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A. Background 

In recent years the interest has been growing regarding environmental concerns, due to the 

decrease in fossil fuels and global warming. What is more, the world’s population is expected to expand 

from about 6 billion people to 10 billion people by the year 2050. The demand for energy will grow as 

well [1]. That is why we must increase the use of clean, safe and cost-effective energy supplies. Within 

this framework, nuclear and solar energy among others will be prominent.  

Many of the world’s nations believe that a greater use of nuclear energy will be required if energy 

security is to be achieved. Nuclear energy has many advantages such as producing massively a carbon-

free energy. But it suffers a bad reputation in public’s mind, uranium resources are limited and nuclear 

waste is still a partially unsolved problem. Therefore, in order to play an essential role in the future, the 

future nuclear energy systems, known as Generation IV, will need to provide manageable nuclear waste, 

effective fuel utilization, and increased environmental benefits, competitive economics, recognized 

safety performance, and secure nuclear energy systems and nuclear materials [1]. The evolution of 

nuclear power and a roadmap for the future is depicted in Figure 1. 

 
Figure 1: Evolution of worldwide nuclear power through years and future generations [2]. 

Fast neutron reactors with a closed fuel cycle can make an efficient use of uranium resource 

(more than 80% instead of 1% by Gen II and III reactors) and minimize long-lived radioactive waste, thus 

making nuclear energy more sustainable. These high-temperature reactors may drive more efficient 

processes to generate other energy products than electricity such as hydrogen, synthetic hydrocarbon 

fuels from coal or biomass, or process heat for industry. Such reactors would use recycled nuclear 

materials recovered from retrieved generation II and III reactor spent fuel. [3]  
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Key technologies for such reactors encompass high temperature structural materials, fast neutron 

resistant fuels and core materials, as depicted in Figure 2: 

 The in-core materials need to exhibit dimensional stability under irradiation, whether under 

stress (irradiation creep or relaxation) or without stress (swelling, growth). 

 The mechanical properties of all structural materials (tensile strength, ductility, creep resistance, 

fracture toughness, resilience) have to remain acceptable after ageing. 

 The materials have to retain their properties in corrosive environments (reactor coolant or 

process fluid) at high temperature. 

These requirements have to be met under normal operating conditions as well as in incidental 

and accidental conditions. The lifetime expectancy is 60 years. [3] 

 
Figure 2: Domains of temperature and irradiation damage (dpa, the displacement per atom, is the number of times that 

an atom is displaced from its site for a given fluence) for present and future nuclear reactors. [3] 

One candidate among others of the Generation IV systems (see Figure 2) is the Gas-Cooled Fast 

Reactor (GFR). This system features a fast-neutron-spectrum helium-cooled reactor and closed fuel cycle 

for efficient conversion of fertile uranium and management of actinides. It could be ready for 

experimental technology demonstrators around 2020, prior to considering prototypes around 2030-35 

and industrial deployment after 2050 [3]. Materials used for heat exchangers, thermal insulation as well 

as core components (control rod sheath, see Figure 3) and fuel constituents will have to resist 

temperatures of 1400K, up to 1900K in accidental conditions [4], under irradiation and impure helium 

[3] (in accidental conditions, the possibility that some oxygen infiltrates the primary cooling system has 

to be considered).  
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Figure 3: A possible application for ultra-high temperature ceramics: control rods over the Advanced Test Reactor at 

Idaho National Laboratory. 

The “conventional” high temperature materials are not adapted to such harsh environments. 

Carbon-carbon composites have very high temperature structural capabilities but are not oxidation-

resistant. Coatings have been developed but there is still a problem of thermal expansion coefficient 

mismatch between the coating and the composite. SiC/SiC composites are also considered but they 

could stand accidental temperatures of 1500°C only for a short time. What is more, low-Z materials are 

not suitable due to their high neutron slowing-down efficiency. Other compounds are more appropriate; 

in particular, transition metal carbides like ZrC, HfC and TiC. These materials are highly refractory, have 

good thermal conductivity, low neutron absorption and small absorption cross sections, weak damage 

sensitivity under irradiation. Unfortunately, they are characterized by brittle mechanical behavior [5].  

These ultra-high temperature ceramics may also be used in volumetric solar receivers. Solar 

thermal concentrating technology is still far away from economic competitiveness [6], but is a promising 

and clean energy resource. The central element of the most common tower technology is the open 

volumetric receiver, consisting of a porous material heated by concentrated solar radiation, as depicted 

in Figure 4. Ambient air flowing through the porous material is heated to high temperatures and is used 

to feed a conventional steam turbine process [6]. 
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Figure 4: Different parts of the SolAir power plant. (a) SiC volumetric receiver units. (b) The assembled receiver on top of 

the solar tower. (c) The receiver in operation. [7] 

The maximum process temperatures of a solar power plant are usually less than 700°C because of 

the rapid material oxidation. But the efficiency of solar thermal power plants increases rapidly with 

increasing working temperatures, so that the problem has to be solved by the improvement of the 

material’s behavior, especially of the receiver [8]. ZrC and HfC have properties matching the 

requirements of these solar receivers, and could be used for power plants working at higher 

temperatures that the existing ones.  

In both cases, Generation IV nuclear reactors and volumetric solar receivers, the oxidation rate of 

these ultra-high temperature ceramics has to be well known. At the present day, that is not the case, 

especially for high temperatures. Oxidation has to be investigated, on the one hand in environments 

representing both normal and accidental conditions for GFR (temperature ranging from 1100 to 1600°C, 

with various oxygen contents in helium atmosphere) and on the other hand in environments 

representative of a high temperature solar receiver (temperature ranging from 700°C up to the 

material’s limit, under flowing ambient air). What is more, studies on the behavior of such materials 

under irradiation have to be reviewed, and if necessary carried out. 
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B. Literature review 

This chapter presents a non-exhaustive review of the literature in order to have an overview of 

the current knowledge concerning zirconium carbide and hafnium carbide. Firstly, a general description 

of these carbides, and more generally of the carbides of group IV, is given in Section B.1. Different 

methods used to synthesize and process these carbides are described in Section B.2. This is followed by 

some thermo-mechanical properties of the carbides in Section B.2.4 in order to have some orders of 

magnitude in mind. Section B.3 deals more specifically with the topic of this report, namely the 

oxidation of ZrC and HfC. Finally some studies related to their behavior under irradiation are reported in 

Section B.4, since these carbides are likely to be used in nuclear reactors. 

B.1. General properties of carbides of group IV 

B.1.1. Crystallography 

Interstitial carbides are crystalline compounds of a host metal and carbon. The host metal atoms 

are generally arranged in a close-packed structure and the carbon occupies specific interstitial sites in 

that structure. The metals of the nine early-transition elements fit the criteria for size and site 

availability and form interstitial carbides. These nine metals are: 

 Group IV: Titanium, Zirconium, Hafnium 

 Group V: Vanadium, Niobium, Tantalum 

 Group VI: Chromium, Molybdenum, Tungsten  [9]. 

Carbides of group IV consist in a cubic close packed structure formed by the metal in which 

carbon atoms fill the octahedral interstices. In this way the crystal structure is that of rock salt NaCl. This 

crystal structure is depicted in Figure 5. In these compounds the metal-to-metal bond is relatively weak 

and the metal-to-carbon bond is strong. The latter is much more covalent than ionic. That is why these 

interstitial carbides have much higher melting points and hardness than their host metals. For instance, 

zirconium melts at 1850°C whereas zirconium carbide melts at 3420°C, i.e. a ratio of 1.9. [9] 

Since there is only one octahedral site per metal atom and if all are occupied by a carbon atom, a 

stoichiometric monocarbide is formed. But in reality stoichiometry is rarely, if ever, reached. Vacancies, 

consisting in missing carbon atoms, exist within the lattice. The amount of carbon vacancies can be 

considerable, reaching 50% in some cases. Variations in composition and the presence of defects and 

vacancies may considerably alter the properties and behavior of these materials. 
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Figure 5: Cubic close packed structure (red spots) formed by metallic atoms and octahedral interstices (white O), filled 

with carbon atoms. [10] 

B.1.2. Chemical properties 

The group IV carbides are generally chemically inert. ZrC and HfC can be dissolved by cold HNO3 

and by a cold mixture of H2SO4 and H3PO4. More generally, they react readily with the halogens. They 

also form solid solutions with oxygen and nitrogen which have a wide range of composition. 

A main chemical characteristic of these carbides is their mutual solubility. This propriety allows 

the mixing of these compounds to make ternary carbides. Many ternary carbides are known and some 

of these compounds have excellent properties. For instance, the hardness of ternary-carbide systems of 

the same group (Group IV or Group V) is considerably higher than the hardness of the binary 

constituents. An example of this property is the ternary compound Ti0.6Hf0.4C, which is one of the 

hardest materials known (approximately 43.1 GPa). [9] 

The Zr-C and Hf-C phase diagrams are reported in Figure 6. An extensive homogeneity range due 

to carbon vacancies can be noticed (shadowed areas). 
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Figure 6: Phase diagrams of Carbon-Hafnium and Carbon-Zirconium. Dotted lines represent approximate boundaries. [9] 

B.1.3. Other properties 

Group IV carbides have relatively high densities. The density of ZrC ( 6.6 g/cm3) is close to that of 

steel and the density of HfC (12.7 g/cm3) close to that of lead. Of course it depends strongly on the 

processing method. They have high melting points as seen in Section B.1.1. Besides, they have a specific 

heat similar to most of metals. As for their thermal conductivities, they are quite high for ceramics. Their 

coefficients of thermal expansion are quite high, close to that of conventional glass. These ceramics 

might then crack during quenching. All the numerical values are reported in Table 1. Another interesting 

property of these ceramics is that they are rather good electrical conductors [9]. 

 
Table 1: Some values of different properties of the group IV carbides and their host metals. These values are average 

values of the literature and come from [9]. 

The summary of properties and characteristics of ZrC and HfC are reported in Appendix, Section 

I.1. 
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B.2. Processing ultra-high temperature ceramics 

The refractory carbides do not usually exist in the natural state. The synthesis is costly and 

exacting because these materials are highly refractory and chemically inert. They cannot be processed 

by conventional metallurgical techniques and cannot be sintered without sintering aids. The properties 

vary considerably due to processing differences. This section describes the main methods to synthesize 

ZrC and HfC powders, and then to process these powders in bulk.  

B.2.1. Synthesis of powders 

The main processes to synthesize ZrC and HfC powders are chemical preparation, chemical vapor 

deposition (CVD), laser pyrolysis route, mechanochemical synthesis and sol gel technique. The smaller 

and purer a powder is, the easier it will be to sinter it, meaning lower temperatures [9]. What is more, a 

high density of grain boundaries inside nanostructured ceramics is assumed to permit a fast recovery of 

irradiation defects [11]. 

Chemical preparation 

The powders are usually produced by chemical reaction between the metal oxide with carbon in 

the form of powder. ZrC powder is synthesized by reaction of ZrO2 powder with carbon at 1800-2400°C 

in hydrogen, or by carburization of a zirconium sponge. HfC powder is synthesized by reaction of HfO2 

powder with carbon at 1800-2200°C in hydrogen, by carburization of a hafnium sponge, or by 

carburization of hafnium hydride at 1600-1700°C. These processes are widely used but the control over 

the particle size and the final purity is low [9]. 

Chemical vapor deposition 

The powder is precipitated from the gas phase. This process gives a very fine powder containing 

very few impurities, and of great uniformity, thus easy to sinter. But this process is slow and costly [9]. 

Laser pyrolysis route 

Laser pyrolysis technique is based on the interaction between a laser beam and a gaseous or 

liquid precursor. The heat energy is transferred by resonance between the emission line of the laser and 

one of the absorption bands of the precursor. Precursor is then dissociated in species which collisions 

generate nanoparticles nucleation. Combemale et. al. [11] synthesized ZrC powder from ZrBu (zirconium 

butoxide, Zr(OC4H9)4 ) together with ethanol, butanol and ethylene. ZrBu absorbs the laser irradiation; a 

collisional energy transfer takes place between ethylene and ZrBu molecules, which induces 

decomposition of the precursor. Zr/O/C nanopowders are obtained. The structure obtained is 

amorphous free C surrounding ZrO2 in a core-shell structure. Heat treatments are performed to achieve 

the reaction: ZrO2 + 3C → ZrC + 2CO. For an annealing temperature of 1600°C, they obtained a 

ZrC0.90O0.05 powder free of ZrO2, with a mean crystallite size of 35  1.5 nm (see Figure 7). 

This technique allows an accurate control of the chemical composition, as well as the monitoring 

of the final grain size with narrowsize distribution. The purity of the products is only limited by the purity 

of the precursors, and the achievable production rates can reach few kg/h for some materials. The used 

precursors are cheap. 
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Figure 7: SEM picture of the 1600°C annealed powder [11]. Notice the homogeneous size distribution and the small diameters of 

the particles 

Mechanochemical synthesis 

Mechanochemical synthesis, or mechanical alloying, is a technique that generally involves the 

ball-milling of elemental powder mixtures. Powder particles are fragmented and cold-welded which 

results in the intimate mixing of reactant particles on the nano-scale. As ZrC and HfC have a relatively 

large heat of formation, the reaction is self-sustaining once initiated. 

The advantages are the reduction in the crystallite size, accumulation of defects in powder 

particles, which introduce additional energy to the reactant system and thus effectively lower the 

activation barrier for reactions. Two different syntheses exist: mechanically induced self-propagating 

reactions (MSRs) or self-propagating high-temperature synthesis (SHS). Tsuchida et. al. [12] and Yen [13] 

synthesized ZrC powders by SHS and MSRs respectively. The firsts ball-milled Zr-C powder mixtures 

having a 50-60 at.% C content in air, letting the exothermic reaction occur to form almost stoichiometric 

ZrC though having traces of nitrogen and oxygen. The latter mixed Zr and C in equal quantity and 

obtained ZrC but did not characterize the purity of the powder. No information about size of the 

powders is reported in both papers. 

Sol-gel route 

This technique consists in a carbothermal reduction of a precursor prepared by sol-gel process. 

The main advantage of using a gel instead of a physical mixture of solid compounds is the high intimacy 

at a molecular or colloidal scale. The shorter diffusion distance helps to decrease the heat treatment 

(dwell temperature and duration) resulting in smaller particles sizes. 
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Dollé et. al. [5] synthesized nanosized ZrC from a gel made of saccharose, acetic acid and 

zirconium n-propoxide. This gel was dried to powder, grinded and annealed to let the carbothermal 

reduction occur. For a heat treatment of 3 h at 1400°C they obtained a mean crystallite size of 93 nm 

and a composition of ZrC0.87O0.08 (see Figure 8). They reported that the C/Zr ratio must not be too high 

because if free C forms at the grain boundaries, poor powder densification occurs and results in low 

mechanical properties of the sintered product. 

 
Figure 8: SEM picture of the 1400°C annealed powder [5]. Notice the homogeneous shape and size distribution of the particles. 

B.2.2. High temperature sintering 

Before sintering a powder, it has to be pressed in order to get the required shape. The most 

common techniques of powder pressing are the following [9]: 

 Isostatic pressing to 150-300 MPa (ex: carbide tools) 

 Slip casting (mostly for thin-wall hollow parts) 

 Tape casting (mostly for flat thin plates) 

 Extrusion (for constant cross-section shapes) 

 Injection molding (for complicated shapes such as turbine rotor blades). 

Sintering is a diffusion process occurring when particles are in contact at a temperature high 

enough to allow diffusion of matter and bonding. It results in shrinkage, densification and grain growth. 

To optimize properties, the following conditions are required [9]: 

 Small particle size 

 Equiaxed particle shape 

 Narrow size distribution 

 Weak agglomeration 

 High purity. 
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Different techniques exist to lower the sintering temperature [9]: 

 Liquid-phase sintering: a liquid able to wet the solid is heated at sintering temperature. The 

solid must have substantial solubility in the liquid. 

 Reaction sintering: consolidation occurs by a chemical reaction between the constituents. A 

sintering additive is often required to promote the reaction.  

 Pressure sintering: densification of carbides can be achieved by external pressure with 

techniques such as uniaxial hot pressing, hot-isostatic pressing (the material is encapsulated 

in a vacuum-tight envelope because of its initial porosity) and gas-pressure sintering. 

Here are reported conditions of sintering for ZrC and HfC from different papers: 

 ZrC pellets obtained from hot pressing (1800°C, 50 MPa, 1 h in a graphite die) of powder 

(average diameter of 20 μm). Final density around 85% [14]. 

 ZrC0.95 pellets obtained from hot pressing (2000°C, 50 MPa, 1 h in a graphite die) of powder 

(average diameter of 20 μm). Final relative density around 90% [15]. 

 HfC obtained from hot pressing at 2500°C and 31.7 MPa for 0.67 h. The initial powder had a 

average diameter of 44 μm, and HfH2 wad added as sintering aid [16]. 

 HfC obtained from hot-pressing at 1900°C for 10 min conducted in low pressure (100 Pa) 

using an induction heated graphite die with a constant uniaxial pressure of 30 MPa. The initial 

powder had a diameter range of 0.2-1.5 μm. 15 vol% of MoSi2 was added as sintering aid 

because HfC is difficult to densify because of high covalent bonds and low self-diffusion 

coefficients. The final relative density is 99.9% [17]. 

B.2.3. Spark plasma sintering 

This technique is a special sintering technique in which a pulsed DC current is employed to 

activate and improve sintering kinetics. It results in higher densities, refined microstructures, clean grain 

boundaries and elimination of surface impurities. All this leads to an overall improvement in the 

material’s performance. This technique is particularly attractive for poorly sinterable materials such as 

HfC and ZrC because their melting point is particularly high.  

Sciti et. al. [18] successfully used spark plasma sintering to prepare ZrC pellets with 1, 3 and 9 

vol% of MoSi2 as sintering aid. The ZrC powder had a mean particle size of 3.8 μm. A uniaxial pressure of 

100 MPa (65 MPa for monolithic ZrC) was applied, the holding time was 3 min and the vacuum level 

ranged from 5 to 10 Pa.  Relative densities and mean grain sizes of the obtained compounds are 

reported in Figure 9. It can be noticed that adding MoSi2 lowers considerably the sintering temperature 

required to obtain dense materials. What is more, increasing the MoSi2 content does not only densify 

the material and lower the sintering temperature, it helps reducing the mean grain size of the sintered 

material up to a factor of 4. A smaller grain size gives the materials better mechanical properties. 



 Page   – 16 – 

 
Figure 9: Relative density (a) and mean grain size (b) vs. sintering temperature. [18] 

N.B: the temperature here is the temperature of the external wall of the die. For SPS the actual temperature inside the specimen 
is significantly higher. 

ZrC samples synthesized with 20 vol% MoSi2 by Sciti et. al. using spark plasma sintering will be 

studied as regard as their oxidation behavior at very high temperature. 

B.2.4. Thermo-mechanical properties of ZrC and HfC 

Concerning mechanical properties, there are large spreads in the reported values because the 

following factors influence mechanical testing: 

 Kind of compound (single crystal, sintered material...) 

 Stoichiometry 

 Relative density (presence of voids) 

 Size of the specimen 

 Impurities, particularly oxygen and nitrogen 

 Grain size and morphology 

 Grain orientation 

 Structural defects (vacancies, dislocations) 

 Presence of different phases. 

The reported values are average values of the literature. 

B.2.5. Emissivity 

The emissivity of a material is the ratio of energy radiated by the material to energy radiated by a 

black body at the same temperature; it represents the ability of the material to radiate absorbed energy. 

It depends on the temperature, the wavelength and direction at which it is measured, and the 

atmosphere in which it is measured. 

Three kinds of emissivities can be measured: 

 The hemispherical total emissivity: emissivity is integrated over all wavelengths and over the 

entire hemisphere above the material. 
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 The normal total emissivity: emissivity is measured in a direction normal to the surface of the 

material, and integrated over all wavelenghts. 

 The normal spectral emissivity: emissivity is measured in a direction normal to the surface of 

the materials and for a particular wavelength. 

Several measurements of the normal spectral emissivity of ZrC for a wavelength of 0.65 μm [19] 

gives results between 0.6 and 0.9 at 900°C and between 0.5 and 0.65 at 3000°C. The emissivity has a 

tendency to decrease linearly with increasing temperature. It also decreases with increasing the 

wavelength: the emissivity is 0.7 at 1800°C at 0.5 μm and decreases linearly to 0.25 at 3 μm. The higher 

the temperature, the lower the emissivity decreases with increasing the wavelength. 

Two measurements of the normal spectral emissivity of HfC for a wavelength of 0.65 μm [19] 

gives a constant result of 0.75 between 800 and 1500°C, and then a linear decrease to 0.5 at 2500°C. 

When ZrC is oxidized, it forms a layer of ZrO2 which can modify its emissivity. The normal spectral 

emissivity of ZrO2 for a wavelength of 0.65 μm [19] is about 0.4 at 900°C and increases linearly to 0.53 at 

1500°C. For a wavelength of 5 μm the normal spectral emissivity is around 0.5 at 1600K. 

When HfC is oxidized, it forms a layer of HfO2 which can modify its emissivity. The normal total 

emissivity of HfO2 [19] stands between 0.8 and 0.9 at 0.65 μm and stays constant with increasing 

temperature. 

Adding a non-negligible content of sintering aids such as MoSi2 can also modify the emissivity of 

the material. For instance, several measurements of the normal spectral emissivity of MoSi2 for a 

wavelength of 0.65 μm [19] gives results between 0.75 and 0.9 at 900°C and about 0.75 at 2000°C. 

As a pyrometer measuring at a wavelength of 5 μm will be used in our study, it is interesting to 

know the emissivity at this particular wavelength. Unfortunately only values for ZrC can be found but 

have to be taken with caution because only one set of measurements is available. Its normal spectral 

emissivity is 0.2 at 2100K and 0.4 at 2670K [19]. 

B.2.6. Brittle - ductile transition 

The brittle - ductile transition is the ability to deform plastically above a given temperature. This 

temperature depends on several factors such as grain size, composition, and impurity content. It is 

usually at about 800°C [9]. 

Opeka et. al. [16] investigated mechanical properties of HfC0.67, HfC0.98 and HfB2 as a function of 

temperature. The difference for HfB2 between a brittle behavior (at 1090°C, below the transition 

temperature) and a ductile behavior (at 1230°C, above the transition temperature) is reported in Figure 

10. Figure 11 represents the Young’s modulus vs. temperature for these compounds. The initial modulus 

means the elastic modulus while the secondary modulus means the plastic modulus. Thus once there is 

a secondary modulus, there is a plastic deformation. Therefore the brittle - ductile transition can be 

observed on this figure. For HfC0.98 this transition appears at 2200°C, for HfC0.67 at 1100°C and for HfB2 at 
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1200°C. The difference in behavior between the two hafnium carbides can be attributed both to the 

significant differences in microstructure and composition (vacancy concentration). 

 
Figure 10: Flexural stress versus deflection of HfB2 at 1090 and 1230°C. Notice the plastic deformation at 1230°C. 

 
Figure 11: Young’s modulus (from flexural testing) vs. Temperature for HfC0.67, HfC0.98 and HfB2. 
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B.2.7. Mechanical properties 

If not specified, all given properties are at 20°C. 

Young’s modulus 

Young’s moduli of 350-440 and 350-510 GPa are reported for sintered ZrC and HfC respectively 

[9]. Sciti et. al. [18] reported values between 420 and 470 GPa for a spark plasma sintered ZrC with 1 to 

9 vol% MoSi2, the highest value being for the higher MoSi2 content, related to the refinement of the 

structure. In another paper, Sciti et. al. [17] reported a value of 450 GPa for a sintered HfC containing 5 

vol% MoSi2. 

Hardness 

These carbides are very hard compared to metals and even other ceramics because of the strong 

metal-carbon bond. Hardness depends on processing but also on metal to carbon ratio and 

temperature. Vicker’s hardnesses of 26 GPa are reported for both sintered ZrC and HfC [9]. As said 

before, these values strongly depend on numerous factors. The dependency towards two of these 

factors, the metal to carbon ratio and the temperature, are represented for different carbides in Figure 

12. 

 
Figure 12: Hardness vs. Metal to carbon ratio (a) and vs. Temperature (b) for different carbides. Notice the strong dependency 

towards both these factors. [9] 

In the same papers and for the same materials that in the previous section, Sciti et. al. [17,18] 

reported Vicker’s hardness values of 20 GPa for both ZrC with higher MoSi2 content and HfC. 
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Fracture toughness 

In the same papers as previously, Sciti et. al. [17,18] reported fracture toughness values of 3.3 and 

3.8 MPa.m1/2 for ZrC with higher MoSi2 content and HfC respectively. 

Strength 

In the same papers as previously, Sciti et. al. [17,18] reported a four-point flexural stength of 420 

MPa for HfC and a three-point flexural stength of 591 MPa for ZrC with higher MoSi2 content. 

Failure 

These materials are brittle below the transition temperature because of the strong bonds which 

prevent plastic deformation. The cracking starts from defects in the material (voids or chemical 

impurities). In that way the actual strength of ceramics is only a small fraction of theoretical strength. 

That is why the strength depends on the size of the specimen: for a bigger specimen, it is more likely to 

encounter a defect which will initiate the failure than for a small one. 

B.3. Oxidation of ZrC and HfC 

B.3.1. General observations 

Numerous studies have been carried out on the oxidation of zirconium carbide and hafnium 

carbide, for temperatures ranging from 400 to 1500°C and for oxygen partial pressures ranging from 0 to 

80 kPa [16,17,20-36]. The studies focus on sintered compounds, powders or single crystals. It is 

noteworthy that the oxidation behavior may vary depending on the kind of substrate. For instance, an 

oxidation mechanism initiated by grain boundaries will not occur the same way if it is a single crystal or a 

sintered product. The reported facts focus mainly on polycrystalline compounds (powders and sintered 

products) but some data are drawn from single crystal studies if the result is considered relevant. As it 

will be explained later, the oxidation behavior of ZrC and HfC is very similar. 

A first general observation reported in various papers is that the color of the oxidized sample is 

black [24,25]. This color is related to a slight deviation from stoichiometry, and has been observed for 

compositions ranging from ZrO1.95 to ZrO1.994 at low oxygen partial pressures [37-39]. A layer of ZrO2 is 

found on ZrC samples and a layer of HfO2 is found on HfC samples. In the case of ZrC, ZrO2 is present in 

cubic phase, even at temperatures below the value at which it is considered thermodynamically stable 

[24-26]. As a matter of fact, pure zirconia under vacuum or neutral atmosphere has the following phase 

transformations [40]:  

Monoclinic ZrO2 (≈1100°C) Tetragonal ZrO2 (≈2300°C) Cubic ZrO2 (≈2710°C) Liquid 

Another reported observation is the observation of free carbon after the oxidation [24-26]. ZrC 

and HfC interact with O2 without producing exclusively gaseous species (CO and CO2). 

Opeka et. al. [27] reported that the carbides are vulnerable to forming a powdery and non-

adherent oxide scale below approximately 1700°C, which has been attributed to an inability to sinter at 
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these temperatures. This statement is in contradiction with numerous studies in which the surface of 

the samples appears porous and cracked after oxidation, but still present, as depicted in Figure 13.  

Finally, observations show that oxidation appears preferentially along grain boundaries [26,28-

30]. 

 
Figure 13: SEM pictures of a surface of sintered HfC sample (a) after arc-jest test (T≈3000°C, PO2≈12kPa) and single crystal 

ZrC sample (b) after oxidation (T≈800°C, PO2≈25 Pa).[24,31]  

B.3.2. Effect of the oxygen partial pressure (OPP) and the temperature 

The oxidation rate depends on the OPP and temperature, all else being equal. But it is not as 

simple as to say that the higher OPP and temperature, the quicker a sample oxidizes. For instance, a 

sample oxidized at low temperature may form an adherent and protective oxide layer (passive state), 

whereas the oxide may not be stable at higher temperature and then the oxidation rate increases 

dramatically (active state).  

The oxides formed on ZrC and HfC, respectively ZrO2 and HfO2, are very stable even at high 

temperature and high OPP. Besides, most of the studies concerning the oxidation of both carbides are 

related to relatively low temperatures and low OPPs, not high enough to report an active state of 

oxidation for these materials. In any reported case, a protective layer of ZrO2 or HfO2 is formed. Only 

Opeka et. al. [27] claim that materials based on ZrC and HfC were found to oxidize (non-protectively) 

below 1800°C. They report that these carbides are vulnerable to forming a powdery and non-adherent 

oxide scale below approximately 1700°C, which has been attributed to an inability to sinter at these 

temperatures, but do not quote any source. 

Nevertheless the state of the protective layer depends on the temperature and the OPP. Shimada 

and Ishil [29] studied the oxidation of ZrC powder under an OPP ranging from 1.3 to 7.9 kPa. They report 

that below 470°C, there is an initial formation of oxycarbide along the grain boundaries, followed by the 

nucleation of very small cubic ZrO2 nuclei. Above 470°C, the nucleation of cubic ZrO2 occurs during the 

oxycarbide formation. It leads to volume expansion and cracks due to the rapid crystallization. Then the 



 Page   – 22 – 

protective layer is cracked, but still protects partially the sample from oxygen. What is more, this 

cracking is reinforced with increasing temperature due to the difference of thermal expansion 

coefficient between the carbide and the oxide layer [28,32]. Always for ZrC, this cracking does not 

appear anymore above 1300°C because stresses are relieved due to enough plasticity [26,32]. 

On the other hand, the OPP has an influence on produced species. Rama Rao and Venugopal [25] 

reported that the amount of free carbon created at the ZrO2/ZrC interface decreased with the increase 

of the OPP. They observed in this work that the cubic ZrO2 phase (see previous Section) was observed 

below 800°C and changed to monoclinic thereafter on further heating. Shimada et. al. [33] reported that 

at a low oxygen pressure (0.02 kPa), the tetragonal ZrO2 disappeared at 1100°C being replaced by the 

monoclinic ZrO2. The higher oxidation temperature encourages the growth of hexagonal planes at the 

ZrC side during oxidation. 

Other effects of the temperature and the OPP are discussed in the following Sections. 

B.3.3. Oxidation mechanisms 

Shimada [28] proposed the following mechanism. It was developed from experiments on single 

crystals of HfC and ZrC, for a temperature range of 500-1500 °C and an OPP range of 0.02-80 kPa. Me 

reprensents Zr or Hf. 

1) In early stage, oxygen is dissolved in the carbide, forming oxycarbide MeC(1-x)Ox:  

MeC + 3x/2 O2  →  MeC(1-x)Ox + x CO2    where x<0.4 

2) As x is increased with the dissolved amount of O2 in the oxycarbide, the oxycarbide is saturated 

with oxygen at x≈0.4, which produces MeO2: 

MeC(1-x)Ox +  (1 - x/2) O2 = MeO2 + (1-x)C 

This is the initiation of the so-called zone 1 (see Figure 14.a). As zone 1 thickens parabolically, it 

acts as a barrier for the diffusion of oxygen, and the local oxygen activity becomes so low that the 

carbon of oxycarbide cannot be oxidized but Me is oxidized, leaving elemental carbon at the interface as 

observed in Figure 14.b, giving the zone 1 its darker color. Depending on the temperature and OPP, 

different forms of carbon were observed: hexagonal diamond form (OPP from 1.3 to 7.9 kPa, 

temperature from 380 to 550°C [29]), amorphous form (OPP from 4 to 16 kPa, temperature from 478 to 

602°C [30]), and i-form (OPP from 4 to 16 kPa, temperature from 478 to 602°C [30]). Amorphous carbon 

is much more likely to form than the two other forms and observing hexagonal diamond and i-carbon is 

quite unexpected, and perhaps questionable. This carbon stabilizes the cubic structure of ZrO2 

[25,28,34]. This stabilization is limited to a temperature of 750°C [34]. When zone 1 reaches a critical 

thickness, it begins to crack due to stresses caused by a difference in thermal expansion coefficient 

between the carbide and zone 1. This is an initiation of cracked zone 2 (see Figure 14.a). Repeating 

process of the formation/cracking of zone 1 maintains its thickness and thickens zone 2 linearly. This is 

why the overall weight gain of the carbides by oxidation occurs linearly with time. 
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3) At the zone 1/2 interface, since zone 2 is cracked, O2 gas can easily penetrate to the front of 

zone 1 where the remaining carbon is oxidized to evolve CO and CO2. 

C(zone1) + O2 = CO2 

C(zone1) + ½ O2 = CO 

CO2 and CO gases make many pores in zone 2 when they escape. A considerable amount of C (6 

to 11 at% and 23 to 25 at%) remains in zone 2 and zone 1 respectively, depending on the 

temperature [33]. This is because diffusion of CO and CO2 through ZrO2 is difficult. 

 
Figure 14: Backscattered electron images in SEM of a cross section of crystals oxidized at 600°C in PO2 = 2.6 kPa. (a)HfC 

crystal. (b)ZrC crystal including the concentration profiles of Zr, O, and C. 

This mechanism is valid for single crystals, but also for sintered carbides with some slight changes. 

For instance, oxide grows from pre-existing cracks caused by grain boundaries [35]. The cracking-

rebuilding process has also been observed for sintered ZrC [30].  

B.3.4. Modelling the oxidation kinetics 

Several models have been proposed to describe isothermal oxidation, but Gozzi et. al. [32] 

suggested a very simple model based on the following equation:  

         (Equation 1) 

where wox is the weight of oxygen consumed for the oxide growth, normalized to the surface area S of 

the sample. K is the rate constant and m is a constant the value of which depends on the rate-limiting 

step in the overall process. 

wox   can be expressed as:  
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 (Equation 2) 

 

It is noteworthy that the result of this calculation includes also the oxygen consumed for 

producing the gaseous species. To obtain the oxygen consumed only for growing the oxide, the term f 

has to be considered. f is simply the ratio between the moles of oxygen required to form one mole of 

oxide and the total number of oxygen moles needed to balance the stoichiometry of the oxidation 

reaction. 

NB: In order to get the value of m, one can plot ln(nO2) vs. ln(t). Therefore, if f were not considered, the 

value of m (slope) would not be affected on the graph. As found experimentally, the value of the term 

log f represents only some percents of the value of the intercept and it can be neglected in the case the 

stoichiometry of the oxide is unknown. 

In their paper, Gozzi et. al. oxidized ZrC at very low OPPs (from 0.8 to 20 Pa) at temperatures 

ranging from 500 to 900°C. Under these low OPPs the rate of oxygen consumption by the sample is 

greater than the rate of oxygen supply. More studies have to be carried out at higher OPPs to determine 

the rate limiting step. This experimental set-up is very efficient to analyze the effect of the OPP and the 

temperature on the oxidation mechanisms because all one has to do is find values of m for different 

OPPs and temperatures. m=1 signifies a linear oxidation behavior, 1<m<2 a paralinear behavior and m=2 

a parabolic behavior. A linear behavior means a constant oxidation rate with a constant oxide layer 

thickness, and a parabolic behavior means an increase in oxide layer thickness leading to a decrease in 

oxidation rate. Some experiment results are presented in Figure 15.a. 

Another interesting tool introduced by Gozzi et. al. [36] to investigate the oxidation mechanisms 

from experimental data is the ratio 

 
2

  
On

w     (Equation 3) 

 w  being the weight change of the sample and 2On  the measured number of moles of oxygen 

consumed by the sample.   is therefore a pure experimental quantity characterizing the final 

composition of the sample after a given treatment. A null   value means that in spite of the fact that 

oxygen is consumed by the sample, no weight change is detected. This implies that the gas / solid 

interaction with oxygen produces a certain quantity of gaseous species so as to balance the oxygen 

which is retained in the solid. In this way the formation of an oxide layer is forbidden. This behavior was 

found for TiC below 800°C under an OPP of 0.8 Pa. The highest value of   implies that the oxygen is 

fully retained in the solid. This value has been calculated to be 32 g.mol-1. It means formation of 

oxycarbides, pure dissolution process saturating the interstitial vacancies by oxygen, dissolution in grain 

boundaries… But this highest value still indicates that no oxide layer is formed. Values of    significantly 

greater than zero and lower than 32 g.mol-1 
 imply that the oxygen consumption is mostly driven by the 

oxide growth. The value of    in this case is ruled by the stoichiometry of the growing oxide. Some 

experimental results are presented in Figure 15.b. The investigation of both m and   values as a 

function of the temperature and the OPP has been performed for TiC but neither for ZrC nor HfC yet. 
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Figure 15: (a) Initial (in) and final (fin) m coefficient vs. Temperature for TiC for different  OPPs [32]. Notice how the m values are 

scattered between 1 and 2 at lower temperatures (meaning a paralinear oxidation) and how they come close to 1 at higher 
temperatures (meaning a pure linear oxidation). (b) Stoichiometry of the growing oxide calculated from Γ ratio vs. Temperature 
for different OPPs [36]. Different kinds of oxides are formed at lower temperatures as compared to higher temperatures where 

only Ti3O5 is formed. 

In order to approach more practically the oxidation kinetics of ZrC and HfC, several authors settle 

for a linear rate law [24,26,28,35] (the weight increase vs. time is linear) or use Jander’s equation 

[29,30]: 

    kt  11 
2

3
1

     (Equation 4) 

or the contracting volume equation [30,33]:  

   kt    11 3
1

     (Equation 5) 

In this case   is the reacted fraction, k the rate constant and t the reaction time.   is calculated 

by dividing the measured weight gain by the theoretical weight gain, which was calculated by assuming 

the complete conversion of MeCx to MeO2 according to the reaction:  MeCx + (1+x) O2 = MeO2 + xCO2 . 

The value of   typically reaches a maximum of 103–132% for ZrC and 102–160% for HfC, depending on 

the OPP, then returning to 100% at longer times or higher temperatures [41]. Such high values higher 

than 100% are attributable to the formation of free carbon in product phase (see previous Section). 

The difference between Equation 6 and Equation 7 is that the first is valid for diffusion-controlled 

processes and the second is valid for phase-boundary-controlled processes. Typically, the first equation 

rules the process up to 50% oxidation, followed by the second equation (see oxidation mechanisms in 

previous Section). 

B.3.5. Improvement of oxidation behavior 

Opeka et. al. [27] reported on the oxidation resistance of ZrB2 with additions of the disilicides of 

Ta, Nb, W, Mo, Zr, Mo0.5Ta0.5, and Mo0.8Ta0.2, as well as Zr5Si3. The additive amounts were not specified, 

however, and it was stated that MoSi2 was “unquestionably the best.” Additional oxidation experiments 

with varying proportions of MoSi2 (1 to 20 mol%) were conducted at 1950°C and revealed the optimum 
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composition to be 10 mol%. More studies have to be done to determine if a similar oxidation resistance 

behavior could be observed for ZrC and HfC with addition of MoSi2.   

Sciti et. al. [17] sintered HfC with 15 vol% of TaSi2 and MoSi2. They investigated oxidation at 

1600°C in static air and observed that the latter was more resistant to oxidation. They also reported that 

no continuous protective silica layer formed on the surface, and propose the explanation that silica is 

oxidized by the CO2 derived from the oxidation of the carbide, releasing gaseous SiO. As a ZrC + 20 vol% 

MoSi2 will be oxidized at high temperatures in our study, the existence of a protective glassy layer was 

investigated. 

It is known that additions of higher valence metals into the ZrO2 lattice will reduce oxygen 

vacancy concentration and diffusion [27]. The pyrochlore phases associated with ZrO2 and rare earth 

oxides are also known to exhibit significantly lower oxygen diffusion than ZrO2. Therefore the addition of 

such compounds might improve the oxidation behavior.  

B.4. Irradiation of ZrC and HfC 

If carbides were to be used in generation IV nuclear reactors, the effects of irradiation on these 

materials have to be known. ZrC and HfC are candidate for both structural and fuel matrix materials. 

These reactors require refractory materials with negligible neutron absorption or slowing down cross 

sections [14]. The effect of ion and proton irradiation on ZrC and HfC has been extensively studied 

[4,14,15,42]. 

B.4.1. Effect on the structure 

Ion or proton irradiation has an effect on the material structure. In the case of ions irradiation, a 

high density of cascades is created, leading to defect structures different of those arising from 

irradiations by electrons (short range displacement of insulated atoms) or protons (low density of small 

cascades) [14].  

Proton irradiation 

Gan et. al. [4] investigated the irradiation of sintered ZrC at 800°C to a fluence of 2.75 x 1019 

protons.cm-2 (1.8 displacements per atom (dpa)). They observed faulted loops of an average length of 

7.2 nm on the (111) planes in irradiated samples, at a density of 4.2 x 1016 cm-3. They do not observe a 

lattice constant change within the uncertainty of 0.2%.  

The faulted loops are typical defect features in irradiated samples, as depicted in Figure 16.a. The 

small sizes and high density of these loops in ZrC irradiated at 800°C are likely due to the relative low 

irradiation temperature compared to its melting point (Tirr/Tm = 0.28). 

The lack of void development in the proton irradiated ZrC may be attributed to both the low 

irradiation temperature and crystal structure for ZrC. In fcc metals, void formation typically occurs in an 

intermediate temperature range (Tirr/Tm = 1/3 - 1/2).  
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Yang et. al. [42] also investigated the microstructure of a sintered, nearly stoichiometric ZrC after 

the irradiation by a 2.6 MeV proton beam at 0.7 and 1.5 dpa at 800°C in vacuum. They observed Frank 

loops (see Figure 18.a) - mean size of 5.8 nm and density of 3.37 x 1017 cm-3 after a dose of 1.5 dpa - and 

defect-denuded zones (see Figure 16.b) in the near boundary regions. In that case an increase in lattice 

parameter is observed; it is about 0.11% for the dose of 1.5 dpa and 0.09% for the dose of 0.7 dpa. 

 
Figure 16: (a) SEM image of scattered dislocations in SiC, one typical defect feature observed in irradiated carbide samples [4]. 

(b) TEM image of a denuded zone in ZrC, g=200 condition [42]. 

Ion irradiation 

The effect of ion irradiation of ZrC has been studied by Gosset et. al. [14,15] (irradiation by 4 MeV 

gold ions for a fluence from 1 x 1012 to 5 x 1012
  ions.cm-2). They report that a sub-stoichiometric material 

damages relatively less than a nearly stoichiometric one, because of the possibility for the displaced 

carbon atoms to recombine with structural vacancies. As stated before, it is possible to synthesize sub-

stoichiometric ZrC and HfC. 

They studied in one case sub-stoichiometric ZrC0.95 and in the other ZrC0.85O0.08 because in usual 

materials, the carbon sub-network is most often partially substituted by oxygen, leading to ZrCxOy 

compounds. This results from the elaborate processing of zirconium carbide, most often a carbothermal 

reduction of zirconia. 

For the sub-stoichiometric ZrC, the observed swelling and deduced micro-strains are depicted in 

Figure 17. Saturation occurs at a fluence of 1013 ions.cm-2 for swelling and 1014 ions.cm-2 for micro-

strains. The structure is not modified. Such a low swelling can be partly attributed to the high vacancy 

density on the carbon sub-network which allows a high mobility of the carbon defects, this preventing 

their aggregation. At intermediate fluence, small faulted loops appear. At the highest fluence, these 

loops grow and coalesce, leading to the formation of a dense dislocation network. A second phase 

appears on the surface: quadratic zirconia. This phase is stabilized thanks to the nanometric size of its 

grains.  
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ZrC0.85O0.08 shows lower swelling and strain increase delayed as compared with ZrC. This could be 

due first to the higher vacancy concentration on the carbon sub-network in ZrC0.85O0.08 and also to the 

local modification of the bonding due to the high oxygen content. 

 
Figure 17: Evolution of cell parameter (a) and micro-strains (b) of ZrC as a function of the fluence. [14] 

Neutron irradiation 

Snead et. al. [43] very recently investigated the effects of fast neutron irradiation on the 

microstructure of a sub-stoichiometric ZrC0.87 in the dose and temperature range of 1-10 x 1025 n.m-2 

(E>0.1 MeV) and 635-1480°C, respectively. 

They report defects such as Frank loops, prismatic loops (see Figure 18), and even a few small 

voids in the highest dose. They observed the following trends: 

 Loops tend to grow with increasing temperature 

 Loops tend to grow with increasing fluence 

 The loops density decreases with increasing temperature 

 Frank loops tend to disappear and be replaced by prismatic loops at higher temperature 

(transition temperature around 1260°C)   

 A change in lattice parameter of less than 0.2% is observed 

The authors reviewed some studies on the irradiation of ZrC. The table summarizing this review is 

reported in Appendix, Section I.2. 
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Figure 18: (a) Middle-mixed Frank and (most likely) prismatic loops for 9.4 x 10

25
 n.m

-2
, 1260°C. (b) Large prismatic loop 

at 5.8 x 10
25

 n.m
-2

, 1496°C. [43] 

B.4.2. Effect on mechanical properties 

Both Yang et. al. [42] and Snead et. al. [43] investigated the mechanical properties of irradiated 

samples. The first group observed a strong hardening: the hardness of a 1.5 dpa irradiated specimen 

was found to be 14% higher than the non-irradiated specimen, as depicted in Figure 19.a. The increase 

of fracture toughness was found to be about 79% at this dose as depicted in Figure 19.b. The second 

research team measured a modest increase in hardness and indentation fracture toughness, while a 

very minor decrease in elastic modulus.  

 
Figure 19: Microhardness (a) and relative Fracture toughness (b) changes in ZrC vs. different irradiation doses. [42] 

The most appropriate irradiation toughening mechanism for ceramics is that involving the 

coherency strain field generated from a high density of microstructural defects such as Frank loops or 

prismatic loops. A propagating crack would likely be deflected by the strain fields, resulting in crack 
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impedance and consequent toughening. The irradiation caused hardening in ceramics are mainly 

attributed to the formation of point defects, the strain fields around the point defects can interact with 

the dislocations during deformation and act as a pinning center, the point defects can play an important 

role in dynamic processes such as crack propagation [42]. 
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C. Thermochemical study of the oxidation of ZrC 

This chapter presents a thermochemical study of the oxidation of ZrC – 20mol% MoSi2 under 

different atmospheres. Firstly, a general description of the software used for these calculations is given 

in Section C.1. A comparison between an analysis found in the literature and an analysis performed by 

the software is described in Section C.2. This is followed by the description of several oxidizing 

parameters on the mass loss of the sample: the temperature and the oxygen partial pressure in Section 

C.3 and the oxidizing atmosphere in Section C.4. Finally Section C.5 concludes this part. 

C.1. The GEMINI software 

The software used to perform this thermochemical study is GEMINI1, standing for Gibbs Energy 

MINImizer. It has been developed by THERMODATA – INPG – CNRS. The method used is a minimization 

of the total Gibbs energy of the system under either constant pressure or volume conditions. The 

minimization method is based on a general optimization technique which has been applied to the 

chemical equilibrium problems. This software uses an up-to-date database (Coach ed. 2005), containing 

data from: 

 JANAF Thermochemical Tables, Fourth Edition, in 2 parts. 

Chase, M.W. et. Al. 

American Institute of Physics, 1998. 

 Thermochemical Data of Pure Substances, in 2 parts. 

Barin I. 

VCH, 1989. 

 Thermochemical Properties of Inorganic Substances, Second Edition, in 2 parts. 

Knacke O., Kubaschewski O., Hesselmann K. 

Springer-Verlag, 1991. 

 Thermodynamic Properties of Individual Substances, Fourth Edition, in 5 volumes. 

Gurvich L.B., Veitz I.V., Alcock C.B. 

Volume 1 in 2 parts, Hemisphere Pub. Corp., 1989. 

Volume 2 in 2 parts, Hemisphere Pub. Corp., 1990. 

Volume 3 in 2 parts, CRC Press, 1994. 

The performed studies were all conducted under an isobar total pressure of 1 atm. Either a 

variation of temperature or composition in O2 (hence a variation of oxygen partial pressure) was 

performed. As the software gives a text file with compositions for each temperature, an Excel VBA 

program was written to automatically extract the important data and plot the curves. It is noteworthy 

that these studies do not take kinetics into account. That is why some species unlikely to form were 

removed from the system. These species are listed in Appendix, Section I.3. 
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In order to have an idea of the accuracy of the thermodynamic values in the database, values of 

Gibbs energies of formation at 298.15K and 0.1MPa relative to the same reference state were compared 

for ZrC and ZrO2 to other databases in Table 2. Values are relatively close. 

 
Gemini 

Database 

NIST-JANAF 

Fourth Edition 

Handbook of Chemistry and 

Physics, CRC Press, Version 2004 

Lange's Handbook of 

Chemistry (16th Edition) 

ZrC(s) -206.583 -193.282 - -193 

ZrO2(s) -1115.579 -1039.724 -1042.9 -1042.8 

Table 2: Standard molar Gibbs energies of formation at 298.15K and 0.1MPa  in kJ/mol from different databases. 

Finally here is a basic calculation of the degrees of freedom of the system to know how many 

parameters govern the system. The following formula gives the number of degrees of freedom F as a 

function of the number of elements in their reference state C and the number of phases φ in the case 

temperature and pressure are involved: 

F = C + 2 – φ   (Equation 8) 

In one case where the gas is O2 + He or air C = 6 (Zr(s), C(s), Mo(s), Si(s), O2(g), He(g) or N2 (g)) and 

φ = 5 (4 solid phases: Zr, C, Mo and Si and 1 gaseous phase: O2 and He or N2) so there are 3 degrees of 

freedom. This means that three intensive properties have to be chosen by the experimenter. In this case 

the variables are temperature, pressure and oxygen partial pressure.  

In another case where gas, as air and water, is added to the system C = 7 (Zr(s), C(s), Mo(s), Si(s), 

O2(g), N2(g), H2(g)) and φ = 5 (4 solid phases: Zr, C, Mo and Si and 1 gaseous phase: O2, N2 and H2) so 

there are 4 degrees of freedom. The variables are temperature, pressure, oxygen partial pressure and 

water partial pressure. 

C.2. Basic comparison with another thermochemical analysis 

Shimada et. al. [41] presented equilibrium calculations for moles of the products (C, ZrO2, HfO2, 

CO, CO2) and the reactant (ZrC, HfC) on oxidation of ZrC or HfC at 600°C. A similar analysis under the 

same conditions was conducted with the GEMINI software. The result of this comparison is depicted in 

Figure 20. The calculated values are very similar, only a slight difference can be noticed for CO and CO2. 

This difference is certainly due to a disparity in the thermodynamic data. Since Shimada et. al. do not 

give the thermodynamic values they used, it is not possible to compare them to the GEMINI database. 
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Figure 20: (a) Equilibrium calculations of the oxidation of ZrC as a function of oxygen quantity at 600°C with the software 

GEMINI1. (b) Same calculations found in [41]. (c) Superimposed both calculations. 

C.3. Influence of temperature and oxygen partial pressure (OPP)  

Based on equilibrium calculations, the mass loss of the sample can be calculated, knowing its 

initial weight and its weight at each temperature or OPP step. The weight at each step is influenced 

either by the formation of a solid oxide layer at the surface, ZrO2(s) for example (in this case the sample 

gains weight, so the mass loss decreases) or by the emission of gases from species initially solid, SiO(g) 

for example (in this case the sample loses weight so the mass loss increases).  

In this study the temperature range was set from 1000 to 2500K because it has been noticed that 

it is within this range that interesting phenomena occur, and because it is within this range that the 

oxidation behavior is still badly known for nuclear and solar applications.  

The weight increase depends on the temperature and the OPP, all else being equal. In order to 

investigate this phenomenon, the weight increase was plotted as a function of the temperature for 

different OPPs in Figure 21. The OPP range was set between 0.2 Pa (oxygen content in ALPHAGAZ 1 
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helium, Air Liquide) to 100 Pa (case where oxygen infiltrates the primary cooling system in a gas cooled 

fast reactor). The evolution of the produced species at equilibrium as a function of temperature has also 

been plotted for the substances and the gases, in Figure 22 and Figure 23 respectively, for the same 

system, in order to explain the mass loss behavior.  

Several observations can be drawn from these three plots: 

i. Below 2000K the sample gains weight. The higher the OPP, the more weight the sample gains 

(up to 2.8% for an OPP of 100 Pa below 1300K). This is due to the formation of a solid layer of 

Carbon (graphite) and ZrO2 (Figure 22). 

ii. At higher temperatures (above 2000K), this trend is reversed: the sample loses weight and the 

higher the OPP, the more weight the sample loses (up to 3% for OPPs greater than 30 Pa at 

2500K). This is due to the diminution of solid species in favor of gaseous species such as CO and 

SiO (Figure 23). 

iii. A first deflection can be noticed around 1300K independently of the OPP. Above 1400K, the 

sample gains suddenly much less weight than below (1.2% instead of 2.8% below 1300K for an 

OPP of 100 Pa). This is due to the sudden removal of Carbon (graphite) and a slight diminution 

of ZrO2 (Figure 22). The Carbon (graphite) combines with O2 to form CO (Figure 23). 

iv. Between 1600K and 2000K, the mass gain decreases steadily up to about 0%. This is due to the 

steady increase in formation of gaseous SiO, coming from the dissociation of MoSi2 into gaseous 

SiO (Figure 23) and solid CMo2, together with a slight and steady diminution of ZrO2 (Figure 22). 

v. Between 2000K and 2150K a small deflection appears, the sample tends to regain a little bit of 

weight but still remains between -0.1 and 0.2%. This weight regain is due to the sudden 

formation of solid C2Mo3 from CMo2 together with a small increase in ZrO2 quantity on the one 

hand (Figure 22) and the slight diminution of gaseous SiO production (Figure 23) from MoSi2 on 

the other hand. 

vi. Above 2150K, the sample loses weight quickly. Different behaviors can be noticed for OPPs 

higher than 30 Pa (exponential weight decrease up to -3% at 2500K), for an OPP of 10 Pa 

(exponential decrease followed by a slowing down) and for OPPs of 2 and 0.2 Pa (very slow 

decrease). This weight decrease is due to the quicker decrease of ZrO2 quantity (Figure 22) 

together with the increased dissociation of solid species forming gaseous species such as Si, ZrO, 

Mo, plus the increase in SiO formation (Figure 23). 
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Figure 21: Mass variation vs Temperature based on equilibrium calculations for different OPPs. The initial composition is 8 mol 

of ZrC, 2 mol of MoSi2, 1000 mol of a mix He + O2 with an activity of 1 and a total pressure of 1 atm. 
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Figure 22: Evolution of the produced substances vs Temperature for different OPPs. The initial composition is 8 mol of 

ZrC, 2 mol of MoSi2, 1000 mol of a mix He + O2 (OPPs = 0.2; 2; 10; 30; 60; 100 Pa) with an activity of 1 and a total pressure of 1 
atm. 

 
Figure 23: Evolution of the produced gases vs Temperature for different OPPs. The initial composition is 8 mol of ZrC, 2 

mol of MoSi2, 1000 mol of a mix He + O2 (OPPs = 2; 10; 30 Pa) with an activity of 1 and a total pressure of 1 atm. 
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The weight increase was also plotted as a function of the OPP for different temperatures in Figure 

24. As before, it can be noticed that the sample loses weight only above 2000K. The useful information 

here is that the mass loss or gain is proportional to the OPP below 2000K, about zero independently of 

the OPP at 2000K and linear followed by a plateau above 2000K. At 2350K this plateau starts at 8 Pa 

(hence, similar behavior for OPPs of 10, 30, 60 and 100 Pa at this temperature in Figure 21) and at 2500K 

this plateau starts at 38 Pa (hence, similar behavior for OPPs of 30, 60 and 100 Pa at this temperature in 

Figure 21). 

 
Figure 24: Mass variation vs OPP based on equilibrium calculations for different temperatures. The initial composition is 8 mol of 

ZrC, 2 mol of MoSi2, 1000 mol of a mix He + O2 with an activity of 1 and a total pressure of 1 atm. 

The plot of the evolution of the produced substances and gases as a function of the OPP shows 

that the quantity of the produced species is proportional to the OPP, except for the following species: at 

2500K and only at this temperature, there is no production of ZrO2 below an OPP of 38 Pa; the 

production of gaseous ZrO is maximized at an OPP of 38 Pa at 2500K; the production of gaseous Si and 

Mo does not vary whatever the OPP at 2500K. These figures are reported in Appendix, Section I.4. 

As the mass loss is a function of two parameters, it is interesting to plot it in 3 dimensions, as 

depicted in Figure 25. This figure might be useful to determine a Temperature – OPP domain in which 

for instance the mass loss does not exceed a certain value. 
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Figure 25: Mass loss as a function of Temperature and OPP (view from two different angles). The initial composition is 8 mol of 
ZrC, 2 mol of MoSi2, 1000 mol of a mix He + O2 with an activity of 1 and a total pressure of 1 atm. The intermediate points were 

drawn using a cubic interpolation (Matlab R2008a). 

C.4. Influence of the atmosphere 

Apart from the temperature and the OPP, the atmosphere has a strong influence on the oxidation 

as well. The oxidation under different atmospheres was investigated in Figure 26. These atmospheres 

were chosen based on a possible application for ZrC. Both the atmospheres with air and air + H2O are 

related to solar applications and chosen to foresee the influence of the water content.  The atmosphere 

with CO2 + H2O corresponds to a post-combustion atmosphere while the atmospheres with He and a low 

OPP are related to nuclear applications. 



 Page   – 39 – 

 

 
Figure 26: Mass increase vs Temperature based on equilibrium calculations for different atmospheres, each related to one 

possible application. Initial compositions: 8 mol of ZrC, 2 mol of MoSi2 + Air (0.2 mol O2, 0.8 mol N2), Air + H2O (0.56 mol O2, 0.14 
mol N2, 0.3 mol H2O), CO2 + H2O (0.7 mol CO2, 0.3 mol H2O), He + O2 (1000 mol of He + O2 at OPPs of 100 and 2 Pa).Gaseous 

species have an activity of 1 and a total pressure of 1 atm. 

The plot of the evolution of the mass loss as a function of the temperature (Figure 26) shows that 

the behavior is different following the oxidizing atmosphere. This figure has to be observed with caution 

because the quantity of oxidizing elements is not the same for all atmospheres, so only the oxidation 

under air, air + H2O and CO2 + H2O can be compared quantitatively, the comparison with He + O2 is only 

qualitative.  

The plot of the evolution of the produced substances and species as a function of temperature is 

reported in Appendix, Section I.5. The following observations were drawn from Figure 26, Figure 57 and 

Figure 58: 

i. Water in air facilitates the formation of ZrO2 (50% more ZrO2 with 30 mol% H2O in air). Replacing 

air with CO2 has spectacular effects on the formation of ZrO2: its quantity is multiplied by 3. 

Interestingly, in both cases enough ZrO2 is formed to allow the sample not to lose weight even 

at 2500K. This is not the case in He + O2. 

ii. The atmosphere has a strong effect on the temperature at which carbon (graphite) is removed 

and transformed into CO. This transformation happens at 1300K in He + O2, at 1700K in air and 

at 1900K in CO2.  
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iii. When water is present in the atmosphere, it dissociates even at low temperatures to form H2 in 

quite high quantity, especially in CO2 atmosphere. 

In conclusion CO2 is a much more oxidizing atmosphere than air, and water also has bad effects 

on the oxidation. It is noteworthy that due to the high oxidizing agent content in air or CO2 

atmospheres, the ZrO2 oxide layer remains present even at 2500K. Nevertheless this observation has to 

be taken with caution because kinetic is not taken into account, and nothing can be said about the 

oxidation rate itself.  

In almost all cases there is a temperature from which the sample starts to lose weight 

exponentially, because of the removal of a solid oxide layer in favor of gaseous species. For nuclear 

applications this critical point is located at about 2100K, independently of the OPP. The material is then 

likely to disappear much quicker above this temperature, and avoiding higher temperatures would be a 

critical and decisive necessity. For solar applications this transition happens at about 1700K but in this 

case there is enough solid oxide remaining to gain weight. The complete gasification of this oxide would 

happen above 2500K. Finally for combustion applications the same conclusions as for solar applications 

can be drawn, but the transition temperature is raised to 1900K.  

C.5. Conclusion about thermochemical calculations 

The important thing to keep in mind is that these calculations are equilibrium calculations only, 

without taking oxidation kinetics into account, and subsequently may differ considerably from the actual 

experimental results, especially in term of magnitude. Nevertheless they are a good indicator and 

qualitative observations can be drawn from them, such as the existence of a transition temperature 

above which the solid oxide turns into gaseous species, an expected difference in term of produced 

species depending on the temperature and the OPP or even the different oxidation behavior for 

different atmospheres related to different applications. This study is a helpful starting point on which 

experiments can rely. 
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D. Experimental set-up 

This section describes the 6 kW solar furnace. A short description of the functioning of the furnace 

and technical characteristics is reported in Section D.1. Then Section D.2 deals with the experimental 

set-up.  

D.1. Description of the 6 kW solar furnace 

The 6 kW solar furnace is located in the laboratory PROMES in Odeillo, France. A simple diagram 

describing the operating principle of this furnace is reported in Figure 27. It comprises a plane mirror 

which reflects the sunrays to the parabolic mirror. This parabolic mirror concentrates the solar radiation 

to the surface of the sample. The plane mirror is located at the first floor whereas the parabolic mirror is 

located at the sixth floor of the building (the distance between the mirrors is 25m). The plane mirror 

rotates together with the movement of the sun so that the position of focus is always the same. 

The reactor used to oxidize samples under a controlled atmosphere is called REHPTS. It stands for 

RÉacteur Hautes Pression et Température Solaire (high pressure and high solar temperature reactor). A 

chamber in stainless steel is covered by a transparent glass dome to let the solar radiation impinge on 

the sample. The sample is put on a stainless steel sample holder and is thermally insulated from the 

steel thanks to a suitable insulating material such as silica foam. A shutter depicted in Figure 28.b is 

located between the parabolic mirror and the reactor, and is used to let pass only the desired quantity 

of radiative flux.   

The solar flux is homogeneous on an area of about 10 mm in diameter on the surface of the 

sample. The maximum flux density at this place is 5 MW/m². The advantage of this solar furnace is that 

it allows a very quick heat-up of the sample (10 to 1000 K/s). What is more, the atmosphere is not 

polluted by undesired species as it can be in classical furnaces.  
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Figure 27: Diagram of the 6kW solar furnace with REHPTS set-up. N.B: the diagram is not to scale. 

D.2. Experimental set-up 

The experimental set-up of the REHPTS reactor is depicted in Figure 28. The reactor has a 

diameter of 30 cm and a total height of 38 cm. The pressure inside the reactor can range from a few 

Pascals to 2 bars. This pressure is measured thanks to a pressure transducer located at the bottom of 

the reactor. Mass flowmeters control the gas inlet. The temperature is measured thanks to a 
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monochromatic optical pyrometer. The radiation coming from the sample passes through a fluorine 

window and is reflected to the pyrometer by two small mirrors. The temperature is deduced from the 

voltage delivered by the pyrometer after calibration of the whole optical chain on a black body. 

Moreover, to reach the real temperature, the normal spectral emissivity of the material at a wavelength 

of 5 μm has to be known. A mass spectrometer (Pfeiffer Omnistar GSD 301 O) allows to determine the 

chemical composition inside the reactor. It can measure mass-to-charge ratio up to 100. Finally, a 

control panel allows one to monitor pressure, temperature voltage, direct solar flux on the plane mirror, 

mass flows and opening of the shutter.  

 
Figure 28: a. Picture of the experimental set-up of the REHPTS reactor. b. The reactor during an experiment with the shutter 

partially open. 
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E. Experiments 

This chapter describes the experiments carried out with the 6 kW solar furnace and presents the 

results of the oxidation behavior. Firstly, a general description of the tested material is given in Section 

E.1. The description of the experiments is reported in Section E.2, together with typical results and 

problems encountered. This is followed by the report of the characterization of the oxidized samples 

using different methods in Section E.3. Results are given in relation with the two possible applications, 

namely nuclear reactors and solar receivers. Finally a conclusion of this part is given in Section E.4 and 

the future work is described in Section E.5. 

E.1. Tested material 

The material oxidized in the furnace was zirconium carbide with 20 vol.% of MoSi2. This additive 

was used as a sintering aid to lower the melting temperature. The samples were prepared at the 

Institute of Science and Technology for Ceramics, Faenza, Italy using Spark Plasma Sintering (see Section 

B.2.3). The cylinders obtained after sintering were cut into circular samples. The average dimensions of 

these samples were the following: 24.86 ± 0.08 mm diameter, 2.01 ± 0.02 mm thickness. The measured 

average density was 6.18 ± 0.04 g/cm3. Two different techniques were used to cut the samples: 

 6 samples were cut by Electrical Discharge Machining (EDM). This technique consists in cutting 

the material thanks to rapid discharges between two electrodes. The material locally reaches 

its melting temperature. This might allow the formation of zirconia at the surface during 

cutting.  

 5 samples were cut by Diamond Loaded Tool (DLT), a conventional diamond-based disk cutter. 

Then they were diamond polished. In this case there was not large increase in temperature 

during cutting. 

The surface aspect of the samples is depicted in Figure 29. It can be noticed that the sample cut 

by EDM is darker whereas the sample cut by DLT and diamond polished is brighter and the cut looks 

cleaner. There is likely a difference in surface roughness and reflectivity, and this might have an 

influence when exposed to solar radiation as well as an influence on the oxidation behavior. 
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Figure 29: Samples as received. a. Cut by EDM. b. Cut by DLT and diamond polished. 

SEM pictures of both surfaces are reported in Figure 30. The surface of the sample cut by EDM is 

rougher and some zirconia can be observed at some places. This zirconia is formed due to the high 

temperature reached during the cutting. On the surface of the sample cut by DLT, some grains have 

been scratched during diamond polishing. Surface roughness is lower, that is why the sample looks 

brighter.  

 
Figure 30: SEM pictures of the surface of an EDM sample (a) and a DLT sample (b). 

Finally reflectivity measurements show that the DLT samples are more reflective than EDM 

samples, especially in a direction normal to the surface (mirror-like surface). For example the average 

reflectivity of DLT samples is about 9% in a direction normal to the surface, whereas it is only about 2% 

for EDM samples. Surface roughness measurements confirm that this difference is due to a rougher 
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surface for EDM samples. More details about reflectometry and surface roughness can be found in 

Section E.3.3. 

E.2. Experiments 

The experiments consisted in irradiating the samples and controlling the solar flux in order to 

reach a steady temperature throughout the whole experiment. The objective was to maintain a 

temperature plateau during 20 min. The experiments were carried out under two different 

atmospheres, each being related to a possible application for this material. In the one case helium U 

with a residual oxygen partial pressure of 2 Pa was used, in order to simulate the oxidation behavior in a 

GFR. The flow rate in this case was set to 10 L/min and the pressure to 1 atm ± 2 kPa. In the other case 

the atmosphere was static air and pressure was 85 ± 2 kPa, in order to simulate the oxidation behavior 

in a volumetric solar receiver. In each case experiments at different temperatures were performed. The 

following parameters were monitored during the experiments: pyrometer voltage, shutter aperture, 

pressure, mass flow, solar flux and species concentration (for a mass-to-charge ratio up to 60) thanks to 

the mass spectrometer. 

The mass of the samples was measured before and after each experiment with a precision of 5 x 

10-4 g. Further characterization was then performed by X-rays diffraction, SEM, reflectometry and 

surface roughness measurements (see Section E.3). 

E.2.1. First results 

Typical curves of temperature and solar flux during the experiments are reported in Figure 31 and 

Figure 32. The experiments can be divided into three steps: 

 Transient state from the moment when the shutter is open until stabilization of temperature. 

 Steady state of 20 min where temperature is constant. It is not always easy to obtain a 

constant value of the temperature (see Section E.2.3) 

 Transient state from the moment when the shutter is closed until complete cooling of the 

sample. 

Table 3 summarizes the experimental conditions for each sample together with a picture of each 

surface after the 20 min oxidation run. The temperatures in helium are estimates (see Section E.2.3). In 

air an adherent and intact oxide layer can be observed after the run at 1820K. At 1990K and above, 

bubbles appeared at the surface of the samples during the experiment, as depicted in Figure 33. These 

bubbles are probably due to the formation of CO during the oxidation together with the melting of the 

surface. This CO is entrapped under the melted oxide layer (zirconia), and as its partial pressure is high 

enough it escapes and bubbles burst out. The effect of these bubbles on the surface after oxidation can 

be seen in Table 3 under air above 1990K. The higher the temperature, the more damaged the surface. 

At 2400K the surface was much damaged and it caused the sample to break during cooling. It can also 

be noticed that at 1990K the oxide layer was not adherent in the DLT sample. This is likely due to the 

fact that the surface of the DLT sample is smoother and the oxide has no anchoring points. Under 

helium we did not succeed in doing as many experiments as we wanted because of different problems 



 Page   – 47 – 

(see Section E.2.3). Observation were only made possible at 1200 and 1500K. In this case, the oxide 

layer looked homogeneous while at 1800K the place where the flux was the highest appeared to be 

free of oxide. 

 
Figure 31: Temperature (for ε=0.75) and solar flux during the whole experiment (EDM sample under He, 10 L/min).  

 
Figure 32: Temperature (for ε=0.75) and solar flux during the whole experiment (DLT sample under static air). 
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Sample 
Atmosphere and 

approximate temperature 
Observations 

             EDM                                     DLT 

EDM 4 and DLT C Air, 1820K 

  

EDM 5 and DLT B Air, 2000K and 1990K  

    

DLT E Air, 2270K 
 

      

EDM 2 Air, 2400K 

   

 

EDM 1 He + 2 Pa O2,  1500K 

 

 

EDM 6 He + 2 Pa O2,  1800K 

  

 

DLT A He + 2 Pa O2,  1200K 
 

 

EDM 3 - Broken 

DLT D - Broken 

Table 3: Pictures of all the samples after a 20 min oxidation run at different temperatures and under different atmospheres. 
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Figure 33: DLT samples under solar radiation after about 15 min of experiment at T1990K (a) and T2270K (b), under static air. 

It is important to mention that the existence of a temperature from which the sample is more 

damaged due to the formation of these bubbles is in accordance with thermochemical calculations.  

E.2.2. Comparison with silicon carbide 

A qualitative comparison based on observations was performed between the oxidation behavior 

of zirconium carbide and silicon carbide under the same conditions. Bubbles appear on SiC already at 

1800K (it was not the case on ZrC) and at 2000 and 2100K the samples are much more damaged than 

ZrC samples, as depicted in Figure 34. At these temperatures the stresses due to oxidation of SiC were 

so high that the samples bent, while ZrC samples did not deform.  

 
Figure 34: Zirconium carbide sample (a) and silicon carbide sample (b) under solar radiation after about 15 min of experiment at 

T2000K, under static air. 

E.2.3. Problems encountered 

As discussed before, as soon as the oxidation starts, a zirconia layer is formed on the surface of 

the sample. The emissivity of zirconia is well known (about 0.75 at λ=5 μm and T=2000K), so there is no 

difficulty to know the temperature. But when oxidation is performed under helium, the zirconia layer 

takes time to appear, or is so thin that the emissivity of the surface is somewhere between that of ZrC 

and zirconia. The problem is that the emissivity of ZrC is not known at this temperature. What is more, 

as the oxide layer grows, the emissivity of the surface changes. In air, a thick oxide layer appears quickly 

and it takes only seconds until the emissivity of the surface becomes that of zirconia, and it is quite easy 
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to achieve a constant temperature, as shown in Figure 32. But under helium, as depicted in Figure 31, it 

is very difficult to reach a constant temperature because values given by the pyrometer were converted 

into temperature for the emissivity of zirconia, but it is likely that this value is not correct and that the 

real emissivity changes with time. That is why the temperature seems to increase with time, but in 

reality it could be the emissivity of the surface which increases with time. Furthermore, as it will be 

discussed later, the reflectivity of the sample also changes between as-received ZrC and oxidized ZrC. 

Consequently the oxidation temperatures given in the following parts are reliable when the oxidation is 

performed under air, but is subject to great caution when the oxidation is performed under helium. 

What is more, due to the higher reflectivity of DLT samples and the fact that the zirconia layer 

takes time to form, it was very difficult to heat them up to the desired temperature, even with the 

shutter fully open. That is why the oxidation under helium above 1800K could not be investigated. 

Some other problems occurred during the experiments, such as a cloud passing in front of the sun 

leading to a solar flux drop (as seen in Figure 31 just after the end of the temperature plateau) or 

samples breaking at the beginning of an experiment due to thermal stresses and defects in the samples. 

It is noteworthy that two samples broke this way and these defects could be a major drawback if this 

particular material was to be used for both applications. Two samples also reacted with the insulating 

material and therefore the mass variation measurements were not reliable. 

E.3. Characterization 

Several characterization techniques were used to investigate the effects of the oxidation.  

E.3.1. Oxidation under helium for GFR 

As said previously the experiments under helium were not very reliable. Nevertheless the 

characterization of these samples could lead to several observations.  

Mass measurements showed that the samples lost weight. At 1500K the mass variation was -0.8 

mg.cm-2.h-1 and it was -4.14 mg.cm-2.h-1 at 1300K. This shows that there is no or almost no oxide 

formation, and the mass loss is probably due to the release of species. This was confirmed by the X-rays 

diffraction pattern of a sample oxidized in He, as reported in Figure 35. It can be noticed that there is 

almost no zirconia after oxidation. The layer is so thin that it was almost transparent to X-rays. Besides, 

MoSi2 was affected by the oxidation at 1800K; its quantity at the surface has been reduced compared 

to the sample as received. Therefore the mass loss is likely to be due to the decomposition and release 

of this additive. 
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Figure 35: XRD patterns of an as-received EDM sample and an EDM sample oxidized under He at 1800K. Reference patterns: 

ZrC 73-0477; MoSi2 80-0544; ZrO2 83-0944. 

A SEM picture of an oxidized sample is depicted in Figure 36.b. It can be noticed that a very thin 

oxide layer covers the grains. This layer appears to be non-porous, almost like a glassy layer. If this is the 

case it might have a protective effect on the material underneath. Besides, growth of ZrC grains due to 

their exposure to high temperatures can be observed. Other SEM pictures taken at different scales are 

reported in Appendix, Section I.6. 

 
Figure 36: SEM pictures of an as-received EDM sample and a sample oxidized under He at 1800K. 
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E.3.2. Oxidation under air for solar receivers 

In air more experiments were carried out and the results were more interesting. What is more, in 

this case the temperatures specified are reliable. 

Mass measurements are reported in Figure 37. The mass gain seems to be linear with increasing 

temperature. The only point which is not aligned with the others is the point corresponding to the 

sample DLT B in Table 3. The fact is that as the oxide layer was not adherent, some of it was removed 

before weighting the sample. The mass measured is then likely to be underestimated, and the point 

might actually fall on the trend line if the measurement would have been correct. Nevertheless there 

are not enough experimental points to ascertain this linearity. 

 
Figure 37: Mass variation as a function of temperature for DLT and EDM samples after oxidation under air. The point with a 

question-mark is uncertain. 

A look at the XRD patterns in Figure 38 shows that after oxidation under air, the zirconia layer is 

thicker because ZrC has completely disappeared from the diffraction pattern. The zirconia found at the 

surface is monoclinic at room temperature, but could have been formed with a different structure 

during the oxidation at high temperature.  

Figure 39 depicts diffraction patterns of DLT samples at different oxidation temperatures. MoSi2 is 

present at 1820K and has completely disappeared at 1990K and above. It is noteworthy that only the 

oxide layer is visible to X-rays, so MoSi2 is present in this layer. This additive has the ability to diffuse 

through the zirconia layer. It is likely that at 1990 and 2270K the diffusion occurs as well, but MoSi2 is 

decomposed and released, hence its absence at the surface. Another interesting phenomenon visible on 

this figure is the formation of partially amorphous zirconia at 2270K. 



 Page   – 53 – 

 
Figure 38: XRD patterns of an as-received EDM sample and an EDM sample oxidized under static air at T2000K. Reference 

patterns: ZrC 73-0477; MoSi2 80-0544; ZrO2 83-0944. 

 
Figure 39: XRD patterns of three DLT samples oxidized under air at different temperatures (1820, 1990 and 2270K). Reference 

patterns: MoSi2 80-0544; ZrO2 83-0944. 
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SEM pictures presented in Figure 40 show the increasing damage of the surface with increasing 

the oxidation temperature. In this case there is no glassy layer. At 1820K (Figure 40.b) the carbide grains 

are already covered with zirconia. The grains visible on this picture are ZrC grains with a layer of zirconia. 

Most of the grains are split into two or more pieces. This might be due to the difference in thermal 

expansion coefficient between the carbide and the oxide layer [28,32]. At 2000K (Figure 40.c) the 

zirconia layer covers nearly completely the carbide grains as well, but the zirconia has a slightly different 

shape. A two-scale porosity can be observed; a coarse porosity due to the growth of the oxide on the 

carbide grains and a finer porosity, like small holes in the grains. Finally at 2400K (Figure 40.d) the oxide 

grows into a brain-like structure. At all temperatures there is no noticeable difference between DLT 

oxidized surfaces and EDM oxidized surfaces, because the oxide layer covers the distinctiveness of each 

type. Other SEM pictures taken at different magnifications are reported in Appendix, Section I.7. 

 
Figure 40: SEM pictures of samples oxidized at different temperatures under air. a. Reference DLT sample. b. DLT sample 

oxidized at 1820K. c. EDM sample oxidized at 2000K. d. EDM sample oxidized at 2400K. 
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Other SEM pictures taken after cutting the sample and showing the edge at the center give an 

idea about the thickness of the oxide layer (see Figure 41). At 2000K this thickness is about 30 μm in 

average. Moreover these pictures show that the oxide layer at this temperature is slightly porous, and 

that the zirconia layer is not well anchored to the carbide. There are indeed large voids between the 

oxide and the carbide, due to the CO bubbles formed during oxidation, as seen in Figure 41.b. 

 
Figure 41: Sample seen from the edge at the center after oxidation at 2000K under air, showing the oxide layer on top of the 

carbide at two different places (a and b). 

Concerning the mass spectrometry measurements, only the analysis of CO2 under air gave 

relevant results. The analysis of CO should have been more interesting, but the fact that CO has the 

same mass as N2 interfered with the measurements. What is more, CO has the tendency to recombine 

with other species before being detected. Nevertheless, the analysis of CO2 is interesting because even if 

it is present in air, the increase of this specie can only be explained by the formation of CO which 

recombines with oxygen to form CO2. Therefore only some of the quantity of CO2 measured by the mass 

spectrometer is related to the quantity of CO formed by the oxidation reaction. Results of these 

measurements are reported in Figure 42. It can be said that the higher the oxidation temperature, the 

more CO2 (and so CO) is formed. In addition, the quantity of CO2 increases much more between 2000-

2200K. This limit is in accordance with thermochemical calculations, since these calculations showed 

that from a certain temperature, more gases would be formed.  
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Figure 42: CO2 quantity measured by mass spectrometry as a function of oxidation time for experiments under air (the units of 

CO2 quantity are arbitrary units because the mass spectrometer is not calibrated accurately enough to give molar 
concentrations). 

E.3.3. Comparison 

Observations after oxidation between samples oxidized in air and samples oxidized under helium 

show that the former have a thicker oxide layer and gain weight, while the latter have a very thin oxide 

layer and lose weight. 

This is confirmed by the comparison of the XRD patterns reported in Figure 43. At the same 

temperature, the atmosphere has a very high influence on the oxidation due to the very high oxygen 

partial pressure in one case (air) and very low in the other case (helium U). In air the zirconia layer is 

thick and covers the carbide so that it does not appear on the XRD pattern. Under helium the layer is so 

thin that it is transparent to X-rays. 
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Figure 43: Comparison between XRD patterns of two samples oxidized at the same temperature but under different 

atmospheres. 

Another comparison can be made thanks to the reflectometry measurements depicted in Figure 

44. Oxidation makes the samples more diffuse due to the zirconia layer. A difference in reflectivity 

between samples oxidized in air and helium can also be noticed. The firsts are more reflective than the 

seconds. This might be due to the fact that a thick zirconia layer reflects more light than a thin one. 

Surface roughness measurements confirm that oxidation in air makes the samples rougher as reported 

in Table 4. At 1800K there is still a noticeable difference between oxidized EDM and DLT samples 

because the oxide layer remains thin. Besides, in the case of oxidation in helium, the layer is so thin that 

surface roughness remains similar to the as-received sample. 
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Figure 44: Reflectivity measurements for as-received EDM and DLT samples, and samples oxidized under air and helium at 

different temperatures. 

Sample RMS (μm) 

As-received DLT 0.67 ± 0.06 

Oxidized at 1800K, air (DLT) 1.80 ± 0.36 

As-received EDM 3.03 ± 0.40 

Oxidized at 1800K, air (EDM) 3.73 ± 0.35 

Oxidized at 1800K, He (EDM) 3.05 ± 0.07 

Table 4: Root mean square surface roughness of as-received samples and after oxidation experiment at 1800 K. 

E.4. Conclusion 

This study was carried out with two applications in mind: using zirconium carbide for gas-cooled 

fast reactor and volumetric solar receivers. 

Testing zirconium carbide for GFR involved characterizing its oxidation behavior at high 

temperatures under an atmosphere of helium with a low oxygen partial pressure. Several experimental 

problems, especially due to the lack of data concerning the emissivity of zirconium carbide, do not 

permit to draw enough conclusions to determine the possibility of using this material for this 

application. Nevertheless some interesting observations and assumptions have been made. One major 

observation was the presence of a very thin glassy layer at the surface of the sample after oxidation at 

1800K. If this assumption turns out to be true, this layer could protect the material during oxidation. 
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Besides, XRD shows that MoSi2 is decomposed and released at 1800K and this results in a mass loss 

after oxidation. 

Testing zirconium carbide for volumetric solar receivers involved characterizing its oxidation 

behavior at high temperatures in air. In this case the oxidation study was more successful. A limit 

temperature from which the sample is more damaged was observed at about 2000K. This was revealed 

by the formation of bubbles at the surface due to the accelerated release of CO, acceleration confirmed 

by mass spectrometry measurements of CO2. This limit was expected from thermochemical calculations. 

The oxide layer is thicker than under helium but appears porous, cracked, and sometimes non adherent. 

The protective role of this layer is very uncertain. The mass gain of the samples after oxidation seems to 

be linear with increasing temperature for a temperature range of 1800-2300K, but this assumption has 

to be confirmed with more experimental points. XRD showed that MoSi2 diffused through the oxide 

layer and was probably decomposed and released from 2000K. Another very promising result is that 

zirconium carbide has a better stability under air than silicon carbide, a material conventionally used for 

volumetric receivers. Above 1800K, silicon carbide bends due to oxidation stresses, loses weight and is 

extremely damaged because of the decomposition of its components. Zirconium carbide does not 

deform, gains weight and its damage rate is lower. 

From all these experiments, one possible assumption is that such a high amount of MoSi2 in the 

carbide is detrimental to its oxidation behavior at high temperatures. This additive is used to lower the 

melting temperature of zirconium carbide and facilitate the sintering process but in air it also allows the 

surface of the sample to melt at temperatures from 2000K and a melted surface probably accelerates 

the oxidation. What is more, this additive is decomposed and released from 2000K. 

Finally, a difference of surface reflectivity was observed between the EDM and DLT samples, the 

seconds being more reflective because of their lower roughness. This difference has consequences when 

oxidized under helium, indeed the DLT samples are more difficult to heat up. In air, this difference has 

no consequence because a thick oxide layer is rapidly formed. 

Zirconium carbide is then a very promising material especially for volumetric solar receivers in 

solar power plants and could be preferred to silicon carbide in the long term. However this will happen 

only if the problems encountered with our material, in particular the problem of MoSi2, are solved. That 

is why more experimental work is required. 

E.5. Future work 

In order to confirm or infirm the observations and assumptions made in this study, some more 

experiments have to be carried out.  

Firstly, measurements of the normal spectral emissivity of ZrC at 5μm during an oxidation run and 

under vacuum have to be made in order to determine whether and how it changes with the zirconia 

layer growing at the surface. This will help knowing the exact temperature at the surface, especially in 

helium. Once this is known, more experiments in helium and a low oxygen partial pressure have to be 
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carried out in order to investigate in more detail the behavior of this material for nuclear applications, 

and to confirm the presence of a glassy and protective layer. 

Secondly, the oxidation behavior of other kinds of zirconium carbides has to be investigated. This 

means synthesizing and testing zirconium carbides with other additives than MoSi2, or with a lower 

amount, and possibly using other techniques to synthesize the powder and sinter the material. The 

reason is that literature reports that powder characteristics and sintering technique have a strong 

influence on the quality of the obtained material. 

Finally, the possibility of using zirconium carbide instead of silicon carbide for high temperature 

solar receiver has to be studied thoroughly. This covers the cost of this replacement and its feasibility. 
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F. Finite element modeling of the reactor with Ansys/Fluent®. 

This chapter presents a finite element modeling of the experimental reactor with the software 

Fluent®. This study starts with a quick description of the objectives of the modeling in Section F.1. Then 

comes the description of the input parameters in Fluent® in Section F.2. Results and interpretation of 

this study are given in Section F.3 and are followed by a short conclusion in Section F.4. 

F.1. Objectives 

The objectives of the finite element modeling were the following: 

 To model the oxidation of a ZrC sample in the reactor, under the same conditions that the real 

experiments. This means that the atmosphere was air and that the sun radiation intensity will 

was the same as in reality. 

 To investigate the temperature gradients in the sample and more generally in the reactor, for 

example to determine what the temperature of the glass dome is after an experiment. 

 To investigate the air flow in the reactor to determine the thickness of the boundary layers 

and see which influence the flow has on the oxidation. 

 To investigate the concentration of the oxidation products in the reactor to see if mass 

spectrometry measurements are representative of the species in the reactor. Knowing the 

deposition rate profile of the oxide at the surface of the sample is also important. 

 To take all the previous constraints into account and model the simplest case to reach the 

objectives. 

 In a personal respect one objective was to learn how to model a case with Fluent®. 

F.2. Modeling 

F.2.1. Meshing 

The objectives of this simulation could be fulfilled with an axisymmetric 2D mesh. In fact the 

geometry is axisymmetric, the axis of symmetry being the line going through the center of the sample 

and through the center of the top of the glass dome. Only the gas inlet and outlet break this 

axisymmetry.  In order to avoid this problem, it was assumed that far from the inlet and outlet, the 

problem is axisymmetric. The upper and lower parts of the reactor were not modeled. Finally 

axisymmetry could be chosen only if the values in the reactor (such as temperature, velocity, 

concentrations, …) did not change whatever the angle around the axis. This assumption is not entirely 

true as in reality there is some swirling in the reactor, due to the non-axisymmetry of the gas inlet and 

outlet for example. But observations during experiments when the flow becomes visible due to smoke in 



 Page   – 62 – 

the reactor show that this swirling can be neglected, the flow being mainly axisymmetric. What is more, 

the advantages of a 2D mesh are significant, for example the computational time is drastically reduced, 

and a finer mesh can thus be chosen.  

The geometry was meshed with combined triangles and tetragonal elements, as depicted in 

Figure 45. An effort was made to structure the mesh in order to minimize the number of elements.  As 

can be noticed on Figure 45, the mesh is finer where the gradients are likely to be high, in particular in 

and around the sample. The finer mesh above it was chosen because of the formation of a flame-like air 

flow at this place. 

 
Figure 45: Mesh of the reactor consisting of different zones. Zone 1: fluid (air). Zone 2 and 2’: steel support. Zone 3: glass dome. 

Zone 4: insulating material. Zone 5: ZrC sample. 

Ansys/Fluent® can give several characteristics of the mesh: 

 Size: 15502 cells, 31633 faces, 16124 nodes, 1 partition 

 Quality: maximum cell squish = 0.588; maximum cell skewness = 0.790; maximum aspect ratio 

= 7.02 

 Total volume (calculated with axisymmetry): 0.0102 m3  

F.2.2. Models 

First, some general properties of the solver have to be set: 
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 Solver type: the Pressure-Based type was chosen as it is designed for mildly compressible 

flows, rather than the Density-Based typed designed for high-speed compressible flows 

 Time: the steady-state model was chosen. Even if in reality there are some flow variations 

with time, these variations are very small and are not interesting to investigate in this case. 

What is more, the steady-state model is much less time consuming 

 2D space: the axisymmetric geometry was selected 

 Gravity was enabled because it has an influence on the gas flow (buoyancy-driven flow). 

In order to reach the objectives of the modeling, the following models had to be activated in 

Ansys/Fluent®: 

 The Energy model, in order to take heat transfers into account 

 A Viscous model to model laminar or turbulent flows 

 A Radiation model to model the effects of radiative heat transfers 

 A Species model to take chemical reactions into account. 

 

In order to choose the appropriate Viscous model, the type of flow had to be determined prior to 

the resolution. In this respect the Reynolds number had to be calculated. 


DV  Re      (Equation 9)   

where V is the fluid velocity, D is a characteristic linear dimension and ν is the kinematic viscosity. 

In our case, observations during experiments showed that the maximum fluid velocity above the 

sample has an order of magnitude of 1 m/s. A characteristic dimension is the traveled length of the fluid 

above the sample, in our case about 0.3 m, and the kinematic viscosity of air at 1500K is about 20 x 10-5 

m²/s. An estimation of the maximum Reynolds number in the reactor is then Re = 1500. 

The laminar-turbulent flow transition normally occurs for Reynolds numbers higher than 2000. 

The flow should then be laminar. But as it is not far away from the transition, it is better to choose a 

turbulent flow model for better convergence. Further investigation showed indeed that the resolution 

ddid not converge if the laminar flow model was chosen. The best convergence was observed when the 

Transition SST model was activated.  

Concerning the Radiation model, the Discrete Ordinate (DO) model was chosen because it is the 

only model allowing semi-transparent media (glass dome).  

As for the Species model, species transport was selected. The Turbulence-Chemistry interaction 

was set to Laminar Finite-Rate. Ansys/Fluent® user’s guide specifies that surface reactions calculations 

are not valid for high Knudsen numbers. Knudsen number is defined as: 

L
gl  Kn      (Equation 10) 

where lg is the mean free path and L is a characteristic linear dimension. The mean free path can be 

defined as 
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 P
kTgl     (Equation 11) 

k is Boltzmann's constant, T the temperature, P the pressure and σ is the collisional cross section. σ is 

given by  σ = d²  where d is the particle diameter. It can be approximated as the diameter of diatomic 

nitrogen (6.2 Å). In this case σ = 1.21 × 10-18 m2. In our case T = 1500K and P = 1 atm, then the mean free 

path is 1.69 x 10-7 m. The Knudsen number is then Kn = 5.6 x 10-7. The Knudsen is very small, surface 

reaction calculations are then valid. 

Additional details about parameter of the models can be found in Appendix, Section I.8. 

F.2.3. Materials and reaction 

The relevant properties of the different materials used in Fluent® are reported in Table 5. 

Properties of oxygen, nitrogen and carbon monoxide were found in Fluent® database and were kept the 

same. The methods to calculate the properties of the gas mixture are the following: 

- Density: ideal gas (the gas is compressible) 

- Thermal conductivity, viscosity: ideal gas mixing law 

- Mass diffusivity, thermal diffusion coefficient: kinetic theory 

 Glass Steel ZrC ZrO2 

Insulating material 

(typically silica 
foam) 

Density (kg/m3) 2230 8030 2719 - 800 

Cp (J.kg-1.K-1) 750 502.5 871 450 1000 

Thermal conductivity 

(W.m-1.K-1) 
1 16.3 20.5 1.5 0.4 

Absorption 

coefficient (1/m) 

15 (corresponds to a 

transmissivity of 85%) 
- - - - 

Scattering coefficient 
(1/m) 

0 - - - - 

Refractive index 1.4 - - - - 

Emissivity 0.9 0.2 0.75 - 0.5 

Diffuse fraction 0 0.5 1 - 1 

Standard state 

Enthalpy (kJ/mol, ref 
298K) 

- - -207 -1080 - 

Standard state 

Entropy (J.mol-1.K-1, 
ref 298K) 

- - 33 50.3 - 

Table 5: Properties of the materials in Ansys/Fluent®. Values were collected from different sources on the internet and from 
resources of the laboratory (Wikipedia, matweb.com, JANAF Thermochemical Tables, personal estimates). 
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Only one surface reaction was activated at the surface of the sample. This simple oxidation 

reaction is    2 ZrC(s) + 3 O2 (g)  2 ZrO2 (s) + 2 CO(g)  

The rate exponents of the solid species and CO are 0, and is 1 for O2. The Arrhenius rate constants 

(pre-exponential factor and activation energy) are not known and no values can be found in the 

literature for high temperatures. Activation energy was then set arbitrarily to 1.1010 and the effect of the 

activation energy value on the reaction was investigated later on.  

F.2.4. Boundary conditions and solution methods 

Only the fluid domain and the glass dome contribute to radiation. The following boundary 

conditions were applied to the geometry depicted in Figure 46: 

 Inlet: mass-flow inlet, 1.7 x 10-4 g/s (10 L/min), P = 1 atm, no turbulence, T = 285K, 20 mol% 

O2, 80 mol% N2; black body. 

 Outlet: mass-flow outlet, 1.7 x 10-4 g/s; black body. 

 B1 and B1’: natural convection modeled by heat transfer coefficient = 20 W.m-2.K-1, free 

stream temperature = 285K; semi-transparent media, black body. 

  B2: natural convection modeled by heat transfer coefficient = 20 W.m-2.K-1, free stream 

temperature = 285K; radiation of 35000 W/m² directed to the center of the sample. 

 B3: natural convection modeled by heat transfer coefficient = 15 W.m-2.K-1, free stream 

temperature = 285K; opaque media. 

 B4: water cooling modeled by heat transfer coefficient = 1000 W.m-2.K-1, free stream 

temperature = 285K; opaque media. 

 B5: symmetry axis. 
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Figure 46: Geometry of the reactor. Inlet, Outlet, B1, B1’, B2, B3, B4 and B5 are the zones on which boundary conditions are 

applied. 

The reactor was initialized at a pressure of 1 atm, an axial and radial velocity of 0 m/s, no 

turbulence, a composition of 20 mol% O2, 80 mol% N2 and a temperature of 285K.  

The simple scheme (segregated) was selected because it provided the quickest convergence. 

Second order spatial discretization was chosen, apart for pressure where body force weighted was 

chosen (better convergence for buoyancy problems). 

F.2.5. Limitations of the models 

Due to the chosen models, geometry and boundary conditions, this study is not able to model 

some phenomena which occur in reality. Below is a short list of non-modeled phenomena in the reactor: 

 As only one chemical reaction is taken into account, other reactions such as deposition of 

condensed matter on the walls of the reactor or formation of smoke are not modeled. As for 

the modeled chemical reaction, its rate does not depend on the ZrO2 surface coverage. In 

reality this oxide layer lowers the oxygen diffusivity and the oxide does not grow linearly with 

time. 

 As the geometry is 2D axisymmetric, swirling flows around the axis of symmetry are not 

modeled. 

 All radiative properties of the modeled case were kept the same for all wavelengths. In reality 

they strongly depend on the wavelength. That is why an important phenomenon such as 
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greenhouse effect in the reactor due to the lower transmissivity of glass in the infrared 

spectrum than in the visible spectrum is not modeled. 

Nevertheless these phenomena are supposed to have a limited influence on studied results. 

F.3. Results and interpretation 

F.3.1. Residuals and convergence 

The evolution of the residuals can be monitored in Ansys/Fluent®. The residuals are 

representative of the stability of the calculation and the solution is assumed to converge when the 

residuals drop below a certain value. The values of these convergence criteria are the default values of 

the software (10-3 for continuity for example). The plot of the residuals is reported in Figure 47. The 

solution converged for 2500 iterations, the only residual that did not fall below its criteria of 

convergence is do-intensity. This is certainly due to discrete ordinate model parameters controlling the 

fineness of the discretization that were not sufficiently high. But a finer discretization would lead to a 

longer calculation time. The final residuals are reported in Table 6. 

 

 
Figure 47: Plot of the residuals of the calculation in Fluent®. NB: the variations up to the 500

th
 iteration are due to a first 

approximation of the solution with another viscous model, followed by the application of the SST-transition model to make the 
solution converge. 
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Residual continuity x-velocity y-velocity energy k omega intermit retheta do-

intensity 

o2 n2 

Value below which the 

solution is converged 

1,00E-03 1,00E-03 1,00E-03 1,00E-06 1,00E-03 1,00E-03 1,00E-03 1,00E-03 1,00E-06 1,00E-06 1,00E-06 

Residual value after 

2500 iterations 

5,95E-05 2,28E-05 1,43E-05 4,56E-08 1,37E-05 6,03E-06 4,05E-05 7,12E-05 4,50E-05 6,35E-08 6,26E-08 

Table 6: Residual values after 2500 iterations, and the convergence criteria below which the solution is assumed to converge. 

F.3.2. Flow in the reactor 

It is interesting to know how the air flows in the reactor. Flow pathlines depicted in Figure 48.a. 

show clearly that the flow is driven by buoyancy. There is a flam-like air flow above the sample due to 

the convective exchange between the hot sample and colder air. The velocity vectors of this flam-like 

flow are reported in Figure 48.b. The calculated maximum velocity is 1.18 m/s. The inlet velocity is very 

small compared to that of the buoyancy-driven flow, and the inlet flow does not have an influence on 

the shape of the flam. It can also be noticed that there is a flow recirculation in the upper part of the 

reactor. Finally the air in the lower part of the reactor is quasi-static. A useful information drawn from 

these observations is that the reactor is big enough to let the flow develop around the sample without 

being disrupted by the walls. 

 
Figure 48: a. Flow pathlines colored by velocity magnitude. b. Velocity vectors above the sample colored by velocity magnitude 

(scale in m/s). The scale is in common with both figures. 

It is also interesting to compare the simulation to reality whenever it is possible. A picture taken 

during an experiment show clearly smoke above the sample and it is likely that this smoke follows the 

flow pathlines. In Figure 49 these real flow pathlines are compared to those calculated by Fluent®. The 

flow pathlines look similar, except very close to the sample because of the small difference in the 

geometry (in reality the sample was not perfectly aligned with the support). 
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Figure 49: a. Flow pathlines above the sample with in red superimposed flow pathlines from reality, visible due to the smoke in 

picture b. 

F.3.3. Radiation and temperature 

The radiation boundary condition applied on the glass dome was adjusted until the incident 

radiation at the surface of the sample reached a certain profile corresponding to values gathered from 

real measurements. The incident radiation profile at the surface of the ZrC sample and the surface 

temperature due to this radiative heat flux are reported in Figure 50. The maximum temperature 

corresponding to this radiative heat flux is 2009K at the center of the sample. At the edge the 

temperature drops to 1828K.  

 
Figure 50: Incident radiation and temperature of the surface of the ZrC sample as a function of the distance from the center of 

the sample. 

The ZrC sample conducts heat from the surface to the insulating material, the role of which is to 

not conduct too much heat in order to insulate the steel support, because high temperatures resulting 
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from radiation could cause it to melt. The gradient temperature throughout the thickness of the ZrC 

sample and the insulating material is reported in Figure 51. It can be noticed that the temperature 

gradient in the ZrC sample is very low because of the relatively good thermal conductivity of this 

material. The gradient is only 36K between the surface and the interface with the insulating material. On 

the other hand the insulating material has a relatively low thermal conductivity, and the gradient is 

much higher, almost 1400K between the interface with ZrC and the interface with steel. The maximum 

temperature of the steel support does not exceed 580K thanks to this insulating material. What is more, 

without this material the temperature gradient in the ZrC sample would have been much higher because 

steel is a good thermal conductor.  

 
Figure 51: Temperature gradient in ZrC sample and insulating material throughout the thickness, from the top center of the ZrC 

sample to the bottom center of the insulating material. 

Finally the temperature contours in the entire reactor are reported in Figure 52. The following 

observations can be drawn from this figure: 

 The flam-like flow above the sample carries heat to the top of the reactor, where it is cooled 

down thanks to cold air coming in, as air flows progressively to the bottom of the reactor. The 

average outlet temperature of the air is 324K. 

 The glass dome heats up where radiation is coming in, because it has not a 100% 

transmissivity. The maximum temperature of the glass dome is 460K. In reality the 

temperature after a full experiment could be higher, because sometimes particles deposit on 

the inside part of the dome, which lowers the transmissivity. 

 The steel support does not heat up much; the maximum temperature in zone 2 (see Section 

F.2.1) is 326K. 
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Figure 52: Temperature contours in all parts of the reactor. A custom color map was chosen in order to capture the gradients in 

all the domains. 

F.3.4. Chemical reactions and species 

The value of the Arrhenius rate constant k is calculated as: 

 
TR

EA a

.
exp .  k      (Equation 12) 

Where A is the pre-exponential factor, Ea is the activation energy, R the universal gas constant and T the 

temperature. 

As there is no data for A and Ea available in the literature for ZrC, arbitrary values have to be set. 

The pre-exponential factor is set to 1010 and Ea value is modified to see the influence on the deposition 

rate of ZrO2 at the surface of the ZrC sample. Two different behaviors can be noticed as seen in Figure 

53.  

For an activation energy of 4 x 108 kJ/kgmol or less, the exact same values are obtained. In this 

case the surface deposition rate is higher at the edges of the sample and lower at the center. The 

average value on the surface is 6.51 g/m²/s. For one of the tested sample (surface of 4.8 cm²), it 

corresponds to a mass gain of 3.7g for an oxidation time of 20mn.  

For an activation energy of 4.5 x 105 kJ/mol or more, the latter has an influence on the deposition 

rate: the higher the activation energy, the lower the deposition rate. Now for all the curves the rate is 
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higher at the center of the sample than at the edges. For activation energies of 4.5 x 105, 5 x 105 and 5.5 

x 105 kJ/mol, the average values on the surface are 2.0, 0.11 and 0.0060 g.m-2.s-1 respectively. It 

corresponds to mass gains of 1.15, 0.065 and 0.0034 g respectively for an oxidation time of 20 min.  

In real experiments, samples subject to the same conditions gain about 0.1g. It would correspond 

to an activation energy of 4.9 x 105 kJ/mol (with a pre-exponential factor of 1010) in Ansys/Fluent®. The 

following reported results were obtained with this value, as it reflects reality. Observations of the 

oxidized samples show a higher deposition of ZrO2 sometimes at the center, sometimes at the edges. 

 
Figure 53: ZrO2 deposition rate on the surface of the ZrC sample as a function of the distance from the center of the sample for 

two different activation energies. 

Finally contours of molar concentrations of O2 and CO are reported in Figure 54. CO is created 

mostly at the center of the sample and is carried by the air flow to the top of the reactor where it 

progressively mixes with air. The maximum concentration of CO is 2.6 x 10-5 mol/L at the center of the 

sample. The average CO concentration at the outlet is 2.8 x 10-6 mol/L. O2 is consumed by the reaction at 

the surface of the ZrC sample. Its minimum concentration at this place is 1.2 x 10-3 mol/L. The average 

O2 concentration at the outlet is 7.5 x 10-3 mol/L. It can be noticed that the concentration in the lower 

part of the reactor is rather homogeneous. This is a good point because it is at this place that 

spectrometry measurements are taken. If large concentration gradients were to exist at this place, 

spectrometry measurements would be highly inaccurate. 

0,001

0,01

0,1

1

10

100

0 2 4 6 8 10 12

Z
rO

2
 d

e
p

o
s
it

io
n

 r
a
te

 (
g

.m
-2

.s
-1

)

Distance from center (mm)

A=1E10; Ea=4E5 kJ/mol
A=1E10; Ea=4.5E5 kJ/mol
A=1E10; Ea=5E5 kJ/mol
A=1E10; Ea=5.5E5 kJ/mol



 Page   – 73 – 

 
Figure 54:  Molar concentrations of O2 (a) and CO (b) in the reactor. Scales are in mol/L.   

F.4. Conclusion 

To conclude about this numerical analysis, it can be said that even if results are likely to be 

inaccurate in term of magnitude, because material properties and chemical mechanisms are not known 

with enough accuracy, this analysis gives interesting results about gradients and profiles in the reactor. 

The development of a flam-like flow as reported by Fluent® has been observed in reality. Temperature 

profiles at the surface of the sample look close to reality as well. This study also proved that the reactor 
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is large enough to avoid perturbations of the flow, which would have been the case if the walls had been 

closer to the sample. What is more, its size allows the chemical species to flow sufficiently to ensure 

homogeneous composition where spectrometry measurements are carried out. 
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I. Appendix 

I.1. Summary of properties and characteristics of ZrC and HfC 

(from [9]) 

Note: test temperature is 20°C unless otherwise stated. 
 

Property ZrC HfC 

Structure cubic close packed (fcc B1, NaCl) cubic close packed (fcc B1, NaCl) 

Lattice Parameter 0.4698 nm 0.4636 nm 

Space Group Fm3m Fm3m 

Pearson Symbol cF8 cF8 

Composition ZrC0.55 to ZrC0.99 HfC0.60 to HfC0.99 

Molecular Weight 104.91 g/mol 190.50 g/mol 

Color silver gray silver gray 

X-ray Density 6.59 g/cm3 12.67 g/cm3 

Melting Point 3420°C (melts without 
decomposition) 

3928°C (melts without 
decomposition) 

Debye Temperature 491 °K 436 °K 

Specific Heat (Cp) 37.8 J/mole.K 37.4 J/mole.K 

Heat of Formation, -ΔH, at 298 K 196 kJ/g-atom metal 209.6 kJ/g-atom metal 

Thermal Conductivity 20.5 W/m.°C 20 W/m.°C 

Thermal Expansion 6.7 x 10-6/°C 6.6 x 10-6/°C 

Electrical Resistivity 45 ± 10 μΩ.cm 37-45 μΩ.cm 

Superconductive Transition 
Temperature 

< 1.2 K < 1.2 K 

Hall Constant - 9.42 x 10-4 cm.A.s - 12.4 x 10-4 cm.A.s 

Magnetic Susceptibility - 23 x I0-6 emu/mol - 23 x I0-6 emu/mol 

Vickers Hardness 25.5 GPa 26.1 GPa 

Modulus of Elasticity 350-440 GPa 350-510 GPa 

Shear Modulus 172 GPa 193 GPa 

Bulk Modulus 207 GPa 241 GPa 

Poisson’s Ratio 0.191 0.18 
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I.2. Table of the literature concerning irradiation of ZrC (from 

[43]) 

Reference Material Temperature 
Dose and 
Species** 

Property evolution 

D. Gosset, M Dolle, D. 
Simeone, G. Baldinozzi, 
L. Thorne, J. Nucl. Mat. 
373,  (2008) 123. 

Hot pressed 
85% dense 

RT 4 MeV Au 
irradiation 
7 to 35 dpa 
(peak) 

0.15% swelling, saturated by 0.1 dpa 
Formation of small, faulted dislocation loops 
Dislocation network formed at high doses 
Formation of zirconium oxide phase noted. 

J. Gan, M. K. Meyer, R. 
Birtcher, T. R. Allen. , 
Journal of ASTM 
International, JAI12376, 
3, (2006) 1. 

Hot pressed 
C/Zr = 1.01 
Density 6.58 g/cc 
(~99.5% theoretical) 

27°C and 
800°C 

1 MeV Kr 
10 to 30 dpa at 
27°C 
10 and 70 at 
800°C 

27°C :   Black dot microstructure 
~ 0.7 to 0.9 % lattice parameter increase 
 
800°C :  Precipitate formation 
~ 0.6 to 7.0 % lattice parameter increase 

J. Gan, Y. Yang, C 
Dickson, T Allen, J. 
Nucl. Mat., 389, (2009) 
317. 

Hot pressed 
C/Zr = 1.01 
Density 6.58 g/cc 
(~99.5% theoretical) 

800°C 2.6 MeV Proton 
0.71 to 1.8 dpa 

Formation of small faulted loops 

M. L. Taubin, S. V. 
Fateev, M V. Ivanov, P. 
V. Shutov, Atomnaya 
Energiya, 70, (1991) 55. 

Zr-C0.96 < 430°C Mixed fission 
neutrons 
~10-5 dpa 

In-situ property measurement. 
Minor changes in thermal conductivity, thermal 
expansion, heat capacity, and electrical resistivity 

R. A. Andrievskii, V. I. 
Savin, VV. Ya Markin, V. 
T. Spravtsev, A. S. 
Shevcenko, 
Neorganicheskie 
Materialy, 14, (1978) 
526. 

Unknown 
C/Zr range (0.7 to 0.93) 

140°C Neutrons 
~0.01 dpa 

~ 0.35% lattice expansion for C/Zr of 0.93 

Y. Yang et. al., J. Nucl. 
Mat., 378, (2008) 341. 

Hot Pressed 
C/Zr 1.01 
Density 6.58 g/cc 
(~99.5% theoretical) 

800°C 2.6 MeV Proton 
0.7 and 1.5 dpa 

Frank Loops Observed 
~ 0.11% lattice parameter increase 
~ 10-15% increase hardness 
Significant increase in indent fracture toughness 

M. S. Kovalchenko, Y. I. 
Rogavoi, 
Neorganicheskie 
Materlaly, 9, (1973) 
321. 

Hot Pressed 
ZrC0.98 
Porosity <4% 

~50°C Neutrons 
< 0.02 dpa 

Up to 0.321% lattice expansion. 
Up to 12% increase in hardness. 

G. W. Keilholtz, R. E. 
Moore, M. F. Osborne, 
Nuclear Applications, 4, 
(1968) 330. 

 
Hot Pressed 
6.3 g/cc, 93% theoretical 
C/Zr = 1.08 
1 wt% impurities 
 
Slip Cast 
4.7 g/cc, 70% theoretical 
C/Zr = 1.20 
1.5 wt% impurities 
 
Explosion Bonded* 
6.4 g/cc, 95% theoretical  
C/Zr = 1.27 
0.55 wt% impurities 

130-
355°C+,++ 
 

Neutrons 
~ 1.8-6.6 dpa 
 
 
 
 
~ 1.6-3.4 dpa 
 
 
 
 
~1-3.5 dpa 

 
Hot Pressed 
Volume change from lattice expansion ~0.2-0.8% 
Gross Volume Expansion 2.3 to 2.7% 
Minor to severe fracturing above 1.6 dpa 
 
Slip Cast 
Gross Volume Expansion 2 to 2.5% 
Minor to severe fracturing above 1.6 dpa 
 
 
Explosion Bonded 
Volume change from lattice expansion ~0.6% 
Gross Volume Expansion 2.1 to 2.6% 
Minor to severe fracturing above 1.6 dpa 
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G. W. Keilholtz, R. E. 
Moore, D. A. Dyslin, 
Fuels and Materials 
Development Quarterly 
Prog. Rept. ORNL-4390, 
(1968) 113. 

 
Hot Pressed 
6.3 g/cc, 93% theoretical 
C/Zr = 1.08 
1 wt% impurities 
 
Slip Cast 
4.7 g/cc, 70% theoretical 
C/Zr = 1.20 
1.5 wt% impurities 
 
Explosion Bonded* 
6.4 g/cc, 95% theoretical 
C/Zr = 1.27 
0.55 wt% impurities 

1000-
1100°C+ 
 

Neutrons 
~ 5.9 dpa 
 
 
 
 
~ 2.9-6 dpa 
 
 
 
 
~ 3 dpa 

 
Hot Pressed 
Gross Volume Expansion 0.1% 
No Fracture Observed 
 
 
Slip Cast 
Gross Volume Expansion 0.9 to 0.7% 
No Fracture Observed 
 
 
Explosion Bonded 
Gross Volume Expansion 1% 
No Fracture Observed 

D. A. Dyslin, R. E. 
Moore, H. E. Robertson, 
ORNL-4480, (1969) 
245. 

Hot Pressed 
Slip Cast 
Explosion Bonded 
(see Keilholtz description) 

65-90°C+ 
 

~ 0.15-0.9 dpa Volume Expansion 0.017 to 0.021% 
No dependence on materials exhibited 

 

+  Reported as calculated temperatures. True temperatures may be significantly different.  

++ Irradiation temperature reported as 300-700°C in original reference.  However, calculated irradiation temperature was revised. 

*few percent Ni or Co added to powder prior to explosive bonding.  Resulting material includes ~5% residual Ni/Co at grain 

boundaries.  

** The displacement damage listed is as provided in original reference for ion irradiation.  For neutron irradiation an equivalency of 

1 dpa = 1 x 1025 n/m2  (E>0.1 MeV) or 0.8 x 1025 n/m2  (E>1 MeV) is assumed. It is noted that such an equivalency is appropriate 

for lower Z carbides but is likely an over estimate of dpa for ZrC. 

I.3. List of species removed from Gemini 

The following substances were removed from Gemini because it was assumed that they would 

not form (mainly because their formation kinetic is too slow): 

SiC(s), Mo(s), NMo2(s), SiMo3(s), Si3Mo5(s), ZrN(s), N2O4(s), Si3N4(s), Si(s), SiZr(s), SiZr2(s), ZrSi2(s), 

Si3Zr5(s), Zr(s), Si2N2O(s), SiZrO4(s), ZrH2(s), H4N2O3(s), Si2H6(s), and solid carbon chains (ex: C2H6(s)). 
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I.4. Produced substances and gases vs OPP, He + O2 

 
Figure 55:  Evolution of the produced substances vs OPP for different temperatures. The initial composition is 8mol of ZrC, 2mol 

of MoSi2, 1000mol of a mix He + O2 with an activity of 1 and a total pressure of 1atm. 

 
Figure 56: Evolution of the produced gases vs OPP for different temperatures. The initial composition is 8mol of ZrC, 2mol of 

MoSi2, 1000mol of a mix He + O2 with an activity of 1 and a total pressure of 1atm. 
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I.5. Produced substances and gases vs. temperature under 

different atmospheres 

 
Figure 57: Evolution of the substances vs Temperature based on equilibrium calculations for different atmospheres. Initial 

compositions: 8mol of ZrC, 2mol of MoSi2 + Air (0.2mol O2, 0.8mol N2), Air + H2O (0.56mol O2, 0.14mol N2, 0.3 mol H2O), CO2 + 
H2O (0.7mol CO2, 0.3mol H2O), He + O2 (1000mol of He + O2 at OPPs of 100 and 2 Pa).Gaseous species have an activity of 1 and a 

total pressure of 1atm. 

 
Figure 58: Evolution of the substances vs Temperature based on equilibrium calculations for different atmospheres. Initial 

compositions: 8mol of ZrC, 2mol of MoSi2 + Air (0.2mol O2, 0.8mol N2), Air + H2O (0.56mol O2, 0.14mol N2, 0.3 mol H2O), CO2 + 
H2O (0.7mol CO2, 0.3mol H2O). He + O2 does not appear as the partial pressure of produced gases is too low. Gaseous species 

have an activity of 1 and a total pressure of 1atm. 
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I.6. SEM pictures of the surface of the samples after oxidation in 

helium 

 
Figure 59: SEM pictures of the surface of an EDM samples as received (a), after oxidation at 1500K (b) and 1800K (c) in helium 

with a partial pressure of oxygen of 2 Pa. Notice the glassy layer above the grains in c. In b ZrC grains are present without this 
glassy layer. 
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I.7. SEM pictures of the surface of the samples after oxidation in 

air 

 
Figure 60: SEM picture of the surface of an EDM sample as received (a) and after oxidation at 2000K in air (b). Notice the cracks 

in the oxide layer in b. 

 
Figure 61: SEM picture of the surface of an EDM sample as received (a) and after oxidation at 2400K in air (b). b is a detail on the 

circumvolutions of the brain-like oxide layer. 
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I.8. Additional parameter of the models in Ansys/Fluent® 

 
Figure 62: General parameters 

 
Figure 63: Parameter of the Transition-SST viscous model 
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Figure 64: Parameters of the Discrete Ordinates radiation model 

 
Figure 65: Parameters of species model 
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Figure 66: Selected solid and gaseous species for chemical reactions 

 
Figure 67: Parameters of the reaction 

 


