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ABSTRACT 
 
A whisker is a common name of single crystalline inorganic fibre of small 

dimensions, typically 0.5−1 µm in diameter and 20−50 µm in length. Whiskers are 
mainly used as reinforcement of ceramics. This work describes the synthesis and 
characterisation of new whisker types. Ti0.33Ta0.33Nb0.33CxN1-x, TiB2, B4C, and 
LaxCe1-xB6 have been prepared by carbothermal vapour–liquid–solid (CTR-VLS) 
growth mechanisms in the temperature range 900–1800°C, in argon or nitrogen. 
Generally, carbon and different suitable oxides were used as whisker precursors. 
The oxides reacted via a carbothermal reduction process. A halogenide salt was 
added to form gaseous metal halogenides or oxohalogenides and small amount of 
a transition metal was added to catalyse the whisker growth. In this mechanism, 
the whisker constituents are dissolved into the catalyst, in liquid phase, which 
becomes supersaturated. Then a whisker could nucleate and grow out under 
continuous feed of constituents.  

The syntheses of TiC, TiB2, and B4C were followed at ordinary synthesis 
conditions by means of mass spectrometry (MS), thermogravimetry (TG), 
differential thermal analysis (DTA) and quenching. The main reaction starting 
temperatures and reaction time for the different mixtures was revealed, and it was 
found that the temperature inside the crucible during the reactions was up to 
100°C below the furnace set-point, due to endothermic nature of the reactions. 
Quench experiments showed that whiskers were formed already when reaching 
the temperature plateau, but the yield increased fast with the holding time and 
reached a maximum after about 20−30 minutes. Growth models for whisker 
formation have been proposed. 

Alumina based composites reinforced by (2−5 vol.%) TiCnano and TiNnano and 
25 vol.% of carbide, and boride phases (whiskers and particulates of TiC, TiN, 
TaC, NbC, (Ti,Ta)C, (Ti,Ta,Nb)C, SiC, TiB2 and B4C) have been prepared by a 
developed aqueous colloidal processing route followed by hot pressing for 90 min 
at 1700°C, 28 MPa or SPS sintering for 5 minutes at 1200−1600°C and 75 MPa. 
Vickers indentation measurements showed that the lowest possible sintering 
temperature is to prefer from mechanical properties point of view. In the TiNnano 
composites the fracture mode was typically intergranular, while it was 
transgranular in the SiCnano composites. The whisker and particulate composites 
have been compared in terms of e.g. microstructure and mechanical properties. 
Generally, additions of whiskers yielded higher fracture toughness compared to 
particulates. Composites of commercially available SiC whiskers showed best 
mechanical properties with a low spread but all the other whisker phases, 
especially TiB2, exhibited a great potential as reinforcement materials. 
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1. INTRODUCTION 
This work is focused on carbothermal vapour-liquid-solid growth of different 

comparatively unexplored whisker phases, which are interesting as e.g. reinforcing 

materials in ceramics due to their good mechanical properties and high melting 

points. Preparation of ceramic composites containing alumina as a matrix material 

and the synthesised whiskers as reinforcing materials, are also discussed. 

 

1.1. Ceramics  

The word ceramics has its origin in the Greek word kéramos, which means pottery 

clay. A common definition of a ceramic is that given by Kingery [1]: “the art of 

making and using solid articles which have as their essential component, and are 

composed in large part of, inorganic, non-metallic materials.” These words thus 

denote both the material and its manufacturing. 

Initially, ceramics included what today is called traditional ceramics, e.g. pottery, tile 

and glass. Quite early in human history, man learned to make use of natural 

occurring ceramics, e.g. volcanic glass and rocks, as tools and weapons, and that 

period nowadays is referred to as the Stone Age. During this period it was also 

found that natural clay could be moulded, and there is evidence that firing was 

discovered about 27,000 years ago in southern Europe – one could say that 

pottery was born at that time. However, it still seems to have taken some 

thousand years (until about 4,000 BC) before decorated and glazed pottery was 

developed [2]. 

The problem with traditional ceramic materials is mainly their brittle behaviour 

(low toughness), which is the reason why cracks can easily propagate and result in 

catastrophic failure. This behaviour is still valid for pottery and china. Steps 

towards advanced ceramics were taken about 10,000 years ago in the Middle East, 

when sun-dried clay bricks were reinforced with straw in order to increase their 

toughness. This composite material is called adobe. Today it is very common to 

reinforce and control the microstructure of ceramics in different, more or less 
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sophisticated ways in order to meet the requirements of the large number of 

modern applications.  

Why then use ceramics for applications other than dishes and tableware, when we 

have ductile and strong metals? One of the main reasons is that ceramics are very 

hard, potentially very strong, and the oxide materials (that often build up 

ceramics) cannot be further oxidised. These properties make them suitable for 

high-temperature applications. In advanced ceramics, reinforcing materials in the 

form of e.g. transition metal carbides or nitrides are incorporated in the oxide 

matrix, resulting in a ceramic composite. This type of composite thus comprises two 

or more ceramic phases. Carbides, however, are susceptible to oxidation, but they 

exhibit excellent mechanical properties. Some of these materials are useful at 

temperatures hundreds of degrees above the melting points of common metals, 

i.e. in non-oxidising environments. Another important factor is the low density of 

many ceramic materials compared to metals (Table I). Furthermore, ceramics have 

low thermal expansion, high chemical stability and corrosion resistance [3]. 

 

Table I Some properties of selected metals and ceramic materials. Values of the mechanical properties 
differ to some extent between different sources, depending on the evaluation methods used. The numbers in 
brackets denote references. 
Substance Vickers 

Hardness 
 Hv/GPa 

Elastic 
Modulus 
E/GPa 

Density 
 
ρ/g·cm-3

Melting 
point 
Tm/°C 

TiC 29.4–31.4 [7] 370 [7] 
451 [7] 

4.93 [9] 2630– 3067 [7] 
 

TiN 20.6[7] 612 [7] 5.22 [9] 2950 [9] 
TaC 17.7[7] 285 [7] 14.3 [9] 3880 [9] 
NbC 19.6[7] 338 [7] 7.82 [9] 3608 [9] 
TiB2 33.4 [10] 450 [8] 4.52 [9] 3000 [9] 
B4C 28.9 [7] 

41 [10] 
441 [8] 
460 [3] 

2.52 [9] 2450 [9] 

SiC 25.3 [7] 350–400 [3] 
440 [4] 480 [7] 
485(α) 620(β) [5] 

3.2   [9] 2960 [5] 

WC 23.6 [7] 670 [7] 15.63[6] 2870 [6] 
Si3N4 16.7 [7] 210 [7] 

380 [5] 
3.44  [9] 1900 [5] 

Co  206 [6] 8.9    [6] 1495 [6] 
Fe 0.65 [7] 211 [6] 7.86  [6] 1535 [6] 
Al  70   [3] 2.7    [6] 660   [6] 
Ti 0.54 [7] 116 [5] 4.5    [6] 1660 [6] 
ZrO2  140 [3] 5.68  [9] 2650 [5] 
Al2O3 20.4 [7] 200-350 [3] 

550 [6] 
3.97  [6] 2040 [5] 

2082 [6] 
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Ceramic materials may also be used to reinforce metals. For instance, titanium and 

aluminium have been reinforced with different titanium boride phases [11]. Hard 

metals (also called cemented carbides) are other well-known materials, used for cutting 

tool devices, consisting of tungsten carbide particles embedded in cobalt.  

The weakest link of a chain determines its strength. This expression is applicable 

to all materials but in a sense especially to ceramics, because defects in the material 

may weaken it so much that catastrophic failure may result at an unpredictable 

stress. It is thus difficult to control the reliability of these materials, and to achieve 

homogeneity during powder processing is one of the main goals in ceramics 

manufacturing. 

 

1.2. Manufacturing of ceramics 
1.2.1. Powder processing 

Processing always results in defects consisting of pores, cracks or inclusions. In 

order to approach a homogeneous composite material it is important to have well-

defined starting materials. Ideally, the particles should have a narrow size 

distribution. When the particle size approaches diameters in the micron or sub-

micron region, then it may be necessary to make a suspension in order avoid 

agglomeration. Homogeneously mixed slurries may  be achieved by changing the 

surface chemistry of particles by adjusting the pH or adding an appropriate 

dispersant [12]. In this connection, knowledge of the surface properties of the 

actual materials is of great help. The zeta (ζ) potential is a measure of the 

electrostatic potential at the double layer of a particle in suspension. The ζ 

potential can be determined by different electrokinetic measurements [13]. The 

outcome of the measurements will yield information about the surface charge at 

different pH values and make it possible to compare the ζ potential characteristics 

of the different phases of a system. The isoelectric point, pHiep , is defined as the 

pH value where the ζ potential is zero, and deviations from this pH value yield 

either positively or negatively charged surfaces. With this knowledge, necessary 

adjustments can be made in order to create repulsive forces between the particles 

and thus obtain a well-dispersed system. The homogeneity must be retained until 
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sintering, which requires a dry powder, and there are different methods to obtain a 

dry powder mix. One method is spray drying, i.e. to direct a spray of slurry against a 

stream of hot gas or a hot wall that evaporates the solvent, thus leaving small dry 

powder granules. Another method is to spray the suspension into liquid nitrogen 

[14]. This freeze granulation process also creates small granules with a size that can 

be controlled by e.g. changing spray-nozzle parameters. The frozen granules must 

then be freeze-dried in order to preserve homogeneity. After freeze-drying, the 

granules can easily be handled without special care; the granules may for example 

be mechanically sieved to obtain a desired granule size.  In both these drying 

methods it is desirable to minimise the amount of liquid media in order to achieve 

rapid drying/freezing. This makes heavy demands on the suspension; it should be 

highly concentrated but still have low viscosity.  

 

1.2.2. Sintering 

In advanced ceramics it is important to keep the porosity to a minimum, and 

many sintering techniques have been developed to that end. Traditional ceramics 

are often moulded and heat-treated at high temperature in resistively or 

inductively heated furnaces in order to sinter the powder. This method, pressureless 

sintering, has been used for compaction of many different ceramic composites e.g. 

Al2O3/SiCw [15] and Al2O3/B4C [16]. Another pressureless method is microwave 

sintering. In this technique, high-power microwaves (typically 2.45 GHz at 2.5 kW) 

are, by different methods, transmitted to the sample, which will thereby be 

internally heated. With such a device it is possible to sinter e.g. alumina to full 

density within some few minutes [17–18].  

Pressure may be applied during heating to enhance the compaction process. When 

the pressure is uniaxial (often using graphite dyes) the procedure is called hot-press 

sintering, and the sintering time scale is hours (Figure 1.1a). Another uniaxial 

pressing method is spark plasma sintering (SPS), which involves transmission of DC 

pulses through the graphite dye, and in special cases through the sample, instead 

of external resistive-heating elements (Figure 1.1b). SPS is used in connection with 

pressureless and hot-press sintering. This method offers a possibility to densify 
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and control the microstructure of a sample within some few minutes [19]. Hot 

isostatic pressing (HIP) is a sintering technique utilizing a high gas pressure to obtain 

an isostatic pressure. 

 

 (a)      (b) 

Figure 1.1 Schematic sketches showing the principles of:  (a) Hot press sintering and (b) Spark 
plasma sintering. 
 

1.3. Mechanical properties 

When a tensile stress is imposed on a material, an elastic strain is induced. The 

slope of the strain–stress curve in the elastic region is called the elastic modulus or 

Young’s modulus (Figure 1.2). A large slope thus means a large elastic modulus. A 

perfectly ordered ceramic material has a higher modulus than most metals. Due to 

very strong bonds and the fact that plastic deformation involves mainly 

dislocation movements along slide planes, a high stress is required to transcend 

the elastic zone and enter the plastic deformation region. Sliding along certain 

crystallographic planes soon results in entanglement of planes and e.g. grain 

boundaries [3]. Such faults will then grow to microcracks that may result in 

sudden catastrophic failure; i.e. the material lacks the toughness characteristic of 

metals. The phenomenon is known as brittle behaviour, but ceramic materials 

usually seem to break already in the elastic region. The theoretical strength of a 

brittle material is determined by the bonding forces and can be expressed in terms 

of Young’s modulus [3]. However, a high theoretical value of that modulus does 

not necessarily mean that the material in practical use has high strength or a high 

bulk value of Young’s modulus.  
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Figure 1.2 Schematic strain–stress diagram showing the different regions. It should be noted that 
ceramic materials usually break in the elastic region. 
 
As mentioned above, processing always results in defects consisting of pores, 

cracks or inclusions. When a tensile stress is applied, these defects yield local 

stress concentrations exceeding the theoretical strength of the material, which 

results in failure. Young’s modulus and strength decrease with increasing volume 

fraction of pores [3]. The brittle behaviour of ceramics can be reduced according 

to an expression based on the Griffith relation (1.1) [14].  

 
σF=Yc-½K1C    (1.1) 
 

where σF is called the fracture strength, Y is a flaw-geometry dependent factor, c is 

the flaw size and KIC is the fracture toughness, which is a measure of the 

susceptibility of a material to failure due to a flaw (see next section) [20]. 

Increasing the fracture toughness or decreasing the flaw size could thus increase 

the strength - simple in theory but very difficult in practice.  

In order to evaluate ceramic samples, their mechanical properties can be measured 

in numerous ways. However, due to the small size of ordinary laboratory samples, 

the number of testing methods is limited. The samples made in a laboratory scale 

Hot-Press have cylindrical shape with a typical diameter of 12–20 mm and a 

height of 5 mm.  

A common method for measuring the hardness is by indentation techniques. Such a 

method is Vickers indentation, in which a square diamond pyramid is pressed at a 

certain load into the surface of the material (Figure 1.3).  
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 (a)      (b) 

Figure 1.3 (a) Sketch showing Vickers indents on a brittle sample and the resulting axial and radial 
cracks. (b) In practice the evaluation can be difficult to perform, implying that several indents must be 
investigated. The SEM micrograph shows an indent in a TiC/Al2O3 composite.  
 

This results in plastic deformation and yields cracks, so that a mark remains on the 

surface when the pressure is released. The Vickers hardness is defined as the ratio 

of the applied load and the contact area (1.2):  

 
H=P/(a2α0)    (1.2) 
 

where P is the load in Newtons, αo is an indenter-geometry dependent constant, 

which is equal to 2 or 1.8544, when the projected area [21] or the actual 

indentation area, respectively, is considered. a is the length in metres of the 

diagonal of the obtained indentation. The resulting unit is Pa. When these indents 

are made, the ceramic material cracks axially in a so-called halfpenny shape. The 

cracks are visible at the surface as radial cracks that have propagated out from the 

corners of the indent (Figure 1.3). The crack lengths yield the fracture toughness, 

which can be evaluated according to an expression by Anstis [21].  

 
K1C=A(E/H)½(P/C3/2)   (1.3) 
 

where A is a constant (0.016±0.004), P is the load in Newtons, C is the crack 

length, H is the Vickers hardness, and E is modulus of elasticity (Young’s 

modulus). The unit of fracture toughness is Pam½. However, there are also several 

other similar expressions for the fracture toughness determination, which will not 

be discussed in this text [22–23]. 
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1.3.1. Toughening by reinforcement materials 

Reinforcing the ceramic by introducing a different phase or the same phase with 

different morphology may increase the fracture toughness. Reinforcement can be 

achieved e.g. by addition of micron-sized particles (particulates), nano-sized 

particles or fibres (continuous or discontinuous). Discontinuous fibres are called 

whiskers, and are defined as minute, high-purity single crystals [24]. Expressed in 

another way: they are filamentary single crystals with a high aspect ratio [25]. 

More about whiskers follows in section 1.4. 

 

1.3.2. Reinforcement materials and mechanisms  

A reinforcing phase incorporated in the matrix can contribute by different 

mechanisms to the reinforcement of the material. The difference in thermal 

expansion and Young’s modulus between the reinforcement and the matrix plays 

a central role, because thermal mismatch can create stress fields and microcracks 

around the reinforcement particles (independent of the morphology). The thermal 

expansion of some materials is given in Figure 1.4.  
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Figure 1.4 Third-degree polynomials representing the thermal expansion of some candidate materials 
for reinforcing alumina [26]. 
 

When a propagating crack meets such a stressed area (between the reinforcement 

and matrix) the crack energy is lowered or completely consumed by various 
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processes, which results in increased fracture toughness; this is called crack pinning 

(Figure 1.5 e). If the thermal expansion of the reinforcement αR is greater than 

that of the matrix αM, then the cracks may be forced to bend around the particle 

[4], and this is termed crack deflection (Figure 1.5 c). According to the thermal 

expansion properties depicted in Figure 1.4, TiN would be the only material 

among the plotted phases that could be responsible for this mechanism when 

Al2O3 is reinforced. However, in reality, crack patterns looking like deflection 

mechanisms could be found in other systems with the reversed α-scenario. When 

αR < αM, stresses may occur during cooling from the sintering temperature, 

resulting in microcracks if the strength threshold value of the matrix is exceeded 

[4]. This is termed micro cracking and is also a crack-energy consuming toughening 

mechanism [27] (Figure 1.5 d). If the expansion difference is too large, the micro 

cracks will grow and the toughness is instead lowered. 

 

 
Figure 1.5 Different toughening mechanisms when a crack enters whisker-reinforced composites (a) 
bridging, (b) pullout, (c) deflection, (d) micro cracking (e) pinning. The mechanisms in (c), (d) and 
(e) are thought to work also for particulates. 
 

The stresses introduced when cooling from sintering temperature to room 

temperature may be roughly estimated using the following relation [28]: 

 
σmr  = (αp-αm)∆T/[(1+νm)/2Em]+[(1-2νp)/Ep] (1.4) 

 
where σmr is radial matrix stress, αp and αm are the thermal expansions of the 

particle and matrix, respectively, ∆T is the temperature range from room 

temperature up to a temperature where stresses are not released by a diffusive 

process, νp and νm are Poisson´s ratios for particle and matrix respectively, and Ep 

and Em are Young´s moduli for particle and matrix. Putting in reasonable values in 
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the expression indicates substantial matrix stresses in some composites after 

cooling down from sintering (see section 1.5.2.3.). 

Nano-sized particles, generally considered to be particles having diameters less 

than 100 nm, require lower sintering temperatures compared to micron-sized 

particles. During the last decade an increasing interest in the preparation of nano-

sized ceramics has been seen. Niihara and co-workers managed, at the end of the 

eighties, to obtain composites with nano-sized particles embedded in or in-

between larger alumina grains, and this tailoring of the microstructure could thus 

result in four different composite types (Figure 1.6) [29]. The mechanical 

properties of these composites were outstanding, but the results have been 

difficult to reproduce for other research groups. Nano-particles can give rise to 

other, “new” toughening mechanisms in composites. The intra/inter type (Figure 

1.6) has proved to be the most toughening, and the intra type the least [30]. In the 

intra/inter type the nano-particles at the boundaries are thought to steer the cracks 

into the matrix grains, and the particles inside the matrix grains could make the 

crack propagate in a wavy, crack energy consuming manner, which also may yield 

self-locking of the cracks, so-called crack clinching [31]. Due to the small size of 

nano-particles, only a small volume fraction (less then 10 vol.%) of such particles 

is required in a composite for increasing the fracture toughness. This should be 

compared to micron-sized particle composites having toughness optima at often 

20–30 vol.% additions. It has been shown theoretically that for SiCn/Al2O3 

composites the toughness optimum is at about 10 vol.% [31]. In practice, e.g. in 

the experiments described in this thesis, it was indeed difficult to obtain nano-

composites with higher volume contents exhibiting separated nano-particles that 

had retained their small size during the processing.  

The nano-particles mentioned above are equiaxed (particulates). Recently, very 

small whiskers denoted nanowires or rods have been developed [32], and when 

these are mixed into ceramic composites, even more interesting materials and 

reinforcement mechanisms can be expected. 
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Figure 1.6 Different nano-composite types proposed by Niihara [29]. 

 

Using micron-sized whiskers instead of equiaxed particles (particulates), more 

toughening mechanisms can be utilized than those already mentioned. Whiskers 

are thought to toughen the material by bridging if they are bonded to the matrix, 

and by pullout if they are thermally mismatched with the matrix or de-bonded 

during stress (Figure 1.5 a–b) [20]. Therefore one may expect smooth whisker 

surfaces to be preferable to rough surfaces when considering toughness 

improvement.  

 

1.4. Whiskers 

Whiskers were first mentioned in the literature in the 16th century, when 

filamentary crystals were observed in nature [25]. During the later part of the 20th 

century, these small single-crystalline fibres have also been called filaments, 

filamentous crystals, needles or cat whiskers, and now, more recently, some forms 

have been described as nanorods or nanowires to denote their size and also to 

connote the recent wide interest in nano-sized materials. Their lengths are most 

often 10 µm–10 mm and their diameters 10 nm–100 µm [20]. Many whiskers are 

single-crystalline and free of defects, and therefore their strength approaches that 

set by the interatomic bonding forces [24].  

SiC is the whisker phase most widely used in commercial applications. SiC 

whiskers are  thus used as reinforcement of alumina in cutting tools for machining 

e.g. grey cast iron. Despite good properties such as high Young’s modulus, high 

oxidation resistance, and high melting point, SiC has limited chemical stability.  

So, when machining e.g. stainless steel, the temperature at the contact area can be 
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very high, implying that Fe will react with SiC, forming FeSi2. Therefore SiC is not 

suitable as reinforcement in composites intended for machining steel. 

The driving force for the development of new whisker materials is their 

outstanding mechanical properties. Different materials exhibit, e.g., different 

thermal expansion and conductivity, and therefore new whisker phases may offer 

new possibilities in ceramic reinforcement. 

Except for composite reinforcement, whiskers have found use in, e.g., Atomic 

Force Microscopy (AFM) as probes [33] and in microelectronics [32].  Whiskers 

are also suggested for use as single-photon detectors [34]. 

 

1.4.1. Whisker synthesis methods 

Whiskers are formed under special preparation conditions. The studies of growth 

have, according to Givargizov [25], revealed two main mechanisms that are 

generally accepted: the dislocation model (where the whiskers are assumed to grow 

around a screw dislocation) and the VLS mechanism.  

During the past forty years, a large number of new whisker phases and synthesis 

methods have been reported. Three main types of reactions can be distinguished, 

having names and acronyms referring to the growth types:  

 

1.4.1.1. Liquid-Solid (LS) 

In LS growth, whiskers may precipitate from a melt. It has been reported that TiN 

whiskers can grow from a cyanide melt [35]. Another mechanism that may be of 

an LS type is the in-situ formation of complex boride whiskers (Ti,Nb)B in a metal 

matrix from a mixture comprising Al, Ti, B, and Nb[36]. 

 

1.4.1.2. Vapour-Solid (VS) 

A vapour containing the whisker constituents is deposited on a surface. An 

example is the decomposition of CO(g) and the subsequent deposition and 

growth of single-walled carbon nano-tubes on Co-Mo catalyst surfaces at about 

700°C [37]. Sears was a pioneer in the whisker science, growing metal whiskers on 

glass surfaces [38]. He found that these whiskers grew via a screw dislocation 
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mechanism. The VS mechanism has later been reported as being responsible for 

the growth of e.g. Si3N4 whiskers [39]. 

 

1.4.1.3. Vapour-Liquid-Solid (VLS) 

Ten years after Sears proposed his model, a new growth mechanism for silicon 

whiskers was presented by Wagner and Ellis [40]. They found that a liquid gold 

layer surface (at high temperature), forming an eutectic with a silicon substrate, 

had a large accommodation coefficient for certain gases and was thus a preferred 

site for deposition of Si (from SiCl4(g) and H2(g)). After supersaturating a metal 

droplet, a whisker could grow out of its surface. This mechanism was called VLS, 

and most whisker synthesis methods utilize this growth mechanism.  

 

1.4.1.3.1. Chemical Vapour Deposition (CVD-VLS)  
The CVD process has been used for the synthesis of SiC whiskers by e.g. Milewski 

et al. [24]. This growth mechanism is thought to work according to Figure 1.7, 

where SiC is grown on a steel catalyst droplet, from a vapour feed of SiO, H2 and 

CH4 at 1400°C.  

 
Figure 1.7 The scenario of SiC formation from vapours (after Cooke [5]) 

Other whisker phases that have been synthesised via the CVD method are e.g. 

HfC [41–42], HfN [42], TiCx [43], TiC [44–45], TiB2 [46] and TiC nanorods [32]. 

In the CVD reactions mentioned above, all the gaseous species are fed into the 

reaction zone. However, there are some articles dealing with the synthesis of 

Al2O3 whiskers, in which all or some of the reacting gas species are formed inside 

the furnace. Gases are formed by reaction of e.g. H2O/H2 and Al, forming AlO(g) 
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at 1300°C to 1600°C, which further may deposit, nucleate, and grow an alumina 

whisker [47–49]. 

 

1.4.1.3.2. CarboThermal Reduction (CTR-VLS) 
The mechanism used in this study involves the formation of gases inside the 

furnace. The reaction gases are formed during carbothermal reduction processes. 

This method is somewhat less frequently used than CVD in exploring new 

whisker phases, but it is the most common process for large-scale production of 

SiC whiskers. In the latter case, the starting materials are rice hulls [50], which 

naturally contain organic material as precursor for carbon, SiO2 and also a small 

amount of a metal oxide as catalyst. Pyrolysis of this mixture in nitrogen at 

temperatures increasing up to about 1300°C is a cost-effective manufacturing 

method for SiC whiskers. It has been reported that coconut shells offer similar 

possibilities [51], but SiC whiskers may also be formed using: SiO2, a hyper-

stoichiometric amount of carbon and a catalyst metal [52]. 

 

1.4.2. Health hazards concerning whiskers 

Whiskers and inorganic fibres are considered to be harmful and must be handled 

with care. The most crucial parameters are their diameter, crystallinity and 

chemical stability [53–54]. Skin contact with fibres of diameter larger than 5 µm 

may lead to itching and irritation. When the diameter is less (about 1 to 3 µm) the 

fibres become airborne and irritate the respiratory passages, which may cause 

coughing. Whiskers with diameters in the sub-micron range may reach the alveolar 

air passages if inhaled, and due to their chemical stability or ability to split in the 

axial direction they can damage the alveoli and stay in the tissue for a long time. 

They are therefore generally assumed to be carcinogenic. On the other hand, 

boron carbide whiskers are not considered to be harmful, because their often 

larger sizes and somewhat lower aspect ratio than other whisker types makes them 

more difficult to inhale. In addition, it has been shown that these whiskers are not 

carcinogenic [16]. 
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1.5. The aim of the present work 

The present work has been divided into two different parts with a complex of 

problems: 

1. Whisker synthesis – What is the functionality of the CTR-VLS mechanism. The aim 

was to prepare new whisker types and investigate the CTR-VLS growth mechanism. 

Ti0.33Ta0.33Nb0.33C [55], TiB2 [56], B4C [57], and LaxCe1-xB6 [58] have been 

synthesised and characterised.   

2. Ceramic composites - Is there any difference in toughening effect between different whisker 

types?  Is there any difference in toughening effect between whiskers and corresponding 

particulates and nano-particles? The aim was to first establish a water-based processing 

scheme for the preparation of alumina-based composites and then apply that scheme to 

different systems in order to obtain homogeneous composites. A processing scheme for 

TiC/Al2O3 and TiN/Al2O3 composites was developed; the corresponding investigation 

is denoted “powder processing” [59] below. The knowledge from that project was applied 

to other systems: TiN and SiC “nano-composites” [60] and “whisker- and particulate 

composites” [100] (unpublished work) have been prepared by SPS sintering and 

characterised.  

 

1.5.1. Whisker synthesis 

1.5.1.1. Background to the synthesised whiskers 

In the literature many studies have been reported on the CVD–VLS method in 

forming different whisker types, but less work on CTR–VLS, even though this 

method is more cost effective. Some phases, besides the rice-husk and coconut-

shell syntheses of SiC [50–51], have been reported as grown via CTR–VLS, e.g. 

TiC [61], Ti(C,N) [62], (Ti,Ta)C [63], (Ti,Ta)C,N [63], TaC [64–65], NbC [66–

67]. 

TiC, TaC and NbC, with cubic NaCl structure are known to form solid solutions, 

and by controlling the amounts of metal constituents it would be possible to 

control properties such as the thermal expansion behaviour. 

TiB2, with an hexagonal structure (P6/mmm) exhibits excellent mechanical 

properties (see Table I) and chemical resistance and is therefore expected soon to 
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become one of the most frequently commercially used ceramics [68]. There is 

published work on CVD synthesis of TiB2 whiskers [46], but no articles dealing 

with CTR–VLS preparation could be found.  

Boron carbide, with a rhombohedral structure (R-3m), was first prepared in 1883 

[69], and since then many investigations have been performed. This material has 

been reported to be even harder than TiB2 and also harder than cubic boron 

nitride (cBN) at temperatures above 1100°C [70–71]. A disadvantage of boron 

carbide, e.g. as reinforcement in cutting tools is that it reacts at 1000°C with metals 

that form borides and carbides [72]. It exists over a wide homogeneity range, from 

B4C to B10.4C, [69]. However, the system seems to be very complex and is not yet 

fully characterised. Due to its mechanical properties, special attention has been 

paid to B4C whiskers; in the sixties Gatti et al. reported e.g. VS formation of boron 

carbide filaments from vaporisation of boron carbide powder at 1950°C and 

deposition at 1850°C [73]. They also made mechanical measurements and found 

that the strength of the formed whiskers was dependent on the surface roughness. 

It was concluded that “defects” such as surface steps must be eliminated. No 

article dealing with CTR–VLS of boron carbide has been found, but CVD 

reactions forming needles, whiskers and nanowires have been reported [74–76].  

Due to their good mechanical properties, whiskers are most often used as 

reinforcement. However, there are also other interesting properties than those 

that may be utilized for mechanical applications, for instance thermoelectric 

properties, such as the Seebeck coefficient. The preparation of (La,Ce)B6 whiskers 

has been investigated in cooperation with the National Research Laboratory 

(NRL) in Washington, USA. It has been found that these materials can exhibit 

high values of the Seebeck coefficient at low temperatures (where noise can be 

minimised), and this is a property that can be utilized for photon-sensing 

applications [77–79]. Lanthanum and cerium hexaborides are today commonly 

used in applications such as electron guns. Whiskers of these phases can therefore 

be interesting because of the morphology and the often defect-free structure.  The 

synthesis of LaB6 whiskers by different CVD methods was reported already in the 

late seventies [80–81], but neither LaB6 nor CeB6 have been reported as 
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synthesised via a CTR-VLS growth mechanism. In fact, whisker synthesis of CeB6 

and LaxCe1-xB6 could not be found in the literature at all. LaB6 and CeB6 show 

similarities, having the same structure (Pm-3m) and almost the same cell 

parameters a = 4.1469 Å and 4.1412 Å, respectively. Both are known to exist with 

different boron stoichiometries. The composition of LaB6 has been reported as 

ranging from about LaB6 to LaB7.3 with a colour change from purple to bright 

blue with increasing boron content [82]. It is also known that La and Ce may 

substitute for each other in a complete solid solution [83-84]. The main task of 

this project has been to investigate if LaxCe1-xB6 (0≤x≤1) whiskers can be 

prepared by a CTR-VLS growth mechanism.  

As already partly discussed, the starting materials in the CTR–VLS method are 

powdered oxide(s), carbon powder for the carbothermal reduction, and a 

volatilising agent, e.g. NaCl, for transporting the metal from the oxide as a gas 

phase. Finally, in order to obtain whisker growth, a catalyst metal must be added. 

This metal should be able to dissolve the whisker constituents and form a eutectic 

system that can be supersaturated by the addition of constituents from the vapour 

and the carbon powder. It is assumed that the catalyst droplet is in contact with 

carbon and forms a low-melting eutectic with a large accommodation coefficient 

for the gaseous phases. Continuous addition of the whisker constituents to the 

droplet results in supersaturation and nucleation of the actual whisker.  The 

whisker then grows out of the droplet, and growth continues until the carbon in 

contact with the droplet has been consumed. The catalyst droplet then becomes 

eroded by the action of chlorine gas. The metal chloride gas is then thought to 

deposit on a new carbon particle agglomerate, forming a new eutectic. In this 

manner the catalyst metal is recycled and is only required in small amounts. Such a 

process is visualised in Figure 1.8.  
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Figure 1.8 A sketch visualising possible reactions during the formation of (Ti,Ta,Nb)C,N 
whiskers. 
 

1.5.1.2. CTR-VLS Synthesis parameters 

It should be stated that whisker formation via CTR-VLS is complex and difficult 

to control. In Figure 1.9 a scheme is presented, drawn from our own experience 

and that of others, visualising some of the parameters influencing whisker 

synthesis and whisker properties. 
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Figure 1.9 Some synthesis parameters determining whisker growth (via CTR-VLS) and properties. 
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1.5.2. Ceramic composites  

1.5.2.1. Powder processing  

Addition of TiN or TiC reinforcement phases to an alumina matrix has been 

shown to increase hardness, fracture toughness and thermal shock resistance [85–

86]. In order to optimise the mechanical properties, the reinforcing particulate 

phase must be well dispersed in the matrix. Mixing, deagglomeration and 

dispersion of the reinforcing materials are commonly performed in a liquid 

medium, preferably water.  Additions of dispersing agents and/or manipulation of 

the solution properties, e.g. the pH value, are frequently used to optimise the 

suspension properties. 

The aim was to develop an aqueous colloidal processing route for preparation of 

well-dispersed powder mixtures in the Al2O3–TiN/TiC system, which upon 

densification by a hot press would yield dense compacts with homogeneous 

microstructures. Based on thorough powder characterisation, and on the results of 

suspension characterisation, a processing scheme was developed and applied to 

systems containing 20–25 vol.% micron-sized TiN and TiC particulates, TiC and 

Ti(C,N) whiskers, and 5-20 vol.% nanosized TiN particles. 

 

1.5.2.2. Prepara ion and characterisation o  nano-composites t f

Both TiN and SiC are used in ceramics to reinforce alumina. However, since the 

thermal expansions are different, TiN having a higher and SiC a lower thermal 

expansion than alumina, the properties should be different. For instance, at room 

temperature after sintering, in the case of SiC/alumina composites the SiC 

particles are compressed and the matrix is in tensile stress. The opposite is 

expected for TiN/alumina. Therefore the surface properties, e.g. the degree of 

surface oxidation or impurity, play important roles for the internal stress fields and 

therefore mechanical properties. Alumina reinforced with TiN or SiCnano particles 

has been prepared and reported earlier [29][87], but not by utilising a processing 

route like the present one.  

The aim of this project was to apply the processing scheme [59] to the preparation 

of powder mixtures comprising nano-sized TiN and SiC particles dispersed in 
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fine-grained alumina, to sinter them to full density by spark plasma sintering (SPS) 

and to correlate the microstructures with mechanical properties. By varying the 

sintering temperature, attempts were made to tailor the microstructure to obtain 

different nano-composite types as in Figure 1.6. 2 and 5 vol.% of TiNnano and 

SiCnano were tested because it was shown that admixtures above 10 vol.% of 

TiNnano resulted in agglomerated nanoparticles [59].  

ζ potential measurements on similar ceramic powders have shown that the pHiep 

is about 3–5 for TiN [59][88–89], and 2.5-3 for SiC [90], whereas it is about 9 for 

Al2O3 [59][90]. However, when adding a small amount of a dispersant (0.5 wt.% 

polyacrylic acid (PAA)) to an alumina/water suspension, the pHiep value decreases 

to about 3 [91–93] and the dispersant yields a pH of about 9 [59]. This means that 

well-dispersed composite slurries of low viscosity can be obtained without further 

controlling the pH. This behaviour was utilized for all the preparations in this 

study. 

 

1.5.2.3. Prepara ion and characterisation o  whisker and particulate 

composites 

t f

In this investigation, both commercial SiC whiskers and in-house produced 

whiskers have been used and tested as reinforcement. The aim was to prepare, 

investigate, and compare composites comprising particulates or whiskers from the 

TiC, TaC, NbC, (Ti,Ta)C, (Ti,Ta,Nb)C, TiB2 and B4C–Al2O3 systems.  

Zeta potential measurements on similar ceramic powders have shown that the 

pHiep value is about 2–5 for TiC [94][59] and, as described in the previous section, 

it is about 9 for Al2O3 [59]. Therefore, by applying the same considerations as in 

the previous section, well dispersed, low viscous composite slurries could be 

obtained without further controlling the pH. Since pHiep for SiC, TaC, NbC, B4C 

is 2–4 [90][95], 3[95], 3[95], 2–6 [90], respectively, i.e. in the same region, these 

powders were assumed to behave in the same manner as TiC, and so also the 

mixed carbide phases. The electrokinetic behaviours of TiB2 and B4C have proved 

to be complex, exhibiting four isoelectric points in the region 3–10 [90][95]. 

However, the same processing route was used also for TiB2 and B4C. 
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Investigations on the toughening effect of different admixtures of micron-sized 

reinforcement particles have shown that 25–35 vol.% is optimal from a 

mechanical point of view [86].  On the other hand, loadings higher than 10 vol.% 

of B4C in alumina have been demonstrated not to increase the fracture toughness 

[16]. In the present work, 25 vol.% was used in all composites. The spark plasma 

sintering (SPS) method was chosen for the densification process, because it allows 

very fast sintering and thus suppresses grain growth during sintering [19]. 

Another aim of the study was to investigate if a connection could be obtained 

between mechanical properties of the composites and estimated residual stresses 

(from thermal expansion mismatch). All the reinforcement materials exhibit lower 

thermal expansion than alumina and thus give rise to compressive stresses at the 

particle/matrix interface when cooled down from the sintering temperature. The 

literature properties of the used materials are listed in Table II. Young´s modulus 

was assumed to have values corresponding to the 25 vol.% admixture of 

reinforcement in the alumina matrix, according to the Voight model [1]:  

 
Ecomposite=V2E2 + (1-V2)E1   (1.5) 

 
The mixed carbides were assumed to have values corresponding to a mix of the 

pure carbides values [7] (Table II).  

The linear thermal expansion coefficient values, α, for the different materials were 

calculated as averages of α293K and α1200Κ [26]. α values for Ti0.05Ta0.95C and 

Ti0.33Ta0.33Nb0.33C were calculated assuming the following relation:  

 
αmix= Σ(dnαn)    (1.6) 

 
Where d is the molar fraction of the different carbides and α is the thermal 

expansion of the pure carbides. 

Using α and E values according to Table II, approximating ν to be 0.25 (which is 

consistent with literature values) for all the materials and assuming ∆T to be 

1 000°C [28], one finds that substantial matrix stresses can be developed 

according to equation (1.4), see Table II. The different stresses could yield e.g. 

different degrees of micro-cracking and different crack propagation behaviours. 
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Neglecting contributions from chemical bonding, the calculated stress values 

could reflect the mechanical bonding situation in the composites, and in that case 

a correlation is expected between the obtained fracture toughness and the stress 

field.   

 

Table II Literature data on the physical properties of the different starting materials, and calculation of 
residual compressive stresses of composites containing 25 vol.% of reinforcement particles in alumina. 

 

Phase Linear thermal 
expansion 

coefficient, α 
(10-6*K-1) 

Young’s 
modulus, E 

 
(GPa) 

Estimated 
Young’s modulus 

for composites 
(GPa) 

Calculated 
compressive 
stresses, σmr

(MPa) 
Al2O3 7.5 390 - - 
TiC 7.5 370 385 0 
TaC 6.35 285 364 -386 
NbC 6.65 338 377 -290 
Ti0.05Ta0.95C 6.41 290 365 -368 
Ti0.33Ta0.33Nb0.33C 6.77 331 375 -250 
TiB2 7.3 450 405 -70 
B4C 5.55 460 408 -690 
SiC 4.45 400 393 -1061 
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2. EXPERIMENTAL 
 
2.1. Thermodynamic predictions for whisker synthesis 

Equilibrium calculations with the program package HSC Chemistry [9] were made 

in order to predict the stability of phases that formed from different starting 

mixtures. The program uses the Gibbs free energy minimisation method, and the 

results give valuable information concerning suitable synthesis temperatures and 

reaction mixture proportions. The calculated results serve as indications rather 

than exact predictions. However, the correlation between the observations and the 

program output has been consistent.  

 

2.2. Whisker synthesis procedure 

2.2.1. Starting materials 

The starting materials that were used in the syntheses are presented in Table III. 

The carbon-black powder contains 21 wt.% volatile components that were burned 

off during heating. This powder has proved to retain a fluffy consistency also after 

heating and to give higher whisker yields than carbon powders without volatile 

parts [64]. The fluffy consistency is thought to improve the distribution of 

reacting gases during synthesis and to provide space for the growing whiskers. An 

excess of carbon powder was used in some of the starting mixtures in order to 

allow the whiskers to grow separated from each other and thus to avoid formation 

of agglomerates. 

It has also been found that the combined use of two different particle size 

fractions of sodium chloride gives higher whisker yield than a single fraction. The 

reason for this is not clear, but one explanation is that the fine-grained salt 

becomes active at an early stage and starts the reactions, while the more coarse-

grained powder keeps the reaction going for a longer time at the synthesis 

temperature. It should be noted that the syntheses were performed at 

temperatures near or above the boiling points of the salts used.  
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As a precautionary measure, the starting powders as well as the whisker products 

have mainly been handled in a specially designed powder hood, where airborne 

particles are sucked down through a slab in to the ventilation system via a filter 

package, see Figure 2.6.  

 

Table III The starting materials used for all the whisker syntheses. The numbers in the “Aim” 
column correspond to the syntheses of 1) Ti0.33Ta0.33Nb0.33CxN1-x, 2) TiB2, 3) B4C, and 4) LaxCe1-xB6. 
Aim Substance Particle 

size 
Purity 
(wt%) 

Manufacturer Comment 

1,2 TiO2   Aldrich  
1 Ta2O5 1 µm 99.9 Starck  
1 Nb2O5   Starck  
4 CeO2   G. Frederick 

Smith Chemical  
Company, USA 

Cat. No. 354 

4 La2O3   Johnsson 
Matthey, GmbH 

Cas. 1312-81-8 
Lot. BA 04104 

2,3,4 B2O3  99 Aldrich  
3 B2O3  99.6 Stem Chemicals Dehydrated fine grained 
2 Na2B4O7  99 ABCR  
1,2,3,4, NaCl   Akzo Prezel, coarse ”M” salt 
1,2,3,4, NaCl   Akzo Microsalt, extra fine YPS salt, 

G95 
1 NaF  99 Kebo Lab  
1 NaI  99.5 Merck  
2 MgCl2     
2 KCl  99.5 Merck  
1,2,3,4 Ni -325 mesh  Cerac  
1 Ni foil 20x5x1mm    
1,2,3 Fe -325 mesh 97 Aldrich  
1,2,3,4 Co -100 mesh  Johnsson Matthey  
1,3 Co -325 mesh  Cerac  
1 Ni–Co < 45mm   50 at.% Ni and 50 at.% Co 
1 Ni–Mn < 45mm   80 at.% Ni and 20 at.% Mn 
2 Ni–Cu    80 at.%Ni and 20 at.% Cu 
1,2,3,4, C 13nm 79 Degussa FW 200, contains 21 wt.% 

volatiles 
1,2,3,4 Ar (g)     
1,2 N2 (g)     
 

The weighed-in molar ratios of the starting materials used in all experiments 

described below are given in Table IVa–d. The tested molar ratios are based on 

previous work [61–64]. 

 

2.2.2. Powder homogenising 

All mixtures were prepared in the following manner: The raw materials were dry 

mixed for 5–10 minutes in a high-speed blender equipped with stainless-steel 
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shafts in order to obtain a well-mixed, fluffy powder. Two different blending 

devices have been used for mixing; a kitchen blender (Osterizer, 10 speed blender) 

and a rebuilt milling cutter (Bosch POF 600 ACE) equipped with the same 

stainless-steel cutter as the former, specially designed for allowing larger batches.  

 

Table IVa–d Molar ratios used for the different syntheses: (a) Ti0.33Ta0.33Nb0.33CxN1-x. (b) TiB2. 
(c)  B4C and (d) LaxCe1-xB6. Optimum catalyst metal and halogenide salt are given in brackets and 
the optimum molar ratios are shaded.

 

(a) Raw materials Molar ratios 

 TiO2:Ta2O5:Nb2O5 1:0.5:0.5 
 TiO2:C 1:3 
 Ta2O5:C 1:7 
 Nb2O5:C 1:7 
 (TiO2+Ta2O5+Nb2O5):halogenide salt (NaCl) 1:0.5 
 (TiO2+Ta2O5+Nb2O5):catalyst metal   (Ni) 1:0.05 

(b) Raw materials Molar ratios 
 TiO2: B2O3  1:1 1:1 1:1 1:1 1:1 1:1 
 TiO2: C 1:6 1:6 1:8 1:6 1:6 0:6 
 TiO2: halogenide salt (NaCl) 1:0.25 1:0.25 1:0.25 1:0.25 1:0 0:0.15 
 TiO2: catalyst metal   (Ni) 1:0.1 1:0.2 1:0.1 1:0 1:0.1 0:0.1 
 
(c) Raw materials Molar ratios 
 B2O3: C 1:2 1:3.5 1:5 1:6 1:6 1:6 1:6 
 B2O3: halogenide salt (NaCl) 1:0.25 1:0.25 1:0.25 1:0.25 1:0 1:0.25 1:0.25 
 B2O3: catalyst metal   (Co) 1:0.1 1:0.1 1:0.1 1:0.1 1:0.1 1:0 1:0.2 
 
(d) Raw materials Molar ratios Raw materials Molar ratios 
  LaB6 La0.53Ce0.47B6  CeB6

 La2O3: CeO2 1:0 1:1.8 CeO2:B2O3 1:3 1:3 1:3 1:3 
 La2O3: B2O3 1:7.6 1:11.4 CeO2:C 1.12 1:11 1:11 1:11 
 La2O3: C 1:23.2 1:44.6 CeO2: NaCl  1:0.25 1:0.25 1:0.25 1:0 
 La2O3: NaCl  1:0.5 1:0.95 CeO2: Ni  1:0.1 1:0.1 1:0 1:0 
 La2O3: Ni  1:0.2 1:0.38      

 

2.2.3. Reaction crucibles 

The reaction mixtures were put into cylindrical graphite crucibles with perforated 

lids allowing gas exchange with the surroundings. Two crucible sizes with the 

same proportions were used, one having the volume 50 ml and the other, 20 ml. 

The ratio between open lid area and crucible volume for these crucibles are 0.44 

and 0.51 mm2/ml respectively. 5–20g of reaction mixtures were used depending 

on crucible and mixture. 
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2.2.4. Furnace heating 

All syntheses were performed in a graphite furnace (Thermal Technology, Inc., 

Santa Rosa, CA, USA) where the reaction mixtures were heated in flowing argon 

or nitrogen (0.7 dm3⋅min-1) to 900–1800°C in 60 min and held there for 3–4 h. 

The graphite furnace must be operated with a protective atmosphere in order to 

avoid oxidation of the graphite heating elements. A graphite/boron carbide 

thermocouple (serviceable up to 1800°C) provided the feedback signal to the 

furnace regulation system. The temperature increase rate of the equipment is not 

very accurate below 1000°C, increasing in a wavy manner as illustrated in Figure 

2.1a. The furnace offers the possibility to study the hot zone through a window by 

means of an optical pyrometer, which makes it easy to calibrate the furnace at 

temperatures above 700°C. At lower temperatures, the furnace was calibrated with 

an additional thermocouple. The resulting heating profile is shown in Figure 2.1a.  

 

2.3. Reaction studies 

The influence of synthesis time on whisker growth was investigated by quenching 

samples. In order to study the CTR-VLS mechanism, the syntheses were followed 

by means of thermogravimetry (TG), mass spectrometry (MS), and differential 

thermal analysis (DTA). Moreover, the effect of changing the open area/volume 

(A/V) ratio of the crucibles was investigated and, finally, reaction gases were 

condensed and analysed.  In all reaction studies described, the same combination 

of dynamic and isothermal heating as for the syntheses was used (Figure 2.1). 

Exceptions were the DTA-MS measurements where the holding time was 60 

minutes (instead of 180 minutes) and the quench experiments where the dynamic 

heating was 30 minutes (instead of 60 minutes). The starting mixtures are listed in 

Table V-VI. 

 
Table V Molar ratios for starting mixtures used for quench tests. 

 

 TiO2 Ta2O5 Nb2O5 NaCl Ni C 
Ti0.5Ta0.5C 1 0.5 – 1 0.1 7.5 
Ti0.5Nb0.5C 1 – 0.5 1 0.1 7.5 
Nb0.5Ta0.5C – 1 1 2 0.2 14 
Ti0.33Ta0.33Nb0.33C 1 0.5 0.5 1 0.1 10 
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Table VI Molar ratios for starting mixtures used in the following reaction studies: 1) TG, 2) MS, 3) 
DTA, 4) Condensation, and 5) Crucible area/volume (A/V)-tests. 

 

Reaction study Reaction mixture TiO2 B2O3 C NaCl Ni 
1,2,3,5 TiC CTR-VLS 1 - 4.5 0.5 0.05
2,3 TiC CTR 1 - 4.5 - - 
1,2,3,4,5 TiB2 CTR-VLS 1 1 6 0.25 0.1 
1,2,3 TiB2 CTR 1 1 6 - - 
1,2,3,5 B4C CTR-VLS - 1 6 0.25 0.1 
1,2,3 B4C CTR - 1 6 - - 

2.3.1. Quench tests 

Quench tests on syntheses of Ti0.33Ta0.33Nb0.33C, Ti0.5Ta0.5C, Ti0.5Nb0.5C and 

Nb0.5Ta0.5C were performed in order to study the time dependence of whisker 

growth at different compositions. The molar ratios of the materials in the starting 

mixtures are presented in Table V. In these tests the samples were heated to 

1250°C in 30 minutes and then quenched after holding for 0, 5, 10, 20, 30 and 60 

minutes at this plateau temperature. The sample temperature drop was followed 

with an optical pyrometer.  A typical quench temperature profile is presented in 

Figure 2.1b, and it is evident that the temperature had decreased far below the 

reaction temperatures already after one minute. 
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 (a)      (b) 
Figure 2.1 (a) A typical temperature profile for the graphite furnace used for the syntheses, showing the 
wavy regulation during the heating-up period. (b) A typical temperature profile for the quench tests. 
 
 
2.3.2. Thermogravimetric analysis (TG) in the graphite furnace 

A special TG set-up was designed, in which the same large crucible as for the 

syntheses could be used (Figure 2.2). This arrangement was mounted on the 

graphite furnace with the crucible suspended inside the furnace via a tungsten wire 

from a balance (AND Electronic Balance, FX 2000, Japan). This set-up was 
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necessary because commercially available TG equipment often uses open crucibles 

that are designed for samples in the milligram range, and which are thus not 

suitable for studying the present reactions. In this study, typically 10 g of reaction 

mixture was used for each experiment. 
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Figure 2.2. A sketch showing how the TG and MS set-ups were connected to the graphite furnace. 

 

2.3.3. Mass spectrometry analysis (MS) of reaction gases from the 

graphite furnace 

The gas species CO(g) (m/e number 28), and CO2(g) (m/e number 44) from the 

furnace gas outlet were analysed and recorded on-line with a quadrupole mass 

spectrometer (MS) (Baltzers, QMG 420, Switzerland) connected to a computer 

(Figure 2.2). The detection time delay due to the furnace volume, atmosphere flux 

and MS pump capacity was measured to be about 60 seconds, by injecting 

nitrogen into the reaction zone of the furnace and then detecting the 

corresponding MS signal.  

 

2.3.4. Differential Thermal Analysis (DTA) in the graphite furnace 

Since the CTR-VLS mechanisms involve many possible reactions, and the large 

crucible is loosely packed with powder, the actual heat situation inside the crucible 

during synthesis has not been known.  Therefore a simple “DTA” device was 

designed for in-situ measurements under synthesis conditions. Even though this 

device is not strictly an ordinary DTA set-up, it was the most suitable appellation 

and so it will be referred to in this text. However, a double thermocouple (Type S) 
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with a distance of 70 mm between the measuring points was placed in protecting 

alumina tubes and inserted from the top of the furnace (see Figure 2.3) into a 

graphite crucible. The lower measuring point was placed in the middle of the 

mixture while the upper became situated above the crucible. The temperature 

signals were transmitted via shielded coax cables to a data logger (Envic, DP158, 

Finland) where they were recorded. No compensation wire was necessary from 

the cold point due to the negligible voltage output from the Type S (Rh-30%Pt) at 

moderate temperatures. Simultaneously, MS signals from the reaction gases were 

collected as described in the previous section. Three different mixtures according 

to Table VI were used: TiC, TiB2 and B4C CTR-VLS mixtures were compared 

with pure CTR mixtures (i.e. mixtures without catalyst metal and halogenide salt). 

The sample loadings were chosen to mimic the real syntheses and also to yield the 

same CO(g) amount. Tests with only carbon black served as standards.  
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Figure 2.3 A schematic sketch showing the “DTA” and MS set-ups on the graphite furnace. 

 

2.3.5. Reaction gas condensation and characterisation 

The evolution of gases containing e.g. Na, Cl, Ni, Ti and B could not be detected 

with the mass spectrometer, because the gas species containing those elements 

condense at room temperature and therefore never reached the spectrometer. 

However, condensing evolved gases onto chilled copper plates provided a 

qualitative measure of gases containing those elements, except for boron. The 
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chemical composition of the deposits on the plates was analysed in a scanning 

electron microscope equipped with an energy-dispersive spectrometer. The 

copper plates were changed every 10 minutes during synthesis in order to follow 

the evolved gas composition. 

 

2.3.5. Synthesis tests in a double-chamber crucible 

A new versatile graphite crucible was designed for investigating the CTR-VLS 

mechanism (Figure 2.4). This crucible has two chambers, one above the other, 

connected via an adjustable pipe and a slab preventing powder from entering the 

pipe from the top chamber. This crucible offers several possibilities of 

investigating the VLS mechanism, and one of them is the possibility to investigate 

what effect changing the open area/volume (A/V)-ratio has on the whisker yield 

and properties. This was tested on TiC, TiB2 and B4C mixtures according to Table 

VI.  
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Figure 2.4 Sketch and photograph of the double-chamber graphite crucible designed for different CTR-
VLS tests and in this case used for A/V-tests. 
 
 

2.4. Whisker product refinement 

In addition to whiskers, the synthesis products typically contain particulates of the 

same phase as the whiskers and also unreacted carbon powder. Carbon remnants 

may have a deteriorating effect on the mechanical properties of a composite, but 

they could be removed. It has not been possible, however, to develop a method 

for separating whiskers from particles of the same phase, since they have the same 

density and are similar in size (in two dimensions).  
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2.4.1. Removal of excess carbon  

Unreacted carbon in the Ti0.33Ta0.33Nb0.33CxN1-x product was removed after 

synthesis by first blending the product to destroy whisker agglomerates and then 

shaking it with a mixture of water and petroleum ether. The hydrophobic carbon 

powder ended up in the petroleum ether phase and most of the whiskers in the 

water. 

The TiB2 product was separated from excess carbon by adding water/surfactant, 

treating the mixture with ultrasound and then letting the TiB2 phase settle. The 

fine-grained carbon powder remained in suspension. This method was applicable 

also to the LaxCe1-xB6 products. 

The boron carbide whiskers are often larger than the other whiskers but have low 

density, which makes them difficult to separate from a carbon–water/surfactant 

suspension. Instead, the product was first dry-vibration sieved and then treated 

with water and surfactant combined with ultrasound. The fine-grained carbon 

could finally be separated from the whiskers by passing through different nylon 

net filters. 

 

2.4.2. Removal of excess catalyst metal  

Remnants of catalyst metals were sometimes present in the products at the tips or 

surfaces of the whiskers. Such remnants could be removed by treatment with 1% 

hydrochloric acid. 

 

2.5. Whisker product characterisation 

2.5.1. Optical light microscopy 

A quick estimate of the whisker yield of the product was obtained by light 

microscopy at a magnification of x900. A small sample of the synthesis product 

was put on an object glass and then dispersed in a droplet of ethanol, leaving a 

thin layer of well smeared-out product powder after drying. This layer was taken 

to represent the bulk sample. 
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2.5.2. Scanning electron microscopy 

The whisker morphologies and compositions were evaluated with a SEM 

microscope (Jeol 880, Japan) equipped with an energy-dispersive spectrometer 

(ISIS, Link systems, UK). The EDS detector did not allow quantitative analysis of 

elements with atomic numbers lower than that of sodium, implying that carbon, 

nitrogen, oxygen, and boron could only be evaluated qualitatively. The samples 

were prepared by dispersing a small amount of powder in ethanol by means of 

ultrasound, and then letting some suspension droplets dry on a copper plate 

suitable for the microscope sample holder.  

 

2.5.3. Transmission electron microscopy 

Closer studies of morphologies, interfaces between catalysts and whiskers and 

crystallographic growth directions were performed with transmission electron 

microscopes, TEM (Jeol, 2000 FX, Japan) and TEM (Jeol, 3010UHR, Japan). The 

samples used for TEM studies were prepared by gentle grinding in butanol and 

placing one droplet of the suspension onto a holey carbon film supported by a 

copper grid.  

 

2.5.4. Powder X-ray diffraction 

The solid crystalline phases formed were characterised by their powder X-ray 

diffraction patterns (PXRD), obtained with a Guinier–Hägg focusing camera in 

subtraction geometry and also with an image-plate Guinier camera (Huber G670, 

Germany). CuKα1 radiation (λ = 1.54060 Å) was used, and finely powdered 

silicon (a = 5.43088(4) Å) was added as an internal standard. The recorded films 

were evaluated in an automatic film scanner [96], and the unit cell parameters 

were refined with the program PIRUM [97]. The PXRD peaks were identified by 

matching them to JCPDS–ICDD data cards according to Table VII.   

Table VII JCPDS– ICDD cards used for phase identification. 
Substance JCPDS-ICDD 

card No. 
Substance JCPDS-ICDD 

card No. 
Substance JCPDS-ICDD 

card No. 
TiC 32-1383 TiB2 35-0741 LaB6 34-0427 
TaC 35-801 CoB 03-0959 CeB6 38-1455 
NbC 38-1364 B4C 35-0798 C 23-0064 
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A quantification of the TiC and TiB2 content in the TiB2 product was performed 

by comparison with PXRD patterns from a series of standards of TiC (H.C. 

Starck, STD 120) and TiB2 (Johnson Matthey 99.5%). Mixtures with 

TiC/(TiC + TiB2) in molar ratios of 0, 0.05, 0.1, 0.15, 0.25, 0.5, 0.75 and 1 were 

used as standards. Intensity ratios of eleven combinations of diffraction peaks, 

covering most of the 2θ scale, were plotted versus the TiB2 content, and power 

functions were then fitted. The fractions of TiB2 in the synthesis products were 

then averaged from those eleven calibration curves.  

 

2.5.5. Chemical analysis 

The bulk compositions of the prepared Ti0.33Ta0.33Nb0.33CxN1-x and TiB2 materials 

were analysed with standard combustion techniques for N, O (LECO), and C. Ni 

was analysed by atomic absorption spectrophotometry (AAS), and the overall Ti, 

Ta, and Nb contents were determined from spectrometric data and plasma 

emission lines. 

 

2.6. Ceramic composites 

 
2.6.1. Manufacture of composites 

2.6.1.1. Starting materials and characterisation of powders  

All the powders used in the preparation of composites are listed with the 

manufacturer’s specifications in Table VIII. In order to constitute a base for the 

further dispersing experiments that resulted in a processing route, TiC (STD120), 

TiN and TiNnano powders in Table VIII were characterised as follows: 

BET-surface area and particle-size distribution measurements of the as-received 

powders were obtained by means of BET nitrogen adsorption analysis (Flow Sorb 

II 2300, Micromeritics, USA) and X-ray gravitational sedimentation analysis 

(SediGraph 5100, Micromeritics Instrument Corporation, USA), respectively. 

Scanning electron microscopy, SEM (JEOL 880, Japan), and transmission electron 

microscopy, TEM (JEOL 2000FX, Japan), were employed to gain information on 

the particle morphology. Powder X-ray diffraction (PXRD) patterns of the TiC 

and TiN powders were obtained and the XRD peaks were identified by matching 
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them to ICDD data cards of TiC (ICDD card No. 32-1383) a = 4.3274 Å, and 

TiN (ICDD card No. 38-1420) a = 4.2417(1) Å. XPS analysis of the TiN and TiC 

particle surface composition was performed using a Mg–Kα X-ray source and a 

magnetic collimator lens (AXIS-HS, Kratos Analytical, UK). The powder 

solubility was assessed by determining the Ti concentration in solution after 

ageing at pH = 0.8, 6, 10 and 12 for 72 days in each case. Ti was analyzed with a 

DCP (direct current plasma) emission spectrometer (SpectraSpan IIIB, 

SpectraMetrics Inc., USA). Electrokinetic characterisation of TiN and TiC 

particles suspended in 0.01 M NaCl electrolyte was performed by 

Microelectrophoresis (Zeta Sizer 2000, Malvern Instruments, UK). Zeta-potential 

measurements of concentrated (5 vol.%) alumina suspensions (0.01 M NaCl 

background electrolyte) were carried out with an AcoustoSizer™ instrument 

(Matec Applied Science, USA). Analytical grade chemicals (Merck AG, Germany) 

for adjustment of ionic strength (NaCl) and pH (HCl and NaOH) were used. The 

TiNnano powder was pyrogenic and was therefore suspended in a water–ethanol 

mixture (95/5 wt.%) in a glove box filled with nitrogen to promote controlled 

surface oxidation [98]. After this treatment the solvent was evaporated at 50 °C. 

 

2.6.1.2. Composite slurry p ocessing and cha acterisation r r

The processing scheme is depicted in Figure 2.5. The experimental path towards 

the results was a cooperation, between Stockholm University and The Institute for 

Surface Chemistry, YKI. The experiments performed are outlined in Figure 2.5, 

where the work done by the two participants is indicated.  

Concentrated suspensions were prepared by mixing Al2O3 powder with deionized 

water until the desired powder volume fraction was reached. The required amount 

of poly(acrylic acid) dispersant (Dispex A40, Allied Colloids, USA) had been 

dissolved in the deionized water prior to mixing. The anionic polyelectrolyte used 

(denoted as PAA) is an ammonium salt of poly(acrylic acid) with a mean 

molecular weight of Mw = 10000 and a polydispersity of Mw/Mn=1.56 [99]. PAA 

concentrations are given in wt.% with respect to the alumina dry-powder weight. 
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Table VIII Manufacturer specifications of the powders used in all composite preparations. The 
numbers in the left column refers to the following investigations: 1) Powder processing study 2) Nano-
composites 3) Particulate- and whisker composites.  
Study Substance Manufacturer Powder 

grade 
Particle size (µm) Purity 

(%) 
 Nano- 

particles
   D10 D50 D90  

2 β-SiCnano MTI Corporation 
(U.S.A) 

Nano  
β-SiC 

0.03    95 

1, 2 TiNnano H.C. Starck (Ger.) Nano TiN 0.03(BET 
equiv. 
spherical 
diam.) 

    

 Particulates        
2, 3 α-Al2O3 Taimei Chemicals 

Co. Ltd (Japan) 
Taimicron 
TM DAR 

0.1    99.99 

1 Al2O3 Sumitomo(Japan) AKP 30 0.3 µm     
3 β-SiC H.C. Starck (Ger.) UF-10  0.21 0.64 1.69  
1 TiN H.C. Starck (Ger.) Grade C 1.05 µm     
1 TiC H.C. Starck (Ger.) STD 120 1.4 µm     
3 TiC H.C. Starck (Ger.) STD 250 2.6 (FSSS)     
3 TaC H.C. Starck (Ger.)  2.25(FSSS)     
3 NbC H.C. Starck (Ger.)  2.25(FSSS)     
3 TiB2 H.C. Starck (Ger.) Grade F  1.26 2.54 3.9  
3 B4C H.C. Starck (Ger.) Grade HS  0.18 0.76 3.02  
 Whiskers   DxL     
3 β-SiC (Silar®) Adv. Comp. Mat. 

Corp. (USA) 
 0.45-0.65 x 

5-80 
    

1, 3 TiC [61] In-house synth.  0.5-1x10-50     
1 Ti(C,N)[62] In-house synth.  0.5-1x10-50     
 Ti0.05Ta0.95C [63] In-house synth.  0.2-0.6x5-

30 
    

3 Ti0.33Ta0.33Nb0.33C 
[55] 

In-house synth.  0.5-1x10-30     

3 TiB2  [56] In-house synth.  0.5-2x10-50     
3 B4C [57] In-house synth.  0.2-10 x  

1-1000 
    

 

In a first mixing step, alumina and PAA were mixed for 30 min at 400 rpm in a 

planetary ball mill (Pulverisette 6, Fritsch GmbH, Germany) equipped with a 250 

ml SiAlON milling jar and SiAlON milling spheres (Ø = 10 mm)[59][60] or in the 

case of whiskers and particulates [100], mixed for 12 h on a roll bench using 

SiAlON milling media. After this first step, the other solid (reinforcement) phase 

was added, and the sample was milled for another 10 min in the planetary ball mill 

[59][60] or 4 h on a roll bench (whisker and particulate composites) [100]. The 

obtained suspensions were then rolled on a roll bench for 4 h in order to 

equilibrate.  
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Rheological evaluation was performed on suspensions that had been equilibrated 

by 4 h of magnetic stirring. All rheology experiments were carried out with a 

controlled-stress rheometer (UDS 200, Physica Messtechnik GmbH, Germany) 

with concentric cylinder measuring geometry.  
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Figure 2.5 Processing scheme, connected activities, and the performers in the collaboration with YKI. 
Activities executed at Stockholm University and YKI are marked grey and white respectively. 
 

Afterwards, suspensions were sprayed through a nozzle into liquid nitrogen 

(freeze granulated) using the powder hood (Figure 2.6) and thus freeze-dried 

(Hetosicc, Heto-Holten A/S, Denmark). The obtained granules were sieved, and 

the 0.125 < d < 0.32 mm fraction was used for the sintering experiments of the 

powder processing composites [59].  

 

2.6.1.3. Consolidation 

2.6.1.3.1. Burnout of dispersant and Hot-Pressing  

The dispersant was burned out from the composite powders that were going to be 

hot-pressed [59].  The burnout of PAA was studied in a thermogravimeter, TG 

(TAG24, Setaram, France) in Ar – 6 % H2 atmosphere, and the actual burnouts 

were performed in a graphite furnace at 600°C for 15 minutes, using Ar–6%H2 as 

atmosphere. The freeze-dried, heat treated granules were poured directly into the 
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die of a graphite hot press (Thermal Technology Inc., USA), and the sample was 

subjected to a uniaxial pressure of 28 MPa at 1700°C for 1.5 h in flowing argon 

atmosphere.  

 

 
Figure 2.6 A special hood for handling powders and slurries was built. The air borne powders are 
sucked down through a slab and then trapped into a filter package. The picture shows a freeze 
granulation experiment. The spray nozzle was heated during the experiments in order to prevent ice 
clogging.  
 

2.6.1.3.2. Spark Plasma Sintering  

It was found that burnout of the very small amounts of PAA was redundant, and 

therefore the freeze-dried nano-, whisker- and particulate-composite powders 

were poured directly into the graphite dye of the sintering device [60][100].  The 

powder mixtures were sintered by Spark Plasma Sintering (SPS) (Dr. Sinter 2050, 

Sumitomo Coal Mining co., Japan). The duration of the electrical pulses was 

3.3 ms, and a sequence recommended by the manufacturer was used, consisting of 

twelve pulses followed by two periods (6.6 ms) of zero current. Samples of 12 mm 

diameter and 4 mm height were prepared in vacuum under uniaxial mechanical 

pressure at different temperatures. The temperature was measured with an optical 

pyrometer focused on the surface of the graphite die and automatically regulated 

from 600°C to the final sintering temperature. 600°C was reached via a pre-set 

heating program. The heating rate from 600°C and up to the plateau was 

100°C/min. The composite samples were sintered for 5 minutes at 1200−1600°C 

and a pressure of 75 MPa. However, the sintering mechanisms started at a lower 
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temperature, which is visible in Figure 2.7 showing temperature, pressure, and 

displacement for a typical sintering profile.   
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Figure 2.7 Temperature, pressure, and displacement curves for SPS sintering of a SiC whisker 
composite. 
 

2.6.2. Characterisation of the composites 

2.6.2.1. Density measurement 

Densities of sintered bodies were measured according to Archimedes’ principle in 

room-tempered water. The expected densities of the sintered materials were 

calculated, assuming that no reactions take place between the components, and 

using densities according to Table I. 

 

2.6.2.2. Mechanical properties measurement 

The Vickers hardness was measured using a square-base diamond for indents with 

an indenter (Vickers Armstrongs (Engineers) Ltd, England) under a load of 10 kg 

parallel to the pressing direction. Five indents were made in the middle of each 

polished sample surface. The Vickers hardness was calculated using expression 

(1.2) (section 1.3), and the diagonal of the obtained indentation was measured 

with an optical light microscope.  The mode-1 fracture toughness was determined 

by measuring the lengths of the resulting cracks with an optical microscope, 

according to expression (1.3), section 1.3. 
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2.6.2.3. The evaluation of microstructure  

Polished and fractured surfaces of the composites were investigated by SEM 

(JEOL, 820 and 880). The hot pressed TiNnano composites were first thermally 

etched at 1500°C for 15 min in flowing Ar in order to reveal their microstructures. 

Crack interactions with the second-phase particles in the SPS:ed whisker and 

particulate composite samples [100] were examined using SEM to investigate the 

Vickers indentation cracks introduced on polished surfaces. In addition, fracture 

surfaces were investigated by SEM in order to determine fracture mode and 

estimating alumina grain sizes. Fracture surfaces of the SPS:ed nano-composite 

samples [60] were investigated in an FEG SEM (Leo 1550, Germany) at 10 kV. 

. 
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3. RESULTS AND DISCUSSION 
 

3.1. Whisker synthesis 

The intent of the following sections is to first present a comparison of the 

syntheses of the different compounds, followed by a more detailed discussion. 

 

3.1.1. Optimum synthesis products – yield and morphology 

The four whisker types synthesised at optimum conditions exhibited very 

different morphologies; from typical needle-shaped transition-metal carbide 

whiskers, about 30 µm in length, to extremely thin elongated platelets and 

whiskers with lengths up to the millimetre range for boron carbide and the 

cerium–lanthanum boride system. There were also differences in whisker yield. 

The mixed transition-metal carbide whiskers showed the highest yield and the 

whiskers in the La-Ce-B-O-C system the lowest. On the other hand, the yields of 

boron carbide whiskers and whiskers in the La-Ce-B-O-C system were locally 

high, and some of these whiskers grew in agglomerates reminiscent of bird’s nests. 

Besides whiskers, all products contained varying amounts of particles.  

 

3.1.1.1. (Ti,Ta,Nb)C  

Ti0.33Ta0.33Nb0.33C, denoted (Ti,Ta,Nb)C below 

The starting mixture was heated in argon to 1250°C in a graphite reactor. This 

preparation route gave (after removal of excess carbon) a yellowish brown 

product containing smooth whiskers in a yield of ~80 vol%, and the remainder 

was particles of the same phase. During the reaction we observed a weight loss of 

44 wt.%, to be compared with a calculated value of 44.1 wt.%. The whisker 

diameter was in the order of 0.5–1 µm, and the length 10–30 µm, see Figure 3.1a.  

The contents of Ti, Ta, and Nb in the product obtained by different 

measurements are given in Table IX. Chemical analysis gave values very close to 

the expected levels, whereas EDS analyses of whiskers and particles differed 

somewhat. The whiskers contain more Ta and less Ti than intended. On the other 

hand, according to EDS analyses, the particulates almost approach the aimed-at 
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value and may therefore be assumed to have been formed by direct carbothermal 

reduction. The whisker composition is instead dependent on the amount of 

gaseous species present.  

  
(a)      (b) 

Figure 3.1 (a) SEM image showing (Ti,Ta,Nb)C whiskers synthesised at 1250°C. (b)
Equilibrium calculation of the phase stability of TiC, TaC, and NbC for a starting mixture of 0.125 
mol TiO

 

2 + 0.0626 mol Ta2O5 + 0.0626 mol Nb2O5 + 0.125 mol NaCl + 1.252 mol C + 
0.0125 mol Ni + 3 mol Ar. Only the starting oxides are plotted; not the different reduced oxides that 
may have formed during the carbothermal reduction process. 
 
Equilibrium calculations by means of the program package HSC [9] indicate that 

formation of TiC requires a temperature higher than 1250°C, that is higher than 

the formation temperature of NbC and TaC, (see Figure 3.1b).  

The product contained only PXRD diffraction lines that could be ascribed to a 

solid solution of the cubic phases TiC (a = 4.3274(2) Å), TaC (a = 4.4547(2) Å), 

and NbC (a = 4.4698(2) Å). The diffraction lines are broadened due to variation 

in composition of both whiskers and particles. 

It is well known that oxygen can replace carbon in TiC, TaC and NbC. Based on 

the chemical analysis data given in Table IX, the average composition of the solid-

solution carbide phase at a synthesis temperature of 1250°C is 

Ti0.34Ta0.32Nb0.34C0.90O0.10.  

 

Table IX Ti, Ta, and Nb content in the as-synthesised material, (Ti,Ta,Nb)C, whiskers and 
particles. The syntheses were carried out in protective Ar atmosphere at 1250 °C. The reaction time was 
4 h. EDS statistics are based on 50 measurements on different whiskers and particles, respectively. 
Element chemical analysis 

(at.%) 
EDS analysis of 
whiskers (at.%) 

EDS analysis of 
particles (at.%) 

Aimed-at  
(at.%)  

Ti 33.8 20.1 (7.7) 33.7 (14.4) 33.3 
Ta 32.5 47.1 (12.5) 29.9 (9.2) 33.3 
Nb 33.7 32.8 (12.6) 36.4 (13.2) 33.3 
 

43



Leaching the whiskers in 1 vol% HCl lowers the Ni level significantly (as 

measured by EDS), indicating that Ni is present in metallic form and not 

dissolved in the carbide phase. 

 

3.1.1.2. TiB2  

The starting mixture contained excess carbon, which was added with the purpose 

to force the whiskers to grow separated from each other. After removal of carbon, 

the grey TiB2 phase was found to consist of about 50 vol% whiskers and 50 vol% 

particles. The obtained whiskers had smooth rounded surfaces and were 10–

50 µm in length and 0.5–2 µm in diameter, but they were somewhat agglomerated 

despite the hyper-stoichiometric weighed-in carbon amount (see Figure 3.2).  

The highest TiB2 whisker yield was obtained in the temperature range 1400–

1500°C.  

 

 
Figure 3.2 SEM image of a TiB2 sample synthesized at 1500°C.  

 

3.1.1.3. B4C  

The product generally exhibited several different whisker morphologies, ranging 

from thin needles to elongated nanometer-thin platelets, see Figure 3.3a. Most of 

the whiskers were formed locally in the reaction mixture as grey metallic “bird’s-

nest” agglomerates in a carbon matrix (see Figure 3.3b). The best whisker yield 

was obtained at hyperstoichiometric carbon concentrations with respect to B4C, 

and the aspect ratios of the obtained products varied from ~1 to 1000, with 

lengths ranging from 1 µm to 1 mm. The whiskers with the highest aspect ratios 

exhibited various morphologies, including “nanowires” similar to those reported 

by Zhang et al. [76], but most often the diameter was larger. The yield was 
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estimated to be >30 wt.% of the product in the best synthesis, performed at 

1700°C. Bird’s-nest growth of boron carbide suggests a formation mechanism 

different from that of the other two. This is discussed in section 3.1.5. 

The synthesis products contained boron carbide, excess carbon, traces of CoB, 

and also minor amounts of unidentified phases, as detected by PXRD. Boron 

could not be observed with this technique, though. The stoichiometry of the 

boron carbide product phase could not be determined from the PXRD or EDS 

data.  

 

(a)       (b) 
Figure 3.3 (a) Boron carbide whiskers exhibiting wide size distribution synthesised at 1700°C. (b) 
Bird’s nest growth in the same sample. 
 

3.1.1.4. (La,Ce)B6  

Whiskers in the La-Ce-B-C-O system, including LaxCe1-xB6 is denoted (La,Ce)B6 below 

The products of this system exhibited several different whisker phases in the 

temperature range 1350–1800°C. The maximum whisker yield for all tested 

compositions was obtained at 1500°C, but from PXRD results it was found that 

these products contained several phases. Above 1650°C the products contained 

almost exclusively (La,Ce)B6 phases. This is also supported by thermodynamic 

calculations on the CeB6 synthesis, which suggest that CeB6 is the most stable 

phase above 1650°C (Figure 3.4b). The corresponding thermodynamic data for 

the LaB6 synthesis were unavailable. The PXRD investigation also revealed that 

the cell parameter changed with composition. The contents of La and Ce in the 

solid solution (La,Ce)B6 can be estimated by Vegard’s law (see section 3.1.3.1). At 

temperatures above 1650°C the whisker yields were approximately 10–20 vol.%, 
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and the whiskers most often exhibited rough surfaces. Their diameters were in the 

order of 1–10 µm, and the length 50–200 µm, see Figure 3.4a. All the mixtures 

containing both La and Ce exhibited almost the nominal La and Ce compositions, 

as given by EDS measurements. 
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(a)      (b)     

Figure 3.4 (a) SEM micrograph showing an La and Ce-containing whisker, most probably 
(La,Ce)B6 synthesised at 1800°C. (b) HSC calculations on the synthesis of CeB6 indicate that CeB6 is 
stable above 1600°C in close contact with B4C. 
 
 
3.1.2. Proposed reactions involved in the formation of the different 

whisker phases via the CTR-VLS mechanism 

 
3.1.2.1. (Ta,Ti,Nb)C N ,

It is assumed, due to earlier work by Johnsson and Ahlén [45–48] and from 

thermodynamic calculations, that the following reactions or similar ones take place 

during the high-temperature reactions (1200–1300°C) in a starting mixture 

consisting of TiO2 + Nb2O5 + Ta2O5 + C + NaCl + Ni in N2 atmosphere.  

Formation of Ti, Ta, and Nb gas species, using Cl as volatilising element. 

 
NaCl(l) ⎯→  NaCl(g)  ⎯→  Na(g) + Cl(g)   (3.1) 
TiO2(s) + 3Cl(g) + 2C(s)   ⎯→ TiCl3(g) + 2CO(g)  (3.2) 
Ta2O5(s) + 6Cl(g) + 3C(s)   ⎯→  2TaOCl3(g) + 3CO(g)  (3.3) 
Nb2O5(s) + 6Cl(g) + 3C(s)   ⎯→  2NbOCl3(g) + 3CO(g)  (3.4) 
 
At the contact between carbon and nickel, the following reactions are expected to 

occur in nitrogen atmosphere (Ni–C, Ni–C–N, Ni–C–N–Ti etc. denote C, N and Ti 

etc. dissolved in the Ni catalyst). The reactions are not mutually scaled. 
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C(s) + Ni(s)    ⎯→  Ni–C(l)    (3.5) 
N2(g) + Ni–C(l)    ⎯→  Ni–C–N(l)    (3.6) 
TiCl3(g) + Ni–C–N(l)    ⎯→  Ni–C–N–Ti(l) + 3Cl(g) (3.7) 
TaOCl3(g) + C(s) + Ni-C-N-Ti(l) ⎯→  Ni-C-N-Ti-Ta(l) + CO(g) + 3Cl(g)  (3.8) 
NbOCl3(g) + C(s) + Ni-C-N-Ti-Ta(l) ⎯→  Ni-C-N-Ti-Ta-Nb(l)+CO(g)+3Cl(g) (3.9) 
            

When the catalyst droplet is supersaturated, a whisker may nucleate and start to 

grow. At the same time a continuous transport of gas species takes place to the 

catalyst droplet, so that there is a continuous driving force for whisker formation. 

 

Ni–C–N–Ti–Ta–Nb(l)   ⎯→ Ta0.33Ti0.33Nb0.33CxN1-x(s)+Ni(s)          (3.10) 

 

When all carbon in contact with the catalyst droplet has been consumed, the 

whisker growth will cease and the droplet may react with Cl(g). 

 

Ni(s) + 2Cl(g)    ⎯→  NiCl2(g)   (3.11) 

 

An Ni–C alloy can form again when NiCl2(g) makes contact with a new carbon 

particle. Nickel can be recycled in this way several times during the synthesis. 

 

NiCl2(g) + C(s)     ⎯→  Ni–C(l) + 2Cl(g)  (3.12) 

 

If Ti0.33Ta0.33Nb0.33C whiskers are to be synthesised, the reactions given above 

must be performed in argon instead of nitrogen. 

Studies on growing this type of complex solid-solution whiskers give valuable 

information about the vapour–liquid–solid mechanism and about the optimum 

temperature for gas-phase species of each of the metals Ti, Ta and Nb. We can 

also get information on how different catalyst metals act at different reaction 

temperatures. 

 

3.1.2.2. TiB2  

Heating a starting mixture consisting of TiO2 + B2O3 + C + NaCl + Ni in Ar up 

to 1500°C will give reactions like the following: 
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NaCl(l)     ⎯→ Na(g) + Cl(g)   (3.13) 
TiO2(s) + 2C(s) + 3Cl(g)   ⎯→ TiCl3(g) + 2CO(g)  (3.14) 
B2O3(s) + C(s) + 2Cl(g)  ⎯→ 2BOCl(g) + CO(g)  (3.15) 
 

Nickel is transported and recycled by reacting with chlorine gas to form NiCl2(g), 

which in turn reacts with BOCl(g) and TiCl3(g), forming an Ni–B–Ti alloy.  

 
Ni(l) + 2Cl(g)    ⎯→ NiCl2(g)    (3.16) 
C(s) + BOCl(g) + NiCl2(g)   ⎯→  Ni–B(l) + CO(g)+ 3Cl(g) (3.17) 
Ni–B(l) + TiCl3(g)    ⎯→ Ni–B–Ti(l) + 3Cl(g)   (3.18) 
Ni–Ti–B(l)    ⎯→ TiB2(s) + Ni(l)   (3.19) 
----------------------------------------------------------------------------------------------- 
TiO2(s) + B2O3(s) + 5C(s)   ⎯→  TiB2(s) + 5CO(g)  (3.20) 
 

3.1.2.3. B4C  

When heating a starting mixture consisting of B2O3 + C + NaCl + Co in Ar up to 

1700°C, the following reactions or similar ones will take place. Note that boron 

can be transported as BCl(g) (in addition to BOCl(g)), but also as BO(g) (see 

reaction 3.28) at 1700°C. 
 
NaCl(l) → NaCl(g)    ⎯→ Na(g) + Cl(g)   (3.21) 
B2O3(l) + 3C(s) + 2Cl(g)   ⎯→ 2BCl(g) + 3CO(g)  (3.22) 
Co(l) + C(s)     ⎯→  Co–C(l)   (3.23) 
Co–C(l) + BCl(g)    ⎯→  Co–C–B(l) + Cl(g)  (3.24) 
Co–C–B(l)     ⎯→  B4C(s) +Co(l)   (3.25) 
Co(l) + Cl(g)    ⎯→  CoCl2(g)   (3.26) 
 
(Co–C and Co–C–B denote C and B dissolved in the Co catalyst). 
 

Cobalt is transported and recycled by reacting with chlorine gas to form CoCl2(g), 

which in turn reacts with carbon and BCl(g), forming a liquid Co–C–B alloy. 

According to equilibrium calculations, boron nitride can form in nitrogen 

atmosphere already at 800°C from the same starting mixture. This was tested but 

no boron nitride phases were formed. 
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3.1.2.4. (La,Ce)B6  

A similar reasoning as above yields the following reactions when the system 

La2O3+CeO2+B2O3+C+NaCl+Ni is heated up to 1700°C in Ar atmosphere. The 

whiskers of this system seem to grow via different mechanisms, probably 

involving several other reactions. However, for whiskers grown from a catalyst 

droplet by the CTR-VLS mechanism these reactions may be valid. 

  

NaCl(l)     ⎯→ Na(g) + Cl(g)   (3.26) 
CeO2(s) + 2C(s) + 3Cl(g)   ⎯→ CeCl3(g) + 2CO(g)  (3.27a) 
B2O3(s) + NaCl(s)    ⎯→ NaBO2(g) + BO(g) + Cl(g) (3.28) 
 

Nickel is transported and recycled by reacting with chlorine gas to form NiCl(g), 

which in turn reacts with NaBO2(g), BO(g) and CeCl3(g), forming an Ni–B–Ce 

alloy.  

 

Ni(l) + 2Cl(g)    ⎯→ NiCl(g)    (3.29) 
C(s) + BO(g) + NiCl2(g)   ⎯→  Ni–B(l) + CO(g) + 2Cl(g) (3.30) 
Ni–B(l) + CeCl3(g)    ⎯→ Ni–B–Ce(l) + 3Cl(g)   (3.31) 
Ni–Ce–B(l)    ⎯→ CeB6(s) + Ni(l)   (3.32) 

----------------------------------------------------------------------------------------------- 
CeO2(s) + 3B2O3(s) + 11C(s)   ⎯→  CeB6(s) + 11CO(g)  (3.33) 
 

If LaB6 is synthesised instead of CeB6, then reaction (3.27a) should be replaced 

with reaction (3.27b), and La should then of course be present instead of Ce in 

reactions (3.30–3.33). 

 
La2O3(s) + 3C(s) + 6Cl(g)   ⎯→ 2LaCl3(g) + 3CO(g)  (3.27b) 
 
 
3.1.3. Influence of synthesis parameters 

3.1.3.1. Temperature 

When comparing the carbothermal reactions in terms of Gibbs energy, ∆G, one 

can see that they are spontaneous at elevated temperatures (Figure 3.5). When 

approaching the synthesis temperature plateau, the regulation stabilises the 

furnace temperature at the preset value (Figure 2.1), but since the major 

carbothermal reduction process is endothermic, the actual temperature inside the 
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crucible during part of the synthesis time differs from the expected preset value, 

which is discussed in section 3.1.3. However, all the synthesis temperatures given 

in the following are based on the furnace thermocouple (preset) values. It is clear 

from the experiments that the temperature must exceed a certain value for a 

complete reaction to take place. The results can be seen from the weight loss 

during synthesis (Figure 3.7a) and they correspond well with thermodynamic 

calculations (Figure 3.6a–b). 
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Figure 3.5 ∆G values, calculated with HSC for the formation of TiC, TaC, NbC, TiB2, B4C, LaB6 
and CeB6, indicate temperatures where the reactions are spontaneous. 
 

There is a strong temperature influence on the yield (especially for the metal 

carbides) and as the thermodynamic calculations suggest, different phases could 

form during synthesis. The different VLS reactions operate at different optimum 

temperatures, as indicated by the thermodynamic calculations. The TiB2 synthesis 

could serve as an example of this, as TiC formed in high yield in addition to TiB2 

at temperatures deviating from 1500°C, see TiB2 section below.  
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 (a)     (b)   

Figure 3.6 Thermodynamic calculations for the different optimum mixtures indicate suitable synthesis 
temperatures. For the syntheses of both (a) TiB2 and (b) B4C the temperatures should be above 
1250°C, while TiC is stable at lower temperatures in the TiB2 reaction mixture.  
 

Obvious trends in the content of Ti, Ta and Nb could be seen for the metal 

carbides. It is also clear that the bulk oxygen content of the metal carbide and 

boride products decreases with increasing temperature (Figure 3.8). This is due 

not only to the reduction of oxides but probably also to a decrease in the oxygen 

content of the carbide and boride phases.  
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 (a)      (b) 
Figure 3.7 (a) Weight loss during synthesis for the different reactions approaches expected values 
(E.W.L). These values imply that only the intended phases and, in the case of boron carbide and 
titanium diboride, excess carbon constitute the products. For (La,Ce)B6 the expected weight loss is 
exceeded, probably due to evaporation of e.g. CeCl3(g). (b) Estimated whisker yields of the different 
syntheses. Although the estimates are rough, it is evident that different optimum temperature intervals 
may be distinguished. At 1200°C and 1800°C the TiB2 curve shows maximums, but this is due to 
formation of TiC whiskers in addition to TiB2 whiskers. 
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Figure 3.8 Oxygen content from chemical bulk analyses of the (Ti,Ta,Nb)C and TiB2 products. 
Excess carbon was removed from the (Ti,Ta,Nb)C product, while the as-received product was analysed 
for TiB2. Since the (Ti,Ta,Nb)C whisker yield was high, it could be assumed that  whiskers synthesised 
at 1250°C contain minor amounts of oxygen.
 

3.1.3.1.1 (Ti,Ta,Nb)C  
The whisker yield is temperature dependent, and a temperature between 1150°C 

and 1250°C gave the highest yield, ∼80 vol.%, see Figure 3.7b. XRD data show 

remnants of oxides up to 1100°C (Figure 3.9a–b). 
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(a)     (b) 

Figure 3.9 (a) X-ray diffraction patterns of the products obtained at different reaction temperatures. 
Remnants of oxides appear up to 1100°C. At higher temperatures all peaks can be ascribed to 
(Ti,Ta,Nb)C. (b) The temperature dependence of the (111) peak of (Ti,Ta,Nb)C. The composition 
shifts from Nb-rich towards Ti-rich with increasing synthesis temperature. 
 

Oxygen can replace carbon in the carbide phase, and chemical analyses show that 

the oxygen content decreases with increasing temperature across the whole 

interval investigated, see Figure 3.8. An experimental goal is to reduce the oxygen 

content as much as possible in the synthesis product while keeping the whisker 

yield at a maximum. Chemical analyses of the product before and after removal of 
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excess carbon indicate that the synthesis temperature must be as high as 1200°C 

in order to stabilise the carbon content in the product, see Figure 3.10. Chemical 

analyses also reveal that the bulk levels of Ti, Ta, and Nb are constant over the 

temperature interval, see Table X.  
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Figure 3.10 Carbon content in the product before and after removal of excess carbon. The solid line 
represents the expected carbon level in the synthesis product. It should be noted in this context that the 
whiskers contain some oxygen. 
 
 
The measured difference in weight before and after synthesis shows that the 

temperature should be at least 1200°C for the reaction to be complete, see 

Figure 3.7a. The total information obtained adds up to 1250°C being the optimum 

synthesis temperature.  

Equilibrium calculations predict that TiC, TaC, and NbC should start to form at 

different temperatures, see Figure 3.1b, and indicate that carbides will be enriched 

in Nb at low temperatures and contain more Ti at high temperatures. PXRD 

monitoring of the (111) diffraction peak, Figure 3.9b, shows that the average 

composition of the carbide phase varies with temperature. It is clear that the 

composition gradually changes from Nb- and Ta-enriched carbides towards more 

Ti-rich with increasing temperature, and the lattice parameter varies from 4.47 Å 

at 1050°C to 4.42 Å at 1450°C. In addition to the change in metal content, the 

decrease in oxygen content with increasing temperature also influences the lattice 

parameter. Over the temperature range 1350–1450°C the 2θ diffraction angle of 
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the (111) peak decreases, possibly due to the decrease in oxygen content. This is 

presumably due to the fact that the oxygen ion radius is smaller than that of 

carbon, i.e. Vegard’s law describes the transition from carbide to cubic titanium 

oxide. 

 
Table X Overall composition of the as-synthesised material in the Ni catalyst series after removal of 
excess carbon. The syntheses were carried out in protective Ar atmosphere. The reaction time was 4 h. 
Temp  
(°C) 

Ti  
(wt.%) 

Ta  
(wt.%) 

Nb  
(wt.%) 

Ni  
(wt.%) 

C  
(wt.%) 

O  
(wt.%) 

1050 12.1 44.3 22.8 1.3 2.0 17.5 
1100 13.2 45.6 25.2 1.6 5.7 8.8 
1150 12.8 48.1 25.6 1.8 8.8 2.8 
1200 13.3 47.9 25.5 1.7 10.0 1.6 
1250 13.3 48.2 25.7 1.8 9.6 1.3 
1300 13.3 49.2 25.6 1.6 9.3 0.9 
1350 13.3 49.2 25.6 1.5 9.7 0.7 
1400 13.5 48.7 25.9 1.7 9.8 0.4 
1450 12.4 49.7 25.9 1.7 9.9 0.4 
 

The predictions are also supported by EDS analyses showing that whiskers 

formed at 900°C have a high Nb content and low Ti and Ta contents (Figure 3.11, 

Table XI). The whiskers are somewhat enriched in Nb and Ta at all synthesis 

temperatures, and the Ti content increases quite slowly, reaching a plateau at 

1200°C but never attaining the weighed-in level. There is a spread in whisker 

composition around the average value, which may depend on inhomogeneities in 

the starting mixture.  

 

Table XI EDS statistics of 50 different whiskers obtained at different temperatures. The syntheses 
were performed in argon with Ni as catalyst. 
Temperature (°C) Ti 

(at.%) 
Ta 
(at.%) 

Nb 
(at.%) 

900 4.5 (3.6) 6.6 (3.6) 88.9 (5.9) 
1050 3.5 (1.9) 50.2 (25.4) 46.3 (24.8) 
1100 8.4 (2.4) 44.3 (17.0) 47.3 (16.1) 
1150 15.6 (5.7) 37.4 (16.2) 47.0 (15.4) 
1200 21.6 (7.5) 35.9 (12.6) 42.5 (12.5) 
1250 20.1 (7.7) 32.8 (12.6) 47.1 (12.5) 
1300 20.4 (6.6) 40.4 (13.4) 39.2 (14.3) 
1350 22.7 (8.0) 39.2 (13.1) 38.1 (13.7) 
1400 22.0 (7.3) 36.3 (9.6) 41.7 (10.3) 
1450 23.2 (6.4) 39.2 (11.1) 37.6 (10.9) 
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(a) 

 
(b) 

 
(c) 

Fig 3.11 (a) Ti, (b) Ta and (c) Nb content in whiskers synthesised at different reaction temperatures. 
The EDS analyses were performed on 50 different whiskers for each temperature.  
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3.1.3.1.2. TiB2  
Temperatures in the range 1100−1800°C were tested in order to optimise the 

synthesis. From XRD it was clear that 1100°C was too low a temperature for the 

reaction to take place and also that only reduced oxides were formed. TiC was 

found in the temperature range 1200−1300°C, and this is also supported by 

equilibrium calculations, see Figure 3.6a. TiB2 was formed at temperatures from 

1300°C and up, and in the temperature range 1400–1500°C it was the only 

product phase. It is thus evident that a fast heating rate is required up to 1400°C 

in order to avoid formation of TiC.  

TiC was again observed at 1600°C and higher temperatures, in increasing 

proportion with increasing temperature according to XRD quantification, see 

Figure 3.12a–b. One reason that TiC reappears at the highest temperatures is most 

likely that BOCl(g) has had time to evaporate from the reactor before the 

formation of TiB2. This gives possibilities instead for Ti to react with carbon to 

form TiC. Chemical analyses of oxygen in the as-synthesised product show that 

the oxygen content decreases with increasing synthesis temperature, reaching a 

level below 1 wt.% at 1500°C, see Figure 3.8. 

From TEM and SEM−EDS analyses it appears that both TiB2 and TiC grow in 

the shape of whiskers. The total whisker yield observed was about 50% at all 

temperatures above 1100°C.  
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Figure 3.12 (a) X-ray diffraction pattern of the products obtained at different reaction temperatures 
with the “optimum mixture”. Peaks corresponding to TiC are present at all temperatures except for 
1400°C and 1500°C. (b) XRD quantification of the fractions of TiB2 (light grey) and TiC (dark 
grey) in the synthesis product. 
 

3.1.3.1.3. B4C 
Thermodynamic calculations indicate that B4C can form above 1250°C, see Figure 

3.6b. This is in accordance with our experiments, where boron carbide did not 

form at 1200°C but appeared at 1300°C according to XRD studies. Boron carbide 

whiskers were then found in all syntheses performed up to 1800°C (which was the 
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upper temperature limit of the furnace regulation set-up). The weight loss during 

synthesis (as measured before and after heating) shows that the carbothermal 

reduction reactions mainly take place above 1300°C, see Figure 3.7a. The aspect 

ratio of the whiskers was found to increase with increasing synthesis temperature. 

The highest whisker yield was obtained at 1700°C. No trend in the unit-cell axis 

lengths of the B4C synthesis product depending on the synthesis temperature was 

observed. The a axis and the c axis were 5.601(2) Å and 12.069(7) Å, respectively. 

 

3.1.3.1.4. (La,Ce)B6
As mentioned in section 3.1.1, the products of this system exhibited several 

different whisker phases in the temperature range 1350–1800°C, and the 

maximum whisker yield for all tested compositions was obtained at 1500°C 

(Figures 3.7b and 3.13c). From PXRD results these products were found to 

comprise several La- and Ce-containing phases, except for the cubic (La,Ce)B6, 

There were diffraction peaks indicating the presence of the following phases:  

LaB2C2, LaB2C4, CeB2C, CeB2C2, LaBO3 and Ce2O3. Above 1650°C the products 

contained almost exclusively (La,Ce)B6 phases. The PXRD investigation also 

revealed that the cell parameter changed with composition, and the content of La 

and Ce in the solid solution (La,Ce)B6 can be described by Vegard’s law (Table 

XII).  

The weight loss during synthesis exceeded the expected (Fig 3.7a), thus indicating 

excessive evaporation from the system. On the other hand, all the mixtures 

containing both La and Ce exhibited almost the nominal compositions as given by 

EDS measurements, La0.56Ce0.44Bx, thus implying equal formation of La and Ce 

containing gases and an unknown boron amount. However, according to TEM 

investigations, the cubic (La,Ce)B6 whiskers were found in increasing amount with 

increasing synthesis temperature from 1500°C up to 1800°C (Figure 3.4a). Besides 

(La,Ce)B6, minor amounts of B4C and some unidentified phases were present in 

the examined samples.  

The whisker sizes were independent of temperature, but from studies by optical 

light microscopy and SEM it was found that the morphologies were changed: the 
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fraction of whiskers exhibiting rough surfaces increased with increased synthesis 

temperature. Closer studies of this feature by SEM (BSE mode and EDS analyses) 

indicated that some of these whiskers might comprise two different intergrowing 

phases, sometimes separated by sharp interfaces (Figure 3.13a-b). EDS 

measurements in SEM together with TEM results (which are not shown) imply 

that the dark areas of the whiskers are boron carbide, while the light areas are a 

La/Ce-containing phase. TEM studies have shown that some boron carbide 

whiskers accommodate lanthanum and cerium, and this can explain the BSE 

feature in Figure 3.13b, where the light areas in that case could be interpreted as 

boron carbide with heavy metal content.  

 
Table XII PXRD results show that (La,Ce)B6 started to appear at 1500°C, but there were too few 
diffraction lines to refine the unit cell. At higher temperatures it emerged as the major phase, and its 
composition is reflected in the length of the a axis according to Vegard’s law. 

Intended composition Synthesis temperature (°C) a axis (Å) of LaxCe1-xB6 from 
XRD 

LaB6 1500 * 
LaB6 1650 4.1573(5) 
La0.99Ce0.01B6 1500 * 
La0.99Ce0.01B6 1650 4.1564(3) 
La0.53Ce0.47B6 1500 * 
La0.53Ce0.47B6 1650 4.1485(2) 
La0.53Ce0.47B6 1800 4.1492(2) 
CeB6 1500 * 
CeB6 1650 4.1386(4) 
CeB6 1800 4.1348(3) 

 
 

  
(a)    (b)    (c) 
Figure 3.13 SEM micrographs of La- and Ce- containing whiskers. (a–b) BSE micrographs 
showing inte growth and/or deposition phenomena of the (La,Ce)-containing phase and B4C, which was 
common in products synthesised at 1650 and 1800°C. (c) Micrograph showing La-containing whiskers 
synthesised at 1500°C, which was the temperature giving the highest whisker yields. 
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3.1.3.2. Atmosphere 

The experiments in this study were performed either in Ar or N2. In the case of 

metal carbides, nitrogen could enter the structure (at carbon positions) thus giving 

rise to carbo-nitride phases. For the synthesis of TiB2 and B4C it could be concluded 

that Ar worked best. 

 

3.1.3.2.1. (Ti,Ta,Nb)C and  (Ti,Ta,Nb)C,N 
The difference in morphology between whiskers synthesised in argon and 

nitrogen atmospheres was negligible. According to thermodynamic calculations, 

the nitrides are stable in a narrow temperature interval around 900°C, whereas 

carbides are favoured by higher temperatures. Chemical analysis data show that 

whiskers synthesised in N2 contain less oxygen than those synthesised in Ar at the 

same temperature (Table X and Table XIII). It is therefore likely that nitrogen 

replaces oxygen rather than carbon. The nitrogen content decreases with 

increasing temperature. The highest carbonitride whisker yield (70 vol.%) was 

obtained at 1250°C. See also section 3.1.3.5.1 and Figure 3.14. 

 

Table XIII Chemical analyses of whiskers synthesised in N2 with Ni as catalyst at different 
temperatures. The transition metal content is not analysed. 
Temperature 
(°C) 

C  
(wt.%) 

O  
(wt.%) 

N  
(wt.%) 

Composition 

1150 7.5 0.5 3.8 (Ti,Ta,Nb)C0.67O0.03N0.29

1250 8.5 0.4 2.9 (Ti,Ta,Nb)C0.75O0.03N0.22

1350 8.8 0.2 2.1 (Ti,Ta,Nb)C0.82O0.01N0.17

 

3.1.3.2.2. TiB2  
In an atmosphere of argon the whisker yields were up to 50 vol%. Some tests 

were performed at 1500°C, using nitrogen instead of argon as atmosphere for 

TiB2 synthesis. Different mixtures were tested, but almost no whiskers were 

formed. See also section 3.1.3.5 below.  

 

3.1.3.3. Carbon amount 

In the ideal case, a stoichiometric amount of carbon is required to effect complete 

reduction. To be reduced, the non-volatile oxides must be in contact with the 

carbon powder. A superstoichiometric content often has a positive effect on the 
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whisker growth, in the sense that it helps to inhibit intergrowth and 

agglomeration.  

 

3.1.3.3.1. (Ti,Ta,Nb)C 
A stoichoimetric amount of carbon in the starting mixture yielded (Ti,Ta,Nb)C 

whiskers that had grown separated from each other, and there was some excess 

carbon present. Despite this, no remnants of oxides were present in the product. 

This fact might be explained by inhomogeneity of the carbon powder (FW 200), 

which contains 21 wt.% volatiles (including sulphur-containing species).  

 

3.1.3.3.2. TiB2
In the case of TiB2, the role of carbon is to reduce the oxides and make the 

whiskers grow separated from each other. A slightly super-stoichiometric carbon 

content was chosen. It was shown that increasing the amount of carbon further 

had no effect, and agglomeration could not be completely avoided. 

 

3.1.3.3.3. B4C 
The effect of varying the carbon content in the starting mixtures was investigated 

by testing four mixtures with B2O3:C ratios according to Table IVc. Equilibrium 

calculations on these systems indicate that if the carbon content is increased, then 

the stability of boron carbide is not affected at temperatures above 1200°C, but 

the formation of elemental boron increases. According to XRD studies, crystalline 

boron was not present in any of the samples, and we could not detect amorphous 

boron. 

All syntheses, except for the 1:2 mixture, resulted in bird’s nests with a high yield 

of whiskers. The more carbon was added to the reaction mixture, the more 

abundant was the formation of bird’s nests and of long, thin whiskers. Earlier 

studies on the synthesis of transition metal carbide whiskers [64] have shown that 

an excess of carbon makes the whiskers grow separated from each other, and a 

similar scenario for boron carbide might be possible even though these whiskers 

grow to form bird’s nests. On the other hand, an advantage of using lower carbon 

loading is the resulting lower excess level of carbon in the product. XRD 
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characterisation of the products did not indicate any significant change in B4C 

unit-cell volume with changing carbon content.  

 

3.1.3.3.4.(La,Ce)B6
The stoichiometry of carbon:oxide was varied according to Table IVd but no 

obvious effect could be noted. In addition, synthesis tests at 1650°C (in the 

ordinary graphite crucibles) using a mixture containing only the oxides also gave 

minor amounts of whiskers that grew on graphite surfaces. Despite the absence of 

carbon powder, sodium chloride and catalyst metal in this mixture, the weight loss 

during synthesis was of the same magnitude as for the CTR-VLS mixtures, thus 

implying that the oxides are volatile. There was also other evidence that La and B 

had been transported from the oxide mixture, since purple depositions, a colour 

characteristic of LaB6, were found in the upper part of the crucible inside, i.e. a 

distance of about 2–3 cm above the starting powder.   

 

3.1.3.4. Starting oxide  

In order for the VLS mechanism to become operable, the whisker constituents 

added as oxides must be able to form gaseous species. The presence of a 

halogenide salt contributes in most cases to the formation of halogenide gases that 

are soluble in the catalyst metal. One exception is boron oxide which, instead of 

forming chlorides, has the ability to form gaseous sodium borate and also gaseous 

boron oxides (see section 3.1.3.6, Figure 3.16a).  

In the TiB2 synthesis experiments, two boron oxides were tested; B2O3 and 

Na2B4O7. B2O3 melts at 450°C and decomposes at 1860°C. Thermodynamic 

calculations indicate that it can form gaseous halogenides with e.g. NaCl. Having a 

boiling point at about 1570°C, the more volatile Na2B4O7 might be operable at 

lower temperatures (than 1500°C). This borate did not work, however, and 

equilibrium calculations and PXRD indicate that the addition of Na from 

Na2B4O7 leads to formation of stable Na–B–O phases at the reaction 

temperature, thus suppressing the formation of TiB2 and instead favouring the 

formation of TiC. In the synthesis of B4C only B2O3 was tested as boron source, 
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and by testing a more fine-grained powder it was found that the particle size had 

no significant influence on the yield. 

 

3.1.3.5. Catalyst metal 

The need for a catalyst metal to make the VLS mechanism work was shown by 

testing mixtures without the metal. Insignificant amounts of whiskers were 

formed in all tests except for the (La,Ce)B6 tests (discussed in section 3.1.5). In 

some of the attempts to make (Ti,Ta,Nb)C whiskers, a piece of nickel foil was 

used instead of catalyst metal powder. It was found after the synthesis at 1250°C 

that whiskers had formed out to a distance of about 3 mm from the foil; at longer 

distances from the foil no whiskers had formed. This test showed that the catalyst 

is distributed as gaseous species. 

Three basic criteria must be met by the catalyst: (i) The catalyst metal must be able 

to dissolve the whisker constituents; (ii) The melting point of this eutectic system 

should be lower than the reaction temperature; (iii) It must be possible to 

transport the catalyst in the reaction mixture as gaseous species (e.g. halogenide) at 

the reaction temperature.  

According to the literature and thermodynamic calculations, the tested catalysts 

fulfil the criterions (Table XIV), but nevertheless some of them were not 

effective. For instance, copper is known to dissolve boron but not carbon [101]. 

However, pure copper was ineffective, but a nickel–copper alloy worked well in 

TiB2 whisker formation. Nickel was found to work best for the syntheses of 

(Ti,Ta,Nb)C and TiB2, whereas cobalt was best for formation of B4C.  

 
Table XIV Solubility of boron and carbon in the tested catalyst metals with the corresponding 
temperature [101]. 
Metal Solubility of boron Solubility of carbon 
 (at.%) (°C) (at.%) (°C) 
Ni 0.3 1093 2.7 1350 
Co 0.163 1110 4.1 1320 
Fe 0 - 9.06 (γ-Fe)  

0.4 (δ-Fe)  
1150 
1493 

Cu 0.29 1013 0 - 
Mn 0 - δ 0.2 1250 
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Both thermodynamic calculations and observations by transmission electron 

microscopy support the conclusion that the catalyst metal is recycled several times 

during synthesis. Hence, the required amount of catalyst is low and increasing the 

amount does not improve the whisker yield. 

 

3.1.3.5.1. (Ti,Ta,Nb)C  
The different catalysts tested were: Ni, Fe, Co, Ni–50 wt.% Co, and Ni–

20 wt.% Mn in the temperature region 1150–1350°C. The same molar amount of 

catalyst was used in all experiments. The whisker yield varied considerably, 

depending on the catalyst used, see Figure 3.14. Ni produced the highest whisker 

yield, followed by Ni–Co, Ni–Mn, Co, and finally Fe. Iron gave a higher yield in 

N2 than in Ar. Thermodynamic calculations support the latter observation, since 

the formation of Fe3C is more suppressed in N2 than in Ar, see Figure 3.15a–b. 

 

 
Figure 3.14 (Ti,Ta,Nb)C and (Ti,Ta,Nb)C,N whisker yields with the different catalyst metals. The 
catalysts were tested in both argon and nitrogen, in the temperature region 1150–1350°C. 
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(a)      (b) 

Figure 3.15 Equilibrium calculation showing that (a) Fe3C forms mainly at temperatures above 
1200°C in argon atmosphere, whereas (b) the formation of Fe3C is suppressed in nitrogen. 
 

3.1.3.5.2. TiB2  
Tests of a reaction mixture without catalyst metal easily showed that only TiB2 

particles and no whiskers were formed in the product. The catalyst metals tried 

were Ni, Cu, Co, Fe, and a Ni–Cu alloy at three different temperatures: 1400°C, 

1500°C, and 1600°C. Nickel gave the highest whisker yield.  

Iron was tested in both Ar and N2, because the use of nitrogen suppresses the 

formation of Fe3C (Figure 3.15a–b), but almost no whiskers were formed. Copper 

was tested because it dissolves boron but not carbon [101], so it was expected to 

work as a catalyst metal for TiB2 whiskers but not for TiC whiskers. However, Cu 

was completely ineffective as a catalyst metal. The Ni–Cu alloy gave about 

50 vol% large whiskers, and it is thus better than Cu but inferior to Ni. 

 

3.1.3.5.3. B4C 
Tests without metal catalyst yielded small amounts of B4C crystals grown on 

surrounding graphite surfaces of the crucible instead of bird’s nests in the bulk 

mixture. Most of the whiskers were shaped as elongated platelets.  

Ni and Fe have proved to be good catalysts for the synthesis of different 

transition-metal carbides and carbonitrides [61–64]. These metals and Co were 

tested in the present study, and in these experiments Co was found to give the 

highest whisker yield. Two different particle sizes of cobalt were tested, but no 

significant difference was obtained. Doubling the amount of Co used in the 

optimum starting mixture had no obvious influence on the yield. 
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3.1.3.5.4. (La,Ce)B6
The whiskers of this system were formed even without addition of catalyst but 

SEM studies revealed that many of the whiskers, that were formed from a mixture 

containing Ni, had grown from such a catalyst droplet (as the other whisker types 

in this thesis). So, either there are more than one growth mechanism for (La,Ce)B6 

whiskers or very small metal impurities from e.g. the mixing device are enough to 

promote whisker growth by a VLS mechanism. Motojima et al. [80] had similar 

difficulties in explaining the growth of LaB6 whiskers on graphite surfaces via a 

CVD process. They assumed impurities to be present in the graphite, suitable for 

catalyst action. Since the present whiskers grew on graphite surfaces as well as 

within the powder mixture, they seem to form by other mechanisms than VLS, 

possibly via a VS mechanism (see also section 3.1.5). 

 

3.1.3.6. Halogenide salt 

As described earlier, the role of the halogenide salt is to volatilise the oxides in 

order to ensure a homogeneous distribution of the whisker constituents and also 

to recycle the catalyst metal. At the same time, too rapid evaporation out from the 

reaction crucible must be avoided. Depending on differences in boiling points and 

ability to form gaseous halogenides, different salts could be expected to give 

different results (Table XV). One would expect a salt with a low boiling point to 

be suitable for syntheses at lower temperatures than a salt with a high boiling 

point. 

 

Table XV Melting and boiling points of selected salts 
Halogenide salt Melting point (°C) Boiling point (°C) 
NaI 661 1304 
MgCl2 714 1412 
NaCl 801 1413 
KCl 770 1500 
NaF 993 1695 
 

NaI was found to give the highest yield of (Ti,Ta,Nb)C whiskers, NaCl gave a 

slightly lower yield but also more regular whisker shapes, and NaF did not work at 

all. For the TiB2 synthesis all the salts in Table XV were tested, and it was found 

that NaI was ineffective, whereas NaCl and also NaF worked quite well. This is in 
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accordance with the boiling points of the salts, since the synthesis temperatures 

for (Ti,Ta,Nb)C and TiB2 were 1250°C and 1500°C, respectively. NaCl was the 

only salt tested for B4C, but since the optimum synthesis temperature is even 

higher (1700°C), NaF may also work. 

 

3.1.3.6.1. (Ti,Ta,Nb)C  
Three different halogen precursors were tested at 1250°C with Ni as catalyst: NaI, 

NaCl, and NaF. NaI gave the highest yield (90 vol.%), followed by NaCl 

(80 vol.%) and finally NaF (1 vol.%). However, the whiskers yielded by NaI were 

not as smooth as those produced by NaCl. The few whiskers formed with NaF as 

halogen source were often much coarser than those formed with the other two 

halogen salts. The difference in yield is probably explained by the differences in 

boiling points between the salts (Table XV), indicating differences in the vapour 

pressures at the reaction temperature. HSC calculations also indicate that the 

amounts of NiF(g) and NiF2(g) are much lower than those of NiCl(g), NiCl2(g) 

and NiI(g) at the synthesis temperature. Formation of nickel fluoride thus requires 

a higher temperature. On the other hand, the whisker composition also varied 

depending on the halogenide salt used, see Table XVI. The high Ti content when 

NaF was used is supported by equilibrium calculations indicating more extensive 

formation of TiOxFy(g) than of TiOxCly(g) or TiOxIy(g) when NaCl or NaI are 

used as volatilisers. There may also be differences in formation rate between 

transition-metal halogenides and oxohalogenides. Adding this up, it could be 

concluded that counteractive mechanisms for the action of halogenide salts seem 

to be present. 

Table XVI Metal content of whiskers prepared with different halogenide salts at 1250°C in Ar 
atmosphere and with Ni as catalyst, based on 50 EDS analyses of different whiskers.  
Salt Ti (at.%) Ta (at.%) Nb (at.%) Whisker composition 
NaCl 20.1 (7.7) 32.8 (12.6) 47.1 (12.5) Ti0.20Ta0.33Nb0.47C 
NaF 34.8 (9.6) 36.0 (11.2) 29.2 (15.9) Ti0.35Ta0.36Nb0.29C 
NaI 17.6 (12.3) 40.5 (16.4) 41.9 (17.5) Ti0.18Ta0.41Nb0.42C 
 
3.1.3.6.2. TiB2 
Four halogenide salts (NaCl, KCl, NaI and NaF) were tested in combination with 

Ni as catalyst at 1400°C, 1500°C and 1600°C. All the salts were effective to some 

extent, but NaCl gave the highest whisker yield at all the temperatures tested.  
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3.1.3.6.3. B4C 
In the investigation of B4C whisker growth, only NaCl was tested, and the 

requirement of the salt for gas-phase transport of boron and catalyst metal was 

shown by excluding it in one mixture. The whisker yield was found to be clearly 

suppressed in the absence of NaCl.  

 

3.1.3.6.4. (La,Ce)B6
Only NaCl was tested as halogenide source for gaseous transport of cerium, 

lanthanum, nickel, and boron. An increased amount of NaCl (compared to Table 

IV) was tested but had no obvious effect on the whisker yield. In fact, whiskers 

were formed even without NaCl. In order to explain VLS growth (as indicated by 

the presence of Ni droplets), Ce, La and B must be able to be transported as 

gaseous species without forming chlorides. This is supported by HSC (Figure 

3.16a-b), which indicates that boron could be transported as e.g. B2O3(g) and the 

dimeric boron mono-oxide B2O2(g), while cerium could be transported as CeO(g). 

These calculations also indicate that nickel can be transported as Ni(g) at these 

high temperatures. The reactions proposed in section 3.1.2 are not valid for the 

growth of these whiskers. 

 
(a)      (b) 

Figure 3.16 Equilibrium calculations on a CeB6 CTR-VLS system containing Ni and NaCl 
indicate the possibility to form gaseous oxides that could be responsible for the transport of Ce, La and B 
in the absence of NaCl. (a) Transport of  boron (b) Transport of  cerium.  
 

3.1.4. Reaction studies 

The ternary system Ti-B-C was investigated in order to simplify the sample matrix, 

i.e. excluding Ta and Nb. Therefore the reactions of TiC, TiB2, and B4C whisker 

starting mixtures (CTR-VLS mixtures) were studied and in some cases compared 
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to corresponding mixtures without sodium chloride and catalyst metal i.e. 

carbothermal reduction mixtures (CTR-mixtures) Table VI.  

 

3.1.4.1. Effect o  open area/volume ratio of crucibles f

As the ratio of the open area of the lid to the inner volume (denoted below as 

A/V ratio) of the graphite crucibles approaches zero, the reaction rates during 

synthesis should decrease, because the CO(g) formation from the carbothermal 

reduction would force the equilibrium, e.g. reaction (20) to the left. Therefore the 

pressure inside the crucible would not be extremely elevated in a closed system. 

The effect of changing the A/V ratio was tested by using the double-chamber 

crucibles. Four different A/V ratio settings were tested, ranging from 

approximately 0.01 up to 1.22 mm2/ml, which was about twice the ratio of the 

usual crucibles. CTR-VLS starting mixtures for TiC, TiB2 and B4C (Table VI) 

were packed with 5–6g of mixtures to mimic the ordinary synthesis conditions, 

and the different mixtures were heated to 1400, 1500, and 1700°C, respectively, i.e. 

to their optimum synthesis temperatures. The weight losses during synthesis were 

measured and compared to the expected (implying complete formation of the 

intended phases and some carbon remnants).  

The weight loss values for TiC products were lower than the “expected” (Figure 

3.17a), and this deviation may partly be due to some remnants of sodium chloride, 

after synthesis at 1400°C, being present in the products. The weight loss for B4C 

products was higher than “expected”, on the other hand, probably because of 

gaseous boron oxide species leaving the chamber at the high synthesis 

temperature. However, the weight loss of TiB2 was quite near the expected. Even 

though tests were performed with an almost closed crucible (A/V ≈ 0.01), the 

weight loss measurements showed that it was large enough for the reactions to 

proceed, except in the case of TiB2 where a small decrease in weight loss was 

noted (thus implying an incomplete reaction). This result may reflect the 

somewhat higher powder loading (6 g) for TiB2 compared to the loading of TiC 

and B4C mixtures (5 g).  On the other hand, PXRD results showed no presence 

oxide remnants in the TiB2 sample. 
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The only noted morphology change during the experiments was for TiC whiskers, 

which became longer and thinner, and the yield increased as the ratio decreased 

(Figure 3.17b). Also the B4C whisker yield increased with decreasing A/V ratio. 

On the other hand, the TiB2 yield was quite unaffected and indicated only a weak 

maximum at a ratio corresponding to that of the ordinary crucibles. PXRD studies 

showed no change in unit cell with the A/V ratio for any of the compositions. 

The effect on weight loss, whisker yield and composition by testing even smaller 

A/V ratios remains to be investigated, since this could not be obtained using the 

double crucibles. 
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(a)      (b) 

Figure 3.17 (a) Weight loss during synthesis for TiC, TiB2, and B4C at different A/V ratios 
compared to “expected” weight losses (E.W.L) assuming products containing only the intended phases 
and some carbon remnants. (b) Estimated whisker yield for the different A:Vratio tests. 
  

3.1.4.2. Quench tests 

The synthesis time strongly influences the whisker yield and composition but, on 

the other hand, the whisker formation seems to be quite rapid. When a whisker 

has nucleated, it appears to grow more or less instantaneously. A heating time 

prolonged to at least 180 minutes is preferable, not only to increase the yield (as 

shown by the quench tests below) but also to reduce the oxygen content. On the 

other hand prolonging the heating time further has no effect (at least not on the 

samples and sample sizes used in this study). 

 

3.1.4.2.1. (Ti,Ta,Nb)C, (Ti,Ta)C, (Ti,Nb)C and (Ta,Nb)C   
Quenching the syntheses of (Ti,Ta,Nb)C,  (Ti,Ta)C, (Ti,Nb)C and (Ta,Nb)C 

(Table V) showed that whiskers had formed already at zero holding time, and in a 
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considerable amount after 20 minutes at the synthesis temperature 1250°C, see 

Figure 3.18. The results from XRD studies of the bulk samples show similarities 

with the temperature dependence of (Ti,Ta,Nb)C: the carbide diffraction peak 

positions shift towards TaC and TiC when the time is increased, see Figure 3.9 

and 3.19. The formation of these carbides seems to be kinetically retarded 

depending on slow access of TaOCl3(g) and TiCl3(g) (cf. section 3.1.2). On the 

other hand, NbOCl3(g) starts to form already on the way up to 1250°C yielding an 

enrichment of Nb e.g. in the (Ti,Nb)C phase. It is evident from figure 3.18 that the 

presence of titanium oxide has a positive influence on the whisker formation, by 

mechanisms that are not yet explained.  
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Figure 3.18 The influence of holding time at 1250°C on the whisker yield for (Ti,Ta,Nb)C, 
(Ti,Ta)C, (Ti,Nb)C and (Ta,Nb)C. 
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(a)   (b)   (c)   (d) 

Figure 3.19 PXRD results from the samples quenched from 1250°C. (a) (Ti,Ta)C, (b) (Ta,Nb)C, 
(c) (Ti,Nb)C, (d) (Ti,Ta,Nb)C.  It is evident that formation of Ti containing gaseous species is slower 
and requires longer time or higher temperatures than those for Nb and Ta. These results suggest that 
contribution from TiC to the diffraction lines starts after 20 minutes. The results also show that the 
starting oxides and intermediate phases have practically disappeared after 30 min. 
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3.1.4.3. Reaction studies by DTA, MS, TG, and condensation of gases 

TiC, TiB2, and B4C (CTR-VLS) starting mixtures were tested and compared to 

mixtures without sodium chloride and catalyst metal, i.e. carbothermal reduction 

mixtures (CTR) according to Table VI. The major reactions started at about 

1000°C and were complete after about 40 minutes at the plateau level. This could 

be seen as weight loss in the TG experiments, DTA measurements, and 

generation of CO(g) from the carbothermal reduction recorded by MS. The level-

off of gaseous species, e.g. CO(g), that filled the furnace chamber during reaction, 

as recorded by the MS signal, was found to be sensitively dependent on the 

amount of starting mixture used in each experiment. This is evidently because 

large volumes of CO(g) are formed under ambient pressure. For instance, 15g of 

B4C whisker starting mixture yields about 40 dm3 of CO(g) during a period of 

about 40 minutes at 1700°C. This is more than ten times the volume of the 

furnace. In order to compare different experiments, only the onset of an MS peak 

was taken into account and not the whole time lapse during which a certain gas 

species could be detected. 

Up to 900°C, the temperature measured by the furnace regulation thermocouple 

fluctuated around the preset temperature, giving rise to stepwise TG weight losses 

and multiple MS peaks of CO2(g). At higher temperatures the measurements 

followed the preset values, see Figures 3.20 and 3.21.  

The CO2(g) signals from the CTR-VLS and CTR mixtures overlaped very well, 

while there were small deviations between the CO(g) signals, see e.g. Figure 3.22b. 

The weight loss during the initial heating period is due to burn-off of the volatile 

content of the carbon-black powder. From the TG and MS recordings it is clear 

that the evolution of CO2(g), in the temperature range 350−1000°C, originates 

almost only from the heating of the carbon-black powder. This evolution 

probably proceeds also at higher temperatures, but then CO(g) is instead the most 

stable carbon oxide species. Another result (not shown) of the MS recordings was 

the detection of sulphur during the whole synthesis. EDS also detected sulphur 

species condensed onto copper plates (see the TiB2 section). The origin of the 

sulphur seems to be the carbon black powder and also the internal graphite of the 
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furnace, which both have been used in all syntheses. Sulphur is known to form a 

very low-melting eutectic with Ni, and it may also influence the surface tension of 

the liquid nickel. However, the effect of sulphur on the synthesis of whiskers has 

not been characterised.  

 

3.1.4.3.1. DTA-MS for TiC, TiB2 and B4C 
The in-situ double thermocouple measurements provided some information on the 

reaction rates, for these experiments yielded an interesting contribution to the 

understanding of the reactions: the temperature inside the reaction mixtures in the 

crucible was up to 100°C lower than the set-point value during the main reaction 

period (Figure 3.20). This effect was observed in all the syntheses, and is probably 

due to the endothermic nature of the carbothermal reactions. The MS signals 

from CO(g), that were recorded simultaneously are inserted in Figure 3.20. In 

order to compare the reactions of CTR-VLS and CTR mixtures the same carbon 

and oxide amounts were used, but because of large differences in powder packing 

density between the TiC mixtures and the other mixtures (TiB2, and B4C) all of 

these could unfortunately not be compared. Since the two latter powder mixtures 

had similar powder packing densities, however, they could be compared. 

According to the DTA results, the CTR-VLS mixtures of TiC and TiB2 tended to 

react more slowly and exhibited lower temperatures than the corresponding CTR 

mixtures (Figure 3.20a–d). On the other hand, the MS results reveal that the CTR-

VLS mixtures start to react at a slightly lower temperature than CTR mixtures and 

in the temperature (TS) curves the CTR-VLS mixtures both also showed a small 

twitch at 50 min, 1350°C. These twitches may depend on the presence of NaCl in 

the CTR-VLS mixtures for two different reasons: (i) The salt may decrease the 

direct contact area between carbon and oxide powders and thus contribute to a 

slower reaction rate compared to CTR reactions. (ii) Endothermic formation of 

gaseous halogenide compounds may be responsible for the ∆T between the CTR-

VLS and the CTR reactions, including the temperature twitch at 50 minutes. 

These differences could not be noted for the B4C syntheses at 1700°C, since both 

these mixtures lag behind the set-point temperature increment, also at 50 minutes 

(Figure 3.20e-f). 
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  (c)      (d) 
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  (e)      (f) 
Figure 3.20 “DTA” and MS results using CTR-VLS and CTR-mixtures for: (a–b) TiC, (c–d) 
TiB2 and (e–f) B4C. TR is the “reference” temperature and refers to the temperature measured by the 
upper measuring point (above the crucible). TS is the sample temperature measured by the lower 
measuring point (inside the crucible). The measurements showed e.g. that the temperature in the mixture 
is up to 100°C lower than outside during the reactions as shown by the magnified curves (b, d, and f). 
CTR-VLS reactions started at a slightly lower temperature than CTR reactions.  
 
This corresponds to temperatures between 1500 and 1550°C, and possibly it is the 

endothermic formation of B2O3(g) or B2O2(g) that is responsible for this 

behaviour. On the other hand, the subsequent temperature change is similar to 

that of TiC and TiB2 in the sense that the temperature in the CTR-VLS mixture 
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remains constantly low for a longer time than in the CTR mixture, possibly 

reflecting vaporisation of NaCl until depleted. It is evident from Figure 3.20e-f 

that the high synthesis temperature of the B4C synthesis yields a faster reaction 

rate and/or a more extensive vaporisation. In contrast to the TiC and TiB2 

reactions, the main CO(g) evolution for B4C, as seen by the MS signal, is more 

homogeneous than for TiC and TiB2 probably reflecting the higher temperatures. 

 

3.1.4.3.2. TG-MS for TiC 
The heat treatment of the CTR-VLS mixture for TiC was followed by TG. Figure 

3.21a reveals that the first part (up to 1000°C) of the weight loss was associated 

with the burn-out of the volatile matter of the carbon powder, since there is a 

correlation with weight loss corresponding to the manufacturer specification 

(inserted in the figure). The weight loss proceeds down to the expected level 

without any obvious twitches originating from e.g. formation of gaseous 

halogenides. The level out in weight loss is rather slow and this behaviour could 

also be noted in the DTA and MS results. This is maybe due to the “low” reaction 

temperature. 
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 (a)      (b) 
Figure 3.21 (a) TG measurement of the TiC synthesis. (b) MS-signals of CO(g) and CO2(g)  from  
CTR-VLS mixture. The results indicate that the CO(g) onset of the CTR-VLS mixture coincide with 
main weight loss. The expected weight losses (E.W.L) for the carbon black powder and the total reaction 
are inserted.  
 

3.1.4.3.3. TG-MS for TiB2  
The carbothermal reduction of the precursor oxides started at about 1000°C. 

Those reactions were associated with evolution of CO(g), and at those high 

temperatures the MS records showed no additional evolution of CO2(g). The start 
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of carbothermal reduction is also indicated by a sudden increase in the slope of 

the weight-loss curve, see Figures 3.22a–b. The weight loss for “pure” carbon 

black powder was followed and it exceeded the expected, possibly because of 

moisture in the powder. 
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(a)      (b) 

Figure 3.22 TG and MS measurements on TiB2 reactions, using the same temperature profile as the 
optimum synthesis, of the carbon-black powder and of the CTR and CTR-VLS starting mixtures. (a) 
TG measurements and inserted temperature profile. Expected weight losses (E.W.L) for the carbon 
black powder and the total synthesis are inserted. (b) MS signals from CO2(g) and CO(g). At 
temperatures below 1000°C the CO2(g) evolution seem to proceed from the volatile parts of the carbon 
black powder. 
 

The CTR mixture starts to react at a somewhat higher temperature than the CTR-

VLS mixture. Tests with an empty crucible and carbon black served as references. 

The TG curve indicates that the main reaction is complete after 80 minutes but 

the expected weight loss was not achieved in this experiment.   

EDS analysis of gas species condensed on copper plates showed the precipitates 

to contain Cl during the whole reaction time. This was probably because the 

furnace itself contains some condensed, accumulated NaCl. Na was detected at 

temperatures above 1000°C. Weak Ni peaks occurred during heating up to 

1200°C, and small amounts of Ti were detected from 1200 to 1500°C (Figure 

3.23). Ti mostly reacts to form TiB2, and only minor amounts disappear from the 

reactor during the synthesis. However, the temperature regions where Ni and Ti 

are observed are supported by the equilibrium calculations showing NiCl2 and 

TiCl3 gas formation, see Figures 3.24a–b. Sulphur originating from the carbon 

powder could also be detected. 
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Figure 3.23 EDS spectra showing the analyses of the condensed gaseous species from the TiB2 
synthesis. The plates were changed every 10 minutes so that the first, front spectrum accounts for the 
period 0 to 10 minutes. The characteristic energies for certain elements are emphasized. Na, Cl, and S 
are present all the time, whereas the signal from Ti appears after 60 minutes. 
 

 
(a)      (b) 

Figure 3.24 Gibbs free energy minimisation calculation for a TiB2 starting mixture with the following 
molar ratios: TiO2 : B2O3 : C : NaCl : Ni = 1 : 1 : 5 : 0.25 : 0.1. Amorphous carbon was used in 
the calculations. (a) Titanium is mainly transported as TiCl3(g) at the reaction temperatures and (b) 
the nickel metal catalyst is transported mainly as NiCl2(g).  
 

3.1.4.3.4. TG-MS for B4C 
TG and MS measurements were performed on the optimum starting mixture, in 

the same manner as above and under the same conditions as the syntheses. The 

major weight loss during heating up to 1000°C again, as described above, 

corresponds mainly to burn-off of the volatile materials in the carbon-black 

powder.  
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(a)      (b) 

Figure 3.25 (a) TG measurements during B4C synthesis show that the main reaction is terminated 
after a total time of 70 minutes and the weight loss exceeded the expected (E.W.L). (b)  MS signal 
recorded during B4C synthesis. The CO2(g) peak corresponds to burn-off of carbon-black powder, and the 
CO(g) peak corresponds to carbothermal reduction of B2O3.  
 
The furnace regulation gave a wavy temperature increase up to 1000°C, which is 

the reason for the stepwise weight loss and the multiple peaks in the CO2 signal, 

see Figure 3.25a–b. The MS signal of H2O was negligible. Detection of CO(g) 

started at 1300°C, corresponding to the onset of the carbothermal reduction 

reactions, see Figure 3.25b. This is also indicated by a sudden increase in the slope 

of the weight-loss curve, see Figure 3.25a. The reaction seems to be complete 

after 70 minutes, when the weight-loss curve and the MS CO(g) signal level out. 

The weight loss exceeded the expected, maybe because of the volatile nature of 

boron oxide. 

 

3.1.5. On VLS growth 

The detailed mechanism of whisker growth remains obscure. The catalyst metal 

may continuously dissolve the constituents and at the same time precipitate the 

whisker, but it is not clear how whiskers nucleate and exactly what mechanism 

determines the diameter. It is generally accepted that the presence of metal 

droplets at the whisker tips is evidence for some kind of VLS mechanism. Catalyst 

droplets were found on all four whisker types, more often after quenching or in 

whisker products synthesised at low temperature. A sample of (Ti,Ta,Nb)C 

synthesised at 900°C was therefore prepared and investigated by TEM. The 

whisker yield was low, but droplets were found at the whisker tips, and different 

levels of erosion were observed, see Figure 3.26.  
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(a)    (b)    (c) 
Figure 3.26(a–c) TEM micrographs of a sample prepared at 900°C showing the sharp interface 
between the whisker and catalyst droplet and different degrees of erosion of Ni droplets. 
 

This is strong evidence that the catalyst is recycled several times during synthesis, 

and it explains why such a small amount of catalyst is needed in the reaction 

mixture. Another interesting result from this experiment is that whiskers, although 

in low yield, were in fact formed already at 900°C. This indicates that Ni can form 

a eutectic at this low temperature. No whiskers were found, however, when Ni 

powder was replaced by Ni foil at 900°C. In order to have a catalytic activity at 

this low temperature it is thus necessary to use a fine-grained starting powder of 

the catalyst metal. The interface is very sharp between the whisker and the droplet 

according to the TEM micrographs. One possible growth mechanism is that the 

whisker nucleates on the surface of the droplet and that the whisker diameter 

increases to a width determined by the surface tension between the droplet and 

the whisker, see Figure 3.27. 

 

 
Figure 3.27 A possible growth mechanism is that (1) a whisker nucleates on the surface of a catalyst 
droplet and (2) the diameter of the nucleated whisker increases to a width determined by the surface 
tension (wetting angle α) between the catalyst droplet and the carbide phase, and finally (3) the whisker 
grows outwards from the droplet. 
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The surface tension of the metal droplets that could be influenced by e.g. different 

salts and the presence of sulphur species (from the carbon powder) may play an 

important role for the whisker morphology.  

In the (Ti,Ta,Nb)C and TiB2 studies, droplets were found on more or less 

separated randomly orientated whiskers but, as mentioned above, B4C most often 

and sometimes also (La,Ce)B6 grew as bird’s nests with whiskers radiating from a 

centre. These bird’s nests were found not only within the reaction mixture but 

also above. This behaviour is hard to explain by a mechanism like the one in 

Figure 1.8. A SEM study of these whiskers led us to propose the growth 

mechanism shown in Figure 3.28 for boron carbide, which in a sense is similar to 

the growth of silicon whiskers from a gold droplet on a silicon substrate [40].  

 

 
Figure 3.28 Schematic representation of a proposed growth mechanism for (some) B4C and (La,Ce)B6 
whiskers. The formation of “bird’s nests” at 1700°C may be imagined as a cyclic path where (1) the 
catalyst metal condenses on a carbon surface and then acts as an acceptor for gaseous species, e.g. BCl(g), 
and as surface for CO(g) decomposition, thus forming a Co–B–C alloy. (2 and 3) When a certain 
degree of saturation is attained, a crystal precipitates and a whisker, with a catalyst droplet at the tip, 
grows out from the carbon surface. (4) The reaction terminates when the concentration of gases has 
decreased below a critical level or when the droplet is eroded by chlorine gas.  
 
According to the proposed mechanism, the catalyst is distributed as gas phase at 

high temperature, e.g. 1700°C, and then deposited onto a carbon particle or a 

graphite crucible surface, forming a liquid carbon-alloy droplet. The droplet 

becomes supersaturated with boron and carbon from the reaction gases BCl(g) (or 

B2Ox(g)) and CO(g) (the latter has been found to promote boron-carbide filament 

growth at similar temperatures [102]). Then, a precipitated boron carbide whisker 

may grow out from the graphite surface, fed by a supply of gas species to the 

droplet at the whisker tip. A large carbon area thus offers a large number of 
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crystallisation sites; this mechanism may therefore explain why a hyper-

stoichiometric carbon content yields more whiskers than a stoichiometric amount. 

It should be noted, however, that the influence of carbon monoxide on this 

mechanism is not proved; there are many other carbon- and chlorine-containing 

gaseous species that are thermodynamically possible, but CO(g) is by far the most 

abundant species in these reactions.  

The B4C whiskers synthesised at 1700°C with the optimum reaction mixture were 

investigated in detail by TEM. Fine-structured striations were commonly found in 

directions parallel, oblique and perpendicular to the whisker elongation. These 

striations could be ascribed to twinning, which was revealed by diffraction studies. 

Many of the whiskers exhibited what appeared to be growth instability [103], and 

in these cases the phenomenon could be ascribed to twin growth on certain 

planes, giving rise to notches or surface steps (Figure 3.29). It should be noted 

that the product contained defect-free whiskers as well. 

 
Figure 3.29 TEM micrograph revealing surface notches and striations, which were found to depend on 
twin growth in the crystal. 
 
As described above, there seems to be more than one whisker formation reaction 

type for (La,Ce)B6; it was found that whiskers could form without catalyst metal 

as well as halogenide salt, and this feature make this whisker material different 

from rest of the whisker types described in this thesis. TEM, PXRD, and SEM 

investigations revealed that numerous different phases and morphologies were 

formed, and some examples are shown in Figure 3.30. It was shown above by 

thermodynamic calculations that Ce, La, and B species may be formed without a 

halogenide salt, and the appearance of whiskers having droplets with high La 

content attached to the tips gave rise to speculation about a VLS mechanism 

acting without the addition of “ordinary” catalyst metal (Figure 3.30b). If the 
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oxides of Ce and La could be carbothermally reduced to metals, these low-melting 

metals could themselves and/or in contact with carbon act as nucleation sites for 

whisker growth after saturation by gaseous boron species. 

 

     
(a)      (b) 

      
 (c)      (d) 
Figure 3.30 SEM- BSE micrographs showing some whiskers of the La-Ce-B system. (a)  Ni droplet 
terminating an LaB6 whisker synthesised at 1500°C. (b) An LaB6 whisker formed at 1500°C with a 
droplet of high La content. (c) Small (La,Ce)B6 whiskers  attached to a large particle of high La-Ce 
content (synthesis performed at 1800°C) (d) Elongated platelets  of (La,Ce)B6 synthesised at 1800°C. 
 

However, what contradicts this theory is that the carbothermal reduction of these 

oxides seems to require temperatures above 2000°C [9]. Some whiskers may have 

grown by a VS mechanism. However, nickel droplets at one end of whiskers were 

also found (when Ni was added), indicating an “ordinary” VLS mechanism for 

those (Figure 3.30a). It is also possible that the whisker growth requires a very 

small amount (impurity levels) of a catalyst. 
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3.2. Composites 

As mentioned in the introduction, these investigations have been performed with 

focus on:   

• Development of a powder processing scheme including hot press sintering 

of composites 

• Preparation of nano-composites by SPS sintering 

• Preparation of whisker and particulate composites by SPS sintering 

 

3.2.1. Powder processing 

In the aqueous colloidal processing of alumina-based TiC and TiN composites 

[59] a processing scheme was developed for systems containing 5–25vol.% of 

reinforcement particles of different sizes and morphologies (Figure 2.5).  

 

3.2.1.1. Powder characterisation 

 
3.2.1.1.1. Powders used to develop the processing scheme  
The commercial starting micron-sized powders, TiC (STD 120) and TiN (grade c) 

exhibited similar equiaxed, spherically shaped morphologies and a narrow particle 

size distribution (Table VIII). The specific BET surface area of the TiN 

nanoparticles was measured, and the equivalent spherical diameter was found to 

be 30 nm, which is in accordance with morphology studies in TEM (Figure 

3.32b). PXRD experiments indicated that the TiC and TiN powders were phase 

pure, and XPS data of the powders showed a high level of surface contamination 

by aliphatic carbon. It was also shown by leaching experiments that the solubility 

of the powders in water at moderate pH is negligible.  

Zeta potential measurements in dilute aqueous NaCl solution showed identical 

isoelectric points (pHiep = 4.3) for TiC and TiN, while pHiep for alumina was 

found to be 9.2 (Figure 3.31). Addition of small amounts (0.5 wt.%) of the 

dispersant shifted pHiep for alumina to about 3.  
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Figure 3.31 Zeta potentials of the powder used, in 0.01M NaCl solution. 

 

3.2.1.1.2. Nano-sized powders used for the preparation SPS sintered composites 
The alumina (Taimicron) powder used for the preparation of SPS sintered 

composites was fine grained: the particle diameter was about 100 nm, as revealed 

by TEM studies (Figure 3.32a). The nano-sized TiN and SiC powders were also 

investigated by TEM to reveal the particle size and morphology, and it is obvious 

that the particle sizes are about 20–30 nm (Figure 3.32b–c).  

     
 (a)    (b)    (c) 
Figure 3.32 TEM images showing fine-grained powders (a) Al2O3 (Taimicron) (b) TiNn, and (c) 
SiCn. 
  

3.2.1.2. Suspension characterisation in processing scheme development 

The aim was to obtain a highly concentrated suspension of low viscosity (with low 

degree of agglomeration). Since a suspension comprising 20–25 vol.% TiC or 

TiN, alumina, water and dispersant (at 20 vol.% of solids loading) was found to 

display a pH of about 9; the system could be electrostatically stabilised without 

any further modification. This was shown by a number of viscosity measurements 

(Figure 3.33a). On the other hand, the same loading of TiNnano showed shear 

thinning effects in the viscosity measurements indicating some kind of 

flocculation (Figure 3.33b).  
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  (a)      (b) 
Figure 3.33 (a) Viscosity measurements (steady shear flow curves) of 20 vol.% solids suspensions at 
pH 9. The suspensions containing 25 vol.% of carbide and nitride phases showed almost no shear 
thinning in the presence of dispersant. Without dispersant there was shear thinning depending on 
flocculation. (b) Steady shear flow curves of 20 vol.% composite suspensions at pH 9 with different 
amounts of nano-particle loadings. It was evident that 20 vol% TiNnano resulted in shear thinning.  
 

3.2.1.3. Prepara ion o  the composite powders t f

t

The processing scheme developed (see Figure 2.5) was used in all the composite 

preparations.  One advantage, which has been mentioned above, is that highly 

concentrated suspensions automatically get stabilised by electrostatic repulsive 

forces after addition of the dispersant for the systems used. The low water content 

in combination with the low viscosity made the composite suspensions suitable 

for freeze granulation. 

 

3.2.1.4. Sin ering 

After freeze-drying, the powders still contained dispersant surrounding the 

particles. The dispersant was “burnt off” from the “powder processing” powders 

in Ar–6%H2 at 600°C in a graphite furnace.  However, it was found that the very 

small amounts (up to 0.5 wt.%) that had been added did not result in any porosity 

during sintering and therefore the rest of the composite powders were (SPS) 

sintered directly. 

 

3.2.1.4.1. Hot Press Sintering 
After burn-out of the dispersant, the freeze-dried composite powders in the powder 

processing study were poured into a 12 mm diameter graphite die and hot pressed in 

argon atmosphere at 28MPa and 1700°C for 90 minutes. The resultant bodies 
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were about 5 mm in height. It could be concluded that all the composites were 

fully dense, see Table XVII.  

 

Table XVII Relative densities of the hot-pressed composites of the processing study. 
Composite HP, 1700°C 

 Amount of PAA added with 
respect to dry powder 
weight Al2O3 (wt.%) 

Final density 
after hot pressing 

(%ρth) 
Al2O3 0.25 100 
Al2O3 0.5 100 
Al2O3−25 vol.%TiC 0.25 100 
Al2O3−25 vol.%TiC 0.5 100 
Al2O3−25 vol.%TiN 0.25 100 
Al2O3−25 vol.%TiN 0.5 100 
Al2O3−5 vol.%TiNnano 0.5 100 
Al2O3−10 vol.%TiNnano 0.5 100 
Al2O3−20 vol.%TiNnano 0.5 100 
Al2O3−20 vol.%Ti(C,N)whiskers 0.5 98 
Al2O3−25 vol.%TiCwhiskers 0.5 98 

 

3.2.1.4.2. SPS-sintering of nano-composites 
The nano-composites were sintered with the SPS technique in attempts to tailor 

the microstructures. Samples were sintered at 1200°C, 1400°C, and 1600°C, at 

75MPa for 5 minutes; the results are listed in Table XVIII. The sintering activity 

of the fine-grained powder was revealed by following the SPS sintering (Figure 

3.34). For the 5 vol.% TiNnano composite the maximum density was reached 

already at a plateau temperature of 1200°C. Increasing the temperature further 

resulted in a lowering of the density. At least three different mechanisms can be 

responsible for this: (i) The SPS sintering as well as other techniques can yield 

inhomogeneous sintering, resulting in e.g. a composite where the surface has 

become dense and free from pores, thus trapping internal porosity. (ii) The rapid 

heating in the SPS device may result in excessive alumina grain growth such that 

the voids at the starting grain boundaries become trapped in the alumina grains. 

This type of porosity has been reported for SPS sintering of pure alumina with 

high heating rates [19]. This phenomenon seems to depend on the absence of 

second-phase particles acting as grain growth inhibitors. (iii) Other possible 

contribution to porosity are chemical reactions forming gases at higher 

temperatures; the organic dispersant was not burnt out before sintering and was 

86



most probably decomposed during sintering. Rapid sintering and grain growth 

may trap these gases. Possibly, hot spots can be created during the SPS sintering, 

and TiN may decompose to e.g. N2(g) that could be trapped in the alumina grains. 

This would explain the fact that porosity increased with increasing TiNnano loading 

and temperature (Table XVIII). Moreover, the mechanisms (i), (ii), and (iii) can 

probably also cooperate. The SiCnano composites required higher sintering 

temperatures than TiNnano composites to become fully dense, see Figure 3.34 and 

Table XVIII. Similar behaviour was found in the SiC particulate and whisker 

composites (see next section).  

 

Table XVIII Relative densities and mechanical properties of the SPS-sintered nano-composites (the 
brackets denote porous composites and therefore uncertain values). 

Composite SPS, 1200°C SPS, 1400°C SPS, 1600°C 
Al2O3 + listed  

materials 

%ρth 

 
HV5

(GPa) 
K1C

(MPam1/2)
%ρth 

 
HV5

(GPa) 
K1C

(MPam1/2)
%ρth 

 
HV5

(GPa) 
K1C

(MPam1/2)

2vol.% TiN 99.9 20.3 3.7 98.9 16.7 3.8 99.0 15.5 * 
5vol.% TiN 98.7 20.7 3.2 97.9 17.0 3.4 96.2 13.9 4.1 
2vol.% SiC 92.5 (15.2) (3.5) 99.4 20.6 2.8 99.9 19.3 2.8 
5vol.% SiC 89.8 (11.5) (3.9) 97.4 19.8 3.0 99.4 19.8 2.5 
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Figure 3.34 SPS sintering curves for SiC and TiN nano-composites. The normalised displacement 
curves show that the TiN composite became densified when the temperature reached the plateau, while the 
SiC composite required higher temperature or prolonged sintering time in order to become dense. 
 
 
3.2.1.4.3. SPS-sintering of whisker and particulate composites 
Higher temperatures than those used to sinter nano-composites were required to 

make many of these composites dense. With the aim to compare the different 

composites, the sintering parameters at this stage of the investigation were fixed at 
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suitable conditions. From preliminary sintering tests in the temperature range 

1400–1700°C, 1600°C was decided to be a compromise and was high enough to 

yield fully dense compacts of all the composites except TaC, which exhibited a 

strong sintering resistance, see Table XIX. From the displacement curves of the 

SPS sinterings in Figure 3.35 it is obvious that TiC and TiB2 composites are easily 

densified, while the SiC composites are the most reluctant ones at this 

temperature and pressure. Increasing the sintering temperature to 1700°C yielded 

only negligible increase in density of the TaC composite, and temperatures above 

1700°C resulted in carbothermal reduction of alumina (generating CO(g) and Al 

metal)) but also a density drop, probably because of oxidation of TaC by alumina 

similar to that reported for TiC–Al2O3 sintering at 1700°C [104–105] : 

 
TiC+Al2O3=TiO+Al2O(g)+CO(g)   (3.34) 

 
∆G calculations for the carbothermal reduction and oxidation reactions above 

give negative values beginning at temperatures above 2000°C, and this indicates 

the presence of hot spots during SPS sintering.  
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 (a)      (b) 
Figure 3.35 Temperature, pressure and normalised displacement from the SPS sintering of (a) 
Particulates and (b) Whiskers. The reinforcements behave in different manners, and it is obvious that 
SiC (both as whiskers and particulates) is the most, and TiC and TiB2 the least reluctant to sintering.  
 

In order to have an unreinforced reference material, pure alumina powder was 

sintered under the same conditions, resulting in huge grains with closed porosity, 

which were impossible to polish and perform mechanical measurements on. This 

was clearly too high a sintering temperature, and therefore a sample had to be 

sintered instead at 1400°C. This sample showed similar alumina grain growth as 

most of the composites, and could therefore serve as reference material. 
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Table XIX  Relative densities and mechanical properties of whisker and particulate composites. 
Composite SPS, 1600°C 

Al2O3 + 25vol.% of the 
listed materials 

% ρth Hv10 
(GPa) 

Stdev 
Hv

K1c

(MPam0.5) 
Stdev 

K1c

TiCp 99.6 20.1 1.2 4.3 0.3 
TiCw 99.8 18.3 0.8 4.9 0.4 
Ti0.05Ta0.95Cw 97.8 14.6 0.3 4.6 0.4 
Ti0.33Ta0.33Nb0.33Cw 98.6 15.3 0.8 4.6 0.3 
TaCp 93.1 17.1 0.5 4.5 0.7 
NbCp 100.0 21.0 1.7 4.3 0.2 
SiCp 99.4 23.2 1.3 3.6 0.2 
SiCw 99.8 22.2 0.5 5.5 0.2 
B4Cp 98.3 21.9 1.4 4.4 0.5 
B4Cw 100.0 18.5 0.7 4.7 0.5 
TiB2p 99.1 20.0 0.6 5.1 0.1 
TiB2w 98.1 17.0 0.6 5.7 0.6 
Al2O3 (sintered at 1400°C)  98.9 17.6 0.9 2.9 0.1 

 

3.2.2. Characterisation of composites 

3.2.2.1. Microstructure 

3.2.2.1.1. Hot pressed “powder processing” composites 
After hot pressing the fully densified TiC and TiN particulate composites showed 

well-dispersed microstructures, but when low amounts (0.25 wt%) of dispersant 

were used, TiN tended to agglomerate.  The number of agglomerates was found 

to decrease with increasing amount of dispersant, and 0.5 wt.% of PAA was 

enough as admixture (Figure 3.36). In the whisker composites, the whiskers were 

well dispersed, but the microstructure exhibited some porosity (Figure 3.36c). 

Some defects could be assigned to whisker pull-out during polishing. The 

whiskers had, as expected, a preferred orientation perpendicular to the pressing 

axis.   

 

   
(a)    (b)    (c) 

Figure 3.36 SEM micrographs of cross sections perpendicular to the pressing direction for some 
composites which all had an initial concentration of 0.5wt.% PAA: (a) Al2O3-25vol%TiN-
particulates; (b) Al2O3-25vol.% TiC-particulates; (c) Al2O3-20 vol.% Ti(C,N) whiskers. 
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In order to investigate the microstructure of the TiNnano composites, polished 

surfaces were thermally etched. It could be concluded from SEM studies that in 

the composite containing 5 vol.% of TiNnano the nano-particles were 

homogeneously distributed in the matrix even though some small agglomerates 

were present (large enough to be detected in SEM 880). The amount of TiN 

particles was too low for pinning the alumina grain growth, and very large alumina 

grains were thus formed (Figure 3.37a). Higher loadings of TiNnano suppressed the 

alumina grain growth by forming large agglomerates at the alumina grain 

boundaries (Figure 3.37b–c). From these results it was concluded that an 

admixture of 5 vol.% TiNnano in combination with reduced sintering temperature 

and time ought to be a desirable combination in order to obtain more fine-grained 

nano-composites. Therefore it was decided to use the SPS sintering technique to 

perform such experiments.  

 

   
 (a)    (b)    (c) 
Figure 3.37 SEM micrographs of thermally etched cross-sections parallel to the pressure direction of 
Al2O3–TiNnano composites (0.5 wt.% PAA) hot-pressed at 1700°C: (a) Al2O3–5 vol.% TiNnano (the 
dark vertical line is a grain boundary between two large alumina grains); (b) Al2O3–10 vol.%TiNnano; 
(c) Al2O3–20 vol.% TiNnano. 
  

3.2.2.1.2. Nano-composites 

The SPS-sintered nano-composites were expected to exhibit finer microstructures 

(nanostructure) than those of the hot pressed, due to the shorter sintering time 

and lower sintering temperature. The nano-particles, being about 30 nm in 

diameter, were too small to be investigated in SEM 880 in a satisfactory manner. 

Therefore fractured samples were investigated in a FEG-SEM.  In general, all the 

TiNnano composites were found to exhibit well dispersed microstructures, but the 

grain growth increased very much with increasing sintering temperature; i.e. the 

change from 1200°C to 1400°C gave an approximately tenfold increase in alumina 
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grain size. In the SiCnano composites the nano-particles were aggregated in certain 

areas, implying that the ball milling step did not break up the starting agglomerates 

completely, see Figure 3.39. 

 

TiNnano composites 

The TiN nano-particles agglomerated more and more with increasing sintering 

temperature (Figure 3.38a–c). Sintering at 1200°C gave the densest TiN composite 

and least grain growth. The micrographs indicate that the fracture mode is 

intergranular for all the TiN nano-composites, and nano-particles seem to be 

located at the grain boundaries. Furthermore, some TiN particles seem to have 

been pulled out from the grain boundaries during the sample preparation. If this 

really is the case it might be explained by the greater thermal expansion of TiN 

compared to alumina but also by the possible decomposition reactions mentioned 

above yielding small voids around the TiN particles, even though such reactions 

are known to take place at higher temperatures.  

 

   
 (a)    (b)    (c) 
Figure 3.38 Back-scattered electron (BSE-SEM) micrographs showing fracture surfaces in 2 vol.% 
TiN/Al2O3 composites sintered at 75 MPa for 5 minutes at: (a) 1200°C (where the microstructure is 
revealed by the FEG-SEM inset where the scale bar is 200nm); (b) 1400°C; and (c) 1600°C. Note 
the substantial temperature-dependent grain growth of alumina (dark grains) and agglomeration of TiN 
particles at 1400°C and higher (lighter spots).  
 

SiCnano composites 

In contrast to TiN nano-composites, the SiCnano composites all showed 

transgranular fracture, especially at higher sintering temperatures (Figure 3.39). 

The SiC composites exhibited more aggregates of nano-particles, which seems to 

be an artefact of the powder processing. The alumina grain growth was not as 

obvious as for the TiNnano composites, but alumina grains seem to have grown to 
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non-equiaxed morphologies, which is a feature also seen in whisker and particulate 

composites (see below). For the nano-composites it could be concluded that the 

microstructures could be somewhat tailored by using different sintering 

temperatures, but in order to get composite types according to Niihara [29] the 

process needs to be further investigated.  

 

   
(a)     (b)     (c) 

Figure 3.39 FEG-SEM images with magnified insets (scale bars are 200nm) showing fracture 
surfaces of 2 vol.% SiC/Al2O3 composites sintered at 75 MPa for 5 minutes at (a) 1200°C, (b) 
1400°C, and (c) 1600°C.  These composites show more transgranular fracture surfaces than the TiNn 
composites, and the SiCn particles are less homogeneously dispersed than in TiNn composites.  
 
 
3.2.2.1.3. Whisker and particulate composites  
Most of the SPS-sintered whisker and particulate composites exhibited well-

dispersed reinforcement particles (Figure 3.40 and 3.41). Rough estimates of 

alumina grain size and fracture mode are listed in Table XX. 

 

Particulate composites  

Generally, the particulate composites exhibited well dispersed microstructures 

(Figure 3.40), but the TaC and NbC particle composites showed areas with 

carbide aggregates, which also resulted in areas with almost no reinforcement 

particles. The alumina grains in these areas exhibited excessive grain growth. The 

reason for the inhomogenity of TaC and NbC composites might be that the 

reinforcement particles are too heavy in relation to alumina to form stable 

suspensions. Despite similarities in the microstructural features, the TaC and NbC 

composites exhibited different fracture modes, TaC showing intergranular fracture 

and NbC transgranular fracture. As mentioned above, the SiC nano-composites 

showed transgranular fracture and anisotropy of the alumina grain morphology, 

and similar behaviour was noted also for the SiC particulate composites (discussed 
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below). All the different reinforcement phases except NbC seem to have acted as 

grain growth inhibitors, which was evident from the microstructures. Despite the 

complex electrokinetic behaviour of TiB2 and B4C (section 1.5.2.3), the processing 

route also work with these composites.  

 

   
(a) TiC   (b) TaC   (c) NbC 

   
(d) SiC    (e) B4C   (f) TiB2

Figure 3.40 Microstructures of the particulate composites, also showing the crack propagation. (a) 
TiC, (b) TaC, (c) NbC, (d) SiC, (e) B4C (f) TiB2. 
 

 

 Table XX Some observed features of the whisker and particulate composites. 
Reinforcement 
phase 

Observed reinforcement 
mechanism 

Estimated alumina 
grain size (µm) 

Fracture mode 
(Inter- or trans-granular) 

TiCw Pullout or Debonding, 
Branching, Deflection? 

1–8 Inter 

TiCp Weak deflection?  1–10 Inter/trans 
TiTaCw Branching, Pullout, Bridging, 

Deflection? 
1–5 Inter 

TiTaNbCw Bridging, Branching, 
Deflection? 

1–5 Inter/trans 

TaCp Deflection? 1–10 Inter 
NbCp Deflection, Debonding? 1–10 Inter/trans 
SiCp Weak deflection? 1–5 (anisotropic) Inter/trans 
SiCw Weak deflection? Pullout, 

Bridging, Branching 
1–8 (anisotropic) Inter/trans 

B4Cp Deflection? Bridging 1–7 Inter/trans 
B4Cw Branching, Bridging 2–20 (anisotropic) Inter/trans 
TiB2p Deflection? 2–15 Inter/trans 
TiB2w Deflection? Branching 2–15 (anisotropic) Inter/trans  
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Whisker composites   

Most of the whisker composites exhibited well-dispersed microstructures (Figure 

3.41). The B4C whisker composite, which contained a high fraction of large 

whiskers showed (alumina) areas without boron carbide. The SiC whisker 

composites, as well as the TiB2 and B4C whisker composites, showed anisotropic 

alumina grains. This might be an artefact of the milling step where small amounts 

of silicon or boron could be released and segregate as a liquid phase promoting 

alumina grain growth. It could be concluded that all the whiskers survived the 

sintering process, but closer studies of the microstructures indicated that TiC, 

(Ti,Ta)C and (Ti,Ta,Nb)C whiskers had been eroded during the process. Possibly, 

the sintering temperature was high enough to promote reactions like (3.34) 

described above.   

 

   
(a) TiC   (b) (Ti,Ta)C   (c) (Ti,Ta,Nb)C 

   
(d) SiC    (e) B4C   (f) TiB2

Figure 3.41 Microstructures of the whisker composites showing the crack propagation. (a) TiC, 
(b) (Ti,Ta)C, (c) (Ti,Ta,Nb)C, (d) SiC, (e) B4C (f) TiB2. 
 

3.2.2.2. Mechanical properties 

In order to compare the reinforcing effect of different phases and morphologies, 

Vickers indents were made and the yielded indents and radial cracks were 

measured to give values of hardness and fracture toughness. Measurements were 

performed on the SPS-sintered nanoparticle, whisker and particulate composites.  
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3.2.2.2.1. Nano-composites 
The thermal expansion of TiN is higher than that of alumina, while it is lower for 

SiC. Under optimum conditions a difference in mechanical properties could be 

expected as a result. The mechanical properties were quite similar for the different 

composites despite the large differences in microstructure (Table XVIII). For the 

composite containing 2 vol.% TiNn sintered at 1600°C, the indents could not be 

interpreted or measured. The indents diminished, possibly as a result of loosely 

bound large grains that were released when the indenter created intergranular 

cracks. Despite small differences in the mechanical properties, however, it could 

be concluded that the TiNn composite containing 2 vol.% of nano-particles and 

sintered at 1200°C exhibited the best fracture toughness in combination with high 

hardness. Among the SiC composites, 2 vol.% combined with sintering at 1400°C 

resulted in full density and high hardness, while the fracture toughness was 

constantly low.  

 

3.2.2.2.2. Whisker and particulate composites 
The results from measurements of mechanical properties are listed in Table XIX, 

and some observed features are listed in Table XX. All the reinforcement phases 

in this study have lower thermal expansion than alumina, which means that the 

reinforcement materials are compressed in the matrix after cooling from the 

sintering at 1600°C, thus creating different degrees of residual stresses. No 

correlation however was found between calculated stresses (Table II) and 

obtained fracture toughness values. On the other hand, the absence of a trend was 

not surprising, though such a comparison probably would require more uniform 

particle size, morphology, purity, etc.  As mentioned above, pure alumina sintered 

at 1600°C yielded a microstructure with large porous grains, and mechanical 

measurements could not be performed on this material. In order to obtain a dense 

alumina reference material, a sample was instead prepared at 1400°C. When 

comparing the mechanical properties of the composites with those of pure 

alumina it could be concluded that all the second-phase additions in alumina were 

successful in terms of mechanical properties, and all the secondary phases deserve 

to be denoted reinforcement materials. In general, the whisker reinforcements are 
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superior to particulates in terms of fracture toughness but exhibit lower hardness. 

Commercial SiC whiskers showed the best combination of high hardness and 

fracture toughness with very small deviations among the results. On the other 

hand, the TiB2 whisker composite, exhibiting higher toughness than SiC, provides 

a great reinforcement potential.  The non-isotropic, elongated alumina grains in 

SiC, B4C and TiB2 whisker composites are a plausible secondary reinforcement 

that might be responsible for improving toughness values. It has been shown that 

a narrow size distribution of small B4C whiskers in alumina is preferable to large 

whiskers [16]. By using a narrow size distribution of whiskers, optimising the 

dispersion and sintering and thus controlling the formation of anisotropic alumina 

grains, it is probable that the mechanical properties of B4C whisker-composites 

could be improved significantly. The results from measurements on TiC, (Ti,Ta)C, 

and (Ti,Ta,Nb)C composites are quite similar, and these composites might be 

improved by optimising the sintering at a lower temperature and thus possibly 

avoiding whisker erosion. 

From a mechanical point of view, the two Al2O3–25vol% TiB2 composites are the 

most promising according to the results so far in the present study. The 

particulate composite exhibits high fracture toughness with high precision. The 

whisker composite suffers from morphology inhomogenity of the starting material 

and presence of large alumina grains. Despite this, the composite has high fracture 

toughness though with a relatively large spread. The deviations indicate a great 

potential for this material and also the importance of optimizing the whole 

powder processing route. As a matter of fact, all the composites would probably 

exhibit improved mechanical properties upon optimisation of the process, and 

this is a subject of an ongoing continuation of this project. 
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4. CONCLUSIONS 
Whisker synthesis 
Whiskers of Ti0.33Ta0.33Nb0.33CxN1-x, TiB2, B4C, and LaxCe1-xB6 have been 

synthesised by carbothermal vapour–liquid–solid (VLS) growth mechanisms in 

the temperature region 900–1800°C, in argon or nitrogen. In the VLS growth 

mechanism used, the whisker constituents in the form of gaseous species (mostly 

chlorides and oxochlorides) are transported to liquid-metal catalyst droplets, 

which become supersaturated and nucleate whiskers. The reaction terminates 

when the concentrations of reacting gases near the catalyst droplets reach a certain 

lower limit. The starting materials for Ti0.33Ta0.33Nb0.33CxN1-x were TiO2, Ta2O5, 

Nb2O5, C, a catalyst metal, and a halogenide salt. Carbon was used to reduce the 

oxides via a carbothermal process, and the metal to catalyse whisker growth. Both 

thermodynamic calculations and observations by transmission electron 

microscopy support the conclusion that the catalyst metal is recycled several times 

during synthesis. Among the tested catalysts (Ni, Fe, Co, Ni–Co, Ni–Mn), the 

highest whisker yield was obtained with Ni. Three halogenide salts were tested: 

NaCl, NaI and NaF. NaI gave the highest yield, >90 vol%, but the whiskers were 

not as smooth as with NaCl. NaCl gave a yield of ~80 vol.%, whereas NaF 

produced very few whiskers (~1 vol.%). The Ti0.33Ta0.33Nb0.33CxN1-x whiskers 

were 0.5–1 µm in diameter and 10–30 µm in length. The product contained 70–

90 vol.% whiskers and 10–30 vol.% particles at the optimum synthesis 

temperature, 1250°C. The rate of formation and the chemical composition of the 

whiskers were found to be dependent on the synthesis temperature, the choice of 

catalyst, and the atmosphere. At low temperatures, the whiskers were enriched in 

Nb and Ta, the Ti content increasing with increasing synthesis temperature. 

Thermodynamic calculations indicate that Ta and Nb are transported as 

oxochlorides and Ti as chloride in the vapour phase.  

TiB2 whiskers could be grown at 1500°C from a mixture of TiO2 : B2O3 : C : NaCl 

: Ni in the molar ratios (giving the best result) 1 : 1 : 6 : 0.25 : 0.1 in argon 

atmosphere. The obtained TiB2 whiskers were 0.5–2 µm in diameter and 10–

97



50 µm in length. Departures from the optimum synthesis temperature (1500°C) 

resulted in formation of TiC in addition to TiB2.  

B4C whiskers probably grow by a different carbothermal (VLS) mechanism at 

temperatures ranging from 1300°C up to 1800°C. The best result was obtained 

with a mixture of B2O3 : C : NaCl : Co in the molar ratios 1 : 6 : 0.25 : 0.1, in 

argon atmosphere at 1700°C. The obtained product contained particles ranging 

from thin platelets to whiskers with very high aspect ratios, most of them twinned. 

Besides boron carbide and excess carbon, there were traces of CoB in the 

product, as revealed by PXRD. Most whiskers in this study grew as “bird’s nests”, 

for which another model is proposed. According to this model, the whisker 

embryo precipitates from a catalyst droplet onto the surface of a large carbon 

particle and then grows further out of the carbon surface (with a droplet at the 

tip). The growth is enhanced by supersaturation with BCl(g) and also possibly by 

deposition of C from CO(g). Boron nitride could not be synthesised in this 

manner with N2(g) as nitrogen source. 

LaxCe1-xB6 whiskers formed in the temperature range 1500–1800°C. B2O3, CeO2 

and La2O3 were used as starting oxides. CeB6 could be formed by using the 

following starting mixture: CeO2 : B2O3 : C : NaCl : Ni in the molar ratios 1 : 3 : 

11 : 0.25 : 0.1, while LaB6 and (La,Ce)B6 could be formed by substituting La2O3 

for CeO2. The obtained whiskers showed a wide spread of different sizes and 

morphologies. Equilibrium calculations indicated that the whisker constituents 

might form gaseous species without the presence of halogenide salt at the 

temperatures used in this investigation. And indeed, LaxCe1-xB6 whiskers could 

form even without any additions of either NaCl or catalyst metal, and this makes 

them different from the other whisker types. The actual growth mechanism for 

these whiskers remains obscure. 

Reaction studies were performed in the graphite furnace, by means of mass 

spectrometry, thermogravimetry, thermal analysis and quenching. It was shown 

that the CTR-VLS mixtures start to react just before the CTR mixtures. Whiskers 

were formed already when reaching the temperature plateau, but the yield 

increased rapidly with the synthesis time and reached a maximum after about 20–
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30 minutes. The temperature inside the crucible was up to 100°C below the 

surrounding set-point temperature during the reactions.  

Composites 
An aqueous colloidal processing route was developed for the preparation of 

composites in the systems containing 20–25 vol.% of TiC, TiN or Ti(C,N) in 

Al2O3 and 5–20 vol.% TiNnano in Al2O3. Electrostatically stabilised composite 

suspensions could be obtained by adding and mixing 0.5 wt.% of a dispersant with 

water and 20 vol.% of the solid phases. Suspensions were freeze-granulated and 

freeze-dried. Fully densified, homogeneous composites were obtained after hot 

pressing for 90 min at 1700°C, 28MPa. 

Fully densified nano-composites comprising alumina and 2–5vol.% nanoparticles 

of TiN or SiC could be obtained using the processing scheme described above, 

followed by SPS sintering at 1200–1400°C and 75 MPa. The TiN composites 

sintered already at 1200°C, whereas the SiC composites required 1400°C. 

Measurements of hardness and fracture toughness showed that the lowest 

possible sintering temperatures are desirable from a mechanical properties point 

of view. The fracture mode was intergranular for the TiNnano composites and 

mainly transgranular for the SiCnano composites. 

It was shown that it is possible to obtain homogeneous and dense carbide and 

boride whisker and particulate composites by applying the same water-based 

slurry processing (as above) followed by rapid Spark Plasma Sintering for 5 

minutes at 1600oC and 75MPa. The ceramic composite powders comprised fine-

grained alumina and 25 vol.% of different particulate/whisker reinforcements 

(TiC, TaC, NbC, (Ti,Ta)C, (Ti,Ta,Nb)C, SiC, TiB2 and B4C). Whisker and 

particulate composites were compared in terms of e.g. microstructure and 

mechanical properties. Generally, additions of whiskers yielded higher fracture 

toughness and lower hardness compared to addition of particulates. Composites 

of commercially available SiC whiskers showed good mechanical properties with a 

low spread, but all the other whisker phases, especially TiB2, exhibit great potential 

as reinforcement materials. Optimising the SPS sintering parameters in order to 

reduce the alumina grain growth should improve the mechanical properties 

further. 

99



5. DESIRABLE INVESTIGATIONS  
 
The investigations presented in this thesis gave rise to questions and some ideas 

about new and complementary studies that are desirable to perform in order to 

look into the VLS growth in further detail and also to improve the composite 

materials. Some of these thoughts are outlined below: 

 

• It was found that it is possible to detect heat changes inside the crucible 
during the whisker synthesis reactions by means of the specially designed “DTA” 
thermocouple set-up that was mounted on the graphite furnace. It was also 
possible to detect evolution of CO and CO2 gases (i.e. cooled gases) during 
synthesis with a mass spectrometer. If hot gases also could be detected, this would 
provide valuable information about the VLS mechanism and also confirm the 
equilibrium calculations. This might be realized, using the graphite furnace, by 
letting a ceramic capillary connected to an MS device sniff just above the crucible. 
In order to prevent condensation and clogging, the capillary should be heated 
outside the furnace on the way to the analyzer. There are commercial devices for 
this task that combine TG, DTA, and “hot-capillary” MS. Even though these 
devices most often are constructed for small sample sizes they would be 
interesting to test  
 
• DTA measurements of double chamber crucibles would show whether the 
reaction kinetics changes or not with different area/volume (A/V) ratio settings. 
Decreasing the A/V ratio of the double-chamber crucibles further (below 0.01) 
would probably yield additional information about the CTR-VLS growth. 
 
• The growth mechanisms for the formation of whiskers in the La-Ce-B 
system have not yet been characterised in detail, and this is an interesting task. 
Optimisation of the synthesis would also be a challenge. However, VLS synthesis 
by CVD is probably a better method than CTR for preparing these whiskers due 
to prevention of side reactions when using pure CVD gases as starting chemicals 
(instead of carbon and sodium chloride that are used in the CTR-VLS reactions).  
 
• The comparison of toughening effects by different whisker and particulate 
phases in ceramic composites showed some promising results. An even more 
thorough optimisation of the whisker synthesis and the powder-processing route 
(slurry processing and SPS sintering) for the different composites would probably 
yield very interesting materials.  
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