 

were heated at temperature1200 
o
C, a reaction occurred given as: 

3Ir(s) +ZrC(s) →ZrIr3(s) +C(s) (1.2) 

No studies have been reported on the reaction between Ir and ZrC at lower temperatures 

(below 1000 °C). Therefore, part of this study will focus on the interaction between Ir and 

ZrC at temperatures ranging from 600 
o
C to 800 

o
C annealed in vacuum. 

1.4 Research 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. 

Therefore, ZrC has a high affinity for oxygen, therefore, it can be used as an oxygen getter in 

uranium oxide based TRISO fuel particles when added as a protective layer on SiC [15]. 

Oxidation of ZrC starts at temperatures close to 277 °C in low oxygen partial pressure (1-50 

kPa) environments, while significant oxidation has been observed at temperatures above 600 

o
C at atmospheric pressure [15].  
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In the case where the ZrC layer replaces the SiC layer as the main diffusion barrier, it would 

have to be protected from oxidation since this may affect its integrity. The oxidation of ZrC 

can be hindered by adding an iridium (Ir) layer on ZrC. Iridium has a high oxidation 

resistance [32], Iridium  exhibits the highest resistance to corrosion in molten oxides among 

metals [33]and has a high melting point as mentioned above in section 1.3. 

Iridium is impervious to oxygen diffusion at temperatures of up to 1900 °C [34], which is 

higher than the operating temperature of HTGRs which is 950 °C [4]. This makes Ir attractive 

for use as a protective layer for ZrC against oxidation at high temperatures in TRISO nuclear 

fuel applications. 

Since iridium does not react with oxygen at the operating temperatures of the HTGRs, it can 

be considered an excellent barrier to oxygen. Therefore, coating the ZrC layer with iridium 

could be a solution to the protection of the ZrC layer against the oxidation and thinning. The 

performance of the Ir protective layer on ZrC depends greatly on the stability of Ir-ZrC 

interface.The only limitation of using the Ir protective layers is the possibility of reactions 

between Ir and ZrC. If interactions occur at this interface, they can result in the protective 

layer failure and ultimately lead to TRISO particle failure. Solid-state reactions occurring at 

the Ir-ZrC interface and the resulting structures at the interface are important performance 

determining factors in Ir-ZrC contacts. It is therefore essential to understand the mechanism 

of material stability and reactivity at this interface. 

Therefore, is important to investigate the stability and interactions between Ir protective 

layers and ZrC at different annealing temperatures. The results from this investigation will 

assist in determining the lowest temperature at which the material (Ir-ZrC) will start reacting 

and it will also assist in determining the temperature at which this material degrades. 
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1.5 Research Objectives and Aims 

 To develop a deposition process for the growth of ZrC layers from Zirconium 

tetrachloride (ZrCl4), methane (CH4), hydrogen (H2) and argon (Ar) precursors using 

induction thermal CVD at atmospheric pressure., with the following objectives: 

 To synthesis  and develop a laboratory scale CVD system to produce ZrC 

layers of various stoichiometry at temperature from 1250 °C to 1450 °C. 

 To investigate the composition and microstructure of the ZrC layers deposited 

as a function of the input variables. 

 To investigate ZrC ceramics synthesised by spark plasma sintering (SPS) at different 

temperatureswith the following objective: 

 To investigate the composition and microstructure of the ZrC layers deposited 

as a function of the input variables. 

 To investigate possible interactions between Ir thin films and ZrC substrate at a lower 

temperature range of 600 °C to 800 °C in vacuum.  

 The temperature range was chosen in order to identify the possible interaction 

and structural changes at the temperature of application for TRISO particles in 

a nuclear reactor. 

1.6 Thesis Outline 

This thesis consists of 7 chapters and the outline is structured as follows: chapter 1 is the 

background which gives general information on TRISO-SiC, TRISO-ZrC, properties of ZrC 

and Ir. Chapter 2 discusses the chemical vapour deposition (CVD) and spark plasma sintering 

(SPS), which are techniques that were used for prepared ZrC in this study. In Chapter 3, the 

thermodynamic properties which include the Zr-C, Ir-C, Ir-Zr phase diagrams are discussed. 

Chapter 4 discusses the sample preparation by CVD, SPS and electron beam deposition 

techniques. Chapter 5 discusses analytical techniques used for the sample analysis. The 
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results are discussed in chapter 6. Conclusions are drawn from the above studies and the 

recommended future work  are given in chapter 7. 
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Chapter 2. ZrC layers deposition by CVD and SPS 

techniques 

 

The properties of ZrC depend on the technique and conditions used to manufacture ZrC. In 

this thesis chemical vapour deposition (CVD) and spark plasma sintering (SPS) techniques 

were used to manufacture ZrC. This chapter discus the CVD and SPS processes together with 

conditions of manufacturing ZrC. 

2.1 Thin film deposition methods 

The properties of thin films depend on the deposition techniques and parameters under which 

they are being deposited [1]. This study has been focused to describe and understand 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 include physical 

vapour deposition (PVD), Low-pressure CVD (LPCVD), Metalorganic CVD (MOCVD), 

Atmospheric-pressure CVD (APCVD), Laser-induced CVD (PCVD), Electron-enhanced 

CVD, chemical vapour deposition (CVD) etc., as listed in Table 2-1 [2,3]. Among these 

techniques, PVD and CVD are the two techniques that have been widely used to synthesise 

films from the vapour or the gaseous phase. However, CVD has been preferred since it 

produces films of superior quality as compared to PVD [2]. Therefore, this chapter will 

discuss the CVD and SPS techniques used in this study to synthesise ZrC layers. The 

techniques that were used in this study to analyse and characterise ZrC films are discussed in 

Chapter 4. 

2.2 Chemical Vapour Deposition (CVD) technique 

CVD of thin films and coatings include the chemical reactions of gaseous reactants on or near 

the vicinity of a heated substrate surface [4]. Volatile inorganic, metal-organic, or 

organometallic precursors in CVD process are transported through the vapour carrier gas to 
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the reaction chamber, where they decompose, on a heated substrate and subsequently deposit 

a solid film. After the deposition, the volatile by products are eliminated as shown in Figure 

(2-1) [5]. 

Table 2-1: Survey and classification of thin film deposition techniques. Taken from [2]. 

Glow discharge processes 

 

 

Sputtering  Plasma Processes 

Diode sputtering Plasma-enhanced CVD 

Reactive sputtering Plasma oxidation 

Bias sputtering (ion plating) Plasma anodization 

Magnetron sputtering Plasma polymerization 

Ion beam deposition Plasma nitridation 

Ion beam sputter deposition Plasma reduction 

Reactive ion plating  Microwave ECR plasma CVD 

Cluster beam deposition (CBD) Cathodic arc deposition 

Gas phase chemical processes 

 

 

Chemical Vapor Deposition (CVD) Thermal Forming Processes 

 

CVD epitaxy Thermal oxidation 

Atmospheric-pressure CVD (APCVD) Thermal nitridation 

Low-pressure CVD (LPCVD) Thermal polymerization 

Metalorganic  CVD (MOCVD)  

Photo-enhanced CVD (PHCVD)  

Laser-induced CVD (PCVD)  

Electron-enhanced CVD Ion implantation 

Liquid phase chemical techniques 

 

 

Electro Processes Mechanical Techniques 

 

Electroplating Spray  pyrolysis 

Electroless plating Spray-on techniques 

Electrolytic anodization Spin-on techniques 

Chemical reduction plating  

Chemical displacement plating  

Electrophoretic deposition Liquid phase epitaxy 

 

According to the characteristics of the CVD processing parameters, CVD methods are 

generally classified into seven main types of fabrication, as illustrated in Figure 2-2. The 

parameters used to characterise a CVD process involve temperature, pressure, wall/substrate 
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temperature, precursor nature, depositing time, gas flow state and activation method[6]. CVD 

can also be classified using activation methods. The processes of thermal activated CVD are 

initiated only with the thermal energy of resistance heating, RF induction heating or by 

infrared radiation. In some cases enhanced CVD methods are employed, which includes 

plasma-enhanced CVD (PECVD), laser induced CVD (LCVD), photo CVD (PCVD), 

catalysis-assisted CVD, etc. In a plasma-enhanced CVD process the plasma is used to 

activate the precursor gas, which significantly decreases the deposition temperature[6].The 

CVD technique is complicated but it is the preferred technique of growing good layers and 

coating compared to other methods such as PVD. CVD can produce pure uniform layers and 

which are reproducible at relatively good deposition rates [2]. 

 

 

Figure 2-1: The fundamental steps involved in the CVD of a metal-organic molecule. Taken 

from [5]. 

 

This study focuses on the operation and deposition processes of the thermal CVD reactor. 

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

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

an energy system, (5) a vacuum system, (6) a process control system and (7) an exhaust gas 

treatment system [6]. 
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Figure 2-2: Types of CVD process at different parameters [6]. 

 

2.2.1 Thermal CVD 

Thermal CVD system requires high temperatures between 800 
o
C and 2000 °C [7]. This 

temperature can be generated by resistance heating, high frequency induction heating, radiant 

heating, hot plate heating, or any combination of these sources [7]. Thermal CVD system can 

be separated into two units system such as (a) hot-wall reactor (b) cold-wall reactor. These 

two reactors can be either horizontal or vertical [7]. Therefore, in this chapter focus is on hot-

wall reactor, which is the technique that was used in this study. 
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2.2.1.1 A hot-wall reactor 

A hot-wall reactor is an isothermal furnace, which can be heated by resistive elements[7]. 

The coating layers in hot-wall reactor require that the reaction gases are usually introduced 

into the reactor after the temperature has been raised to the required level[7]. 

Figure 2-3 illustrates a thermal CVD system (hot-wall reactor) which was used for the 

coating of cutting tools with carbide such as TiC. This material (TiC) can be deposited 

alternatively under precisely controlled conditions. In some cases, the parts to be coated (such 

as semiconductor silicon wafers) are stacked vertically. This minimizes particle 

contamination and considerably increases the loading capacity (as opposed to horizontal 

loading)[7]. The advantage of the hot-wall reactor is close temperature control while the 

disadvantage is that the deposition occurs everywhere on the reactor walls, therefore these 

require periodic cleaning.  

In this study, a vertical wall thermal CVD system was used and is discussed in chapter 4. 

This thermal CVD system was developed in-house at Necsa (The South African Nuclear 

Energy Corporation). 
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Figure 2-3: Production thermal CVD reactor for the coating of cutting tools. Taken from [7]. 

2.2.2 Configuration of a Chemical Vapour Deposition Apparatus 

This section provide details of configurations of CVD systems which should involve four 

basic requirements as given below [6]. 

1. To deliver and control all of the precursor gas, carrier gas and the diluents gas into the 

reaction chamber. 

2. To provide an energy source to initiate and drive the chemical reaction. 

3. To remove the by-product exhaust gases from the reaction chamber and to dispose them 

safely. 

4. To precisely control the process parameters (temperature, pressure, gas flow rate) 

automatically so that the quality of deposited products and the reproducibility can be 

maintained from run to run. 

Based on these industrial requirements, a CVD system usually consists of several basic 

subsystems such as discussed below [6]. 

 Gas delivery system 
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This subsystem is used to supply the precursor in a controlled manner. After the reactant 

gases are mixed with carrier gas and diluent gas homogenously, the mixture gas is delivered 

into the reaction chamber. 

 Reaction chamber  

The reaction chamber is the heart of a CVD system where chemical vapour deposition takes 

place. It consists of retort, gas inlet injector, distributor and outlet exit. The quality of the 

deposit is mainly dependent on the design of the reaction chamber, which determines the 

uniformity of temperature, concentration and pressure. 

 Loading/unloading system 

This is normally a mechanical system to transport substrates, preforms, mandrels, etc. from 

the outside to the inside of the reaction chamber. This subsystem should be designed to 

reduce the labour intensity and cost. 

 Energy system 

An energy system must provide the energy required for the precursors to react at elevated 

temperatures, control and maintain the temperatures within the reaction chamber. When the 

CVD process is enhanced by some other methods such as plasma, additional energy supplies 

are required. 

 Vacuum system 

This consists of vacuum pumps, pipes, valves and connections, etc. This subsystem is used to 

evacuate the gases and control the pressure within the reaction chamber. 

 Process automatic control system 

A computer controlled system is designed and installed to automatically measure and control 

the deposition parameters such as pressure, flow rate, depositing temperature and time. In 

some cases, a gas analyser is used to monitor the CVD process. This subsystem is usually 

incorporated within the relevant aforementioned subsystems to ensure the quality of the 

deposition. 

 Exhaust gas treatment system 
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This consists of a cold trap, a chemical trap, a particle trap, a wet scrubber etc. Exhaust gases 

for CVD are usually hazardous and toxic. Hence, they should be treated to a safe and 

harmless level and converted into safe compounds before being released into the 

atmosphere[6]. 

2.3 Synthesis of ZrC 

ZrC layers can be prepared by different methods such as solid-state reactions [8], reactions 

using solution based precursors and through vapour phase reaction methods such a chemical 

vapour deposition (CVD)[9]. The characteristics of ZrC vary with the methods of 

preparation. These characteristics include chemical composition, microstructure and the 

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: (a) chemical 

impurities such as oxygen and other gaseous impurities, (b) the stoichiometry of the product 

(i.e. carbon to zirconium ratio), (c) grain size and texture orientation, (d) the existence of 

secondary phases and (e) pore size, porosity and morphology[9]. 

2.3.1 Synthesis of ZrC layers by carbothermal reduction of ZrO2 

The synthesis of ZrC from graphite and zirconia (ZrO2) is a technique that can be used to 

obtain ZrC layers which has previously been reported[8]. The preparation of ZrC from 

ZrO2 and graphite combines basically three processes: (1) hot pressing; (2) carbothermal 

reduction; and (3) sintering in a single process [9]. It relies on the reaction of heated graphite 

and ZrO2 in an airtight furnace [9].The equation below shows the chemical reaction that takes 

place during carbothermal reduction: 

ZrO2 (s) + 3C (s) → ZrC (s) + 2CO (g) (2.1) 

The temperature and duration of heating used in this method are usually from1800 °C to 2600 

°C and between 16 h to 24 h [10]. The structure of ZrC produced by this method contains 

many impurities such as oxygen, which produces zirconium oxycarbide (ZrCxOy). To reduce 
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the amount of oxygen, several attempts have been used such as heating ZrCxOy under 

controlled conditions so as to get a sample of the required shape, grain size, lattice parameter 

and density [9]. The reaction below in equation (2.2) relate to the heating of ZrCxOy in the 

presence of carbon to give ZrC: 

ZrCxOy + (1- x + y) C → ZrC + yCO (2.2) 

 

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

difficult [9]. The lowest levels of oxygen impurities were realized when the zirconium 

oxycarbide compound was close to its melting temperature. Although it is possible to obtain 

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

homogeneity are hard to achieve [10]. 

2.3.2 Synthesis of ZrC layers from solution-based precursors 

In this method ZrC can be prepared by reacting organic compound solutions containing 

zirconium and carbon solutions [9]. Different liquid precursors have been used in the Sol-gel 

method. For example (a) single source metal-organic precursors such as tetraneopentyl 

zirconium Zr[CH2C(CH3)3]4. Healy et al. [11] reported that ZrC can be grown from metal-

organic compound at relatively low temperatures, ranging from 300 °C to750 °C. However, 

the ZrC obtained was non-stoichiometric because of a high carbon content, with the ratio of 

C:Zr ranging from 2:1 to 5:1. (b) Metal alkoxides such as zirconium-n-propoxide 

[Zr(OC4H9)]4 reported in ref [12]. 

Sol–gel processing includes the use of molecular precursors, mainly alkoxides, as starting 

materials. However, most alkoxides can react spontaneously with water to form a viscous 

precipitate. Therefore, they require to be chemically modified in order to control their 

hydrolysis and condensation. Therefore, in the case of ZrC, gel precursors were obtained by 

hydrolysis of zirconium alkoxides chemically modified by acetylacetone[13]. 
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2.3.3 Synthesis of ZrC layers by vapour phase based reactions 

 

Among the methods mentioned above, manufacturing of ZrC through the vapour phase 

reactions can be the preferred method applied in coating nuclear fuels.  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 [9]. 

Ogawa et al. [14], Ikawaet al. [15] and Park et al. [16]reported on the synthesis of ZrC layers 

by a reaction between heated zirconium metal sponge and halogens (typically I2, Br2 and Cl2) 

to synthesise zirconium halides (ZrCl4, ZrI4 and ZrBr4). Thereafter, zirconium halide was 

then reacted with a carbon source, normally a hydrocarbon in gaseous form to produce ZrC.  

In 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[16]. CVD growth of ZrC 

layers from ZrCl4 and CH4 in the presence of H2 was used in this study. 

2.4 Spark Plasma Sintering (SPS) 

2.4.1 Introduction 

There are still challenges for processing and consolidating nanopowders and retaining the 

initial microstructure in the fabricated component. Therefore, the syntheses of new materials 

are limited on scale. Vigorous demand in market persist in driving serious attention to new 

consolidation techniques apart from hot pressing, high temperature extrusion, and hot 

isostatic pressing. This is due to longer processing times at high temperatures (1800 
o
C) 

which often result in extraneous grain growth.  Therefore, spark plasma sintering (SPS) can 

be used with rapid heating to sintering temperatures leading to rapid sintering of 

nanocomposites[17]. During the SPS process, the initial properties of the nanopowders can be 

retained when fabricating bulk materials. Therefore, the consolidation of metals, composites, 
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ceramics, intermetallics, cermets, nanocomposites, and carbon nanotube reinforced ceramics 

can be accomplished by spark plasma sintering[17]. 

2.4.2 Fundamental principles of SPS 

Spark plasma sintering (SPS), also referred to by other names such as electric field assisted 

sintering (EFAS), field assisted sintering technique (FAST), plasma assisted sintering (PAS), 

and plasma pressure consolidation (PPC). SPS is a plasma assisted rapid sintering technique 

which momentarily generates high temperature plasma (spark plasma) between the gaps of 

compacted powder by electrical DC pulsing discharge [18,19]. 

SPS can be done at wide range of temperatures and pressures, with controls of temperatures 

or current during processing [20]. SPS has evolved as a sinter consolidation method to 

fabricate exotic and novel materials, which are difficult to fabricate by conventional 

processing techniques. This pressure assisted spark plasma sintering allows much shorter 

sintering temperatures and times, serving as an effective technique for obtaining fully dense 

nanocrystalline ceramic composites [21]. 

Spark Plasma Sintering is a moderate plasma sintering method based on the conjecture of 

high temperature plasma momentarily generated in the gaps between powder materials by 

electrical discharge during DC pulsing (see Figure 2-5). It has been suggested that the on-off 

DC pulse energizing method can generate: (1) spark plasma (2) spark impact pressure (3) 

Joule heating, and (4) an electrical field diffusion effect (see Figure 2-4)[22,23]. In this 

process, powders are loaded into a graphite die and heated by passing an electric current 

through the assembly. The low heat capacity of the graphite die allows rapid heating. 

Therefore, SPS can rapidly consolidate powders to near theoretical density through the 

combined actions of a rapid heating rate, pressure application, and proposed powder surface 

cleaning [22,23]. 
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2.4.3. Advantages 

SPS technique can produce high quality and uniform compacts which can be sintered rapidly 

at lower temperatures and short periods compared to conventional sintering methods [24]. 

Therefore, the advantages of SPS process have been reported to be [17,25]: 

(1) The structure of powder particles is maintained by high temperature exposure through 

sintering. Pulsed resistance heating by generation of localized plasma between powder 

particles maintains the integrity of starting microstructure without grain coarsening. 

(2) The electrical energy that is supplied in combination with mechanical pressure contributes 

to very short actual consolidation times, thereby also preventing the formation of coarse 

microstructures. 

(3) The discharge plasma generated between powders particles confers a significant surface 

cleaning ability that can lead to enhanced particle sinterability 

 

Figure 2-4: Schematic of dominant sintering mechanism during SPS. Taken from [17]. 

 

2.4.4. Equipment of SPS process and mechanism 

Figure 2-5 shows the schematic of typical SPS instrument which consists of a graphite die 

where powder is loaded and is heated by passing electric current through the assembly. SPS 



38 
 

can rapidly consolidate powders to near theoretical density through the action of a rapid 

heating rate, application of pressure, and powder surface cleaning [23]. 

The powder mixtures are placed inside a graphite die and the typical SPS processing 

parameters are: (i) an applied pressure between 50 and 100 MPa, (ii) pulse periods cycles of 

2.5 ms with on–off cycle of 2–2.5 ms, and (iii) maximum pulse parameter of 10,000 A and 10 

V. 

 

 

Figure 2-5: Schematic of spark-plasma-sintering (SPS). Taken from [22]. 

 

The entire process of densification using the SPS technique consists of four stages; (1) 

vacuum creation, (2) pressure application, (3) resistance heating and (4) cooling down as 

illustrated schematically in Figure 2-6 [20]. The vacuum step is used to remove gases.  The 

process is carried out with applying pressure of typically 53 MPa to powder mixture during 

this vacuum process result in a densely consolidated composite [20].  In this study the process 

of SPS carried out under vacuum 50 MPa and discussed in chapter 4. 
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Figure 2-6: Schematic representation of the temperature, pressure and shrinkage 

displacement profiles during spark plasma sintering. Taken from [20]. 

 

2.4.5 Synthesis of ZrC by Spark plasma sintering (SPS) 

(SPS) is an effective technique for manufacturing dense ceramics. During SPS, the rapid 

and thorough heat distribution through-out the samples generated from the high-

frequency transformation and dispersion of the spark/Joule heat makes it possible to 

densify the materials at a low temperature and in a short time [26]. 

Many structural ceramics have been successfully fabricated by SPS including ZrO2 and 

WC [27,28]. However, a relatively high sintering temperature may still be required for 

ZrC densification using the SPS method. Sciti et al.[29]investigated the sinterability of 

commercial powders by SPS and found that dense ZrC ceramics with a mean grain sizes of 

13±1 μm and density of 10.1 g/cm
3
 were obtained after sintered at 2100 

o
C. 

Previous studies by Nezhevenko et al. [30] reported on the the effect of initial porosity on 

the character of sintered of ZrC. ZrC powders with particle diameter was 5 μm, were 

sintered under isothermal conditions (T = 1200-1700 °C and by heating at a constant rate of 

10 °C/min to temperatures of 2250, 2500, and 2700 °C. The ZrC specimens with initial 
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relative density 56% (ratio of the density to the standard density of ZrC of 6.73 g/cm³) at 

2500 °C, final density of 97% was attained. 

In the case of sintering ZrC-C composites, Nezhevenko et al. [30] observed that 

densification was significantly inhibited in samples containing carbon (graphite or 

diamond) particles. The sintered densities tended to decrease as the (i) volume fraction of 

the carbon particle was increased. (ii) Particle size of carbon was decreased.   
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Chapter 3. Thermodynamics 

 

In this study, ZrC layers were grown by CVD at different temperatures and at atmospheric 

pressure. To understand the mechanism of ZrC layer formation and reactions between ZrCl4 

and CH4, the thermodynamics of these interactions were investigated. This chapter also 

discusses the thermodynamics of the Ir-Zr, Ir-ZrC and Ir-C binary systems in order to 

understand the driving force which promotes chemical reactions to take place between Ir and 

sintered ZrC.  

The standard software, HSC chemistry[1] was used to investigate the stages involved in the 

growth of the ZrC layers at different temperatures. The various binary phase diagrams are 

reviewed to study the chemical equilibrium conditions as a function of temperature and 

composition.  

3.1 Law of Mass action 

The mass action law is the proposition that the rate of a chemical reaction is directly 

proportional to its active mass or concentration (Rate   Reactant). The mass action law can 

be introduced by using a general chemical reaction equation in which reactants A and B react 

at elevated temperatures to give products C and D. 

aA + bB → cC + dD (3.1) 

Where a, b, c, and d are the coefficients for a balanced chemical equation. The mass action 

law states that if the system is at equilibrium at given temperature, then the ratio of the 

reactant and products is a constant[2]: 

   
, - , - 

, - , - 
 

(3.2) 

where    is the equilibrium constant for the reaction in equation (3.1). 
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3.2 Gibbs Free Energy 

Gibbs free energy is a thermodynamic quantity that can measure the maximum, reversible 

work done by a thermodynamic system at constant temperature, T and pressure, P. For a 

chemical reaction to take place the Gibbs free energy is required to change. The driving force 

for a process to take place is given by the change in the Gibbs free energy for the 

reaction(     )as: 

              (3.3) 

where   is the change in enthalpy,T is the temperature and    is the change in entropy. 

         indicates that the reaction will take place and it will be spontaneous and the 

reaction proceeds spontaneously with a driving force proportional to the magnitude of   . In 

the case of        , a reaction will not occur and is non-spontaneous. While at         

the reaction is at chemical equilibrium [3]. 

The relationship between enthalpy (heat of formation) and temperature is given by: 

            ∫      
 

   

 (3.4) 

The relationship between entropy and temperature is given by: 

            ∫
   
 

 

   

   (3.5) 

where   is heat capacity usually expressed by an empirical relationship such as: 

     (    
  )  (      )    (     )    (3.6) 

where a, b, c and dare constants. If the products and reactants have the same heat capacity 

there will be no change in the heat of formation (  ) as a function of temperature (T). 

In solid state reactions, equation (3.3) can be rewritten as an approximation given as[4]: 
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                    (3.7) 

In thermodynamic reactions, the temperature T is usually below the melting points of 

reactants or products and the volume changes are negligible because they are very small. In 

such reactions, the change in entropy contribution is also very small (    ). The      

term becomes negligibly small compared to the heat formation    Therefore, the change in 

Gibbs energy       in equation (3.7) can be reduced to equation (3.8) when the       term 

is small compare to ∆  [5]: 

            (3.8) 

This can occur for temperatures less than the melting point of reactants and products. 

However, the standard value at temperature (T = 298 K) for enthalpy and entropy can be used 

for thermodynamic calculations. The change in Gibbs free energy can also be approximated 

by standard enthalpy only, when the change in entropy is considered to be zero. 

The Gibbs free energy of a reaction can be determined from equation: 

       ∑    (        )  ∑    (         ) (3.9) 

The Gibbs free energy of a reaction and the corresponding thermodynamic equilibrium 

constant can be calculated from equations (3.9) and (3.10) respectively:  

         (
    
  

) 
(3.10) 

where   is the rate constant, Ris the gas constant, and Tis temperature (K). 

 

3.3 Thermodynamics of ZrC 

The deposition of ZrC layers was performed using a vertical wall CVD system at different 

temperatures ranging from 1250 °C to 1450 °C using zirconium tetrachloride (ZrCl4), 

methane (CH4) and hydrogen (H2) precursors with argon (Ar) as the carrier gas. Therefore, 
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the overall chemical reaction between ZrCl4 and CH4 to form ZrC in the CVD chamber is 

given below: 

ZrCl4 (g) + CH4 (g)→ ZrC(s) + 4HCl(g) (3.11) 

The temperature dependent values of Gibbs free energy of formation of CH4, ZrC, HCl gas, 

and ZrCl4 at atmospheric pressure were obtained from the JANAF thermodynamic tables[6] 

are given in Table 3-1. The calculated values of the change in Gibbs free energy for reaction 

given by equation (3.11) and the corresponding thermodynamic equilibrium constants for the 

temperature from 298.15 K to 2000 K at atmospheric pressure are also tabulated. The plots of 

the change in Gibbs free energy for the reaction as a function of temperature, and the 

equilibrium constant are shown in Figure 3-1. 

The change in Gibbs free energy of the reaction at from 298.15 K to1600 K (1327 °C) can be 

observed to be > 0 (Table 3.1). This indicates that the reaction to form ZrC cannot occur 

spontaneously. However, at 1700 K (1427 °C), the change in Gibbs free of the reaction was 

found to be < 0 indicating that the reaction to form ZrC could occur and would proceed 

spontaneously. This indicates that the reaction for the production of ZrC is only possible 

starting from the temperature of 1427 °C (1700 K).  

Figure 3-2 shows the speciation results obtained using the HSC chemistry software at 

different temperatures [1]. This thermodynamic approach, takes into account all possible 

product species via minimization of the system Gibbs free energy [7].The results indicate that 

the growth of ZrC is possible from a temperature of 900 °C (1173 K). Higher yields of ZrC 

are expected at higher temperatures. 

The difference in the value of the reaction temperature between Figure 3.1 or Table 3.1 (1427 

°C (1700 K)) and Figure 3-2 (900 °C (1173 K)) is because Figure 3.1 indicates the 
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equilibrium point of the reactants and the products. The temperature range for ZrC formation 

predicted from the plots in Figure 3-1 is similar to those reported in other reported studies [8–

12]. 

Table 3-1: Gibbs free energy of formation of ZrC and equilibrium thermodynamic constant 

resulting from the reaction of CH4 and ZrCl4 at atmospheric pressure. 

T 

(K) 

     (kJ/mol)      

(kJ/mol) 
KT CH4 ZrCl4 ZrC HCl 

298.15 -50.768 -835.003 -193.282 -95.300 311.289 0.88198 

300 -50.618 -834.786 -193.262 -95.318 310.870 0.882827 

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 

 

Figure 3-2 also indicates that the methane is unstable at temperatures higher than 400°C, 

producing carbon and hydrogen upon decomposition. The formation of ZrC can be controlled 

by the flow rate of methane, with its decomposition making carbon available. The reaction 

rate of methane with ZrCl4 is strongly influenced by the temperature of substrate surface. As 
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the temperature increases the chemical reaction is pushed to the region of high yield of ZrC 

and concurrently high degrees of dissociation of ZrCl4 and methane. 

 

Figure 3-1: Ellingham diagram for stoichiometric ZrC layers formation plotted from data in 

Table 3.1. 

 

Figure 3-2: Temperature dependent speciation curves of ZrCl4, CH4 and H2 feed system. 

 

The formation of HCl starts at 750 °C, when the Zr reacts with free carbon at this 

temperature. If carbon was not present then the Zr can only react with Cl since it is present 

due to decomposition of ZrCl4. By adding the hydrogen, Cl and hydrogen can react to form 

HCl. Therefore, the concentration of H2 declines at the point where the HCl starts forming. 
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3.4 Phase Diagrams 

Phase diagrams are graphical representations that indicate the chemical equilibrium 

conditions for a system usually as plots of temperature against composition. They show the 

ranges over which certain phases or mixtures of phases exist under conditions of 

thermodynamic equilibrium [13]. In this study, ZrC was synthesized by a CVD process and 

sintering and thereafter the solid state interactions between Ir and ZrC were investigated. 

Hence, understanding the phases present in the three binary systems is very important.  

3.4.1 Zirconium-Carbon binary phase diagram 

Stable ZrC exists over a wide range of composition. Due to this wide range, ZrC is often 

considered to be as a non-stoichiometric compound [14,15]. The vacancies which exist in 

ZrC are usually from the missing carbon atoms and therefore its empirical formula is always 

written as ZrCx, where x<1 [14,15].Carbon-rich composition typically leads to presence of 

graphitic carbon phase embedded in a slightly sub-stoichiometric ZrCx matrix [16]. 

 Figure 3-3 shows the phase diagram of the Zr-C system, the ZrCx phase exists at from 38.5 to 

49.6 at.% C [17]. The melting point of ZrCx is about 3723 K (3450 °C) when the carbon-to-

zirconium (C/Zr) ratio approaches 0.78. When the composition of carbon is less than 37 at.% 

C, the ZrCx phase coexists with hexagonal close packed Zr (α-Zr) phase until around 1200 K. 

At about 1200 K, the α-Zr phase transforms to the body centered cubic (β-Zr). However, at 

temperature above 2100 K, the β-Zr phase starts to melt to give a liquid of Zr phase and a 

solid ZrCx phase. However when the carbon content is more than 49.5 atomic percent, the 

phases present are ZrCx+C below 3200 K [16,17].  
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Figure 3-3: Phase diagram of the Zr-C system [16]. 

 

3.4.2 Iridium-Carbon binary phase diagram 

The Ir-C phase diagram is presented in Figure 3-4 from the temperature range of 2000 °C to 

about 3000 °C [18]. The phase diagram has a eutectic point at 2208 °C with a composition of 

20.8 at. % C. The melting point of Ir is about 2447 °C. The maximum solubility of carbon in 

iridium of < 3% is very low. Ir is non-reactive with carbon reportedly  not forming carbide as 

seen the Ir-C phase diagram in Figure 3-4 [18,19]. 

 

Figure 3-4: Ir-C binary phase diagram obtained from [18] 
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3.4.3 Iridium-Zirconium binary phase diagram 

The Ir-Zr binary phase diagram in Figure 3-5 [20] is presented in the temperature range of 

500 to 2500 °C. The Ir-Zr system consists seven intermetallic compounds such as Ir3Zr, 

Ir2Zr,α-IrZr, β-IrZr, Ir3Zr5, IrZr2, and IrZr3 [21]. The maximum solubility of Zr in Ir is about 5 

at. % Zr at 2120 °C. The phase diagram indicates that the Ir3Zr phase melts congruently at 

2280 °C with a composition of 22 at. % Zr. The IrZr phase undergoes polymorphic 

transformation from the α phase to β phase upon heating. From Figure 3-5 α-IrZr exists at 

temperatures below 900 
o
C and β-IrZr exists at temperature above 900 

o
C up to 2050 °C. 

 

Figure 3-5: Ir-Zr binary phase diagram taken from [20]. 

 

3.4.4 Solid state reactions between ZrC and Ir 

The driving force for solid state reactions is usually the change in the Gibbs free energy. For 

solid state reaction ∆H° is a good approximation of the change in free energy ∆G° because 

the change in entropy ∆S° is usually negligible [5]. The standard enthalpies of formation of 

ZrC and the Ir-Zr phases are given in Table 3-2. It can be seen that the standard heats of 

formation of the Ir-Zr system have lower magnitudes than those of ZrC. The probable 
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reactions between Ir and ZrC and the enthalpies of reaction are given in Table 3-3. Only the 

formation of Ir-Zr phases was considered since Ir carbides are not expected to form as 

previously seen in the Ir-C phase diagram in Figure 3-4.The reaction enthalpies were 

calculated using enthalpies of formation of ZrC and Ir-Zr system given in Table 3-2. It can be 

observed that the enthalpies of reaction (1) to (3) are negative, while reactions (4) to (6) are 

positive. 

 

Table 3-2: Standard enthalpies of formation at room temperature 298.15 K of ZrC and Ir-Zr 

phases. Taken from [22]and [21]respectively. 

Phase 
   

  

(kJ.mole
-1

∙at) 

ZrC -101.5 

Ir3Zr -79.1 

Ir2Zr -100.0 

IrZr -114.4 

Ir3Zr5 -98.2 

IrZr2 -89.0 

IrZr3 -67.6 

 

Reactions to form Zr rich phases have positive enthalpies. The negative values of enthalpies 

of reaction indicate that reactions (1) to (3) between Ir and ZrC are favourable. Reaction (2) 

between Ir and ZrC to form Ir2Zr is thermodynamically favoured since it has the largest 

negative reaction enthalpy.  
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Table 3-3: Enthalpies of possible reactions between ZrC and Ir. 

# Reaction 
T(K) at room 

temperature 

   
  

(kJ.mole
-1

∙at) 

1 ZrC + 3Ir → Ir3Zr + C 298.15 -22.7 

2 ZrC + 2Ir → Ir2Zr + C 298.15 -24.3 

3 ZrC + Ir → IrZr + C 298.15 -8.6 

4 5ZrC + 3Ir → Ir3Zr5 + 5C 298.15 17.6 

5 2ZrC + Ir → IrZr2 + 2C 298.15 27.8 

6 3ZrC + Ir → IrZr3 + 3C 298.15 48.4 
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Chapter 4. Sample Preparation 

 

In this study some ZrC layers were deposited on graphite substrates using chemical vapour 

deposition (CVD) and others (ZrC samples) were manufactured from ZrC powder using 

spark plasma sintering (SPS). Iridium (Ir) thin layers were then deposited on the sintered ZrC 

by electron deposition. The Ir-ZrC samples were annealed at different temperatures to 

investigate solid-state interactions. This chapter discusses the techniques used to prepare 

these samples. 

4.1 Chemical Vapour Deposited ZrC 

A vertical-wall thermal CVD system shown in Figure 4-1 was used to deposit ZrC layers 

onto graphite substrates. Figure 4-1 (a) and (b) shows the reactor set up including the process 

and instrumentation diagram of the CVD system. This CVD system was developed in-house 

at Necsa (South African Nuclear Energy Corporation). This system consists of four 

fundamental components namely: (a) RF power supply induction heating source with 

maximum power output of 10 kW, (b) gas (H2, Ar, CH4 and ZrCl4) supply and delivery 

system,(c) scrubber containing calcium carbonate chips (CaCO3) for extracting and 

neutralizing the HCl gas which is formed as a by-product during the decomposition reaction, 

and (d) the reactor system, which is a cylindrical graphite reaction tube heated by an 

induction heating coil in which the substrate is mounted on a stage. 

The distance between the four-turn helical copper coil and cylindrical graphite reaction tube 

was kept small, about 2 cm, so as to obtain good RF coupling. Alumina (Al2O3) ceramic 

material was placed in the gap between the graphite tube and the coil to reduce heat transfer 

from the heated graphite reaction tube to the coil. Alumina (Al2O3) also secured the graphite 

reaction chamber at the centre of the coil in a fixed position. 
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The graphite tube had an inner diameter of 2.μcm and a length of 30 cm. An inlet at the top of 

the graphite tube and outlet at the bottom allowed the flow of the gases past the heated 

substrate mounted on substrate stage. The substrate temperature was measured by an optical 

pyrometer through a quartz viewing window at the top of the flange. 

 

 

Figure 4-1: Schematic diagram of the CVD reactor system, (b) Process and instrumentation 

diagram for the CVD reactor set-up. Taken from [1]. 

 

(a) 

(b) 
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All the gases (H2, Ar and CH4) were controlled by previously calibrated rotameters. To avoid 

ZrCl4 from clogging the gas feed lines, all gas feed lines were heated to 300 °C by an electric 

heating tape.  

ZrCl4 powder and methane were used as Zr and C sources, respectively. The ZrCl4 powder 

was vaporised in the vaporisation system consisting of an oven and stainless steel tube fitted 

with inlet and outlet feed lines. ZrCl4 powder placed inside the stainless steel tube was heated 

in an oven with a thermostat to maintain a constant temperature.ZrCl4 is very hygroscopic, 

therefore placing the ZrCl4powder in the stainless tube was done in a glove box. The inlet 

consisting of stainless steel tube allowed argon to be swept through freely, therefore 

transporting ZrCl4 into the reaction chamber. 

To determine and optimize the vapour pressure of ZrCl4 for the deposition of ZrC coating, 

ZrCl4 powder was heated in vacuum and under argon for 3 min at temperatures ranging 

from20 
o
C to 400 

o
C. Figure 4-2shows a plot of the pressure as function of temperature 

measured under vacuum at 10
3
kPa and at argon pressure of 11 kPa.  

 

Figure 4-2: Variation of pressure in the vaporizer as a function of temperature [1]. 
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For ZrCl4 with argon, the total pressure measured was the sum of the ZrCl4 (vapour) and 

argon partial pressures. It was shown that the presence of argon in the ZrCl4 does not change 

the pressure-temperature trend of ZrCl4, as shown in Figure 4-2. At temperatures between 20 

to 150 °C the increase in pressure of ZrCl4 is small. However at 190 °C up to about 330 °C, 

there is rapid increase in the pressure. This quick rise in pressure is due to an increase in 

ZrCl4 vapour molecules as the temperature is increased [2]. After 330 °C the trend of the 

curve changed, indicating full sublimation of the ZrCl4. To avoid full sublimation and to have 

a manageable vapour pressure, a temperature of 300 °C was selected during this study.  

The vaporized ZrCl4 was delivered into the reaction chamber by an argon flow, subsequently 

mixed with the CH4 and H2. The mass flow rate of ZrCl4 was controlled by varying the argon 

flow rate. The ZrCl4 mass flow rate as a function of argon flow is shown in Figure 4-3.The 

calibration curve was obtained by flowing argon through the ZrCl4 powder at different argon 

flow rates for 20 min.  

The ZrCl4  flow rate was calculated from the mass difference after each run using: (4.1) 

                      
     

 
 (4.1) 

 

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 rate. 
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Figure 4-3: Calibration curve of ZrCl4 mass flow rate in argon [1]. 

 

4.1.1 Raw materials and deposition of ZrC layers 

Graphite substrates of 11 mm in diameter and 3 mm thickness were used to deposit the ZrC 

layers on. These substrates were cut from high density (1.71 g cm
-1

) bulk graphite rods and 

were hand polished on a polishing wheel using 1000 grit silicon carbide paper. The polished 

substrates were sequentially cleaned by ultrasonic agitation with acetone, ethanol and then 

demineralised water, for 15 min each. The cleaned substrates were then dried in an oven at 

250 
o
C for 2 h. Before deposition, substrates were mounted on the clean graphite substrate 

stage inside the cylindrical graphite reaction tube. The loaded reactor was flushed by 

continuously pressurising and depressurizing using argon in order to remove air (oxygen) and 

atmospheric moisture. 

The precursors used in deposition were ZrCl4 powder (purity > 99.5%, Hf< 50 mg/kg) 

supplied by Sigma-Aldrich (Pty), and CH4, H2 and Ar with all with purity of 99.99%. ZrCl4 

was carried from the vaporization chamber to the reaction chamber by argon. Hydrogen gas 

was used to provide a reducing and diluting environment for ZrCl4 vapour. 

The ZrC deposition process can be described by overall chemical reaction given in (3.11). 
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The deposition was carried out at atmospheric pressure of 87 kPa for 2h at substrate 

temperatures ranging from 1250 
o
C to 1450 

o
C, excluding the time taken for the substrates to 

reach thermal equilibrium, which was between 5 to 10 minutes periods. The deposition rate 

of ZrC layer at each temperature was studied by measuring the mass before and after 

deposition with an electric balance with a precision of 0.0001g. 

4.2 ZrC prepared by spark plasma sintering 

The raw materials used were zirconium carbide powder (mean particle size of 5 nm 

and purity >99 %) from Sigma-Aldrich. The ZrC powder was weighed using an electronic 

mass balance, so that equal amounts of the ZrC powder were used for the spark plasma 

sintering (SPS) process. The powders were prepared in a 20 mm inner diameter graphite die. 

Graphite foil with a thickness of 0.2 mm was placed between the die and powder for easy 

removal and to ensure that the cooling of the sintered ZrC samples was homogeneous.  

The outside of the graphite die was covered with an insulating felt to reduce radiation loss 

[3]. After the powder was placed in the graphite die, it was first cold pressed using a 

hydraulic press to consolidate the powder together and then spark plasma sintered (SPS). The 

ZrC ceramic pellets were sintered by SPS using the HHPD-25 from FCT Syteme GmbH 

Germany at Tshwane University of Technology (see Figure 2.2 in chapter 2).The SPS 

process was conducted at temperatures of 1700 °C, 1900 °C and 2100 °C at a heating rate of 

100 °C/min in vacuum (0.05 bar) until the desired temperature was attained. The holding 

time and pressure for sintering were 10 minutes and 50 MPa respectively. At the end of the 

sintering cycle, the specimens were rapidly cooled to room temperature. The samples of 20 

mm diameter and approximately 5mm thickness were attained. The samples were then cut 

into smaller pieces by a diamond sawand thereafter polished using a Saphir 550 Semi-

Automatic Grinder/Polisher. The samples were then cleaned in an ultrasonic bath using 
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demineralised water and then ethanol for 5 min each. Thereafter, the samples were dried in an 

oven at 100 
o
C for 30 min. 

4.3 Electron beam deposition of Iridium thin film on ZrC 

The electron beam deposition (EBD) set-up used in this study is shown in Figure 4-4[4]. It 

consisted of a vacuum chamber, substrate holder, a water cooled hearth, electron emitter 

magnetic lens and a filament. The filament emits electrons which are accelerated and focused 

onto the target (crucible containing the metal) by electric and magnetic fields. The 

accelerated electrons thermally evaporate the metal allowing metal atoms to travel towards 

the substrate at a controllable deposition rate. The e-beam chamber was first pumped down to 

a base pressure of 5×10
-7

mbar. The deposition of iridium on ZrC substrate was done at a 

pressure of approximately 1×10
-6

mbar.  

 

Figure 4-4: The electron beam deposition (EBD) system. Taken from[4]. 
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4.4 Annealing 

Annealing is a very important step in the study of solid-state reactions because it can activate 

and accelerate diffusion, intermixing and reaction processes. The as-deposited Ir-ZrC samples 

were annealed in vacuum using a quartz tube furnace. Figure 4-5 taken from [5], shows a 

schematic diagram of the quartz tube furnace annealing system at University of Pretoria. The 

samples were placed in a quartz tube sample holder. This tube has a thermocouple wire for 

measuring the annealing temperature. An outer larger quartz tube was connected to the turbo 

pump housing. The thermocouple was connected to a data acquisition system (Agilent 

34970A) which was interfaced to a computer that collected and stored annealing data.  

The quartz tube was initially evacuated to 10
-3

 mbar by the fore pump and thereafter the turbo 

pump system was switched on. The two pumps were left running until the vacuum gauge read 

a pressure of approximately 10
-6

 mbar. The annealing temperature was pre-set, the furnace 

switched on, allowed to attain and stabilize at the desired temperature.  

Then the furnace was drawn over the quartz tube with the sample inside in order to allow the 

sample to heat up quickly. This was done while the data acquisition program was running on 

the computer. After the annealing duration was attained, the furnace was pulled away from 

the quartz tube to allow the sample to cool down rapidly and reach room temperature. The 

high vacuum during annealing at a base pressure of around 10
-6

 mbar was necessary to reduce 

oxidation of sample during the annealing temperature. The Ir-ZrC (SPS) samples were 

annealed at temperatures of 600 °C and 800 °C for 2h. 
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Figure 4-5: Tube furnace annealing system consisting inter alia of a data logging system, 

vacuum pumps and furnace. Taken from [5]. 
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Chapter 5. Analytical and characterisation Techniques 

 

In this study, two sets of samples were used, viz. ZrC layers deposited on carbon substrates 

using chemical vapour deposited (CVD) method and ZrC manufactured by a spark plasma 

sintering process from powder. Iridium (Ir) layers were deposited on some of the sintered 

ZrC samples. Ir-ZrC were then annealing at temperatures ranging from 600 
o
C to 800 

o
C for 2 

hours in vacuum (2×10
-6

 mbar). The deposited, sintered and annealed samples were 

characterised by X-ray Diffraction (XRD), Energy Dispersive Spectroscopy (EDS), Raman 

Spectroscopy and Scanning Electron Microscopy (SEM). This chapter discusses the 

analytical techniques used on this study. 

5.1 X-ray diffraction (XRD) 

XRD is a technique used to determine the properties of different material structures. This 

technique is used for phase identification, to measure the crystallite size, residue stress, lattice 

strain, preferred orientation, lattice parameters, etc.[1]. The crystal structure or arrangement 

of atoms in a solid is determined by the diffraction of waves suggested by Von Laue in 1912; 

however, it was developed by Bragg in 1913 and now is used in different fields of scientific 

research [2]. 

X-rays are a part of the electromagnetic spectrum in the region between ultraviolet and 

gamma rays. X-rays have a shorter wavelength of (about 0.1 to 10 nm) when compared to the 

visible light (about 400 to 800 nm) and X-rays also have a higher energy (of about 10
2
 to 10

5
 

eV) as compared to light (10 eV) [3]. 

5.1.1 Bragg’s law 

When X-rays are incident on atoms (planes), the X-ray wave collides with atoms causing the 

scattering and interference of the waves to occur. Therefore, the peaks in X-ray diffraction 

pattern are related to the interatomic distances [4]. Figure 5-1 shows an incident X-ray beam 
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interacting with atoms. The wavelength of the incident light has to be on the same order as 

the spacing of the atoms. 

 

Figure 5-1: Scattering of X-rays and Bragg’s law. Taken from [4]. 

 

The incident X-ray beam and the atoms (planes) make an angle θ between them. The angle 

between the incident X-ray beam and reflected X- ray beam is 2θ. Reflection of X-rays only 

occurs, when the conditions for constructive interface are fulfilled. In Figure 5-1 the 

difference in path length is: 

nBC 2  (5.1) 

where n is the integer which represents the order of diffraction and λ is the wavelength of the 

X-rays. If one considers the dotted triangle with the hypotenuse of d in Figure 5-1, Bragg‟s 

law (named after L. Bragg) can be obtained [4]. 

hklhklSindn  2  (5.2) 

In equation (5.2) θ is the Bragg‟s angle, which is half of scattering angle , n is the integer 

which represents the order of diffraction and λ is the wavelength of the X-rays, dhkl is 

interplanar distance. Using Bragg‟s equation (5.2), the values of lattice parameter (a) can be 

determined. For cubic crystalline materials such as ZrC, the lattice parameter (a) is described 

by Equation 5.3: 

 22222 lkhda hkl   (5.3) 
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where hkl are the Miller indices for the (hkl) plane,  222 lkh  is a constant which is replaced 

by m. Combining Equations 5-2 and 5-3, the value of a can be determined from the equation 

5.4:  

hkl

m
a




2

2
2

sin4
  (5.4) 

where m is a positive integer, the peaks of the diffraction pattern must be indexed in order to 

obtain the correct value of m, so that a is analytically obtained from Equation (5.4) [4]. 

5.1.2 XRD diffractometer 

Figure 5-2 shows a diffractometer. A diffractometer consists of an X-ray source (X-ray tube) 

producing monochromatic X-ray of known wavelength, a sample holder, and an X-ray 

detector as shown in Figure 5-2.The X-rays are generated in a cathode ray tube by heating the 

filament to produce electrons [5]. Thereafter, the electrons are accelerated by high voltage 

towards the target, bombarding the target sample with electrons. If the electrons have 

sufficient energy to dislodge inner shell electrons of the target material, characteristic X-rays 

are produced. The X-rays are generated by the cathode ray tube are then filtered to produce 

monochromatic radiation, collimated to concentrate and then directed toward the sample 

which needs to be analyzed. 

The geometry of an X-ray diffractometer is such that the sample rotates in the path of the 

collimated X-ray beam at an angle θ. While the X-ray detector is mounted on an arm to 

collect the diffracted X-rays and rotates at an angle of 2θ. The instrument used to maintain 

the angle and rotate the sample is termed a goniometer. 

The sample and detector are on the same side. As the sample or detector is rotated, the 

intensity of the reflected X-rays is recorded. When the geometry of the incident X-rays 

impinging the sample satisfies the Bragg equation, constructive interference occurs and a 
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peak appears. A detector records and processes this X-ray signal and converts the signal to a 

count rate which is then output to a device such as a printer or computer monitor. 

 

Figure 5-2: The X-ray diffractometer. Taken from [5]. 

 

5.1.3 XRD applications 

X-ray diffraction can be applied to identify crystallinity of the sample, phase composition, 

lattice parameters and preferred orientation. Phase identification is obtained by measuring the 

d-spacing and integrating the intensities from the XRD pattern. 

The first scientist that investigated the effect of limited crystallite size on X-ray diffraction 

patterns was Paul Scherrer in 1918. He published an equation which became known as 

Scherrer‟s equation [6]. He used equation (5-5) to calculate the crystal sizes in a solid 

material based on broadening of the diffraction peak(s). The Scherrer‟s equation can be 

written as: 

BB

K
D





cos
  (5.5) 

where D is the crystallite size, K is dimensionless shape factor (values between 0.62 – 2.08),λ 

is wavelength, B is the full width at half maximum (FWHM) in radians, and   is Bragg angle 

in radians.  
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The Scherrer‟s equation is limited to nano size particles and it cannot be used for grains 

larger than about 0.1 to 0.2 μm. The Scherrer formula provides a lower bound on the particle 

sizes because of a variety of factors. These factors which include crystal size, inhomogeneous 

strain and instrumental effects, can contribute to the width of a diffraction peak. 

The preferred orientation can be determined analytically by the texture coefficients. The 

texture coefficient  hklT  is determined by Equation 5.6 [7]: 

 
   

   


N
hklIhklIN

hklIhklI
hklT

0

0

/)/1(

/
 (5.6) 

where 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 

reference relative integrated intensity of the randomly oriented grains (powder sample). If the 

values of T(hkl) are less or equal to one, then it means the crystallites in the plane are 

randomly oriented. When the value of T(hkl)is greater than one it implies that the preferred 

orientation of the crystallites is in the given hkl direction [7].The value of Io(hkl)for the 

corresponding plane can be obtained from the JCPD data files. 

The conventional Bragg-Brentano X-ray diffraction geometry is not useful to study ultra-thin, 

graded composition and multi-layered thin films, this because of poor sensitivity and because 

of presence of the interfering effect of the substrate [8]. This makes it very difficult to 

identify the phases present in such samples. A popular technique for analysing thin films is 

the use the grazing incidence angle geometry, known as glancing incidence XRD (GIXRD).  

GIXRD geometry which is a slight modification of conventional Bragg-Brentano geometry is 

attained by making the X-ray fall on the sample at a glancing angle (θ) while the detector on 

the 2θ axis scan the XRD pattern as seen in Figure 5-3 [9]. In GIXRD geometry, the incident 

X-ray beam remains stationary at a very small angle with the surface of the sample (typically 
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1° to 5°) while the detector rotates through the angular range (radial scan). This increases the 

length of the path which the X-ray beam travels through the thin film and therefore increasing 

the diffracting volume as in shown Figure 5-3. This acts to increase the intensity of diffracted 

X-rays originating from the near surface volume, thus also from shallow layers, and reduces 

the intensity of the diffraction from the underlying substrate [9].  

The aim of XRD analysis is to identify the crystalline phases present. This is accomplished 

by comparing the peak positions and relative intensities with those from a large set of 

database provided by the International Centre for Diffraction Data (ICDD). The ICDD 

maintains the data base of inorganic and organic species known as the Powder Diffraction 

File (PDF). The PDF-2 database version contains in addition to d-spacing and intensities, the 

hkl values, the chemical name, the chemical formula, cell dimensions and selected physical 

properties [9]. 

 

Figure 5-3: XRD geometries for (a) bulk analysis and (b) thin film. Taken From [9]. 

 

5.1.4 XRD Experimental Setup 

The analysis was performed at South Africa Nuclear Energy Corporation (Necsa) XRD 

Laboratory. GI and Bragg-Brentano scattering geometry XRD analysis were done using a 

Bruker-AXS diffractometer, D8 Advanced XRD system with a Cu (Kα) X- ray radiation 

source, at 2θ step size of 0.04° and dwell time of 5s per frame. For GIXRD analysis, the 

incident X-ray beam was kept at an angle of 3° relative to the surface of sample and the 

diffraction pattern collected by a detector rotated by a goniometer from 24° to 117°. Bragg- 

Brentano or wide-angle XRD analysis was also performed on the as-deposited ZrC samples. 
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The radiation source angle (θ) was maintained at 15° and the detector angle scan from 10° to 

125°. 

The XRD diffraction data was shifted to 2θ positions corresponding to the wavelength of 

copper Kα radiation (λ = 0.1540598 nm). This was done to enable comparison this results 

with the standard diffraction files from the International Centre for Diffraction Data files 

(ICDD and PDF-2) for indexing purposes. 

5.2 Raman Spectroscopy 

Raman spectroscopy is a non-destructive technique for structural and chemical composition 

characterisation of materials by employing the Raman scattering effect [10]. It was 

discovered by Chandrasekhar Venkata Raman in 1928 in India [11].This technique is based 

on the inelastic scattering of monochromatic light from a laser in the visible, near infrared, or 

near ultraviolet near range [12]. Inelastic scattering means that the photon frequency of 

monochromatic laser light changes after interaction with a sample [13]. 

Raman system consists of major fundamental components such as the sample illumination 

system and light collection optics, the excitation source (laser), a detector and wavelength 

selector (filter or spectrophotometer) as shown in Figure 5-4. The sample to be measured is 

usually irradiated with a laser beam. The scattered light after interaction with the sample is 

collected by a lens. The lens then directs this scattered light through an interference filter or a 

spectrophotometer to obtain a Raman spectrum of a sample [13]. 
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Figure 5-4: Schematic of instrument interment of Raman Spectroscopy. Taken From [13]. 

 

 

Figure 5-5: Scattering of incident radiation by a sample illuminated by a laser beam. Taken 

from [13]. 

In Raman experiments the sample is irradiated with a monochromatic laser light with 

frequency voas shown in Figure 5-5. The frequency of a big fraction of the scattered radiation 

is similar to the frequency of incident beam vo as shown in Figure 5-6. This kind of scattering 

radiation is elastic and it called Rayleigh scattering. However, the frequency of small fraction 

of incident beam is (vo± vm), where vm is a vibration frequency of a molecule. This kind of 

scattering is inelastic and it is called Raman scattering. If the frequency of scattering radiation 
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is about vo - vm, it is called the Stokes lines in the Raman spectrum and for anti-Stokes for the 

vo+ vm scattered light[14,15]. 

 

Figure 5-6: Energy level diagram for Raman scattering (a) Stokes scattering (b) anti-Stokes 

scattering. Taken From [14]. 

 

Thus, in Raman spectroscopy, we measure the vibrational frequency (vm) as a shift from the 

incident beam frequency (vo).  In contrast to IR spectra, Raman spectra are measured in UV-

visible region where the excitation as well as Raman lines appear [16]. 

According to classical electromagnetic theory by Ferraro et al.[16], Raman scattering can be 

explained as follows: The electric field strength E of an incident electromagnetic wave (laser 

beam) fluctuates with time t as given in Equation (5.7): 

                (5.7) 

where    is the vibrational amplitude and    is frequency of laser. If a diatomic molecule is 

irradiated by this light an electric dipole moment P is given: 

                    (5.8) 

where α is a proportionality constant and is called polarizability. If the molecule is vibrating 

with a frequency   and with a particular vibrational amplitude qo, then the displacement q of the 

molecule about its origin can be written as: 
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                (5.9) 

where    is the vibration amplitude. However, for small amplitude vibration   is a linear 

function of , therefore it can be represented this equation: 

       (    ⁄ )      
(5.10) 

where   the polarizability of equilibrium is position and(    ⁄ ) is the rate change of   

respect to the change in q evaluated at the equilibrium position. Therefore by combining 

equations (5.10) and (5.9) and then (5.8) it can obtain: 

           (     )   (    ⁄ )         (     )     (     ) (5.11) 

 

           (     )   
 

 
(    ⁄ )

 
    ,   *  (     ) +     *  (     )  +- (5.12) 

According to classical theory, the first term displays an oscillating dipole that radiates light of 

frequency   (Rayleigh scattering) whereas the second term corresponds to Raman scattering 

of frequency      (anti-Stokes) and      (Stokes). Therefore, if (    ⁄ )
 
 is zero the 

vibration is not Raman active. However, the vibration to be Raman active the rate of change of 

polarizability with vibration must not be equal to zero. 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 than the anti-Stokes line. Since both 

give the same information it is customary to measure only the Stokes side of the spectrum 

[16]. 

5.2.1 Raman Experimental Setup 

In this study Raman spectroscopy was used to analyse the samples. The data was collected 

using a Horiba Jobin-YvonT64000 spectrometer with a 50× objective lens.The excitation 

laser was an argon-krypton laser with an excitation wavelength of 514.3 nm and a laser 



76 
 

power of 1.5 mW. The spectra were acquired from Raman shifts ranging from 200 cm
-1

 – 

1800 cm
-1

. The analysis of the Raman spectra was performed by LabSpec5 software, which 

enabled the measurement of peak height, position and width. 

5.3 Scanning Electron Microscopy (SEM) 

5.3.1 Description of Technique 

Scanning electron microscopy (SEM) is a technique for high-resolution imaging of sample 

surfaces [17]. The SEM uses electrons for imaging, much as a light microscope uses visible 

light [17]. SEM can provide information about surface such as sample topography, crystalline 

structure, chemical composition and electrical behaviour of the samples [18]. The advantages 

of SEM over light microscopy is that SEM has a higher magnification ( over 100,000X) and 

greater depth of field up to 100 times compared to light microscopy [17]. 

Figure 5-7 shows the basic components of a typical SEM, which may be grouped into four 

categories: (1) the electron column, (2) the specimen (or sample) chamber, (3) Secondary 

electron detector and backscattering electron detector (4) the vacuum pumping system and (5) 

the electron control and imaging system. 

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 high as 30 keV depending on the evaluation objectives [17]. 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 (see Figure 5-7).Scanning coils near 

the end of the column direct and position the focused beam onto the sample surface [17]. 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 [17]. 
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Figure 5-7: Schematic representation of a scanning electron microscope. Taken from [19]. 

 

5.3.2 Electron beam sample interaction and detection 

When a beam of incident electrons strikes the surface of the sample and interacts with the 

atoms of the sample, signals in the form of secondary electrons, backscattered electrons, 

characteristic X-ray are generated that contain information about the samples surface 

topography, composition, etc. [19]. The signals emitted by the sample include secondary 

electrons, backscattered electrons, Auger electrons, X-rays and cathodoluminescence (light) 

[20] as shown in Figure 5-8. The SEM utilizes these signals to observe and analyse the 

sample surface (or just beneath the surface)[20]. 
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Figure 5-8: Incident electron beam interaction with the sample and the different type of 

particles and rays that can be emitted. Taken from [20]. 

 

The incident electrons cause electrons to be emitted from the sample because of elastic and 

inelastic scattering events within the near-surface region of the material [17]. Figure 5-9 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 [17,21]. The energy of 

backscattered electrons is comparable to that of the incident electrons [17]. 

Emitted low energy electrons resulting from inelastic scattering are called secondary 

electrons. Secondary electrons can be formed from inelastic scattering of the loosely bound 

valence electrons (in the K-shell) from the sample [17]. The energy of secondary electrons is 

typically 50 eV or less. To create an SEM image, the incident electron beam is scanned in a 

raster pattern across the sample's surface [17].  

The emitted electrons are detected for each position in the scanned area by an electron 

detector. The intensity of the emitted electron signal is displayed as brightness on a cathode 

ray tube (CRT). By synchronizing the CRT scan to that of the scan of the incident electron 

beam, the CRT display represents the morphology of the sample surface area scanned by the 



79 
 

beam. Magnification of the CRT image is the ratio of the image display size to the sample 

area scanned by the electron beam [17]. 

 

Figure 5-9: Emission of various signals from the sample. Taken from [21]. 

 

Auger electrons can result from higher energy level electrons filling the vacancies in a lower 

energy level, the difference in the two energies are 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 XPS and EDS [22,23].  

 

5.3.3 SEM Experimental Setup 

In this study, the surface morphology of the ZrC layers and Ir thin films deposited on ZrC 

was investigated using a Zeiss Ultra 55 field emission scanning electron microscope 

(University of Pretoria). This microscope is equipped with secondary electron, backscattered 

electron and in-lens SE detectors. The in-lens detector was used for analysis in this study. 

The in-lens detector is located in the column above the sample and it is capable of detecting 

scattered electrons of the surface originating from the impact of the beam. The in-lens 

detection is often combined with energy filtering of the secondary electrons that form the 

image. The analysis of the surface for the ZrC layer or Ir-ZrC thin film was done with beam 
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energy of 2 kV, operating with 0.7 nm spatial resolution to show the surface features. 

Samples were prepared by placing the ZrC layer or Ir-ZrC on carbon stickers attached to an 

aluminium holder.  

5.4 Energy Dispersive X-Ray Spectroscopy (EDS) 

5.4.1 Principle of EDS 

Energy dispersive spectroscopy (EDS) 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). Basically, EDS has the 

capability of analysing the elemental composition of materials which have atomic number 

greater than three [22,23]. 

As shown in Figure 5-10, the physical basis of energy dispersive X-ray spectrometry (EDS) 

with a semiconductor detector begins with photoelectric absorption of an X-ray photon in the 

active volume of the semiconductor (Si). The entire energy of the photon is transferred to a 

bound inner shell atomic electron, which is ejected with kinetic energy equal to the photon 

energy minus the shell ionization energy (binding energy), 1.838 keV for the Si K-shell and 

0.098 keV for the Si L-shell. The ejected photoelectron undergoes inelastic scattering within 

the Si crystal [24].  

One of the consequences of the energy loss is the promotion of bound outer shell valence 

electrons to the conduction band of the semiconductor, leaving behind positively charged 

“holes” in the valence band. In the conduction band, the free electrons can move in response 

to a potential applied between the entrance surface electrode and the back surface electrode 

across the thickness of the Si crystal, while the positive holes in the conduction band drift in 

the opposite direction, resulting in the collection of electrons at the anode on the back surface 

of the EDS detector [24]. 
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Figure 5-10: Basic principle of photon measurement with a semiconductor-based energy 

dispersive X-ray spectrometer. Taken from [24]. 

 

5.4.2 EDS detection process 

The basic process of EDS detector which is proportional conversion of photon energy into an 

electrical signal as represented in Figure 5-11. The active portion of the detector consists of 

intrinsic silicon, with a thin layer of p-type material on the front surface, coated with a thin 

gold electrical contact. When an energetic photon is captured, electrons are promoted into the 

conduction band, leaving holes in the valence band. Under an applied bias, these electrons 

and holes are swept apart and collected on the electrodes on the faces of the crystal [23,25]. 

 

Figure 5-11: Energy dispersive X-ray detection process in the Si(Li) detector. Taken from 

[23,25]. 
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The incident X-ray photon with energy   is first absorbed by a silicon atom and an inner 

shell electron is ejected with energy as given: 

           (5.13) 

where  , for silicon is1.84 keV. Therefore the photoelectron can create electron hole pairs as 

it travels in the detector silicon and scatters inelastically [23,25].  

The silicon atom is left in an excited state because of the vacancies caused by the ejection of 

the photoelectron. As electrons from less tightly bound states fill the vacancies, energy is 

subsequently released in the form of either an Auger electron or a silicon X-ray. The Auger 

electron scatters inelastically and also creates electron hole pairs [23,25]. The silicon X-ray 

can be reabsorbed, which initiates the process again, or it can be scattered inelastically. Thus, 

a sequence of events takes place leading to the deposition of all of the energy of the original 

photon in the detector, unless radiation generated during the sequence, such as a silicon 

   photon escapes the detector giving rise to the artefact known as the "escape peak,"[23,25]. 

The ideal number of charges n created in the detector per incident photon with energy E (eV) 

is given by:  

     ⁄  (5.14) 

where   = 3.8 eV for silicon. For example, if the detector captures one photon having energy 

of 5 keV, then from equation (5.14) the total number of electrons swept from the detector is 

approximately 1315, which represents a charge of 2×10
-16

 C. This is an extraordinarily small 

charge. To measure charge accurately, noise minimization is essential, hence the need for 

keeping the detector crystal close to liquid-nitrogen temperature [25]. 

Figure 5-12 (a) is a representation of the detector, charge-to-voltage converter (often referred 

to as a preamplifier), and pulse-shaping linear amplifier from an electronic perspective. Once 
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created, the charge from the detector is rapidly swept into a virtual ground at the input of an 

operational amplifier, where it is deposited onto the capacitor, C. The first stage of the 

preamplifier is a carefully selected low-noise field effect transistor (FET), which is also 

cooled and placed immediately behind the detector [23,25].  

The preamplifier output for each event is a voltage step proportional to the incident photon 

energy. The height of each step is on the order of a few millivolts and occurs over a period of 

about150 nanosecond. It is important to recognize that the effect of electronic noise is the 

introduction of some fluctuation in the output voltage level on both sides of each step. This 

will be discussed in further detail in the section on factors determining energy resolution. 

Figure 5-12 (b) displays the output of the charge-to-voltage converter after the detection of a 

series of X-ray photons. The difference in the step sizes indicates that they have different 

energies. This energy for each incident X-ray photons as determined from the voltage 

measurement is then sent to a computer for display and further data evaluation[23,25]. 

 

 

Figure 5-12: Charge-to-voltage conversion process. (a) Illustration of the detector charge-

to-voltage converter, and pulse-shaping linear amplifier from an electronic perspective. (b) 

Output of the charge-to-voltage converter after the detection of a series of X-ray. Taken from 

[23, 25]. 
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5.4.3 EDS Experimental Setup 

In this study the characterisation of the elemental composition of the ZrC layers was analysed 

by the EDS instrument at University of Pretoria. This instrument was manufactured by 

Oxford Instruments. It was mounted on a FE-SEM Zeiss Ultra Plus. The operating voltage 

while collecting the EDS spectra was set at 20 kV. To cater for inhomogeneity in the sample, 

six measurements from six different regions on the surface of each ZrC sample were taken. 

The average of these measurements was taken as the elemental composition of the ZrC 

sample. The software used generates the elemental composition values as a weight 

percentage. The weight percentage of each element (i.e. Wi of element) was therefore 

converted into atomic percentage (at. %) by considering the atomic weight of each element 

(i.e. Ai of element) in the sample composed of n elements. This was calculated from Equation 

(5.15) [26]: 

%100%
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Chapter 6. Results and Discussion 

 

In this study, some ZrC layers were grown on to graphite substrates by chemical vapour 

deposition (CVD) at temperatures between 1250 °C and 1450 °C and others (ZrC samples) 

were prepared by spark plasma sintering (SPS) at 1700 °C, 1900 °C and 2100 °C. Both as-

deposited and sintered ZrC were characterized by XRD, EDS, Raman and SEM. To 

investigate the interaction between Iridium and ZrC, Ir layers were deposited on the sintered 

ZrC. The as-deposited Ir-ZrC samples were annealed at 600 °C and 800 °C in vacuum. The 

as-deposited Ir-ZrC samples and annealed Ir-ZrC were characterized by XRD and SEM. This 

chapter discusses the results. 

6.1 As-deposited samples by CVD 

6.1.1 Growth rate of ZrC layers 

The deposition rate k of the ZrC layers was calculated from the rate of the increase of the 

layer thickness based on the mass M of the layer after a time t, viz.  

k = M / At (6.1) 

where A is the surface area and ρ is the density of ZrC of 6.73 g cm
-3

. In this calculation it is 

assumed that layer thickness increases uniformly with time. The experimental parameters and 

results are summarized in Table 6-1. The deposition rates are plotted on a logarithmic scale in 

Figure 6-1. The errors bars indicated in the figure were calculated from the uncertainties in 

the sample areas (i.e. deposited areas).  
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Table 6-1: The experimental parameters and results of the CVD deposition process. 

 

Different deposition mechanisms at different temperatures can occur during CVD growth. 

These mechanisms are manifested by differences in the apparent activation energy for the 

deposition rate in the different temperature regimes using an Arrhenius plot. From 

the Arrhenius plot in Figure 6-1, apparent activation energy of 19.8 kcal/mol was 

obtained from the deposition rates at different temperatures using the Arrhenius 

law:  

       ( 
  
  
) (6.2) 

where k is the deposition rate, A is a constant, Ea is the apparent activation energy, R 

is the gas constant, and T is the deposition temperature. 

The data fits well with a straight line indicating a single deposition mechanism. This 

value is in reasonable agreement with the 15.8 kcal/mol. obtained by Kim et al. [1] in 

basically the same temperature range. They regarded their deposition mechanism to 

be controlled by surface reactions. When using slightly different set of growth 

conditions (different flow rates), a different value for activation energy of 12.0 

kcal/mol. was obtained which is still greater than 10 kcal/mol. This difference is 

expected because of the slightly different growth conditions. The fact that 12.0 

kcal/mol. is greater than 10 kcal/mol. again confirms that this deposition mechanism 

was controlled by surface reactions.The deposition mechanism has been reported to be 

Temp. 

 (°C) 

CH4 flow 

rate 

(sccm) 

H2 flow 

rate 

(sccm) 

Ar flow 

rate 

(sccm) 

ZrCl4 flow 

rate (gh
-1

) 

Molar ratio 

CH4/ZrCl4 

Deposition 

rate 

(µm/h) 

Grain 

size 

(nm) 

1250 10.80 853 562 1 6.14 4.2 19.90 

1300 15.80 853 562 1 8.83 5.3 24.59 

1350 27.11 853 562 1 15.24 6.4 28.47 

1400 38.50 853 562 1 21.75 7.2 25.77 

1450 44.30 853 562 1 24.44 9.3 26.18 



89 
 

controlled by surface reactions when the activation energy is between 10 and 50 kcal/mol. 

and by mass transport mechanism for activation energies less than 10 kcal/mol.[2]. 
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Activation energy = 19.8 kcal/mol

 

Figure 6-1: Arrhenius plot of the deposition rate of ZrC layers grown by CVD at various 

deposition temperatures. 

 

In contrast, Park et al. [3] found two different growth temperature regimes. Below 

1623 K they found an activation energy of 11.46 kcal/mol (therefore also a surface 

reaction controlled deposition mechanism) while above this temperature the apparent 

activation energy was 2.99 kcal/mol. Since the latter activation energy was below10 

kcal/mol, they ascribed the layer growth mode to be controlled by a mass transport 

reaction mechanism for temperatures above 1623 K. Although, they did not calculate 

any activation energy, Biira et al. [4] also found a kink in an Arrhenius plot of their 

growth rate. At the lower temperatures the slope (related to the activation energy) 

was higher than the slope at the higher temperatures. The results of these last two 

papers (i.e. [3] and [4]) are in contrast to those of Liu et al. [5] which reported a very 

high activation energy of 305 kJ/mol (72.9 kcal/mol) at deposition temperatures 

above 1523 K and a lower activation energy of 85 kJ/mol (20 kcal/mol) at lower 

temperatures.  
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6.1.2 XRD results 

6.1.2.1 Phase and composition 

Figure 6-2 shows the XRD pattern of the ZrC layers deposited at different temperatures 

ranging from 1250 °C to 1450 °C. The observed diffraction peaks, indicated by (+) in Figure 

6-2, at 2θ° positions of 32.9°, 38.2°, 55.1°, 65.7°, 69.1°, 81.8°, 91.0°, 94.1°, 106.6° and 

116.5° were indexed to the (111), (200), (220), (311), (222), (400), (331), (420), (422), and 

(511) ZrC diffraction planes, respectively. This was done using the International Center for 

Diffraction Data (ICDD) file number ZrC: 03.065–8833, thus confirming the deposition of 

polycrystalline ZrC layers. Other diffraction peaks, indicated by (*) in Figure 6-2, observed at 

2θ° positions of 26.6°, 42.8°, 44.4°, and 77.5° corresponded to the (0002), (10 ̅0), (10 ̅1),and 

(10 ̅2) diffraction planes of graphite. This confirmed the presence of free carbon in the form 

of graphite co-deposited in the ZrC layers when matched with ICDD file number C: 00-008-

0415. As will be discussed later, Raman spectroscopy showed that this was disordered 

graphite. The origin of the free carbon/graphite comes from two competing reactions which 

took place during deposition as given below: 

CH4 (g) → C + 2H2 (6.3) 

ZrCl4 + C + 2H2 → ZrC + 4HCl (6.4) 

Some of this carbon was deposited as carbon and some reacted with ZrCl4 to form ZrC. 

The graphite peak at 2θ = 26.6° shifted towards smaller angles with increase in temperature. 

This can be attributed to convolution/overlapping of the two phases, that is, graphite and the 

carbon peak located at about 26.2°. 

Li et al. [6] also observed a skewed broadening of the 26.6° XRD graphite peak when ball 

milling their graphite samples. When graphite [7] and carbon nanotubes [8] were compressed 

to high pressures in a diamond anvil, there were significant changes in the XRD patterns. For 
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graphite the XRD peaks in the 2θ range of 5 to 18° (unfortunately the range covered in this 

study is not shown) became increasingly broadened with a shifting of the peaks. 

 

Figure 6-2: XRD patterns of ZrC layers deposited at different temperatures by CVD. 

These changes were accompanied by a distortion of the basal planes as half of the π-bonds 

were transformed into σ-bonds. Under pressure the carbon nanotubes transformed into 

hexagonal carbon with a symmetry space group P6_2c (no. 190). As will be shown later in 

this chapter, the free graphite pockets in this samples have sizes in the order of 11.50 nm to 

17.96 nm at 1250 °C to 1450 °C respectively. From elementary physics it is known that the 

pressure in a cavity with radius r is proportional to 1/r. Therefore, it can be concluded that the 

skewed broadening of XRD peak at about 26° is due to an increase in pressure when 

confining the graphite to small cavities inside the ZrC matrix. 



92 
 

6.1.2.2 Rietveld analysis 

The results of a Rietveld analysis on the XRD patterns at the different growth temperatures 

are shown in Table 6-2. The weighted-profile R value, Rwp, which is a measure of the 

accuracy of the fitting of the calculated profile to the experimental diffraction pattern, is 

shown in the last column [9]. The column, denoted by carbon, represents the remaining 

elements and compounds in the sample apart from graphite and ZrC. It also does not 

represent the high pressure hexagonal carbon phase mentioned in the previous paragraph. 

EDS analysis on these samples basically agreed with the XRD results in that the only two 

elements present were Zr and C except at the two lowest temperatures where oxygen was also 

detected. Therefore, based on EDS analysis the carbon column gives mostly elemental 

carbon, the high pressure hexagonal carbon phase in the samples and also an oxide phase at 

the two lowest growth temperatures due to the well-known gettering properties of ZrC 

[10,11]. Using TEM analysis, Kim et al. [1]found free carbon in their CVD-grown ZrC layer 

between temperatures of 1200 °C to 1500 °C. 

Table 6-2: Relative percentage of the crystalline phases calculated by the Rietveld method. 

Growth 

temperature 

(°C) 

Graphite  

(wt %) 

ZrC 

(wt %) 

Carbon 

(wt %) 

Rwp 

1250 13.2 ±3.2 78.6 ± 3.3 8.3 ± 1.6 10.45 

1300 12.1 ± 2.9 77.3 ± 2.9 10.6 ± 2.9 11.10 

1350 12.1 ± 2.3 76.8 ± 2.3 11.1 ± 1.5 10.43 

1400 30.3 ±3.9 54.5 ±2.8 15.2 ± 1.8 12.50 

1450 45.5 ± 2.5 34.1 ± 1.7 20.3± 1.9 19.00 

 

From Table 6-2 it can be seen that at the three lowest temperatures (i.e. up to the deposition 

temperature of 1350 °C) the carbon and graphite concentrations remained about the same. 

However, at the two highest temperatures the graphitic and elemental carbon concentrations 

increased with increasing deposition temperature. (The EDS analyses showed an increase in 
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the C/Zr ratio with increasing temperature.) As was pointed out above, the origin of this 

carbon is from the decomposition of methane into carbon and hydrogen at the high 

temperatures in the reactor vessel near the sample substrate. The solid carbon was deposited 

on the substrate where most of it reacted with the ZrCl4 to form ZrC with the rest remaining 

as graphite inclusions and elemental carbon. 

In agreement with these results, there are other experimental studies which also found an 

increase in carbon with increasing temperature by Kim et al. [1], Park et al. [3], Biira et al. 

[4], Wang et al. [12] and Fukuda et al. [13]. Transmission electron microscopy results by Sun 

et al. [14] confirmed that the graphite in the CVD grown ZrC layers is in the form of 

turbostratic carbon, i.e. highly disordered graphite. The result of the increase in graphite with 

increasing temperature does not agree with thermodynamic calculations by Biira et al. [15], 

which showed that there should be an increase in ZrC formation with increasing temperature 

with a corresponding decrease in free carbon from the decomposition of the methane. 

However, Kim et al. [16] found that the increasing co-deposition of carbon can be linked to a 

decrease in ZrCl4 supply at the deposition substrate when using a static vaporizer (as was the 

case in this study). To compensate for this effect they used an impeller-driven vaporizer. 

Biira et al. [17] also found that decreasing ZrCl4 partial pressures in the reactor vessel led to 

increasing free carbon in their deposited ZrC layers. In this study, there was ZrC deposition 

on the hot reactor walls, which increased with increasing temperature. This deposition on the 

walls resulted in a decrease in ZrCl4 supply at the deposition substrate. This then led to the 

increase in free carbon, in the form of graphite, the high pressure hexagonal carbon phase and 

elemental carbon, in the deposited ZrC films at the higher temperatures. 

The precipitation of free carbon has an additional effect on the properties of the ZrC layers. 

According to the review paper by Katoh et al. [18], the value of lattice parameter of ZrC 

usually depends on the Zr/C ratio with the lattice parameter of ZrC0.96–1.0 being about 0.4698 
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nm.  However, carbon-rich ZrC shows no significant dependence of the lattice parameter on 

the C/Zr ratio. This has been attributed to the precipitation of excess carbon when the C/Zr 

ratio exceeds 0.98. The carbon-rich ZrC layers from this study layers agree with this non-

dependence of the lattice parameter on the ZrC ratio. The lattice parameter was calculated 

from the XRD data using the Bragg equation for the major ZrC peaks at 2θ equal to 33.1, 

38.4, 55.3, 66.0 and 69.3° at each deposition temperature. Although the above Rietveld 

analysis (see Table 6-2) showed differences in the carbon concentrations, and therefore in the 

ZrC ratios, at the different deposition temperatures, there were no trends in the lattice 

parameter data to show either a temperature dependence or a ZrC peak dependence. Taking 

the average of these 5 measurements, a value for the lattice parameter of 0.46838 ± 0.00091 

nm was obtained. Although EDS showed that there were small amounts of oxygen in the 

samples manufactured at the two lowest temperatures, the lattice parameters calculated for 

these layers did not deviate from those calculated for the layers deposited at the higher 

temperatures. This is in contrast to reports which showed that oxygen and other impurities 

also reduce the lattice parameter [18]. 

6.1.3 Raman results 

Additional evidence that there were graphite inclusions in the deposited ZrC layers came 

from Raman spectroscopy analysis. Figure 6-3(a) shows the Raman spectra of the graphite 

substrate and ZrC layers deposited at different temperatures in the range of 1250 °C to 1450 

°C. The spectra show two prominent Raman peaks, the D-peak at 1350 cm
-1

 and the G-peak 

at 1582 cm
-1

. The G-peak corresponds to the basal plane vibrations of the graphitic carbon 

atoms while the D-peak corresponds to the out-of plane vibrations of displaced carbon atoms, 

i.e. the disordered carbon bonds reported by Ferrari et al. [19] 
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Due to the NaCl-type structure of stoichiometric ZrC, it has no first-order Raman peaks. 

However, it is known that defects in ZrC can break the local symmetry and thereby give rise 

to the appearance of Raman bands. These can arise either from ion bombardment of ZrC as 

shown in [20] or carbon vacancies in CVD grown Zr [16] or even oxygen interstitials [21]. 

To eliminate the dominance of the D and G-peaks, the Raman spectra were re-plotted in the 

wave number range of 200 to 1000 cm
-1 

in Figure 6-3(b). The Raman peaks due to carbon 

vacancies, viz. the acoustic branches at about 210 cm
-1

 and 280 cm
-1

 and the optical branches 

at about 540 cm
-1

 and 600 cm
-1 

were not really visible, indicating that the ZrC layers were 

mostly stoichiometric or, at least, relatively free of carbon vacancies. 

 

Figure 6-3: The Raman spectra of (a) the graphite substrate and zirconium carbide layers 

deposited at different temperatures in the range of 1250 to 1450 °C, and (b) the 

corresponding Raman spectra in the wave number range of 200 to 1000 cm
-1

. 

 

Often the two carbon peaks can be deconvoluted into sub-peaks. The results of such a 

deconvolution are shown in Figure 6-4 for the graphite substrate (a) and ZrC deposited at the 

different temperatures (b)-(f). A Lorentzian function was used for the fitting of the D, D′′, D′′′ 

and a low intensity peak at 1100 cm
-1

, and a Breit–Wigner–Fano (BWF) function for the G 

peak and D′ peak. In this procedure the peak position (i.e. the wave number) of each peak 



96 
 

was kept constant for the substrate and for each annealing temperature. The results are 

summarized in Table 6-3. The R
2
 values for the fitting were excellent and varied from 0.994 

to 0.999. 

Table 6-3: A summary of the peak parameters and the results of the deconvolution of the 

Raman peak for carbon into sub-peaks. 

 
Peak 

position 

(cm
-1

) 

Fitting 

function 
 Substrate 

Temperature (°C) 

1250 1300 1350 1400 1450 

G 1582 BWF Height 290.9 348.9 174.3 230.1 161.5 197.0 

FWHM 20.3 69.3 46.7 40.1 49.4 46.6 

D 1350 Lorentzian Height 66.2 426.7 144.3 150.3 155.3 188.3 

FWHM 35.0 83.1 51.8 45.6 50.1 46.7 

D' 1612 BWF Height 13.7 55.9 30.5 29.9 37.6 46.9 

FWHM 16.0 20.6 31.3 24.4 31.3 34.0 

D" 1490 Lorentzian Height  59.2 3.5 3.0 0.8  

FWHM  183.5 45.0 143.8 80.6  

D''' 1215 Lorentzian Height  54.5     

FWHM  140.3     

Lowint

ensity 
1100 Lorentzian Height   7.7 7.0 5.7 8.2 

FWHM   256.1 81.3 127.9 85.8 

Phonon modes in the density of states of graphitic carbon materials are the origin for the 

weak intensity band at 1100 cm
-1

 as reported by Nemanich et al. [22]. The D''' band (1215 

cm
-1

) is related to the lattice vibrations of sp
2
-sp

3
 bonds as reported by Sadezky et al. [23]. It 

has only a very weak presence in the Raman spectrum of the 1250 °C ZrC. The D′′ band 

(1490 cm
-1

) originates from the amorphous carbon as shown by Sadezky et al. [23] and as can 

be seen from Table 6-3 is only prominent for the 1250 °C ZrC layer. The D′ band (1612 cm
-

1
), which is seen as a shoulder on the G band, corresponds to a graphitic lattice mode with E2g 

symmetry [23,24] and is present in graphitic carbons with very small size of sp
2
 domains[25]. 

Dresselhaus et al. [26] identified this band in the Raman spectra of carbon intercalation 

compounds as a perturbation to the graphite lattice (i.e. E2g) mode structure. It originates as a 

graphite boundary layer adjacent to an intercalant layer. This mode fits for graphite inclusions 

in a ZrC matrix. 
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Figure 6-4: (a) The Raman spectrum of the graphite substrate and (b-f) Raman spectra of 

zirconium carbide layers deposited at different temperatures from 1250 to 1450 °C. The 

Lorentzian fitting results of D (indicated by the purple line), D′ (light green line), D′′ 

(yellow), D′′′ (green) and low intensity peak at 1100 cm
-1

 (brown-green), and a BWF fitting 

of G peak (blue) and D′ peak (light green) are also included. The experimental curve is given 

in black while the sum of all the fits is a red line. 
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A measure of the degree of graphitization of carbonaceous materials can be obtained from the 

ratio of the intensity of the D and G peaks (i.e. the ID/IG ratio). From the data in Table 6-3 the 

ID/IG ratio of the graphite substrate is 0.22 which indicates that the substrate had a high degree 

of graphitic crystalline structure. For the ZrC layer deposited at 1250 °C this ratio increases 

to 1.22 suggesting that the co–deposited carbon has a low degree of graphitic crystalline 

structure. However, as the deposition temperature increases, the degree of graphitic 

crystallinity improves, i.e. ID/IG< 1. This observation of the increase in the graphitic 

crystallinity with temperature is in agreement with other studies, e.g. [1,12]. 

The CVD growth of ZrC and graphite is a complex system, with competition between the 

ZrC grains and graphite inclusions growth. However, this result can be explained by a simple 

model. Increasing the temperature leads to an increase in the mobility of the deposited atoms, 

including the carbon atoms, on the depositing surface. This means that at higher deposition 

temperatures, the free (i.e. unreacted) carbon atoms can move to preferred carbon lattice sites 

in the carbon inclusions, thereby improving the crystallinity. 

6.1.4 Crystal sizes 

Average crystal sizes of a polycrystalline substrate can be obtained from the XRD spectra 

using Scherrer‟s equation [27]: 





cos

K
D   (6.5) 

where D is the average crystallite size, β is the full width at half maximum (FWHM) of the 

diffraction peak (the correction for the instrumental broadening was done), θ is the Bragg 

angle, K is a constant (a value of 0.94 was used), λ = 1.5406 Å is the wavelength of the 

excitation X-rays. To calculate the average sizes of the ZrC grains in the deposited layers, the 

same major ZrC diffraction peaks as for the lattice parameter were used and the average of 

them were taken for each deposition temperature. The results are shown in Figure 6-5. The 
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overall trend is an increase in crystal size with increasing temperature. It is well known that 

the average grain size of a film increases with increasing temperature as reported by 

Thompson et al. [28]. This is due to the increasing mobility of the atoms at higher 

temperature. A surface atom from one grain can diffuse to another nearby crystallite leading 

to shrinking of the donor grain and growth of the receiver grain. The surface diffusion 

depends on the surface energy of the atoms. A part from the different energies for different 

crystal surfaces, the surface energy per atom for a specific crystal plane also scales with the 

grain surface to volume ration as shown by Thompson et al. [28]. Surface atoms in small 

grains will have a higher energy compared to those in large grains leading to an enhanced 

diffusion from these smaller crystallites to the larger ones Zinke-Allmang et al. [29]. 

Therefore, these different surface energies lead to an increase in the average size of the grains 

– an Ostwald ripening process. This preferential growth of some grains forms part of a 

general class of growth of non-equilibrium systems showed by Stavans et al. [30]. 

However, as can be seen in Figure 6-5, the average crystal size reached a maximum at a 

deposition temperature of 1350 °C.  From the Rietveld analysis discussed in the previous 

section (see Table 6-2), it follows that the graphite and carbon concentrations were about the 

same for the three lowest temperatures. At the two temperatures above 1350°C, these two 

concentrations increased significantly. The “free” carbon atoms will inhibit the grain growth 

because according to the step-flow model of crystal growth, any impurity will limit the 

growth of a crystal, resulting in smaller crystallite sizes in a polycrystalline material as 

reported by Burton et al. [31]. This has been verified experimentally because it is well known 

in metallurgy that impurities or second phase particles are very effective in altering and 

eventually inhibiting grain growth [32]. 
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Figure 6-5: Average crystal size of the ZrC grains at each deposition temperature as 

determined by the Scherrer equation. 

 

There have not been many reports on ZrC crystal sizes in the literature. In previous studies, 

the reported crystal sizes varied from about 22 to 34 nm by varying different deposition 

parameters such as the gas-inlet gap [33], ZrCl4 partial pressure [17]. The ZrC crystal size 

obtained in this study agrees with these investigations. A few other studies also reported 

similar results i.e. 10–50 nm [14], and 11 nm [34]. However, when incorporating ZrC layers 

(deposited at 1500 °C in nuclear TRISO fuel particles, Kim et al. [16,35]reported that their 

ZrC size distribution was between 100 – 300 nm, which is much larger than the ones reported 

in this study. 

The average size of the graphite crystallites was also calculated in the same way. Since there 

was only one major XRD graphite peak, viz, the one at 2θ = 26.58°, only this one was used 

for substitution into the Scherrer equation (6.5). However, as was discussed in section 6.1.3, 

this graphite overlapped with a carbon 2H peak. By deconvoluting this peak into graphite and 

a carbon 2H peak, the FWHM for each of these two peaks could be determined and used to 

determine the average grain sizes of both phases, after correcting for instrumental 
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broadening. The results are shown in Figure 6-6.The average grain size of the carbon 

increased monotonically with increasing temperature - as can be expected - while those for 

the carbon 2H, initially increased with temperature and then at 1350 °C levelled to 

approximately a constant value. No crystal sizes for the carbon/graphite inclusions in ZrC 

layers have been reported in the literature. 

 

Figure 6-6: Average crystal size of the graphite (blue) and the carbon 2H (red) grains at 

each deposition temperature as determined by the Scherrer equation. 

 

Raman spectra of disordered carbon materials can also be used to extract the crystallite sizes 

La of the graphitic crystallites by using the empirical Tuinstra-Koenig relationship 

aG

D

L

C

I

I )(
  (6.6) 

where ID and IG are the D and G band intensities respectively, and C() is a constant which is 

laser dependent. Matthews et al. [36] found that this constant is given by C() = -12.6 + 

0.033 (nm) for the 514.5 nm laser excitation used in this study. Figure 6-5 shows the 

average (disordered) graphite crystallite sizes at each deposited temperature by using the 

values given in Table 6-3 for ID and IG.   
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The general trend in Figure 6-5 is an increase in the average crystallite size with temperature 

in agreement with the XRD (Scherrer) results. However, there are also significant differences 

between these two sets of data. Not only are Raman values much smaller than the XRD ones, 

but the Raman data has a maximum at a temperature of 1350 °C. This is also the transition 

temperature above which the total carbon content (including the graphite) in the layer 

dramatically increased. Zickler et al. [37] compared the predictions of the Tuinstra-Koenig 

formula with values obtained by the Scherrer formula for XRD spectra. Although their main 

conclusion was that there was a quantitative discrepancy between the two methods for La< 2 

nm, there were also differences for carbons with different microstructures. They also 

suggested perhaps the area under peak should be used instead of the peak height (intensity). 

In Figure 6-7, the crystallite sizes calculated from the area under the curves have been 

plotted. Essentially both sets of data are within a 10% error bar range.  

A very selective investigation of papers, which used the Tuinstra-Koenig formula, showed 

that in these papers the formula was only applied to predominantly carbonaceous materials. 

In this study it was used for the analysis of disordered graphitic inclusions in a predominantly 

carbide matrix. Following a suggestion by Zickler et al. [37], this discrepancy can be used to 

propose an alternative value for C() for turbostratic carbon in a ZrC matrix, However, a 

more extended range of film composition should be done in order to confirm this value, 

possibly also an extension to other carbide films.  
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Figure 6-7: Average graphite crystal sizes as calculated from the Raman spectra using the 

Tuinstra-Koenig formula. The data using the peak heights (intensities) are shown in blue 

while the red shows the sizes calculated using the area under the peaks. 

 

6.1.5 Preferred crystal orientations 

The preferred orientations of the grains in a polycrystalline material influence the properties 

of crystalline materials. Therefore, the preferred orientation of the planes of the ZrC grains in 

the deposited ZrC layers was determined from the texture coefficient of the planes given by 

equation (5.6). If a value of the texture coefficient is less than one or equal to one, this means 

that the crystallites are randomly oriented, while a value of texture coefficient greater than 

one means that the preferred orientation of crystallites are in a given direction [38]. 
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Figure 6-8: Variation of the texture coefficient for the ZrC grains prepared by CVD 

technique with deposition temperature. 

Figure 6-8 shows the variation of the texture coefficient of the planes of the as-deposited 

samples at different deposition temperatures between 1250 °C to 1450°C. It is clear from 

Figure 6-8 that the curves for the (111) and (200) planes were within experimental error equal 

to each other. The texture coefficients of these two planes decreased with increasing 

temperature. At the lower deposition temperatures, i.e. 1250 °C to 1400°C, the texture 

coefficients of all three planes were greater than one for all the films, implying preferred 

orientation. For the 1450 °C deposition, the texture coefficients of the (111) and (200) planes 

decreased to values below 1, indicating no preferred orientation for these two planes.  At this 

temperature, the texture coefficient of the (220) plane was just above 1, viz. 1.2.  

There have been a few reports of measurements of preferred ZrC CVD crystal growth. In 

other reported studies using different growth conditions [33], the (111) preferred orientations 

were observed in the layers grown at 1200°C and 1400 °C. In contrast to these results in this 

study, Sun et al. [14] found no preferred orientation in their layers grown at a fixed 

temperature of 1350 °C. For their layers grown also at a fixed temperature, i.e. 1500 °C, Kim 

et al. [16] found a (001) preferred orientation. In a temperature range very similar to this 

study, viz. 1250 °C to 1400 °C, Park et al. [3]reported that the preferred orientation of their 
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ZrC films changed from (111) to (220) to (200) as the growth temperature increased. When 

lowering the concentration of the reactive species by adding hydrogen to the Ar carrier gas, 

the (111) oriented layer changed to a higher surface energy plane, i.e. (200). Lowering the 

concentration further changed the preferred orientation from (200) to (220) [3]. Kim et al. 

[1]found that for the low growth temperature of 1200 °C, the lowest energy plane, viz. (111) 

was the preferred plane to grow. This changed to the higher energy (200) plane when the 

deposition temperature was 1400 °C. 

 

Figure 6-9: Wulff’s construction for the equilibrium form of a free crystal. The bottom plane 

illustrates how faceting on high index planes occurs according to Wulff’s construction. 

 

To understand and explain the preferred orientation results one must consider the surface 

energies of the different planes in terms of Wulff‟s law [39] for equilibrium crystal growth. 

Wulff‟s law and Wulff‟s construction (see Figure 6-9) is based on thermodynamic arguments 

to explain the shape of crystals under equilibrium growth conditions. Basically it uses the 

surface energies of the crystal planes and minimization of the Gibbs free energy of the 

system. The construction is shown in Figure 6-9, 

...
3

3

3

2

1

1 
hhh


 (6.8) 

where γi is the surface energy of a particular surface crystal orientation and the different h1, h2 

are the lengths of the perpendiculars to these surfaces from a common origin, the so-called 
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Wulff point W. From the equation (6-8), it follows that a crystal surface with a higher surface 

energy (i.e. more energy is needed to eject the molecule into the vacuum) will grow 

proportionally faster than another surface with a lower surface energy. This increases the 

surface area with a lower surface energy, consequently minimizing the total energy of the 

crystal. In figure 6-9, h1 = h3>h2 = h4, therefore γ1 = γ3> γ2 = γ4. 

For stoichiometric ZrC with a NaCl-type structure γ(220) = 0.85 J/m
2
>γ(200) = 0.69 J/m

2
>γ(111) = 

0.52 J/m
2
. Thus one would expect that under pure equilibrium growth the ZrC layer would 

have a preferred (111) orientation. This would typically occur under conditions when the 

temperature is high enough for the depositing atoms/molecules to have enough mobility and 

when the growth rate is small enough to prevent competition amongst the atoms/molecules 

for the available surface lattice positions in line with the step-flow model of crystal growth 

[31].  

 At the lowest deposition temperature of this study, the ZrC layers also had this preferred 

orientation together with the (200) orientation. Deviations from this lowest energy (111) 

orientation can occur due to either a high deposition rate or the influence of impurities 

preventing pure equilibrium growth. Since the films contained carbon inclusions, the carbon 

impurities on the ZrC grain surfaces was probably the main reason for the additional (200) 

orientation in the films at the lower deposition temperature where the deposition rates were 

still relatively low. As the temperature increased the deposition rates increased exponentially 

(see Figure 6-1). This resulted in increasing non-equilibrium growth with reduced crystal 

orientations. At the highest temperature (1450 
o
C) used in this study, the deposition rate was 

near the limit of allowing some measure of equilibrium crystal growth with preferred 

orientations to occur. 
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6.1.6 Surface morphology of ZrC prepared by CVD 

It is known that the development of surface morphology is directly linked to the growth 

mechanisms of the deposited layer which is strongly temperature dependent [40]. During 

crystal growth, nucleation clusters are formed. These clusters grow larger in line with the 

step-flow mechanism of crystal growth [31]. As was discussed above, because specific 

crystallographic orientation have minimum surface and interface energies, clusters with such 

orientations will grow preferentially leading to certain preferred crystal orientations following 

Wulff‟s law [39]. These surface planes can protrude from the surface leading to topography 

development.  

Also discussed above were some of the driving forces of the thin film grain growth namely 

the minimization of the surface, interface and strain energies between different oriented 

grains. These lead to preferred surface diffusion controlled by minimization of the Gibbs free 

energy of the system of grains. Also mentioned was that this leads to an increase in the 

average size of the grains – an Ostwald ripening process. The parasitic growth naturally leads 

to a shrinking of the smaller crystals with an eventual disappearance of these crystals. 

Consequently, cavities develop inside the layer and also on its surface.  

It is clear that surface diffusion plays a central role in the development of surface roughening. 

A factor which can inhibit this specific mechanism is the occurrence of step edge barriers 

(e.g. the Ehrlich-Schwoebel barrier [41,42]) to surface diffusion [43]. Such barriers also lead 

to the development of surface topography. They are an important factor in surface topography 

development during ion bombardment [44]. 

Low and high magnification SEM images taken with an in-lens detector of the films grown at 

the different temperatures are shown in Figure 6-10. Because the average sizes of the ZrC and 

graphite crystals were so small (see section 6.1.5), the topographical effects of the individual 
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crystals, as discussed above, were not always visible in these images. The low magnification 

images provide better comparison between the images to ascertain the effect of temperature 

on the morphology of the layers. 

The SEM image of the layer grown at 1250 °C did not show the crystalline nature of the layer 

as well as the images of the layers deposited at higher temperatures. There are some clusters 

of crystals visible as the crystals seem to be distributed more randomly in the surface. It 

seems as if the surface is covered by some amorphous layer an amorphous carbon layer. The 

deconvolution of the Raman spectra at this temperature showed the presence of the D′′ band 

at 1490 cm
-1 

which originates from amorphous carbon.  

The layer deposited at 1300 °C showed more distinct grouping of the crystals in clusters, 

sometimes with cavities between the clusters. The latter is probably due to the parasitic 

preferential growth of crystals as discussed above. Also visible in this image are some large 

clusters on top of the layer, also having a cauliflower appearance. They are reminiscent of 

SEM images of crystal clusters formed on SiC layers during CVD growth of SiC at very high 

temperatures [45]. Based on the results and explanations of Chu et al. [45], it is proposed that 

a similar formation mechanism for the cauliflower shaped crystal clusters. At the high 

temperatures used in this study, homogeneous nucleation of ZrC molecules in the gas phase 

is possible due to the increase in intermolecular collisions and the super saturation of the 

reacting species. The gas phase formed ZrC molecules attached to the substrate via physio-

chemical bonding. Subsequent secondary reactions and nucleations occurred on the deposited 

particle resulting it to grow into the cluster.  
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Figure 6-10: SEM micrographs of ZrC layers deposited on graphite at (a) 1250 °C, (b) 1300 

°C, (c) 1350 °C, (d) 1400 °C  and (e) 1450 °C. 

 

This clustering of crystals continued for the layers deposited at 1350 °C and 1400 °C. At 

1450 °C the cauliflower appearance disappeared and more cavities due to the parasitic growth 

of some crystals and crystal planes are visible. The higher magnification images show that 

this parasitic preferential growth of crystals and planes appeared in all the layers.  

(a)  (b)  

(c) (d) 

(e) 
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6.2 Phase formation between iridium thin films deposited on zirconium carbide 

prepared by spark plasma sintering annealed at relatively low temperatures 

6.2.1 Introduction 

 In the second part of this study, zirconium carbide (ZrC) samples were prepared by spark 

plasma sintering (SPS) from ZrC powder at 1700 °C, 1900 °C and 2100 °C, at 50 MPa for 10 

minutes. Thereafter, iridium (Ir) thin films were deposited on the ZrC ceramics by electron 

beam deposition and annealed in vacuum at temperatures of 600 °C and 800 °C for 2h. 

6.2.2 X-ray diffraction analysis of ZrC prepared by SPS 

The phase composition of the bulk as-sintered ZrC samples was analyzed by X-ray 

diffraction analysis.The XRD patterns of ZrC samples sintered at 1700 °C, 1900 °C and 

2100 °C are shown in Figure 6-11. The diffraction peaks indicate the polycrystalline 

structure of the SPS synthesised ZrC. Although the three samples had similar peaks, their 

intensities were observed to vary slightly. Whereas ZrC prepared by CVD consisted mainly 

of the ZrC phase and some free carbon inclusions (discussed in section 6.1.3), in the SPS 

prepared ZrC no free carbon was observed since the starting materials were pure ZrC 

powders. Furthermore, after sintering in the temperature range of 1700 °C to 2100 °C, the 

XRD patterns of polycrystalline ZrC showed a typical NaCl structure.  

The ZrC peaks became slightly sharper at 2100 °C but the peak intensities were slightly 

lower than those obtained at 1700 °C and 1900 °C. The change in the peak intensity might be 

due to the change in the ZrC grain size.  Comparison between the SPS (Figure 6-11) and 

CVD (Figure 6-2) ZrC XRD results, it can be observed that the SPS XRD patterns have 

higher intensities and the ZrC peaks are sharper. This indicates that the pre-formed ZrC 

powders results in higher crystallinity compared to CVD prepared ZrC. The preferred 

orientation determined from the texture coefficient of the planes given by equation (6.7) of 
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the ZrC prepared by SPS at 1700 °C, 1900 °C and 2100 °C was found to be (200). The 

preferred orientation is probably due to the packing of the powder before sintering occurs. 

 

 

Figure 6-11: X-ray diffraction patterns of ZrC ceramics prepared by SPS method at 1700 °C, 

1900 °C and 2100 °C. 

6.2.3 Grain size of ZrC (SPS) 

The grain sizes of the ZrC samples were calculated using Sherrers‟s equation (equation 

(6.5)). The calculated grain size of the pure ZrC powder (manufactured by Sigma-Aldrich 

with 99.9% purity and mean particle size of 5 micron). However, the grain size was observed 

to increase from 71.88 ± 3.6 to 83.59 ± 3.9 nm after sintering from 1700 °C to 2100 °C, at 50 

MPa and 10 min, respectively. In comparison to previous studies by Sciti et al. [46,47] 

who investigated the sinterability of commercial ZrC powders with mean particle size 3.8 

µm (they did not report the grain or crystallite size), they obtained dense ZrC ceramics 

whose grain size increased to 13±1 µm after sintering at 2100 °C, pressure of 65 MPa 

and time of 3 min. This indicated that the starting materials, sintering conditions used and 
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the application of very high heating and cooling rates led to higher grain sizes at higher 

temperatures which enhanced higher densification.  

Sciti et al. measured the grain sizes of their SPS prepared ZrC samples through image 

analysis on SEM micrographs using the Image Pro Plus Software while in this study, the 

crystallite size was calculated from XRD spectra. These are fundamentally different results 

and not comparable since a particle often has more than one crystallite, but not necessarily 

and XRD analysis gives the crystallite size, not particle size.  

The overall trend is an increase in grain size with increasing temperature. It is well known 

that the average grain size of a film increases with increasing temperature as reported by 

Thompson et al. [28]. This is due to the increasing mobility of the atoms at higher 

temperature as was discussed in section 6.1.5.  

6.2.4 Relative density and Vickers hardness 

The measured Vickers hardness and relative densities of SPS prepared ZrC samples 

from this study and reported data are listed in Table 6-4. The relative density is 

the ratio of the measured density (mass of a unit volume) of ZrC to the reference density of 

ZrC (6.73 g/cm
3)

.The bulk densities of the as-sintered ZrC samples were measured by 

Archimedes‟ technique (using a Micromeritics Accupyc II 1340 fully automated 

pycnometer at University of Pretoria), this was done after removing the outer layer by 

polishing. The Vickers hardness was measured on a hardness tester (Rockwell Hardness 

testing machine at University of Pretoria) with an indentation load of 10 kg and a dwell 

time of 10 s.  

Table 6-4: Relative densities and hardness of ZrC prepared by SPS at 1700 °C, 1900 °C and 

2100 °C compared with the data from other studies. 

Materials Sintering 

conditions 

(
o
C/min/MPa) 

Mean grain 

size (µm) 

Relative 

Density 

(%) 

Vickers 

hardness 

(GPa) 

Reference 
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ZrC 1700/10/50 0.072±0.036 96.5 7.4 ± 0.83 This study 

ZrC 1900/10/50 0.079±0.039 98.9 17.0±0.07 This study 

ZrC 2100/10/50 0.083±0.041 99.5 18.4 ±0.05 This study 

ZrC 1850/10/60 Around 2 85.3 9.1± 1.40 [48] 

ZrC 1900/10/60 <10 96.1 16.3 ± 1.60 [48] 

ZrC 2100/3/65 13±1 99.0 17.9 ± 0.60 [46] 

 

The relative density of ZrC increased with the sintering temperature from 96.6 % at 

1700 °C and reached a maximum of 99.5 % at 2100 °C. The relative density of the 

ZrC ceramics from Sciti et al. [46] after sintering at 2100 °C was about 99 %. They 

used ZrC powders with mean particle size of 3.8 µm and their sample was sintered 

for only 3 min but at a higher pressure of 65 MPa. Sun et al. [48] performed reactive 

spark plasma sintering (RSPS) using zirconium oxide (ZrO2) and carbon black to 

obtain ZrC whose relative density increased with the sintering temperature and 

reached 96.1% at 1900 °C. Therefore, as seen from the results in Table 6-4 and the results 

from other studies [46,48], it can observed that higher densification of ZrC carbide is 

obtained as the sintering temperature increased. The relative density increases with 

temperature from 1700 to 2100 °C, and the grains coalesce to form denser clusters. The 

density did not reach the theoretical density of ZrC which is about 6.73 g/cm
3
, due presence 

of minute amounts of free carbon. 

Sun et al. [48] and Sciti et al. [46] obtained Vickers hardness values of 16.3 and 17.9 GPa 

from ZrC sintered at 1900 °C and 2100 °C respectively. The hardness values obtained in 

this study were 17.0 and 18.4 GPa after sintering ZrC at 1900 °C and 2100 °C 

respectively. These hardness values are slightly higher compared to those obtained by 

Sun et al. and Sciti et al. This is due to the longer sintering duration of 10 min at a lower 

pressure of 50 MPa at 2100 °C compared to 3 min and 65 MPa used by Sciti et al. [46]. It 



114 
 

can be observed that longer sintering durations can lead to lower porosity therefore high 

density and high hardness values. 

6.2.5 Scanning electron microscopy (SEM) 

The SEM images from the surface of the ZrC samples sintered to different final temperatures 

allowed the investigation of the microstructure evolution during the SPS. The surface of ZrC 

sintered at 1700 °C is given in Figure 6-12 (a) and the surface can be observed to be 

inhomogeneous and coarse. This is due to agglomeration and coalescing of the fine ZrC 

particles to form larger ones during sintering. This led to a highly porous structure at this 

sintering temperature. The presence of these pores can explain the lower relative density 

of the sample obtained (96.5 %). 

The structural changes due to sintering at different temperatures can be deduced from the 

SEM micrographs as seen in Figure 6-12 (b) of ZrC sample sintered at 1900 °C. 

Although the surface is still inhomogeneous, it is denser with a lower number of pores 

compared to the sample sintered at 1700 °C. The inhomogeneous surface consists of 

particles of different sizes. The reduced pore size and density accounts for the increase in 

relative density of this sample to 98.9% and increase in particle size after sintering at 

1900 °C. 

The surface of the sample sintered at 2100 °C has fewer and smaller pores compared to the 

sample prepared at 1900 °C with relative density of 99.5 % which had larger and more 

pores. The surface looks smoother compared to the 1900 °C and 1700 °C prepared samples 

and the grains are lying flat on a surface. The SEM micrographs of ZrC sintered at 1900 and 

2100 °C illustrate how the ZrC surface morphology changed with the relative density. These 

changes led to an increase in relative density and hardness from 96.5 and 7.4 GPa at 1700 to 

99.5 and 18.4 GPa at 2100 °C, respectively. A more consolidated surface structure appears in 
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the specimens sintered at higher temperature of 2100 °C (Figure 6-12 (c)). 

The sintering temperature determines the level of densification as well as the crystallite size 

growth. The progress of enhanced densification and crystallization phenomena with increase 

in the sintering temperature might be due to accelerated surface diffusion and grain boundary 

diffusion at the higher temperatures [49]. 

 
 

 

 

Figure 6-12: SEM micrographs of (a) ZrC ceramic sintered at 1700 °C, (b) at 1900 °C and 

(c) at 2100 °C by SPS. 

 

6.3 Ir thin film on ZrC polished  

Thin Ir films were deposited by electron beam deposition at room temperature onto ZrC 

substrates sintered at 2100 °C. The mean thickness of the Ir film was found to be about 70 

pores 

pores 

pores 
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nm. This substrate was chosen due to its inherent attractive properties such as low porosity, 

higher density and hardness. 

6.3.1 Grazing incident X-ray diffraction (GIXRD) 

The GIXRD patterns of the as-deposited Ir-ZrC sample and after annealing at 600 °C, 800 °C 

for 2 hours are shown in Figure 6-13. The XRD patterns of the as-deposited sample showed 

the presence of ZrC and Ir phases. Three Ir peaks can be observed at 2θ positions of 40.87°, 

47.68° and 84.21° indexed to (111), (200) and (311) planes respectively. This indicates that 

an Ir film was successfully deposited on the ZrC substrate surface and it had a polycrystalline 

structure. The Ir peaks are broad and have low intensities. This might be due to the nano-

particle size effect which causes broadening of diffraction peaks. 

Annealing the Ir-ZrC samples at 600 °C for 2h showed four peaks from the unreacted Ir film 

at 40.87°, 47.68°, 69.58° and 84.21° indexed to the (111), (200), (220) and (311) planes 

respectively. A new Ir diffraction peak appeared at 69.58° 2θ position and at (220) plane. 

The appearance of this new Ir peak after annealing at this temperature indicates that the 

crystallinity of Ir thin film had improved. 

The peaks at 65.65° and 88.14° 2θ positions are attributed to the Ir2Zr phase. The 

presence of these peaks indicates that a reaction between Ir and Zr responsible for the 

formation of Ir2Zr had occurred at 600 °C. This was the only reaction product formed at 

this temperature. 

After annealing at 800 °C for time 2 h, Ir peaks at 2θ positions of 40.87°, 47.68° and 

84.21° and a peak indexed to IrZr at 69.35° 2θ position were observed. This implies that a 

fraction of the Ir2Zr phase had transformed into IrZr thus resulting in a decrease in Ir2Zr peak 

intensity. The possible reactions are represented by Equations (6.9) and (6.10) below: 
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ZrC + 2Ir → Ir2Zr + C (6.9) 

Ir2Zr + ZrC →2IrZr + C (6.10) 

After annealing at 600 °C and 800 °C for 2 h there was an additional peak at 48.63° from 

single crystal diffraction. The Debye-Scherrer diffraction rings from sample annealed at 600 

°C in Figure 6-13(b) shows some bright spots which suggest the presence of relatively large 

grains in the sample (i.e. large grains in relation to the beam size of ~1 mm diameter). The 

position of the single crystal diffraction peak (48.63°) is not necessarily at the same position 

as those coming from polycrystalline diffraction patterns. If this is close to the ring as it is the 

case with this sample, see the arrow in the image in Figure 6-13(b), upon integration it might 

show an additional peaks. 
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Figure 6-13: (a) Grazing incidence X-ray diffraction patterns of as-deposited Ir-ZrC sample 

and after annealing at 600 °C and 800 °C in vacuum. (b) The corresponding Debye-Scherrer 

rings for sample annealed at 600 °C showing single crystal diffraction 2θ position of 48.63°. 

The reaction between Ir and ZrC and the enthalpies of reaction are given in Table 6-5. The 

reaction enthalpies were calculated using enthalpies of formation of ZrC and Ir-Zr system 

taken from reference [50]. From Table 6-5, it can be seen that the enthalpies of reaction (1) to 

(3) are negative, while reactions (4) to (6) are positive. 

Reaction (1) between Ir and ZrC to form Ir2Zr is thermodynamically favoured at temperature 

600 °C since it has the highest negative reaction enthalpy. This was the initial phase to form 

and only phase observed to form in this study after annealing at 600 °C. There are no 

previous studies which report the formation of Ir2Zr from the interaction between Ir and ZrC 

at low temperature. 

Reaction (3) to form IrZr which has a lower negative enthalpy of reaction (-8.6 kJ.mole
-1 at) 

occurred at 800 °C. The appearance of this phase in the Ir-ZrC reaction zone could be due to 

diffusion kinetics of the reactants limiting the effective concentration to form Ir2Zr. The IrZr 

phase has not been previously observed to form after the reaction between Ir and ZrC at high 

temperatures. 
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However, reaction (2) to form Ir3Zr whose reaction enthalpy is lower than reaction (1), has 

been reported by Criscione et al. [51] to form after annealing at 1200 °C and by Strife et al. 

[52] between 1650 °C and 2127 °C. The peak from Ir3Zr phase diffraction was not observed 

within the sensitivity of GIXRD. This implies that the Ir3Zr phase forms at temperatures 

higher than 800 °C after a reaction between IrZr and Ir. Reactions (4), (5) and (6) have 

positive enthalpies of reaction, so they are not expected to proceed at low or high 

temperatures.  

Table 6-5: Possible reactions between Ir and ZrC and the calculated reaction enthalpies. 

Reaction    
  

(kJmole
-1

∙at) 

1. ZrC + 2Ir → Ir2Zr + C -24.3 

2. ZrC + 3Ir → Ir3Zr + 2C -22.7 

3. ZrC + Ir → IrZr + C -8.6 

4. 3ZrC + Ir → IrZr3 + 3C 48.4 

5. 2ZrC + Ir → IrZr2 + 2C 27.8 

6. 5ZrC + 3Ir → Ir3Zr5 + 5C 17.6 

 

6.3.2 Scanning electron microscopy (SEM) 

The changes in the surface morphology of the as-deposited and annealed samples were 

monitored by SEM analysis. The SEM micrographs of Ir-ZrC sample surface after annealing 

from 600 °C to 800 °C for 2h in vacuum are shown in Figure 6-14. The surface of the as-

deposited sample was included for comparison. Figure 6-14(a) depicts the surface of Ir film 

deposited onto ZrC sintered at 2100 °C. The surface of the Ir film shows some distributed 

interconnected pores. These pores are influenced by the ZrC substrate surface nature which 

was discussed previously in section 6.2.5. The surface has an agglomerated granule structure 

which might be due to the underlying ZrC.  
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The SEM micrographs of the Ir-ZrC samples annealed at 600 °C and 800 °C (see Figure 6-

14(b) and (c)), show that some form of surface rearrangement which led to a reduction in the 

number of pores and less rough surface. The micrographs also show regions of necking 

between adjacent grains. This smoothening of the surface might be due to surface diffusion of 

Ir or the formation of the different phases (Ir2Zr and IrZr) forming at temperature  600 °C and 

800 °C, as shown in the XRD results discussed in the previous section, where Ir reacted with 

ZrC to form respectively. The reactions to form Ir2Zr and IrZr seem to promote 

agglomeration of the surface particles. 

 

Figure 6-14: SEM micrographs of (a) Ir on ZrC as- deposited; vacuum annealed samples for 

2h at (b) 600 °C, and (c) 800 °C. 
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Chapter 7. Conclusions and Future work 
 

7.1 Conclusions 

Two methods were used in this study to synthesise ZrC, chemical vapour deposition (CVD) 

and spark plasma sintering (SPS). Firstly this study focused on a deposition process for the 

preparation ZrC layers from ZrCl4-Ar-CH4-H2 precursors, using induction thermal CVD at 

atmospheric pressure. A vertical wall thermal CVD reactor was successfully built and used 

for the deposition of ZrC layers. This CVD reactor has the capability of depositing a variety 

of layers for various research and industrial applications. The process parameters and the 

CVD reactor geometry were designed to control the growth and quality of ZrC layers. ZrCl4-

CH4-H2-Ar mixtures were used for the deposition of ZrC layers. ZrCl4vapour flow control 

was achieved by careful designing of the CVD vaporiser system and controlling the argon 

carrier gas flow and 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 successfully 

deposited on graphite substrates at temperatures ranging from 1250 °C to 1450 °C in steps of 

50 °C. 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 deposited layers were characterised by X-ray diffraction (XRD), (EDS), Raman 

Spectroscopy and Scanning Electron Microscopy (SEM).The deposition rate exponentially 

increased with temperature and its activation energy showed that the deposition mechanism 

was controlled by surface reactions. The XRD spectra together with a Rietveld analysis 

showed that the layers consisted of the ZrC with graphite and carbon in the layers.The 26.6° 

graphite peak overlapped with another graphite peak at about 26.2°.The latter indicates that 

the graphite inclusions were under high stress. Since ZrC is not Raman active, the Raman 
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spectra showed only D and G peaks of the excess carbon in the deposited layers. The 

presence of these two peaks shows that the graphite was highly disordered. 

From the XRD spectra it was found that the ZrC lattice parameter remained constant at 

0.46838 ± 0.00091 nm for all deposition temperatures. However, the average size of ZrC 

crystallites (and the graphite crystallites) depended on the deposition temperature and varied 

between 19.19 nm to 26.18 nm. A comparison of the graphite crystallite sizes determined by 

XRD and Raman showed that the constant in Tuinstra-Koenig formula must change from its 

normally accepted value to get agreement between the two sets of average size data.  

The texture coefficients of the (111), (200) and (220) planes were determined for all 

deposition temperatures. These coefficients indicated preferred orientation for all three planes 

at the lower temperatures, i.e. from 1250 °C to 1400°C. At 1450 °C only the (220) plane 

grew preferentially. The results were explained in terms of standard crystal growth theory 

where minimization of the Gibbs free energy is the driving force. This is confirmed by SEM 

investigations of the layer surfaces at the different deposition temperatures. The morphology 

of the as-deposited layers was influenced by the deposition temperature. Clustering of the 

crystals occurred resulting in a cauliflower appearance on the surface. 

Secondly ZrC was synthesised by SPS at various temperatures. The phase and microstructure 

evolution after the ZrC sintering process at 1700 
o
C, 1900 

o
C and 2100 °C was investigated. 

The relative density of ZrC prepared by SPS was seen to increase as sintering temperature 

increased. The grain size of ZrC substrates was calculated and it was found to increase as the 

sintering temperature increased. The increasing in grain size led to increase in hardness as the 

sintering temperature increased. The preferred orientation of the ZrC sintered at 1700 °C to 

2100 °C was found to be the (200) plane. The surface of the as-sintered samples was 

observed to vary with sintering temperatures. The ZrC surface was generally uneven, 
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heterogeneous and had agglomerated granules with the number of pores decreasing 

with temperature. 

Lastly, the interactions between Ir thin films and ZrC was also performed to investigate 

viability of Ir protective layers on ZrC for nuclear industry applications. The solid-state 

interactions, phase formation, and surface morphology were investigated. The GIXRD 

pattern of the as-deposited sample showed broad Ir peaks indicating that the deposited Ir film 

was polycrystalline. Interaction between Ir and ZrC was observed after annealing at 600 °C 

and 800 °C with the formation of two reaction phases, that is, Ir2Zr and IrZr respectively. 

SEM images showed that the Ir film was composed of small agglomerated clusters, 

deposited on ZrC. After annealing at 600 
o
C and 800 

o
C, the crystallites coalesced to 

form larger crystals. 

7.2 Future work 

In future to optimize and improve the processing of chemical vapour deposition (CVD) to 

obtain high quality ZrC layers, the following studies are recommended below: 

 Computer simulations of the relevant physical phenomena that is difficult to measure.  

 Achieving of the temperature distribution inside the CVD reactor and how it can be 

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. 

 To improve the synthesis of ZrC by spark plasma sintering (SPS) the time must be 

increased 20 minutes and the pressure must be reduced to 40 MPa. 

 A comparison of ZrC layer characteristics after synthesis by spark plasma sintering 

(SPS), hot-pressing (HP) and CVD. 
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 Annealing Ir-ZrC samples at high temperatures ranging between 1000 
o
C to 1300 

o
C investigate the interaction between Ir thin film and ZrC. 

 Annealing ZrC samples and Ir-ZrC in air at low temperatures such as 500 
o
C to 

investigate oxidation and formation of ZrO2. 
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The results of this investigation were presented in both international and national conferences 

and a number of peer review articles were published. This chapter lists all article and 

conference contributions from this investigation. 
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