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Abstract 

The interest in the Ultra-High Temperature Ceramic Matrix Composites (UHTCMCs) 

increased over the last years due to their combination of toughness typical of CMCs with 

the high temperature stability of ultra-high temperature ceramics. The demand of 

UHTCMCs with better properties produced through more sustainable processes had led 

to the investigation of different approaches.  This thesis deals with the fabrication and 

characterization of short pitch-based carbon fibres reinforced UHTCMCs for extreme 

applications, using a slurry impregnation process that avoids the problems related to the 

processes reported in literature. This work can be divided into four parts: 

In the first part, a new technique for the manufacturing of short fibre reinforced 

ultra-refractory ceramics via slurry casting is presented. This technique - based on the use 

of natural thickeners and planetary mixer - allowed the fabrication of a free to organic 

solvent, thin (100 µm), flexible and easy to handle sheets suitable for the fabrication of 

homogeneous structures by overlapping and Hot-Pressing sintering. A large range of 

compositions - in terms of matrix and fibre volumetric content - from 0-100% was 

possible with this method. The short carbon fibre amount incorporated in the sheets 

ranged from 20-50 vol. % and the fibre length ranged from 3 to 5 mm. The matrix 

composition investigated with this technique consisted of ZrB2 90 vol. % - SiC 10 vol. 

%. Microstructure and mechanical properties of different samples were investigated. The 

microstructure observed with SEM showed a homogeneous fibre distribution, low 

interaction between fibre and matrix and no damage in the fibre surface due to the mixing 

process. From mechanical tests, increasing the fibre amount from 35 to 50 vol.% led to 

an improvement of the mechanical properties. In fact, the 4-point flexural strength ranged 

from 107 to 140 MPa, depending on the amount of carbon fibres. The same behaviour 

was observed during the works of fracture tests (WOF). The WOF ranged from 108 to 

253 J/m2.  

The second part was focused on the processing and oxidation resistance study of 

graded materials composed with three different layers, with an amount of 0-20-50 vol. % 

of short carbon fibres respectively. Three different samples were fabricated: 1) ZrB2- 85 

vol %, SiC- 10 vol %, Y2O3- 5 vol %, 2) ZrB2- 85 vol %, MoSi2- 15 vol %, 3) SiC- 95 

vol %, Y2O3- 5 vol %. The analysis of the morphology showed that all samples presented 

a homogeneous fibre distribution and a good interaction between the layers without the 



 
 

presence of defects. The same samples were subjected to oxidation at 1650 °C in air and 

the behaviour of each layer composition was evaluated. SEM and EDS analysis were 

carried out to investigate the oxidation grade and the oxygen diffusion. The sample 

containing MoSi2 resulted the most interesting with a mass loss of – 0.56 mg/cm2 lower 

than the -4.51 mg/cm2 and -7.05 mg/cm2 of the others. 

In the third part, the preparation and properties of complex structures with 

changing matrix compositions and complex shapes starting from the new slurry casting 

process presented in this thesis were investigated. In detail, four different structures were 

analyzed. The first sample was obtained hot pressing the sheets with the pressure applied 

perpendicularly to the pile-up direction. The sheets with a vertical orientation sintered by 

Hot-Pressing and composed by a matrix of ZrB2-85 vol.%, SiC- 10 vol.%, reinforced with 

40 vol.% of 3 mm long pitch-based carbon fibers (Z3-40-Z). It was characterized by a 

good fiber distribution and an interesting sheet bending that improved the mechanical 

properties with a value of flexural strength of 130 MPa. The second sample was a square 

plate composed by an external part of ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. % 

reinforced with 40 vol. % of short pitch-based carbon fibres with a length of 3 mm 

(ZSY605) and an internal square part composed by a matrix of ZrB2-85 vol. %, SiC- 10 

vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of short pitch-based carbon fibres with 

a length of 3 mm (ZSY105). The two joined interfaces displayed good interaction, but 

defects originating from different stress distribution during sintering resulted in a low 

flexural strength of 45 MPa. To investigate the possibility to produce samples with a non-

square shape, a cylindrical shape was fabricated (Z3-40-C). It was made by vertical sheets 

of UHTCMCs and sintered by Hot pressing, resulting in a final sample composed by a 

core of ZrB2-35 vol.%, SiC- 60 vol.%, Y2O3-5 vol.% reinforced with 40 vol. % of short 

pitch-based carbon fibres with a length of 3 mm and an external shell of ZrB2-85 vol.%, 

SiC- 10 vol. %, Y2O3-5 vol.% reinforced with 40 vol. % of short pitch-based carbon fibres 

with a length of 3 mm. In this case, the sample resulted with a good fibre distribution and 

good matrix interaction at the interface between the compositions. Finally, a cone was 

obtained by pressure-less sintering from the bending of a UHTCMC sheets composed by 

ZrB2-85 vol.%, SiC- 10 vol.%, Y2O3-5 vol.% reinforced with 40 vol. % of short pitch-

based carbon fibres with a length of 3 mm, which demonstrated the feasibility to obtain 

complex shapes with different techniques.   



 
 

In the fourth part, the tribological properties of Ultra-high-temperature ceramic 

matrix composites (UHTCMCs) have been examined to give a better understanding of 

this material class for friction applications. Two pads consisting of pitch-based carbon 

fiber (Cf) reinforced ZrB2-10 vol. % SiC were prepared with long fibers arranged in 

0°/90° orientation (ZL) and randomly oriented chopped fibers (ZS). Microstructure, 

mechanical properties and tribological behavior on a self-designed dynamometer were 

tested, and the friction film was analyzed to examine relevant wear mechanisms. As disc, 

three different compositions were used: a carbon fiber reinforced carbon−silicon carbide 

disc (C/C-SiC), a Steel disc and a carbon fiber reinforced carbon disc (C/C). Tests 

conducted against a C/C-SiC disc showed a promising stable braking performance. 

However, wear and mechanical stress were high and could be tolerated only with long 

carbon fiber reinforcement. In the case of the test conducted against the Steel disc - most 

specifically for the ZS material, it was observed that abraded material from the disc 

formed a stable friction film by fusing together harder pad particles with abraded steel 

dust. This reduced wear and stabilized the braking performance. Finally, the interaction 

between the UHTCMCs materials and the C/C disc showed an interesting low coefficient 

of friction without pads damage and with an operating temperature of ≈ 550 °C.  
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1. Aim of the work 

The most important requirements for braking material are high and stable coefficient 

of friction (COF), low wear rate for increased life, low weight and vibration and harshness 

properties (NVH) [1]. Common disc materials include steel, carbon-carbon (C/C) and 

carbon fibre reinforced carbon-silicon carbide (C/C-SiC). Each of them presents some 

problem, such as low operating temperature [2], low oxidation resistance graphite [3], [4] 

and high wear rate [5], [6].  According to literature, Ultra-High Temperature Ceramics 

(UHTCs) have been considered for tribological applications to overcome the common 

disc problems and a number of papers have analyzed their wear behavior in different pin-

on-disc configurations [7]–[11]. However, tests which reproduce real application 

environments were not carried out. For these reasons, new applications (such as 

automotive) for Ultra-High Temperature Ceramic Matrix Composites (UHTCMCs) were 

investigated in this work. Moreover, thanks to their high melting point, high oxidation 

resistance and good strength, the UHTCMCs materials are of great interest for different 

fields, especially the aerospace. Moreover, these materials are used in extreme 

environments associated with hypersonic flight, atmospheric re-entry, rocket propulsion, 

plasma arc electrodes and heating elements [12]–[14].  

The fibres reinforcement of UHTCMCs materials can be made with continuous 

carbon fibres/fabric - which allows to obtain good mechanical properties [14]–[16] - or 

with short fibres - which are more interesting for industries, especially due to their 

convenient manufacturing process/low fabrication costs [17]. Moreover, short fibres are 

easy to adapt to conventional and new manufacturing techniques [18]. In literature, 

several ways have been explored to incorporate short fibres into a ceramic matrix such as 

ball milling, colloidal process, and tape casting. However, all of them have some 

disadvantages. The  ball milling causes damage on the fibre surface, reduces the fibre 

length from millimetres to 100-300 µm due to fibre fracture and forms debris [19]. The 

colloidal process avoids the fibre damage but requires the use of organic solvents (e.g.: 

ethanol) that make the process less sustainable [20]. The tape casting process presents the 

same problem, as mixtures of ethanol and butanol are used as a solvent and the non-ionic 

Triton X-100 as a surfactant. In addition, only a low amount of fibre can be added as 

reinforcement with tape casting, thus reducing the improvement in mechanical properties 

[21]. For these reasons, the aim of this PhD thesis is developing a new process route for 
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the incorporation of high-volume fraction of short fibres into UHTC matrices that 

overcome some limitations of already known techniques.  

This work can be divided in four different parts: 

1) In the first part, the focus was on the development of a new process route for the 

fabrication of UHTCMCs using uncoated short pitch-based carbon fibres as a 

reinforcement. This process was based on slurry casting using water as medium 

that avoided the main problems of the commonly used processes for the 

fabrication of UHTCMCs. Moreover, the use of different amounts of fibre 

reinforcement or fibre length was studied and tested to obtain some indications 

about the mechanical properties.  

2) In the second part, thanks to the versatility of the new process that allowed to 

obtain UHTCMCs sheets with variable fibre amount, graded structures were 

produced and studied. More in detail, three graded samples with the same matrix 

composition and different volumetric amounts of carbon fibres (0, 20, 50 %) were 

fabricated and their oxidation resistance was evaluated through tests at 1650 °C 

in air in order to investigate the effect of matrix composition and fibre volumetric 

amount. 

3) In the third part, the flexibility of the UHTCMCs sheets was used to produce 

samples with non-planar shapes (such as cones or wedges) or samples with double 

matrix compositions, such as rings and squares, with different inner and outer 

compositions. 

4) The fourth part proposes a new application for the UHTCMCs as braking 

materials. The use of UHTC materials reinforced with short and long carbon fibres 

as pads for braking application was evaluated with a testing machine at the 

University of Bayreuth, Germany. To identify the best conditions, three different 

discs composed by different materials were used.   

This work was carried out at the Institute of Science, Technology and Sustainability for 

Ceramics (CNR-ISSMC former ISTEC) in Faenza (Ravenna, Italy), with a period abroad 

at the Ceramic Materials Engineering group (CME) at the Bayreuth Universität 

(Bayreuth, Germany).  
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2. State of the art 

2.1 Ultra-high temperature ceramics 

2.1.1 Introduction 

Ceramic materials generally can be defined as inorganic, non-metallic solids [1]. 

However, the definition still leaves some grey areas. So, the definition is expanded to 

include other characteristics such as melting temperature, bonding type, or electrical 

properties [2]. Ultra-high-temperature-ceramics (UHTCs) are a class of ceramic materials 

with melting points of 3000 °C or above. Most of the materials that have melting point 

above 3000 °C are carbides, borides or nitrides of early transition metals. Moreover, only 

few metals (W, Re and Ta) and one oxide ceramics (ThO2) have such high melting points. 

For these reasons, the most studied UHTC compounds are ZrB2, HfB2, TaC, TaB2, ZrC 

and HfC [3]. Another definition of UHTCs is that they are materials capable of being 

used in air at temperatures above the limiting temperature for high-temperature ceramics. 

[4], [5]. Materials such as Al2O3, SiC, and Si3N4 can be used in air at temperatures higher 

than 1600 °C so, the minimum use temperature for the ultra-high temperature regime 

should be above that level. However, recent hypersonic applications required higher 

temperatures, so 2000 °C have been cited as the cut-off of the ultra-high temperature 

regime [6], [7]. Finally – as for the chemical definition / UHTCs are borides, carbides or 

nitrides of early transition metals. So, any compounds such as Zr, Hf, Ta, W or Nb along 

with B, C or N can be a UHTC [5]. Moreover, the chemical definition allows to identify 

the characteristics of the material. In fact, borides/diborides present varying density, high 

thermal conductivity, moderate coefficient of thermal expansion (CTE), low electrical 

resistivity, good mechanical properties and oxidation resistance. Compared to them, 

carbide-based UHTCs presents similar CTE but lower mechanical properties, higher 

electrical resistivity and lower oxidation resistance. Compared with the previous ones, 

nitride-based UHTCs present lower mechanical properties, low thermal conductivity but 

high CTE [8]. For these reasons, among UHTCs the diborides are the most investigated. 

In particular, ZrB2 and HfB2 are the main candidates for the application in harsh 

environments, for the fabrication of nose cones, sharp leading edges, scramjet engines 

and components for the use in supersonic flight [4], [9], [10]. Historically, the first reports 

of synthesis of UHTC were published in the 1800s [11]. Subsequently, new research on 

UHTCs was conducted in the 1950s when HfB2 and ZrB2 were being used as nuclear 

reactor materials thanks to their high-temperature corrosion resistance [12]–[14]. The 
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interest in UHTCs significantly increased from 1960s due to the space race between 

NASA and the Soviet Union where a material capable to be used in the extreme 

environments was required [15]–[17]. In the last years, the interest in UHTCs were 

focused on their use in aerospace applications such as hypersonic vehicles [18]–[20]. 

2.1.2 Crystal structure 

The chemical, physical and thermal properties of the materials are determined by 

the crystal structure.  The strong covalent bond between transition metals and boron, 

carbon or nitrogen result in unique properties in the UHTC materials typical of both 

metals and ceramics, such as high melting temperature, hardness, stiffness, electrical and 

thermal conductivity [5], [10], [21]–[23]. 

 Carbides present very high strength and hardness but suffer oxidation at relatively 

low temperature according to the following reaction [21], [22]: 

2MeC + 3O2 → 2MeO2 + 2CO                                                     (Me= Ta, Zr or Hf) 

Between the carbides, Ta and Hf (TaC and HfC) are particularly interesting because they 

possess the highest melting points known (3980 °C and 3928°C, respectively) [4].  These 

extremely high melting points can be attributed to the combination of the covalent, 

metallic and ionic nature of the bonding. The strong covalent bond comes from the 

interaction between the d-band of the metal and p-bond of the carbon which produce a 

sp3 ibridization [24]. The group IV and V monocarbides adopt the face-centred cubic 

(FCC) structure during crystallization, with carbon atoms in the octahedral sites (Fig. 2.1) 

[25].   
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Fig. 2.1: Face-centred cubic (FCC) structure of metal carbides. Carbon atoms are in the 

octahedral sites of the lattice. 

The general formula for the carbides is MeC (Me= Ti, Zr, Hf, V, Nb or Ta). However, 

monocarbides are often found in sub-stochiometric mixture where the formula is MeCx 

(x is the C/Me ratio) [3].  

 Borides are characterized by strong bonds between the transition metal and boron. 

The crystal structure is a primitive hexagonal with alternating graphite-like boron layers 

and hexagonal metal layers (Fig. 2.2) [24], [26], [27]. The unit cell contains one MB2 

formula unit. The structure is composed by layers of B atoms in 2D graphite-like rings 

which alternate with hexagonally close-packed M layers. Due to the donor-acceptor 

interactions, the M-B bonds present ionic characteristics. However, the partial excitation 

of d electrons and the formation of spd hybrid configuration provides covalent 

characteristics. Despite these characteristics, hardness and brittleness are lower than the 

corresponding carbides because the B structure combines sp3 hybridization with sp2 

configuration at lower-strength, whereas the carbon atoms present only sp2 hybridization 

[24]. An interesting case is the one constituted by the borides of Zr and Hf: since the 

metals are chemically similar, the borides are also similar. Both are characterized by high 

hardness and temperature stability [4].  
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Fig. 2.2: Crystal structure of metal diborides. 

 Similar structure and composition of carbides are visible in nitrides (groups IV-

VI). Between the nitrides in the UHTCs, the most interesting are ZrN, HfN and TaN. 

These mononitrides present an FCC structure [28]. The weaker bonding compared to the 

carbides results in lower refractory properties, but the combination of metallic, covalent, 

and ionic bonding leads to high hardness, high melting point and chemical inertness [21], 

[22]. 

2.1.3 Synthesis  

During the fabrication of diborides-based UHTCs, transition metal oxides (MeO2) 

or elemental metals (Me) are combined with boron sources (like B, B2O3, B4C, etc.) to 

synthesize transition metal diboride (MeB2) powders. Then, MeB2 powders are densified 

using different methods such as pressure-less sintering, hot pressing, or spark plasma 

sintering, to obtain the final UHTC material. In some cases, powder synthesis and 

densification can be combined to obtain the final material in one step by using the reactive 

sintering which included different techniques such as reactive hot pressing and reactive 

spark plasma sintering. Borides and diborides can be synthetized by different methods 
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like elemental reaction between Me and B and reduction process using MeO2 [3] (Fig. 

2.3). 

 

Fig. 2.3: Roadmap of fabrication process of MeB2 by reactive synthesis of powders. 

The simplest process for the synthesis of MeB2 powder is the elemental reaction 

where diboride powders are obtained from metals (Me) or metal hydrides (MeH2) and 

boron (reaction 2.1) 

Me + 2B → MeB2                                                   (2.1) 

These reactions are highly exothermal (ΔG°=-318 kJ for ZrB2), so it can auto-sustain 

itself after initiation. Moreover, the heat generated can promote local melting of transition 

metal, which further accelerates the reaction. Due to the high oxygen affinity of transition 

metals (such as Zr, Hf, etc) to avoid the formation of oxide impurities, the synthesis is 

carried out in reduced or inert atmosphere. 

Other methods that can be used to produce diborides are reduction processes, 

where transition metal oxides, MeO2, are used as metal source and boron materials (B, 

B4C, B2O3) are used as boron source. In some cases, boron sources like B and B4C can 

act as reducing agent. 

The carbothermal reduction (reaction 2.2) is a reduction process commonly used 

to synthetize MeB2 powders, in particular for ZrB2 and HfB2. 
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MeO2 + B2O3 + 5C → MeB2 + 5CO(g) (2.2) 

This process requires an excess of B2O3 due to its volatility that can result into a loss of 

reagents. 

Another method used to synthetize MeB2 powders is the carbo/borothermal 

reduction which uses MeOx as transition metal source and B4C as boron source (reaction 

2.3). 

2MeOx + B4C + (2x-1)C → 2MeB2 + 2xCO(g) (2.3) 

This reaction does not take place in one step, but due to thermodynamics some 

intermediate reaction may be favourable. Due to the use of the ZrB2 in this thesis, 

following are reported its intermediate reactions (reaction 2.4-2.5). 

ZrO2 + 
5

6
B4C → ZrB2 + 

2

3
B2O3 + 

5

6
 C (2.4) 

ZrO2 + 
5

7
B4C → ZrB2 + 

3

7
B2O3 + 

5

7
 CO(g) (2.5) 

During the synthesis of ZrB2 the loss of B2O3 can lead to the formation of ZrC in the final 

product (reaction 2.6). 

ZrO2 + 3C → ZrC + 2CO(g) (2.6) 

Using an excess of B2O3 allows to decrease the formation of ZrC (reaction 2.7).  

ZrC + B2O3 + 2C → ZrB2 + 3CO(g) (2.7) 

In the carbothermal and carbo/borothermal reduction, carbon is used as reagent, 

but it may remain in the final products as an impurity. The borothermal reduction could 

minimize the carbon impurities by the use of elemental B as raw material to synthetize 

MeB2 (reaction 2.8). 

3MeO2 + 10B → 3MeB2 + 2B2O3(g) (2.8) 

The excess of B can be removed by reaction with B2O3 forming gaseous species such as 

B2O2 and BO (reaction 2.9-2.10). 

2B2O3(l) + 2B → 3B2O2(g) (2.9) 
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B2O3(l) + B → 3BO(g) (2.10) 

However, B2O3 is a source of oxygen impurities. To remove it, washing or vaporization 

with hot water at temperature above 1500 °C could be applied. 

At the same time, the carbides can be synthetized by reaction of elemental 

precursor powders (reaction 2.11) where there is the direct carburization of the metal. 

Another possibility, and the most used due to the low production costs, is the 

carbothermal reduction of the corresponding oxide (reaction 2.12) [3], [29]. 

Me + C → MeC                                                                                                                                 (2.11) 

MeO2 + 3C → MeC + 2CO(g)                                                                                                                                                               (2.12)

  

2.1.4 Densification 

The densification of ceramics is usually made by sintering. During this process, 

the powders are consolidated by heating at high temperature through diffusion 

mechanism. The sintering allows to obtain a dense material by forming bonds between 

particles and removing the porosity. It is affected by several parameters like gas 

atmosphere, pressure, temperature, time and particle size [1]. The diffusion process is 

promoted at high temperatures where the grains move along each other, filling the voids 

and reducing the porosity. The driving force is the decrease of Gibbs energy with the 

volume decrease. Two different sintering method can happen: 

- Solid state sintering:  in this process, the green body is heated at a temperature which is 

70 – 90 % of its melting point. The high temperature promotes the atoms diffusivity at 

the interface between grains, resulting in the bonding between them. With the grain 

boundaries growth, the porosity decreases not leaving significant interconnected pores. 

In this mechanism, the glassy phase is not required so, an increase in properties such as 

thermal and electrical conductivity or strength are visible. 

-Liquid phase sintering: is a sintering technique that uses a liquid phase to accelerate the 

interparticle bonding of the solid phase. The liquid phase can be obtained either through 

mixing different powders -melting one component or forming a eutectic- or by sintering 

at a temperature between the liquid and solid phases. Moreover, since the softer phase is 

generally the first to melt, the resulting microstructure typically consists of hard particles 
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in a ductile matrix, increasing the toughness of an otherwise brittle component [30]. The 

liquid phase sintering can be divided in three steps [1]: In the first step, the particles 

rearrange due to the capillary forces and fill all the porosity with the liquid phase. The 

second step is the Ostwald ripening [31], which consists in the dissolution of smaller 

grains in the liquid phase, followed by re-precipitation on the larger grains. This re-

precipitation process is responsible for the development of microstructure, shape and 

grain growth. Finally, in the last step, there is a slow densification accompanied by grain 

coarsening due to the solid skeleton previously formed that hindered the rearrangement.  

Thanks to its characteristics, the liquid phase sintering allows to obtain ceramics with 

good density at lower temperature than other mechanisms. However, the high temperature 

performance of the material is compromised so the creep resistance is lower. This happens 

because the low melting phase between grains tend to soften at high temperature. 

The sintering of UHTCs materials presents some difficulties due to the strong covalent 

bond between atoms and low self-diffusivity [32]. To obtain a full densification in 

UHTCs, the sintering is usually carried out at temperature above 2000 °C. Unfortunately, 

at high temperature the grain coarsening prevails on densification, which leads to a 

decrease in mechanical properties. So, some mechanism has been developed to obtain a 

better densification: 

- the use of pure and ultrafine powders, because the presence of oxide impurities on the 

particle surface promote the grain coarsening [33]; 

-the increasing of defect concentration by mechanical mechanisms such as high-energy 

milling [34]; 

-the reactive sintering at high temperature of solid precursors [35]. 

-the use of sintering additives that generate a liquid phase at the sintering temperature 

[36]. 

The use of additives is the most used method. To improve the sintering of borides, several 

additives have been tested such as silicon carbide [37]–[41]. SiC is the most used additive 

for these compounds and acts both as sintering aid and as oxidation resistant additive, 

also preventing grain growth [42]–[46].  
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Different techniques used for various ceramic materials can be adopted for the 

consolidation of UHTCs materials [47]:  

-Hot pressing (HP): the green sample is heated under uniaxial pressure in order to 

accelerate the sintering process. The process is carried out in a vacuum or inert 

atmosphere. During the sintering, the shrinkage of the material is recorded as function of 

the temperature and time. By this way, it is possible to control sintering parameters during 

the hot pressing. Moreover, the data collected during the process can be used for kinetic 

studies. The HP is the most common method for the fabrication of dense UHTC bodies 

[28], [38], [48]. The application of pressure allows to lower the sintering temperature by 

a few hundred degrees. 

-Reactive sintering: the sintering and synthesis of the material occur simultaneously 

during the heating step. An example is the sintering of nitrides where the metal reacts 

with nitrogen gas to obtain metal nitride in- situ.  

-Self-propagating high-temperature synthesis: the sintering and synthesis of the material 

occur simultaneously during the heat treatment. In this process, an arc furnace is used to 

start an exothermic reaction that sustains itself. For this reason, this process is relatively 

economical compared to other processes. 

-Hot isostatic pressing: the green sample is contained in a metallic or glassy casing. A 

uniform pressure is applied in all the directions and is generated by inert gases, such as 

argon or nitrogen.  

-Spark plasma sintering (SPS): the green sample is subjected to a pressure in the range of 

10 – 100 MPa and it is crossed by a direct current with a very high intensity. This 

technique allows to obtain high rating rates and large samples in a few minutes, with a 

final fully sintered body [49]–[51]. 

-Microwave sintering: the green sample is exposed to a radiation which heats the samples 

from the inside. With this method, it is possible to obtain high rating rates, but it is not 

uniform through the samples.  

-Pressure-less sintering: the green sample is heated at a target temperature for a 

determinate time in an inert or reactive atmosphere. With this technique, high temperature 

and holding time are required to obtain high density but they promote grain growth which 



15 
 

decreases the mechanical properties. To minimize the grain growth, sintering aids such 

as SiC or B4C are used. The pressure-less sintering is very simple and economic compared 

to the other techniques. It is usually chosen to fabricate near-net shape components [37], 

[39], [44], [46], [52].   

Between the different sintering techniques, the most commonly used are hot pressing and 

spark plasma sintering, thanks to benefits associated to mechanical pressure application 

and fast heating, and pressure-less sintering for being cheaper and allowing the 

consolidation of complex preforms   pressure-less sintering.  

2.1.5 Mechanical properties 

              In Table. 2.1 the mechanical properties of the most used UHTCs are reported 

[53]–[55].  The characteristics of this material are due to their chemical composition. In 

fact, the strong covalent bonding in UHTCs provides a high value of elastic modulus that 

range from 350-540 GPa and a good value of flexural strength at room temperature, 300-

570 MPa. The value of the mechanical properties of the UHTCs materials are quite 

scattered due to different problems such as the difficulty to obtain a full density material, 

the presence of impurities, structural defects, presence of different phases or the grain 

size and orientation. A way to change the mechanical behaviour of this materials is the 

addition of secondary phases. For example, the ZrB2 based ceramics added with SiC 

possess a strength above 1000 MPa, fracture toughness higher than 5.5 MPa·m0.5 and 

hardness up to 22 GPa [24]. It was found that the room temperature strength of the ZrB2 

based ceramics was affected by SiC particle agglomerates [56]. So, since SiC particle size 

controls the strength, a uniform dispersion of SiC is required to maximize this property. 
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Table 2.1: Mechanical properties of different UHTCs [53-55]. 

Material Temperature 

(°C) 

Elastic modulus 

(GPa) 

Flexural strength 

(MPa) 

Hardness 

(GPa) 

ZrB2 23 500 380 25.3 – 28.0 

 800 480 430 - 

 1400 360 150 - 

 1800 - 200 - 

ZrC 23 348 - 27.0 

TiB2 23 551 300 – 370 25 – 33 

TiC 23 451 - 30 

HfB2 23 530 480 21.2 – 28.4 

 800 485 570 - 

 1400 300 170 - 

 1800 - 280 - 

HfB2/SiC 23 540 520 - 

 800 530 380 - 

 1400 410 180 - 

 1800 - 280 - 

HfC 23 352 - 26.0 

TaB2 23 257 – 570 - 19 – 25 

TaC 23 285 - 18.2 

ZrN 23 460 - 15 

HfN 23 380 - 18 

  

In Table. 2.2 the mechanical properties of ZrB2 based ceramics with different amount of 

SiC are reported. The strength of ZrB2 increased with the increase of SiC content from 
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560 to 1090 MPa [57]. However, for SiC contents above 30 vol. %, SiC particles start 

aggregating, forming clusters that act as critical flaws and reduce the strength [58]. 

Table 2.2: Different mechanical properties at room temperature of ZrB2- based UHTC 

with SiC as secondary phase [3], [59]. 

Material 

(vol. %) 

Elastic 

modulus 

(GPa) 

Hardness 

(GPa) 

Fracture 

toughness (MPa ·

m0.5) 

Flexural 

strength 

(MPa) 

ZrB2 346 – 498 9 - 23 1.9 – 4.8 300 - 565 

ZrB2 + 10 SiC 450 – 507 18 – 24 3.8 – 5.7 393 - 835 

ZrB2 + 20 SiC 466 – 506 21 – 24 3.9 – 5.7 485 - 1009 

ZrB2 + 30 SiC 487 - 541 20 – 27 4.4 – 5.9 425 - 1150 

 

The mechanical properties of UHTC materials are strongly affected by temperature. For 

example, the elastic modulus decreases with the temperature increase due to the 

weakening of the covalent bond. As reported in literature, the elastic modulus of ZrB2 

bulk ceramics decrease from 525 GPa at room temperature to 490 GPa at 1100 °C [10]. 

However, after 1200 °C the elastic modulus decreases rapidly due to the grain boundary 

sliding and diffusional creep mechanisms [58].  A similar behaviour is show by ZrB2/SiC 

ceramics [60]. 

The strength at elevated temperature shows a different trend. For example, bulk ZrB2 

ceramics showed an increase from 325 MPa at room temperature to 420 MPa at 800°C 

due to thermal stress relief. Then, it decreased to 145 MPa at 1400°C and increased again 

to 200 MPa at 1900°C due to stress relief coupled with creep mechanisms. Finally, at 

2200°C creep phenomena were more marked, and strength fell down to 50 MPa [61]. A 

similar trend was found for ZrB2/SiC ceramics [58], [62]. 

The mechanical properties of carbides in literature are usually incomplete or not clearly 

reported [10]. The plastic deformation of carbides was observed only at very high 

temperatures and were found to be strongly dependent on stoichiometry [10].  
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2.1.6 Thermal properties 

The thermal properties of a material refer to the response of materials to 

temperature changes and to the application of heat. Heat capacity, thermal expansion and 

thermal conductivity are properties that are often critical when evaluating applications 

requiring high temperature jumps. 

 In Table 2.3 the values of thermal expansion (CTE) and thermal conductivity of 

common UHTCs are reported [10], [54], [63]. These properties depend on temperature, 

and its variation should be considered during their design. 
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Table 2.3: Different values of thermal expansion (CTE) and thermal conductivity of 

common UHTCs [10], [54], [63]. 

Material 
Temperature 

(°C) 

CTE (10-

6/K) 

Temperature 

(°C) 

Thermal Conductivity 

(W/mK) 

ZrB2 20 – 1027 5.9 10 83.8 

 1027 – 2027 6.5 - 81.8 

ZrB2/SiC 400 - 1600 5 – 7.8 100 98.7 

 - - 500 84.5 

 - - 1000 78 

ZrC 20 – 1500 6.7 20 20.5 

TiB2 20 – 1027 4.6 - - 

 20 – 2205 5.2 - - 

 1027 – 2027 8.6 - - 

TiC 20 - 1500 7.7 - - 

HfB2 20 – 1027 6.3 20 105 

 1027 – 2027 6.8 400 75 

 20 – 2205 7.6 800 70 

HfB2/SiC - - 100 79 

 - - 500 74 

 - - 1000 62 

HfC 20 – 1500 6.6 20 20 

 - - 400 23 

 - - 800 30 

TaB2 20 – 1027 8.2 20 16 

 1027 – 2027 8.4 1027 16.1 

 20 – 1650 8.4 2027 36.2 

TaC 20 - 1500 6.3 20 22 
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Due to their crystal structure, borides such as ZrB2 and HfB2 possess higher thermal 

conductivity compared to carbide or nitrides [64]. Even though the conductivity of 

borides decreases with the temperature increase, they tend to remain higher than those of 

nitrides and carbides. For example, ZrB2 has a drop-off up to 2500 °C [59]. A high thermal 

conductivity provides a smaller thermal gradient, allowing to reduce thermal stresses 

within the material. Moreover, it allows heat to dissipated more quickly and radiate away 

from the surface reducing the temperature on the surface for a specific incident heat flux. 

2.1.7 Oxidation resistance 

Despite the unique combination of properties, bulk UHTCs possess rather poor 

oxidation resistance under 1000 °C compared with SiC. The oxidation behaviour of 

diborides has been studied over a wide range of temperature. The low oxidation resistance 

is due to the lack of the formation of a stable scale during the heating [24], [65]. Bulk 

ZrB2 during oxidation forms porous ZrO2 and B2O3 phases according to the following 

reaction:  

ZrB2 + 
5

2
O2 → ZrO2(s) + B2O3(l/g)         (2.13) 

The B2O3 at temperature above 450 °C is liquid and surrounds the ZrO2 grains providing 

a protection. At temperature around 1100 °C it volatilizes and leaves the porous scale 

susceptible to oxygen attack. For these reasons, the UHTCs are usually enriched with 

phases that improve the oxidation characteristics, such as SiC or metal silicides [10], [66], 

[67]. The combination of SiC phase with the ZrB2 leads to the formation of a borosilicate 

glass (reaction 2.14), which is more viscous and less volatile than pure B2O3 and inhibits 

the oxygen diffusion inside the material up to 1600 °C (Fig. 2.4).  At temperature above 

1600 °C, the borosilicate has enhanced durability because the ZrO2 particles are 

embedded into the glassy phase and induce a physical modification, while their partial 

dissolution promotes a chemical modification in the Si-O bonds [68]. 

ZrB2 + SiC + 4O2 → ZrO2(s) + SiO2·B2O3(l) + CO(g)           (2.14) 

Between the metal silicides, one of the most effective to improve the oxidation resistance 

of UHTC-based ceramics is MoSi2 [66], [69], [70]. In fact, the presence of MoSi2 during 

the oxidation leads to the formation of a SiO2 glassy layer on the surface that acts as 

oxygen barrier and a stable condensed phase in the subsurface layer that suppresses the 

formation of volatile species. This factor has been considered the responsible for 



21 
 

hindering the ZrO2 grain evolution, which decreases the oxygen diffusion rate inside the 

matrix. The oxidation mechanism of ZrB2 based ceramic doped with MoSi2 is reported in 

reaction 2.15,2.16 and 2.17.  

2ZrB2 +5O2 → 2ZrO2 + 2B2O3 (2.15) 

2MoSi2 + 7O2 → MoO3 + 4SiO2 (2.16) 

2MoSi2 + B2O3 + 
5

2
O2 → 4SiO2 + 2 MoB     (2.17) 

For the carbides, the oxidation mechanism is different. In fact, they are usually resistant 

to oxidation below 800 °C and above 1800 °C. At temperature over 800 °C a crystalline 

oxide is formed as shown in the reaction 2.18.  

MeC + O2 → MeO2(s) + C    (2.18) 

For these reasons, usually carbides are used for applications where a rapid heating or 

temperature above 1800 °C are present. Even in this case, the addition of SiC or metal 

silicides can improve the oxidation resistance due to the formation of a dense SiO2 

protective layer between 1300 – 1500 °C [71], [72]. 

  



22 
 

 

 

Fig. 2.4: Image of a cross section of ZrB2-SiC material after 1’ at 1650 °C in air. It is 

possible to identify from the surface: the glass layer, ZrO2-based interlayer, SiC depleted 

zone and unreacted bulk ceramic. 

2.1.8 Applications 

Thanks to their properties - such as high melting point, high thermal conductivity, 

oxidation and erosion resistance - UHTCs applications can span from commercial 

industry to aerospace field. More in detail, due to the oxidation resistance required for 

aerospace application (above 2000 °C), UHTCs have been investigated for application as 

Thermal Protection System (TPSs) [73], sharp-leading edges [74], [75] and rocket motor 

nozzles [76], [77].  

 Due to their high thermal conductivity, borides can rapidly dissipate the heat by 

reducing thermal gradient and thermal stress [78]. Moreover, ZrB2 and HfB2 are being 
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investigated as potential materials for neutron shield, electrodes for metal refining or 

microelectronics [79]–[81]. 

 Nitrides and carbides possess a very high melting point, high hardness, and 

chemical inertness. For these reasons, possible applications are nozzle throats, control 

thrusters and cutting tools [77], [82]. All these applications are characterized by high 

thermal and mechanical loads.  

 Unfortunately, UHTC bulk materials possess low fracture toughness, which limits 

their application where thermal shocks and vibrations are present.  For these reasons, 

exposure to extreme temperature may lead to catastrophic failure. To avoid these 

problems and improve the fracture properties, short and long carbon or silicon fibres were 

introduced into UHTC matrices as reinforcement. Amount, orientation and type of fibres 

is still under investigation, as well as, the identification of the best technology to densify 

them. 

2.2 Ceramic matrix composites 

2.2.1 Introduction  

     Ceramic Matrix Composites (CMCs) are a class of ceramic materials constituted by 

carbon or ceramic fibres embedded in ceramic matrices (oxide or non-oxide). These 

materials have been investigated to improve the monolithic ceramic properties, mainly 

their brittleness. Indeed, the bonding forces present between the fibres and the matrix are 

relatively low, resulting in an improvement of the fracture toughness and resistance to 

crack propagation. Thanks to these characteristics, it is possible to prevent the 

catastrophic failures typical of bulk ceramics [83]. Moreover, CMCs present excellent 

properties such as high-temperature strength, high thermal conductivity, low coefficient 

of thermal expansion, good thermal shock resistance and low density. Finally, they are 

more resistant to high temperature oxidation compared to superalloys [84], [85]. 

 Usually, CMCs labels indicate the type of fibre and the type of matrix (e.g.: 

carbon/silicon carbide, C/SiC, stands for carbon fibre reinforced silicon carbide). The 

most used CMCs are based on non-oxides matrices such as carbon or silicon carbide. 

They are carbon/carbon (C/C), carbon/silicon carbides (C/SiC), and silicon 

carbide/silicon carbide (SiC/SiC) [86]. 
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 C/C composites retain their properties at temperature around 2000 °C in an inert 

atmosphere or vacuum. However, they undergo oxidation at 500 °C [83] already. A 

different behaviour is visible for C/SiC or SiC/SiC that have a good oxidation and ablation 

resistance thanks to a silica film originating at 1100 °C due to the SiC oxidation. Above 

1650 °C, SiO2 will react with SiC at the interface to form volatile SiO, which turns to be 

limiting for their application to temperature below 1600 °C [87], [88]. Regarding the 

mechanical properties, a typical value of strength for C/SiC or SiC/SiC composites are 

between 160 – 410 MPa while fracture toughness between 5 – 25 MPa·m0.5 [89]–[91].  

2.2.2 Processing  

The main routes for the fabrication of CMCs are Chemical Vapour Infiltration 

(CVI), Polymer Infiltration and Pyrolysis (PIP) and Liquid Silicon Infiltration (LSI) (Fig. 

2.5) [83], [92].  

- Chemical Vapour Infiltration (CVI): this technique was developed for the production of 

C/C composites and is based on the deposition of the ceramic matrix from the gas phase. 

The porous carbon fibre preform is exposed to a mixture of argon and light hydrocarbons 

at 1000 °C and under a pressure of 1000 kPa. The gas decomposes on the surface of the 

fibres, depositing the carbon matrix around the fibres. This process can also be used for 

the deposition of SiC matrix. CVI process allows to obtain highly pure matrix, leading to 

excellent mechanical properties. However, several cycles should be repeated until full 

density is reached, requiring several weeks [93]–[95]. 

- Polymer Infiltration and Pyrolysis (PIP): this technique is based on the infiltration of a 

carbon fibre preform with a liquid precursor which is than pyrolyzed to form a graphitic 

matrix reinforced with fibres. This step can be repeated several times until near full 

density composites are obtained [90], [96]. 

- Liquid Silicon infiltration (LSI): This technique is based on the preliminary infiltration 

of a carbon preform with phenolic resin, followed by a pyrolysis and a melt silicon 

infiltration that reacts with solid carbon to form SiC in situ. With this process, fully dense 

composites are obtained but the molten silicon can damage the carbon fibres due to their 

high reactivity. Silicon can be substituted with other elements to form in-situ carbides 

[97]–[100]. 
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Fig. 2.5: Schematic representation for the fabrication of CMCs: Chemical Vapour 

Infiltration (CVI), Polymer Infiltration and Pyrolysis (PIP), and Liquid Silicon Infiltration 

(LSI). 

2.2.3 Applications 

The study of CMCs begun about 40 years ago for space applications. However, 

in recent years, civil requirements became the driving forces. Due to their high thermal 

stability and good corrosion and wear resistance, these materials are interesting for long 

term and damage tolerant applications in different industries sectors like ground 

transportation (e.g.: brake and clutch systems), mechanical engineering (e.g.: bearings, 

ballistic protections), and power generation (e.g.: burners, heat exchangers) [83]. For 

example, LSI-based C/SiC and C/C show unique properties for friction applications, like 

high wear rate resistance, high temperature resistance, thermal shock resistance and 

coefficient of friction, which can be tailored in a brake as well as in gliding systems. High 

performance brakes are one of the most important application areas for C/C materials. 

However, due to high wear and unstable coefficient of friction at low temperature, C/C is 

limited to applications in aircrafts and racing cars. These drawbacks could be overcome 

by C/SiC materials.  Another promising application for C/SiC is ballistic protection 
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against high velocity projectiles. In fact, known monolithic armour ceramics, such as 

Al2O3, SiC, and B4C, offer high protection against single hits but not multiple hits due to 

high brittleness of bulk ceramics. C/SiC materials, overcome these problems by reducing 

crack propagation and improving multiple hit performance, as well as reducing weight 

compared to monolithic Al2O3 and SiC [83]. 

2.3 Ultra-high temperature ceramic matrix composites  

2.3.1 Introduction  

The request of materials capable to resist in extreme conditions where a 

temperature above 2000 °C is reached - such as hypersonic flight and rocket propulsion-

, has led to the development of a new class of ultra-high temperatures materials. UHTCs 

possess a high melting point and ablation resistance but are brittle. Vice versa CMCs 

possess excellent mechanical properties but are limited to a work temperature below 1600 

°C [101]. For these reasons, many approaches have been investigated to combine the good 

mechanical properties of CMCs with the refractoriness of UHTCs. The most common 

approaches are listed below: 

- CMCs with a UHTC coating: one of the easiest approaches for the protection of C/C 

composites is the use of a UHTC coating. The main issue of this method is obtaining a 

good adhesion between the C/C composite and the UHTC phase due to the different 

chemistry and thermal expansion coefficient of the materials [102]–[105]. 

- CMCs with UHTC particles: Another approach to improve the properties of the 

materials is by embedding UHTC particles in the ceramic matrix of C/C or C/SiC 

composites. In this way, the synergy created between the formation of B2O3 and SiO2 

results in the increase of the oxidation resistance [91], [106]. 

- UHTCs with continuous carbon fibres: the reinforcement of UHTC-rich matrix 

composites with continuous fibres improve toughness, damage tolerance and thermal 

shock resistance but presents the problem of the difficult infiltration of long carbon fibres. 

The most important parameter for this process is the rheology and chemical activity of 

the slurry. To obtain a good degree of infiltration, the powders loading in the suspension 

should be the highest possible. However, increasing the solid loading leads to an increase 

of viscosity which hinders the infiltration. So, some compromises have to be done to 

obtain the required result [107]–[109] 
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- UHTCs with carbon particles or short fibres: to increase the toughness of UHTCs, a way 

is to reinforce the matrix with the addition of carbon particles or short fibres. The process 

is quite simple and usually adopts a sintering technique. The final composites are typically 

characterized by lower strength compared to the bulk material due to the generation of 

internal stresses. However, the presence of short fibres improves the fracture toughness 

[110]–[115]. 

The high-performance composites are generally made from continuous fibres, but there 

are many applications where the requirements are less demanding or where the 

manufacturing route cannot be fabricated with continuous fibres. In this case, it is more 

appropriate to consider the use of short fibres. Moreover, some reinforcing fibres are 

available only in the form of short filaments, e.g. recycled carbon fibres. There are 

different ways to incorporate short fibres into a ceramic matrix. The most common are 

ball milling, colloidal process, and tape casting. Ball milling allows incorporation of high 

volumetric amount of fibres, but milling causes surface damage, fibre fracture with 

reduction of the fibre length from millimetres to 100-300 µm and debris formation [116]. 

Fibres with a rough surface are more reactive with the matrix phase during sintering, 

leading to a strong fibre-matrix interfacial bonding which limits fibre pull-out resulting 

in a lower toughening effect [46], [117], [118]. The colloidal process avoids the fibre 

damage but requires the use of organic solvents (e.g., ethanol) [119]. The same occurs for 

the tape casting process, where a mixture of ethanol and butanol are used as a solvent and 

the non-ionic Triton X-100 as a surfactant. Moreover, with tape casting only a low amount 

of fibre can be added, 10-15 vol. %. [120]. Recently, inks based on ZrB2, and short fibres 

have been prepared via 3D printing. This technique offers the possibility of creating near 

net shaped components with controlled fibre alignment. However, one major drawback 

of this process is still represented by the low amount of fibres that can be incorporated 

ranging between 5-10 vol. %. Also, another problem of this process is the matrix cracking 

due to the presence of fibres [121]–[123]. In this work, a new process for the incorporation 

of short carbon fibres as reinforcement was investigated. This new method allows to 

incorporate high fraction of fibres into the matrix limiting the damaging during the mixing 

with ceramic powders. Moreover, in this way, graded structures and complex shape can 

be realized. 
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2.3.2 Processing method  

The fabrication methods for the production of UHTCMCs are often a combination 

of the processes used for CMCs and UHTCs. In Fig. 2.6 the main methods are reported. 

For any composite, the selection of a matrix and second phase are very important in order 

to obtain the desired properties. Materials chosen for UHTCMCs matrices can be many, 

but the most used are transition metal borides - such as zirconium or hafnium - due to 

their properties [10]. The second phase can be constituted by different reinforcements 

such as particulate, chopped fibre, continuous fibre or preforms that are chosen in order 

to obtain the required properties. At the same time, the fibres used as reinforcements can 

be composed by different materials such as SiC fibres, carbon fibres or UHTC fibres. 

Carbon fibres are the most used due to anisotropic thermo-mechanical properties, low 

density that offers the highest specific modulus, highest specific strength of all reinforced 

fibres, and low price [124]. To produce UHTCMCs, an important step is the preparation 

of the interface between the matrix and the secondary phase. In literature, several works 

report the fabrication of UHTCMCs by the introduction of UHTC phases into the fibre 

matrix using techniques re-adapted from the CMC technologies such as: 

- Chemical Vapour Infiltration (CVI): it is a layer-by-layer technique, versatile and 

conducted at low temperature. In this way, the fibre is not damaged thus resulting in 

excellent mechanical and anti-ablation properties. However, this process requires a very 

long processing time (months) to obtain a fully dense composite and a lot of energy is 

needed [124]–[126].  

- Polymer Infiltration and Pyrolysis (PIP): this technique consists in the infiltration of one 

preform with SiC preceramic polymer doped with UHTC powders followed by pyrolysis. 

It allows to have a large versatility due to chemistry precursor and as a liquid precursor, 

the penetration into the fibre tow is easy due to the capillary pressure. However, many 

cycles of infiltration and pyrolysis are required to obtain a good densification due to low 

yields of ceramic. Moreover, the matrix can be porous and can contain micro-cracks due 

to the escape of gaseous by-products. Finally, the reactive chemicals and heat treatments 

can cause fibre degradation, leading to a loss of mechanical properties [124], [127], [128].      

- Reactive Melt Infiltration (RMI): in this technique, a porous CMC is infiltrated with a 

molten metal in order to obtain a near fully dense matrix. The processing time for this 

technique is very short, resulting in a relatively cheap process. However, for fibre 
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composites the high temperature required for reactive metal infiltration (≥ 1400 °C) can 

damage the fibres. Moreover, residual metal phases which have relatively low oxidation 

resistance, and a low melting point can lead to accelerate cracks propagation when the 

material is operating at high temperature [124], [129], [130]. 

- Slurry Impregnation Process (SIP): this process consists in the fibre/woven fabric 

impregnation by introducing a slurry made of matrix powder. The slurry is usually 

prepared by ball milling the powder with a binder and dispersant in a solvent (aqueous or 

non-aqueous). The process is cheap, quick and easy, and the properties of the slurry are 

easily tuneable. However, the homogeneous penetration of large preforms is difficult 

[124].  

In the case of short fibre, a slurry impregnation process is still used with some difference. 

In fact, in this case the short fibre and the ceramic powders are mixed with the help of a 

organic solvent and grinding media to obtain a homogeneous product. This process is 

called ball milling. 

An essential step for the consolidation of bulk ceramics is the sintering, that is rarely 

applied to the manufacturing of CMCs due to the applied pressure combined with the 

high temperature that may cause fibre damage. Nevertheless, sintering processes have 

been used for UHTCMC manufacturing [131]. The sintering route is characterized by 

short process time and allows to create a fully dense UHTC matrix. However, an accurate 

setting is required to avoid cracks and a strong fibre-matrix interface. Moreover, the use 

of pressure in the sintering route limited the production to the fabrication of a simple 

shape. The main sintering techniques, as reported in the previously paragraphs are: 

- Hot Pressing (HP): this method allows to sinter composites with a high amount of carbon 

fibres and a high density. However, due to the high temperature and pressures involved 

in the process, the fibres can be damaged and their interaction with the matrix can be too 

strong. Moreover, near-net shape components are not easily achievable [124]. 

- Pressure-less Sintering (PS): it allows to work with a high amount of fibres and low 

pressure, reducing the matrix-fibre interaction and fibre degradation. In addition, near-

net shapes are possible. Unfortunately, the final density is lower than the other sintering 

techniques and the temperature and time required for the sintering are high due to the low 

pressure used [124].  
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- Spark Plasma Sintering (SPS): this process allows to work with a high volume of fibre 

and to obtain a high densification. Since the manufacturing time is short, the sintering 

temperature and time were reduced. Despite of the low sintering temperature and time, a 

strong matrix-fibre interaction is visible. Moreover, the equipment is more expensive than 

conventional HP furnaces and near-net shapes components are not achievable [124].    

- Hot Isostatic Processing (HIP): It allows to use a high fibre volume fraction and to obtain 

near-net shaped components. Nonetheless, the equipment is expensive and high pressure 

is required [124]. 

In this work, a similar slurry impregnation process was used to prepare the “green” with 

pitch-based short carbon fibres as a reinforcement. The sintering of the “green” was 

carried out by hot pressing, with a focus on the reduction of the fibre damage and to obtain 

complex shapes. 

 

Fig. 2.6: process flow sheet summarises the different methods of process for obtaining 

the UHTCMCs 
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2.3.3 Mechanical properties of UHTCMCs 

Despite the high number of publications on UHTCMCs, it is difficult to make a 

true comparison on mechanical properties across the board of UHTCMC processing 

techniques. This happens because each technique results in a variation of fibre volume 

fraction and orientation, composition of matrix and fibre phases, and overall porosity in 

the composite, all of which greatly influence the final mechanical properties. Moreover, 

the mechanical properties reported for UHTCMCs are also difficult to compare across 

studies as they can vary depending on testing procedure.  

Generally, the addition of fibres has been found to decrease the strength of the 

bulk UHTCs due to the higher porosities or internal stress originating from the different 

CTE between fibre and matrix. However, the presence of fibre as a reinforcement has 

been shown to promote graceful failure and a higher ultimate failure strain that is 

important for applications where a high damage tolerance is required. So, in general 

UHTCMCs exhibit enhanced mechanical behaviour over current materials. In Table. 2.4 

some mechanical properties of different UHTCMCs are reported. 
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Table. 2.4: Properties of carbon fibre reinforced ultra-high temperature ceramic matrix 

composites prepared with different approaches. 

Materials 
General 

characteristic 

Density 

(g/cm3) 

Open 

porosity 

(%) 

Flexural 

strength 

(MPa) 

Reference 

Cf/HfB2-C 
Injection + CVI + 

2D preform 
3.20 16.0 121.4 [125] 

Cf/ZrC PIP + 3D preform 1.98 12.4 107.6 [132] 

Cf/ZrC 
CVI + MRI + 3D 

preform 
2.46 5.0 240.0 [133] 

Cf/ZrC-

SiC 

HP + PIP + 2D 

preform 
2.47 6.6 178.0 [134] 

Cf/ZrC-

SiC 

CVI + PIP + 2D 

preform 
2.18 4.9 748.0 [134] 

Cf/ZrC-

SiC 

RMI + 3D needled 

preform 
2.52 1.7 380.0 [135] 

Cf/ZrC-

SiC 

RMI + 3D braided 

preform 
2.94 5.3 101.5 [133] 

Cf/ZrB2-

ZrC-SiC 

RMI + 3D needled 

preform 
2.42 9.4 185.0 [136] 

Cf/ZrB2 
Vacuum bagging + 

HP + 1D fabric 
3.30 / 90.0 [109] 

Cf/ZrB2-

SiC-Si3N4 

SI + HP + 1D 

fabric 
/ Small 

355.0 (//) 

63.0 (┴) 

[137] 

Cf/ZrB2 
HP + ball milled 

chopped fibre 
3.40 15.0 103.0 [138] 
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2.3.4 Oxidation resistance 

One of the main advantages of UHTCMCs materials is the introduction of the 

self-protection capability of UHTCs into conventional CMCs. In fact, carbon is one of 

the materials with the highest temperature stability because at atmospheric pressure it 

sublimate rather than melt and it can be used in application up to 2800 °C if kept in non-

oxidising environment. However, in environment rich of oxygen the oxidation begins at 

450 °C [139]. For this reason, the improvement of resistance due to the UHTCs matrices 

is required. To protect the carbon fibre from oxidation, different approaches were 

investigated. A first mechanism is the application of an environmental barrier coating 

(EBC), made of UHTCs, on CMC material [102], [103]. In this case, the interface points 

between the UHTC and CMC layer is a critical point. In fact, the adhesion between the 

composite and the coating could be compromised due to the different chemistry and 

thermal expansion of the materials. Another way is to introduce ZrB2 powders into fibre 

preforms via slurry impregnation. In this case, a different route can be used such as 

chemical vapour infiltration (CVI) [89], polymer infiltration and pyrolysis (PIP) [140], 

pack cementation (PC) [103] and hot pressing (HP) [141]. In the case of UHTCMC 

fabricated by HP - where the UHTC is the main phase - the ZrB2-SiC matrix with a high 

content of SiC ≥ 10%, can effectively protect the fibres from oxidation [142]. In this way, 

UHTCMs possess the CMCs damage tolerance thanks to the fraction of fibres and the 

ablation resistance of UHTC [138], [143], [144].  

In literature studies, the oxide layer thickness was measured to compare the oxidation 

behaviour of different composites. The oxidised layer thickness obviously increases with 

increasing the oxidation temperature and is affected by the amount of fibre reinforcement 

and matrix composition. The oxide layers thickness of the ZrB2 based UHTCMCs 

presented values from 18 μm to 170 μm due to the different oxidation conditions and 

samples composition (Table. 2.5). All the composites were damaged by the oxidation of 

the most vulnerable phase - the C – which led to the formation of pores and channels. 

However, the presence of a UHTC matrix that covers the fibres improves the oxidation 

resistance of the carbon fibre [145]. 
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Table. 2.5: Oxide layer thickness of different ZrB2 based UHTCMCs samples after 

oxidation tests in air.  

Composition (vol. %) 

Oxidation 

Temperature 

(°C) 

Oxide layer 

thickness (μm) 
Ref. 

54ZrB2 + 3SiC + 3Y2O3 + 40Cf 2000 170 [145] 

48ZrB2 + 3SiC + 3Y2O3 + 46Cf 2000 100 [145] 

50ZrB2 + 3SiC + 47Cf 1500 18 [146] 

46ZrB2 + 1SiC + 3Y2O3 + 50Cf 1500 24 [146] 

50ZrB2 + 3SiC + 47Cf 1650 43 [146] 

46ZrB2 + 1SiC + 3Y2O3 + 50Cf 1650 53 [146] 

57.5ZrB2 + 2.5SiC + 40Cf 1500 64 [147] 

55ZrB2 + 5SiC + 40Cf 1500 50 [147] 

52.5ZrB2 + 7.5SiC + 40Cf 1500 45 [147] 

50ZrB2 + 10SiC+ 40Cf 1500 36 [147] 

57.5ZrB2 + 2.5SiC + 40Cf 1650 85 [147] 

55ZrB2 + 5SiC + 40Cf 1650 57 [147] 

52.5ZrB2 + 7.5 SiC + 40Cf 1650 50 [147] 

50ZrB2 + 10SiC + 40Cf 1650 35 [147] 

 

The dominant reactions in the oxidation of Cf reinforced UHTCMCs are: 

C(s) + 
1

2
O2(g) → CO(g)  (2.19) 

C(s) + O2(g) → CO2(g) (2.20) 

ZrB2(s) + 5O2(g) → ZrO2(s) + B2O3(l,g) (2.21) 
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SiC(s) + 
3

2
O2(g) → SiO2(l) + CO(g) (2.22) 

ZrB2(s) + SiC(s) + 4O2(g) → ZrO2(s) + → SiO2·B2O3(l) + CO(g) (2.23) 

The borosilicate glass can partially fill the holes left by vaporization of the carbon fibres, 

until its temperature limit is reached.  

Some research also revealed that there is a trade-off between oxidation resistance and 

fracture toughness if matrix porosity is retained to promote poor adhesion to the fibre. On 

the one hand, a dense UHTC matrix is accompanied by a relatively strong matrix-carbon 

fibres interface offering a good oxidation protection but implying a lower value of fracture 

toughness. On the other hand, a partially porous UHTC leads to high values of fracture 

toughness due to the decrease of matrix Young’s modulus and weak fibre/matrix 

interface. However, the porosity jeopardizes the resistance to oxidation/erosion [139]. In 

literature, it is reported that the short fibre reinforced composites showed a retained 

strength higher than ≈ 80% of its original value after an oxidation for 2 min in air at 2005 

°C. The continuous fibre reinforced composites, after the oxidation at the same conditions 

maintained a ≈ 70% of the original shape [145].  

A few papers studied the oxidation resistance of short and continuous fibre reinforced 

UHTCMCs [148]. Most of these tests conducted at temperature above 2200 °C 

demonstrated that UHTCMCs samples reinforced with long or short carbon fibres 

presented excellent oxidation resistance performance compared to the graphite samples 

in the same conditions, with an erosion rate ≈ 0.45 mm/s versus 0.15 mm/s of a ZrB2 

based UHTCMC.  

2.4 Braking materials 

For vehicles, brakes are commonly used in a pad on disc configuration. The most 

important requirements are high and stable coefficient of friction (COF) under multiple 

braking conditions, low wear rate for increased life, low life cycle cost, low weight, good 

noise, vibration and harshness properties (NVH) and a high degree of freedom in the 

structural design [149]. Common disc materials include steel, carbon-carbon (C/C) and 

carbon fibre reinforced carbon-silicon carbide (C/C-SiC) (Fig. 2.7). Steel is used for 

standard automotive braking systems. This material is cheap, possesses a relatively high 

and stable coefficient of friction and low wear rate [150]. Paired with organic or metallic 



36 
 

pads, they suit all but high-performance applications, where low operating temperature 

(≈ 400 °C [151]) and high steel density would cause sudden breaks. Therefore, C/Cs have 

been developed in the 1970s and used ever since in aircrafts and racing vehicles like 

formula 1 and formula E. A density of <2 g/cm³, high maximum operating temperatures 

(2000 °C) combined with high heat capacity and thermal shock resistance makes light 

brakes capable of absorbing huge amounts of energy in a short time [152]. However, C/C 

possess low oxidation resistance and low COF in wet or cold conditions due to the 

inherent lubrication ability of graphite [153], [154]. This makes them unusable for 

standard road vehicles and limits their application to racing cars. The C/C-SiC composites 

were developed since the 1990s and used for high performance cars [155]. These CMCs 

exhibit exceptional wear resistance, little to no oxidation and a high COF in different 

weather conditions with the price of more weight and limited operating temperature 

[154]. 

 

Fig. 2.7: Representation of three brake discs constituted by different materials. 

2.4.1 C/C-SiC 

C/C-SiC are a lightweight and thermally stable materials manufactured by LSI 

process. They overcome the drawbacks of C/C materials (influence of temperature and 

humidity on the coefficient of friction) and grey cast iron (high weight and low thermal 

stability), the two main materials for brake discs in cars and aircraft. C/C-SiC shows 

excellent tribological properties, especially a high and quite stable COF and high wear 

resistance. These properties allow to use these materials in emergency brake systems of 

elevator or cranes where sintered metallic and C/C brake pads have reached their thermal 

limits [156]–[158]. In fact, the oxidation of carbon starts at a temperature about 400 °C 
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in air and leads to destruction of the brake disc at higher temperature. This limits the use 

of C/C brakes on racing cars. One of the main problems for the brake materials is unstable 

COF. This is due to the low transverse thermal conductivity, especially in the 2D 

composites. To improve the transverse conductivities, different modifications can be 

achieved [83]: 

- Use of carbon fibres with high thermal conductivity, like graphite fibres 

- Increase the amount of fibres oriented perpendicular to the friction surface 

- Increase the ceramic friction 

The amount of ceramic can be easily increased by reducing the fibre content, resulting in 

a higher silicon uptake and consequently a higher density of the final material. So, the 

lower is the fibre volume content and higher the density, the higher the transverse thermal 

conductivity of the CMC material (Fig. 2.8). However, a higher density coincides with a 

decrease in strength and fracture toughness. So, the CMC composites must be designed 

according to the individual properties requirements of the brake system as a compromise 

between thermal and mechanical properties.  

 

 

Fig. 2.8: Behaviour of thermal conductivity at 50 °C with different fibre volume (left) 

and with density (right) of reinforced C/SiC composites [157]. 

As for other materials, the thermal conductivity of C/SiC composites decreases with 

temperature increase. The average decrease of transverse conductivity between 300 °C 

and 900 °C is round 30%. These temperatures represent the temperature on the disc 

surface during a high-performance braking. Consequently, one important criteria for the 

choice of C/SiC materials for brake pads is their thermal conductivity at high temperature 
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[83]. For example, the drive units of elevators are designed for building of up to 500 m 

in height and can accelerate high mass. If the speed exceeds a determinate speed, the 

elevator is automatically brought to a controlled emergency stop when the brake pads can 

reach temperatures up to 1200 °C. At this temperature, conventional braking materials 

are beyond their limits of thermal stability and wear resistance [83].   

 The presence of SiC can increase the coefficient of friction, the thermal shock 

resistance and the environmental stability [159]. However, the presence of SiC may 

increase wear rate due to its abrasive action and decrease the fatigue resistance depending 

on the pad material [160], [161]. Moreover, C/C-SiC brake discs paired with common 

pad materials may suffer from instability of the coefficient of friction during the braking 

[149] which is often noted as saddle-curve behaviour resulting in rising COF for low and 

high sliding speeds during a braking test (Fig. 2.9). The introduction of different ceramic 

phases could ensure broader adjustment of tribological properties. The carbon fibre plays 

a role of a lubricant to prevent occlusion during braking; the hybrid ceramics increase 

friction resistance. For example, ZrB2 can rapidly form an oxidant layer during braking 

to prevent carbon fibre oxidation. Their effects result in more stable braking performants 

[162]. For these reasons, carbon fibre reinforced UHTC-ZrB2 based material could be a 

new class of material for braking applications. 

 

Fig. 2.9: Different behaviours of C/C and C/C-SiC brake disc with C/C and C/C-SiC pads 

[149]. 
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2.4.2 UHTC based composites 

ZrB2 based ceramics are used in aerospace, automotive and nuclear industry in 

extreme environments thanks to their moderate density, high thermal conductivity, high 

temperature of melting, excellent creep resistance and high strength at high temperatures 

[73], [163], [164]. Moreover, the formation of B2O3 in high-speed sliding contacts and 

the formation of boric acid in humid environment reduce friction or wear [165]–[167]. 

Moreover, the presence of SiC improves the hardness, the flexural strength and the 

resistance against oxidation [168]–[172]. The generation of B2O3 provides self-healing of 

defects in severe conditions like ablation and high temperature erosion [75], [171], [173]. 

For these reasons, ZrB2-SiC composites are investigated for different wear-resistant 

applications like mechanical seals, extrusion dies and cutting tool inserts in high-speed 

machining [174] . 

In general, with ceramics, there are two types of wear: the adhesive and the abrasive (Fig. 

2.10). The adhesive wear takes place when adhesion verifies across an interface between 

two ceramics surfaces or a ceramic surface and a metal. If a fracture occurs in the ceramic 

with the sliding or rubbing of one surface over the other (tangential motion), an adhesive 

wear has taken place. For this type of wear to happen, the fracture strength of one of the 

two materials in contact must be less than that of the interfacial junction. However, if the 

bonding at the junctions is less than that in the two materials, fracture will occur at the 

interface without wear. Moreover, micro welding may take place due to the heat generated 

by the friction. This results in detachment or material transfer from one surface to the 

other. Adhesive wear can improve the roughness and generate protrusions above the 

surface. Surface held apart by lubricating films, oxide film etc, reduce the adhesion 

mechanism. In some cases, the wear resistance is based on the transfer from the softer 

metal to the harder metal, forming a thin layer of softer metal on the harder metal. For 

example, when a silicon carbide surface is put in contact with a metal surface, the silicon 

carbide deforms elastically. However, high pressures are developed at the interface and 

the adhesive bonds generated at silicon carbides - metal interface are strong enough to 

fracture the metal bonds and transfer metal on the silicon carbide surface. The presence 

of defects such as vacancies, voids, impurities or microcracks in the superficial layers of 

the materials in contact will usually dictate where wear damages are generated. The 

distribution and extent of these defects, will determine the wear damage and the size of 

the wear particles generated [175].  
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Fig. 2.10: Representation of abrasive wear on the left and adhesive wear on the right (in 

orange the hardest material, in grey the softer material)  

 Abrasive wear occurs when the material is lost due to the moving of protuberances 

that are put in contact. Most specifically, it occurs when a hard-rough surface slides across 

a softer surface and it is referred to as grinding wear. The harder material can be one of 

the rubbing surfaces of hard particles. Abrasion mainly involves microscale cutting and 

plowing processes. There are two possible abrasive wear mechanisms: 

- Two-body abrasive wear: it occurs when the hard particles remove material from the 

opposite surface like plowing operation. 

- Three-body abrasive wear: It occurs when the particles are free to roll and slide on the 

surface. The wear can be open or closed and it depends to the contact environments. When 

the surfaces are enough displaced to be independent of one another, an open contact 

environment is present [175]. 

There are many strategies for mitigating abrasive wear, but the general rule is that harder 

is better. 

  Due to their mechanical properties and hardness, ZrB2 based composites wear was 

investigated in previous studies. In particular, friction and wear rates of SiC reinforced 

ZrB2 in dry condition of sliding against different counter-bodies were studied [176]. The 

material removal mechanism was affected by the SiC amount in the composites and the 

counter-body. The average coefficient of friction for ZrB2 based composites against 

different counter-body (SiC, Al2O3, ZrO2) was found to range from 0.49 to 0.69 and with 

the SiC counter-body resulted quite stable (Fig. 2.11) [176]. 
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Fig. 2.11: A typical plot of coefficient of friction of ZrB2-SiC vs sliding time against SiC 

counter-body. 

  Usually, the wear rates and the CoF are investigated via a wear tester (Fig. 2.12), 

where a load is applied on a stationary ball against the composites disc which rotates at a 

linear speed for a determinate time and produces a wear track on the disc. This machine 

is useful for the investigation of the material properties, but it does not reproduce a real 

braking mechanism. For this reason, in this work and industrial testing machine that 

reproduces the braking mechanism was used. 

 

Fig. 2.12: schematic of pin-on disc wear machine 
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3. Experimental 

3.1 Experimental techniques employed in this work 

Microstructural characterization 

The microstructure of a material is the union of the compositional, morphological 

and crystallographic characteristics of its phases. The characterization of the 

microstructure is important to understand the chemical, thermal, electrical and 

mechanical properties of a material. In this work, the main techniques used are X-Ray 

Diffraction (XRD), Digital Optical Microscopy, Scanning Electron Microscopy (SEM) 

and Energy Dispersive X-Ray Spectroscopy (EDS).  

3.1.1 X-ray diffraction analysis 

The X-ray diffraction (XRD) is a non-destructive analytical technique used in 

material science for characterizing the atomic and molecular structure of a material. It is 

used especially for the identification of crystalline phases of a material, but it can also 

provide information on structural parameters such as preferential crystal orientations, 

crystallite size, crystallinity, lattice defect and strain [1]]. The diffraction of the X-ray is 

a subset of the general X-ray scattering phenomena. XRD - which is generally used to 

mean wide-angle X-Ray diffraction (WAXD)- falls under several methods. Other elastic 

scattering-based X-ray techniques include small angle X-ray scattering (SAXS). SAXS 

measures structural correlations of the scale of several nanometres or large and X-ray 

reflectivity that measures the thickness, roughness and density of thin films. X-ray 

diffraction principle can be applied on a single crystal (Single Crystal X-ray Diffraction, 

SC-XRD) to obtain information about the internal lattice such as electronic density, bond 

angles, bond length and unit cell dimensions [2]. However, obtaining a single crystal is 

usually difficult. For this reason, this technique is less widespread.  

 The XRD analysis is based on the elastic scattering of X-rays due to structure with 

a long-range order. X-ray are high-energy electromagnetic radiation with wavelength 

ranging from 10 nm to 1 pm, Fig. 3.1. Usually, the wavelength choice in an XRD analysis 

is 1 Å, because it is in the order of lattice structure.  
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Fig. 3.1: Range of frequencies of electromagnetic radiations. X-ray fall in the range 0.01 

– 10 nm. 

During an XRD analysis, a sample is irradiated with incident X-rays that hit a crystal 

lattice and diffract from the lattice points. At certain angles of incidence, the diffracted 

parallel waves interfere constructively, destructively or giving a partial reinforcement. 

The constructive interference can create a detectable peak in intensity. This phenomenon 

(Fig. 3.2) was identified by W.H. Bragg and reported in the following equation [1]:  

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

Where λ is the wavelength of the X-rays used, d is the spacing between a particular set of 

planes, θ is the angle of incidence at which a diffraction peak is measured and n is an 

integer (1,2,3…n) that represents the “harmonic order” of the diffraction. At n =1, for 

example, there is the first harmonic. This means that the path of X-rays diffracted through 

the crystal is exactly 1 λ. So, during an analysis - as the λ is known and θ are measured- 

the Bragg’s equation allows to obtain the distance between the lattice planes, which are 

different for each crystalline cell. With the comparison between the obtained results and 

a known diffractogram (JCPDS standard), it is possible to identify the phases present in 

the sample [3].   
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Fig. 3.2: Representation of the Bragg’s law: X-ray diffraction in a crystal lattice. 

The most used geometry for the XRD diffractometers is the Bragg-Brentano, reported in 

Fig. 3.3. In this geometry, the incident and diffracted beams move on a circle which is 

centred on the sample. The main part constituting the instrument are an X-ray tube 

composed by a cathode of tungsten filament that emit electron when heated, a sample 

holder, and a detector where the interaction between X-rays and a gas generates ions 

which are collected as a current. In the XRD instrument, two different goniometer 

configurations can be used: a θ – θ configuration (where the sample is fixed, and the X-

ray tube and detector rotate around it) and a θ – 2θ configuration (where the sample is 

tilted by a θ angle and the position of X-ray tubes fixed [4]. 
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Fig. 3.3: Schematic representation of an X-ray diffractometer with a Bragg-Brentano 

geometry 

 

In the present work, X-ray diffraction analysis was conducted using an instrument with a 

Bragg-Brentano θ-θ geometry (D8 Advance, Bruker, Germany) equipped with a 

LYNXEYE detector and a Cu Kα radiation as X-ray source (λ=1.54178 Å). The spectra 

were collected from 10° to 80° with a step of 0.02 and a step time of 0.5 s. The analyses 

were carried out on the solid samples (not powders) before and after oxidation tests in 

order to observe the presence of different phases.  

3.1.2 Digital microscope 

A digital microscope is a variation of a traditional optical microscope that uses 

optics and digital camera to obtain an image that is shown on a computer monitor. One 

of the main differences between the optical and the digital microscopy is the 

magnification. In an optical microscopy, the magnification is determined by multiplying 

the eyepiece magnification times the objective magnification. For the digital microscopes, 

the magnification is independent of the size of the monitor used. The difference in 

magnification between the two microscopes is around 40 % positively for the digital 

microscope. Moreover, the digital microscope provides better quality images thanks to 

the anti-halation that reduces the glare, HDR that provides better colour and contrast, and 

lighting regulation that provide more texture. In addition, some digital microscope can 

measure samples in 2D measuring the distance between the pixel and in some cases 3D 
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measure is possible using a step motor to take images from the lowest focal plane in the 

field of view to the highest focal plane [5,6].   

In this thesis, a digital microscope, RH-2000, Hirox Europe, France (Fig. 3.4) was used 

for the fracture surface analysis and for the surface analysis of green samples.   

 

Fig. 3.4: Digital microscope Hirox RH-2000. 

3.1.3 Scanning electron microscopy  

Scanning electron microscopy (SEM) is an imaging technique that allows to 

observe samples with a very high magnification (> 100k). For this technique, a scanning 

electron microscope (SEM) is used. It is a microscope where a focused beam of electrons 

is used to scan the surface of a sample to obtain images with a high-resolution. 

The main parts constituting a typical SEM (Fig. 3.5) are: 

- Electron source (gun): is usually constituted by a thermionic emission (TE) gun and its 

task is to generate the electrons beam. The thermal electrons are emitted from a filament 

(cathode) made of a thin tungsten wire (around 0.1 mm) by heating the filament at high 

temperature (near 2800 K). For the cathode tungsten is usually used because it possesses 

the highest melting point and lowest vapour pressure of all metals. The finest point of the 

beam is called crossover and regarded as an electron source with a diameter of 15 – 20 

μm for the TE gun. The thermionic emission gun is the most used in general, but other 
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materials (such as LaB6 or CeB6 single crystal) can be used even though they require high 

vacuum due to their high activity. Other electron gun is the field emission electron gun 

(FE gun) or the Schottky-emission gun (SE gun). In the field-emission electron gun the 

field emission effect is used. This phenomenon takes place when a high electric field is 

applied to a metal surface (usually tungsten wire), called emitter. To generate a field 

emission, the emitter must be very clean, so an ultra-high vacuum is required (≈ 10-8 Pa). 

The electron beam emitted from the emitter possesses a diameter of 5 – 10 nm, so the FE 

produces a much smaller electron source than the TE gun, resulting in a high-resolution 

SEM. The Schottky-emission Gun uses the Schottky-emission effect that takes place 

when a high electric field is applied to a heated metal surface covered by ZrO/ZrO2. An 

advantage of the SE gun is the high stability of the electron beam thanks to emitter that 

avoids the gas absorption. Compared to the FE gun, the energy spread of the electron 

beam is somewhat large, but the SE gun produces large probe currents. The electrons 

generated from the gun are gathered as an electron beam by applying a positive voltage 

to the anode (constituted by a metal plate) that forces the electrons to flow through it. 

Moreover, when an electrode (Wehnelt electrode) is put between the cathode and anode 

and a negative voltage is applied on it, it is possible to adjust the current of the electron 

beam.  

-Electromagnetic lenses: the two-stage lens positioned below the electron gun allows to 

adjust the diameter of the electron beam and obtain a small electron probe. The scanning 

coils lens deflect the beam in the x and y directions to scan the sample [7,8]. 

-Analysis chamber: it is under vacuum and it is the location where the interaction between 

the samples and the electron beam takes place. The sample is put on a specimen stage that 

allows to have horizontal movement (X, Y axis), vertical movement (Z axis), tilting and 

rotation. The movement on the X and Y axis are used for the selection of a field view, the 

movement on the Z axis allows to change the image resolution. 

-Detectors: are used to collect the several signals resulting from the interaction between 

the sample and the electron.  
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Fig. 3.5: Schematic representation of a scanning electron microscope (SEM) 

When electrons collide with the sample, they are scattered with a teardrop-shaped volume 

(Fig. 3.6) and gradually lose their energy until absorption in the sample. The scattering of 

the electrons inside the sample depends on the electron energy, the atomic numbers of the 

elements, and the density of the constituent atoms. The interaction volume may extend 

from 100 nm to 5 μm. The higher the energy is, the larger the scanning range is. So, if the 

atomic number and density are large, the scanning range is smaller [9].  

The signals derived from electron-sample interaction are analysed. Between them, the 

most used are: secondary electrons, backscattered electrons (BSEs) and X-rays. 

-Secondary electrons are generated as a result of inelastic interactions of the beam with 

the valance electrons of the constituted atoms in the sample. The energy of secondary 

electrons is very small (<50 eV) so those generated at a deep region are quickly absorbed 

by the sample. Only those generated at the top surface of the specimen are emitted outside 

of the material. For these reasons, the secondary electrons are very sensitive to the surface.  

-Backscattered electrons (BSEs) are derived from the interaction between the electrons 

beam and the atomic nuclei in the sample. They possess higher energy than secondary 

electrons (> 50 eV), so they contain information of relatively deep regions. The BSEs are 
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sensitive to the composition of the specimen. In fact, heavy elements (high atomic 

number) present a larger yield than light element resulting in a brighter area in the final 

image. 

- X-rays are high-energy photons derived from the excitation of deep electrons and they 

are used especially for the elemental microanalysis. 

The SEM possesses many advantages as for example the fact that it allows to acquire high 

resolution images at high magnification (> 100k), as well as to obtain continuous 

enlargements with the same objective. However, SEM instrument usually requires 

conductive solid sample stable in vacuum (10-5-10-6). For these reasons, in case of an 

insulating sample, the surface has to be made electrically conductive by graphite glue/tape 

or by conductive coating. 

  In this work a FE-SEM (field emission gun scanning electron microscope) was 

used, with a W/ZrO2 emission source with a Schottky effect (Zeiss Sigma, Carl Zeiss 

Microscopy Gmbh, Germany) and equipped with a detector for secondary electrons 

(SE2), low energy (SE1) and backscattered electros (BSE). Samples for the microscopy 

analysis were prepared starting with the polishing of the surface with a semi-automatic 

polishing machine (Tegramin-25, Struers, Italy), then they were washed in an ultrasonic 

bath with ethanol or acetone and cleaned in a plasma cleaner (Colibrì Plasma RF 50 KHz, 

Gambetti, Italy) at 40 W for 5 min in nitrogen atmosphere. Non-conductive samples, (e.g. 

oxidized materials), were coated with a layer of carbon with a turbo-pumped spatter 

coater (Q150 ES, Quorum Technologies Ltd, UK). To analyse the images and to obtain 

information on the surface morphologies (e.g. mean grain size), a commercial software 

package was used (Image-Pro Plus analyser 7.0, Media Cybernetics, U.S.A).  
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Fig. 3.6: Electron volume interaction with matter and different generated signals 

3.1.4 Energy- dispersive X-ray spectroscopy 

Energy-dispersive X-ray spectroscopy (known as EDS, EDX or EDXA) is a 

technique that enables to analyse the elemental composition of a sample [9]. The principle 

at the base of the EDS is the capacity of high energy electromagnetic radiation (X-rays) 

to eject “core” electrons from an atom. This effect is known as Moseley’s law and states 

that there is a direct correlation between the frequency of light released and the atomic 

number of the atom. When the electrons are removed from the “core”, they leave behind 

a hole that a higher energy electron can fill in, releasing energy as it relaxes. This energy 

is usually released as X-ray fluorescence and its value is equal to the difference between 

the higher-energy shell (where there is the electron that drops off) and the lower-energy 

shell (where the vacancy is). The energy released during the relaxation is unique and 

different for each element. So, bombarding a sample with X-rays can be used to identify 

what elements are present and in which proportion. In Fig. 3.7 an example of how EDS 

works is reported. The different energy levels are called with the letters K, L and M that 

refer to the n value of the electron in the shell (i.e., K electrons are n = 1 electrons) and 

the size of the transition are indicated with α and β. The relaxation from M to L or L to K 

is described as Lα or Kα, while going from M to K is a Kβ transition. This method is 

known as Siegbahn notation [9]. 
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Fig. 3.7: schematic representation of the mechanism at the base of the EDS technique. 

  The EDS system is constituted by three different parts: an emitter, a collector and 

an analyser. These parts are usually integrated with an electron microscopy instrument 

like the scanning electron microscopy (SEM) or transmission electron microscopy 

(TEM). This system allows to obtain information about how many X-rays are released 

and their energy (in comparison to the energy of the initial X-rays used to hit the sample). 

The data collected by EDS are presented as a graph with KeV on the x-axis and an 

intensity peak on the y-axis. The EDS analysis is a very useful technique but presents 

some problems. It is not a particularly sensitive analysis, if the amount of elements in the 

samples is too low it is difficult to obtain a correct proportion of the element. Moreover, 

the EDS generally does not work for elements with a low atomic number. For example, 

H and He have only n =1 shell, so there are not core electrons that can be removed and 

allow the formation of X-rays. 

 The EDS is primarily a qualitative tool. However, it is possible to carry out 

quantitative analysis after calibration with a metal standard, usually a cobalt target. The 

accuracy of the analysis depends on the nature of the sample and the energy of the electron 

beam. For the heavy metal samples, high energy is required to emit X-rays that can 

negatively affect the accuracy on lighter elements due to the higher depth of penetration 

of the beam [10]. 

 In this thesis, a qualitative and a semiquantitative analysis were conducted with 

an EDS (Oxford Energy X-act, Oxford Instruments, UK, interfaced by INCA software) 

coupled with scanning electron microscopy (FE-SEM, Carl Zeiss Sigma NTS Gmbh 
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Öberkochen, Germany). The analyses were conducted with a voltage between 5 to 10 

KeV due to the different elements present in the samples (i.e. B, C, Si, Zr, …). To 

optimize the semiquantitative measurements, a calibration with cobalt was made. 

Mechanical testing 

3.1.5 Flexural strength 

The flexural strength is defined as the maximum stress that can be applied to the 

material before it failure [11]. For a bulk ceramic, the flexural strength depends on 

different factors such as size, shape grain size, density, pores and flaws distribution. In 

fact, residual porosity, large grains can decrease the mechanical properties. More in detail, 

the pores decrease the area where the load is applied and can act as defects where the 

stress is concentrated and leads to a catastrophic failure [12]. The flexural strength is 

obtained through a bending test of samples with a cylindrical or rectangular cross-section 

with a three- or four-point fixture [13,14]. In the fibre-reinforced ceramic composites the 

determination of the bending strength is more difficult than in a bulk ceramic due to the 

interaction between matrix and fibres.  For these materials, porosity is usually higher than 

the corresponding bulk material and achieving full density often results in a damaged 

fibre [15]. Moreover, the value of strength is highly influenced by the fibre orientation 

due to the intrinsic anisotropy. For example, in samples reinforced with unidirectional 

fibres where the load is applied perpendicular to the fibre orientation, the load is fully 

transferred to the fibre that act as a reinforcement and allows to obtain the maximum 

strength value. However, when the load is parallel to the fibre, the fibre acts as defects 

and the bar suffers a brittle fracture [16]. These materials can also incur failure by 

interlaminar shear stress due to their layered structure, therefore attention has to be paid 

during three-point and four-point bending tests in order to minimize shear stresses, such 

as using high span/thickness ratios to promote failure by tensile stresses. In the case of 

short fibre reinforced composites, this issue is less emphasized due to the more isotropic 

structure of the material.  
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Fig. 3.8: Four-point geometry reported in ISO 14704:2016 and relative formula for the 

flexural strength calculation. Where, PN is the force in newton, PKg is the force in Kg and 

b and d are the width and thickness respectively.  

 

Fig. 3.9: Illustration of Z050, Zwick-Roell (left) and a semi-articulated test fixture for the 

four-point bending strength test (right). 

In the present work, composite materials reinforced with short carbon fibre were 

studied in order to investigate the mechanical behaviour. For these reasons, three-point 
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bending strength tests were carried out on long bars, with a dimension of 45 mm x 4 mm 

x 3 mm (length, width, thickness, respectively) with a semi-articulated test fixture. Four-

point bending strength tests were carried out on short bar of 25 mm x 2.5 mm x 2 mm 

(length, width and thickness, respectively) using a semi-articulated test fixture with a 

lower span of 20mm and upper span of 10 mm using a screw-driver testing machine 

(Z050, Zwick-Roell, Germany), Fig. 3.9. During the tests, the guideline of standard ISO 

14704:2016 was followed Fig. 3.8. Every test was conducted at room temperature with a 

cross head speed of 1 mm/min. At least three bars were tested for each material at each 

condition. Due to the random distribution of the short carbon fibre inside the samples 

tested in this thesis, the influence of the fibre orientation in the horizontal plane is almost 

negligible. However, its influence is still present when passing from a horizontal 

orientation to a vertical orientation. For all these reasons, samples with same matrix but 

different fibre amount of carbon fibre or different length (i.e. ZrB2 based matrix 

reinforced with 20-35-50 % of carbon fibres with a length of 3-5 mm) were tested with a 

four-point bending strength. Also, samples with same composition (i.e.  ZrB2 based 

matrix reinforced with 35 % of carbon fibres with a length of 5 mm) were tested with a 

three-point bending strength changing the orientation of the layer constituting the 

samples. Finally, samples with a semi vertical short carbon fibre orientation were tested 

with a four-point bending strength. The different carbon fibre orientation tested are 

schematized in Fig. 3.10. 

 

Fig. 3.10: Schematic illustration of the different fibre orientation subjected to bending 

strength tests. 

3.1.6 Fracture toughness (hardness) 

Fracture toughness is commonly used to describe the ability of a material 

containing a crack to resist crack propagation the [17]. It is represented with KIc, which 
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is the plane strain fracture toughness, i.e. the critical value of stress intensity factor K in 

mode I loading measured under plane strain conditions that leads to brittle fracture 

[18,19]. The value of KIc depends on the nature of the material. It is high for ductile 

materials and low for brittle materials, such as ceramics. To determine this parameter 

several methods are known, such as Vickers hardness indentations [20–22]. In this 

method, an indenter penetrates the sample surface inducing the generation of cracks from 

the corner of the indentation. The length of the cracks produced can be correlated to the 

resistance of the material to the fracture toughness. However, this method is not valid in 

the case of reinforced composites because the cracks can be arrested by the presence of 

fibres. The preferred methods for the evaluation of fracture toughness in composites 

materials are techniques based on the introduction of a notch where all the stresses are 

concentrated, and the samples are tested in bending [23]. In Fig. 3.11 are illustrated the 

different notch geometries.  

 

Fig. 3.11: Schematic representation of the different notch geometries.  

The single edge notched beam (SENB) is a test where a flat notch is introduced. However, 

the introduction of a notch with a radius below 25 μm is difficult and the data tends to be 

scattered [24]. The single edge V-notched (SEVNB), is similar to SENB, and allows to 

introduce more critical defect. However, the introduction of a straight notch is a limiting 

factor. The single edge pre-cracked beam (SEPB), is also similar to SENB. In this test, 

the critical defect is introduced by pre-cracking the beam at low loads. This method allows 

to obtain accurate results, but in case of fibre reinforced materials it is difficult to initiate 

the crack. The chevron notched beam (CNB), is a method where a triangle-shaped notch 

is introduced. The application of the load initiates a crack that starts on the top of the 

triangle and propagates from there. The advantage of this method is the lack of issue due 

to the curvature radius at the crack tip. With the CNB, the fracture toughness is calculated 
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from the maxim load (Pmax) calculated in a four-point bending test trough the equation of 

Munz [23]. Following are reported the CNB model and relative formulas, Fig. 3.12.   
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Fig. 3.12: Chevron notch model for the CNB and relative formulas for the determination 

of KIC. 

In this thesis, the fracture toughness (KIC) was calculated with the chevron-notched beams 

(CNB) by four-point banding test. The tests followed the indication reported in the 

EN14425-3:2010. The tests were conducted on bars with a dimension of 25.00 mm × 2.0 

mm × 2.5 mm (length, width, thickness) with a notch tip of 0.12 mm and 0.80 mm, 

chevron-notch tip depth and average side length respectively. The testing setup was 

constituted by a screw-drive frame (Z050, Zwick-Roell, Germany) with a cross head 

speed of 0.05 mm/min and a four-point fixture with a lower span of 20 mm and upper 

span of 10 mm.  

3.1.7 Tensile testing  

The tensile testing is a test in which a sample is subjected to a controlled tension until 

failure. With this test, it is possible to measure the ultimate tensile strength, the breaking 

strength, the maximum elongation and reduction area. Moreover, it is possible to 

determine different properties of the materials such as the Young’s modulus and the 

Poisson’s ratio. The most commonly used test is the uniaxial tensile testing, but for some 
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materials the biaxial testing could be made. The main difference between these two tests 

is how the load is applied on the material. 

 In the present work, the uniaxial tensile tests were carried out at room temperature 

on “dogbones” specimens with dimensions reported in Fig. 3.13 following the guideline 

of standard EN 658-1:1999 norm. Every test was conducted using a couple of grips (Fig. 

3.13) incorporated with a screw-driver testing machine (Z050, Zwick-Roell, Germany) 

with a cross head speed of 1 mm/min. At least three bars were tested for each material 

[1]. The force measurement is used to calculate the engineering stress, σ, using the 

following equation: 

𝜎 =  
𝐹𝑛

𝐴
 

where F is the tensile force and A is the nominal cross-section of the specimen. 

 

Fig. 3.13: Illustration of the clamps (left) and the geometry of the specimen (right) used 

for the tests. 

3.1.8 Critical fibre length 

The interaction of fibre and matrix is a crucial parameter for composites 

performance in terms of strength, especially in short fibre reinforced composites. The 

ability to transfer the stress, in the case of short fibres, is defined by the critical length. If 

the critical length is exceeded, fibre breakage will occur, and no further improvement is 

possible in the material [25]. The critical fibre length is usually calculated by using the 

following equation [26]: 

𝑙𝑐 =
𝜎𝑓𝐷𝑓

2𝜏𝑐
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where 𝜎𝑓 is the tensile strength of fibre, 𝐷𝑓 is fibre diameter and 𝜏𝑐 is the fibre-matrix 

bond strength. However, this method would have required a detailed study to measure 

and calculate all the individual parameters. Previous studies [27] discovered an easier and 

more direct method to determine the critical fibre length through the image analysis. In 

accordance with this method, first the average of all pulled- out fibres is determined (It 

may vary between 0 and half of the critical length). Then, the average is multiplied by 4 

to obtain the critical fibre length. In this thesis, to determine the critical length this method 

based on the image analysis was used.  

3.2 Materials processing  

The fabrication of carbon fibre reinforced UHTC composites requires several 

steps to obtain the final material. The processes for the production of bulk ceramics are 

well known but the presence of the fibre reinforcement is an obstacle to the consolidation 

of the ceramic powders. In fact, previous studies showed that the presence of fibres 

hindered the powder sintering, resulting in high porosity in the final product [28,29].  

This Ph.D. research was focused on the development of a novel water-based 

processing route for the fabrication of UHTC reinforced with short carbon fibre and the 

possible application of this material. The experimental procedures of some steps (i.e., 

powder treatment, slurry preparation and sintering) are the result of previous studies 

conducted at the ISTEC CNR [28,30–34]. 

3.2.1 Materials 

Commercial products were used as raw materials for the fabrication of the 

samples. 

Ceramic powders: 

- ZrB2 (Grade B, H.C. Starck, Germany; specific surface area 1.0 m2/g, particle 

size range 0.5–6 μm, impurities (wt%): 0.25 C, 2 O, 0.25 N, 0.1 Fe, 0.2 Hf);  

- α-SiC (Grade UF-25, H.C. Starck, Germany, specific surface area 23–26 m2/g, 

D50 0.45 μm, impurities (wt%): 2.5 O); 

- Y2O3 (Grade C, H.C Starck, Germany, specific surface area 10−16m2/g, D50 0.90 

μm, impurities (wt.%): 0.005 Al, 0.003 Ca, 0.005 Fe); 

- MoSi2 (Aldrich, Milwaukee, particle size range 0.5–6 μm, oxygen content 1 

wt.%); 
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- TiB2 (H.C. Starck, Grade F, D90 4.0–7.0 μm, D50 2.5–3.5 μm, < 4.5 μm, impurities 

(wt. %): 0.4 C, 2.5 O, 0.5 N, 0.1 Fe); 

- B4C (H.C. Starck Grade HS-A, D90 2.0–4.0 μm, D50 0.6–1.2 μm, B:C ratio 3.7, 

impurities (wt. %): 0.7 N, 1.7 O, 0.05 Fe, 0.15 Si, 0.05 Al) 

Fibres: 

- Granoc Yarn XN80-6K fibers; tensile modulus of 780 GPa and tensile strength 

3.4 GPa, 10 μm diameter Supplier: Angeloni  

The carbon fibres are defined as fibres with a carbon content above 92 wt%. Nowadays, 

most of the amount of carbon fibres are made by carbonizing precursors and can be 

divided in three different types based on the precursor used: PAN-based, pitch-based and 

rayon-based [35]. Between these, the PAN- and pitch-based are the most diffused. The 

Pan-based carbon fibres present a balanced performance (high strength and low - 

intermediate modulus) and lower production costs [36,37]. The pitch-based fibres possess 

an ultra-high modulus and high thermal/electrical conductivity [38]. Thanks to their high 

temperature properties and refractoriness to thermal treatments, in this work, pitch-based 

carbon fibres were used. 

Thickener: 

- Alginic acid sodium salt (high viscosity, Thermo Fisher, Germany) 

Sodium alginate (NaC6H7O6) is a linear polysaccharide present in the cell wall component 

of marine brown algae and contains approximately 30-60 % of alginic acid. The 

conversion of alginic acid to sodium alginate allows its solubility in water. An important 

characteristic of alginates is its liquid-gel behaviour in aqueous solutions. In fact, 

monovalent ions (e.g. sodium in sodium alginate) can be exchanged for divalent ions (e.g. 

calcium). The reaction proceeds immediately, changing from a low viscosity solution to 

a gel structure. The gel is a copolymer composed by two kinds of monomer units (Fig. 

3.14) [39]. 
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Fig. 3.14:  schematic representation of sodium alginate (1,4-β-d-mannuronic (M) and α-

l-guluronic (G) acids) and the reaction of gelification with calcium ions. 

3.2.2 Powder ball milling 

The preparation of the powder mixtures and their homogenization is the first step. 

In this work, the ball milling technique was used. It is based on the capability of hard 

materials (e.g. SiC or Si3N4) to grind softer powders, reducing the particle size and 

homogenizing the mixture. In this case, ball milling was mostly used to break powder 

aggregates and homogenise the powder mixture, while the potential contamination of the 

powders with the grinding media is negligible. The presence of a solvent (e.g. ethanol in 

this work) helps the powder mixing and to minimize the particles oxidation and heat 

production. On the basis of the required composition, the powder mixtures were prepared 

by wet ball milling of the starting powder with Si3N4 grinding media in absolute ethanol 

for 24 h at ≈60 rpm. The presence of water must be avoided as much as possible in order 

to minimize the powder surface oxidation [40]. The ratio between powder, solvent and 

grinding media is 1: 1: 1 by weight. After the ball milling, the powders were dried with a 

rotary evaporator and then sieved (250 μm mesh) in order to break the powder 

agglomerates. 

3.2.3 Slurry casting 

The dry powders were dispersed in deionized water in order to obtain an aqueous 

slurry. To homogenize the powders with the solvent and avoid precipitation, poly-

acrylates dispersant and a mixing of 3h in a HDPE bottle at ≈60 rpm were used in 

accordance with previous studies [30]. The prepared slurries were mixed with the short 

carbon fibres of desired length (i.e. 3 mm or 5 mm length in this thesis and different 

amount based on the desired volume in the final sample) and the thickener with the use 
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of a planetary mixer (Thinky mixer ARE-500CE, Thinky, USA) for 3 min at 900 rpm and 

1 min and 1200 rpm for the defoaming. After mixing, the obtained product was 

transferred in a plaster mould where it was dried at 80 °C for ≈30 min to remove water. 

The green layers (not consolidated) with a final thickness of ≈ 100 μm were cut in the 

desired dimensions and overlapped to obtain the thickness of the final samples. In Fig. 

3.15 the process for the slurry casting is shown.  

 

Fig. 3.15: Different steps for the slurry casting: 1st – mixing of the materials; 2nd drying 

in the gypsum mould; 3rd final green layer.  

3.2.4 Debinding 

In order to avoid potential contamination of the hot-pressing machine, a 

debonding is required to eliminate the organic residues inside the samples before the 

sintering. The debonding was conducted in air or argon. To decrease the environmental 

impact of these materials - in this thesis - a debonding in air was used. The temperature 

for the debonding must be under 400-500 °C in order to avoid the carbon fibre oxidation 

[41] The thermogravimetric analysis (Netzsch STA-449C) conducted on the green in air, 

Fig. 3.16, shows that at ≈ 300 °C there is a considerable weight loss which can be 

attributed to the loss of organic material. For these reasons, the debonding was conducted 

in an oven in air. The green was heated from RT to 300 °C at rate of 120 °C/h, and dwell 

time of 30 min, and finally cooling down at RT.  



76 
 

 

Fig. 3.16: Thermogravimetric analysis of the green sample in air, flow rate 30 mL/min, 

heating 30 °C/min. 

3.2.5 Hot Pressing  

To consolidate the UHTCMC materials, hot pressing was carried out in high 

vacuum (≈ 10-5 bar). The susceptor is made of graphite and is heated by induction heating. 

The treated material is placed in the graphite die and a uniaxial pressure is applied via the 

action of two pistons made of graphite that are separated by the steel piston with an 

alumina block to avoid direct contact with the hot elements and minimize the potential of 

arc formation. In Fig. 3.17, the vacuum chamber for hot pressing (MP 20(II), SIATEM, 

Ing. Allaria Alto Vuoto, Italy) is shown. 

 In this thesis, for every material an initial low pressure at 900 °C was applied and 

then it was increased to 40MPa at the final temperature, 1900 °C. In order to avoid the 

formation of bubbles in the final composites, the heating ramp was not too fast. This is 

important in particular for the samples containing ZrB2 since the B2O3 impurities can be 

released [42]. At 1900 °C, the pressure was maintained for 10-15 min. At the end, the 

pressure was removed, and the samples were cooled down at room temperature.   
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Fig. 3.17: Image of vacuum oven for hot pressing (MP 20(II), SIATEM, Ing. Allaria Alto 

Vuoto, Italy) (left), and schematic representation of internal structure (right)  

3.3 Oxidation resistance 

3.3.1 Air furnace oxidation testing 

To evaluate the resistance in extreme environments of composites with a different 

composition (e.g. different matrix or fibre amount), harsher tests were conducted in a 

bottom-up loading furnace (Fig. 3.18). 

 

Fig. 3.18: Bottom loading furnace (Nannetti S.r.l. Italy) 
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This type of furnace is equipped with a vertically moving elevator plate where the sample 

is placed. The vertically moving elevator allows a simple sample loading inside the high-

temperature chamber. Moreover, the heating elements inside the walls ensures to obtain 

uniform heating. Thanks to these characteristics, it is possible to test the oxidation 

resistance of the materials which are directly exposed at the target temperature (e.g. 1650 

°C). In fact, the furnace can be heated to the test temperature and only when it is reached 

the samples are introduced in the chamber. By this way, the quick exposition at high 

temperature was tested by-passing potential oxidation phenomena that could occur at 

lower temperature. In the present work, samples with an approximate dimension of 5 × 

10 × 3 mm (width × length × thickness) were tested. The samples were cleaned with 

acetone in an ultrasonic bath and dried under IR lamp. Tests were performed in a bottom 

loading furnace (FC18-0311281, Nannetti S.R.L, Italy) at 1650 °C in air for 1 minute. 

When the target temperature was reached, the samples were introduced in the furnace 

using a porous zirconia sample holder. After reaching the thermal equilibrium (≈ 2min), 

the isothermal stage began (1 min). At the end of the oxidation test, the samples were 

quickly removed and let to cool down naturally in air. The samples were weighed right 

before (win) and after (wfin) the oxidation test. Mass variation was normalized over the 

initial surface area (S) with the following equation: 
∆𝑚

𝑆
=  

𝑤𝑓𝑖𝑛 − 𝑤𝑖𝑛

𝑆
. 

3.4 Tribological characterization  

3.4.1 Coefficient of friction 

Nowadays, the last theory believed that the 90% of the total friction comes from 

interatomic adhesion between two surfaces [43]. The coefficient of friction (COF) is a 

measure of the amount of friction existing between two surfaces. It indicates the 

resistance to motion at the interface of two surfaces.   The COF is a dimensionless number 

which is defined as the ratio between the friction force (Ffriction) and the normal force 

(Fnormal) [[44]] and depends on the nature of the materials and the surface roughness (Fig. 

3.19). 

𝐶𝑂𝐹 =
𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛

𝐹𝑛𝑜𝑟𝑚𝑎𝑙
 

 

Fig. 3.19: Schematic representation of COF and related formula 
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In this work, the COF during the braking tests was collected. Its values were automatically 

calculated by the instrument with the use of the value of friction force and normal force. 

The normal forces (Fnormal) were given by the calliper pressures. The friction force was 

collected by a sensor pit at the base of the sample that measures the braking torque. 

3.4.2 Braking tests 

The tribological tests were conducted with a self-designed inertia dynamometer 

(CMC institute, University of Bayreuth, Germany), schematically illustrated in Fig. 3.20. 

During a test the flywheel with a mass of 800 Kg is accelerated by a 45 kW motor in 20 

s to 1030 rpm and then turned off. Immediately after, the pneumatic brake calliper is 

engaged with a surface pressure of 1 or 3 MPa to a complete stop. Then, the next cycle is 

started immediately. The braking energy for every cycle is around 5,43 MJ with different 

sliding speed due to the different friction radius of the disc tested.  

 

Fig. 3.20: Schematic representation of the self-designed inertia dynamometer 

For each test, two braking pads (30 x 30 x 10 mm3) were tested against commercial and 

self-made discs as counterparts. Two different kinds of pad materials were tested: 

- ZrB2-10%SiC-5%Y2O3 ceramics reinforced with 40 vol % pitch-based carbon fibre 

fabric arranged in 0°/90° orientation 

- ZrB2-10%SiC-5%Y2O3 ceramics reinforced with 35 vol % randomly orientated 

chopped pitch-based carbon fibre with length of 5 mm 

Three different discs were used as a counterpart for the tests: 

- Commercial, C/C brake disc  
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- Commercial, internally ventilated C/C-SiC brake disc with SiC-rich friction layer (SGL, 

Germany), friction radius of 184 mm; diameter 400 mm  

- Self-made, solid steel brake disc, constituted by S235 Steel, friction radius of 173 mm; 

diameter 380 mm; thickness 40 mm 

Each braking test consists of 10 braking cycles to a complete stop. Before every test, 5 

pre-braking cycles were made, and the system was cooled down at temperature ≤ 30°C.To 

calculate the volume and mass wear rates, weight and thickness of braking pads were 

measured at four points before and after a braking test. The temperatures during the tests 

were continuously recorded with thermocouples put on the backside of both the pads and 

on the sliding surface of the disc. As previously indicated, the COF is calculated by 

continually measuring clamp pressure and braking torque with 100 Hz. The different 

braking conditions are summarized in Table. 3.1. 

 

 

Table 3.1: Summary of the braking conditions. 

Disc material C/C-SiC Steel C/C 

Pad material ZrB2 +40% short Cf 

ZrB2 +40% long Cf 

ZrB2 +40% short Cf 

ZrB2 +40% long Cf 

ZrB2 +40% short Cf 

ZrB2 +40% long Cf 

Clamp pressure 

(MPa) 

1 + 3 1 + 3 1 + 3 

Sliding speed (m/s) 20 18.7 13.5 

Friction radius (mm) 184 173 125 

Rpm flywheel 1030 1030 1030 

Rotation energy 

(MJ) 

≈ 5.4 ≈ 5.4 ≈ 5.4 
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4. Manufacturing of layered, UHTCMCs using pliable, short 

fibre-reinforced ceramic sheets 

4.1 Introduction 

To improve the fracture properties of UHTCs, short or long carbon fibres can be 

added as reinforcement [1–5]. For this application, PAN-based carbon fibres or pitch-

based carbon fibres can be used. PAN-based carbon fibres are good candidates because 

of their lower price, availability on the market and higher versatility in the manufacturing 

and shaping processes [6,7]. Pitch-based carbon fibres are attractive for their superior 

thermal conductivity, chemical stability and high elastic modulus [8]. Furthermore, pitch-

based carbon fibres without coating in UHTC matrices proved to be able to bring forth 

intra-fibre pull-out during fracture [9]. Nowadays, short pitch-based fibre-reinforced ZrB2 

composites are gaining more interest in industries, especially owing to their convenient 

manufacturing process/low fabrication costs [10]. Moreover, short fibres are easy to adapt 

to conventional and new manufacturing techniques [11]. 

As mentioned before, there are several ways to introduce short fibres into a 

ceramic matrix based on the slurry techniques. Some of the most used are ball milling, 

colloidal process, and tape casting. However, each of them possesses pros and cons. For 

example, the ball milling process allows incorporation of high volumetric amount of 

fibres, but it causes fibres surface damage and reduction of the fibre length to few hundred 

micro-meters [12]. Moreover, fibres with a rough surface react strongly with matrix phase 

during sintering, increasing fibre-matrix interfacial bonding [3] which reduces fibre pull-

out [4,5]. The colloidal process, instead, avoids the fibre damage but requires the use of 

organic solvents (e.g. ethanol) [13]. The tape casting process presents the same problems, 

in fact, a mixture of organic solvents (e.g. ethanol and butanol) and non-green surfactant 

are used. In addition, tape casting allows to add only a low amount of fibres, 10-15% vol. 

[14].  

In this chapter, a new water-based free to organic solvent-process was designed 

to homogenously disperse short pitch-based carbon fibres in a ceramic matrix, 

maintaining their original dimension and minimizing fibre damage. This new route was 

conceived to prepare single sheets in the order of 100 µm thick with a tuneable fibre 
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content, between 0 and ≈ 100 % vol, and tuneable thickness. Green layers were 

overlapped and densified by hot pressing.  

The microstructure and properties of individual samples with 20%-35%-50% fibre 

volumetric content and 3 mm or 5 mm long pitch-based carbon fibres, were analysed to 

understand the effect of fibre length and concentration. Moreover, the samples obtained 

via the new process were compared with composites processed by conventional ball 

milling processes.  

4.2 New manufacturing route for short carbon fibre reinforced-UHTC composites 

 

Fig. 4.1: Flow chart for the entire process: the starting materials are mixed and then cast 

into a mould to obtain fibre/powder sheets, and then hot pressing to produce the sintered 

pellet. 

Samples with a different amount of short carbon fibre and different fibre length 

were fabricated via a new slurry casting-based process. The process flow chart was 

illustrated in Fig. 4.1.  UHTC powder mixtures with compositions ZrB2 – 90 vol. % SiC 

– 10 vol. % were prepared by wet ball milling and dried with a rotary evaporator. In the 

first step, raw materials, including UHTC powder mixture, chopped carbon fibres, water 

and sodium alginate dissolved in water, were gently mixed for a few minutes with a 

planetary centrifugal mixer (Thinky mixer are-500CE) exploiting the natural thickener as 

medium. Then, the resulting product was transferred into a mould where it was left to dry. 

The mould was made of gypsum in order to speed up the drying process and avoid 

possible material stratification. After that, the obtained stacked green layers underwent 

debonding in air at mild temperature (300 °C) for few hours in order to remove the 

biodegradable dispersant but avoid fibres damage. Lastly, a hot pressing cycle was carried 

out at 1900 °C and 30 MPa, similarly to previous studies [15–17] to obtain a good final 

densification. Samples with different contents and length of carbon fibres were made. 

(Table. 4.1). 
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 The two mains points of this new method were the usage of sodium alginate as 

fibres dispersant and the use of the planetary centrifugal mixer that avoids damage to the 

fibres as it happens for the ball milling process [12]. More in detail, the planetary 

centrifugal mixer is a device that allows to mix materials without using blades and to 

simultaneously deaerate the resulting mixture. To obtain these effects three factors were 

used (Fig. 4.2). Firstly, a revolution effect that helps to move the material away from the 

centre thanks to the centrifugal force. Secondly, rotation of the container that causes flow 

of the material (rotation and shearing). Lastly, the tilting of 45 ° that allows to achieve a 

three-dimensional flow.  

   

Fig. 4.2: Schematic representation of the mixing mechanism [18] 

Moreover, the flow speed and direction changes suddenly between the container and the 

liquid surface, generating complicated flow and strong shearing forces. These shearing 

forces allow to obtain droplets and smaller particles, increasing their dispersibility. At the 

same time, the same effect is visible on air bubbles that are also finely dispersed. In this 

way it is possible to uniformly mix even high-viscosity materials (as were our 

composition with a high amount of fibres) in a short time (some minutes) without using 

agitator blades that could damage the carbon fibres. Moreover, the thinky mixer (are-

500CE) possess a “deaeration mode” that can remove bubbles of several hundred 

microns. Deaeration takes place by changing the balance between revolution speed and 

rotation speed because the “centrifugal force due to revolution” forces light bubbles to 

the liquid surface and applying a slow rotation bubbles that have risen to the liquid surface 

are destroyed by shearing forces [18].    
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In this chapter samples with the same matrix were investigated. However, one of 

the most important advantages of this method was the possibility to use every kind of 

different matrix composition only changing the amount of sodium alginate in order to 

obtain a good fibre homogenization. 

Table. 4.1: Contents and length of carbon fibres in the samples, theorical density, 

experimental density and relative density. 

 

4.3 Morphologies and microstructure  

4.3.1 Characteristics of the fibre sheet  

The microstructure was analysed on polished and fractured surfaces with a field 

emission scanning electron microscopy (FE-SEM, Carl Zeiss Sigma NTS Gmbh 

Öberkochen, Germany). SEM analysis of the mixed powder/fibres (“green” sample) 

confirmed that the fibres were not visibly damaged during the mixing process with a 

planetary centrifugal mixer and maintained their original length. More in detail, in Fig. 

4.3, the difference between the fibres after the milling process (Fig. 4.3-a) and after the 

new process described in this chapter (Fig. 4.3-b) is visible. The fibres subjected to ball 

milling showed a non-round cross section with a damaged surface and a high roughness. 

These characteristics decrease the mechanical properties of the fibre and increase the 

chemical reactivity between the matrix and the fibre surface, thus leading to a strong 

interface between them. A completely different situation was presented for the fibre 

subjected to the new process. In this case, the fibres maintained their round shape and a 

non-damaged surface with a low roughness.  

Sample Fibres (% vol) Fibres length (mm) 
ρexp 

(g/cm3) 

ρteo 

(g/cm3) 

ρrel 

(%) 

Z3-20 20 3 4.4 5.0 88 

Z3-35 35 3 4.1 4.4 91 

Z3-50 50 3 3.8 3.9 96 

Z5-35 35 5 4.1 4.4 95 
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Fig. 4.3: Carbon fibre morphologies: (a) green body obtained with ball milling process; 

(b) green body obtained with the new process here described. 

The slurry obtained after the mixing step was homogeneous and easily 

transferable in the mould. This allowed to obtain sheets without defects, such as bubbles 

or non-homogeneous parts (Fig. 4.4-a,b) also thanks to the mixing system as previously 

explained. An important characteristic of these sheets was their flexibility, which allowed 

to bend and fold the sheets at an angle of 180° with a radius of curvature of 5 mm, thanks 

to which it was possible to prepare near net shaped samples, as for example a wavy shape, 

see Fig. 4.4-c. Another important property is their low thickness, measuring around 150-

200 µm in the green state, tuneable up to few millimetres that allowed to minimize the 

defect in the final samples. 
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Fig. 4.4: Green sheet morphologies: (a) top view; (b) side view; (c) flexibility.  

4.3.2 Tensile properties of individual sheets in the “green” state 

The room temperature tensile stress values of the green sheets obtained through 

the new process explained in Chapter 4 are summarized in Table 4.2 and represented in 

Fig. 4.6. More in detail, four different types of green samples were investigated and for 

each of them at least three samples were tested: 

a) Dog-bone specimens composed of a single layer of short carbon fibres and sodium 

alginate (Cf-green) 

b) Dog-bone specimens composed of a single layer of ZrB2 based slurry reinforced with 

40 vol. % of short carbon fibre (Monolayer).  

c) Dog-bones specimens composed of two overlapped layers of ZrB2 based slurry 

reinforced with 40 vol. % of short carbon fibre (Doublelayer). 
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d) Dog-bones specimens composed of two overlapped layers of ZrB2 based slurry 

reinforced with 40 vol. % of short carbon fibre press together through a cold isostatic 

press (Doublelayer CIP). 

The images of the dog-bones specimens and they are reported in Fig. 4.5. 

Fig. 4.5: images of the dog-bones Cf-Green and Monolayer (left) and a dog-bones during 

the test (right).  

Table. 4.2: Tensile values of the green samples 

Label  Sample features σ (MPa) 

A Cf-Green 3.2 ± 0.8 

B ZrB2 – SiC + Cf, Monolayer 2.4 ± 0.1 

C ZrB2 – SiC + Cf, Doublelayer 2.2 ± 0.4 

D ZrB2 – SiC + Cf, Doublelayer CIP 1.5 ± 0.2 

 

The green sample made just with carbon fibres and sodium alginate (A) presented the 

highest value of tensile strength ≈ 3.2MPa. This result could be attributed to the high 

amount of carbon fibres (100 vol. %) that intertwine with each other and the glue effect 

of the sodium alginate. Sample B, with fibre and slurry, showed a value of ≈ 2.4MPa. 

This decrease was probably due to the lower amount of fibre incorporated in B sheets. It 

is interesting to note that the value obtained for sample C, ≈ 2.3 MPa, was similar to the 

sample composed of only one green sheet (B). This indicated that no interaction between 

the green sheets was present during the overlapping and the mechanical properties did not 
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improve. A lower value was observed for sample D, ≈ 1.5 MPa, that was cold isostatically 

pressed. This indicates that a pressure applied on the sample to improve the interaction 

between the layers negatively affected the tensile properties probably because the fibres 

were damaged reducing their reinforcement effect.  

 

Fig. 4.6: Load displacement curves for the tensile tests of different green samples. 

The values obtained for the different samples resulted interesting and indicated a good 

physical stability for the green sheets. This feature is important for manipulating the 

sheets and shaping them into complex shapes that require bending or folding.  

4.3.3 Morphologies and microstructure of sintered samples  

Fig. 4.7 is an illustration of the microstructure of the samples after hot-pressing at 

1950 °C under a pressure of 30 MPa. The composites exhibited an anisotropic 

microstructure. Most of the fibres were aligned in the XY plane, perpendicular to the 

pressing direction, Z-axis. Since the fibres in each layer were in the order of the mm, and 

the layer was just 200 micron, the fibres were rather aligned in the XY plane, a feature 

that was further enhanced by the application of pressure during sintering [12,19]. The 
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original layers were no longer distinguishable in the final product, thanks to the good 

adhesion and low thickness of the layers. 

 

Fig. 4.7:  Macro and micro images for Z5-35. 

Despite the better alignment compared to the ball milling technique, the mechanical 

pressure application caused some fibre breakage and reduced the effective length from 3 

mm to 1.5 mm (as visible in the Fig 4.8), still much longer compared to milled fibre 

process, 250-400 µm [10]. These measurements were carried out on the longest fibres 

observed on the surface in order to qualitatively assess the minimum degree of fibre 

damage that was around 50%. It can be hypothesized that the average degree of fibre 

damage is much higher than this figure, but nonetheless lower than specimens reinforced 

with ball milled fibres. This difference in the final fibre length due to the different process 

would affect the final mechanical properties. Indeed, previous studies [20] demonstrated 

that a double increase in the fibre length significantly improved the final properties of the 

sample.      

 

Fig. 4.8: Top view of the fibre length in the sample Z3-50 
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The investigation of the matrix composition, Fig. 4.9, allowed to obtain information on 

the sintering mechanism. The ZrB2 grain dimensions suggested dissolution and re-

precipitation mechanisms as indicated in previous studies [22]. Y2O3 formed liquid 

phases with the oxide impurities present on the boride and carbide particles. This resulted 

in the strengthening of grain boundaries [21]. Minor additional Y-B-C-O phases with 

lamellar structure were observed, in agreement with previous results [22]. They were 

likely originated  from the reduction of the impurities, Y2O3 and B2O3 with the carbon of 

the fibres [23,24],[25], (Fig. 4.7).  

 

Fig. 4.9: High magnification SEM images of UHTC matrix showing the Y-B-C-O phases 

with EDS spectra collected at 5 KeV. The light and dark grey phases are ZrB2 (1) and 

SiC (2) respectively, the white particles are ZrC. Occasionally, Y-B-C-O phases (3) were 

observed near SiC particles. 

As mentioned before, among the many advantages of the new method developed in this 

work, were a homogeneous fibres distribution and absence of debris, Fig. 4.10. This 

indicates that the process limits fibres damage and improves their dispersion. Moreover, 

from the fibre regions, no evidence of a strong chemical reaction between fibre and matrix 

was found. Indeed, the fibres maintained their original shape (Fig. 4.10-b-d-f-h). In 

contrast, the ball milling process caused abrasion of the fibre external surface, thus 

promoting the reactivity between the fibre and the matrix and reducing the final properties 

of the material [3,26]. In Fig. 4.10-b-d-f-h the different matrices are visible. In all the 



97 
 

samples SiC particles showed no sign of coarsening, retaining their original particle size 

< 0.45 μm, and only occasionally were found as aggregates. At the same time, ZrB2 

particles had a mean grain size around 2-4 μm. Samples Z3-20 and Z3-35 presented 

visible holes on the surface and these defects decreased the density of the samples down 

to around 88 – 91%. On the contrary, samples Z3-50 and Z5-35 were nearly fully dense, 

density of 96 -95% respectively. This difference in porosity between the samples was 

attributed to the variance of experimental conditions like the debonding temperature that 

may have damaged the fibres in a different way. 

 

Fig. 4.10: Surface morphologies. Sample Z3-20: (a) X-Y plane; (b) X-Z plane; Sample 

Z3-35: (c) X-Y plane; (d) X-Z plane; Sample Z3-50: (e) X-Y plane; (f) X-Z plane; Sample 

Z5-35 (g) X-Y plane; (h) X-Z plane. 

4.4 Mechanical properties 

In Table. 4.3 room temperature strength and fracture toughness of the fabricated 

samples were reported. As reported in literature the bending strength of fibre-reinforced 
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UHTC composites was found to be lower than the corresponding bulk ceramics [3]. 

However, for fibre contents above a certain threshold (> 50 vol. %), a relative increase of 

the flexural strength was registered, but this value was still lower than the bulk ceramic. 

This suggests that there is still a minimum fibre amount necessary to improve the 

mechanical properties, especially the fracture toughness, even though the original 

strength of the bulk ceramic cannot be recovered. Similar results were also reported in 

the works of Yang et al. [27] and Sha et al. [28], which showed a decrease of flexural 

strength of about 11% and 21%, respectively, by adding 20 vol% of short carbon fibre.  

Samples with a lower amount of fibres, Z3-20, Z3-35 (20-35%) had a value of 

strength of 117 MPa and 111 MPa, respectively, and an elastic deformation typical of 

ceramic samples. With 50% of fibres, the strength was 141 MPa and the 

load/displacement was divided in two parts. The first part had a constant slope (linear 

elastic behaviour), while the second part showed a decrease of stiffness. Correspondingly, 

the strength at the proportional limit (determined by the best fit of the linear portion of 

the load/displacement curves with R2 > 0.995) was 94.5 MPa and the ultimate strength 

was 141 MPa.  

 Moreover, the load/displacement curve of sample Z3-50 showed the highest 

displacement. No difference in bending strength was observed among samples with the 

same amount of fibres but different length, suggesting that a slight difference in the fibre 

length does not affect this property. To achieve high strength in a composite material, a 

fundamental parameter is the load transfer between matrix and reinforcement (fibres in 

our case). In order to have an efficient load transfer, the Young's modulus of the fibre 

needed to be higher than that of the matrix [29]. Low modulus carbon fibres are not ideal 

to reinforce UHTC matrices with moduli of 500 GPa due to the inefficient load transfer, 

while in our case, the use of high modulus carbon fibres (E = 780 GPa) allowed a more 

efficient load transfer since the difference in moduli is > 50%. An interesting comparison 

can be made between the samples described above and the samples obtained via ball 

milling in precedent works. The samples were constituted by the same matrix and a 

similar amount of carbon fibres, 46 vol% (labelled Milled-46, Table. 4.2) [30]. In this 

case, due to the highly damaged fibres and strong interaction between fibre and matrix, 

the flexural strength was lower for the sample obtained via ball milling compared with 
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the samples presented in this chapter reinforced with the same amount of carbon fibres, 

≈ 100 MPa and ≈ 140 MPa, respectively.  

Table. 4.3: Mechanical properties of the samples and a reference material with milled 

fibres, labelled Milled-46 

Sample 
ρ       

(g/cm3) 

Porosity 

(vol%) 

σ 

 (MPa) 

KIc 

(MPa·m0,5) 

yWOF 

(J/m2) 

Pull-

out 

(µm) 

HV1  

(GPa) 

Z3-20 4.4 12 
117 ± 

31 
3.0 ± 0.5 108 ± 6 57.40 ≈3.6 ± 0.2 

Z3-35 4.1 9 
111 ± 

12 
3.0 ± 0.2 121 ± 7 52.23 ≈3.4 ± 0.1 

Z3-50 3.8 4 
141 ± 

14 
4.0 ± 0.1 

253 ± 

30 
56.40 ≈3.8 ± 0.3 

Z5-35 4.1 5 
107 ± 

13 
3.6 ± 0.2 

183 ± 

38 
58.22 ≈5.4 ± 1.7 

Milled-46 

[30] 
3.4 15 103 ± 3 2.4 

160-

180 
- - 

 

 

Fig. 4.11: (a) Load displacement curves for the 4-point flexural strength of samples; (b) 

Load displacement curves for fracture toughness of samples (CNB). 

The test made on the samples showed values of fracture toughness that ranged from 3 to 

4 MPa·m0.5. The load-displacement curves (Fig. 4.11-b) showed an increase in KIc for the 

samples with an amount of fibre ≥50 vol. % compared with the samples reinforced with 

a b 
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< 35 vol. %. This indicated that an increase in the fibre volumetric content introduced 

effective obstacles to the crack propagation. As a consequence, the composite was 

toughened. Moreover, in the load-displacement curves recorded during the fracture 

toughness test it was evident how all samples were characterized by similar mechanical 

behaviours indicated by the similar trends. During the crack propagation, the fibres were 

pulled out from the matrix, which contributed to increasing the energy required for the 

crack to propagate [31]. In detail, in the fibre bridging phenomenon, the fibres of adjacent 

plies acted as bridges in the crack and prevented it from propagating. As a consequence, 

this could have reduced the stress intensity at the crack tip and applied a tensile force on 

the opposite fracture faces which halted the crack opening.  

To better evaluate the mechanical properties, the work of fracture was calculated starting 

from the fracture toughness results by using the following equation: 

𝛾𝑊𝑂𝐹 =
𝑊

2𝐴
 

Where W is the integral area of the load/displacement curve and A is the notch-less cross 

section of the samples. The values of work of fractures are reported in Table. 4.2, and 

showed an increase in the properties for the samples with 5 mm long carbon fibre 

compared to the samples with 3 mm long carbon fibre, indicating that the carbon fibre 

length in the mechanical properties could affect work of fracture value. The fracture 

toughness (CNB tests) and work of fracture can be used both for the characterization of 

toughness.  However, there are some differences between them. Fracture toughness 

represents the critical stress intensity at peak load, while work of fracture measures the 

average fracture energy relative to the whole propagating process of a crack [28,32]. So, 

an increase in fibre length consumed more fracture energy, as indicated by the high work 

of fracture for the samples with carbon fibre of 5 mm compared to samples with fibre of 

3 mm. This is in accordance with what we expected. In fact, a lengthy path is required 

with a longer fibre, so it becomes more difficult for the crack to go around the fibre itself. 

By this way, the resistance to crack propagation was improved. This effect was clearly 

visible when comparing Z3-50 with milled-46. In fact, the ball milling process decreased 

the length of the fibre, from 3 mm to 250-400 µm, and this reduced drastically the work 

of fracture from 253 to ≈ 180 J/m2. 
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To investigate the composites hardness, indentations tests were collected both on the 

samples surface and core with similar results. The values obtained were in range of 3.6-

5.4 GPa. The lowest values were found for the samples Z3-20 and Z3-35 due to their 

matrix porosity (Table. 4.3). Instead, for the sample Z3-50, the low value of hardness 

came from the contribution of carbon fibres that possess a lower hardness compared to 

the matrix composition. However, the indentations tests collected provided only an 

approximation on the hardness of the composites because the elasticity of carbon fibres 

avoided to obtain an indentation with defined contours, making the measurement difficult 

and not fully accurate. 

4.5 Fracture surface 

Fig. 4.12 shows the morphologies of the fracture surface of samples Z3-20, Z3-

35 and Z3-50 after bending strength tests. For all the samples, the fractured fibres can be 

seen clearly. Moreover, in all the specimens, a well visible fibre pull-out was observed. 

In general, the strong interfacial bonding in ceramic matrix composites would result in a 

brittle fracture. In these samples, very low interaction between fibres and matrix was 

observed Fig. 4.12-b-d-f, indeed the fibres maintained their round shapes which resulted 

in extensive pull-out. It was possible to suppose that when the crack propagated, fibres 

detached from the matrix and acted as bridges. This happened when the strength of the 

fibre/matrix interface was lower than the applied stress, resulting in the premature 

detachment of the fibre from the matrix [33]. 

The interaction of the fibre–matrix bond strength affected the mechanical properties. 

Indeed, its value influenced the critical fibre length which is an important parameter for 

short carbon fibre composites [34]. The critical fibre length is typically calculated in 

literature by using the following equation [35]: 

𝑙𝑐 =
𝜎𝑓𝐷𝑓

2𝜏𝑐
 

Where 𝜎𝑓 is the tensile strength of fibre, 𝐷𝑓is fibre diameter and 𝜏𝑐 is the fibre–matrix 

bond strength. However, this method requires an in-depth study and the measurement of 

many experimental parameters. Previous studies [36] developed an easier and more direct 

method to determine the critical fibre length. According to this method, the average of all 

pulled-out fibres is determined first (which may vary between 0 and half of the critical 
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length) and then the average is multiplied by 4 to obtain the critical fibre length. On the 

basis of image analysis and with the above-mentioned method, the critical length for our 

samples measured around 230 µm for every sample (Table. 4.2). In principle, the fibre 

length in the sample would be enough to improve the mechanical properties; however, 

due to the random fibre distribution, only a small fraction of the fibres was effective as a 

reinforcement. In a previously published work it was shown that in a material reinforced 

with randomly orientated chopped fibre, the strength measured along the fibre orientation 

was 50% higher [37]. No visible differences in the pull-out were found between the 

samples with a different amount of fibre, 20-35-50% vol. They presented the same pull-

out length, fibre dimension and shape, Fig. 4.12. Moreover, the same behaviour was 

visible in the samples Z3-35 and Z5-35, where the fibre length is 3 and 5 mm respectively, 

suggesting that the length of the fibre did not affect the pull-out. However, the difference 

in length between the fibres in our tests was low. For this reason, new tests with longer 

fibres (i.e. 10-15 mm) should be carried out. 



103 
 

 

Fig. 4.12: (a-b) Fracture surface after bending test of samples with 20% vol Cf-3 mm; (c-

d) Fracture surface after bending test of samples with 35% vol Cf-3 mm; (e-f) Fracture 

surface after bending test of samples with 50% vol Cf-3 mm. 

4.6 Conclusions 

Short carbon fibre reinforced ZrB2 /SiC composites with varying fibre contents 

were produced with a novel free of organic solvent- process. These samples were obtained 

by stacking short fibre reinforced sheets with different fibre content. This new process 

can avoid fibre agglomeration and fibre damage, typical of the ball milling process, thanks 

to the mixing method used. The low thickness of the sheets, combined with sintering by 

hot pressing, allowed to minimize the structural defects in the final material. Moreover, 
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the distribution of fibres in the matrix was homogeneous both with the addition of low or 

high volumes of fibres. This characteristic was made possible thanks to the sodium 

alginate used as dispersant that with its high viscosity kept the fibres in suspension, 

avoiding agglomeration. The presence of a leftover carbon film, originated from the 

debonding process, prevented fibre damage during the sintering step. In fact, this film 

acted as sacrificial material and reacted with the matrix instead of the fibres. Increasing 

the amount of carbon fibres past a certain threshold (50 vol%) led to a significant 

improvement of the mechanical properties, especially the fracture toughness. However, 

the flexural strength remained lower than the bulk material for all the fibres reinforced 

samples. Finally, increasing the fibres length did not show any enhancement in the 

flexural strength but some improvement was observed in the work of fracture.  

One of the main advantages of the new process was the possibility to extend it to other 

types of ceramic matrices or fibres. Moreover, the flexibility of the sheets opens the 

possibility of producing samples with complex shapes.  
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5 Graded structures  

5.1 Introduction 

As previously mentioned in chapter 4, the new process developed allows to 

produce thin sheets of short carbon fibre reinforced UHTC with different characteristics 

such as the amount of fibre or the matrix composition. Thanks to these features, the 

overlapping of sheets with different compositions allows to obtain samples with hybrid 

structures that broaden the possible fields of application of UHTCMCs. For example, a 

coating of UHTC on a carbon fibre reinforced composite could improve the high-

temperature performance of the material [1]. In fact, the high temperature resistance of 

UHTC bulk materials can protect the fibre reinforced layer below. The main problem in 

the preparation of hybrid materials is the CTE mismatch between the coating and the 

substrate due to the different matrix material or different amount of fibre used as 

reinforcement.  

In this chapter, the realization of graded materials with the same matrix but different 

amount of pitch-based short carbon fibre reinforcement was investigated. In particular, a 

structure made of three different layers was considered. The first layer was composed 

only by bulk materials without any kind of reinforcement. The second layer was 

constituted by the same matrix material with a 20 vol. % of short pitch-based carbon fibre 

reinforcement and the last layer with a 50 vol. % of fibres. The focus of this study is to 

analyse the interfaces between the different layers and investigate the oxidation resistance 

of the graded materials.  

The composition and fibres distribution of the materials investigated in this chapter is 

reported in Table. 5.1.   
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Table. 5.1: list of the samples tested and relative compositions.  

Name Matrix composition 1st layer 2nd layer 3rd layer 

ZSY105 ZrB2- 85 vol% 

SiC- 10 vol% 

Y2O3- 5 vol% 

0 vol%-Cf 20 vol%-Cf 50 vol%-Cf 

ZMo15 ZrB2- 85 vol% 

MoSi2- 15 vol% 

0 vol%-Cf 20 vol%-Cf 50 vol%-Cf 

SY65 SiC- 95 vol% 

Y2O3- 5 vol% 

0 vol%-Cf 20 vol%-Cf 50 vol%-Cf 

 

The amount of fibre reinforcement for each layer (0 - 20- 50 vol. %, respectively) has 

been chosen in order to retain damage tolerance across the specimen, while also 

maintaining the compatibility between each layer. The CTE of the materials used are the 

following, ≈ 6.7·10-6/°C for ZrB2, ≈ 4.0·10-6/°C for SiC and 2.0·10-6/°C for the pitch-

based carbon fibres [2,3]. The samples were made by hot pressing of the “green” obtained 

overlapping 10 sheets for every composition at a temperature of 1900°C and a pressure 

of 30 MPa. Due the different amounts of fibres inside the layers and the different density 

of the matrices, the thickness of each layer was not the same but the ratio between the 

layer was similar in each sample.    

5.2 Morphologies 

The first study made on the three different samples was the investigation of the 

morphologies via SEM analysis. This analysis was made on the cross section of the 

samples to observe the interaction between the different layers. Before the analysis, the 

samples were polished and - in the case of the sample SY5 - the surface was coated with 

a thin layer of carbon with the use of a sputter coater to increase the conductivity.   

5.2.1 ZSY105 structure 

Graded sample ZSY105 had a matrix containing 85 vol.% - ZrB2, 10 vol.% - SiC 

and 5 vol. % Y2O3, Table. 5.1, as for the samples investigated in chapter 4.  The three 

different layers contained respectively 0 – 20 – 50 vol. % of short carbon fibres as 

reinforcement with a thickness of ≈ 820-1420-2050 μm, respectively. From SEM 
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micrographs of the polished cross section (Fig 5.1), the three zones with 0 – 20 – 50% 

fibres can be easily identified with a very sharp definition. Within each composition, the 

individual sheets cannot be distinguished because they were welded during the sintering 

steps, with no fibres aggregation or voids, forming a defect-free thick layer.  

Worthy to note, the outer bulk material was completely free of cracks even in 

proximity of the interface with the fibre reinforced layer. Previous attempts of combining 

a bulk ceramic with a fibre reinforced composites typically led to the development of 

cracks in the ceramic matrix due to the CTE mismatch [4] In this case, no such defect was 

observed. Moreover, no defects were visible in the areas of interactions between the 

different layers (indicated by the yellow lines in Fig. 5.1) with SEM analysis. This 

demonstrated the possibility to produce a material with a graded structure without the 

issues related to the different layers CTE.  

As the samples described in chapter 4, EDS spectra collected confirmed the presence of 

ZrB2 light grey phase, SiC black phase, ZrC with particles and Y-B-C-O dark grey phases 

as reported in Fig. 4.7.  

 

Fig. 5.1: Morphologies of graded ZSY105 structure composed of three areas: 0 %, 20 %, 

50 % Cf.  
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Generally, the fibres did not present signs of degradation or reaction with the matrix and 

maintained their round shape in all the samples except for the first ≈ 100 μm of the layer 

reinforced with 20 vol. % of carbon fibres in the area directly in contact with the bulk 

layer. In this zone, the fibres were degraded radially by the ceramic matrix. More in detail, 

(Fig. 5.1 on the right) the fibre exterior was degraded but did not present cracks. EDS 

analysis conducted on this area showed the presence of Y-B-C phases (Fig. 5.2). The 

reaction that occurred was probably the following: 

Y2O3(s) + 2B2O3(s) + 13C → 2YB2C2(s) + 9CO(g) (5.1) 

The B2O3 reported in the reaction were impurities present in the commercial ZrB2 powder. 

The above reaction was particularly visible only on the fibres at the interface between the 

bulk layer and the layer with 20 vol.% carbon fibre. This is probably due to the migration 

of Y2O3 during sintering from the bulk area to the fibres. The migration took place in 

every part of the material because Y2O3, mixed with B2O3 and SiO2, acted as a liquid 

phase during the sintering as observed in Chapter 4. However, while in the centre of the 

layer with the 20 and 50 vol. % of reinforcement, the reaction with the fibre was negligible 

due to the lower amount of oxide reactants, Fig. 5.2-a, in the contact area between the 

bulk layer and the 20% fibre layer all the liquid phase from the bulk reacted with the 

fibres at the interface Fig. 5.2-b. 
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Fig. 5.2: High magnification SEM images of ZSY105 sample showing the EDS spectra 

collected at 5 KeV. The light and dark grey phases are ZrB2 (2) and SiC (3) respectively. 

Occasionally, Y-B-C-O phases (1) were observed near SiC particles 

5.2.2 ZMo15 structure 

Graded sample ZMo15 had a matrix containing 85 vol % - ZrB2 and 15 vol.% - MoSi2, 

Table. 5.1. In this case, MoSi2 acted like a sintering aid (similar to the previously used 

SiC and Y2O3), reducing the sintering temperatures and generating a transient liquid 

phase that improved the final density. As for sample ZSY105 reported previously, the 

composite was made by three different layers containing respectively 0 - 20 - 50 vol. % 

of short pitch-based carbon fibres. The thickness of each layer was respectively of ≈ 1450-

2050-2100 μm. Even in this case, it was possible to observe the linear and clear separation 

between the different zones as observed for the sample ZSY105 for the same motivation 

exposed before. Moreover, no macro cracks or macro defects were visible across the 

sample. Only inside the bulk layer (0 vol. % of fibres reinforcement) some “scratches” 

arising from polishing were observed. The most critical regions were the interaction areas 

between the different layers (indicated by the yellow lines in Fig. 5.3). Even for this 
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material, no defects were visible in these areas. This demonstrated the possibility of 

obtaining carbon fibre reinforced graded structures with ZrB2 - MoSi2 as matrix without 

problems due to CTE mismatch. 

 

Fig. 5.3: Morphologies of graded ZMo15 structure composed of three areas: 0 %, 20 %, 

50 % Cf.  

The surface of the bulk layer (Fig 5.3) was fully dense and homogeneous, without voids 

or defects. The EDS collected on the ZrB2 - MoSi2 matrix (Fig. 5.4) showed the presence 

of a Mo-B phase, light grey, likely MoB, a ZrB2 phase in darker grey and a SiC phase in 

black. The formation of MoB was observed in earlier studies of similar bulk systems and 

was probably due to the reaction of MoSi2 with oxygen impurities during the sintering 

phase [5]:  

2MoSi2 + 
5

2
O2 + B2O3 → 2MoB + 4 SiO2 (5.2) 
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Fig. 5.4: High magnification SEM image of ZrB2-MoSi2 matrix and EDS spectra 

collected at 5 KeV. The light grey and black phase are MoB (1) and SiC (3), the darker 

grey is ZrB2 phases (2).  

As observed for sample ZSY105, even in this case the fibres did not present signs of high 

degradation due to the reaction with the matrix. They maintained their original shape 

approximately in all the samples except for a ≈ 50 μm thick area at the beginning of the 

second layer (20 vol.% fibre layer). In this region, the second layer was in contact with 

the bulk layer and the fibres reacted with the matrix, resulting in strong degradation. 

However, the reaction between the fibres and the matrix did not lead to the formation of 

visible critical defects. The different fibre shapes and the relative degree of reaction at the 

fibre/matrix interface are shown in Fig. 5.5. The EDS analysis conducted on the reacted 

area (Fig. 5.5) showed the presence of a high amount of SiC around the fibre, which was 

attributed to the reduction of MoSi2 and ZrB2 with the fibre according to the following 

reaction: 

 ZrB2(s) + 2MoSi2(s) + 5C(s) → ZrC(s) + 2MoB(s) + 4SiC(s) (5.3) 

 

Fig. 5.5: Different fibre shapes and the relative degree of reaction for (a) all the sample, 

(b) area at the beginning of the second layer and SiC EDS (1) 

As mentioned before this phenomenon was particularly visible at the interface between 

the bulk layer and the second layer likely due to the migration of the MoSi2 liquid phase 

during the sintering from the bulk area towards the fibres.  From Fig. 5.6 it was possible 
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to observe the progressive increase of a dark phase from the top to bottom. This phase 

was constituted by SiC -probably resulted from the reaction of the matrix with the carbon 

of the fibres.   

Fig. 5.6: Images of the increase of a dark phase from the top to bottom of the sample 

ZMo15 due to the MoSi2 migration. 

5.2.3 SY5 structure 

Graded sample SY5 (Table. 5.1) had a matrix containing 65 vol. % - SiC and 5 

vol. % - Y2O3. The Y2O3 acted like a sintering aid reducing the sintering temperatures 

and generating a liquid phase which reduced the porosity. For this matrix, two different 

kinds of SiC were used. This composition was chosen after several tests to avoid the 

formation of cracks on the matrix due to residual stresses deriving from sintering. In fact, 

the presence of powder with large grains size improved the rheology leading to a 

reduction of the mechanical stress.  As for the two previous sample, the composite was 

made by three different layers containing respectively 0 – 20 – 50 vol. % of short pitch-

based carbon fibres as reinforcement. The thickness of each layer was respectively of ≈ 

2500-3900-4100 μm. From the SEM micrographs on the cross section, it was possible to 

observe the linear and clear separation between the different layers as seen in the previous 

samples for the same reasons mentioned before. The layers contained some residual 

porosity, but no cracks were visible in all the sample surface. More specifically, in the 

interaction areas between the layers (indicated by the yellow lines in Fig. 5.7) – which 

constitute the most critical parts of the sample - no macro defects were observed. This 

demonstrated the possibility to obtain carbon fibres reinforced graded structures with 

SiC-Y2O3 as matrix without issues due to the CTE mismatch. The only critical flaw 

identified was a series of voids propagating within one of the 50 vol% fibre layers. This 

likely originated from the local agglomeration of fibres that led to a very weak interface 

and the pull-out of the fibre bundles (Fig 5.7). 
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Fig. 5.7: Morphologies of graded SY5 structure composed of three areas: 0 %, 20 %, 50 

% Cf.  

The microstructure on the surface was homogeneous and crack free (Fig. 5.8), but 

presented some porosity due to incomplete sintering. The EDS collected on this area 

showed the presence of a SiC phase, dark grey and Y2O3, light grey.

 

Fig. 5.8: High magnification SEM image of SiC-Y2O3 matrix and EDS spectra collected 

at 5 KeV. The dark grey phases are SiC (1), the light grey phases are Y2O3 (2). 

As observed for the samples ZSY105 and ZMo15 before, even in this case the fibres did 

not present significant signs of degradation and maintained their original shape 
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approximately in all the samples, except for an area of ≈ 50 μm between the bulk layer 

and the second layer (20 vol% layer). In this region, the fibre was visibly eroded and was 

surrounded by voids (Fig. 5.9), but no cracks were observed in the matrix. In this case, 

the EDS analysis showed only the presence of SiC. Probably the SiC and the Y2O2 reacted 

with the C of the fibres generating SiC(s) and CO(g) that left some voids after the reaction. 

 

 Fig. 5.9: Different fibre shapes and the relative degree of reaction for (right) area at the 

beginning of the second layer (left) all the sample,  

Like the two previous cases, the fibres degradation was mostly visible at the interface 

between the bulk layer and the second layer. This was probably due to the higher presence 

of Y2O3 that migrated during the sintering from the bulk area towards the fibres. In this 

region a high concentration of white phase was detected at the interface between the 

layers as demonstration of the Y2O3 migration (Fig. 5.10). 

 

Fig. 5.10: Images of the Y2O3 phases (white) at the interface between the bulk layer and 

the 20 % reinforced layer.  
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5.3 Oxidation resistance 

As reported in the previous chapters, the C/C composites can only retain the 

properties in an inertial atmosphere or vacuum due to the reaction with oxygen or other 

oxidizers at temperatures above 500 °C which will result in the consumption of C/C 

composites [6]. To overcome this problem, a coating with a UHTC layer or the use of 

UHTC as matrix has been considered. The graded structures presented in this chapter 

investigated the possible methods to improve the oxidation resistance. In fact, samples 

ZSY105 and ZMo15 presented a UHTC protective layer and a short carbon fibre 

reinforced UHTC matrix. Sample SY5 did not possess a borosilicate protective system 

for oxidation at temperatures >1600°C, due to lack of B2O3-bearing species and was used 

as comparison. More in detail, the effect of the secondary phases, SiC or MoSi2, was 

investigated. In fact, as mentioned in chapter 2.1.7, ZrB2 at temperature around 1100 °C 

lose its protective B2O3 and becomes susceptible to oxygen attack. To overcome this 

problem, silicides or SiC were added in order to obtain SiO2 glasses that protect the 

material from the oxidation up to 1600 - 1700 °C. Among them, MoSi2 is very interesting 

due to the high melting point and stability at 1800 °C in oxidizing atmosphere. Its 

oxidation resistance derives from the formation of a SiO2 film at 600 °C that protect the 

material up to 1700 °C. However, due to the CTE mismatch with carbon, MoSi2 was not 

directly used as protective coating but, as in this case, was  incorporated into a different 

material [6]. 

One important problem regarding the oxidation test is the comparison between the 

material investigated and those reported in literature. In fact, the comparison among mass 

variations after oxidation tests is not reliable due to testing conditions (e.g. time and 

temperature exposure, oxidizing environment, specimen dimensions). In literature, 

oxidation tests are usually carried out under static air using a muffle furnace or thermo-

gravimetric analysis (TGA).  

In this study, a bottom loading furnace was used due to the advantage of introducing the 

specimens for 60 seconds when the target temperature (e.g. 1650 °C) was reached, 

avoiding further oxidation during heating ramp. Nevertheless, during the introduction of 

the specimens in the furnace, cold air enters the oxidation chamber, causing harsher 

conditions than a TGA. In fact, the exposure to air at 1500 °C for 1 min in the bottom 
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loading furnace induced the same oxidation degree of the equivalent TGA test carried out 

at 1550 °C for 2.5 h [7].  

Table. 5.2: Values of density, sample temperature, exposure time at 1650 °C and the mass 

variation per area unit for the different samples. 

 ZSY105 ZMo15 SY5 

ρ (g/cm2) 4.30 4.85 2.71 

Tmin (°C) 1572 1565 1580 

treturn (s) 100 125 138 

t1650 (s) 60 60 60 

Δm (%) -1.34 -0.14 -3.46 

Δm/S (mg/cm2) -4.51 -0.56 -7.05 

 

The values of density, sample temperature, exposure time at 1650 °C and the mass 

variation per area unit are reported in Table. 5.2. Sample ZMo15 presented the highest 

oxidation resistance with the lowest mass loss, – 0.56 mg/cm2. Sample ZSY105 presented 

a mass loss of – 4.51 mg/cm2, in accordance with previous studies made on long carbon 

fibre reinforced ZrB2-SiC materials [7]. Finally, sample SY5 presented the highest mass 

loss. – 7.05 mg/cm2 due to the oxidation behaviour. 

5.3.1 Microstructures 

Following the oxidation tests at 1650°C, the surface and the polished cross section 

of the graded specimen was investigated by SEM. Only the cross section relative to the 

outer layer (0 vol. % Cf) is of relevance for the desired application, as the inner layers 

with a higher fibre content would normally not be exposed to air. For comparison reasons, 

the oxidation of the inner layers was also investigated in this thesis to show how the fibre 

content would affect the oxidation resistance of the composite. 

- ZSY105 oxidized structure 

The oxidation behaviour of pitch-based carbon fibre reinforced ZrB2-SiC-Y2O3 

material was previously investigated [8], and the four main reactions that take place are: 
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- C(s) + 
1

2
O2(g) → CO(g) (5.4) 

- C(s) + O2(g) → CO2(g) (5.5) 

-ZrB2(s) + 5O2(g) → ZrO2(s) + B2O3(l,g) (5.6) 

-SiC(s) + 
3

2
O2(g) → SiO2(l) + CO(g) (5.7) 

From SEM analysis carried out on sample ZSY105 after the oxidation (Fig. 5.11), no 

newly-formed cracks were observed between the layers. This indicated that during 

heating at 1650 °C the difference in CTE between the layers - due to the presence of a 

different vol. % of carbon fibres - did not significantly affect the structural integrity. The 

surface was covered by some porosity and bubbles. More specifically, the bulk layer 

(reinforced with 0 vol. % of carbon fibres) did not present holes or macro defects on its 

surface.” Four leaves clover” - like structures composed by ZrO2, white phase, and SiO2, 

dark grey phase, were observed, with the presence of hemispherical structures composed 

by a very fine layer of ZrO2. The formation of these “bubbles” could be attributed to the 

evolution of some gas like CO due to the reaction  

Y2O3(s) + 2B2O3(s) + 13C → 2YB2C2(s) + 9CO(g)  (5.8) 

or to the growth of the ZrO2 phase.  

The oxidation on the layers below was also investigated to compare its performance with 

the bulk layer, even though these layers are not normally exposed to air. The second layer, 

reinforced with 20 vol. % of carbon fibres, did not present bubbles like the previous layer 

but showed a high number of holes. These defects were generated by oxidation of the 

fibres that were removed as CO or CO2 due to the reaction with oxygen. In this area, it 

was possible to observe that the matrix presented a higher amount of SiO2 on the surface, 

visible as a dark grey phase. The third layer, reinforced with 50 vol. % of carbon fibres, 

showed a lot of defects on the surface due to the carbon fibre oxidation. However, in this 

area the resulting matrix was constituted predominantly by ZrO2 as evidenced by the 

distribution of the white phase, showing how higher fibre contents lead to lower oxidation 

resistance.  
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Fig. 5.11: Morphologies of graded ZSY105 structure composed of three areas: 0 %, 20 

%, 50 % Cf, after oxidation at 1650 °C in air.  

The EDS collected on the polished cross section of the oxidized material (Fig. 5.12) 

showed the presence of a SiO2 phase, dark grey/black, a ZrO2 phase light grey and a 

YBCO phase grey. The presence of C in all the spectra was due to the carbon layer 

deposited on the sample as observed with SEM.    

 

Fig. 5.12: High magnification SEM of ZrB2-SiC-Y2O3 matrix and EDS spectra collected 

at 5 KeV. The dark grey phases were SiO2 (1), the light grey phases were ZrO2 (2) and 

the grey phases were Y-O (YBCO) (3). 
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The oxidation behaviour of the different layers was affected by the carbon fibre volume 

content as shown in Fig. 5.13. Starting from the bulk layer, a modified area with a 

thickness of ≈ 86 μm was visible. As reported in previous studies [9,10] for the matrix of 

ZrB2-SiC-Y2O3 only one oxidized region was visible, consisting of ZrO2 grains held 

together by a glassy phase of SiO2 and Y-O. This glassy phase was more abundant near 

the surface where the oxidation was stronger.  In this region, columnar ZrO2 grains were 

observed, some grains of SiO2 that were bigger than the SiC grains observed in the matrix 

before the oxidation and a little amount of YBCO grains. The presence of Y2O3 inhibited 

the formation of the classic two-regions structure observed in the ZrB2-SiC matrix 

composites [7]. The two-regions structure was constituted by an outer silica layer and an 

intermediate scale of columnar ZrO2 + SiO2.  

The layer reinforced with a 20 vol. % of carbon fibres presented a modified area of around 

130 μm and the same structure and composition of the matrix reported before. However, 

in this case the external edge was damaged by carbon fibre vaporization, formation of 

holes, their partial filling with silica coming from SiC oxidation and ZrO2 grain growth.  

Finally, in the layer reinforced with a 50 vol. % of carbon fibres the above mentioned 

phenomena led to a greater degradation, with formation of large pores and deformation 

and the oxidised layers increased to 190 μm. 
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Fig. 5.13: Morphologies of polished graded ZSY105 structure tested at 1650 °C in air. 

To investigate more in detail the oxidation thickness in each layer, EDS mapping was 

carried out (Fig 5.14). From top to bottom it is possible to see the increasing thickness of 

the oxidized area for each layer, from 70 to 120 to 190 μm for the 0, 20, and 50 vol. % 

fibre layers respectively, as evidenced by the oxygen signal (in red). Moreover, the 

distribution of the oxygen was approximately in correspondence of the composition 

variation.     
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Fig. 5.14: Mapping images of the polished oxidized ZSY105 structure with the presence 

of oxygen reported in red.   

From these studies, it is evident how a graded structure is beneficial to the improvement 

of the oxidation resistance. Even though the fibre-reinforced layers provide better 

structural integrity, their oxidation performance is inversely proportional to the fibre 

content.  
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- ZMo15 oxidized structure 

The lateral surface of the sample ZMo15 after oxidation test is reported in Fig. 

5.15. Even in this sample - like the ZSY105 - no cracks were visible at the interface 

between the different layers after the oxidation. This indicated that the CTE mismatch 

between the layers due to the different amount of carbon fibres did not affect the structural 

integrity. In this case, the surface of the entire sample was covered by a continuous dark 

grey layer that did not allow to identify micro or macro defects. This layer was constituted 

by SiO2 formed during the oxidation of MoSi2 according to the following reaction:  

ZrB2(s) + 2MoSi2(s) + 5O2(g) → ZrO2(s) + 4SiO2(s) + 2MoB(s) (5.9) 

Fig. 5.15: Morphologies of graded ZMo15 structure after oxidation at 1650 °C in air. 

More in detail, the bulk layer showed macro bubbles on the surface and was constituted 

by ZrO2 grains covered by a SiO2 film. The second layer, reinforced with 20 vol. % of 

pitch-based carbon fibre, did not present bubbles like the previous layer. In this area, the 

matrix was composed by a well visible film of SiO2, dark grey, that covered evenly all 
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the surface, with some grains of ZrO2. On the SiO2 film, some porosity was observed, 

probably due to the holes generated by the fibre oxidation that the oxide film could not 

fill. Finally, the third layer - reinforced with 50 vol. % of short carbon fibres - showed the 

SiO2 film with ZrO2 grains on it. It can be hypothesized that the SiO2 film covered the 

holes left from the oxidized carbon fibre. In this way, the underling fibres were protected 

from the oxygen diffusion during the oxidation, thus reducing the sample damage. A two- 

regions structure constituted by an outer silica layer that acted like a barrier for the oxygen 

and an internal ZrO2 + SiO2 layer was observed, like for the ZrB2-SiC matrix composites 

[7].  

The EDS analysis on the oxidized matrix is reported in Fig. 5.16. The EDS showed three 

different phases: a SiO2 phase, black (Fig. 5.16-1), a ZrO2 phase white (Fig. 5.16-2) and 

a grey phase attributed to MoO3 (Fig. 5.16-3). The presence of C in all the spectra was 

due to the carbon layer deposited on the sample to observe it with SEM. 

 

Fig. 5.16: High magnification SEM of ZrB2-MoSi2 matrix after oxidation and EDS 

spectra collected at 5 KeV. The black phases were SiO2 (1), the white phases were ZrO2 

(2) and the grey phases were MoO3 (3). 

High magnification SEM images of the sample surface after oxidation at 1650 °C are 

reported in Fig. 5.17. The most interesting thing to observe was the presence of a different 

ZrO2 structures immersed in a MoO3 or SiO2 “sea”.  Three different conformations were 

observed: “shell” like structures of ZrO2 surrounded by MoO3 (Fig. 5.17-a), an irregular 

agglomeration of ZrO2 immersed in a SiO2 phase (Fig. 5.17-b) and a coral like structure 

of ZrO2 immersed in a SiO2 and MoO3 phases (Fig. 5.17-c). 
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Fig. 5.17: SEM images of different ZrO2 structures on the ZMo15 sample surface after 

oxidation at 1650 °C in air. 

The polished cross section of sample ZMo15 is reported in Fig. 5.18. With this image, it 

was possible to observe more in detail the absence of cracks in the interaction areas 

between the layers even after the oxidation test. Moreover, the different degree of 

oxidation due to the difference in carbon fibre volume in the three different layers was 

visible. For the bulk layer, a modified area with a thickness of ≈ 85 μm was visible. The 

matrix presented a two regions structure after the oxidation: an external SiO2 film that 

reduced the oxygen diffusivity and an internal ZrO2 structure. Even in this case, the ZrO2 

grains presented a well-defined columnar structure held together by a glassy phase of 

SiO2 like the ZSY105 sample.  
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Fig. 5.18: Morphologies of polished graded ZMo15 structure tested at 1650 °C in air. 

The second layer, reinforced with 20 col. % of short carbon fibres, showed a modified 

area with a thickness of around ≈ 75 μm and the same composition and structure observed 

for the previous layer. In this sample, the external edge presented some damage due to 

fibre oxidation. The fibres showed a lower degree of oxidation than the oxidized ZSY105 

sample, probably due to the better protection provided by the SiO2 film. The last layer, 

reinforced with 50 vol. % of carbon fibres showed a behaviour similar to that observed 

for the previous layer, in an area with a thickness of ≈ 75 μm. However, in this case the 

protective film of SiO2 was very thin, resulting in a higher carbon fibres oxidation and 

corrugation of the external profile. 

The matrix composition of the polished bulk layer after oxidation, with the relative EDS 

spectra, is reported in Fig. 5.19. The EDS analysis showed a ZrO2 phase, light grey (Fig. 

5.19-1), derived from the ZrB2 oxidation, a MoO3 phase, white (Fig. 5.19-2), derived 

from the MoSi2 oxidation and a SiO2 phase, dark grey (Fig. 5.19-3), derived from the 

MoSi2 oxidation: 

  2MoSi2(s) + 7 O2(g) → 2MoO3(g,l) + 4SiO2(s) (5.10) 
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Fig. 5.19: High magnification SEM of ZrB2-MoSi2 polished matrix after oxidation and 

EDS spectra collected at 5 KeV. The light grey phases were ZrO2 (1), the white phases 

were MoO3 (2) and the dark grey/black phases were SiO2 (3). 

To understand more in detail the oxidation mechanism, an EDS mapping analysis was 

carried out to measure the oxide thickness in each layer, evidenced by the oxygen signal 

in red (Fig 5.20). The oxide layer measured ≈ 50-100-85 μm for the 0 – 20 – 50 vol. % 

fibre respectively. The distribution of oxygen was approximately in correspondence of 

the matrix morphologies change and that the changes in the oxygen penetration were in 

correspondence of the interfaces between the different layers.   
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Fig. 5.20: Mapping images of the polished oxidized ZMo15 structure with the presence 

of oxygen marked in red.   

- SY5 oxidized structure 

The cross section of sample SY5 after oxidation at 1650 °C is reported in Fig. 

5.21. No newly formed cracks were visible after oxidation at the interface between the 

different layers, suggesting that the CTE mismatch between the layers did not affect the 
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structural integrity. The surface was covered by a dark grey film that was constituted by 

SiO2 deriving from the oxidation of SiC according to the following reaction: 

SiC(s) + 
3

2
O2(g) → SiO2(s) + CO(g) (5.11) 

 

Fig. 5.21: Morphologies of graded SY5 structure after oxidation at 1650 °C in air. 
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In the bulk layer, a homogeneous SiO2 dark grey film covered the entire sample. Within 

this film, lamellar Y2O3 phases were observed. This surface did not present any visible 

defect or presence of bubbles. Probably, the oxidation reaction took place only on the 

surface with a production of a small quantity of oxide species that minimized the 

formation of defects. In the second layer, reinforced with 20 vol. % of fibres, the SiO2 

film was still visible but without the lamellar Y2O3 grains. Moreover, some porosity was 

observed likely due to the fibre oxidation that left voids after the degradation that the SiO2 

film did not cover. This behaviour was more evident in the third layer - reinforced with 

50 vol. % of fibres - where the SiO2 film covered the entire area but left a higher number 

of visible holes due to the fibre oxidation, suggesting that the SiO2 film generated during 

the SiC oxidation was not enough to effectively protect the fibres from oxidation.    

From the EDS spectra collected on the surface oxide layer, it was possible to observe the 

same composition but different distribution. In the bulk layer (Fig. 5.22-a) light grey Y2O3 

grains were immersed in a dark grey SiO2 phase (Fig. 5.22-a1-2). In the fibres reinforced 

layers (Fig. 5.22-b1-2) the Y2O3 was not present as elongated grains, likely due to the 

porosity derived from carbon oxidation that hindered the grain growth. The presence of 

C in all the spectra was due to the carbon layer deposited on the sample. 
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Fig. 5.22: High magnification SEM of SiC-Y2O3 matrix oxidation and EDS spectra 

collected at 5 KeV of bulk layer (a) and 20 vol % reinforced layer (b). In the bulk layer a 

light grey phase, Y2O3 (1), and a dark grey phase, SiO2 (2) were observed. In the 

reinforced layer a light grey phase, Y2O3 (1), and a dark grey phase, SiO2 (2) were 

observed. 

The polished cross section of sample SY5 is shown in Fig. 5.23. The polished surface 

allowed to confirm the absence of cracks in the interface areas between the layers even 

after the oxidation test. Moreover, it was possible to observe the different oxidation 

behaviour for the different layers. For the top layer, the bulk one, a modified matrix after 

the exposition at 1650 °C was not clearly visible. In fact, the SiC matrix was mostly 

unaffected, without any grain growth or the formation of lamellar structures. However, a 

SiO2 film was still present and observed with subsequent analyses. The second layer, 

reinforced with 20 vol. % of fibres, showed a film of SiO2 on the external surface with a 

thickness of ≈ 220 µm but an unchanged SiC internal matrix.  
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Fig. 5.23: Morphologies of polished SY5 structure tested at 1650 °C in air. 

However, a lot of holes left by the carbon fibres oxidation were visible in the internal 

area. In this case, the holes have perfectly maintained their round shape, because the SiC 

grains were unaffected by oxidation. This is different from the previous cases where 

oxidation of ZrB2 grains and ZrO2 grain growth led to significant change/deformation. 

Holes left by the carbon fibres became preferential path for oxygen and this led to an 

augmented oxygen penetration. The third layer, reinforced with 50 vol. % of fibres, 

showed the same behaviour observed for the previous layer. However, in this case the 

effect of the fibres oxidation was stronger and more visible and it extended on an area 

with a thickness of ≈ 210 µm.  Moreover, the external edge resulted severely damaged 

because of the material loss due to the formation of cracks between the holes left from 

the oxidized fibres. All these phenomena increased the porosity that could decrease the 

mechanical properties.   
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From the EDS spectra collected on the polished bulk layer after the test at 1650 °C, three 

different phases were identified: two different grey phases that were respectively SiC 

(Fig. 5.24-3) and SiO2 (Fig. 5.24-1) and a light grey phase composed by Y2O3 (Fig. 5.24-

2).  

 

Fig. 5.24: High magnification SEM of SiC-Y2O3 polished matrix after oxidation and EDS 

spectra collected at 5 KeV. The grey phases were SiO2 (1) and SiC (3), the light grey 

phases were Y2O3 (2)  

Through a mapping analysis of oxygen distribution in the layer (marked in red) the 

different oxide thickness values were ≈ 2-140-230 μm for the 0 – 20 – 50 vol. % fibre 

layers, respectively. For the bulk layer, only a very thin oxide film was visible at high 

magnification. This was in accordance with the behaviour observed in Fig. 5.25 where 

the matrix was unchanged. For the second layer, reinforced with 20 vol. % of fibres, 

oxygen was found even below the silica layer, down to the area containing the degraded 

fibres. This suggests that the kinetics of formation of the SiO2 protective film were slower 

and the outer fibres could not be protected from the oxidation. The third layer, reinforced 

with 50 vol. % of fibres, presented a very high oxygen diffusion that completely covered 

the area where the fibres were damaged and demonstrated the low efficiency of SiC alone 

as protective matrix for the carbon fibres oxidation.     
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Fig. 5.25: (a) Mapping images of the polished oxidized SY5 structure with the presence 

of oxygen reported in red. (b) Magnification of the bulk section.   
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5.4 Conclusions 

The possibility to produce short carbon fibre reinforced-UHTC materials with a 

gradient composition was investigated. Three composites with different matrix 

composition were investigated: ZrB2-SiC-Y2O3, ZrB2-MoSi2 and SiC-Y2O3. Each sample 

was composed by three different layers reinforced respectively with 0 – 20 – 50 % of 

carbon fibres in order to minimize cracks formation derived from CTE mismatch between 

the layers. The samples analysed did not present cracks or defects in the interface area 

between the different layers, demonstrating the feasibility of the process and the 

versatility of the sheets produced by the new slurry casting method. However, a migration 

of the liquid phases was observed in all samples, from the bulk layer to the fibres 

reinforced layer. These phenomena did not produce defects in the contact point between 

the layers but led to an increase of the chemical reactions between the fibres and the 

matrix in an area of ≈ 50-100 µm of thickness. These reactions slightly damaged the 

surface of the fibres and led to a stronger interface between the fibres and the matrix but 

did not affect the final integrity of the composites.  

 The three-layered structure allowed to simultaneously investigate three different 

oxidation behaviours in each sample. The oxidation tests performed at 1650 °C 

demonstrated the good interaction between the different layers constituting the 

composites materials. In fact, no cracks were observed due to the different CTE 

mismatch. However, the oxidation behaviour was different for each sample due to the 

different matrix composition.  

Sample ZSY105, composed by a ZrB2-SiC-Y2O3 matrix showed the formation of a ZrO2-

SiO2-B2O3 film that homogeneously covered the sample. This film was richer of SiO2 in 

the first layer and richer in ZrO2 in the third layer. The ZrO2 grains were in the form of 

columnar structures. The formation of this oxidized film acted as a barrier against oxygen 

diffusion, reducing the oxidation effects. Moreover, the growth of columnar ZrO2 grains 

partially filled the holes deriving from fibre degradation. 

Sample ZMo15, composed by a ZrB2-MoSi2 matrix, showed the formation of a SiO2 film 

that homogeneously covered the sample and, in the layers reinforced with fibres, filled 

the holes left from the oxidized fibres improving the oxidation resistance. The high 

oxidation resistance of these samples was due to the two regions structure. An external 
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SiO2 film that completely filled the holes left by the fibres and reduced the oxygen 

diffusivity and an internal ZrO2 columnar structure that helped to close the newly formed 

defects.  

Sample SY5, composed by a SiC-Y2O3 matrix, showed the same behaviour as the 

previous two samples on the surface, with the formation of a SiO2 film covering the 

sample. In the bulk layer Y2O3 elongated grains were present in the glassy film and the 

resulting oxide was very thin (2 um), while the internal matrix did not show any signs of 

oxidation. However, the presence of the SiO2 film was not enough to protect the outer 

carbon fibres that, in the fibre-reinforced layers, were oxidized in an area of ≈ 200 µm. 

This led to an increase in porosity and an increase in potential critical failure. The low 

efficiency of the protective film was also demonstrated from the presence of visible holes 

on the surface after the oxidation that have not been filled by the SiO2 phases as observed 

for the previous samples.    

In conclusion, sample ZMo15 showed the best oxidation performance with the lowest 

mass loss ≈ - 0,5 mg/cm2 thanks to the rapid formation of a SiO2 protective film that 

reduced the oxygen diffusion and thanks to the ZrO2 grains growth that closed the holes 

left by the fibre oxidation, reducing the pathways for oxygen diffusion. Sample ZSY105 

showed a good oxidation resistance with a mass loss of ≈ - 5 mg/cm2 thanks to the 

formation of B2O3 layer and the ZrO2 columnar grains growth that reduced the porosity. 

Finally, the sample SY5 showed a low oxidation resistance with a mass loss of ≈ - 7 

mg/cm2 due to the inefficient formation of SiO2 protective film at 1650°C and the 

impossibility to close the holes left by the fibre oxidation. However, the high mass loss is 

also due to the low mass increasing due to the oxygen absorption that resulted higher for 

the ZrB2 based ceramic (formation of ZrO2 and B2O3).  
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6 Complex shapes properties  

6.1 Introduction  

As previously explained (Chapter 2.3.6), UHTCMCs are usually densified by hot 

pressing or spark plasma sintering [1,2]. However, these techniques allow to obtain only 

simple shapes that require machining with diamond abrasives or dedicated cutting tools. 

One approach to obtain complex shapes include flash sintering [3]. Nowadays, this 

method allows to obtain complex shapes but it does not allow to obtain UHTCMCs 

samples, which are more commonly densified by repeated cycles of pressure-less 

sintering [4]. For these reasons, for the fibro-reinforced UHTC materials the most used 

densification methods to obtain complex shapes are the Hot- Pressing or the Pressure-less 

sintering.  

In this chapter, different processing alternatives were investigated, exploiting the 

versatility and flexibility of the sheets. Moreover, Hot Pressing with special moulds and 

pressure-less sintering methods were used to consolidate samples with complex shapes. 

In detail, four different process variants were investigated: 

1) A zig- zag fibre microstructure, obtained applying the hot pressing not parallel 

but perpendicular to the pile-up direction. The possibility to dispose sheets 

along different orientations (e.g. vertically instead of horizontally) allowed to 

reproduce a kind of different fibre disposal that influenced the mechanical 

properties [5] (sample Z3-40-Z)  

2) Squared shaped tile with a ZrB2-rich matrix in the centre and SiC-rich in the 

edges, to reproduce a prototype where the hottest part is the inner throat 

(sample Z3-40-Q). 

3) A flat washer with double matrix compositions, SiC-rich in the centre and 

ZrB2-rich matrix in the border, piling up the layers as the zig-zag sample and 

consolidating them by hot pressing with a special mould (Z3-40-C). 

4) Conical shape sample, in which green sheets were wrapped around a cone as 

to obtain a hollow conical shape, similar to a nosecone. Conical shapes were 

consolidated  by pressure-less sintering [6].  
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6.2 Characterization of the samples  

Similar to previous described samples, after densification, the density was 

measured through the Archimede’s method. Samples were cut and polished and cross 

sections were analysed by optical or SEM analysis in order to observe the fibres/layers 

orientation and distribution. In order to investigate the characteristics of the different 

sample configurations, the mechanical properties were investigated. Most specifically, 

the flexural strength was calculated for the sample Z3-40-Z and Z3-40-Q and not for the 

sample Z3-40-C due to its dimension and shape that were not suitable for the production 

of bars with the characteristics required for the tests. 

6.2.1 Zig-zag sheets orientation 

In chapter 4, a new process to fabricate UHTC short carbon fibre reinforced 

materials sintered by Hot-Pressing was presented. During this process, the green layers 

were overlapped and the pressure was applied perpendicularly to the sheets. In this 

paragraph, samples with a vertical layer orientation sintered by Hot-Pressing (Fig. 6.1) 

were investigated.  

 

Fig. 6.1: Different sheets orientation, horizontal sheets orientation (left) and vertical 

sheets orientation (right). 

To compare the effects of the layer’s orientation, the same composition used for the 

samples in chapter 4 was used. Ceramic matrices composed by ZrB2-85 vol. %, SiC- 10 

vol. %, Y2O3-5 vol. % reinforced with short pitch-based carbon fibres with a length of 3 

mm were used (as reported in Table. 6.1) Even for this sample, the sintering was 

conducted by HP at a temperature of 1900 °C with a pressure of 30 MPa. 
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Table. 6.1: Sample composition, theorical density, experimental density and relative 

density. 

 

The sample obtained showed a final density of 3.9 g/cm3, with a ρrel of 93 %, indicating 

a good level of densification. After sintering, the top view (x-y axis) and the side view 

(x-z axis) were investigated by optical microscope (Fig. 6.2). On the top of the sample, it 

was possible to observe a vertical line structure due to the layers orientation that were not 

well pressed from the side, thus resulting in less homogenization between them (Fig. 6.2-

a). On the side view, it was possible to observe a non-homogeneous fibre distribution 

with a visible layer folding in the middle (Fig. 6.2.-b). This phenomenon was caused by 

the empty space between the sheets that resulted in the sheets bending. In fact, the “green” 

height was ≈ 30.0 mm before the HP and ≈ 5 mm after the sintering, so a high amount of 

empty space was present and filled during the sintering. 

 

 

Fig. 6.2: Optical image of the Z3-40-Z sample, (a) top view, (b) side view.In yellow the 

sheets trend.  

Sample 

label 
Composition 

Carbon 

fibres (% 

vol) 

Fibres 

length 

(mm) 

ρexp 

(g/cm3) 

ρteo 

(g/cm3) 

ρrel 

(%) 

Z3-40-Z 

ZrB2- 85 vol% 

SiC- 10 vol% 

Y2O3- 5 vol% 

40 3 3.9 4.3 93 
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In SEM images we, it was observed the zig-zag fibre disposal caused by the sheets 

bending during sintering (Fig. 6.3-a,b). This bending caused fibre agglomerations 

generating some defects in the samples, as visible in (Fig. 6.3-c). Even for this sample - 

as noted for the samples in chapter 4 - the matrix was homogeneous, and the carbon fibres 

maintained their shape (Fig. 6.3-d).  

 

Fig. 6.3: Cross section surface morphologies of sample Z3-40-Z observed at SEM with 

different magnification 

- Zig-Zag mechanical properties  

In Table. 6.2 the flexural strength in MPa at room temperature of the Z3-40-Z sample via 

ISO 14704:2016 were reported. As mentioned in Chapter 4, the bending strength of the 

fibre-reinforced UHTC composites was lower than the corresponding bulk ceramics [7]. 

The sample possessed an average value of strength of 130 MPa and an elastic deformation 

typical of ceramic samples. An interesting comparison can be made between the sample 

described above and the sample with horizontals sheets orientation obtained in Chapter 4 

which possesses the same matrix composition and only a little difference in the fibre 

amount. Sample Z3-40-Z possessed a little higher value of flexural strength - 120 MPa 

compared with 111 MPa - despite the presence of fibre agglomeration observed in the 
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sheets bending area, suggesting that a different fibre distribution could improve the 

mechanical properties.  

Table. 6.2: Flexural strength of the sample Z3-40-Z in MPa and the average value for the 

sample Z3-35 analysed in Chapter 4. 

Sample  σ (MPa) 

1 143.0 

2 141.9 

3 106.7 

4 126.9 

Average  130 ± 17 

Z3-35 (Chapter 4) 111 ± 12 

 

The load displacement curves (Fig. 6.4-a) showed a typical elastic deformation, as 

observed in Chapter 4 for the samples with an amount of fibre lower than 50 vol. %, 

followed by a pseudo-plastic behaviour, likely due to the fibre bridging phenomenon [8]. 

Moreover, this effect could reduce the stress intensity at the crack tip. The comparison 

between the load displacement curves of the samples Z3-40-Z and Z3-35 (Fig. 6.4-b) 

showed the higher value in flexural strength for the samples with the vertical sheets’ 

orientation. In addition, it was possible to notice a difference in the curves slope with low 

load (< 20 N) where the sample Z3-40-Z exhibited a lower slope. Even though 

quantifying this change in a four-point bending setup is difficult, some comparisons can 

be made among these specimens; the same behaviour was observed by comparing the 

sample with 35 vol. % of carbon fibre reinforcement with samples reinforced with 50 vol. 

% of carbon fibres in Chapter 4, suggesting that this difference in slope could be attributed 

to the difference of fibre content or in a possible transition from a plastic to an elastic-

plastic behaviour due to the different sheets’ orientation. 
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Fig. 6.4: (a) Load displacement curves for the 4-point fracture toughness strength of 

sample Z3-40-Z; (b) Comparison of the load displacement curves for the 4-point 

fracture toughness strength of the sample Z3-40-Z and Z3-35. 

6.2.2 Double composition square  

This tile was designed to have an inner part with ZrB2 rich matrix and a lighter 

external part, with a SiC rich matrix (Table. 6.3). This configuration resembles that of a 

nozzle, where the throat is the part that has to resist to higher temperatures. The sample 

was fabricated producing 50 x 50 mm2 sheets with a matrix of ZrB2-35 vol. %, SiC- 60 

vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of short pitch-based carbon fibres with 

a length of 3 mm (ZSY605) and 50 x 50 mm2 sheets with composed by ZrB2-85 vol. %, 

SiC- 10 vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of short pitch-based carbon 

fibres with a length of 3 mm (ZSY105).  

All layers were punched with a 30 x 30 mm2 punch. ZrB2-rich squares with dimensions 

30 x 30 mm2 were then inserted into 50 x 50 mm2 SiC-rich squares with the squared hole 

in the centre. The sample was sintered by Hot-pressing at a temperature of 1900 °C with 

a pressure of 30 MPa.  
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Table. 6.3: Sample composition, theorical density, experimental density and relative 

density. 

 

The obtained sample had a final density of 3.3 g/cm3, with a ρrel of 87 %. This suggests 

that some defects or voids remained after sintering, most probably at the interface 

between the two compositions. Looking at the samples (Fig. 6.5), it was possible to notice 

a clear detachment at the interface between the inner and the outer square which the 

sintering pressure did not close.  

 

Fig. 6.5: Images of (a) “Green” and  (b) sintered Z3-40-Q sample composed by an inner 

square 30 x 30 mm of ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced with 40 

vol. % of short pitch-based carbon fibres with a length of 3 mm and an outer square 50 x 

50 mm of ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of 

short pitch-based carbon fibres with a length of 3 mm.  

The outer part, composed of the SiC-rich composition, showed a matrix without visible 

micro or macro defects with a ZrB2 grains, light grey, immersed in a SiC matrix, dark 

grey (Fig. 6.6-b). Moreover, the unjagged round shape of the carbon fibre (Fig. 6.6-a), 

indicates that almost no reaction occurred between fibres and matrix during sintering. [8]. 

Also, the inner square – with the ZrB2-rich composition - showed (Fig. 6.6-d) a good 

Sample 

label 

Outer 

composition 

(ZSY605) 

Inner 

composition 

(ZSY105) 

Cf           

(% 

vol) 

Cf 

length 

(mm) 

ρexp 

(g/cm3) 

ρteo 

(g/cm3) 

ρrel 

(%) 

Z3-40-Q 

ZrB2-35vol% 

SiC-60vol% 

Y2O3-5vol% 

ZrB2-85vol% 

SiC-10vol% 

Y2O3-5vol% 

40 3 3.3 3.8 87 
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matrix density without macro defects with SiC grains, dark grey, immersed in a ZrB2 

matrix, light grey. Even in this part of the sample, the carbon fibres maintained their round 

shape (Fig. 6.6-c). The low interaction between the fibre and the matrix observed in both 

the compositions, confirmed the versatility and the affordability of the new slurry casting 

process presented in Chapter 4.    

Fig. 6.6: Cross section surface morphologies of the sample Z3-40-Q. (a,b) ZSY605 

area, (c,d) ZSY105 area. 

With SEM analysis, the border area between the two compositions were investigated (Fig. 

6.7). The interface was not straight but showed a jagged profile. Indeed, the juxtaposition 

of the sheets was not perfect but there were overlaps or gaps, which created defects. Very 

likely, during sintering the applied pressure deformed the sheets and their expansion 

caused a collision between the sheets with different composition, thus generating ripples 

or dips which led to the fibre agglomeration and defects formation. Noteworthy, despite 

these defects, no cracks were formed. 
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Fig. 6.7: Cross section surface morphologies of sample Z3-40-Q at the interaction 

between the ZSY605 and ZSY105 areas. 

- Double-square mechanical properties 

To evaluate the mechanical properties of the sample Z3-40-Q, three different areas 

were tested via ISO 14704:2016 standard. In fact, due to its structure, three different areas 

could be identified. Bars were machined from external square with ZrB2-rich 

composition, from the inner square, rich in SiC and at the interface, as depicted in Fig. 

6.8.  
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Fig. 6.8: Schematic representation of the sample Z3-40-Q with the bar’s distribution. Red 

bars for the ZSY605 area, Blue for the ZSY105 area and Green for the interface area. 

The values of flexural strength at room temperature of the sample Z3-40-Q were reported 

in Table. 6.4. The samples obtained by the areas called ZSY605 and ZSY105 showed a 

similar average value of ≈ 85 MPa and ≈ 98 MPa, respectively. The specimens obtained 

at the interface were characterized by a significantly lower strength, ≈ 45 MPa, suggesting 

an accumulation of defects at the interface. 
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Table. 6.4: Flexural strength of the sample Z3-40-Q in MPa with the value divided in 

three different parts, ZSY605, ZSY105 and Interface.  

Sample σ (MPa) 

1 62.2 

2 100.1 

3 91.2 

ZSY605 85 ± 20 

4 114.6 

5 90.7 

6 85.2 

7 101.2 

ZSY105 98 ± 13 

8 34.6 

9 41.2 

10 79.1 

11 25.3 

Interface 45 ± 24 

 

The load displacement curves are reported in Fig. 6.9 and are divided for the three 

different areas. The load displacement curves for the ZSY605 area (Fig. 6.9-a) showed a 

typical elastic deformation behaviour with a decrease of the slope near the top of the 

curve, which was attributed to fibre pull-out; this behaviour was more marked for the 

ZSY105 area (Fig. 6.9-b). In one of the cases (bar 4), the trend observed was similar to 

that observed for the samples Z3-50 as seen in Chapter 4, where the curve was divided in 

two parts. The first part with a constant slope represented the linear elastic behaviour and 

the second part showed the pseudo plastic behaviour. The load displacement curves for 

the interface area (Fig. 6.9-c) presented low values and a predominantly elastic behaviour 

more typical of brittle ceramics.  
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Fig. 6.9: Load displacement curves for the 4-point flexural strength of sample Z3-40-Q 

(a) ZSY605 area (b) ZSY105 area (c) Interface area. 

 

The morphologies of the fracture surface of the Interface bars after bending tests were 

investigated (Fig. 6.10). In the images, the fibres can be seen clearly, indicating a good 

pull-out behaviour. In general, the strong interfacial interaction in ceramic matrix 

composites would result in a brittle fracture. In this case, the interaction between fibres 

and matrix did not lead to fibre degradation and the fibres maintained their shape as 

observed in with SEM analyses. In principle, these characteristics should favour a more 

damage tolerant behaviour [9]. However, in this case the value of flexural strength was 

considerably lower, ≈ 45 MPa. This happened probably because of the defects observed 

in the SEM images (Fig. 6.7) that have weakened the matrix and generated a preferential 

crack route.     

 

Fig. 6.10: fracture surface after bending test of the bar obtained from the Interface area 

of sample Z3-40-Q 

6.2.3 Washer shape 

In the previous paragraphs (6.2.1 and 6.2.2), the possibility to produce a sample 

with sheets in vertical orientation or with different composition but not a vertical 
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interaction between the different materials was investigated, showing interesting results. 

For these reasons, the production of a cylinder constituted by two different compositions 

and with the vertical oriented sheets was investigated. The sample was composed by a 

cylinder with outer diameter of Øout= 60 mm, and inner diameter of Øin= 30 mm. The 

outer matrix consisted of ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. % reinforced with 

40 vol. % of short pitch-based carbon fibres with a length of 3 mm in the inner part 

(ZSY605) and the inner matrix consisted of ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. 

% reinforced with 40 vol. % of short pitch-based carbon fibres with a length of 3 mm in 

the outer part (ZSY105) (Table. 6.5). To produce this structure, the different sheets were 

overlapped in vertical direction around a central piston and subsequently debonded and 

sintered by HP at 1900 °C with a pressure of 20 MPa.   

Table. 6.5: Sample composition, theorical density, experimental density and relative 

density. 

 

The obtained sample (Fig. 6.11) had a final density of 3.9 g/cm3, with a ρrel of 91 % which 

indicated a quite good densification during the sintering. In fact, there were no visible 

macro defects or macro cracks on all the surfaces (Fig. 6.12). In particular, the interface 

between the two-composition was homogeneous.  

  

Sample 

label 

Inner 

composition 

(ZSY605) 

Outer 

composition 

(ZSY105) 

Cf (% 

vol) 

Cf 

length 

(mm) 

ρexp 

(g/cm3) 

ρteo 

(g/cm3) 

ρrel 

(%) 

Z3-40-

C 

ZrB2-35vol% 

SiC-60vol% 

Y2O3-5vol% 

ZrB2-85vol% 

SiC-10vol% 

Y2O3-5vol% 

40 3 3.9 4.3 91 
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Fig. 6.11: Images of  the (a) “green” and (b), (c) sintered Z3-40-C sample composed by 

ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of short pitch-

based carbon fibres with a length of 3 mm in the inner part and ZrB2-35 vol. %, SiC- 60 

vol. %, Y2O3-5 vol. % reinforced with 40 vol. % of short pitch-based carbon fibres with 

a length of 3 mm in the outer part. 

From SEM images it was immediately possible to notice a structure like the one observed 

for the sample Z3-40-Z in paragraph 6.2.1, which was created by multiple sheets bending. 

The sheets which made up the sample were folded, especially in the middle and - as 

assumed before - this happened because the empty space between the sheets was filled 

during sheets bending. In this case the “green” height was ≈ 31.90 mm before the HP and 

≈ 3.05 mm after the sintering. 

Fig. 6.12: SEM image of the side view/cross section of the sample Z3-40-C.  

 

The external part consisted of a matrix of ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % 

reinforced with carbon fibre (Fig. 6.13-b) without visible defects at the micron scale, with 

SiC grains, dark grey immersed in the ZrB2 grain, light grey. In this area, the carbon fibres 

kept their round shape even after the sintering (Fig. 6.13-a), indicating the low interaction 

between fibre and matrix and probably improving the pull-out effect and the mechanical 

properties, especially the resistance to cracks propagation [8]. Also, the inner part, 

consisting of a matrix of ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. % reinforced with 

carbon fibre (Fig. 6.13-d), showed a good matrix surface without micro or macro defects 
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composed by ZrB2 grains, light grey, immersed in SiC, dark grey. Even in this area, the 

carbon fibres maintained their shape (Fig. 6.13-c), indicating the absence of reaction 

between the fibre and the matrix. No fibre agglomeration or macro defects were present 

at the interface between the two compositions (Fig. 6.13-e). Moreover, by increasing the 

magnification (Fig. 6.13-f), it was possible to observe that the interaction between the 

two different matrices was homogeneous and without defects, in spite of the CTE 

mismatch. 

 

Fig. 6.13: Cross section surface morphologies of sample Z3-40-C. (a,b) external area 

composed by ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced with carbon fibre, 

(c,d), internal area composed by ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. % 

reinforced with carbon fibre (e,f).  
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6.2.4 Pressure-less cone  

Some interesting shapes for the aerospace field are the cones due to their similarity 

with the spacecrafts nosecones. For this reason, the UHTCMCs are the ideal material for 

this application [10].  The flexibility of the “green” UHTCMCs sheets observed in 

Chapter 4 is a fundamental parameter for the fabrication of samples with complex shapes. 

In fact, this property allows to use a mould to give the samples a shape. The steps for the 

fabrication of a cone starting from the UHTCMCs sheets are reported in Fig. 6.14.  The 

sheets were composed by a matrix of ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % 

reinforced with 40 vol. % of short pitch-based carbon fibres with a length of 3 mm and 

obtained with the slurry casting process explained in Chapter. 4. Five green sheets were 

wrapped around a rigid cone and were vacuum bagged in order to obtain a good adherence 

between the UHTCMC material and the mould. Subsequently, the “green” sample could 

be pressed with a cold isostatic press (CIP) at 2000 bar to obtain a joint between the 

different sheets and consolidate the shape. The obtained sample – owning its shape to the 

mould - was then subjected to debonding at 300 °C in air in order to remove the organic 

dispersant. Finally, the sample was sintered in a pressure-less oven at a temperature of 

1900 °C under argon atmosphere. 

 

Fig. 6.14: Steps for the fabrication of a cone by pressure-less sintering. From left to right 

are shown the green layers around the mould, the green after the pressing with CIP and 

the sample after sintering at 1900 °C.  

As visible in Fig. 6.15, the sample obtained presented an internal smooth surface thanks 

to the mould surface. However, the external surface resulted covered by ripples. In fact, 

the UHTCMCs sheets acted like paper sheets and during the pressing the sheets folded in 

the external direction. Despite this problem, the different layers composing the samples 

resulted well attached to each other.  
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Fig. 6.15: Sintered images of the obtained cone 

 

6.2.5 Hybrid process (SI + LSI) 

The production of a near-net shape UHTCMCs for aerospace application is an 

important area of investigation to reduce machining costs and enable a faster processing 

of complex structures. In literature, the production of UHTCMC materials via 3D printing 

is reported in a few papers with interesting results. However, this method allows to 

introduce a low amount of fibre reinforcement (< 10 vol. %) [11–13].  

The process described in Chapter 4, allowed to introduce a high amount of carbon fibre 

in a ceramic slurry. The slurry obtained presented a good fibre dispersion without 

agglomeration. Moreover, it maintained its “liquid” state with the possibility to pour it in 

a mould with a complex shape. However, the use of a large size mould (more than one 

sheet) generated green samples with a high porosity (>50-60%).  

The Polymer Infiltration and Pyrolysis (PIP) is a method for the fabrication of CMCs or 

UHTCMCs comprising an infiltration of a low viscosity polymer into the reinforcing 

ceramic structure (e.g.: fabric) followed by pyrolysis, e.g.,  heating of the polymer 

precursor in absence of oxygen to decompose and convert it into a ceramic [14]. The low 

viscosity of the polymer allows it to penetrate in all the samples and reduce the final 

porosity.  

In the following paragraph a sample produced by slurry casting with a large size 

dimension was subjected to a PIP process in order to reduce its internal porosity.  
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As polymer precursor, the polycarbosilane (SMP 10) was used. After the pyrolysis, this 

polymer leaves a SiC matrix. To investigate the possibility to introduce a polymer 

precursor inside a green obtained via slurry casting, a sample with a pyramidal shape e.g., 

similar to a wedge, was infiltrated and subjected to four cycles of PIP (Table. 6.6). In 

each cycle, a high amount of polymer was introduced inside the green resulting in a 

sample mass improvement. This proved that the PIP could reduce the porosity in the 

sample.  

Table. 6.6: Cycle of PIP with the amount of polymer introduced in the sample, mass loss 

after the pyrolysis at 1050 °C and the green mass before and after the cycle. 

PIP 

cycle 
Green mass (g) 

Polymer used 

(g) 

Mass loss after 

pyrolysis (%) 

Green mass after 

Pyrolisis (g) 

1 16.1 7.6 8.9 21.6 

2 21.6 11.1 16.2 28.1 

3 28.1 6.9 5.8 33.0 

4 33.0 6.6 8.3 36.3 

 

The final sample presented an external surface without visible defects and wich  

manteined the green shape (Fig. 6.16). The initial porosity was decreased from 50-60% 

to 30-40%. Although the matrerial is still under microstructural analysis for a proper 

determination of microstructural features and residual porosity,, the results obtained 

suggest that this method is very interesting for future development of complex shapes 

with large sizes.  
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Fig. 6.16: Images of the green sample and of the sample after four cycles of PIP. 

 

6.4 Conclusions 

Different methods for the production of complex structures were investigated. 

More in detail, the possibilities to use different layers overlapping orientation, to produce 

“complex” shapes with the Hot pressing as sintering method and the production of 

UHTCMC cones by pressure-less sintering were studied. The production of samples by 

hot pressing with the use of a vertical UHTCMCs layer orientation showed that the layer 

resulted to be bending like a paper sheet due to the empty space between them. This 

bending phenomenon generated some fibres agglomeration and some defects in the 

matrix. However, the final sample resulted stable and without macro defects thus 

demonstrating the possibilities to change the layer orientation.  The use of HP as sintering 

mechanism to obtain samples with more complex shapes was investigated through the 

sample Z3-40-Q and Z3-40-C. The production of a square sample with 2 different matrix 

compositions (sample Z3-40-Q) showed that the different composition areas possess a 

good densification but the interface between them was characterized by fibre 

agglomeration and macro defects that weakened the entire structure even though the 

interaction between the two different matrices was good. The production by hot pressing 

of a cylinder sample with a double matrix composition with a vertical layer orientation, 

sample Z3-40-C, showed a good interaction between the different layers and the sheets 

bending typical of the vertical orientation observed for the sample Z3-40 Z. Moreover, 

no significant fibre agglomeration that could weaken the sample were present. This 

opened up to the possibility to make a cylinder sample with an appropriate mould by hot 

pressing thanks to the vertical layer orientation. The investigation of samples with a 

nozzle like shape obtained by pressure-less sintering showed the possibility to obtain a 
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good final sample thanks to the flexibility of the UHTCMCs sheets obtained by the slurry 

casting process with short fibres. The main step in this process was the pressing through 

cold isostatic press, which allows to model the UTCMC material around a mould. The 

main disadvantage of this process was the presence on the external surface of macro 

defects.  

Among the materials obtained, the mechanical properties of the samples Z3-40-Z and Z3-

40-Q were tested through four-point bending strength. The sample Z3-40-Z - with its 

vertical layer orientation - presented a higher flexural resistance (130 MPa) than the 

sample obtained with a horizontal layer orientation (110 MPa) in spite of the presence of 

fibre agglomeration and voids in the matrix. This indicated that a different layer 

orientation can influence the final mechanical properties. For the samples Z3-40-Q, three 

different areas were investigated due to their different composition. The internal and 

external areas, ZSY105 and ZSY605 respectively, showed the typical fibre-reinforced 

ceramic behaviour with the ZSY105 samples that presented an interesting pseudo plastic-

behaviour. The Interface area showed a very low value of flexural strength (45 MPa), due 

to the defects present between the two squares constituting the sample.  
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7 Braking properties  

7.1 Introduction 

One possible field of application for the UHTCMCs is the use as friction material. 

In fact, UHTCs were also considered for tribological applications in several works [13–

17]. Brake materials for the use in vehicles, require high and stable coefficient of friction 

(COF), low wear rate, low life cycle cost, low weight, good noise, vibration and harshness 

properties (NVH) and a high degree of freedom in the structural design [18,19]. Brakes 

are commonly used in a pad on disc configuration. The most common disc materials 

include steel, carbon-carbon (C/C) and carbon fibre reinforced carbon-silicon carbide 

(C/C-SiC). Steel brakes are used prevalently for standard automotive; they are cheap, 

possess a relatively high and stable coefficient of friction and present low wear rate [20]. 

However, they are not indicated for high-performance applications, where operating 

temperatures are high (≈ 400 °C [21]). C/Cs discs are used especially in aircrafts and 

racing vehicles e.g., formula 1 and formula E.   They possess a low density (<2 g/cm³) 

and are capable to absorb huge amounts of energy in a short time [22]. However, C/C 

materials start to oxidize at 600 °C and present low COF in wet or cold conditions due to 

the lubrication ability of graphite [22,23]. C/C-SiC are used in high performance cars 

[24]. They exhibit high wear resistance, quite high oxidation resistance and a high COF 

in different weather conditions at the expense of weight and limited operating temperature 

[23]. They are usually paired with organic or metallic pads with some research being 

carried out on ceramic pads for full-ceramic brake systems [25,26] but with C/C-SiC pads 

present high thermal conductivity issues. The introduction of different ceramic phases 

could ensure broader adjustment of tribological properties. For example, the presence of 

SiC increase the coefficient of friction, the thermal shock resistance and the 

environmental stability [27] but at the same time increase wear rate due to its abrasive 

action and decrease the fatigue resistance [28,29]. The carbon fibres play the role of a 

lubricant to prevent occlusions during braking; the hybrid ceramics increase friction 

resistance, for example ZrB2 can rapidly form an oxide layer during braking to prevent 

carbon fibre oxidation. Their effects result in more stable braking performants [30]. For 

these reasons carbon fibre reinforced -ZrB2-based materials could be a new class of 

materials for braking applications. 
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In this chapter the tribological behaviour of two different carbon fibre reinforced, UHTC-

ZrB2 based materials was investigated on C/C-SiC, Steel and C/C discs. The COF, wear 

and temperatures were recorded at different braking pressures of 1 and 3 MPa. Beside the 

composites produced with the short fibres, a set of samples fabricated with continuous 

fibre preforms was also produced and tested for comparison purposes. SEM, EDX and 

XRD analysis have been carried out in order to determine the friction layer formation and 

explain corresponding tribological results.  

7.2 Braking samples 

 

Fig. 7.1: Flow chart of the processes used to obtain the samples with long fibres (top) and 

chopped fibres (bottom) reinforcement  

All UHTCMC sample materials investigated were composed of a matrix of ZrB2-

85 vol. %, α-SiC- 10 vol. % and a little amount of Y2O3-5 vol. %. As a reinforcement, 

pitch-based based high modulus (HM) carbon fibres were used with the same volume 

percentage. 

Two types of pad materials were studied: 

1) ZrB2-10%SiC-5%Y2O3 ceramics reinforced with ≈ 40 vol % pitch-based carbon 

fibre fabric arranged in 0°/90° directions (ZL). 

2) ZrB2-10%SiC-5%Y2O3 ceramics reinforced with ≈ 35 vol % randomly orientated 

chopped pitch-based carbon fibre with length of 5 mm (ZS). 

The samples were produced by slurry based techniques followed by hot-pressing sintering 

(Fig. 7.1): 

1) The continuous fibre reinforced composites were fabricated via slurry infiltration 

of the fibre bundles; the unidirectional fibre layers were piled up in a 0°/90° 
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configuration to get a XY-plane fibre orientation. The samples were hot pressed 

at 1900 °C using a pressure of 35 MPa, in accordance with previous studies [31]. 

2) The short fibre reinforced samples were prepared via slurry casting of chopped 

fibres. According to the process described in Chapter 4. The layers with random 

XY-plane fibre orientation were piled up and hot pressed at 1900 °C using a 

pressure of 35 MPa, as reported for the process in chapter 4. 

The samples compositions are summarized in Table. 7.1. To obtain the final sample 

dimensions, the material  was cut, and the surface was ground (ZL with Ra= 2.858 ± 

2.027; Rt= 19.04 ± 14.22 and ZS with Ra= 0.609 ± 0.166; Rt= 3.55 ± 1.00) to obtain 

10 mm thick pads with a surface area of 900 mm2 (30 mm x 30 mm) (Fig. 7.2). 

Table. 7.1: Matrix composition in the samples, contents and length of carbon fibres and their 

orientation.   

Sample 

(unit) 

ZrB2 

(vol %) 

SiC 

(vol %) 

Fibre amount (vol %) 
Fibre length 

(mm) 

Fibre 

distribution 

ZL 85 15 40 ± 5 fabric 0°/90° 

ZS 85 15 35 ± 5 5 random 

 

 

Fig. 7.2: Macro and schematic images of the samples before testing. 

In Table. 7.2 bulk densities, open porosities and the mechanical properties, flexural 

strength and fracture toughness, are reported. 
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Table 7.2: Summary of the mechanical properties of ZL and ZS samples. 

Sample 
Density 

(g/cm3) 

Residual 

porosity (%) 

Bending strength 

σ (MPa) 

KIC 

(MPa·m0,5) 

Fibre 

volume 

content (%) 

ZL 3,6 9,5 218 ± 30 6,1 ± 0,3 40 

ZS 4,1 6 107 ± 13 3,57 ± 0,2 35 

 

Sample ZL (long fibres) presented better mechanical (bending strength and fracture 

toughness) properties than the sample ZS (short fibres). This can be explained by the 

better reinforcement provided by the carbon fibre fabric compared to short carbon fibres. 

Moreover, for the sample ZL, the fabric orientation of 0°/90° further improves the 

resistance to mechanical load [31].  Due to low difference in the amount of carbon fibre 

of ≈ 5 vol.%, the samples ZL is characterized by a lower density compared with the ZS 

samples. An important difference between the samples was the porosity. The samples ZL 

showed higher porosities probably due to the difficulties in the fabric infiltration relative 

to the weaving geometry. This problem did not occur with the short fibre samples which 

possess more freedom and can give a better packing. For this reason, the sample ZS had 

a lower porosity.  

7.3 Tribological tests 

Tribological tests were conducted on a self-designed inertia dynamometer. The 

flywheel is accelerated to 1030 rpm and then switched off. Then the pneumatic brake 

calliper is engaged with a surface pressure of 1 or 3 MPa to a complete stop. The next 

cycle is then started immediately. 

With each test, two braking pads (30x30x10 mm³) are tested against commercial and self-

made (machined) discs as counterparts: 

- Commercial, internally ventilated C/C-SiC brake disc with SiC-rich friction layer 

(SGL, Germany), friction radius of 184 mm; diameter 400 mm. 

- Self-made, solid steel brake disc, constituted by S235 Steel, friction radius of 

173 mm; diameter 380 mm. 
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- Self-made, C/C brake disc, friction radius of 125 mm; diameter 300 mm. 

Each braking test consists of 10 braking cycles to a complete stop preceded by 5 pre-

braking cycles. Weight and thickness of braking pads were measured to calculate volume 

and mass wear rates. Temperatures are recorded continuously on the backside of both 

pads and on the sliding disc surfaces by thermocouples. COF is calculated by continually 

measuring clamp pressure and braking torque. In Table. 7.3 are summarized the 

conditions during braking. 

Table 7.3: Summary of braking conditions during the tests. 

Disc material C/C-SiC Steel C/C 

Pad material ZL + ZS ZL + ZS ZL + ZS 

cycles per test 10 10 10 

Clamp pressure 

(MPa) 
1 + 3 1 + 3 1 + 3 

Sliding speed (m/s) 20 18.7 13.5 

Friction radius (mm) 184 173 125 

Rpm 1030 1030 1030 

Energy per cycle 

(MJ) 
≈ 5.4 ≈ 5.4 ≈ 5.4 

 

During the tribological tests, temperature and coefficient of friction (COF) were collected 

as function of the braking time. For every braking, the COF trend obtained was calculated 

as an average COF value for that single braking and reported as a point in the final 

cumulative test plot. In the same way, for every braking, the temperature trend obtained 

was calculated as an average value and reported as a point in the final cumulative test 

plot. 
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7.3.1 ZL and ZS vs C/C-SiC disc 

- ZL pads  

The tribological results for the ZL sample (continuous fibres) tested on the C/C-

SiC-disc with a pressure of 1 MPa, showed a high friction coefficient of 0.81, Fig. 7.3. 

The COF (average values for one braking cycle) started at 0.76 and increased slightly 

with the number of braking cycles to 0.83 for the 10th cycle. The higher temperatures 

measured at the disc surfaces ranged from 220 °C to 340 °C. The measured temperature 

was likely lower than the real one due to the distance between pads and thermoelements 

as well as the not ideal heat transfer to the sliding thermocouples. Single braking cycles 

showed a very stable COF throughout the braking process and only marginal change with 

temperature and sliding speed.  

With pressure increase to 3 MPa, the friction coefficient lowered to 0.56 (Fig. 7.4) like 

C/C-SiC discs tested in similar conditions [25,32]. In fact, COF was reduced for higher 

pressures because small surface defects did no longer impact the friction behaviour. The 

change in friction coefficient was highest with 0.6 at the second cycle and lowered to 0.52 

for the last cycles. Temperatures were higher than the test with 1 MPa of pressure and 

ranged from 250 °C to about 450 °C for the 10th cycle. This increase in temperature was 

expected for a higher energy conversion rate. The single braking curves demonstrated a 

quite stable behaviour with little dependence on temperature in cold conditions (first-

second-third braking) in the form of rising COF for low sliding speeds but stabilizing 

with temperature increase.  
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Fig. 7.3: Average friction coefficient of ZL material with the C/C-SiC disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa.  

 

Fig. 7.4: Average friction coefficient of ZL material with the C/C-SiC disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 3 MPa. 

- ZS pads  

Sample ZS (short fibres) was tested only with a pressure of 1 MPa due to severe 

pad damage during the 3 MPa cycles, as visible in Fig. 7.21. The average COF observed 

was 0.67 and therefore lower than ZL at 1 MPa (Fig. 7.5). Only the first cycle presented 

higher COF with 0.715 which lowered then to 0.67. Temperatures were lower than those 

observed for the sample ZL, as expected from the lower COF, and rose from 200 °C to 
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300 °C for the 10th cycle. The single friction curves showed a behaviour similar to the ZL 

samples. In fact, they showed a stable COF and had little dependence on temperature and 

sliding speed. A small rise of COF was observed for ZL and ZS samples for low sliding 

speeds under all conditions.  

 

Fig. 7.5: Average friction coefficient of ZS material with the C/C-SiC disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa. 

7.3.2 ZL and ZS vs Steel disc 

- ZL pads  

The tests conducted on the ZL pads with a steel disc at a pressure of 1 MPa (Fig. 

7.6) showed a very high friction coefficient, starting from 0.94 and decreasing to 0.8 for 

the 10th braking with an average value of 0.86 thus being less stable than paired with the 

C/C-SiC disc (Fig. 7.3). Opposite to the tests on C/C-SiC discs mentioned earlier, the 

COF became very low for low sliding speeds in all. The temperature observed was up to 

430 °C due to the high COF and solid steel disc used that was not ventilated as was for 

the C/C-SiC disc. 

Tests with a pressure of 3 MPa (Fig. 7.7) presented an average COF of 0.4, ranging from 

0.5 for the first braking to 0.33 for the 10th braking, much lower compared with the test 

at 1 MPa because COF decreased at higher pressures, like the previous case. This drop-

in friction coefficient could explain the temperatures behaviour, exceeding 440 °C for the 

last braking. Moreover, this temperature increase was due to the higher energy conversion 
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rate. As for the 1 MPa tests, the COF dropped low for low sliding speeds after the 3rd 

braking test.  

 

Fig. 7.6:  Average friction coefficient of ZL material with the Steel disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa. 

 

Fig. 7.7: Average friction coefficient of ZL material with the Steel disc and corresponding 

disc-temperatures and 1st, 5th and 10th braking curve at 3 MPa. 

- ZS pads  

ZS sample tested with a steel disc (Fig. 7.8) at 1 MPa showed a low average 

coefficient of friction of 0.56. The COF ranged from 0.60 to 0.55 from first to last braking 

test, resulting in a stable average. The single braking tests showed a temperature 
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independent COF behaviour with an increasing in COF value for lower sliding speeds. 

This was in contrast with the ZL samples (Fig. 7.6) where, for low sliding speeds, the 

COF dropped down after the 3rd braking test. This behaviour could be the effect of metal-

on-metal adhesion between abraded steel from the disc on the pads surface and the disc 

themselves. The temperatures collected was maximum of 360 °C, lower that the ZL 

sample due to the lower COF and therefore longer period for heat dissipation. 

With 3 MPa tests (Fig. 7.9), the average friction coefficient was significantly lower, 0.43, 

and also with a quite stable trend with a variation of 0.05 within the braking cycle. This 

demonstrated the independence of pressure and temperature for the short fibre material, 

opposite to the ZL pads. 

 

Fig. 7.8: Average friction coefficient of ZS material with the Steel disc and corresponding 

disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa. 
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Fig. 7.9: Average friction coefficient of ZS material with the Steel disc and corresponding 

disc-temperatures and 1st, 5th and 10th braking curve at 3 MPa. 

7.3.3 ZL and ZS pads vs C/C disc 

- ZL pads  

The results obtained during the tests of ZL pads with C/C disc at 1 MPa showed a 

relative low coefficient of friction, starting from 0.45, increasing to 0.71 and finally 

arriving at 0.62 for the 10th braking (Fig. 7.10). Like the behaviour observed for the ZL 

samples tested with Steel disc, even in this case, the COF dropped low for low sliding 

speeds after the 3rd braking test. The temperature observed was the higher than the 

previous disc test, up to ≈ 500 °C due to the not ventilated disc and its low thermal 

conductivity. 

With 3 MPa test (Fig. 7.11), the behaviour of the ZL sample was like the one observed 

with 1 MPa of pressure. In fact, the COF resulting very low starting from 0.52, increase 

to 0.72 and finally decreasing at 0.27 for the 5th braking and remaining constant for the 

remaining brake. In this case the drop of COF was clary visible after the second braking. 

Probably this was correlated to the temperature reacted. In fact, at temperature around ≈ 

450 °C the carbon starts to oxidize creating a different interaction surface between disc 

and pads, resulting in a different COF. Even for this disc the final COF was lower than 

the test with 1 MPa because, as mentioned before, for the C/C-SiC disc and Steel disc, 

the COF is reduced for higher pressures because small surface defects played a lesser role 

in the overall COF calculation. Even in this case the temperature increasing, ≈ 580 °C, 
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compared with the test at 1MPa, ≈ 520 °C was due to the higher energy conversion rate. 

In the single braking tests a temperature dependent COF behaviour was more visible, with 

a decrease in COF value for lower sliding speeds up to a constant value 

 

Fig. 7.10: Average friction coefficient of ZL material with the C/C disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa. 

 

 

Fig. 7.11: Average friction coefficient of ZL material with the C/C disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 3 MPa. 

- ZS pads  

ZS sample tested with a C/C disc (Fig. 7.12) at 1 MPa showed a quite stable 

average coefficient of friction of ≈ 0.5, compared with the trend of the sample ZL. The 
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single braking tests showed a temperature independent COF behaviour with a decrease in 

COF value for lower sliding speeds after the 3rd braking test. This was in accordance with 

the ZL samples (Fig. 7.10) The temperatures collected was maximum of 470 °C, lower 

that the ZL sample due to the lower COF. 

With 3 MPa test (Fig. 7.13), similar to ZL samples (Fig. 7.11) the COF passed from 0.34, 

increasing to 0.47 and finally decreased to 0.29 during the 5th braking, remaining constant. 

Even for this material, the final COF was lower than the test with 1 MPa. Moreover, as 

observed for the ZL tested with 3 MPa on C/C disc, at temperature around ≈ 500 °C the 

COF value dropped because carbon started to oxidize, creating a different interaction 

surface between disc and pads. Comparing with the test with 1 MPa the temperature 

increased up to ≈ 560 °C, due to the higher energy conversion rate. As for ZL sample in 

the single braking tests, COF decreased for lower sliding speeds up to a constant value. 

 

Fig. 7.12: Average friction coefficient of ZS material with the C/C disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 1 MPa. 
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Fig. 7.13: Average friction coefficient of ZS material with the C/C disc and 

corresponding disc-temperatures and 1st, 5th and 10th braking curve at 3 MPa. 

7.4 Wear 

Wear was determined by weighing pads before and after the friction tests. In Fig. 

7.15 are summarizes the weight changes of the pads. 

7.4.1 ZL and ZS pads vs C/C-SiC-disc 

Wear tests of pad against C/C-SiC-disc revealed that higher pressures led to 

significantly higher wear rates for ZL material due to the fact that more energy was 

converted to wear energy at the same time (Fig. 7.15). In fact, the braking time decreased 

from about 40 s with a pressure of 1 MPa to about 20 s with a pressure of 3 MPa. Due to 

the C/C-SiC disc not significantly taking part in the wear process, the loss of material in 

the pads was higher, e.g. ≈ 317 mg/MJ with 1 MPa and ≈ 450 mg/MJ with 3 MPa. For 

ZS material, mass wear was even higher, ≈ 692 mg/MJ, due to pad failure during the test 

with 1 MPa test. This can be seen as small cracks forming in and transversal to the 

frictional surface (XY-plane) after the 1 MPa test in Fig. 7.14 as well as in the XY-plane 

leading to material loss throughout the sample. 
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Fig. 7.14: Visible cracks in the ZS material (left and right pads) after testing on the C/C-

SiC-Disc with 1 MPa. The sliding direction is from the outside inwards. 

 

7.4.2 ZL and ZS pads vs Steel disc 

For the braking cycles with the steel disc, pad wear was significantly reduced, 

with the disc contributing to the friction film as seen as grooves in the steel disc (Fig. 

7.18) and indicating transferred steel material. Also, no signs of failure of the ZS material 

can be observed which correlates to no visible damage. This might be due to the softer 

nature of the steel disc with catching material being abraded from the disc. This is not 

possible for the C/C-SiC disc, which leads to strong local mechanical forces inside the 

pads which exceed the ZS samples limits. ZS material showed less wear for 1 and 3 MPa 

tests (≈ 172 mg/MJ and ≈ 246 mg/MJ respectively) than ZL long fibre pads (≈ 202 mg/MJ 

and ≈ 280 mg/MJ respectively). Even in this case it was observed that higher pressures 

led to significantly higher wear rates (Fig. 7.15). 

7.4.3 ZL and ZS vs C/C disc 

Regarding the pads wear against the C/C disc tests, as observed for the previous 

discs, a higher-pressure led to significantly higher wear rates (Fig. 7.15). In this case a 

very low pads wear was observed for both ZL and ZS samples, namely ≈ 70 mg/MJ 

(1MPa) and ≈ 173 mg/MJ (3 MPa) for ZL, ≈ 65 mg/MJ (1 MPa) and ≈ 84 mg/MJ (3 MPa) 

for ZS. This might be due to lubricant action of C/C debris that reduced the pads wear 
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significantly. Moreover, even for this disc, no signs of failure of the materials was 

observed. 

 

 

 

Fig. 7.15: Gravimetric wear of the ZL and ZS pads tested with C/C-SiC, steel and C/C 

discs. 

7.5 Microstructural analysis  

The microstructure was analysed before and after the friction tests. Before the 

tests, the microstructures were analysed on the polished surface by FESEM.  

After the friction tests, pad worn surfaces were analysed without further treatment on the 

XY-surface to investigate the friction layer.  

7.5.1 Microstructure of as sintered materials, ZL and ZS 

In Fig. 7.16 the microstructures of the samples ZL and ZS before the tribological 

tests are shown. In the XY surface of the sample ZL, Fig. 7.16-a, the unidirectional fibre 
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orientation was clearly visible. Moreover, in Fig. 7.16-b, the XZ surface of the sample 

ZL shows the 0°/90° alternating carbon fibre layers and the presence of the typical excess 

of matrix in between the fibre layers due to the structure of the sample. The XY surface 

of the sample ZS is shown in Fig. 7.16-c with the homogeneous and random fibre 

distribution in the matrix were visible. A homogeneous fibre distribution was also visible 

in the XZ surface of the sample ZS (Fig. 7.16-d) where an excess of matrix in between 

layers was not observed. 

 

Fig. 7.16: Surface morphologies before the tests. ZL sample: (a) XY plane; (b) XZ plane. 

ZS sample: (c) XY plane; (d) XZ plane. 

7.5.2 Features of worn discs 

After the tribological tests, the pads and discs were analysed. In Fig. 7.17 the 

macro-photographs of the C/C-SiC disc friction surface after the tribological tests with 

1 MPa and the ZL sample are reported. The discs used for the testing of ZS samples has 

a similar appearance (not shown). Neither evident damage, such as missing material, nor 

grooves could be detected. However, a lot of pad material was transferred to the disc and 

was visible as a black film. This was in accordance with the wear data collected during 

the tribological tests that showed high pad wear rates for all tests against the C/C-SiC 

disc.  
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Fig. 7.17: C/C-SiC-Disc after braking with ZL sample at 1 MPa. Brake pad material is 

visible on the surface (black film).  

A different situation was visible on the surface of the steel disc after the tribological tests 

with sample ZL at 1 MPa (Fig. 7.18). In this case the disc presented a lot of scratches and 

grooves on the surface due to the abrasive action of the pads. The material removed from 

the disc was transferred to the pad surface and helped the formation of the friction layer. 

In contrast, no significant amount of pad material was transferred to the disc surface, in 

agreement with the low measured wear of the pads observed during the tests. The same 

was observed for the ZS samples and the 3 MPa tests. The light blue tempering colour on 

the disc surface indicated a temperature during the test of above 320 °C inside the friction 

radius [33]. 

 

Fig. 7.18: Steel-Disc after braking with ZL material at 1 MPa. Visible groves are present. 

Pad materials 
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The same behaviour observed for the steel disc was visible for the C/C disc after the 

tribological tests with sample ZL at 1 MPa (Fig. 7.19). In fact, in this case the disc did 

not present scratches or grooves on the surface but showed a completely abraded area due 

to the abrasive action of the pads. The material removed from the disc was probably 

transferred to the pad surface where acted as lubricant polishing the pads surface without 

damage. Moreover, no pad material was transferred to the disc surface. The same 

behaviour was observed for the ZS samples and the 3 MPa tests. 

 

Fig. 7.19: C/C-Disc after braking test with ZL material at 1 MPa.  

7.5.3 ZL pads morphology vs C/C-SiC 

The so-called third body is the friction layer formed between the disc (first body) 

and the pad material (second body) and has the important function to stabilize the COF 

and reduce the wear. The abraded material is not removed but “reused” and ground to 

smaller particles thus acting as a sink for energy and therefore wear.  

The surface images of the ZL samples after the tests with the C/C-SiC disc are reported 

in Fig. 7.20. For both samples, tested with a pressure of 1 MPa (Fig. 7.20-a,c) and 3 MPa 

(Fig. 7.20-b,d), the presence of a friction layer was visible. Moreover, other parts were 

partially covered by loose debris. More in detail, Fig. 7.20-c,d shows part of the samples 

where this layer covered the whole surface. The presence of this stable protective film 

explained the mean COF being very stable and not dependent on the temperature change 

and sliding speed. Moreover, considering the trend of the COF for the single test (Fig. 

7.3) that showed a quite stable behaviour, it is believed that a significant friction layer 

was formed during the first braking cycle. More braking cycles may improve the 

thickness of the friction film, but this difference did not affect the braking properties. 

Comparing the friction layers of the samples tested at 1 MPa (Fig. 7.20-c) and 3 MPa 
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(Fig. 7.20-d), the coverage and thickness of the friction film increased with increasing 

pressure. With the 3 MPa braking tests, a friction layer, consisting of more than one 

stacked friction layer was visible. This was the result of more than one follow-up braking 

cycles. This could explain why the mean COF decreased for more than 0.2 with increasing 

pressure as observed in the COF trend graphic (Fig. 7.4). Probably this happened because 

when the braking pressure was high enough to cut the asperities, many asperities were 

sheared and pulverized by impact and shear action between asperities, and a lot of debris 

was formed. The debris filled the gaps between peaks and grooves and formed a 

continuous film on the surface resulting in the decrease of coefficient of friction and 

friction resistance. 

 

Fig. 7.20: samples ZL tested on C/C-SiC disc at 1 MPa (a, c) and 3 MPa (b, d). The sliding 

direction is left to right. 

7.5.4 ZS pads morphology vs C/C-SiC 

For the ZS samples tested with the C/C-SiC disc, a similar behaviour of ZL 

samples was observed. Also, in this case a friction layer was visible on the tested surface 

(Fig. 7.21-a) in accordance with the stable trend for the COF (Fig.7.5) for the same reason 

previously mentioned. The friction film was not homogeneous on the whole surface but 
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showed parts with a higher thickness and parts with only few debris. In spite of these 

features, the COF was quite stable, see Fig. 7.5.  

 

Fig. 7.21: Pad surface of the ZS material with C/C-SiC disc at 1 MPa (a) and broken ZS 

sample (b) after the break-in period with the C/C-SiC disc at 3 MPa. The sliding direction 

is left to right therefore a part has broken out at the incoming side. 

During the test of the ZS sample, the increase of pressure from 1 MPa to 3 MPa caused a 

critical failure of the pads (Fig. 7.21-b). The cracks generated and their propagation 

caused a delamination mechanism combined with interlaminar failure in the z-direction. 

This problem likely occurred for the lower mechanical properties of ZS pads compared 

with ZL pads (Table. 7.2). In fact, as previously reported, one of the main problems of 

the ZrB2 based ceramics is their low fracture toughness especially for their applicability 

when vibrations are present [34] and the short carbon fibres reinforcement did not 

improve the mechanical properties enough for the application in these conditions. 

Moreover, another reason for cracks generation could be the high COF observed during 

the braking already with the pressure of 1 MPa (µ ≈ 0.7) that exacerbated mechanical 

stresses on the pads. And finally, due to the thin friction layer, no cushioning effect could 

take place between the first and second body. 

7.5.5 ZL pads morphology vs Steel  

In Fig. 7.22 the surfaces of the ZL samples after the tests with the steel disc are 

reported. For both tests with 1 and 3 MPa an inhomogeneous friction layer was visible. 

More in detail, some parts of the samples were covered by sparse debris (Fig. 7.22-a,b); 

other parts were instead completely covered by a continuous layer (Fig. 7.22-c,d). As 

observed for the C/C-SiC disc, the presence of the friction layer could explain the mean 

COF being quite stable and not affected by temperature variations, Fig 7.6. 
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Fig. 7.22: samples ZL tested on steel disc at 1 MPa (a, c) and 3 MPa (b, d). The sliding 

direction is left to right. 

7.5.6 ZS pads morphology vs Steel  

For the ZS samples tested against the steel disc, it was also possible to observe a 

friction layer on the surface. As for the ZL samples, the friction layer was not 

homogenously distributed on the whole surface. In fact, it was possible to observe that 

there are parts which are partially covered by a layer (Fig. 7.23-a,b) and other parts 

completely covered by the layer (Fig. 7.23-c,d) for both pressures. In contrast to the tests 

discussed before, the partially covered regions showed friction film in direct contact with 

the disc which was obvious by the braking grooves instead of loose debris. Also, in this 

case a multi-layer structure was present in both pressure conditions. However, for the ZS 

samples the coverage increased with the rising pressure. In fact, after the test at 3 MPa, 

the areas where the fibres were visible after test at 1 MPa, were now fully covered with a 

smooth layer of debris. 
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Fig. 7.23: sample ZS tested on steel disc at 1 MPa (a, c) and 3 MPa (b, d). The sliding 

direction is left to right 

Comparing the surface of the samples ZL and ZS after the tests with the steel disc, a 

different film structure was observed. For the ZL sample the surface was composed of 

alternating areas. There were sites where the surface maintained the structure of the 

sample before the test, ZrB2-SiC matrix and carbon fibres with low damage (Fig. 7.24-a-

2). On top of this, there was a layer constituted by sample materials, ZrB2-SiC-carbon 

fibres, and iron that came probably from the disc (EDS Fig. 7.24-a-1,3). The iron powder 

filled the gaps in between ZrB2-particles and the abraded pitch-based fibres. This layer 

was composed by grains with a dimension of ≈ 2-5 µm. On the other hand, for the ZS 

sample, three different surface compositions were observed (Fig. 7.24-b). The first two 

surfaces presented the same structure observed for the ZL sample. While, the upper layer 

was constituted by FexOy which derived from the disc (light grey in Fig. 7.24-b, EDS Fig. 

7.24-b-3). In the case of ZS samples, the layer was considerably thinner, with a 

continuous, smooth, and even surface. The film appeared to be welded out of particles 

and steel wear dust. For the ZL sample, the film was composed by compacted particles 
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which resembled an asphalt-like surface, suggesting a welding action in between particles 

and wear dust.   

In conclusion, during the braking with a Steel disc there was a formation of overlapped 

layers with a different composition. During braking, the surface was ground, and the 

detached materials were mixed with the iron ground by the disc with the formation of a 

layer constituted by ZrB2/ZrO2-SiC-carbon fibres and Fe. Over this layer, there was the 

formation of a second layer constituted by FexOy derived from the abraded disc. The 

different appearance between the ZL and ZS surface could be attributed to the fibre 

orientation. In fact, the random distribution of the chopped fibres in the ZS sample 

improved the amount of debris material held on the surface.  

Two mechanisms could contribute to that phenomenon. Firstly, the used pitch-based 

fibres were easily abraded due to their high carbon orientation as can be seen for example 

in Fig. 23-b. The fibres were partly abraded and beneath the matrix in z-direction. The 

friction film could only stay attached to the ceramic matrix surface but not on the fibres. 

Moreover, less fibre volume content and more homogeneous distribution for ZS samples 

compared to ZL samples led to more matrix on the surface and therefore more friction 

film. This was proven by the higher friction film observed on the ZL sample at the fibre 

sparse crossing areas of the 0° and 90° fibre bundles. The second mechanism, was 

probably the unknown strength of the influence of fibre orientation, which was known to 

alter braking performance and friction film development [35–37]. Random fibre 

orientation usually proved to be optimal for general purpose braking applications [35]. 

This ability for the ZS material to produce a more stable friction film could explain the 

reduced wear as seen in Fig. 7.15, as well as the improved COF-stability (compare Fig. 

7.6+7.7 and Fig. 7.8+7.9). For sample ZS, wear dust underwent welding on the surface, 

while for sample ZL it was removed too quickly to form an even surface. The resulting 

amount of steel on the pad surface was able to produce metal on metal adhesion at low 

sliding speeds. With adhesion forces, a rapidly rising COF was expected at the end of the 

braking cycle, as was only oberseved for ZS material in contrast to the ZL sample with 

lowering COF (compare Fig. 7.6+7.7 and Fig. 7.8+7.9). 

In this way, a first homogeneous layer constituted by ZrB2/ZrO2-SiC-Cf-Fe was created 

and a second layer with FexOy was visible above the first. For the ZL this second FexOy 

layer was not visible due to the low amount of debris held on the surface. 



187 
 

 

Fig. 7.24: Sample ZL tested on steel disc at 3 MPa (a) and sample ZS tested on steel disc 

at 3 MPa (b) and EDS analysis. 

To investigate more in detail the friction layer, a cross section of the ZS samples was 

studied (Fig. 7.25). The friction layer presented a thickness ranging from 2 – 10 μm and 

consisted of two different compositions: a first homogeneous layer constituted by 

ZrB2/ZrO2-SiC-carbon fibre-Fe and a second composed by FexOy (the high amount of C 

present in EDS is due to the carbon coating for SEM analysis).  
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 Fig. 7.25: Section of the sample ZS tested on steel disc at 3 MPa and EDS analysis. 

7.5.7 ZL pads morphology vs C/C  

The surfaces images of the ZL samples after the tests with the C/C disc are reported in 

Fig. 7.26. For both samples, tested with a pressure of 1 MPa (Fig. 7.26-a,c) and 3 MPa 

(Fig. 7.26-b,d), the presence of a well visible friction layer was not observed. The surface 

of the sample after the test at 1 MPa (Fig. 7.26-a,c) had a lustrous appearance. The 

ceramic matrix had a low superficial roughness and the carbon fibres were covered by a 

film of carbon which probably come from the C/C disc that polished the surface. The 

absence of asperities and the presence of a carbon film on the fibres surface could explain 

the low COF observed during the test (Fig. 7.10). Due to the COF behaviour observed 

during the test it is hypothesized that the temperature reached a value around ≈ 500 °C 

with the carbon oxidation. With the 3 MPa braking test, similar behaviour was observed 

(Fig. 7.26-b,d). The matrix surface in this case resulted completely polished without any 

asperities or debris due to the higher pressure used. Even in this case the carbon fibre 

resulted covered by a carbon film but the thickness resulted higher than the previous test 

and the surface of this layer presented some cracks. So, like the test with 1 MPa of 

pressure, absence of asperities and the presence of a carbon film on the fibres surface 

could explain the low COF observed during the test (Fig. 7.11). Due to the higher 

pressure, the temperature around ≈ 500 °C was reached after the 2nd braking, so the 

polishing effect started before removing more defects and asperities.  
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Fig. 7.26: samples ZL tested on C/C disc at 1 MPa (a, c) and 3 MPa (b, d). The sliding 

direction is right to left. 

7.5.8 ZS pads morphology vs C/C  

For the ZS samples tested with the C/C disc, the presence of a friction layer was 

not observed. Similarly, to ZS, sample ZL had a polished appearance. More in detail, after 

the test at 1 MPa (Fig. 7.27-a,c) the matrix did not present asperities or debris but some 

scratches were visible around the grains. The carbon fibres in this case were only partially 

covered by a C/C film that did not affect the COF behaviour which was linear. Moreover, 

the lower temperature observed during the test < 500 °C did not allow to oxidize the 

carbon, resulting in a stronger surface and a higher COF compared with the ZL test. With 

the 3 MPa test, a similar behaviour was observed (Fig. 7.27-b,d). Even in this case the 

matrix surface was polished, without debris but with some scratches. The surface of the 

carbon fibres resulted partially covered by a C/C layer probably due to the higher pressure 

used. Moreover, with a pressure of 3 MPa a temperature higher than 500 °C was reached, 

resulting in a COF drop due to the carbon oxidation as observed for the ZL samples and 

demonstrated by the bigger layer oh the carbon fibres.          



190 
 

 

Fig. 7.27: samples ZS tested on C/C disc at 1 MPa (a, c) and 3 MPa (b, d). The sliding 

direction is right to left. 

7.6 XRD analysis  

X-Ray diffraction analysis was carried out after testing the samples ZL and ZS with the 

discs of C/C-SiC, C/C and steel at 3 MPa in order to identify the species that formed on 

the surface during braking. The two samples, with long and chopped fibres, presented the 

same characteristics, so only results for the ZS samples were reported here (Fig. 7.28).  In 

the XRD pattern the highest peak was attributed to ZrB2 (PFF#75-0964), which was the 

main component of the samples. Moreover, in accordance with the EDS analysis C 

(PDF#75-0444) and SiC-6H (PD#19-1131) were detected. After the braking tests, for all 

the discs used, oxidized species were observed in small amount, SiO2 (PDF#47-1144) 

and ZrO2 (PDF#50-1089). This indicates that an oxidation mechanism occurred on the 

surface due to the temperature and pressure. The EDS analysis identified the presence of 

Fe on the surface of ZS sample tested with the steel disc (Fig. 24). With the X-Ray 

diffraction, the presence of Fe was confirmed as Fe2B species. Fe2B was formed by the 

reaction of boron rich compounds on an iron surface. The boron atoms diffuse into the 

iron substrate between 973-1273 K (700 – 1000 °C) [38]. The highest temperature 

recorded by thermocouples was around 400-450 °C (Fig. 7.9), too low to obtain Fe2B. 
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So, the temperature recorded by thermocouples probably was lower than the real 

temperature on the sample surface due to the position of the thermocouples located about 

60 mm beneath the pads. 

 

 

Fig. 7.28: X-Ray diffraction patterns of samples ZS after braking test at 3 MPa with steel disc (1), 

C/C disc (2) and C/C-SiC disc (3). The main peaks are relative to ZrB2 (PDF#75-0964). Small 

peaks are relative to SiC-6H (PDF#19-1131), C (PDF#75-0444), SiO2 (PDF#47-1144) and ZrO2 

(PDF#50-1089). Presence of Fe2B was observed for steel disc (PDF#89-1993).  

7.7 Conclusions 

Two carbon fibre reinforced ZrB2-10%SiC UHTCMCs (ZL and ZS) have been prepared 

by hot-pressing with different fibre orientations, 0°/90° and random chopped fibres, 

respectively. They were tribologically tested on an inertia dynamometer with 1 and 3 MPa 

on C/C-SiC, steel and C/C discs and their microstructure and friction surface were 

analysed discovered a two different types of friction film.  

The combination with C/C-SiC disc material showed interesting braking behaviour with 

a stable and independent to temperature COF for both the ZL and ZS sample due to the 

friction film generated. A film composed by loose debris was observed. The hardness of 

the disc requires long fibre reinforcement pads like sample ZL because short fibre 

reinforcement material was severely damaged.  
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The combination of the different pads with Steel, generated a stable friction film that 

ensured low wear rate and a temperature-stable COF. The film observed was like smooth 

film-type, asphalt like film consisting of compressed particles and covering loose debris. 

Moreover, the smooth film-type observed for the short fibre material with steel showed a 

stable friction film that reduced the wear and improved the performance during the 

braking. 

The combination of the ZL and ZS pads with C/C disc showed a behaviour strongly 

dependent on the temperature with a drop of COF after ≈ 500 °C due to the oxidation of 

the carbon of the disc. However, after an initial drop, the COF became stable. During 

these tests a friction film was not visible and the matrix had a polished appearance, while 

the fibre resulted partially or completely covered by a carbon film probably derived from 

the C/C disc due to the low mass-loss of the pads observed.     

Finally, little changes in fibre orientation or fibre volume content can significantly affect 

the formation and composition of the friction film and therefore change wear and COF 

performance.  
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8. Conclusions and outlook  

The theme of this PhD thesis was the fabrication and characterization of short fibre 

reinforced UHTCMCs. The processes commonly used for the fabrication of short fibre 

reinforced UHTCMCs and reported in literature, namely the ball milling, the colloidal 

process and the tape casting, present some problems such as fibres damage, use of organic 

solvent or the possibility of use only a little amount of fibre as reinforcement.  To avoid 

these problems, the first part of the thesis concerned the development of a novel process 

for the fabrication of UHTCMCs materials.  

In Chapter 4, short carbon fibre reinforced UHTC matrix composites were produced via 

a new water-based dispersion method with the use of sodium alginate as thickener and 

binder. This process allowed to obtain UHTCMCs sheets with a high versatility in 

composition that was overlapped to obtain a “green” sample subsequently sintered by 

Hot-Pressing. Samples with a different amount of fibres and different fibre length were 

investigated by microstructural characterisation and mechanical tests. In Chapter 5 the 

versatility of the UHTCMCs sheets was used to produce samples with a different amount 

of short carbon fibres, more in detail three layers (0-20-50 vol. %) were made. Samples 

with different matrix compositions (three types) were fabricated and investigated before 

and after oxidation tests in air at 1650 °C. In Chapter 6, the flexibility of the sheets was 

exploited to produce samples with different layers orientation, different shapes and matrix 

composition. Finally, in Chapter 7, the use of ZrB2 based UHTCMCs reinforced with 

short or long carbon fibres as braking materials was investigated. More in detail, three 

different discs were used as counterparts: C/C-SiC, Steel and C/C. The Coefficient of 

Friction (COF) was determined during a set of braking tests, wear of discs and pads were 

then evaluated.   

 The main results can be summarized in the following points: 

- Preparation of short carbon fibre reinforced UHTCMCs 

A new organic volatile solvent free route for the fabrication of UHTCMCs reinforced 

with 3 to 5 mm long carbon fibre was developed. The main steps for this manufacturing 

process are: the use of sodium alginate as dispersant to obtain a good and homogeneous 

fibre distribution and the use of the planetary mixer that allows to mix the fibre and the 

slurry without fibre damage, and removes the bubbles inside the blend. Finally, the hot-
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pressing step of the overlapped sheets at 1900 °C and 30 MPa helps to remove the residual 

defects in the sample. 

This process allows to obtain homogeneous, thin (≈ 100 µm) and flexible sheets with the 

possibility to obtain a large range of composition from 0 to 100 vol. % in fibre volumetric 

content. Moreover, in this process the carbon fibre was not damaged during the steps as 

it happens for the ball milling process.  

The prepared composites had a composition of ZrB2 85 vol. % - SiC 10 vol. % - Y2O3 5 

vol. % and were reinforced with 20-35-50 vol. % of 3- and 5-mm pitch-based carbon 

fibres. The microstructure showed the benefits of the new process. In fact, the fibre 

distribution was homogeneous thanks to the mixing method and the interaction between 

fibre and matrix was low due to the use of sodium alginate as dispersant. Moreover, the 

fibre surface was not damaged due to the mixing process used. The 4-point flexural 

strength tests showed a value ranging from 107 MPa for the samples reinforced with 35 

vol. % of carbon fibres and 140 MPa for the samples reinforced with 50 vol. % of carbon 

fibre. This demonstrates the role of the carbon fibre amount in the mechanical properties 

for the composite materials. A similar behaviour was observed for the work of fracture 

test, where the values ranging from 108 to 253 J/m2. A small difference in fibre length (3 

to 5 mm) did not affect the mechanical properties in a significant way.  

It is possible to conclude that a new method for the production of short carbon fibre 

reinforced UHTCMCs materials was developed. This method allows to obtain materials 

without damaging the fibre and with good mechanical properties. Moreover, the 

feasibility of the process allows to obtain samples with different fibre amount, different 

matrix and good flexibility, resulting interesting for different applications.  

-  Versatility of the UHTCMCs sheets  

The feasibility of the new process for the short carbon fibre described before - and that 

allows to obtain samples with different fibre amount and different matrix - was tested in 

order to investigate the interaction between different compositions and their resistance in 

severe environments.  

Materials composed by three different layers each with an amount of 0-20-50 vol. % of 3 

mm pitch-based carbon fibres respectively were made. More in detail, three samples with 

the reinforcement above described and composed by three different matrices, ZrB2- 85 
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vol %, SiC- 10, vol % Y2O3- 5 vol % the first ZrB2- 85 vol % MoSi2- 15 vol % the second 

and SiC- 95 vol %, Y2O3- 5 vol % (SY5 sample) the third, were analysed. To test their 

resistance in extreme environments, an oxidation tests in air at 1650 °C was made.  

All the samples presented a homogeneous fibre distribution and the absence of defects 

between the different layers. In fact, the matrix resulted continuous without defects. These 

indicated the absence of CTE mismatch between the layers. However, in all the samples 

a migration of the liquid phases was observed from the bulk layer to the 20 vol. % 

reinforced layer. This migration did not produce defects in the interaction area between 

the layers but increased the chemical reaction between the fibre and the matrix in an area 

of ≈ 50-100 µm from the interface. 

The oxidation tests at 1650 °C in air for 1 min demonstrated that the interaction between 

the layers in all the samples was good and the CTE mismatch did not cause cracks. For 

each sample, the different matrix gave different oxidation behaviour. The sample 

constituted by ZrB2 and SiC, Y2O3 as sintering aid formed a film of ZrO2-SiO2-B2O3 that 

covered all the sample surface. This film acted as a barrier against oxygen diffusion, 

reducing the oxidation damage. The ZrO2 grains during the oxidation assumed a columnar 

structure. The sample constituted by ZrB2 and MoSi2 as sintering aid, after the oxidation 

was covered by SiO2 film that also filled the holes left by the oxidized fibres improving 

the oxidation resistance. A two-region structure was observed composed by an external 

SiO2 film that reduced the oxygen diffusivity and an internal ZrO2 columnar structure that 

closed the generated defects. The sample constituted by SIC and Y2O3 as sintering aid, 

after oxidation was covered by a thin SiO2 film that was not sufficient to protect the 

carbon fibres below, resulting in a porosity increase that could reduce the mechanical 

properties. sample ZMo15 presented the best oxidation resistance (mass loss ≈ -0.5 

mg/cm2) due to the SiO2 protective film and the ZrO2 columnar grains. sample ZSY105 

presented also a good oxidation resistance (mass loss ≈ -5 mg/cm2) due to the formation 

of B2O3 layer and the ZrO2 lamellar grains. sample SY5 presented the lowest oxidation 

resistance (mass loss ≈ -7 mg/cm2) due to the inefficient formation of SiO2 protective 

film. 

 The flexibility of the UHTCMC sheets obtained by the new slurry casting process 

described before was investigated in order to obtain samples with higher properties or 

with complex shapes. Four different structures were analysed. 
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The sample made by ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced with 40 

vol. % of 3 mm length pitch-based carbon fibres sheets with a vertical orientation was 

sintered by HP (Z3-40-Z). The fibres were homogeneously distributed, and a sheets 

bending was visible. This bending improves the mechanical properties (≈ 130MPa) 

compared with a sample with a horizontal sheet orientation. This demonstrated that the 

sheets orientation can affect the mechanical properties.   

The sample composed by an outer shell of ZrB2-35 vol. %, SiC- 60 vol. %, Y2O3-5 vol. 

% reinforced with 40 vol. % of 3mm pitch-based carbon fibres (ZSY605) and an internal 

square composed by ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced with 40 

vol. % of 3 mm pitch-based carbon fibres (ZSY105) sintered by HP presented good matrix 

interaction at the interface zone but many defects were visible, resulting in a low value of 

flexural strength (≈ 45 MPa). This indicated a difficult interaction between UHTCMC 

sheets without a pressure in the optimal direction during the sintering. 

A hollow cylindrical shape composed by vertical sheets of ZrB2-35 vol. %, SiC- 60 vol. 

%, Y2O3-5 vol. % reinforced with 40 vol. % of 3 mm pitch-based carbon fibres in the 

internal part and by vertical sheets of ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % 

reinforced with 40 vol. % of 3 mm pitch-based carbon fibres with the external part was 

synthesized by HP. The result presented a good fibre distribution and a good matrix 

interaction, which is a proof that an unusual shape can be made by HP. 

Finally, a cone composed by ZrB2-85 vol. %, SiC- 10 vol. %, Y2O3-5 vol. % reinforced 

with 40 vol. % of 3 mm pitch-based carbon fibres was obtained by pressure-less sintering 

of the bending sheets. This sample demonstrated the advantages of the flexibility of the 

UHTCMC sheet.   

- ZrB2 based UHTCMCs for braking application 

The use of ZrB2 based UHTCMCs reinforced with short or long carbon fibres as friction 

materials were investigated by the test of two pads consisting of reinforced ZrB2-10 vol.  

% SiC reinforced with carbon fabric arranged in 0°/90° orientation (ZL) and reinforced 

with randomly orientated pitch-based short carbon fibres (ZS).  

Tests conducted against a C/C-SiC disc showed stable braking behavior, independent of 

the temperature due to the generation of a stable friction film composed by loose debris. 

However, the mechanical stresses are high and can be tolerated only with long carbon 
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fibre reinforcement (ZL). More in detail, ZL samples showed a mean COF of 0.81 and 

0.56 with higher temperature of 350 °C and 450 °C for the tests at 1 MPa and 3 MPa 

respectively. While ZS samples showed a mean COF of 0.67 with higher temperature of 

300 °C for the tests at 1 MPa. The high values of COF and its stability with a wear rate 

comparable to the state-of-the-art materials (≈ 500mg/MJ) make these materials 

appealing for automotive brake application.  

Tests conducted against a Steel disc showed the formation of a stable friction film that 

provided a stable COF and a low wear rate. More in detail, ZL samples showed a mean 

COF of 0.86 and 0.40 with higher temperature of 430 °C and 440 °C for the tests at 1 

MPa and 3 MPa respectively. While ZS samples showed a mean COF of 0.56 and 0.43 

with higher temperature of 360 °C and 450 °C for the tests at 1 MPa and 3 MPa 

respectively. The friction film resulted composed by the debris of the Steel disc 

generating a metal on metal sliding. This coupling reduced the pads wear (≈200mg/MJ) 

increasing their life time and at the same time generating a little welding effect that could 

increase the COF at the end of the braking. These characteristics of long life, high and 

quite stable COF are interesting for everyday brake applications. 

Tests conducted against a C/C disc showed a very low but stable coefficient of friction (≈ 

0.3) without pads wear and with an operating temperature of the disc surface of ≈ 550 °C. 

Between the different discs tested, the C/C presented the lowest pads wear (≈ 65-100 

mg/MJ) but at the same time the highest wear rate for the disc that was visibly abraded. 

This combination of UHTCMC and C/C disc is less suitable for everyday brake but opens 

to the possibility of their use in lubricant field due to their low COF. 

In general, it was observed that changes in fibre orientation or fibre amount modified the 

friction film and therefore change wear and COF.  

In conclusion, in this PhD thesis a novel, flexible and versatile process for the fabrication 

of UHTCMCs reinforced with short fibres was developed. High-performance composites 

with gradient compositions or fibre contents were consolidated by sintering and 

successfully tested. Moreover, the application of UHTCMC as friction materials opened 

to the possibility to use these materials in a higher amount of application fields different 

from the well-known of aerospace.   
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