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Abstract 
 

This thesis covers reduction-annealing synthesis of nanostructured SiC-TiCN and SiC-TiC 

particulate composite powders. These were characterized by X-ray diffraction and electron 

microscopy. In the SiC-TiC powder it was found that TiC could be added in certain amounts 

by reducing controlled amounts of titanium chloride source followed by a suitable annealing. 

A transmission electron microscopy showed that TiC formed polyhedrons and SiC formed 

rods. This was in agreement with a trend towards these crystal shapes, regardless of synthesis 

method, as found in the literature. In the SiC-TiCN particulate powder, nitration was achieved 

at low nitrogen concentration (10 ppm) and at a temperature of 1450 °C and reaction time of 

16 hours. In a scanning electron microscopy study it was seen that SiC formed elongated 

crystals, while TiCN formed polyhedrons. A gradual nitration of TiC into TiCN was 

identified. Nitration was promoted by a high reactivity of the nanosized TiC and an integrated 

nitrogen surplus over Ti and C amount during the annealing at 1450 °C.   
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Introduction  
 

The last few decades, significant research effort has been focused on obtaining ceramic 

carbide and nitride nanostructures
1
. These are often semiconducting materials of great 

technological interest due to for example high hardness and chemical inertness. However, 

their use as structural material is often limited by low fracture toughness. Fortunately this 

property can be improved by, for example, addition of a second phase
2-3

.  

 

Nanostructured carbides and nitrides have been synthesised by carbothermal reduction
4-7

, 

chemical
2-3

- and physical
8-10

 vapour deposition, autoclave synthesis
11-13

, mechanical 

alloying
14-16

 and  by reduction-annealing
17-19

.  

 

Carbothermal reduction uses an oxide-precursor that is heated in a carbon ambient and thus 

reduced to obtain the product. For example in 2001 Gotoh
20

 synthesised nanostructured 

titanium carbide by reducing titanium oxide with methyl cellulose.  

 

Chemical vapour deposition uses gas to transport the vapours of liquid source chemicals. The 

latter then condensates and reacts on a substrate. As for example in the mid 90’s Lin used 

titanium chloride, carbon chloride and propane to form silicon carbide and titanium carbide 

thin films
2-3

. In those studies hydrogen was used as transporting gas and graphite was used as 

substrate. The resulting thin solid film grew slowly, at a rate of a few millimeters per hour
3
, 

but it significantly altered surface properties of the substrate. The physical vapour deposition 

utilises solid sources, called targets. These are heated under vacuum or in inert gas to create 

gas, which deposits on a substrate, to form a thin film. As for example, in the early 90’s, 

Schier 
9
 deposited the plasma of titanium carbide, silicon carbide and titanium silicon carbide 

targets onto WC/Co and Si substrates. Further in 2007, with a reaction deposit from titanium, 

silicon and graphite targets, Eklund
21

 grew several, nanometer thick, multilayers of titanium 

carbide and silicon carbide onto alumina substrates. 

 

In autoclave synthesis the precursors are added into a metal vessel, an autoclave, under inert 

gas together with a reducing agent and, in some cases, a catalyst. The vessel is then closed 

and heated at a few hundred degrees depending on precursors, to promote the desired 

reactions. This route was utilised by Hu
22

 in 2000 for the synthesis of nanocrystalline titanium 

carbide. Titanium chloride and carbon were used as reactants and sodium as reducing agent. 

The reactions took place in a titanium alloy vessel, under argon, at roughly 600 °C kept for 4-

10 hours. The crystals synthesised were of narrow size-distribution between 8-12 nm. Narrow 

size-distribution and regularly shaped crystals are generally the outcome of an autoclave 

synthesis. However, the hazardous high pressure inside the autoclave associated with obvious 

risk of explosion is a clear drawback.  

 

Mechanical alloying is a technique performed with no heating supplied. It utilizes precursor 

powders placed in a rotating vessel, lined with hard material, and spheres of some non-

reacting material. Typically this requires reaction times of a few days. For example in 2011 

Razavi
16

 placed elemental tungsten and carbon powders in a stainless steel rotating vessel to 

synthesise nanocrystalline tungsten carbide without using any heat supplied. The spheres used 

were also made of stainless steel and typical reaction times in that study were two to three 

days. In general the upside of mechanical alloying is the large amount of crystals and the 

simplicity of the process. Drawbacks are large crystal size-distribution and considerable 

amount of unreacted precursors. 
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Reduction-annealing is one of the least studied routes for nanostructured carbide and nitride 

synthesis. It has a potential to yield chemical purity of the crystals since the precursors are 

formed from chemical reactions
18

 in the reduction step. This increases the synthesis control of 

purity compared to carbothermal reduction and mechanical alloying. In those latter cases 

purity relies fully on the purity of commercially available powders. In 1987 Ritter
18

 

successfully used a reduction-annealing synthesis to produce silicon carbide, boron carbide 

and a silicon carbide and titanium carbide particulate composite. There the shape and size of 

the crystals were qualitatively reported as whiskers, sponge-like and irregular. Annealings of 

crystals were performed in a temperature range of 1450 to 1750 °C.    

  

As seen in the preceding paragraphs every technique influences the properties of the final 

product. Carbothermal reduction, mechanical alloying and reduction-annealing could be 

regarded to simply yield a ceramic powder, while the chemical and physical vapour 

deposition techniques yields a thin solid film. Whether the first three techniques are 

considered to yield a powder or a material depends on the application, and the quality of the 

crystals. If the crystals are well-defined such as wires, rods, polyhedrons or ribbons they can 

find applications in nano- or micro devices. For the latter context, techniques have been 

developed to single out a wire from a bundle and place it onto electrodes
23

. On the other hand, 

if the crystals are irregularly shaped, they are rather utilised as a ceramic powder for sintering 

purpose. The latter requires them to be small enough to function as building blocks for the 

final, sintered product.   

 

While there are numerous technologically interesting carbides and nitride monoliths several of 

them are equally, or even more interesting, to combine. Among the most interesting 

combinations we find silicon carbide, titanium carbide and titanium carbonitride. Combining 

silicon carbide with titanium carbonitride into a SiC-TiCN material, yield increased electrical 

conductivity compared to each respective monolith
24-25

. In fact SiC-TiCN yielded an almost 

metal like electrical conductivity when consolidated. Combining silicon carbide with titanium 

carbide into a SiC-TiC material, yields higher fracture toughness than that of monolithic 

silicon carbide
2-3

.  

 

Even though the nanostructured monoliths of these carbides and nitrides have been frequently 

synthesised, nanostructured particulate composites thereof have not. These could be excellent 

candidates for sintering to obtain increased fracture toughness. The mechanism of 

improvement is the drastically increased number of grain boundaries compared to their 

micron grained counterparts. 

 

 

 

 

 

 

 

 

 

 

 



3 

 

Aim of thesis 
 

The aim of this thesis was to use reduction-annealing routes for the synthesis of 

nanostructured (1) SiC-TiCN and (2) SiC-TiC powders. While the first combination is 

interesting for electrical applications, the second one could increase fracture toughness of 

monolithic SiC after sintering.  

 

To investigate powders (1) and (2) it is necessary to first review the literature on the 

monolithic constituents. Thus it is necessary to review literature on nanostructured SiC, TiC 

and TiCN, and the few cases where nanostructured particulate SiC-TiC composites have 

already been synthesised. Each nanostructured powder should be analysed by X-ray 

diffraction and electron microscopy. The purpose of the former analysis was to answer if a 

significant amount of nanostructures was formed in the synthesis. The reason for the latter 

analysis was to have an in-depth crystal shape and chemistry study. Specifically the 

microscopy should reveal if reduction-annealing produce well defined shapes and chemically 

pure SiC, TiCN and TiC constituents. The answer to these questions specifies potential 

applications. 

 

 

 

 

Silicon carbide nanostructures 
 

The SiC nanowires and  rods have the potential to replace silicon as a semiconductor for high 

temperature and high frequency applications. While the wires may grow to several tens of 

microns, the rods are considerably shorter. Examples of research in this field is temperature
26

 

and pressure
27

 morphology control, selection and aligning
23

 of wires, development of 

infiltration catalyst-free
4
 and catalysed large-yield

28
 synthesis routes.  Wang

27
 used argon 

pressure variations to control the thickness of SiC nanowires, Wu
26

 varied annealing 

temperatures to achieve cylinder or hexagonal cross sections. Lee
23

 utilised focused  ion beam 

and a nanomanipulator to single out and align nanowires onto electrodes to measure heat 

conductivity. Li
4
 demonstrated a catalyst free infiltration technique that can be used to 

synthesise SiC nanowires in a porous SiC substrate. Thus tetraethylorthosilicate (TEOS) 

infiltration was performed at 170 °C to make it adhere in pores. Subsequently, to grow wires 

in those pores 370 °C was used. Yang
28

 used iron as a catalyst to obtain a high yield of SiC 

nanowires at 1600 °C. The SiC nanowires and rods are generally suggested to grow by 

Vapour-Liquid-Solid (VLS)
4, 12, 28-29

, Vapour-Solid (VS)
26, 30-33

 and  Solid-Liquid-Solid
34

 

(SLS) mechanisms. Here the letters in the abbreviations describes in turn the aggregation state 

of the reactants, reaction media and the product. Hence in the VLS growth the reactant 

vapours are dissolved in a liquid that precipitates a solid product. Similarly the SLS growth 

describes solid reactants dissolved in a liquid media that precipitates a solid product. Slightly 

different the VS growth is the direct reaction between vapour sources into a solid product 

under inert gas or vacuum. The synthesis types, the starting chemicals and their reaction 

formulas will now be reviewed in some detail. For easy access of the actual formulas of SiC 

formation, these have been highlighted in bold font, while the supporting reactions are in 

normal font.  
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Vapour-Liquid-Solid   

 

Lu 
12

 utilised sodium to co-reduce silicon and carbon chloride. The reduction was performed 

in autoclave under high pressure and yielded a mixture of SiC nanowires and rods. These 

were proposed to have undergone a self-catalyzed VLS growth due to the appearance of 

spheres at their tips as seen in electron microscopy. Wang
4
 utilized a polysilazane polymer 

SiCN(O) precursor that reacted with Fe(NO3)3 residuals on a graphite sheet. The polymer was 

put in the bottom of an alumina crucible with the graphite sheet placed on top. On the graphite 

sheet spindle-, Eiffel-tower, cone- and cylindrical-shaped SiC nanowires were obtained at 

various argon pressure cycles. Yang
28

 placed a Fe-Si melt on a graphite substrate to grow SiC 

nanowires at 1600°C. The nucleation was believed to follow a SLS mechanism. Carbon from 

the substrate dissolved in the Fe-Si melt and formed SiC nucleus. Due to a lower density of 

these than the surrounding melt, they were suggested to float on the molten surface. There 

wires grew by reacting CO and SiO gases dissolved in the Fe-Si melt. Under the catalytic 

action of Fe the growth of the SiC nanowire was be described as: 

 

 SiO(g) + 3CO(g) ↔ SiC(s) + 2CO2 (g)      (1),  in Fe-Si melt 
28

 

 

However, we propose that another reaction takes place, described as: 

 

SiO(g) +2 C(s) ↔ SiC(s) + CO (g)      (2),  in Fe-C-Si melt  

 

Wang
29

 utilised carbonaceous silica xerogel and iron nitrate Fe(NO3)3 as precursors and 

heated at 1300 °C to grow SiC nanowires. A reaction mechanism was proposed where SiO2-

Fe alloy formed, adsorbed SiO and CO vapours and precipitated SiC nanowires.  According 

to Yang
31

 there are two ways that SiO and CO may combine to grow SiC nanowires. Thus 

when combining the formulas proposed by Yang with the presence of a Fe-SiO2 melt as 

suggested by Wang, a VLS growth described by (3) below, can be proposed for the Wang 

study. 

 

 SiO(g) + 2C(s) → SiC(s) + CO (g)                              (3), in Fe-SiO2 melt           

        

Solid-Liquid-Solid 

 

Yang
34

 pyrolyzed polyureasilazane and a FeCl2 catalyst to grow SiC nanorods. This was done 

in a flowing nitrogen atmosphere at 1700°C. Prior to SiC formation, Yang proposed that Si-C-

N and Fe-Si-C alloys formed at 1000 °C. When temperature reached 1400 °C the former alloy 

formed Si3N4 and free carbon. Then at 1700 °C Si3N4 and the free carbon were proposed to 

dissolve in the Fe-Si-C alloy to precipitate SiC nanorods. Hence according to Yang SLS 

growth of the SiC nanorods could be presented as: 

  

 Si3N4(s) + C(s)  → SiC(s)+N2   (4), in Fe-Si-C melt   
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Vapour-Solid  

 

Yang
30

 decomposed a methyltrichlorosilane, CH3SiCl3 precursor to grow SiC nanowires 

within a porous SiC substrate. This took place at 1100 °C under a reduced pressure of 4.5 kPa. 

The required decomposition was described as: 

 

CH3SiCl3 + H2 → CH4 + SiCl2 + HCl                                 (5) 

 

SiC nanowires grew from two of the products of reaction (5) according to: 

 

 CH4(g) + SiCl2(g) → SiC(s) + 2HCl + H2                         (6), in vacuum 

 

Further Yang
31

 utilised detonation soot and silicon wafers to grow SiC nanowires under a 

vacuum of 50 kPa and temperature of 1250 °C. According to Yang the vacuum condition 

likely caused oxygen leakages which oxidised the detonation soot and silicon wafer:   

 

2C(g) + O2(g) → 2CO(g)                                                (7) 

2Si(g) + O2(g) → 2SiO(g)                                              (8) 

 

Then the SiO gas formed reacted with either carbon vapours or CO to grow SiC nanowires: 

 

 2SiO(g) + 2C(g) → 2SiC(s) + O2(g)                              (9) in vacuum 
31

 

 SiO(g) + 3CO(g) → SiC(s) + 2CO2(g)                          (10) in vacuuum 
31

  

 

Instead of these reactions (9) and (10), due to the extremely low oxygen partial pressure we 

propose the following reaction to take place: 

 

SiO(g) + 2C(s) → SiC(s) + CO(g)                               (11) in vacuum  

 

Similar as suggested in another study
28

 carbon dioxide can be reduced with carbon to yield a 

feedback of CO to maintain the SiC nanowire growth. Wu
32

 studied a reaction where silicon 

vapours reacted with a carbon substrate between1470-1630 °C in argon at slightly higher than 

ambient pressure. An alumina grid separated the silicon from the substrate. Based on these 

results the following different reactions are suggested:  

 

SiO(g) + 2C(s) → SiC(s) + CO(g)                                 (12), under argon                                                                                    

 

and the growth of SiC nanowires: 

   

 2SiO(g) + 4C(g) → 2SiC(s) + 2CO(g)                                  (13), under argon  

 

To this point the growth mechanisms have described the formation of straight rods and wires. 

However Zhang
33

 synthesised helical SiC nanowires. In that study methane was decomposed 

and deposited on silicon wafer substrates at 1100 °C. Zhang proposed that carbon from the 

decomposed methane reacted with the oxidised silicon substrate: 

 

 2SiO(g) + C(g) → SiC(s) + SiO2(s)                                  (14), under argon 
33
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Titanium carbide nanostructures 
 

This carbide can be used as structural material in the chemical industry due to good wear and 

excellent corrosion resistance
35-37

. Nanostructures thereof find catalytic
38

 and field emission 

applications due to a low turn on field value
39

 compared to several other compounds aimed at 

harsh environments
40-41

. As catalyst it finds interesting applications due to selective 

reactivity
42

 of the enclosing crystal planes. While the planes are highly active for dissociative 

adsorption of hydrogen
43

, the {100} has the ability to adsorb water, methanol and other 

molecules
44-48

. Synthesis of nanostructures of this carbide has been performed by self-

propagating high-temperature
49

, arc-discharge
10

, chloride-assisted carbothermal reduction
39

 

and vapour-solid-synthesis
50

.  

 

Song
49

 reacted aluminium, titanium and carbon precursors to synthesise octahedrons. Grove
10

 

reacted a titanium arc with a methane/argon gas mixture to synthesise cubes or 

cuboctahedrons. Below 30 % methane cubes formed, above 60 % methane cuboctahedrons 

formed. Assisted by sodium chloride and catalysed by carbon-coated cobalt or nickel 

nanoparticles, Huo
39

 used active carbon and titanium oxide to synthesise wires. Taguchi
50

 

reacted titanium powder and carbon nanotubes to synthesise tubes, wires and particles thereof. 

Similar as in the section about silicon carbide, the synthesis types, the starting chemicals and 

their reaction formulas will now be reviewed in some detail. However, in this section 

grouping of studies used here is based on crystal shapes. For easy access of the actual 

formulas of titanium carbide formation, these have been highlighted in bold font, while the 

supporting reactions are in normal font.  

 

Polyhedrons 

 

At low pressure of 100 kPa Lee
51

 vaporized titanium- and carbon chloride and reduced with 

molten magnesium to grow polyhedrons:  

 

TiCl4(g) + CCl4(g) + 4Mg(l) → TiC(s) + 4MgCl2(l)             (15) 

TiCl4(g) + (1/2)C2Cl4(g) + 3Mg(l) → TiC(s) + 3MgCl2(l)     (16) 

 

At high pressure Feng
52

 used titanium chloride and calcium carbide to grow polyhedrons 

according to: 

 

TiCl4 + 2CaC2 → TiC + 2CaCl2 + 3C                                    (17) 

 

At high pressure Ma
9
 used magnesium, titanium dioxide and magnesium carbonate 

([MgCO3]4∙Mg(OH)2∙5H2O) to grow polyhedrons in an autoclave at 550 °C. First the 

magnesium carbonate was proposed to decompose to produce necessary carbon dioxide and 

side-products water and magnesium oxide: 

 

[MgCO3]4∙Mg(OH)2∙5H2O → 5MgO + 6H2O + 4CO2          (18)  

 

The water and carbon dioxide could react with magnesium:  

 

Mg + 2H2O → 2MgO(s) + 2H2        (19) 
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2Mg + CO2 → 2MgO(s) + C(s)      (20) 

 

The titanium dioxide was reduced with magnesium: 

 

TiO2 + 2Mg → Ti(s) + 2MgO(s)                                                    (21) 

 

Then the actual growth of TiC polyhedrons was suggested to be the direct reaction between 

the constituent elements obtained in (20) and (21): 

 

Ti + C → TiC                                                                        (22) 

 

From (18)-(21) it is seen that side products MgO, Mg and H2 formed. While the hydrogen 

evaporated upon opening of the autoclave the other side-products needed other methods of 

removal. The water was removed by absolute ethanol and vacuum drying. The MgO removal 

was slightly more complicated using HCl acid: 

 

MgO(s) + 2HCl(l) → MgCl2(l) + H2O(l)         (23)   

 

The MgCl2 side-product dissolved in the water. Thus upon vacuum drying it could evaporate. 

 

 

Wires and tubes 

 

Taguchi
50

 showed that TiC wires and tubes could be synthesised if carbon nanotubes (CNTs) 

were used. This was proposed to be the direct reaction between titanium vapours and solid 

CNTs: 

 

C(s) + Ti(g) → TiC(s)                                (24) 

  

Huo
39

 synthesised titanium carbide wires using carbon-covered cobalt and nickel 

nanoparticles, CoC and NiC respectively. The reaction was regarded a chloride assisted 

carbothermal reduction since the precursor used were active carbon, titanium oxide and 

sodium chloride. In the case of cobalt nanoparticle catalyst the titanium carbide formation 

involved several steps:   

 

Sodium chloride decomposition: 

 

2NaCl(l) → 2Na(g) + Cl2(g)                                                    (25) 

 

Catalyst droplet formation:  

 

CoC(s) → CoC(l)                                                            (26) 

 

Titanium oxide and the chlorine gas formed a titanium chloride gas: 

 

2TiO2(s) + xCl2(g) + 4C(s) → 2TiClx(g) + 4CO(g)                     (27) 

 

Titanium from the titanium chloride gas dissolved into the catalyst droplet to form a 

Co(Ti,C)(l) alloy droplet with a simultaneous release of chlorine gas: 
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2TiClx(g) + 2CoC(l) → 2Co(Ti,C)(l) + xCl2(g)                     (28) 

 

The alloy droplet then got carbon supersaturated with either active carbon: 

 

2nC(s) + 2nTiClx(g) + Co(Ti,C)(l) → Co(Ti,C)(sl) + nxCl2(g)         (29) 

 

or carbon monoxide: 

 

2nCO(g) + 2nTiClx(g) + Co(Ti,C)(l) → Co(Ti,C)(sl) + nxCl2(g) + nCO2(g)        (30) 

 

TiC wires were proposed to grow from these supersaturated droplets: 

  

Co(Ti,C)(sl) → nTiC(s) + Co(Ti,C)(l)                                               (31) 

 

Rod and polyhedron mixture 

 

N. Chandra synthesised a rod and polyhedron mixture
53

 from a titanium-gel and burnt 

clarified butter. The titanium-gel was prepared from TiO2, sodium hydroxide, ethylene glycol 

and ammonium nitrate.  

 

Titanium carbonitride nanostructures 
 

Titanium carbonitride can be used as raw material for ceramic tools due to good electrical 

conductivity and high hardness. In 2009 Lee showed it can be synthesised as a nanostructure 

through a reduction-annealing process
19

. First, Lee kept magnesium vapour at 900 °C under 

argon in a steel vessel. Then liquid titanium- and carbon chlorides were injected, vaporised 

and reduced to form TiC0.7 particles. Thus, using the terminology adapted in the section on 

silicon carbide nanostructures, the TiC0.7 particles formation is a vapour-solid reaction. These 

non-stoichiometric TiC0.7 particles were subsequently annealed at 1127 °C under nitrogen to 

form the final titanium carbonitride nanostructure. The reaction to form the product is here, 

analogously with Yeh
54

, proposed to be a direct reaction between the TiC0.7 particles and the 

nitrogen as  

 

TiC0.7 + 0.15N2 → TiC0.7N0.3     (32) 

 

This reaction formed TiC0.7N0.3 polyhedrons around 150 nm in diameter. Furthermore, 

titanium carbonitride can also be formed from pyrolysis of a polymer as shown by 

Lichtenberger
55

. In that study the preceramic polymer was characterised as 

poly(titanylcarbodiimide): 

 

        (33) 
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Using this precursor polyhedrons 20-30 nm of TiC0.5N0.5 formed after pyrolysis. The latter 

was performed under flowing argon at 1100 °C. These polyhedrons were of similar shape and 

stoichiometry as obtained  by Li
56

 who synthesised TiC0.53N0.47  polyhedrons roughly 30 nm in 

diameter. In that study the stoichiometry was calculated from X-ray diffraction and Vegard’s 

law, while Lichtenberger used EEL spectra. In the study by Li, hydrolysed TiO2 was prepared 

from TiCl4. 

 

Zhang
57

 and Shen
58

 performed autoclave synthesis and used titanium chloride reduced with 

sodium as titanium source. In the study by Zhang
57

 titanium chloride, melamine (C3N6H6) and 

sodium was used to produce titanium carbonitride nanostructures. The synthesis was 

performed at 7.6 MPa N2 pressure and 500 °C temperature in a stainless steel autoclave. It 

produced TiC0.7N0.3 polyhedrons around 30 nm in diameter. Similarly Shen
58

 used titanium 

chloride, cyanuric chloride (C3N3Cl3) and sodium to produce a titanium carbonitride rod and 

polyhedron mixture after heating at 600-650 °C in a stainless steel autoclave. The rods and 

polyhedrons both were of a 30 nm typical diameter, with the rod being roughly 250 nm in 

length.  

 

Yin
15

 performed milling of titanium and graphite carbon source at a nitrogen pressure of 0.7 

MPa to produce nanocrystalline titanium carbonitride. This was done in a stainless steel 

vibration high-energy ball mill. It was found that at samples produced of Ti:C of 1:0.5 and 

1:0.25  milling times of 360 and 287 min respectively were required for nanocrystals to form. 

These were confirmed by X-ray diffraction peak broadening and smooth electron diffraction 

rings. In microscopy images it was seen that they formed large micron sized agglomerates. 

 

Silicon carbide - titanium carbide nanostructures  
   

As seen from the three previous sections there have been several monolithic silicon- and 

titanium carbide as well as monolithic titanium carbonitride nanostructure synthesis. On the 

other hand there have only been a few cases of synthesis where nanostructured combinations 

thereof has been synthesised
18, 42, 59

.  

 

Alexandrescu
42

 reacted silicon hydride and titanium chloride vapours with acetylene or 

ethylene. A nanostructure of both silicon- and titanium carbide was claimed even though 

photoemission spectra did not reveal Ti-C binding energy, nor did the X-ray diffraction 

pattern show separate titanium carbide peaks.  Ritter
18

 reduced silicon-, carbon and titanium 

chloride with sodium and annealed at 1460 °C to synthesise a combined carbide 

nanostructure, as confirmed by X-ray diffraction pattern. Narisawa
59

 synthesised a silicon 

carbide and titanium carbide nanostructure combination by using phenolic resin to gelate a 

tetraehtyl orthosilicate and titanium tetraisopropoxide mixture and annealed at 1600 °C. The 

products were confirmed by X-ray diffraction. Transmission electron microscopy indicated 

spherical particles slightly less than 100 nm in diameter.      

  

Method 
 

The method employed can be divided into a reduction and an annealing step. The reductions 

performed in this thesis were done on highly oxygen sensitive halides. These were 

commercially available and were used as delivered. In general, all chemicals were bought 
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from Sigma Aldrich except for a dispersion of sodium particles in toluene which was obtained 

from Acros Organics. In addition to toluene solvent, n-heptane was used. This is a 

hydrocarbon solvent with a linear formula of CH3(CH2)5CH3. Its main purpose was to dilute 

the halides. Hence, this solvent was added to the funnel in Figure 1 prior to injecting each 

halide.  

 

  

 

 

                                 T=1300-1450 °C  

 

                                  T=1100-1300 °C 

 

 

Figure 1. Reduction (a) and annealing methods (b) and (c) outlined.  In preparation of the 

reduction, sodium particles in toluene were placed in the reactor and stirring was started. 

Secondly, liquid halides diluted with toluene were placed in the funnel.  The reduction started 

when halides were added drop wise from the funnel. After distillation and drying a powder 

portion was transported under argon to a tube furnace, where annealings were performed. 

Powder portions were placed in an alumina boat with a graphite lid. Annealing was 

performed under argon with some nitrogen (b) and under pure argon (c).  In the case of 

nitrogen containing argon, annealing temperature of 1300 - 1450 °C was used, while in the 

case of pure argon a temperature of 1100 - 1300 °C was used.  

 

Some further properties of the reducing agent, each halide and a polymer used as alternative 

for the most volatile halide will now be described. As reducing agent 30 wt% sodium particles 

in toluene dispersion were used (Acros Organics). This was thought of being an effective 

alternative to using molten sodium as done by Ritter
18

. If the solid sodium particles could be 

used in their solid state, it limited the risk of heat-activated exothermic reductions. Still the 

small particles could offer a large surface area sufficient for reductions.  

 

Titanium tetrachloride (TiCl4) has a tetrahedral configuration and is a color-less liquid with a 

boiling point of 136.4 °C and melting point of -25 °C. Carbon tetrachloride (CCl4) is a non-

polar tetrahedral configured molecule with a boiling point of 76.8 °C and melting point of -23 

°C. Silicon tetrachloride (SiCl4) melts at -70 °C and boils at 57.6 °C. Due to the volatility of 

it, an alternative chemical to synthesise SiC, other than to rely on silicon tetrachloride as a 

silicon source, was also attempted.  

 

For this purpose the polymer polycarbomethylsilane (PCS) was used. It is a polymer with a 

linear formula (C2H6Si)n and a structure according to (34). Further it has a softening point of 

80°C and a molecular weight of 800 g/mol. 

 

(a) 
(b) 

(c) 
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                                                    (34) 

 

 

 

Now two sets of chemicals were used to synthesise different precursors.  

 

In the first study (Paper 1) titanium - and carbon tetrachloride were mixed with sodium 

particles until no sodium particles could be visually detected. To this dispersion PCS 

dissolved in n-heptane was added. After distillation and drying, this was believed to form a 

precursor as seen in Figure 2. 

 

  
 Figure 2. Assumed precursor in Paper 1. The titanium and carbon elements should form 

some amorphous content. This precursor was annealed in the T=1300-1450 °C temperature 

range in attempt of crystallization of nanosized crystals. 

 

In the second study (Paper 2) silicon-, titanium- and carbon tetrachloride halides were used. 

This was believed to form a precursor as seen in Figure 3. 

 

 
Figure 3. Assumed precursor in Paper 2. The titanium, carbon and silicon elements should 

form some amorphous content. This precursor was annealed in the T=1100 - 1300 °C 

temperature range in attempt of crystallization of nanosized crystals.  

 

Accompanied with successful reductions there should be a certain amount of sodium chloride 

side products formed. Since temperatures used during annealings were in large excess of the 

sodium chloride melting point of 801 °C, this side product should evaporate and deposit on 

the cool areas outside of the furnace and should not be a large fraction of the final annealing 

product. To study the annealing product crystals and their shape, XRD and electron 

microscopy were used.  
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Characterisation 

X-ray diffraction 

 

The X-rays were first discovered by Röntgen in 1895. Today it is one of the most used 

techniques in materials science to determine crystal structure. A schematic outline of the 

features of a modern day X-ray tube is seen in Figure 4.  

 

 
Figure 4. Schematic outline of an X-ray tube. Modified from 

60
. 

 

Essentially it is a vacuum tube where the X-rays are generated at the anode and go through the 

tube to the X-ray transparent beryllium window. First electrons are generated by heating the 

cathode. Since it is kept at high negative potential they accelerate towards the anode. When 

the electrons collide with the atoms of the anode X-rays are created. Most of the energy is lost 

as generated heat. This is the reason why the anode needs cooling water supply. A schematic 

illustration of X-rays reflected from a crystalline specimen is seen in Figure 5. 

 

.  

Figure 5. Schematic illustration of the X-ray reflection by crystal structure according to 

Bragg’s law. Modified from 
60

. 
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The requirement for X-rays to be reflected in phase is summarised in Bragg’s law: 

 

               
 

Here n is an integer and is denoted as the order of reflection. Thus the order n can be regarded 

as how many wavelengths () are required to cover the distance DEC’. The distance between 

the planes are denoted d and  is the diffraction angle. As indicated by Figure 5 only 

crystallites parallel to the specimen surface will contribute to the detected reflected intensity. 

If a crystallite is tilted with regard to the specimen surface the reflected X-ray would not be 

reflected towards the detector. Thus only reflections from crystallites parallel to the specimen, 

contribute to the intensity. If the specimen is polycrystalline and randomly oriented then each 

crystallite type contributes with X-ray intensity related to its molar amount and chemical 

constituents. To produce all possible reflections from each crystallite type the 2 angle is 

varied. Thus plotting the intensity of the scattered X-rays against this angle, a diffraction 

pattern is obtained.  

 

A diffraction pattern of silicon carbide obtained in this thesis can be seen in Figure 6. 

 

  
Figure 6. X-ray diffraction pattern of SiC (JCPDS Card No 00-029-1129). 

 

From such pattern typical crystallite size can be estimated. Hence the crystallite diameter D 

can be estimated by the Scherrer formula as 

 

  
  

     
         (36) 

 

where K is a constant equal to 0.9,  is the X-ray wavelength of Cu K1 (0.15406 nm),  is 

the diffraction angle,  is the full width at half maximum in radians, or the integral breadth of 

reflection.    
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Electron microscopy 

 

To reveal topography, morphology and crystallography of sub-micron crystals electron 

microscopy is needed. The wavelength of visible light, as used in an optical microscope, is 

too long to resolve on this scale. While the topography is best viewed in scanning electron 

microscopy, the crystallography requires a transmission electron microscope. In the scanning 

electron microscope an image is generated by a focused beam of electrons scanned over a 

rectangular area of the sample to yield an image. The image is usually generated from low 

energy electrons that interact with the sample. The crystallography, revealing atomic layers of 

the specimen crystals, can only be viewed in a transmission electron microscopy. There a 

projection image of the sample is created by electrons that pierce through the sample. 

Scanning electron microscopy 

 

A schematic illustration of a scanning electron microscope is seen in Figure 7 (a). There the 

electrons are generated by the electron gun at the top of the image. Usually the filament, 

producing the electrons, is made of a thin tungsten or lanthanum boride wire. The electrons 

are accelerated by applying a voltage of around 20 kV depending on the sample to be 

analysed. These are focused by the various lenses to hit the sample. The most commonly 

analysed electrons are the low energy secondary electrons, but in some cases the 

backscattered electrons are preferred. A principal sketch of the interaction volume is seen in 

Figure 7 (b). There it is seen that the source of secondary electrons are from sample 

interaction close to the surface, usually around 10 nm deep into the sample (small dark grey 

part). The backscattered electrons stems from a volume deeper into the sample (lighter grey 

part). Most electron microscopes are also equipped with an analytical X-ray detector that can 

identify the chemistry of a selected region of the sample. These X-rays come from the bottom 

most part of the interaction volume. 

 

 
Figure 7. Schematic illustrations of a scanning electron microscope (a) and the sample 

interaction volume (b).  

 

Transmission electron microscopy 

 

A sketch containing the basic features of a transmission electron microscope is seen in Figure 

8. It is quite similar in appearance to the scanning electron microscope but the main difference 

(a) (b) 
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is the way the image of the specimen is recorded. In this case it is the electrons transmitted 

through the specimen that generates an image. These are refocused by the objective lens and 

the magnification is determined in the projector lens. Then a primitive image can be obtained 

at a fluorescent screen. An improved image of the specimen can be obtained by using a 

charge-coupled device camera (CCD) and computer software.  

 
Figure 8. Basic features of a transmission electron microscope. 

 

Similar to the scanning electron microscope, the transmission electron microscope is often 

also equipped with an EDX detector to analyse the chemistry of the sample. 

 

Summary of papers 
 

Paper 1 
At room temperature titanium- and carbon tetrachloride were reduced by the sodium particles 

and mixed with a polycarbomethylsilane (PCS) solution to yield a precursor. According to 

Bouillon, annealing temperatures above 1000 °C, but not in large excess of 1400 °C should be 

attempted
61

 to result in PCS-to-SiC transition. The upper limit controlled redundant crystal 

growth. Hence, the precursor was dried and subsequently annealed at 1300 °C, 1400 °C and 

1450 °C in a tube furnace using argon with 10 ppm N2. The phases present detected by XRD 

at each annealing temperature can be seen in Figure 9 (a)-(c). After the 1450 °C annealing a 

nanocrystalline powder of TiC0.5N0.5–SiC polyhedron and elongated crystals was obtained, 

Figure 9 (d). Upon annealing at low nitrogen concentration, the reactivity of reduction derived 

titanium carbide was utilised and resulted in TiC0.5N0.5. At the low nitrogen concentration 
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during annealing, a gradual nitration was proposed. According to Konyashin
62

 suitable 

nitration conditions are TiC-TiO rather than pure TiC reacting with nitrogen, presence of 

carbon gaseous species, a sufficient temperature (above 850 °C) and a nitrogen N2:(Ti+C) 

molar surplus.  

 

 
 

 

Figure 9. XRD patterns when annealing at (a) 1300 °C (b) 1400 °C and (c) 1450 °C. (d) SEM 

image of nanostructure of polyhedrons (arrows 2 and 3) and elongated (arrows 1 and 4) 

crystals.  

 

Paper 2  
The aim of this work was to synthesise a particulate composite in order to increase fracture 

toughness of the resulting material. As a source for SiC in this study silicontetrachloride and 

carbontetrachloride were used. Reduction-annealing was employed in order to synthesise a 

TiC nanopolyhedrons and SiC nanorod particulate composite. No heat was supplied and the 

reductions were performed near room temperature. Monolithic SiC, as confirmed by XRD in 

Figure 10 (a) was synthesised by annealing the first sample at 1300 °C. The precursor of the 

first sample was obtained from sodium reduction of silicon- and carbon tetrachloride. In the 

following two samples TiC was added by adding various amounts of titanium tetrachloride in 

the reduction step. At a low and high amount of that chloride, low and high intensity TiC 

peaks were seen after annealing 1300 °C, Figure 10 (b) and (c) respectively. Using the direct 

comparison method for XRD data, phase proportions were estimated in these samples. In the 

low TiC intensity sample it was estimated to 84 % SiC and 16 % TiC, whereas in the high 

intensity TiC sample it was estimated to 64 % SiC and 36 % TiC. Hence, the phase output 

could be controlled by the amount of chlorides added in the reduction step. In a TEM 

overview image of the latter sample, a structure containing polyhedrons and rods was seen, 

Figure 11 (a). HRTEM images of several rods revealed a common stacking of (111) planes in 

the <111> direction. A typical example can be seen in the upper right inset in Figure 11 (b). 

HRTEM image of a polyhedron, upper left inset in Figure 11 (b), showed Moiré fringes 

separated by 0.21 nm. This was consistent with (200) interplanar distance of TiC. In Figure 11 

(c) a typical rod 40 nm in diameter with streaks perpendicular to the length direction is seen in 

STEM mode. An elemental EDX line scan was performed of its centre as indicated by 1. The 

EDX signal confirmed a silicon and carbon containing rod, Figure 11 (d). In conclusion a TiC 

nanopolyhedrons and SiC nanorod particulate composite was successfully synthesised. 

1 

2 

3 

4 

(a) 

(b) 

(c) 

(d) 
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Figure 10. XRD patterns of annealed samples 1, 2 and 3 in (a), (b) and (c) respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Figure 11. TEM study of annealed sample 3. (a) TEM image showing rods and polyhedrons 

20-50 nm in diameter. (b) Smooth polyhedron around 20 nm in diameter and a nanorod of 

similar size seen at higher magnification. In the upper left inset a HRTEM image of the 

titanium containing polyhedron shows Moiré fringes 0.21 nm apart. In the upper right inset a 

HRTEM image of the silicon containing rod shows interatomic distance of 0.25 nm. (c) STEM 

image of typical rod 40 nm in diameter with streaks perpendicular to the length direction and 

EDX line scan 1 indicated at the centre. (d) Typical EDX signal obtained from a nanorod. 
  

Conclusions and Future Work 
 

The aim of the work in this project was to investigate if reduction-annealing processing could 

be used to synthesise SiC-TiCN and SiC-TiC powders, while keeping all constituent in 

nanostructured size.  

 

SiC-TiCN 

In the first part of the work (Paper 1) a nanostructured silicon carbide and titanium 

carbonitride particulate composite was synthesised by reduction-annealing. The annealing at 

1450 °C was proven to yield a titanium carbonitride and silicon carbide particulate composite. 

It consisted of nanostructured titanium carbonitride polyhedrons and elongated silicon carbide 

crystals respectively. This shows that the reduction-annealing process is a promising method 

for synthesizing of the desired material. 

 

Interesting future work for this nanostructured particulate composite would be to sinter the 

powder into a bulk, and measure the electrical and mechanical properties. 

 

SiC-TiC  

The second part of the work (Paper 2) involved synthesizing of a nanostructured titanium 

carbide and silicon carbide particulate composite by reduction-annealing. It was shown that 

(c) 

(a) (b) 

(d)  

10 nm 

50 nm 
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the same reduction and annealing temperature could be used for both monolithic SiC and SiC-

TiC particulate composites. A low reduction temperature was possible which is favourable 

with respect to up scaling perspective, as dangerous reactions are limited. The phase output 

could successfully be controlled by the amount of chlorides added to the process. Both phase 

constituents of the synthesised material were in nanostructured size.   

 

Interesting future work work for this nanostructured particulate composite would be to use it 

as dopant for superconducting materials
63

.  
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At room temperature diluted TiCl4 and CCl4 were reduced by sodium particles and mixed with a poly-
carbomethylsilane (PCS) solution to yield a precursor. It was dried and subsequently annealed at 1300 °C,
1400 °C and 1450 °C in a tube furnace using argon with 10 ppm N2. After the 1450 °C annealing a nanocrys-
talline powder of TiC0.5N0.5–SiC polyhedron and elongated crystals was obtained. At the low nitrogen concen-
tration during annealing a gradual nitration is proposed. It is promoted by carbon gaseous species, precursor
oxidation, a sufficient temperature and a summarised nitrogen surplus compared to the titanium and carbon
amount.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

TiC0.5N0.5–SiC is an attractive candidate for electrical applications [1]
in harsh environments. Critical for its production is the synthesis of a
TiC0.5N0.5–SiC powder, suitable for consolidation. A straightforward ap-
proach to form TiC0.5N0.5–SiC powder by reacting TiC, TiN and SiC pow-
ders of suitable proportions is difficult since TiCxN1-x solid solution
formation from TiC and TiN has a positive Gibbs free energy of forma-
tion that increases with temperature [2] and further lowers the tenden-
cy to react.

On the other hand precursor routes [3] are promising to yield nano-
crystalline powders suitable for consolidation and with a significant
tendency to react [4]. To our knowledge no precursor route has pro-
duced nanocrystalline TiC0.5N0.5–SiC powder.

Here we present a precursor synthesis that after annealing under
low nitrogen concentration produces a nanocrystalline TiC0.5N0.5–SiC
powder.

2. Experimental

The chemicals used in this study were TiCl4 (99%, Aldrich), CCl4
(99%, anhydrous, Aldrich), 30 wt.% Na particles in toluene dispersion
(average diameterb100 μm, Acros Organics), n-heptane (99%, Merck)
and polycarbomethylsilane (PCS) (FW 800, Aldrich). To synthesise

the precursor 58, 40, 51 and 389 mmol of TiCl4, CCl4, PCS and Na parti-
cles respectively were used.

The precursor synthesis was performed in solution under flowing ni-
trogen in lab glassware, Fig. 1(a). It may be briefly outlined as TiCl4 and
CCl4 co-reduction and a PCS mixing step. The co-reduction was done at
room temperature: the chlorides were added drop wise to the sodium
particles dispersion kept under stirring. This reaction was kept for
72 h, until no sodium particles could be visually detected, Steps I–II. In
Step III n-heptane dissolved in PCS was added and the dispersion was
mixed for 24 h. In Step IV the n-heptane and toluene solvents were re-
moved by distillation at 140 °C for 6 h and the remaining precursor
was left to dry overnight at 200–240 °C. In a nitrogen-filled glove box,
the reactor containing the precursor was opened and 1/4 of the powder
volume was poured into a graphite crucible (omitted). Subsequently,
Fig. 1(b), the precursor was placed in the middle of a horizontal tube
furnace. In the furnace, heating rates of 5 °C/min was utilised and
annealings of 1300 °C for 1 h, 1400 °C for 4 h and 1450 °C for 16 h
were performed with intermediate cool-down and characterisation.

The products were characterised by X-ray diffractometry in a
Philips MRD using Cu Kα radiation. Individual crystals EDX analysis
and an image were taken at 3 kV acceleration voltage using a FEI Ma-
gellan 400 XHR-SEM.

3. Results and discussion

X-ray diffraction patterns of the annealed products can be seen in
Fig. 2. After annealing at 1300 °C for 1 h, Fig. 2(a), TiC and Ti according
to JCPDS Card No 32-1383 and 1-088-2321 respectively are detected.
After annealing at 1400 °C for 4 h the previously identified Ti reacted
and only TiC can be identified, Fig. 2(b). After annealing at 1450 °C a
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TiCxN1-x–SiC product formed from the precursor, Fig. 2(c). SiC are
according to JCPDS Card No 29-1129 and derived from the PCS fraction
of the precursor. According to Bouillon a PCS annealing temperature in
excess of 1400 °C is required for SiC grain-coarsening [5]. In this study a
slightly higher temperature of 1450 °C is necessary before SiC can be
detected, Fig. 2(b)–(c). Here it is proposed that amorphous content
on SiC crystals [5] prevents these from nitration. Instead, the high reac-
tivity of chloride derived TiC [4] is utilised to make these crystals react
with nitrogen into a TiCxN1-x solid solution. This solid solution has its
peaks halfway between TiC and TiN blue and red reference lines,
JCPDS Card No. 32-1383 and 38-1420 respectively. By using angular
peak positions, indices and the Cu Kα wavelength a TiCxN1-x lattice pa-
rameter was calculated for each peak using the formula aTiCN=
λ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
h2 þ k2 þ l2

p
=2 sinθ [6]. An average value was determined and

inserted into Vegard's law [7], aTiCN=XcaTiC+XNaTiN and Xc=1−XN,
to yield a TiC0.5N0.5 stoichiometry. The 2θ positions and the lattice pa-
rameters of the synthesised TiC0.5N0.5 and TiC products and the TiC
and TiN references are collected in Table 1.

According to Konyashin [8] suitable nitration conditions are TiC–TiO
rather than pure TiC reacts with nitrogen, carbon containing gases are

present during annealing, temperatures above 850 °C and a N2:(Ti+C)
mole surplus.

In this study TiC–TiO probably formed upon inserting the dried,
Fig. 1(a), highly reactive [4] powder into the furnace, Fig. 1(b). Howev-
er after annealing no TiO is detected by X-ray diffraction, Fig. 2. Never-
theless it could not be ruled out that it is present in a less than
detectable amount or as amorphous. In this study an annealing tem-
perature of 1450 °C yielded nitration, well above the lower tempera-
ture proposed by Konyashin [8]. Further, Bouillon showed that at
1450 °C PCS evaporate carbon containing gases [5]. In agreement
with Bouillon it is suggested that the PCS fraction of the powder evap-
orates carbon gaseous species. At an instant during annealing there is
only 10 ppm of nitrogen. On the other hand the total nitrogen amount
transported during the entire 16 h at 1450 °C is much higher. Hence a
gradual nitration is proposed due to this total amount. This amount
should be used to confirm a N2:(Ti+C) mole surplus.

An argon and nitrogen gas flowwasmeasured at room temperature,
0:1 � 10−3 m3

min. It is assumed constant during annealing since a constant
gas flow valve was used. Thus a gas volume is readily obtained by mul-
tiplying it with the annealing time. By dividing it with the argon molar
volume 22:56 � 10−6 m3

mol and multiplying it with the nitrogen concen-
tration n N2ð Þ ¼ Vtot

22:56�10−6 � 10−6=42.6 mmol of nitrogen is obtained.
The Ti+C amount can be estimated by assuming the chlorides are

completely reduced during precursor synthesis and no subsequent
losses of Ti+C during annealing. Then, the amount annealed amount
at 1450 °C equals the amount in the precursor synthesis. There
98 mmol of TiCl4 and CCl4 was utilised and was split up into four pow-
der potions. Hence each portion contained ~24.5 mmol of Ti+C. Thus a
N2:(Ti+C)=174% nitrogen surplus is obtained. In conclusion there are
suitable nitration conditions [8] for nitration into TiC0.5N0.5.

An overview SEMmicrograph of the TiC0.5N0.5–SiC powder is shown
in Fig. 3(a). The image shows bright polyhedrons 50–100 nm in diame-
ter and darker elongated crystals around 100 nm in diameter and twice
as long. The arrows 1 and 2 indicate elongated crystals and arrows 3 and
4 indicate polyhedrons. Attempt of individual crystal analysis EDX anal-
ysis was performed at the tip of these arrows at low accelerating voltage
of 3 kV using an incident electron beam perpendicular to the carbon
tape sample holder. Quantitative analysis results are collected in Table 2.

Fig. 2. X-ray diffraction patterns of powders heated at 1300 °C for 1 h (a), 1400 °C for
4 h (b) and 1450 °C for 16 h (c). After annealing at 1300 °C the precursor consists of
TiC and Ti, while after annealing at 1400 °C single phase TiC is found. After the
1450 °C annealing a TiC0.5N0.5–SiC powder is obtained. The TiC0.5N0.5 phase has peaks
between the dashed blue and red TiC and TiN reference lines.

Table 1
Peak positions 2θ in degrees and calculated lattice parameters, a, in Ångströms for
synthesised TiC0.5N0.5, TiC and JCPDS references.

TiC
JCPDS Card no 32‐1383
a=4.33

TiC,
Synthesised
a=4.32

TiC0.5N0.5

Synthesised
a=4.29

TiN
JCPDS Card no. 38-1420
a=4.24

35.91 35.93 36.32 36.66
41.71 41.75 42.14 42.60
60.45 60.57 61.04 61.81
72.37 72.51 73.12 74.07
76.14 76.27 76.86 77.96

 Ar 10 ppm N2

reactor

funnel

precursor

a b

Fig. 1. Precursor synthesis and annealing set ups. (a) Precursor solution synthesis subdivided into four steps. Step I. Sodium particles in toluene and n-heptane placed in reactor.
Step II. TiCl4, CCl4 and n-heptane added dropwise through funnel. Step III. PCS dissolved in n-heptane added through funnel. Step IV. Distillation was performed at 140 °C and over-
night drying at ~200 °C. (b) Annealing of dried precursor in an alumina tube and graphite crucible at 1300 °C 1 h, 1400 °C 4 h and 1450 °C 16 h.
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The elongated crystals show an average of 98 wt.% Si and C chemis-
try with 2 wt.% of O. By combining this elemental analysis and the
corresponding X-ray diffraction pattern the conclusion is these are
SiC crystals. Hence individual crystal analysis was possible in this
case. The oxygen measured is probably due to a thin oxygen layer on
SiC nanocrystals [9–11].

The polyhedrons on the other hand show an average of 96 wt.% Ti
and C chemistry with 0.5 and 3.5 wt.% O and Si respectively. Here the
silicon measured indicated that individual crystal analysis was not pos-
sible in this case and that elemental contribution from SiC crystals is

present. Further nitrogen could not be detected to support that the
polyhedrons are TiC0.5N0.5. According to Laskin [12] SEM-EDX detection
of nitrogen can be performed in crystals down to 0.1 μm in diameter, if
a copper grid supported carbon film is used for noise reduction. Here
only standard carbon tape was utilised which could explain why no ni-
trogen was detected by detailed SEM-EDX. Nevertheless by combining
the Ti and C elements confirmed by this analysis, the high reactivity of
chloride deduced TiC [4] and the TiC0.5N0.5 is confirmed by X-ray dif-
fraction, it is suggested that the polyhedrons are TiC0.5N0.5. The
3.5 wt.% silicon detected by EDX deduced from neighbouring SiC crys-
tals is supported by simulation of the electron trajectories. This was
done at 3 kV accelerating voltage using 100 nm thick, Fig. 3(a), layers
of TiC0.5N0.5 and SiC input to CASINO v2.42 [13], Fig. 3(b). There elec-
tron trajectories penetrates the uppermost TiC0.5N0.5 layer into the
SiC layer i.e. below the lowermost solid black line. Also, trajectories
spread horizontally outside the square enclosed by solid black lines,
the simulation representation of a TiC0.5N0.5 crystal. These electron tra-
jectories outside the simulated TiC0.5N0.5 crystal supports that the
3.5 wt.% silicon measured likely deduces from neighbouring SiC crys-
tals and is probably not dissolved in the TiC0.5N0.5 polyhedrons. Thus
the product obtained after annealing at 1450 °C is a nanocrystalline
TiC0.5N0.5–SiC powder of polyhedrons and elongated crystals respectively.

4. Conclusions

A solution-scheme of TiCl4 and CCl4 reduction and PCS polymer
mixing was used to synthesise a precursor. Annealing of the dried pre-
cursor at 1450 °C under flowing argon with 10 ppmN2 for 16 h yielded
a nanocrystalline TiC0.5N0.5–SiC powder. An overall SEM image showed
polyhedrons and elongated crystals with diameters ~100 nm. By com-
bining X-ray diffraction, EDX analysis and interaction volume calcula-
tion, it was shown that TiC0.5N0.5 and SiC formed polyhedrons and
elongated crystals respectively. At low nitrogen concentration, a grad-
ual nitration is proposed promoted by carbon gaseous species, precur-
sor oxidation, a sufficient annealing temperature and a summarised
nitrogen surplus compared to the titanium and carbon amount.

Acknowledgement

This work was supported by the Swedish National Graduate School
of Space Technology.

References

[1] Duan R, Kuntz J, Garay J, Mukherjee A. Metal-like electrical conductivity in ceramic
nano-composite. Scr Mater 2004;50:1309–13.

[2] Vleugels J, Jiang D. Development and characterisation of SiAlON composites with
TiB2, TiN, TiC and TiCN. J Mater Sci 2004;39:3375–81.

[3] Lichtenberger O, Pippel E, Woltersdorf J, Riedel R. Formation of nanocrystalline tita-
nium carbonitride by pyrolysis of poly(titanylcarbodiimide). Mater Chem Phys
2003;81:195–201.

[4] Rieke R, Burns T, Wehmeyer R, Kahn B. Preparation of highly reactive metal pow-
ders: some of their uses in organic and organometallic synthesis. ACS Symp Ser
1987;333:223–45.

[5] Bouillon E, Langlais F, Pailler R, Naslain R, Cruege F, Huong P. Conversion mecha-
nisms of a polycarbosilane precursor into an SiC-based ceramic material. J Mater
Sci 1991;26:1333–45.

[6] Suryanarayana C, Grant Norton M. X-ray diffraction — a practical approach. New
York: Plenum Press; 1998. p. 154.

[7] Kerr A. Low temperature mechanochemical formation of titanium carbonitride.
Nanostruct Mater 1999;11:233–9.

[8] Konyashin I. Activated nitriding of TiCn-based cermets. Surf Coat Technol 1995;73:
125–31.

[9] Zhang HF, Wang CM, Wang LS. Helical crystalline SiC/SiO2 core–shell nanowires.
Nano Lett 2002;2:941–4.

[10] Wang DH, Wang DQ, Hao YJ, Jin GQ, Guo XY, Tu KN. Periodically twinned SiC
nanowires. Nanotechnology 2008;19.

[11] Li J, Zhu XL, Ding P, Chen YP. The synthesis of twinned silicon carbide nanowires
by a catalyst-free pyrolytic deposition technique. Nanotechnology 2009;20.

[12] Laskin A. Automated single-particle SEM/EDX analysis of submicrometer particles
down to 0.1 μm. Anal Chem 2001;73:1023–9.

[13] Drouin D. CASINO V2.42: a fast and easy-to-use modeling tool for scanning elec-
tron microscopy and microanalysis users. Scanning 2007;29:92.

Fig. 3. (a) SEMoverviewof theTiC0.5N0.5–SiC powder. The structure consists of bright poly-
hedrons 50–100 nm in diameter and dark elongated crystals around 100 nm in diameter
and 200 nm in length. (b) TiC0.5N0.5/SiC electron trajectory simulation of the bright polyhe-
dron regions performed at 3 kV in CASINO v2.42 [13]. Electrons penetrate outside the
100 nm square, simulating a TiC0.5N0.5 polyhedron, and around 30 nm into the SiC region.

Table 2
Quantitative EDX analysis (wt.%) of polyhedrons and elongated crystals.

Spec. C O Si Ti

1 45 2 53
2 65 2 33
3 13 1 3 83
4 11 5 85
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Abstract 

A reduction-annealing scheme was employed to add TiC nanopolyhedrons to nanostructuredSiC 

in order to increase fracture toughness of SiC. Monolithic SiC was synthesized by annealing of a 

precursor obtained from Si- and CCl4 reduction and various amounts of TiC were added via 

another precursor with different amounts of TiCl4. At a low amount of TiCl4, comparatively low 

intensity TiC peaks were seen in X-ray diffraction pattern after annealing. TiC was identified 

among the agglomerated SiC by EDX. At a higher amount of TiCl4 in the precursor, 

comparatively higher intensity TiC peaks were seen in X-ray diffraction pattern after annealing. 

In a detailed TEM study of that sample it was seen that TiC formed polyhedrons and SiC formed 

rods. The rods and polyhedrons formed an attached structure, likely linked at the (111) kink 

planes due to its tendency to react because they are high energy planes. HRTEM images of 

several rods revealed a common stacking of (111) planes in the <111> direction.  HRTEM image 

of a polyhedron showed Moiré fringes separated by 0.21 nm consistent with (200) interplanar 

distance of TiC. Annealings were performed at 1300 °C in a tube furnace under flowing argon. 
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Introduction 

SiC-TiC are attractive materials to use as semiconducting composites with high 

hardness and chemical inertness
1-2

. They have been synthesized as µm thick films through 

Chemical Vapour Deposition (CVD)
1-2

 and Physical Vapour Deposition (PVD)
3-4

. If, on the other 

hand, a bulk SiC-TiC material of homogenous through-thickness properties is desired, a good 

starting point should be a homogenous nanostructured powder. One attractive approach is a 

reduction-annealing synthesis
5
. In order to increase the fracture toughness of the final SiC-TiC 

composite, it should be possible to increase the TiC amount in the powder. For maximum fracture 

toughness, both phases of the powder should be nanostructured, because of the resulting large 

number of crack deflecting grain boundaries. To limit grain growth in the final product an 

appropriate sintering technique is critical. If a suitable sintering technique is utilised the 

nanostructured size will remain in the sintered material and significantly improved fracture 

toughness could be obtained, compared with sintering of a larger grained powder. Even though a 

few reduction-annealing studies produced SiC-TiC powders
5-7

, to the best of our knowledge, 

none has demonstrated the ability to increase TiC:SiC proportion in a nanostructured powder.  

Here we report a reduction-annealing scheme that was first used to synthesize a 

monolithic nanostructured SiC powder. Upon adding various TiCl4 amounts, the scheme added 

various amounts of TiC to reinforce SiC on the nanoscale. It is shown that higher amount of TiC 

reinforcement resulted in a powder consisting of SiC nanorods and TiC nanopolyhedrons. 

 

Experimental 

The chemicals used in this study were TiCl4 ( 99%, Aldrich), SiCl4 ( 99%, Aldrich), 

CCl4 (99%, anhydrous, Aldrich), Na-particles in dispersion (average diameter less than 0.1 mm, 

30 wt% sodium in toluene dispersion, Acros organics) and n-heptane (99%, Merck). The 

precursors were synthesized from these chemicals at room temperature in a set-up seen in Figure 

1. 
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Figure 1. Reduction set up, with a three neck bottle with a dropping funnel in the centre neck and argon 

flowing through it with in- and outlets in the side necks. 

 

The first sample was prepared through SiCl4 and CCl4 co-reduction using 100 and 

80 mmol of each dissolved in 20 ml of n-heptane. This reduction was kept for 48 hours. The 

second and third sample were prepared with a similar SiCl4 and CCl4 co-reduction, but with a 

subsequent TiCl4 reduction. Thus, in sample two and three 0.05 and 0.4 mmol respectively of 

TiCl4 dissolved in 20 ml of n-heptane, were added to the reactor, and reactions were kept for an 

additional 48 hours. All chlorides were added drop wise through the funnel (Figure 1) during 

approximately 30 minutes. The respective amounts of chlorides in each sample are collected in 

Table 1. Solvents were removed by distillation and the obtained powders were dried at 220 °C 

overnight under flowing argon. Annealing of the samples was performed at 1300 °C for 24 hours.  

 

Table 1. Chloride amount of each sample (mmol). 

 

Sample  TiCl4 SiCl4 CCl4 

1 0 100 80 

2 0.05 100 80 

3 0.4 100 80 

 

 

The microstructures of the samples were characterized by X-ray diffractometry 

(XRD) and transmission electron microscopy (TEM). XRD patterns were recorded in a Philips 

MRD diffractometer using Cu Kα radiation. From the patterns of sample 2 and 3, the TiC:SiC 

proportions were estimated using the direct comparison method
8
 and Gaussian deconvolution. 
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Thus the double-peak at around 2=60 ° was deconvoluted into separate SiC and TiC peaks. 

Phase estimations were done under the assumption of no solid solution. TEM characterisation 

was performed using an EDX equipped FEI Tecnai G2 instrument operated at 200 kV. TEM-

samples were prepared by dispersing powder in acetone and placing a few drops on a copper-grid 

supported carbon film. 

 

Results and Discussion 

The X-ray diffractograms of annealed powders are shown in Figure 2. Two phases 

are identified as SiC and TiC, according to JCPDS Card No. 29-1129 and 32-1383 respectively. 

Diffraction patterns of sample 2 and 3 show peaks at 2=33.5°, marked as “S”. These have 

previously been observed in monolithic SiC nanowires 
9-11

 and SiC-TiC 
6
 powders. In agreement 

with those studies, they are attributed to SiC stacking faults.  

 

 

Figure 2.  X-ray diffraction patterns of annealed powder samples 1 (a), 2 (b) and 3 (c). Patterns (b) and (c) 

shows stacking fault characteristic peak at 2=33.5 °.  

 

 

S 

S 

(a) 

(b) 

(c) 



 5 

The Gaussian deconvolutions, used in the phase estimations, can be seen in Figure 

3. These were used as input to the direct comparison method for quantitative phase analysis as 

outlined by Suryanarayana
8
. Thus from this method phase proportions of 84:16 and 64:36 at % of 

SiC:TiC are obtained. This result shows that the critical TiC:SiC proportion for optimized 

fracture toughness could easily be controlled by the amount of TiCl4 used in the precursor.  

 

 

  
 

Figure 3. Gaussian deconvolutions used in the TiC:SiC phase estimations. 

 

 

A TEM micrograph of sample 1 is shown in Figure 4. The structure consists of rods 

and agglomerated particles. According to the X-ray diffraction results both rods and particles are 

SiC. The rods are 100-150 nm in diameter. A TEM micrograph of sample 2 is seen in Figure 5(a). 

It shows rods with diameters of 100 nm and some agglomerated irregular particles. A close look 

at the rods reveals a streaky contrast, perpendicular to the length direction, consistent with the 

expected stacking faults in SiC (confirmed in the X-ray pattern). We therefore conclude, when 

combining XRD and TEM results, the rods to be SiC with stacking faults. To trace TiC, the 

sample was analysed by a STEM-EDX line scan, Figure 5(b). There a titanium signal is seen in 

the agglomerate, which indicates the TiC location.  

(a) (b) 
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Figure 4. TEM micrograph of the monolithic SiC powder. The monolithic SiC powder consists of 

nanorods 100 nm in diameter and agglomerate of irregular particles. 

 

 

       
 

Figure 5. TEM micrographs of the low ratio TiC:SiC powder. The low ratio TiC:SiC powder consists of 

nanorods with streaks perpendicular to the length direction, 100 nm in diameter, and agglomerates of 

irregular particles (a). A STEM image, with a superimposed EDX signal obtained from the line marked 

with 1, revealed that TiC was found in an agglomerate of irregular particles (b). 

 

A TEM micrograph of sample 3 is seen in Figure 6(a). The structure consists of 

rods and polyhedrons 20-50 nm in diameter. A detailed analysis of each structure is seen in 

Figure 6(b). Inset in the upper left corner, a HRTEM image of the polyhedron showed a distance 

of 0.21 nm between Moiré fringes, consistent with the interlayer-distance between the (200) 

planes of TiC. Inset in the upper right corner, a HRTEM image of the rod showed a distance of 

0.25 nm between atomic planes, consistent with the distance between (111) planes of SiC.  

(a) 

100 nm 

(b) 

100 nm 
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Figure 6. TEM study of the high TiC:SiC powder. The high ratio TiC:SiC powder consists of nanorods 

and polyhedrons 20-50 nm in diameter (a). A smooth polyhedron around 20 nm in diameter and a nanorod 

of similar size is seen at a higher magnification in (b). In the upper left inset a HRTEM image of the 

titanium containing polyhedron shows Moiré fringes 0.21 nm apart. In the upper right inset a HRTEM 

image of the silicon containing rod shows interatomic distance of 0.25 nm. Typical EDX signal obtained 

from EDX line scan of nanorod (c). A typical nanorod around 40 nm in diameter showing streaks 

perpendicular to length direction (d).  

 

Since no silicon containing polyhedron could be identified in our study, it suggests 

that the predominant structure is TiC polyhedrons and SiC rods. However, polyhedrons of SiC 

cannot be fully ruled out since it is an FCC structure
12

. Less smooth polyhedrons than the one 

analysed by HRTEM are also seen in the overall image in Figure 6(a). This mixture of various 

polyhedrons are likely due to varying carbon content throughout the sample
13

. The tendency of 

TiC to form polyhedrons has been observed in several studies
13-16

, while TiC nanorod synthesis 

probably requires catalyst
17

 or structural CNT template
18

. In agreement with those studies and the 

fact that EDX never detected any titanium in the rods, TiC rods can be ruled out. A typical EDX 

signal from one of the rods can be seen in Figure 6(c). There only silicon and carbon are seen. A 

typical rod around 40 nm in diameter, pictured in STEM mode, is seen in Figure 6(d). It shows 

streaks perpendicular to the length direction, in agreement with the stacking faults observed in the 

corresponding X-ray diffraction pattern. As can be seen in Figure 6(a) the rods and polyhedrons 

(d) 

(a) 

50 nm 

(b) 

(c) 

10 nm 
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look attached to each other. This could be due to the tendency of (111) kink planes of FCC 

crystals to incorporate other atoms
12

. 

 

Conclusions 

A reduction-annealing scheme was used to successfully synthesize a monolithic 

nanostructured SiC powder that could be fracture toughness reinforced on the nanoscale by 

addition of various amounts of TiC. The fracture toughness critical TiC:SiC proportion could be 

altered from 84:16 to 64:36 at % through the TiCl4 titanium source which makes it possible to 

reinforce SiC on the nanoscale. At the higher amount of TiC reinforcement, the powder 

predominately consisted of an attached structure of SiC nanorods and TiC nanopolyhedrons. 
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