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Abstract 

A hybrid carbide ultra-high temperature ceramics matrix [(Hf,Ti)C-SiC] reinforced with 
BN-coated carbon fibres was fabricated and tested for surface oxidation resistance. The UHTC 
composite showed an average mass ablation rate of 0.0014 g/s after exposure to a high heat flux 
(~17 MW/cm2) oxyacetylene flame test for 30 s. The cross-sectional profile of the oxides scale 
formed was characterised and analysed. The scale was multicomponent; consisting of oxides of 
Hf, Ti and Si, as well as HfTiO4 and HfSiO4, which underwent phase separation and 
immiscibility. Multiple glassy bubbles formed on the scale surface due to the impediment of 
escaping gases by the glassy layer on the outer scale. The largest pores in the scale and surface 
bubbles that resisted rupture were the dominant features of the outermost phase-separated layer. 
Phase separation in the scale top layer improves the resistance to scale rupture. 

Key Words 
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1. Introduction 

The advent of hypersonic flight demands the use of very refractory materials for applications 
such as thermal protection systems (TPS)1,2. One group of materials that is widely investigated 
is ultra-high temperature ceramics (UHTCs). The need to have materials that have resilience to 
oxidative attack, while retaining mechanical properties at temperatures above 2000 °C is 
desirable. Oxidation at such temperatures may be regarded as inevitable; therefore the ability of 
such materials to oxidise minimally and form an oxidative scale that firmly adheres to the virgin 
material becomes a key criterion3. 
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Most UHTC materials have SiC added to Zr- and Hf-based UHTC compounds for better sintering 
and oxidation resistance, leading to a multi-graded or multi-layered scale when oxidised. The 
profiles of the multi-layer oxide scale that forms on ZrB2-SiC compounds have been explained 
in detail4–6, whilst oxidised HfB2-SiC refractory compounds scales have also been reported in 
the literature7–9. Mechanisms of scale profile formation in UHTCs incorporating both Zr- and 
Hf-UHTCs show similar trends to the primary compounds4,8. Additions to the Zr- and Hf-based 
refractory compounds have also been made using Group V and Group VI compounds. The 
contribution of the former to modifying Zr and/or Hf scales, particularly using Ta compounds 
like TaC, TaB2 and TaSi2 for better oxidation resistance and sintering, have been 
investigated6,10,11, whilst additions of Group VI compounds, especially WC, WB2 and WSi2 to 
improve sintering and sealing of voids in Zr- and/or Hf-based scales have also been 
investigated12–14. Notwithstanding the various incorporations to Zr and Hf, the widely accepted 
scale profile, from the scale/virgin material interface to the surface, consists of a silica-depleted 
layer that leads to a glassy silica-rich layer on the outside of the scale.  

Of interest are situations where phase separation occurs in some or all layers of the UHTC oxide 
scale profile formed. Immiscibility in UHTC systems has mostly been studied in Zr-based 
systems. Phase separation occurred on the outer surface in a ZrB2-20% SiC system with 20% 
TaSi2 additions6, whilst ZrO2 particles crystallised out of a silicate matrix in a ZrB2-20% SiC 
system with rare earth additives such as LaB6, La2O3 and Gd2O3

15. Phase separation also occurred 
between ZrO2 and  SiO2 on the surface of a ZrB2–15 vol% SiC composite16 and in a ZrB2-Si3N4 
UHTC with TaB2 and CrB2 additions10. For the latter, the borosilicate glass formed separated 
from the oxides of Zr and Cr10. Verdon and co-workers17 were probably the first to show how 
phase separation could be useful in oxidation protection of a HfO2-SiO2 system generated from 
a HfC-SiC coating on a C/C composite. Makurunje et al.18 showed phase separation in the form 
of incipient crystallization and surface bubbles in a system consisting of Ta2O5, SiO2 and TiO2. 

From consideration of the contribution of cationic electric fields and size contribution to phase 
immiscibility19–21, when a silicon-rich hybrid-matrix UHTC is oxidised, phase separation should 
occur. Some studies also showed that the presence of cations such as Tax+ and Cry+ in hybrid-
matrix UHTCs could initiate phase separation10. A hybrid-matrix UHTC can be considered as 
one consisting of at least two transition metal compounds that are considered UHTCs, often also 
containing SiC. Phase separation in hybrid-matrix UHTCs can be associated with Coulombic 
separations between the electric fields around the cations. The case of SiC being oxidised to 
polymerized silica leads to the oxygen anions being closer to the silica network, which causes 
the transition metal cations’ fields to repel, hence generating phase separation.  

The present work consists of an investigation into the scale profile and surface of a carbon fibre 
reinforced hybrid carbide UHTC matrix, the latter consisting of a combination of SiC and 
(Ti,Hf)C. The combination of TiC and HfC in a UHTC composite matrix has not been 
investigated previously.  The occurrence of oxides immiscibility and its effect on protecting the 
underlying carbide composite is discussed.  
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2. Experimental 

Materials and Methods 

The powders used in preparing the Hf-Ti-Si arc melted alloy were: 

1. 49 wt % (33 at.%) HfSi2 of 99.99% purity and 1-5 µm nominal particle size (Alfar Aesar, 
South Africa) 

2. 51 wt %, (67 at.%) TiSi2 of 99.95% purity and 40 µm nominal particle size (Alfar Aesar, 
South Africa) 

Prior to arc melting the powders under a vacuum, a mixture was obtained by low speed (150 
rpm) planetary ball milling (agate pot and balls) of the disilicides for 4 h in hexane, followed by 
drying and compaction at 100 MPa.  

A bulk polyacrylonitrile-based carbon fibre cloth (Twill 2/2, 3K, 200 g/m2 linear density, 
Engineered Cramer Composites, Germany) was acquired to serve as the reinforcement for the 
composite. To prepare the surfaces of the fibres for coating with a boron nitride precursor, they 
were thermally desized in a tube furnace stepped up to 1000 °C at the rate of 20 oC/min and held 
for 5 minutes with flowing argon gas. The boron nitride precursor was prepared by mixing a 
urea-boric acid mixture (8:1 by mass respectively) in ethanol and filtering off residual crystals. 
The precursor covered the fibres during the solution dipping technique, before the fibres were 
withdrawn from the solution and dried in ambient air. The boron nitride coating for the carbon 
fibres was then realised by a nitriding reaction between nitrogen gas and the urea-boric acid 
mixture at 1000 °C for 1 h.  

The BN-coated carbon fibres were infused with phenolic resin using a vacuum assisted resin 
infiltration facility at room temperature for 4 h. This introduced a resin matrix to the fibre cloth 
and was followed by curing at 100 °C for 8 h to allow crosslinking in the resin. Pyrolysing the 
crosslinked resin in an argon atmosphere at 1000 °C for 1 h yielded a carbon matrix. Thus, an 
intermediate Cf/C composite with a bulk density 1.45 g/cm3 and open porosity of 28.3% was 
obtained. Discs of 20 mm nominal diameter and 3 mm thickness were cut from the intermediate 
composite for subsequent processing as summarised in Figure 1a.  

2.5 g of pulverised alloy powder was placed in contact with each of the cut Cf/C composite discs 
in a BN lined graphite crucible. The graphite crucible was positioned inside a hollow cylindrical 
die and fixed in contact with a conventional graphite assembly of punches and rams in a pulsed 
electric current sintering (PECS) furnace illustrated in Figure 1b. The crucible was overlaid with 
graphite foils to avoid high temperature fusion with the graphite die. The whole die set-up was 
also covered with carbon fibre insulating cloth. The ram confining force was set at the minimum 
possible, 3 kN, to ensure electrical contact with the graphite crucible but avoid the use of 
excessive pressure. A pulsed electric current of maximum 4 kA was applied to heat the crucible 
at a rate of 200 °C/min to 2000 °C.  This caused the alloy powder to melt and be drawn into the 
open pore channels of the intermediate Cf/C composite by capillary transport. As the alloy 
permeated the intermediate Cf/C composite, contact with the carbon matrix led to carbide 
formation reactions. A 30-minute hold time was used to allow the melting, permeation and 
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reaction processes to complete. The resulting hybrid carbide UHTC matrix composites consisted 
of Cf/(Hf,Ti)C-SiC, which is subsequently shortened to Cf/HTS. 

Oxyacetylene (OAT) flame test 

The high temperature testing of the Cf/HTS composite discs was performed for 30 seconds in air 
using an oxyacetylene torch flame. The sample was secured inside a graphite sample holder and 
fitted in water cooled graphite jacket as shown in Figure 2. The acetylene:oxygen gas volumetric 
flow ratio was 1:1.35, the distance between the torch nozzle (No.13, 1.5 mm diameter; British 
Oxygen Company, UK) tip and the Cf/HTS composite surface was 10 mm and the heat flux at 
the sample surface has been estimated at ~17 MW/m2; details of how the latter was determined 
utilising a Gardon gauge-type heat flux sensor (Vatell Corp., USA) has been reported by Paul et 
al.22. The temperature of the surface exposed to the oxyacetylene flame was measured by non-
contact methods using two systems; a 2 colour infra-red pyrometer (Marathon MR1SCSF, 
Raytek GmbH, Germany) and a thermal imaging camera (Thermovision A40, FLIR Systems 
AB, Sweden). The former was important in minimising the effect of emissivity from the phase 
changes on the surface of the materials.  A temperature map for a sample during testing is inserted 
in Figure 2. The radiation ratio was assumed to remain constant, hence the emissivity value was 
kept at 1.0. Four samples of the Cf/HTS composite were tested. Dimensional changes to the 
tested discs were determined and the shrinkage calculated. The mass lost by the disc was 
determined and the mass ablation rate calculated as a ratio of the mass change to the exposure 
time.  

Characterisation 

The composites were characterised before and after OAT testing using a variety of techniques. 
X-ray diffraction (Bruker D2 Phaser, Bruker Corporation, USA) using a monochromatic cobalt 
source (λ = 1.79 eV) at 30 kV for a 2-theta range of 10-90° yielded crystallographic data. Field 
emission scanning electron microscopy (Zeiss Sigma Evo 60, Carl Zeiss AG, Germany) was 
performed in both backscattered diffraction (BSD) and secondary electrons (SE) modes to 
analyse the phase distributions in the microstructures of the Cf/HTS composites. The elements 
present were also determined using a Bruker AXS Quantax 4010 (Bruker Corporation, USA) 
energy dispersive spectrometry detector. 

Quantitative Analysis 

The distribution of phases in the back-scattered diffraction micrographs were investigated using 
probability-based statistical analysis. Image analysis was first performed using ImageJ software 
on regions of interest, measuring 40 x 50 μm, by optimised contrasting of the micrographs and 
thresholding into black and white domains. The porosity across the scale profile was 
quantitatively recorded and the pore areas fitted to a 3-parameter Weibull probability plot. 
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3. Results and Discussion 
 
Virgin Cf/HTS Composite  

A virgin Cf/HTS composite disc is shown in Figure 3a. The four dics prepared had a residual 
porosity of 5.6 ± 1.9%. TiC (PDF 006-0614), HfC (PDF 081-8969) and SiC (PDF 073-1665) 
phases were observed in the matrix as shown in Figure 3b. Unreacted silicides were not detected 
by XRD. The white phase that precipitated close to the carbon matrix/alloy interface, shown in 
Figure 3c-d, is a solid solution of carbides of Hf and Ti. The virtually uniform distribution of 
the carbon element in the EDS dot map in Figure 3d confirms the formation of the carbides in 
the matrix. The spatial incidence of Hf and Ti in the maps also confirms the existence of a 
(Hf,Ti)C solid solution (PDF 001-6522). At 2000°C a complete HfC-TiC solid solution is 
expected23.  

Oxidised Cf/HTS Composite Discs 

An ablated Cf/HTS composite disc is shown in Figure 4. The mean mass ablation rate of the 
prepared Cf/HTS composites after exposure to the oxyacetylene flame was 0.0014 g/s. The discs 
showed a mean radial shrinkage of 0.57 ± 0.21% and a thickness shrinkage of 5.19 ± 2.68%. The 
oxidized Cf/HTS composite surfaces had a brownish colour, as shown in Figure 4c. The surface 
was characterized by transparent and solid bubbles of assorted sizes. Details concerning the 
formation of bubbles on the Cf/HTS composite surface are discussed in subsequent sections.  

Oxidation Reactions 

XRD analysis results in Figure 5, shows that a range of different oxides were formed in the 
scale, including HfO2 (PDF 65-1142), SiO2 (PDF 75-0923) and TiO2 (PDF 21-1276) as shown 
by Equations 1-3, and ternary titanate (HfTiO4, PDF 40-0794) and silicate phases (HfSiO4, 
PDF 20-467) shown by Equations 4-5.  

2(Hf,Ti)C + 5.5O2 → 2HfO2 + 2TiO2 + CO2 (1) 

2SiC + 3.5O2 → 2SiO2 + CO2  (2) 

2SiC + 3.5O2 → 2SiO + 2CO2  (3) 

HfO2 + SiO2 → HfSiO4   (4) 

HfO2 + TiO2 → HfTiO4   (5) 

TiO2 + SiO2 → TiSiO4   (6) 

Equation (6) represents the formation of TiSiO4, which is so unstable that its existence is 
sometimes considered hypothetical24. No HfO2-TiO2-SiO2 phase diagram was found in the 
literature; therefore reference to the different pseudo-binary systems of HfO2-TiO2, HfO2-SiO2 
and TiO2-SiO2 in Figure 6, was necessary. Inference from the ZrO2-TiO2-SiO2 phase diagram 25 
was also useful as ZrO2 and HfO2 are isostructural26. No evidence for any quaternary oxide 
complex was observed. 
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The HfO2-TiO2-SiO2 pseudo-ternary system, when analysed from the aforementioned pseudo-
binary systems viewpoint, is somewhat complicated in that it involves: 
(a) Extensive immiscibility – phase separation regions in the pseudo-binary systems at specific 

composition and temperature ranges, shown in Figure 6;  
(b) Metastable phases – temperature changes lead to oxide phases passing through spinodal 

regions of instability;  
(c) Phase transitions – oxides in the system transform in crystallographic form due to 

temperature changes. For example, hafnia from monocyclic to tetragonal and silica from 
quartz to tridymite. 

 
The crystallographic and thermodynamic summary of the ternary compounds (HfTiO4, HfSiO4 
and TiSiO4) is presented in Table 1. 

HfSiO4 undergoes solid state decomposition into HfO2 and SiO2 at 2000 °C27, as depicted in the 
phase diagram in Figure 6b. In the silica rich system, the possibility of a eutectic of HfSiO4 and 
SiO2 may exist for temperatures above the decomposition temperature, although Bundschuh and 
Schutze28 cited a lower temperature of 1680 ± 15 °C. Since the HfO2-SiO2 phase diagram is only 
partially known, no definite temperature is given in the literature on when the solid-state 
dissociation occurs. In the ZrO2-SiO2 system, the range is generally between 1540 °C and 1700 
°C, as presented by Kaiser et al.29 who arrived at 1687 °C from thermodynamic simulations. 

When cooling, HfO2 transforms from the tetragonal phase to the monocyclic at 1570 ± 20 °C. 
TiO2 is soluble in these phases to a maximum of 10 and 30 mol.% respectively30.With a Hf 
concentration of 30.2 at% used in this study, the phase diagram in Figure 6a shows that HfTiO4 
will be in co-existence with TiO2 liquid when quenched. The brownish colour observed during 
the OAT is a characteristic colour of liquid TiO2. The solid solubility of HfO2 in HfTiO4 is around 
10 mol% and the maximum solubility occurs at 1980 °C30. From the TiO2-SiO2 phase diagram31 
in Figure 6c, the 23 at.% TiO2 used in this study is close to the eutectic of 21 wt% TiO2 at 
1540°C. TiO2, rutile, can be a network former when interacting with silica31. Ferris32 showed the 
thermodynamic possibility of a ZrTiO4-TiSiO4 solid solution, which can be extrapolated to the 
HfTiO4-TiSiO4 system. 

The mutual interactions of the ternary silicates in the system have not been extensively analysed. 
Ramakirs and co-workers33 showed that HfSiO4–TiSiO4 are completely mutually soluble and 
phase separation does not occur. Ferris32 analysed the formation of a ZrSiO4–TiSiO4 solid 
solution, which can be related to the HfSiO4–TiSiO4 system. The solid solution formation 
involved the replacement of Zr by Ti in the crystal. Extension of the idea to the present study 
would lead to equations (7) and (8). The latter is thermodynamically preferred; Ti from the rutile 
is thermodynamically likely to substitute for Si rather than Hf in the crystal32.   

TiO2 + HfSiO4 ↔ TiHfO4 + SiO2   (7) 

TiO2 + HfSiO4 ↔ TiHfO4 + HfO2   (8) 
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Scale Cross-sectional Profile 

The cross-sectional profile of the scale is shown in Figure 7a. The composite formed a scale of 
about 52 μm thickness, which had four distinct microstructural layers shown in Figure 7b. The 
latter were analysed individually for compositional differences, and the EDS maps are shown in 
Figure 7c. 

Layer 1 (scale surface) 
An intra-connecting network of TiO2-HfO2 solid solution (bright phase) and SiO2 (dark phase) 
characterises this layer; their separation is evidence of immiscibility. It is not possible, however, 
to draw conclusions on the mechanism underpinning the phase separation in the system simply 
by analysing the final microstructure; most mechanisms ultimately arrive at the same 
microstructure when the system is quenched17,34. Monaghan et al.35 described the spinodal phase 
segregation as occurring spontaneously, being influenced by the bond rearrangement in the 
silica-rich composition. It should be noted that the solid-state decomposition occurs at a 
temperature very slightly above the eutectic melting points of the two liquids, TiO2 and HfO2. 
 
Layer 2 
Discrete spherical HfO2 crystallites were observed to be embedded in a continuous SiO2-rich 
matrix. The HfO2 and SiO2 phases will have formed from the solid decomposition of the HfSiO4, 
which was observed from the XRD analysis and is also in agreement with the phase diagram. As 
no solid solution is formed in the system, this led to the existence of the discrete spheres of HfO2 
in SiO2. It is therefore believed that the HfO2 crystallized out of the silica matrix.  

The possibility of the formation of metastable compounds such as HfSiO6 exists, being projected 
from the ZrSiO6 indicated by Kaiser29 as part of the solid state decomposition reactions. Solid 
SiO2 forms from the decomposition and is immediately dissolved in the liquid phase as shown 
in the phase diagram in Figure 6. Verdon et al.17 indicated the formation of a HfxSiyOz compound 
in an oxidised HfC-SiC coating. Although the exact identity was not investigated, the compound 
provided oxidation protection to the C/C system underneath the coating. In the case of HfSiO4 
co-exising with ZrSiO4, for which the Zr may be related to the Ti in the present study, Cota et 
al.36 showed that the compound Zr1-xHfxSiO4 was formed from solution when the composition 
was equimolar, i.e. x = 0.5. The oxidation resistance of Zr1-xHfxSiO4 has not been recorded in the 
literature. 

Layer 3 
Microstructural analysis showed the formation of dendritic clusters or “corals” of TiO2, possibly 
TiSiO4, in co-existence with SiO2 and SiC. In layers 3 and 4, the virgin SiC detected was 
confirmed by XRD analysis. Dendrites are believed to have crystallized in the HfO2-depleted 
matrix at a temperature lower than the melting point of SiO2. The coral microstructure in Layer 
3 is attributed to the coalescence and growth of the TiO2-rich precipitates.  

Layer 4 (scale base) 
Layer 4 is the scale/virgin material interface, evidenced by the upper band that is oxygen rich 
and the lower band that is silicon rich. This suggests that the silica-depleted region is located 
above the scale/virgin material interface, the lower region being SiC. The co-existence of Hf and 
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Ti in the oxygen-rich band is marked, also suggesting that the HfTiO4 phase dominates the 
dendritic “corals”. Moreover, regions of phase separation similar to those that dominate Layer 1 
were identified. HfC, TiC and SiC are all capable of reacting with their oxides, the point at which 
chemical equilibrium is achieved being determined by the partial pressures of the exiting CO and 
CO2 formed in relation to the ingressing O2 partial pressure. The oxidation of the reinforcing 
carbon fibres according to Equations 9-10 also contributes to the CO and CO2 in the system. The 
details of the oxidation and degradation of the reinforcing fibres in the Cf/HTS composite, mostly 
located in areas where the scale was denuded off the surface (not shown), is the subject of a 
different paper (to be published) that deals with related reinforcement in other UHTC 
composites. 

C + O2 → CO2  (9) 

2C + 2O2 → 2CO2  (10) 

Porosity in the Scale 

The pore size distribution in the four layers of the scale was compared by the 3-parameter 
Weibull plot based on individual pore areas, as illustrated in Figure 8. Layer 1 is characterised 
the largest pores in the scale, of up to ~30 μm2. Conversely, layer 2 has the finest pores, with 
about 30% having an area of <0.1 μm2 and a total of 80% with less than 1 μm2 area. Layer 2 also 
has the least number of pores.  

The highest number of pores was located in layer 3; both layers 3 and 4 had about ten times the 
number of pores found in Region 2. Layer 3 was the hafnia deficient layer in the scale, whereas 
layers 1 and 2 were silica rich. Layer 4 was the scale/virgin material interface and was 
characterised by relatively limited oxides of Si, Ti and Hf; carbide phases were present. The 
number of pores in layer 4 suggests that the carbides were oxidized and formed gaseous oxides 
of carbon, Equations (1)-(3), which formed pores in attempting to escape. The limited presence 
of silica could also have led to the inadequate filling of the pores by molten silica.  

It is plausible that the oxide gases intumesced through the scale towards the surface but were 
impeded by a higher liquid viscosity in layer 1 and thus formed glassy bubbles in this layer, as 
shown in Figure 8. In some areas transparent bubbles were observed at the surface, as shown in 
the Figure 8c insert, probably due to the vapour pressure of the escaping gases being sufficient 
to “blow” through the SiO2-rich surface. The total partial pressures of the gases in contact with 
the scale determine whether the latter will rupture or remain intact. The quantitative 
consideration of the total partial pressures of the escaping gases (PCO + PCO2) compared with that 
of the scale formed gives an indication of whether the scale was capable of protecting the matrix 
from oxidation, as presented by Hale37. The following rule of thumb applies37: 

PCO + PCO2 < 1 the scale is stable and hence protective 
PCO + PCO2 > 1 the scale is unstable and hence unprotective 

The presence of very large pores just beneath the exposed surface of the scale, layer 1, can be 
related to the observation of the glassy bubbles on the surface in Figure 8b and c. The absence 
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of ruptured bubbles on the surface indicates that layer 1 is a protective shield over the rest of the 
scale, whilst the overall scale adhered to the virgin bulk composite.  

A schematic of the scale top layer, which was characterised by phase separation and surface 
bubbles under which large pores were observed, is illustrated in Figure 8. The resistance of the 
layer to rupturing, especially at the bubble sites, shows that the phase immiscibility contributed 
positively to the ablation resistance of the scale formed.  

4. Conclusion 

Exposure of the carbon fibre reinforced (Hf,TiC)-SiC matrix resulted in the formation of a multi-
layered scale. The Cf/HTS composite showed an average mass ablation rate of 0.0014 g/s after 
exposure to a heat flux of ~17 MW/cm2 during oxyacetylene torch testing for 30 s. The 
multicomponent scale consisted of oxides of Hf, Ti and Si, as well as HfTiO4 and HfSiO4. An 
intra-connecting network of TiO2, HfTiO4 and SiO2 dominated the outermost layer of the scale, 
which underwent phase separation. The scale layer closest to the scale/virgin material interface 
showed the formation of dendritic “corals” of HfTiO4 in a SiO2 depleted band. Oxidation 
reactions led to the production of gaseous products that are believed to have intumesced through 
the scale to form bubbles at the surface. The largest pores in the scale and surface bubbles that 
resisted rupture were the dominant features of the outermost phase-separated layer. Phase 
separation in the scale top layer, which was silica-rich, led to improved resistance to scale 
rupture.  
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List of Figure Captions 

Figure 1: (a) Summary of steps used in preparing the Cf/HTS composite, (b) a schematic of the 
graphite crucible fixed inside the die and secured by assembles of punches and rams in the 
pulsed electric current sintering (PECS) furnace. 

Figure 2: Photograph of a Cf/HTS composite disc in a graphite sample holder during the 
oxyacetylene torch flame test. Insert shows the related temperature mapping photograph. 

Figure 3: (a) Virgin Cf/HTS composite disc in the sample holder. (b) X-Ray diffractogram of 
the virgin Cf/HTS composite. (c) Cross-sectional microstructure of the virgin Cf/HTS 
composite. (d) Higher magnification SEM micrograph of the virgin Cf/HTS composite and 
associated elemental dot maps of C, Hf, Ti and Si.  

Figure 4: (a) Cf/HTS composite disc in the sample holder (post OAT) with bubbles formed on 
the surface; a glassy ridge at the disc edge and a glassy deposit on the sample holder are 
visible. (b) Side view thermal photograph of the fluid loss during torch testing of the Cf/HTS 
disc. (c) The two distinct regions of the bright-white melt at the centre of the disc and brownish 
melt at the peripheries of the disc. (d) Temperature-time profile measured at the centre of the 
disc. 

Figure 5: X-Ray diffractogram of an oxidised Cf/HTS composite (all the samples yielded 
similar results). 

Figure 6: Pseudo-binary phase diagrams for (a) HfO2-TiO2
30 (partial), (b) HfO2-SiO2

38 and (c) 
TiO2-SiO2

31 (partial).  

Figure 7: (a) The cross-sectional back scattered electron micrograph of the scale formed on the 
oxidised Cf/HTS disc composite. (b) Higher magnification micrographs of the four layers (1-4) 
of the scale. (c) EDS dot maps of the four layers (1-4) of the scale. 

Figure 8: (a) 3-Parameter Weibull plot of the pore area distributions in each of the four regions 
1-4 across the scale of the oxidised Cf/HTS composite. (b) Secondary electron angular-view 
micrograph of the bubbles formed in the surface layer (layer 1). (c) Backscattered top-view 
micrograph of the bubbles formed in the surface layer (layer 1). X = base of bubble and Y is the 
bubble. 

Figure 9: Schematic of the relationship between pores in layer 1 of the scale and the scale surface 
characterised by bubbles. 
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Table 1: Crystal and thermodynamic properties of HfTiO4, HfSiO4 and TiSiO4. 
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Table 1 

Compound Crystal 
structure 

Formation 
energy / eV 

Enthalpy 
of 

formation 
from 

oxides* 
/ kJ/mol 

Gibbs 
energies of 
formation 

from 
oxides* 
/ kJ/mol 

Comments 

HfTiO4 triclinic (P1) 
a = 4.771 
b = 5.685 
c = 10.175 

 
volume = 
275.91939 

-3.74439 ΔH°
298K = 

20.54 
 

ΔH°
1800K 

= 11.37 

ΔG°
298K = 

15.85 
 

ΔG°
1800K 

= −6.74 

 

HfSiO4  tetragonal 
zircon 

structure, 
(I41/amd) 
a = 6.625 
b = 6.625 

c = 6.00739 
 

volume = 
131.81639 

-3.67439 ΔHf
ₒ
298K = 

24.98 ± 
0.240 

ΔG°
1050K 

= 14.541 
Formed at 1673°C (derived from 
zircon system)29  
 
Calculated  by an approximation 
of the Gibbs free energy of 
formation for zircon by the 
relation 40 
ΔG = 39090 + 20.173 T  
(1430 ≤ T ≤ 2000 K)40 

TiSiO4 zircon 
structure 
(I41/amd) 
a = 6.21 

b = 5.8124 
 

volume = 
112.0324 

-2.98139 ΔHf
ₒ
298K = 

-480.042 
 

Not found Formed at 1275°C43 although 
regarded as an unstable 
compound 
 
Phase separation occurs at 
temperatures greater than 600°C44  
 

*Formation from the respective oxides (XO2 and YO2) 
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