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Abstract
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using solution processed precursors; from precursor to product. Digital Comprehensive
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This thesis describes how solution chemical based carbothermal syntheses can be used for
the synthesis of nanostructured zirconium carbide and nitride nanophase powders as well as
a nickel-metal coating on NbC for use as a sintering agent. The focus is on the development
of novel synthesis routes using atomic or small nanoscale level mixing of the metal oxide and
carbon source in the starting precursors, enabling the use of lower synthesis temperatures and
non-agglomerated nanosized powders. Detailed characterisation of the final materials and those
found during the phase-evolution were performed using TG-DTA, dilatometry, XPS, XRD, IR
and Raman spectroscopy, ToF-ERDA, PIXE, SEM-EDX/EBSD/TKD, (S)TEM-EDX/HAADF/
EELS and Vickers micro-hardness.

Starting materials with various carbon-to-zirconia ratios, composed of 2-4 nm sized ZrO2

particles embedded in amorphous carbon, were prepared by hydrolysis of Zr(OPrn)4 and sucrose.
Following heating in argon and nitrogen gas yielded nano-phase ZrC and ZrN powders,
respectively. Heating in argon gas to 1495 oC, yielded ca. 75 nm sized, loosely agglomerated
ZrC particles after 30 minutes annealing when using a sucrose-C:Zr ratio of 5:1. Weakly
agglomerated, ca. 30-40 nm sized ZrC particles with a dense 5 nm thick shell of micro-crystalline
or amorphous Zr(C,O) and surplus-carbon was obtained after 3 minutes annealing, with a
sucrose-C:Zr ratios of 12-20.

The same starting components and heat treatment, but with a nitrogen atmosphere, yielded
well-crystallised Zr(N,C) particles centred around 40-90 nm in size, with and without a 4-6 nm
Zr(N,C,O) shell; the former with 5-6 sucrose-C:Zr and the latter with 7-8 sucrose-C:Zr, together
with surplus carbon. The phase-evolution was studied for the sample with sucrose-C:Zr ratio of
8:1. This showed that the nitridation started as early as at 1200 °C and that shell-less c-Zr(N,C)
was obtained at 1400 °C.

The other part of this thesis describes solution-based nickel metal coating of a fine NbC
powder and its sintering into dense NbC-Ni composites. The coating process produced well-
distributed dot-like nickel metal coatings, after heating to 500 °C. The nickel dots sizes varied
from 6 to 26 nm depending on the nickel loading. Pellets of the 14 wt. % Ni coated NbC powder
were sintered at temperatures up to 1500 °C with 30 minutes annealing. The main sintering step
started at 1110 °C and ended at 1375 °C, whereupon a final contraction took place ending at
1500 °C. Nearly full-dense composites were obtained after heating to 1375 and 1405 °C whereas
a fully dense composite was obtained after heating to 1500 °C, with 30 minutes annealing. The
composites were composed of networked, interconnected NbC grains with sizes of ca. 0.5-5
µm for the 1375 and 1405 °C samples. For the corresponding sample heated to 1500 °C, with
a 30 minutes annealing, the size-range was 5-30 µm. The binder phases were well-distributed
and highly textured.
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1 Introduction 

1.1 Background 
Throughout history, humankind has always been creative in making use of 
available materials and later to create new materials to make life easier. 
Carbothermal reduction of iron-oxide to iron [1, 2] led to the revolution 
possibly giving name to the Iron Age. Basically, as reaction 1 shows, the 
process uses a carbon source to reduce a substance, typically a metal oxide, to 
its elemental form on heating. 

 

𝑀 𝑂  𝑦𝐶  
        ∆        
⎯⎯⎯⎯⎯  𝑥𝑀 𝑦𝐶𝑂      𝑅1 

 
In modern times, since the event of blast furnaces in the late 1700s, 
carbothermal processing has become the enabler for the industrial revolution, 
relying on large-scale production of cheap steel. Here, cost-performance 
trade-offs rely on the advantages the process has, including low-cost and 
highly available starting materials as iron-ores, plentiful carbon sources. and 
large-scale production with relatively cheap equipment. 

Steel and iron are after centuries, still essential for present day society 
shown by an ever increasing global demand, which as of 2015 totalled ca. 
1600 million tonnes [3]. However with the imminent global warming 
connected to carbon-dioxide emissions, research and development are moving 
towards carbon-free steel production, where hydrogen gas is used instead of 
carbon as reducing agent. The Hydrogen Breakthrough Ironmaking 
Technology (HYBRIT) is one of the first ways to go [3].  
 
The demand for harder, tougher, lighter and more temperature and corrosion 
resistant materials beyond what metals can provide, and a replacement of 
metals for ceramics started from the early 1900s, but increased at a rapid pace 
since the 1980s, and is still gaining impact. Examples are wear-resistant roller 
bearings for wind-mills, implants, and jet engine turbines.  

Ceramics, such as silicon-aluminium-carbo-nitride (SiAlON), tungsten-
carbide-cobalt (WC-Co), titanium-carbides (TiC) and nitrides (TiN) and other 
refractory metal-carbides, -nitrides and -oxides have been used due to their 
versatility, useful and unique high melting-point, wear and corrosion 
resistances, high or low thermal and electrical conductivities, low friction and 
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toxicity as well as their biocompatibility [4]. Many of these ceramics are made 
of highly available and low-cost materials while other are somewhat costlier.  

The main difficulty in the ceramics manufacturing is the processing into 
high density ceramics and controlled grain size. Typically micron-sized and 
often irregular powders are used. These are sintered at very high temperatures 
of 1400-2000 °C, sometimes for extended times, to get ceramics of useful 
quality. This leads to a poor control of the microstructure. Some techniques to 
at least partly overcome the high temperatures are spark plasma sintering 
(SPS), microwave sintering, and hot isostatic sintering, but such techniques 
add cost to the process. The key to controllable, low cost manufacture of 
ceramics is in high quality nano-sized starting powders allowing for pressure-
less sintering at relatively low temperatures, and short annealing times. 

When advancing carbothermal processing of carbide and nitride starting 
powders for superior grade ceramics, there are also some difficulties to 
consider. Since the nano-phase powder synthesis should take place without 
melting, which rapidly cluster and grow particles, a good mixing of the oxide 
and carbon has to be achieved. Since prolonged thermal treatments to diffuse 
and even out compositional differences over the powder also leads to particle 
growth. Therefore a mixing step of the starting substances is required, and 
obtained by, for example, high energy milling/ mixing of the oxide and 
carbon. However, this process does not lead to a perfect mixing of the 
components, where the inhomogeneous mixture lead to prolonged synthesis 
times and higher temperatures than required by the free energy of the reaction. 

The inhomogeneous mixture results in a poor control of the synthesis 
leading to impure, and course-grained powders. This disadvantage, stemming 
from conventional carbothermal processing, could be overcome by a process 
yielding a better mixing of the starting components. However, despite the 
great potential, surprisingly little has been done in this area. 

As explained above, the synthesis route is key to expanding the range of 
applications. Development of new synthesis routes could reduce the 
production cost of already existing materials, as well as to control the 
processing to make nano-crystalline powders for sintering into compacts of 
fine grains and complex shapes. Furthermore, development and understanding 
of materials lead to increased requirements of complex compositions, which 
then leads to a demand to more easily make complex multi-element structures. 

Due to the above described, efficient large-scale and low-cost production 
still remains a challenge. Here carbothermal processing is, as already 
mentioned, best suited for low cost production of metals, carbides and nitrides, 
but is restricted in product quality and grain-size when used conventionally. 

The obvious way to combine the request of a more intimate and 
homogenous mixing of the component oxide and carbon, and at the same time 
get the possibility of making homogenously doped or alloyed metal nitrides 
and carbides is solution processing. 
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Therefore, in this thesis, carbothermal processing of extremely 
homogenous metal-oxide - carbon mixtures, prepared by solution-based 
processing was explored.  

Here two different approaches were used, namely a reactive and low-cost 
zirconium(IV)-n-propoxide (Zr(OPrn)4) approach using sol-gel type 
processing, with sucrose added as a dissolved carbon source, and a solution of 
a nickel-salts, coordinated by a multifunctional organic molecule.  

These processes lead to atomic or 2-4 nm range mixing of the starting 
components and allow for the use of very low processing temperatures 
resulting in fine-grained product crystals.  

The extreme homogeneity also led to much more concerted reactions over 
the sample on heating, allowing the phase development to be followed in more 
detail. This compares to micrometre-scale powders and uneven mixing of the 
components with conventional techniques, where the reactions require long 
diffusion lengths.  

1.2 Zirconium carbide powder 
Zirconium carbide (ZrC) has a high melting point (ca. 3420 °C), 
comparatively low density (ca. 6.60 g/cm3) and high a thermal conductivity 
(ca. 20.5 W/m‧K, at 20 °C) [4]. These properties make ZrC suitable for various 
demanding applications such as cutting- and wear-resistance tools, electrodes, 
rocket nozzle liners, fuel matrices for generation IV nuclear power reactors 
and catalysts or catalyst supports [5-10]. 

The oxide ceramics have seen remarkable development during the recent 
decades which has led to deep understanding regarding the processing 
techniques the reaction mechanisms involve. This has resulted in well-
controlled synthesis of nano-powders with the desired phase and shape. 

The most efficient and well-controlled oxide syntheses utilise precursors 
dissolved in water or organic solvents. The heating, in case it is required, is 
typically done in air. 

Processing of nano-particles from solution allows use of the surface charge 
to control the particle size, and sometimes shape [11]. The ionic strength, pI 
and pH, can be used to produce stable mono-dispersed nano-particles of the 
desired nanometre sizes. Surfactants and ionic complexing agents and 
counter-ions can be used to control the product particle shape, size, and 
connectivity [12]. This approach, however, requires that the additives and 
counter-ions are then removed, which is typically done by oxidative heat-
treatment steps resulting in their decomposition or combustion. 
 
However, for metal carbides and nitrides, particularly those used in hard and 
durable applications, the development has been slower. The processing is not 
as straightforward as for oxide ceramics, since oxygen and water are always 
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present in the atmosphere, and the solvents and complexing groups typically 
contain oxygen that can be retained in the product. Which is problematic 
because it reduces the stoichiometric control and makes it is hard to remove 
the impurities formed during heating. Once such oxide impurities are 
introduced, the possibility of using a very low temperature synthesis is lost.  

Another problem, especially for the carbides, is the lack of suitable 
solution-based processes similar to the versatile sol-gel processing of oxides 
where metal-organic compounds are available. Here, metals from most of the 
elements of the periodic table in the form of alkoxides, dissolved in dry 
organic solvent, form oxides or hydroxides through hydrolysis-condensation 
reactions upon controlled addition of water. Even water-based processing 
using salts is possible although typically with mono-metallic ones. In the case 
where a hydroxide is formed, heating in air allows the release of water to yield 
a metal oxide at low temperatures. For metal-carbides, a corresponding 
process should require highly reactive organo- or hydrido-metallic 
compounds in ultra-dry solvents. Such a carbide forming process similar to 
the versatile sol-gel process still needs to be developed. While it seems 
possible, such a route would be restricted to low-scale processing of precious 
high cost materials. 

For metal-nitrides, processing similar to the sol-gel process is possible, 
using metal-amines (M(NR2)x) in dry organic solvents and ammonolysis with 
dry or organically dissolve ammonia, instead of water, to form M-N(H)-M 
bonds, to form gel-like solids that on heating in ammonia gas yield metal-
nitride at potentially very low temperatures. Also, in this case, extreme 
precautions should be taken to avoid water and oxygen reacting with the 
precursor or metal-amine precipitate and remain on heat. Another problem is 
that carbon from the organic parts of the metal-organic precursor could form 
carbide. Furthermore, the metal-amine precursors are less widely used and are 
generally less stable than some alkoxide precursors, such as Zr(PrOn)4, 
Ti(OPri)4 and Al(OPri)3 which can be obtained at prices close to those for 
simple salts.  

Thus, the metal-amine route is also, at least presently, unsuitable for large-
scale low-cost manufacturing of hard and durable tools. 

The most common ZrC powder synthesis process involves carbothermal 
reduction using different types of carbon sources [6, 13-18]. By heating a 
mixture of zirconia and carbon in an inert gas atmosphere, the carburation 
reaction takes place and the carbide is formed according to reaction R2, given 
below [9, 13, 14].  
 

𝑍𝑟𝑂  3𝐶  
        ∆        
⎯⎯⎯⎯⎯  𝑍𝑟𝐶 2𝐶𝑂      𝑅2 
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1.3 Zirconium nitride powder 
Zirconium nitride (ZrN) has many properties similar to ZrC, but is considered 
to have a better corrosion resistance and somewhat lower hardness and 
melting point. Nevertheless, ZrN has a high melting point (ca. 2980 °C), good 
thermal conductivity (ca. 20.5 W/m‧K), good electrical conductivity (7-21 
µΩ‧cm), low friction, low neutron absorption coefficient and good bio-
compatibility [19-23]. ZrN, together with the carbon and oxygen containing 
alloy phases Zr(N,C) and Zr(N,O), are promising materials for various types 
of applications. In fact, ZrC is fully soluble in ZrN, allowing a range of 
compositions to be made. It has been found that, due to solution hardening, 
ZrN1-xCx with x = 0.6-0.8 is harder than the single-phase ZrC or ZrN [24, 25]. 

Compacts and coatings of ZrN and Zr(N,C) have typically been used as 
wear and cutting tools, but they have also shown potential for use as metal 
diffusion barriers and gates in micro-electronics as well as protective coatings 
on metallic orthopaedic implants [26-31]. Another application where ZrN and 
Zr(N,C) have become the materials of choice, is as fuel pellets for generation 
IV nuclear power reactors, due to their high thermal conductivity, low neutron 
absorption cross-section, high melting temperature and high corrosion 
resistance [32-38]. Zirconium-oxo-nitride (Zr(N,O)) has showed good 
corrosion resistance [39, 40], and when alloyed with d0-elements, it has shown 
to be one of the most promising solar hydrogen catalyst materials [41].  

There are different synthesis routes for the making of ZrN powder, 
including a combination of ball-milling and self-propagating high temperature 
synthesis (SHS) [6, 42], Mg reduction of ZrO2 with NH3 nitridation [43], and 
carbothermal nitridation with various reactive gases e.g. H2, CH4 and NH3 [44-
47].  

However, for large-scale production of ZrN powder, carbothermal 
nitridation seems to be the most promising method. There are different 
carbothermal routes for ZrN synthesis, when starting with ZrO2 and carbon, 
depending on how the nitrogen is introduced. One possibility is a two-step 
reaction where ZrC is firstly formed and subsequently reacted with a H2-N2 

gas mixtures to yield ZrN, as given in the reactions, R2 and R3. The reactions, 
R2 and R3 have also been run simultaneously, without isolation of ZrC [44-
47]. The reaction, R3 is not given in a balanced form here, since the exact 
molecules involved are not known and different ones are present in various 
conceived equilibria, or as intermediate phases. The purpose is to show the 
conceived general reaction converting ZrC to ZrN, using reactive (H2(g)) for 
the removal of the carbon, and any possible intermediates and by-products. A 
more detailed description of the HCN(g) formation is given Harrison and Lee 
[44], Based on the findings of Baradelle and Warin, in their work on the 
synthesis of uranium-plutonium mononitride [48].   
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𝑍𝑟𝐶 𝑁 𝐻  
        ∆        
⎯⎯⎯⎯⎯  𝑍𝑟𝑁 𝐶 𝐻 / 𝐻𝐶𝑁   𝑅3 

 
Finally, another possible and seemingly more efficient way is the less studied 
direct carbothermal nitridation of a ZrO2-carbon mixture, using pure N2 gas, 
according to reaction R4. 
 

 𝑍𝑟𝑂 2𝐶  0.5𝑁  
        ∆        
⎯⎯⎯⎯⎯  𝑍𝑟𝑁 2𝐶𝑂    𝑅4 

 
To this end, this thesis sets out to investigate the carbothermal and direct 
carbothermal nitridation to nano-phase powders of ZrC and ZrN, respectively. 
The solution processing and precursors are discussed mainly based on 
information available in the literature, while the phase evolution from the 
zirconia-carbon nano-composites to the product metal carbides and nitrides on 
heating, is described in detail using a wide range of analytical techniques.  

The study had the following objectives:  
I Near atomic scale mixing level of the starting substances to provide 

short diffusion distances for reactions and thereby reactions taking 
place over the entire sample simultaneously leads to increased control 
and lowered reaction temperatures and shorter annealing times. 

II This was expected to yield particle sizes of 20-50 nm of the final 
product, estimated to allow pressure-less sintering.  

III Synthesis of ZrC in argon and ZrN using the less explored “inert”, low 
cost and safe N2 atmosphere. 

IV The study also revealed that core-shell structures could be obtained 
under certain synthesis parameters, which was studied in some detail. 

1.4 Nickel coating and sintering of NbC powder 
Typically, ceramic-powders are not used as prepared, but are coated with an 
additional surface component to function as a catalyst, or to serve as a 
sintering aid and binder in compact composites for tuning of hardness-
toughness properties.  

For hard composites, the hardness and toughness are key parameters and 
are tuned via the ratio of the hard-metal carbide to the ductile metal binder 
phase, the hard-constituent grain-size and the microstructural build-up. 
Regardless the choice of hardness-toughness properties, the quality depends 
much on the densification where a decreased pore concentration and structural 
homogeneity are key factors for maximised properties.  

In conventional hard composite sintering, the starting components, e.g. Co 
(binder) and WC (hard phase) are milled extensively to obtain good mixing. 
The milling process breaks down the hard but brittle WC grains to a 
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distribution of small particles with a tail of even smaller particles. This results 
in a decreased control of the hard-constituent grain-sizes and distribution.  

Furthermore, during sintering, the binder phase metal is attracted to the 
smaller-grain carbide areas. This leads to an enrichment of binder-phase and 
sintering activity in these areas, and a lower activity in other metal-binder poor 
areas. The latter leads to uneven microstructure and increased porosity, due to 
the lack of sintering aid in some areas. This problem is often solved by adding 
an excess amount of binder, which reduces the hardness of the compact. 
Hence, large improvements can be expected when using a high-quality 
powder with an evenly sized powder, coated with the sintering aid/ binder 
phase. The coating process will give a much a more controlled distribution of 
the binder metal, allowing a minimum amount of binder to be used, which 
maximises the hardness.  

The fact that the coating process uses no milling/ mixing step means that 
powders of different sizes and shapes can be used which are largely retained 
in the product. This will increase the quality of the product and expands the 
property options of hardness and toughness for the same compact 
composition. This was shown by Westin et al. to allow production of large-
grained WC-Co compacts [49-53]. 

WC-Co composites has dominated the demanding high-performance 
metal-machining and mining industry for decades. However, WC-Co, 
especially cobalt is seen as toxic [54-57] Cobalt should be phased out in these 
products. 
 
NbC powder has during recent years reached revolutionary lowering of 
production costs and increased volumes. In combination with its low toxicity 
and good properties, it has gained increased industrial attention e.g. in the 
mining industry.  

Furthermore, additional practical advantages been reported: (i) niobium 
reserves are larger compared to those of tungsten [58], (ii) the conversion of 
niobium-oxide to NbC is commercially made by the carbothermal method, 
(iii) NbC composites can be produced in a way similar to WC-Co composites 
[59] (iv) NbC have a high hot hardness from 700-800 [60], (v) Nb2O5 has a 
melting point of ca. 1510 °C [61] compared to WO3 which might sublimate at 
temperature above 750-800 °C [62] and (vi) the fact that at temperatures over 
1200 °C WC is soluble in Cr, Fe, Co and Ni, while NbC is almost insoluble 
[63, 64] which is why NbC is considered more stable for e.g. steel machining.  

These advantages of NbC over WC, in combination with increased 
availability has made NbC-based compacts attractive and competitive 
alternatives to WC-Co, but there are still very few studies within this area. 
 
In this thesis, a full description of a solution-based route to an even nickel 
coating of a fine NbC powder is given. The resulting Ni coated powder seems 
promising both as a catalyst, and a starting material for sintering of NbC-Ni 
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compacts as shown in this thesis. The NbC studied is a new fine grained (50-
300 nm) powder made on a commercial scale.  

The coated NbC-Ni powders of different compositions were sintered into 
NbC-Ni compacts where special attention was paid to the phase-evolution 
during sintering and the final NbC-Ni composite structure. Interestingly, new 
insights and unique binder phase structures were obtained, presumably due to 
the highly active nickel coating, as described in Paper IV. 

 
Thus, through Paper I-IV, this thesis covers all the steps in the nitride or 
carbide powder synthesis, and the sintering into hard component-metal 
composites which are of great importance to the manufacturing and mining 
industry. The overarching aim has been to demonstrate new ways to push the 
limits in synthesis control, leading to new and greatly improved high 
performance ceramics, while still using low-cost carbothermal processing. 
Other possible out-comes could involve the catalysis of organic molecules and 
fuels through solar hydrogen generation and applications as fuels in generation 
IV nuclear reactors.  
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2 Methods  

The materials made in this thesis where synthesised using a solution chemical 
route combined with a heat-treatment yielding metal, carbide or nitride. The 
solution synthesis was achieved either using metal-alkoxides or metal-salts 
together with different solvents. The carbon source, sucrose or 
triethanolamine was added to the solution to achieve a close to atomic scale 
mixing of oxide and carbon.  

The starting oxide-carbon mixtures for zirconium carbide (ZrC) and 
zirconium nitride (ZrN) powders were prepared by hydrolysis of a 0.5 M 
zirconium(IV)n-propoxide (Zr(OPrn)4) 1:1 vol:vol, HOPri:toluene solution in 
a sucrose-water ethanol solution. Various Zr-alkoxide to sucrose ratios were 
investigated, as described in Papers I and II. The highly homogenous ZrO2-
sucrose powders were heated in Ar or N2 atmosphere to obtain ZrC and ZrN, 
respectively. 

Nickel metal was prepared as a nano-dot coating on the NbC powder. Here, 
a methanol solution of nickel-acetate and nickel-nitrate in a 1:9 ratio, complex 
bound by 0.5 triethanolamine per Ni, was used as precursor. The precursor 
solution was mixed with NbC powder in appropriate amounts for the selected 
NbC to Ni ratios, and evaporated to dryness at a temperature lower than 40 
°C. Heating in argon atmosphere yielded the nickel metal nano-particles on 
the NbC powder. 

2.1 Preparation of the sucrose-Zr-gel 
Zr-alkoxide and sucrose solutions were prepared yield sucrose-carbon to Zr 
ratios as given in Table 1. 0.5 M in 1:1 (vol:vol) HOPri:toluene Zr-alkoxide 
(Zr(OPrn)4) solutions were prepared in pear shaped 50 mL flasks in an Ar filled 
glove-box. 

The appropriate amounts of sucrose to yield the desired sucrose-carbon per 
Zr was added and prepared as a mixture of water and ethanol, (1:1, vol:vol) 
mixtures with a molar ratio of at least 1:45 between Zr:H2O. This to achieve 
fast and complete hydrolysis of the Zr-alkoxide, leading to an inorganic gel-
coordinated by sucrose on drying.  

Finally, the sucrose and hydrolysis solution was rapidly added to the Zr-
alkoxide solution, under vigorous stirring. As soon as the hydrolysis (H2O-
EtOH-sucrose) solution was added, a white voluminous precipitate was 
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formed. The precipitate was left to dry in air on a petri dish for ca. 30 hours at 
a temperature below 40 °C. The dried powder flakes were then ground to a 
fine powder in an agate mortar 

Table 1. Sample series of Zr(OPrn)4 with different sucrose-carbon:Zirconium (C:Zr) 
ratios. 

Sample C:Zr ratio 

1 1.7:1.0 

2 2.0:1.0 
3 2.3:1.0 
4 5.0:1.0 
5 6.0:1.0 
6 7.0:1.0 
7 8.0:1.0 
8 9.0:1.0 
9 12.0:1.0 

10 15.0:1.0 
11 20.0:1.0 

2.1.1 Solution carbothermal-processing 
Most applications such as hard and durable tool bits and nuclear fuel pellets 
of ZrC and ZrN require dense, pore-free compacts which implies that the 
powder has to be densified. The sintering of these refractory compounds, 
require very high temperatures. The use of Spark Plasma Sintering (SPS) 
reduces the sintering temperature to ca. 1600-1800 °C. However, the 
productivity is low and can be complex when sintering nuclear fuel pellets, 
due to the evaporation of some radioactive fuel components such as Am. 
Another problem is the introduction of carbon from the heating elements to 
the material, which causes the formation of undesired 14C. Furthermore, SPS 
is not practical for large-scale manufacturing, which has led to the idea to 
reduce the gain size from the clusters of many micrometres typically used to 
sizes below 50 nm, and preferably in a mono-disperse or weakly agglomerated 
state. This is not possible with the prevalent processing techniques using ZrO2 
powder and carbon black, since the homogeneity of the constituents is poor 
even with advanced milling. This means that long annealing times of several 
hours at high temperatures over 1600 °C are required to fully react the starting 
mixture into a homogenous ZrC or ZrN binder-less compact. During this time, 
extensive product grain growth can take place which reduces the properties 
relevant for cutting and wear applications. 

Thus, mixing of ZrO2 and carbon at a close to atomic scale was identified 
as crucial to obtain ZrC and ZrN powders at relatively low temperatures and 
using very short annealing times. Such a mixture allows for concerted 
reactions to take place with short reaction distances to consume all oxides. 
Thereby a greater control over the process can be obtained, hopefully leading 
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to high quality powders in the desired grain size that is below 50 nm, 
determined as enough for pressureless sintering at temperatures below 1700 
°C.  

The most efficient way of creating extremely intimate mixtures is through 
solution-based processing as described above. A requisite is that the selected 
process needs to be commercially feasible, which means that some of the more 
advanced techniques, discussed above, such as metal-organic amine 
precursors in ammonia that certainly would yield nano-ZrN, were excluded.  

Since there are few useful salt precursors for zirconia, in this thesis a sol-
gel like process using a commercially low-cost available zirconium-alkoxide 
was selected with sucrose as carbon source.  

Here follows a description of what we believe happens during the 
hydrolysis and the first steps during the heating to obtain a carbon-ZrO2 
precursor mixture. The fast hydrolysis of Zr(OPrn)4 alkoxide is expected to 
yield somewhat globular oxo-alkoxide clusters containing typically 8-20 
metal atoms in size [65-67], and are typically in the size range of 1-1.5 nm in 
diameter which subsequently cluster into sol particles, gels, or precipitates 
through condensation of the hydroxyl-groups. The outcome depends on the 
kinetics, solvents, and coordinating properties of the less hydrolysable ligands 
on the Zr-ion as well as the molecules in the solvent, such as the sucrose. 

Here the sucrose (C12H22O11) is expected to surround and form weaker or 
stronger bonds to the zirconium-oxo-hydroxide gel network. When heated, the 
sucrose should decompose to form a highly homogenous sucrose-C-ZrO2 
precursor mixture to be used for the carbothermal synthesis of ZrC or ZrN.  

According to literature, the melting and associated decomposition of 
sucrose start at 184-186 °C, and yield glucose and fructose in the presence of 
water [68-70]. The fructose formed may in turn dehydrate to form the volatile 
hydroxymethylfurfural (C6H6O3, HMF), which means that 50 % of the carbon 
could be lost during the decomposition.    

However, the sucrose decomposition will differ to some extent depending 
on the kinetics, the absence of water, and the acidity provided by the ZrO2-

x(OH)2x. Thus, not all carbon atoms in the sucrose molecules are retained as 
carbon atoms in the mixture [68] and therefore the conversion factor from 
sucrose to carbon was investigated. Furthermore, the effect of the sucrose-
carbon-to-Zr ratio to product structure and content was investigated to find the 
proper C:Zr ratio for a pure ZrC or ZrN phase to be obtained. As will be 
discussed below this also gave rise to some unexpected and interesting results. 
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2.2 Preparation of the precursor for nickel metal 
coating of NbC powder 

The nickel coating solution was prepared as follows: Ni(NO3)2‧6(H2O) and 
Ni(OAc)2‧4(H2O) were separately dissolved in methanol (MeOH), and 
coordinated with 0.5 TEA per Ni. The solutions were mixed together to yield 
a molar ratio of 9:1 of nickel-nitrate to nickel-acetate. The final metal 
concentration was set to 0.5 M with respect to Ni by adding MeOH [50, 52]. 

The NbC powder was ultra-sonicated in three steps of 20 minutes each, in 
40:60 (vol:vol) EtOH:DI-H2O, in order to break-up agglomerates as much as 
possible. Then, the NbC powder was dried at below 40 °C, and finally the 
dried powder flakes were gently ground to a fine powder with an agate mortar 
ready for coating. 

The coating was achieved as follows: (i) The nickel precursor solution was 
mixed with NbC in agreement with the desired composition, and (ii) shaken 
vigorously in a sealed vial. (iii) Then, the mixture was poured onto a Petri 
glass-dish and placed on a hot-plate for evaporation of the methanol at below 
40 °C). (iv) The clay-like mixture thereby obtained was kneaded until the 
solvent was completely evaporated and the mixture turned into a dry powder. 
(v) Then the dry powder was heat-treated and (vi) the product gently crushed 
with an agate mortar to avoid large lumps. 

2.3 Equipment 
2.3.1 Furnace  
In this thesis, different models of tube-furnaces from Entech were used with 
either alumina or quartz tubes, sealed by Viton sealed steel ends with gas flow 
throughputs. The temperature profiles over the heat zones were measured to 
assure that the powder was heated in good agreement with the inbuilt sensor. 
The temperature profile over the sample length was measured with an external 
Pt-Rh element and compared with the in-built sensor. The powders were 
heated as powder beds, spread out on an alumina boat for ZrC and ZrN and a 
stainless-steel (2343) boat for the Ni metal coating.     

2.3.2 Pressing tool 
Compact pellets, 8 mm in diameter, of nickel coated NbC were made with a 
Mohr & Federhaff AG forming press by applying 200 MPa pressure. 
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3 Characterisation 

In this thesis, an extensive combination of techniques for analysis was used to 
provide a detailed picture of the materials microstructures and contents, 
including chemical bulk and surface composition, amorphous and crystalline 
materials. The changes in weight, energy and size were monitored during 
heating to provide insight into where the reactions take place and consequently 
the temperatures of interest for detailed analysis. This is so to understand the 
complex processes taking the precursors to the target materials. In the case of 
NbC-Ni, the powder synthesised was sintered into compacts which were 
tested with respect to their micro-hardness. 

The suite of analytical techniques included: TGA, DTA, Dilatometry, 
XRD, IR- and Raman-spectroscopy, XPS, ToF-ERDA, PIXE, SEM-
EDS/EBSD/TKD and (S)TEM-EDS/HAADF/EELS. Particular care was 
taken in the sample preparation in order to obtain reliable data with as much 
detail as possible. Furthermore, for most techniques used advanced analysis 
of the data was performed as outlined in following section.   

3.1 Thermal analysis (TA) 
3.1.1 Thermogravimetry and Differential thermal analysis 
Many reactions such as oxidation, de-carbonation, de-composition, phase 
transition and melting require heat-treatment under different atmospheres. 
These will cause the sample to gain or release heat (endothermic/ exothermic 
reaction) and the weight of the sample to change. Thermogravimetry (TG) 
measures the weight-changes as a function of temperature, while Differential 
thermal analysis (DTA) measures the difference in temperature between the 
sample and a reference heated at the same rate. More detailed descriptions and 
the theory behind these techniques are given in references [71-74].  

The TG-DTA presented in this thesis was performed with a Netzsch STA 
409 PC Luxx apparatus under an N2/ Ar gas flow of 50 mL min-1 for both the 
purge and protective units using alumina crucibles. Instrument calibration was 
performed and background measurement was made by running an identical 
heating program, but with empty crucibles. 

The data provided by the TG and DTA were primarily used for identifying 
the key temperatures in the carbothermal process, phase evolution and 
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molecular weight calculations for the identification of different species at 
different temperatures. 

3.2 Dilatometry 
Linear dimension change, i.e. shrinkage, during heating or thermal dilatation 
can be recorded during heat treatment with a certain heating rate. This is very 
useful when studying sintering of for instance powder compacts, and can be 
measured by dilatometry. More details about the technique are given 
elsewhere [72, 75].  

In this thesis, the sintering cycles of Ni coated NbC powder compacts were 
studied with a single push rod (Netzsch Dil 402 C) dilatometer. The heating 
rate was 10 °C min-1 for all samples under argon gas flow of 50 mLmin-1. 

3.3 Powder x-ray diffraction (PXRD) 
Powder x-ray diffraction is a well-established technique using x-rays beams 
and various geometric setups for materials analysis [72, 76]. Powder x-ray 
diffraction is one of the most used in-house analysis techniques when working 
with crystalline powder samples of different kinds e.g. metals, ceramics and 
composites. Modern detector technology and automation have made todays 
diffractometers very user friendly, despite the fact that the technique is very 
advanced and covers many complicated aspects. Powder x-ray diffraction 
provides extremely useful information about the average structural 
information of a sample [72, 76]. 

The diffraction pattern contains much useful information about the material 
being analysed, such as unit cell-parameters, particle size and phase 
composition to mention a few. To extract this information, the Rietveld 
refinement method is often used [77, 78]. 

In this thesis, the powder x-ray analysis was performed in the θ-2θ mode 
using Cu Kα radiation, employing: a Siemens D5000 Kristalloflex apparatus 
equipped with a scintillation detector with a monochromator and Bruker D8 
advance instrument diffractometer, equipped with a Lynxeye-XE/ Lynxeye 
XE-T detector and Ni filter. 

The analysis of the diffraction data was performed using Topas V.4/ V.6 
and EVA from Bruker AXS, providing phase identification, unit-cell 
parameters, crystallite sizes and phase-fractions. 
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3.4 Scanning electron microscopy 
Scanning electron microscopy (SEM) is used in virtually all materials studies 
to describe the micro-structure and elemental contents. SEM is normally 
operating at high vacuum to minimize the interaction between electrons and 
air, and the sample is illuminated by a focused scanning electron beam, 
typically with an energy range E0 = 0.1 ̶ 30 keV, where the interaction cause 
the incoming electrons to be scattered elastically or inelastically. This 
interaction generates different signals from the sample which can be collected 
by different detectors [79].  

SEM is used for imaging the morphology, the topography, and the 
microstructure of a sample using secondary and backscattered electrons (SE 
and BSE). The features that can be imaged are size and size distribution, 
shape, cracks, pores and elemental contrast to mention a few.  

Other characteristic signals have led to the development of other 
techniques, instrument setups and detector systems such as: 

3.4.1 Electron-dispersive spectroscopy (EDS) 
This chemical analysis technique is based on the characteristic x-ray emission 
generated by the e-beam-sample interaction [79]. Typically, a silicon drift 
detector (SDD) is mounted at an optimal angle for collecting the x-rays. The 
data enables elemental and chemical analysis, and can be presented in 
different ways like: elemental maps, elemental composition tables and 
elemental spectra. 

3.4.2 Electron backscatter diffraction (EBSD) 
This technique is based on the consequence that some of the electrons are 
diffracted in characteristic ways when they interact with crystalline material. 
Typically, a mirror finished polished sample (> 200 nm) is mounted at an 
optimal angle for minimizing the path length of the backscattered electrons 
from the sample to the EBSD detector (normally phosphor screen and CCD 
camera) [80]. The processed data provide crystallographic data (e.g. texture, 
orientation and misorientation analysis), grain data (e.g. size and size 
distribution) and grain boundary data (e.g. dislocation analyse). The data can 
be presented in many different ways which makes the analysis very powerful. 
A comprehensive description of EBSD can be found elsewhere [80, 81]. 

3.4.3 Transmission Kikuchi diffraction (TKD) 
Like EBSD, TKD is also offering crystallographic information but with much 
higher spatial resolution. Here the sample is normally thinner than 
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approximately 200 nm (electron transparent). The method is described in 
detail elsewhere [82-86]. 

In this thesis the microscopes used are: Zeiss 1550 FEG-SEM Field 
Emission Gun Scanning Electron Microscope, equipped with an Oxford EDS 
electron microscope and Zeiss Merlin Schottky field emission gun (FEG) 
scanning electron microscope (SEM), equipped with an Ultim Max 100/ 
NordlysMax2 detectors in combination with AZtecHKL software allowing 
simultaneous EBSD/EDS data collection. The EBSD detector was also used 
to obtain the TKD data. The accelerating voltage and current for EBSD and 
TKD were chosen as 20 kV/ 10 nA and 20 kV and 2 nA respectively. 

The data processing was made by Aztec V. 4.2 and Aztec Crystal V. 1.1. 
 

The powder samples were attached to carbon double side tape. The samples 
for EBSD were polished in several steps down to mirror finish. The sample 
for TKD was prepared with a focused ion beam (FIB).  

3.5 Focused ion beam (FIB) 
FIB is a central technique within the semiconductor industry and material 
science, and it can be used to deposit and/or remove material at the sample 
surface. The use of heavy ions (typically Ga+) make it possible to sputter ions 
of the sample surface to obtain cross-sectional or micropillar samples. Modern 
FIB instruments are often combined with SEM, allowing high precision 
sample cuts. The etched-out lamella is further thinned to electron transparency 
(< 100 nm). Normally the FIB can be considered as time-consuming but 
having the ability to study the material in transmission electron microscopy 
(TEM) will often add a unique dimension to the understanding of the material. 
Comprehensive descriptions of the FIB are given elsewhere [87-89]. 

In this thesis, cross-section TEM samples were prepared with a focused ion 
beam and scanning electron microscope, FIB-SEM, FEI Strata DB235. The 
samples were extracted with the in-situ lift out technique and mounted on a 
Cu FIB grid. The sample was then polished to electron transparency with a 30 
kV Ga+ ion beam with a final polishing step using 5 kV to reduce the surface 
damaged layer. 

3.6 Transmission electron microscopy 
Transmission electron microscopy (TEM) is an advanced multi-technique 
instrument; it uses a focused electron beam generated by thermal or field 
emission, accelerated typically in the 30-300 keV range, depending on the 
application.  The sample is probed with the accelerated electrons, which for a 
thin enough sample of ca. 20-200 nm thickness, results in a number of 
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different effects that may provide high-resolution imaging down to the atom 
length-scale, elemental mapping and information about the crystalline nature 
of the material.  
The main imaging methods in TEM based on different types of contrasts due 
to for example density, thickness, diffraction, phase and Z-contrast. Two 
important operating modes are: the conventional transmission electron 
microscope (CTEM), where the electron beam is parallel to the sample and 
the scanning conventional transmission electron (STEM), where the electron 
beam is converged to a fine spot and the sample is scanned by it. 

There are numerous different types of detectors which can be combined 
with the TEM for different types of characterisations within imaging, 
diffraction and spectroscopy for standard and in-situ measurement. 
Comprehensive description about the TEM and its different combinations are 
given elsewhere [79, 90, 91].  
Short descriptions of the relevant TEM-detectors for this thesis are given 
below: 

3.6.1 Bright field (BF) and Dark field (DF) 
By using the objective aperture to discriminate between direct and scattered 
electrons, the BF or DF imaging mode can be achieved. Different sample 
features will respond differently to these modes, for example low density, light 
elements and low crystalline areas will appear bright in BF-mode, wheres the 
opposite appear in DF mode [91]. 

3.6.2 Scanning transmission electron microscopy – Energy-
dispersive x-ray (STEM-EDX) 

Thanks to the thinner sample and higher accelerating voltage, STEM-EDX is 
offering a much higher spatial resolution compared to SEM-EDS making the 
elemental mapping much more spatially resolved. 

3.6.3 High angle annular dark field – scanning transmission 
electron microscopy (HAADF-STEM) 

At a displacement significantly larger than 50 mrad with regards to the optical 
axis, the HAADF detector is found. The reason for this is to avoid direct beam 
and collect high-angle-incoherent-scattered-electrons. The intensity of this 
type of imaging strongly depends on the atomic mass of the material and thus 
enable Z-contrast imaging [92]. 
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3.6.4 Electron energy loss spectroscopy 
Electron energy loss spectroscopy (EELS) is a spectroscopic analytical 
technique which provides compositional and chemical information. While the 
electrons are traveling through the electron-transparent sample, some of them 
will scatters inelastically, and lose kinetic energy. The lost kinetic energy is 
measured using a spectrometer and used to enable elemental identification, 
composition and valency down to atomic resolution. EELS can be applied in 
both TEM and STEM and requires electron-transparent samples. More 
detailed descriptions regarding the theory, instrumentation setup, different 
types of spectrometers, data treatment etc. are given elsewhere [79, 93, 94]. 

In this thesis, two microscopes were used, a probe corrected FEI Titan 
Themis instrument, equipped with an X-FEG electron source and SuperX 
system for EDS analysis is used. For acquisition and standard-less 
quantification, the software ESPRIT 1.9 from Bruker was used.  

A Thermo Fisher Scientific Themis Z microscope equipped with X-FEG 
and probe and image spherical aberration (Cs) correctors was operated the in 
scanning TEM (STEM) mode at 300 kV. High-angle annular dark-field 
(HAADF) images were acquired by a Fischione HAADF detector, of which 
the inner and outer semi-angle used was 63 and 200 mrad, respectively. The 
electron probe current was 265 pA and its semi-angle was 21 mrad. Energy 
dispersive spectroscopy (EDS) data were acquired using a Super-X silicon 
drift detector. 

The TEM samples were prepared by focused-ion beam (FEI Strata DB235) 
or dispersion of powers onto TEM grid with holey carbon supporting films. 

3.7 X-ray photoelectron spectroscopy (XPS) 
XPS or ESCA (electron spectroscopy for chemical analysis) is a well-
established surface sensitive (few nano-meters) technique for studying the 
surface chemistry and composition. Its normally operates at ultra-high 
vacuum to avoid interaction with ambient gas molecules. 

Briefly, generated electrons from e.g. LaB6 are focused onto an x-ray 
source e.g. Al or Mg and some of the emitted x-rays are captured 
monochromatized by e.g. quartz monochromator. Thereafter, the 
monochromatized x-ray beam is used to illuminate the sample. This 
interaction will cause x-ray photon absorption by the sample and electron 
ejection. Finally, by knowing the energy of the incoming x-ray, the kinetic 
energy (EK) of the emitted electron can be measured. The binding energy (EB) 
is characteristic to the element, the orbital and the chemical environment 
which the electron was emitted from. 
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 [95]. Combining XPS with for instance an argon ion gun, depth profiles can 
be obtained which provide chemical information toward “the bulk”. 
Comprehensive descriptions of XPS are given elsewhere [95-98]. 

In this thesis, a Physical Electronics ULVAC-PHI Quantera II instrument, 
using Al-kα (1486.6 eV) radiation was employed. All spectra were recorded 
at a take-off angle of 45°. The survey spectrum was recorded with a 200 µm 
spot size, 15 kV acceleration voltage, and 50 W power at the anode, while 
employing a pass energy of 224 eV and increment of 0.8 eV/step. High-
resolution spectra were recorded with a pass energy of 26 eV and increment 
of 0.05 eV/step. Etching was performed with Ar+-ions on a 1 mm2 sample 
area. The energy scale was adjusted using adventitious carbon as standard, set 
to 284.80 eV [99, 100] for the ZrC and ZrN samples, and 852.7 eV for the Ni-
metal-coated NbC powder [95]. The peak components of the overlapping Zr 
3d3/2 and 3d5/2 peaks were deconvoluted using pairs of Zr 3d3/2 and 3d5/2 peaks 
locked with a separation of 2.40 eV and the relative areas of 2:3. The Nb 3d5/2 
and Nb 3d3/2 doublet separation was fixed at 2.72 eV and the area ratio to 2:3. 
The samples were prepared by pressing the sample powder into an indium foil, 
which was connected with an Al-tape to an Si-wafer. The XPS data were 
analysed using the MultiPak version 9.8.0.19 software. 

3.8 Infrared spectroscopy IR 
Materials of almost all categories such as gases, liquids, powders, pastes, 
films, fibres etc. can be examined by IR-spectroscopy. The requirement for a 
molecule to be IR active, is a change of its electric dipole during vibration. 
The molecules absorb photons at specific frequencies (ν) depending on the 
bond strength and the absorption is thereby characteristic for the structure and 
useful for the identification of chemical substances and functional groups. A 
comprehensive description of the instrumentation and the theory is given 
elsewhere [101-103]. 

In this thesis, IR spectroscopy was used to analyse the amorphous, 
hydroxyl and organic contents of the precursor gels and samples obtained at 
different temperatures in the phase-development sample series. A Perkin 
Elmer Spectrum One instrument, equipped with a KBr/PE beam-splitter, 
DTGS/KBr detector and a Pike GladiATR diamond ATR unit was employed, 
using a resolution of 2 cm-1, within the range 400-4000 cm-1. ATR correction 
was applied using the Perkin-Elmer Spectrum One V. 10.03.09.0139 software.  
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3.9 Raman spectroscopy 
Raman spectroscopy is an analytical technique which is widely used in 
condensed materials physics and chemistry. The technique exploits the 
inelastic scattering or Raman scattering of light, which means that light can 
be scattered with longer or shorter wavelength (λs), compared to the incident 
light (λI). Lasers of different wavelengths are used to illuminate the sample 
and if the polarizability of the sample electrons is changed during vibration 
(deformation of the electron cloud while vibrating) the material is then 
considered to be Raman active [104, 105]. These vibrational states are 
characteristic to the chemical bonds and provides fingerprint information 
similar to the IR spectra, but with different selection rules. The polarizability 
of a molecule induced by vibration of that molecule will give rise to what is 
called Raman bands.  A comprehensive description of the technique is given 
elsewhere [101, 102, 106]. 

In this thesis, the carbon and zirconium-containing phases, obtained at 
1200, 1400 and 1495 °C, were studied by Raman spectroscopy using a 
Renishaw inVia Raman microscope employing a 532 nm laser. The Raman 
spectra were analysed with the WiRE 4.2 software, and the peaks due to 
cosmic rays were removed with the same software. 

3.10  Ion beam analysis (IBA) 
3.10.1 Particle-induced x-ray emission (PIXE) 
Particle-induced x-ray emission is an analytical technique which uses a high 
energy particle beam to probe the sample. Consequently, ion-atom interaction 
and inner atomic vacancies occur. In other words, ionisation and excitation is 
taking place in the sample. During the refilling of these vacancies, 
characteristic x-rays are emitted from the sample element(s) are then collected 
and analysed to obtain information about the chemical composition of the 
sample [107-109].  

3.10.2  Elastic recoil detection analysis (ERDA) 
As the name suggests, the recoiled ions from the sample are the ones being 
analysed (yield and energy). By using high energy e.g. 36 MeV 127I8+ beam 
bombardment on the sample, elastic recoiled ions of the sample are ejected, 
collected, and measured. Analysing the recoil (ejected ions) gives the ion-
mass and thereafter the sample composition is obtained. Measuring the travel 
distance of the recoil for a known distance is the basis of time of flight-elastic 
recoil detection analysis (ToF-ERDA) [110].  
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In this thesis, particle induced X-ray emission (PIXE) with a 2 MeV 4He+ 
beam, as well as time-of-flight elastic recoil detection analysis (ToF-ERDA) 
with 36 MeV 127I8+ were performed to investigate the elemental composition. 
The primary ion beam was hitting the sample at 5° incidence angle regarding 
the sample normal for PIXE, and the x-ray detector was placed at 135° 
backscattering angle, 50° from the sample normal. For ToF-ERDA the 
incidence angle was 23°±1° with respect to the sample surface, and the recoils 
were detected at 45°.  

3.11 Hardness 
For the NbC-Ni compacts studied here hardness and toughness are key 
parameters along with corrosion resistance. Hardness measures the material-
resistance to plastic deformation and relates to the compact composition and 
build-up of the microstructure while the micro-hardness of the individual NbC 
grains relates to the composition and quality of the NbC grains. 
There are some aspects which make hardness tests more popular than other 
mechanical characterisation tests. Amongst them are the simplicity of the 
method, the ability of testing hard and soft materials, relatively less expensive 
and the “non-destructive” nature of the test compared to other tests where 
complete deformation of the sample take place [111].  

Vickers hardness is a well-known hardness test method using a pyramid 
shaped diamond. The facing angle of the diamond is 136°, and it’s used to 
indent the sample with known amount of force during a certain amount of 
time. Based on the applied force and the two diagonals of the indentation, the 
Vickers hardness is calculated as equation 1 shows. 

 

𝐻𝑉  
2𝐹𝑠𝑖𝑛 68°

𝑑
1.854 

𝐹
𝑑

    𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1 

 
Where F is the load in kilo gram force (kgf), and d is the arithmetic mean of 
the two diagonals, d1 and d2 in mm.  

In this thesis, The Vickers microhardness test was performed by using 
Matsuzawa MXT50 instrument equipped with a diamond indenter, applying 
50 g force and 10 seconds dwell time.   
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4 Results and discussion 

The results are divided into sub-sections following the same order of the 
Papers this thesis is based on. However, these results are not completely 
separated from each other, where the uses of solution-derived starting 
materials and carbothermal based heat treatment are common features. 

4.1 ZrC nano-powder (Paper I) 
Samples with different carbon-to-zirconia ratios were studied to investigate 
the optimal ratio for carbothermal reduction of ZrO2 to ZrC. The following 
ratios were investigated: 1.7, 5.0, 6.0, 12.0, 15.0 and 20.0 sucrose-C:Zr.  

Thermo-gravimetry (TG) of samples with various C:Zr ratios showed very 
similar weight-loss patterns throughout the heat-treatment, made at 10 °C min-

1 to 1495 °C with a three-minute holding time, as Figure 1 shows. The TG 
analysis revealed the following key steps of the carbothermal process: (i) 25-
190 °C (assigned as mainly due to loss of solvent and decomposition of 
sucrose into carbon), (ii) 190-600 °C (assigned as due to the condensation of 
Zr-OH groups yielding ZrO2 and further decomposition of carbohydrates, 
yielding carbon), (iii) 600-1200 °C (assigned as due to loss of some residual 
C-O and C-H groups in the amorphous carbon, emerging, slow carbothermal 
reduction, and to some extent, oxidation by trace O2 in the Ar atmosphere), 
and (iv) 1200-1495 °C (assigned as due to the main carbothermal reduction of 
ZrO2, yielding ZrC). 
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Figure 1. TG thermographs obtained while heating 12-20 sucrose-C:Zr to 1495 °C at 
10 °C min-1 in Ar, with a three-minute holding time. The weight % is given for the 
temperatures; 190, 600, 1200, 1400 and 1495 °C and three-minute holding time. 

The PXRD patterns of the samples with different sucrose-C:Zr ratios, heated 
to 1495 °C, and a three-minute holding time (Figures 2a and 2b) showed that 
all samples had a cubic phase with cell-dimensions close to the literature value 
of ZrC unit-cell parameter a = 4.693 Å, (cif-file 00-035-0784) [112]. 
However, the sample with 1.7 sucrose-C:Zr, contained only ZrO2. The 
samples with the ratios 5-6 sucrose-C:Zr contained ZrC as the major phase, 
together with notable amounts of ZrO2. On the other hand, no or minor 
amounts of ZrO2 were found for the samples with 12-20 sucrose-C:Zr. It is 
believed that the low amounts of zirconia found in the 12 and 20 sucrose-C:Zr 
samples stemmed from post-synthesis oxidation. 

By looking closer at the refined PXRD data (Table 2) and the PXRD 
patterns (Figures 2a and 2b), one can observe small differences in the ZrC unit 
cell-dimensions. This can be due to several factors, such as variations in the C 
to Zr ratio and oxygen substitution in the carbon position, yielding Zr(C,O) 
compounds. 

Comparatively, very small ZrC crystal sizes were obtained for the phase 
pure ZrC; the crystallite sizes shrunk from 40 nm for the 12 sucrose-C:Zr 
sample to 30 nm for the 20 C:Zr sample, while samples with high ratios of 
zirconia, showed larger ZrC crystallites, 60-70 nm in size. 
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Figure 2a. PXRD patterns of 1.7-20 sucrose-C:Zr, heated to 1495 °C at 10 °C min-1 
in Ar, and a three minute holding time. The red bars represent c-ZrC, the blue bars 
represent m-ZrO2 and the green bars represent t-ZrO2.   

 
Figure 2b. Enlarged diffraction patterns around the ZrC positions from Figure 2a. 
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Table 2. Refined diffraction data of 1.7-20 sucrose-C:Zr-gels, heated to 1495 °C at 10 
°C min-1 in Ar, and a three minute holding time.   

Sample 

C:Zr 

Phase a (Å) b (Å) c (Å) Cryst. size 

(nm) 

Phase  

fraction (%) 

Rwp 

1.7:1 m-ZrO2 5.1562(3) 5.2045(3) 5.3225(3) 65.1(7) 100 13.50 
        

5:1 m-ZrO2 5.1488(3) 5.2088(3) 5.3171(3) 67.9 (10) 26.00(13) 9.06 

 t-ZrO2 5.0879(2) - 5.1884(4) 78.8(18) 8.88(8) 9.06 

 c-ZrC 4.69009(9) - - 68.0(4) 65.12(14) 9.06         

6:1 m-ZrO2 5.1479(4) 5.2087(5) 5.3157(5) 66.2(14) 17.14(15) 9.87 

 t-ZrO2 5.0873(3) - 5.1882(5) 75(2) 8.05(9) 9.87 

 c-ZrC 4.68700(10) - - 59.1(3) 74.81(15) 9.87         

12:1 m-ZrO2 5.152(5) 5.201(5) 5.313(5) 29(3) 1.70(10) 6.61 

 c-ZrC 4.69243(9) - - 38.59(11) 98.30(10) 6.61         

15:1 c-ZrC 4.69300(8) - - 46.9(8) 100 5.40         

20:1 m-ZrO2 5.1477(10) 5.2088(11) 5.3124(12) 65(3) 4.14(10) 6.40 

 t-ZrO2 5.0832(14) - 5.185(3) 14.2(5) 4.69(10) 6.40 

 c-ZrC 4.68380(12) - - 30.02(9) 91.17(14) 6.40 

 
According to the literature, the ZrC phase is always sub-stoichiometric, and 
with an excess amount of carbon, ZrC0.98 and free carbon is formed, rather 
than ZrC [113]. Typically, a NaCl-type cubic structure ZrC1-x with a unit-cell 
parameter in the range of a = 4.693-4.696 Å [5, 6, 8, 18, 114] is formed, where 
most reports give a parameter close to, a = 4.693 Å 

The microstructure of the of the sample with the ratio of 15 sucrose-C:Zr, 
heated to 1495 °C, with a three minutes holding time, showed a generally 
homogeneous, loosely agglomerated powder with a small portion of 
agglomerated particles. The TEM also showed loosely agglomerated ZrC 
particles where the majority had sizes in the range 10-50 nm. Larger sizes (50-
75 nm) were also found, but these were only in a minor amount. The sizes 
given from the refinement were similar which indicates that the ZrC grains 
were essentially single crystalline. Together with surplus carbon, a dense 
amorphous or micro-crystalline ca. 5 nm thick shell was found on the majority 
of the ZrC crystals, as shown in Figure 3. 
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Figure 3. TEM micrographs of the sucrose-15C:Zr sample, heated to 1495 °C at 10 
°C min-1 in Ar, with a three minute holding time.  

STEM-EDX analysis was performed on core-shell particles to obtain the 
elemental contents of the particle core and shell. It was found that in the shell, 
Zr and O constituted the main contents, together with a small amount of C. 
Within the ca. 5 nm thick shell, there was a decreasing O to Zr ratio towards 
the core. An approximate estimation of the compositions at different areas of 
the grain was extracted from the line-scan: (i) at the very surface, an average 
composition of 30:55 Zr:O was obtained, (ii) the average shell-composition 
was 32:19:43 Zr:C:O, (iii) an average composition of the whole grain was 
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50:36:12 Zr:C:O and (iv) an average composition of the core without the shell 
was 55:41:3 Zr:C:O . 
   

 
Figure 4. STEM-EDX mapping and line-scan of a 15 sucrose-C:Zr sample, heated to 
1495 °C at 10 °C min-1 in Ar, with 3 min hold time. 

Figure 5 shows that the XPS analysis supported the findings from the 
TEM/STEM-EDX and PXRD studies, showing the presence of a dense 
Zr(C,O) shell with a close to ZrO2 composition at the absolute surface and a 
ZrC particle core with very low level of oxygen substitution. 

For the 15 sucrose-C:Zr sample, three doublets of the Zr 3d5/2 and 3d3/2 
components, separated by 2.40 eV, with an area ratio of 3:2, could be fitted to 
the Ar+-ion etched x-ray photoelectron spectrum. The binding energies (BE) 
of these were: 179.9 and 182.3; 180.8 and 183.2; and 182.7 and 185.1 eV, 
respectively, which were assigned as due to zirconium in; ZrC, Zr(O,C) and 
ZrO2, respectively. The C 1s peak showed components at; 282.2, 283.2, 284.8, 
286.3, and 288.8 eV, which were assigned to carbon in; ZrC, Zr(O,C), and 
mainly amorphous carbon, C-O and COO groups, respectively. The O 1s peak 
components were found at; 531.0, 532.4, and 533.7 eV, which were assigned 
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to oxygen in: ZrO2, Zr(C,O), Zr-OH, possible C-O-C and C-OH groups, and 
COO and/or carbonate groups, respectively.  

The un-etched sample showed Zr 3d, C 1s, and O 1s peaks with similar 
peak components and EB, as the etched sample. However, the sample was 
more oxidised as it showed a large difference between the relative ratios of 
the peak components of Zr 3d and O 1s as Figure 5 shows. Also, for C 1s, two 
components were found at 290.1 and 291.6 eV and they were assigned to 
carboxylate or ester groups and shake-up processes in graphitic carbon, 
respectively. This is explained in more detail in Paper I. 
 

 
Figure 5. XPS spectra of a 15 sucrose-C:Zr sample heated to 1495 °C at 10  °C min-1 
in Ar, with a three-minute holding time, representing the core levels of Zr 3d, C 1s 
and O 1s. The green lines represent the difference between the peak components and 
the spectrum. 
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4.1.1 The effect of annealing 
To investigate whether the reaction of ZrC was completed at 1495 °C and if 
the surplus carbon as Figure 3 shows can be removed in order to obtain single 
phase ZrC, samples made with the different ratios: 5, 8, 9, 12 and 15 sucrose-
C:Zr were annealed for 30 minutes in an Ar atmosphere at 1495 °C in the TG-
instrument. 
The weight-loss was found to be ca. 1.6 % for the first 15 minutes, and 2.4 % 
after 30 minutes for the sample made with 5 sucrose-C:Zr and 8 C:Zr, while 
the samples with 9-15 sucrose-C:Zr had a weight-loss below 1 %. This 
indicates that the carbothermal reaction is continuing after reaching the top 
temperature of 1495 °C, especially for the samples with lower than 9 sucrose-
C to Zr ratios where continued mass loss is observed during the annealing. 

The PXRD showed that it is likely to obtain ZrC with 5 sucrose-C:Zr, 
although annealing for at least 15 minutes is required. Post synthesis surface 
oxidation with similar amounts of ZrO2 was also found for all samples.  

The refined PXRD data showed: (i) larger crystallite sizes for the 5 sucrose-
C:Zr sample (ca. 75 nm), compared to the 9-15 sucrose-C:Zr samples (ca. 50-
60 nm), (ii) a unit-cell parameter decrease with increasing sucrose-C:Zr ratio, 
corresponding to the formation of sub-stochiometric ZrC or O substitution [5, 
115] and (iii) almost no change in the cell-parameter (a = 4.687 Å) for the 
sample with 5 sucrose-C:Zr. 

TEM-STEM and STEM-EDX analyses of the 5 sucrose-C:Zr-sample 
showed that the ZrC particles obtained were agglomerated, rounded, irregular 
and often elongated as Figure 6 shows. The particle size range was ca. 30-140 
nm. This fits well with the PXRD derived crystallite size of ca. 75 nm. A dense 
amorphous or micro-crystalline 5 nm thick shell was also found and this did 
not interrupt the necks between the ZrC grains as Figure 6B shows. This 
supports the assumption that the Zr(C,O) shell was formed after the formation 
of the essentially single crystalline ZrC particles. This is also supported by the 
STEM analyses, revealing a less distinctly shell as Figure 7 shows. 
Furthermore, compared with the 15 sucrose-C:Zr sample, the 5 sucrose-C:Zr 
sample did not show any presence of surplus carbon (amorphous carbon), 
which confirms that the carbothermal reaction continued after reaching 1495 
°C when the sample was annealed. 
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Figure 6. TEM micrograph of 5 sucrose-C:Zr, heated to 1495 °C at 10 °C min-1 in Ar, 
with 30 minutes annealing. The A micrograph shows the typical morphology of the 
powder while the B micrograph shows the sintering necks between three particles. 

 
Figure 7. STEM-BF/ DF and HAADF micrographs of 5 sucrose-C:Zr, heated to 1495 
°C at 10 °C min  in Ar, with 30 minutes annealing. The right micrographs are          
zoomed part of the top-left edge of the ZrC crystallite. 

-1
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The STEM-EDX maps and line-scan, showed, as for the 15 sucrose-C:Zr 
sample, also a ca. 5 nm shell with an approximate composition of 36:17:43-
Zr:C:O. A zone of ca. 3-4 nm between the shell and core was identified by the 
line scan and seemed to be leaner in carbon and richer in oxygen. By assuming 
a 35 nm core and 5 nm shell, a roughly estimated composition could be 
calculated to 55:54:1-Zr:C:O, this is discussed in more detail in Paper I. 

The study in Paper I can be summarised as follows, ZrC was obtained using 
comparably low temperatures and short annealing times. An extremely 
homogenous mixture of (2-4 nm) ZrO2 particles in amorphous carbon was 
obtained by heating the material-mixture (sucrose-Zr-gel) to 600 °C. The 
starting material enabled the synthesis of ZrC particles with sizes down to 
30 nm, with an even micro-structure over a large range. 

ZrC was obtained, with a carbothermal reduction process at 1495 °C under 
argon gas flow, after less than three minutes for the 8-20 sucrose-C:Zr ratios 
and after less than 30 minutes annealing for ratio of sucrose-5C:Zr. 

A core-shell structure was observed for the obtained powders, where the 
ZrC core composition showed no more than a very small amount of oxygen 
substituting the carbon. On the other hand, the 5 nm shell consisted of 
zirconium-carbo-oxide phase with ZrO2 in few cases at the topmost, which is 
due to oxidation by air.  

The samples with higher ratios than sucrose-5C:Zr, additionally showed 
surplus of thin amorphous carbon. The obtained ZrC powder for the sucrose-
5C:Zr sample, had a porous structures of connected ZrC particles which were 
free of carbon. 

The synthesis process allows the addition of dopants, which makes the 
obtained ZrC nano-particles interesting for use in different types of 
applications involving e.g. high temperatures and harsh environments as well 
as catalysis. 

4.2 ZrN nano-powder (Paper II) 
In Paper II, the direct carbothermal process toward ZrN was investigated. This 
process is different than the typical approach of the two-step reactions in 
which ZrC is first formed and then allowed to react with an active nitrogen 
containing mixture, such as H2/N2, NH3 or CH4/NH3 [44-46]. 

The study can be divided into four major parts: (i) investigation of the 
sucrose to carbon conversion, required C:Zr ratio, and required temperature 
for full carbothermal nitridation, (ii) phase-development during heating, (iii) 
microstructure versus C:Zr ratio and (iv) effects of using increased batch-
sizes. 
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4.2.1 The effect of different C:Zr ratios on the carbothermal 
nitridation 

Samples made with the sucrose-C:Zr ratios: 1.7, 2.0, 2.3, 5.0, 6.0, 7.0, and 8.0 
were heated to 1495 °C, at 10 °C min-1, in N2 gas to obtain information on the 
ZrN forming temperature and sucrose-carbon-to-zirconia ratio required. 

The PXRD patterns (Figure 8a) showed in all cases a cubic phase with 
slightly larger unit cell-dimensions, compared to the literature values for c-
ZrN, reported as a = 4.5775 Å [42, 116]. However, the literature also reports 
larger cell-dimension in the range of a = 4.58-4.60 Å, obtained for ZrN made 
using carbothermal nitridation [45, 117, 118]. This fits the present values well. 
Furthermore, rhombohedral β-Zr7O8N4 [119-121] was obtained for sample 
ratios of 1.7-6 sucrose-C:Zr and m-ZrO2 [122] for samples with 1.7-7 sucrose-
C:Zr as Figure 8b illustrates. 
 

 
Figure 8. (A) PXRD patterns of samples with different sucrose-C:Zr ratios heated to 
1495 °C at 10 °C min-1 in N2(g) atmosphere. The black bars represent m-ZrO2, the dark 
red bars represent rhombohedral β-Zr7O8N4, and the blue bars represent c-ZrN. (B) 
PXRD derived phase contents as mass fraction (%) versus the sucrose-C:Zr ratio for 
the samples shown in (A). 

The literature reports several Zr-oxo-nitride phases including two very similar 
rhombohedral fluorite related zirconium-oxo-nitrides; the β-Zr7O8N4 phase 
with the unit cell-parameters a/b = 9.538 Å and c = 8.834 Å [118, 120, 121] 
and the β´-Zr7O11N2 phase with the unit cell-parameters a/b = 9.560 Å and 
double c-axis length of 17.60 Å [120]. However, peak overlap and the fact 
that Zr-oxo-nitride phase constituted a small part of the sample made an exact 
determination of the unit-cell dimensions hard. The former Zr-oxo-nitride 
phase given here (β-Zr7O8N4) fitted the diffractograms best, but a mixture or 
modulations of the two phases cannot be ruled out. 

For the samples with ratios of 5-7 sucrose-C:Zr, small amounts of zirconia 
and oxo-nitride were found. This could be due to the presence of small 
amounts of oxygen in N2 gas or post synthesis oxidation during storage. 
Hence, it seems that ca. 5 sucrose-C:Zr could be the minimum required for 
complete formation of ZrN as mentioned in 2.1.1. The thermogravimetry 
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showed that the decomposition of the sucrose into carbon during the heat 
treatment is affected by the degree of the direct bonding between the sucrose 
and the Zr-gel. More direct coordination e.g. 2 sucrose-C:Zr sample, showed 
earlier decomposition compared to for the samples made with higher sucrose-
carbon ratios. More details about the sucrose-carbon conversion during heat 
treatment are given in Paper II.         

Carbon substitution in the ZrN is possible, since ZrC is completely soluble 
in the ZrN [45, 115, 117, 118]. The substitution would however, make a very 
small change of 0.0012 Å per % ZrC in the cell-parameter, which makes 
determination of the ZrN1-xCx composition approximate. However, using this 
linear relationship on the refined data, the following ZrC substitutions would 
be obtained: 1.7-2.3 sucrose-C:Zr (10-15  % ZrC), 5 sucrose-C:Zr (17 % ZrC), 
and 6-8 sucrose-C:Zr (22-24 % ZrC). This indicates that an increase carbon 
substitution occurred for sucrose-C:Zr ratios higher than the theoretical value, 
despite the presence of ZrO2 and oxo-nitride residuals. 

4.2.2 Phase-development of the sucrose-8C:Zr-gel sample 
during heating 

The microstructural evolution under heating of the sucrose-8C:Zr-gel sample 
was studied in detail, using TG-DT, XRD, SEM, TEM-DF/ EDX, IR- and 
Raman-spectroscopy, as well as XPS with Ar+-ion etching. From the TG 
graphs, 200, 600, 1200, 1400 and 1495 ° were identified as key temperatures 
and samples made at these temperatures were and studied together with the 
starting gel. 

4.2.2.1 Phase-development, sucrose-Zr-Gel 
The IR spectrum did not indicate the presence of solvent, but some water, as 
shown by the broader O-H stretch peak and H-O-H bending peak at ca. 1640 
cm-1, seen in Figure 9. Other peaks were assigned mainly to sucrose: O-H 
stretching (3340 cm-1), C-H stretching (3030-2810 cm-1), and O-H bending, 
C-O and C-C stretching and bending (1200-800 cm-1). Furthermore, a close 
correlation between the sucrose-Zr-gel and the crystalline sucrose peaks was 
observed, which indicates amorphous structures or Zr-gel coordinated to the 
sucrose, inhibiting ordering of sucrose molecules.  

The PXRD pattern of the sucrose-Zr-gel showed that most of the sucrose 
was amorphous as Figure 10 shows, which supports the IR results. The peak 
at ca. 1630 cm-1 wsa assigned to H-O-H bending in water, and the strong, 
broad absorption at below 800 cm-1was assigned to twisting and wagging of 
O-H groups and Zr-O stretching. It is likely that the obtained gel is built of 
clustered molecular ZrO2-x(OH)2x particle units, or ZrO2 crystallites with sizes 
of 2-4 nm, where most of the sucrose is coordinated to the Zr-ions or hydrogen 
bonded to Zr-OH groups. 
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Figure 9. IR spectra of (from bottom): sucrose (purple), sucrose-8C:Zr-gel (black) 
and sucrose-8C:Zr-gel heated to 200 °C (red), 600 °C (blue), 1200 °C (pink), 1400 °C 
(green) and 1495 °C (dark blue), at 10 °C min-1, under N2 in the TG apparatus. 

 
Figure 10. PXRD patterns of sucrose-8C:Zr-gel (dark red), and the same after heating 
to 200 °C (black), 600 °C (red), 1200 °C (blue), 1400 °C (green) and 1495 °C (pink), 
at 10 °C min-1, under N2 in the TG apparatus. The bars represent m-ZrO2 (black), β-
Zr7O8N4 (red), c-ZrN (blue), t-ZrO2 (beige). 

The TEM micrographs showed a homogenous material as Figure 11 shows. It 
should be mentioned that the gel was sensitive to the electron-beam. The beam 
damage turned the material into a granular structure, built by separated 2-4 nm 
sized particles, showing crystalline ordering as Figures 11B and 11C show. 
This indicates that the homogeneity between starting material in the sucrose-
C:Zr gel was extremely high. 
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Figure 11. TEM micrographs of the sucrose-8C:Zr-gel showing an amorphous area 
(A), more particular area (B) and more crystalline area (C). The insets in (A and C) 
represent the fast Fourier transform (FFT) image of the given area in each micrograph. 
The developed crystallinity is a result of beam damage. 

4.2.2.2 Phase development, 200 °C 
At 200 °C, the residual mass provided by the TG was ca. 84 %. The diffraction 
pattern showed no distinct crystalline sucrose peaks, the peaks at ca. 22sh, 
31.2, 50 and 59 and 60osh 2θ fit the strongest peaks of t-ZrO2 [123] and a small 
contribution from the amorphous carbon can also be observed. The IR-
spectrum showed no peaks due to crystalline sucrose and only weak bands 
were observed as Figure 9 shows. These weak bands were mainly assigned to: 
O-H stretching and H-O-H bending in H2O, C-O-H stretching and bending of 
decomposed sucrose, and Zr-O stretching at below 800 cm-1. The TEM 
analysis showed a homogeneous structure of mono-dispersed 2-4 nm 
particles, embedded in lighter material as the TEM-DF micrograph shows in 
Figure 12 A. Summarising the results obtained by the IR, PXRD and the TEM, 
the material made 200 °C consists of t-ZrO2 imbedded in amorphous carbon 
with a small amount of hydroxyl groups, or water. 
 
 

 
Figure 12. TEM micrographs of sucrose-8C:Zr-gel heated to 200 °C at 10 °C min-1 in 
N2(g) atmosphere.  
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4.2.2.3 Phase development, 600 °C 
At 600 °C, further weight-loss occurred, leaving ca. 53 % of residual mass.   

The PXRD pattern, showed a reduction in peak-broadness and peaks at ca. 
30.6, 50.8sh and 59.0° 2θ fitting well the strongest peaks of t-ZrO2 [123]. 
Furthermore, the TEM analysis showed a similar microstructure as for the 
sample heated to 200 °C. The IR-spectrum (Figure 9) showed almost no peaks 
assignable to organics and hydroxyls. The material obtained at 600 °C might 
thus be described as consisting of homogeneously mono-dispersed 2-4 nm 
sized t-ZrO2-like particles embedded in amorphous carbon. The presence of 
very small amount of hydroxyl or carboxyl groups in the carbon cannot be 
ruled out. 

4.2.2.4 Phase development, 1200 °C 
From 600 to 1200 °C, a small continuous weight-loss of ca. 3 % was observed 
with the TG, leaving the residual mass at ca. 49.8 %. The refined unit cell-
parameters of the r-Zr7O8N4 matched better with β´-Zr7O11N2 (Figure 13) [118, 
120], showing that the Zr-oxo-nitride phase contained more oxygen at 1200 
°C. The other crystalline phases were identified as ZrO2 of the monoclinic 
[122] and tetragonal [123] modifications.   

 

 
Figure 13. Refined PXRD pattern of sucrose-8C:Zr-gel heated to 1200 °C, showing 
the experimental diffractogram (black), calculated diffractogram (red) and the 
difference between them (gray). The bars show the peak positions of the phases: r-
Zr7O11N4 (purple), t-ZrO2 (orange) and m-ZrO2 (turquoise) respectively. 

The microstructural information provided by the TEM (Figure 14) showed a 
dense structure of irregularly shaped 3-22 nm sized particles, separated by a 
continuous disordered amorphous carbon. Even though it was not possible to 
identify the phase of the individual particles, the majority of the particles were 



 49

of sizes around 14 nm and should therefore be of the Zr7O11N2 phase. Zirconia 
particles with a size around 5 nm, wrapped in amorphous carbon and parts of 
empty carbon compartments of similar sizes were also found. This indicate 
that amorphous carbon had enclosed the 2-5 nm sized zirconia particles 
observed at 600 °C. 
 

 
Figure 14. TEM micrographs of sucrose-8C:Zr-gel heated to 1200 °C, showing 
mainly Zr7O11N2 particles and amorphous carbon. 

This indicates that the carbothermal reactions had started at 1200 °C, where 
almost all of the ZrO2 had eaten its way out of the tight carbon compartments, 
leaving only a few zirconia-containing ones left. Thereafter, the ZrO2 was free 
to move on the carbon surface to grow and react with the carbon and nitrogen 
gas which led to the formation of Zr-oxo-nitride (7 ZrO2(s) + 3 C(s) + N2(g)  
Zr7O11N2(s) + 3 CO(g)). It is not known if there was a zirconium-oxo-carbide 
transiently formed when the ZrO2 reacted from the inside of the carbon 
cocoon, or if a sub-stoichiometric ZrO2-x was formed, followed by a 
carbothermal nitridation at the interface to form Zr7O11N2. It is also possible 
for the nitrogen gas to react with the carbon phase.  

The sample heated to 1200 °C, showed a broad multi-peak Raman spectrum 
with a maximum at 1363 cm-1, as Figure 15 shows. In line with the TEM 
analysis, a very complex and highly disordered amorphous carbon phase 
(containing plenty of unstable C-O and C-N groups) was indicated by the 
presence of multi-component D and G peak bands [124-128]. 
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Figure 15. Raman spectra (532 nm laser) of sucrose-8C:Zr-gel heated to 1200 °C. 

4.2.2.5 Phase development, 1400 °C 
The weight-loss was more noticeable after treatment at 1200 °C and the 
residual mass obtained at 1400 °C was found to be ca. 43 %. PXRD showed 
ZrN to be the major phase (46 %), but there was still Zr-oxo-nitride (ca. 30 
wt. %) and minor amounts of m- and t-ZrO2, as shown in Figure 16. Unlike 
the sample heated to 1200 °C, the unit cell-parameters of the Zr-oxo-nitride 
phase fitted the β-Zr7O8N4 [118, 120, 121] better than the β’-Zr7O11N2. The 
crystallite sizes of the Zr-oxo-nitride had increased to 46 nm, compared to 14 
nm at 1200 °C. The obtained ZrN unit cell-parameter a = 4.5897 Å, 
corresponds to 10 % carbon substitution. This is in line with the unit cell-
parameter reported for carbothermally obtained ZrN with the value ranging 
from 4.581 to 4.601 Å [45, 115, 117, 118]. 
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Figure 16. Refined PXRD pattern of sucrose-8C:Zr-gel heated to 1400 °C, showing 
the experimental data (black), calculated data (red) and the difference between them 
(gray). The purple, orange, turquoise and black bars represent the phases, β-Zr7O8N4, 
t-ZrO , m-ZrO2 and c-ZrN, respectively. 

The TEM analysis revealed particles of different sizes and shapes with a size 
distribution of ca. 5 to 120 nm. The larger particles exhibited either a poly-
crystalline or a single-crystalline feature, as Figure 17 shows. Furthermore, 
less carbon around the particles was found, compared to the samples heated 
to 1200 °C. This is expected, considering the consumption of the carbon 
during the carbothermal nitridation. The surplus amorphous carbon showed a 
similar structure to that found after heating to 1200 °C with empty ca. 5 nm 
compartments, but also showed perforations in the carbon holding up the 
different particles, where the carbon had been completely consumed. The 
Raman analysis was similar to that of the 1495 °C sample and is discussed in 
conjunction with that sample.   
 

 
Figure 17. TEM micrographs of sucrose-8C:Zr-gel heated to 1400 °C, showing the 
different particle types. 

2
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4.2.2.6 Phase development, 1495 °C 
The final residual mass obtained by the TG was 38%. The PXRD pattern 
showed slightly asymmetric peaks tailing out on the low 2θ side, indicating a 
second phase, or a range of ZrN1-xCx compositions with larger unit cell-
dimensions than ZrN. Therefore, the diffraction data was refined in two ways; 
by using single-phase determination or a two-phase determination separating 
the main and shoulder phases for a closer determination of the shoulder peak 
as Figure 18 shows. The one phase determination yielded an a-axis of 4.6031 
Å [116] corresponding to a ca. ZrN78C22 composition. The two-phase 
determination yielded a main phase of ca. 80% having an a-axis of 4.5992 Å 
(ZrN*), corresponding to a ca. ZrN82C18 composition, and a minor phase, with 
an a-axis of 4.622 Å (ZrN**), corresponding to a ZrN62C38 composition. It 
should be mentioned that an accurate determination of the main peak and the 
shoulder peak was not possible, due to the small difference of ca. 0.02 Å and 
the fact that C and N scatter x-rays to almost the same degree. The 
microstructure studied by SEM, showed loosely agglomerated Zr(N,C) 
particles with sizes centred around ca. 50 nm. 
 

 
Figure 18. Refined PXRD pattern of sucrose-8C:Zr-gel heated to 1495 °C, showing 
the experimental diffractogram (black), calculated data for the sum of the main cubic 
and shoulder cubic phase (red), and the difference between them (grey). The inset 
shows the experimentally obtained diffractogram (black), main c-ZrN phase (blue, 
ZrN*), cubic carbon-rich shoulder phase c-ZrN (green, ZrN**), and the difference 
between them (grey). 

The TEM analysis showed that most of the particles had a similar 
microstructure and a dominating size of around 40-50 nm, but also some larger 
irregular particles ranging in size from 10 to 140 nm. Furthermore, unlike the 
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sample heated to 1400 °C almost all particles had an easily identifiable 4-6 
nm thick shell of a material different from that of the core and together with 
amorphous carbon, as Figure 19 shows. The shell was less ordered than the 
particle cores, showing micro-crystallites in sizes from 1 to 8 nm. The core 
particles were highly ordered and seemed mostly single-crystalline. 

 

 
Figure 19. TEM micrographs of sucrose-8C:Zr-gel heated to 1495 °C, showing the 
ZrN1-xCx particles, their micro-crystalline shells and the residual amorphous carbon. 

Raman spectra of the samples heated to 1400 and 1495 °C showed main peaks 
at ca. 1300 cm-1, and 1600 cm-1. These peaks were assigned to the D and G 
bands, respectively. The D band is connected to bond angle disorder and the 
presence of C-N and C-O groups, and the G band is connected to C-C 
stretching in sp2-bonded groups. The additional peak components at ca. 1350, 
and 1540 cm-1 were assigned to the highly disordered and wrinkled graphite 
[124-128]. The very weak peak at ca. 2480 cm-1 was assigned to second order 
2D vibrations. Interestingly, this peak-intensity provides information about 
the degree of ordering [125-127]. The low intensity indicating low ordering 
of the carbon and supported by the TEM analysis which showed highly 
disordered and wrinkled carbon structures built from one to a few carbon 
layers. The strong D band with ca. 1.5-2:1 ID:IG ratio, together with the weak 
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2D band peaks, indicate the presence of C-N bonds, which is further supported 
by the results of the XPS analysis (vide infra) [124-128]. 
 

 
Figure 20. Raman spectra (532 nm laser) of sucrose-8C:Zr-gel heated to, from top: 
1400 °C (blue) and 1495 °C (green). 

The peaks below 1000 cm-1 contain information from the zirconium-
compounds. They were noticeably similar for both the 1400 and 1495 °C 
samples and matched well the ZrN data in the literature [129-131]. The peak 
components were assigned as: (i) 163 and 248 cm-1 (single acoustic phonons, 
TA/ LA); (ii) 326 and 455 cm-1 (second order vibrations, 2A); (iii) 481 and 
575 cm-1 (optic phonons, TO/ LO); and (iv) 710 and 961 cm-1 (a combination 
of LO + AO and second order phonons, 2O) [129-131]. The peaks at 212, 385, 
and 645 cm-1 were not identified, but were present in both samples, and may 
therefore be due to the similar Zr(N,C,O) shell phase.  

The chemical states of the Zr, C, N and O atoms within the top-most few 
nm was analysed by XPS. The results are given in Figure 21 (pristine) and 
Figure 22 (Ar+-ion etched). It should be mentioned that accurate depth-profiles 
on powder-samples are very difficult to obtain, due to geometrical effects 
where new un-sputtered surfaces always are present. However, the results 
obtained provide useful information about the core-shell chemical 
environment. The pristine surface, showed Zr 3d core-levels with Zr 3d3/2 and 
3d5/2 peak components having binding energies of ca. 182.8 and 185.2 eV, 
assigned to ZrO2 [132-135] and a small contribution at ca. 180.2 eV assigned 
to Zr(N,C) [136-139].  

The N1s spectra showed three peaks with binding energies at ca. 397.9, 
399.5 and 400.2 eV, assigned to Zr-N [136, 137], C=N and C-N groups in the 
amorphous carbon [140-142].  

The C 1s spectrum showed five peaks at ca. 284.8, 285.8, 287.0, 289.1 and 
290.7 eV, assigned to adventitious carbon/ amorphous carbon and carbon 
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bonded to electronegative atoms in C=N, C-N, C-O, C=O and COO groups 
[99, 100, 127, 128, 140-145]. 

The O1s spectrum showed three peaks with the main peak at a binding 
energy of 530.5 eV assigned to ZrO2, a shoulder peak with the main 
component at 532.1 eV assigned to Zr-OH, and a smaller component at 533.5 
eV assigned to C-O and COO groups which is supported by the C 1s peak at 
ca. 290.7 eV. No peak with a binding energy corresponding to Zr-C was 
observed. 

 

 

 
Figure 21. XPS spectra of sucrose-8C:Zr-gel, heated in N2(g) at 10 °C min-1 to 1495 
°C, representing the core levels of Zr 3d, N 1s, C 1s and O 1s. The green lines represent 
the difference between the peak components and the spectrum. 

After Ar+-ion etching, the Zr 3d spectrum showed three doublet components 
assigned to: Zr(N,C) (180.0, 182.4 eV), Zr(N,C,O) (181.2, 183.6 eV), and 
ZrO2 (182.7, 185.1 eV) respectively. No peak with a binding energy 
assignable to ZrC (179.1-179.9 eV) was observed [29, 44, 128, 130, 146]. The 
N 1s spectrum showed three peak components with binding energies at 396.5, 
397.3, and 399.1 eV, assigned to Zr(N,C,O), Zr(N,C) and C-N groups in 
amorphous carbon respectively [29, 30, 146, 147]. The C 1s spectrum showed 
four peak components with the following binding energies 282.4, 283.4, 
284.8, and 286.5 eV. The peaks at 282.4 and 283.4 eV are assigned to carbon 
in the Zr(N,C) core and Zr(N,C,O) shell, respectively, and the peaks at 284.8 
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and 286.5 eV, were assigned to amorphous carbon, containing some C-H, C-
O and C-N groups. 

A rough estimation of the N content in the carbon showed that the carbon 
contained ca. 12% N. It was not possible to make a good enough 
deconvolution to find the BE of the weak O 1s peak component connected to 
the Zr(N,C,O) due to broad O 1s sh-peak from ZrO2. However, based on these 
results, together with the composition obtained from PXRD, the shell-phase 
could roughly be estimated to be ca. Zr(N0.6-0.7C0.3-0.4)1-xOx. 

 
 

Figure 22. High resolution XPS spectra of Ar+-ion etched sucrose-8C:Zr-gel, heated 
in N2(g) at 10 °C min-1 to 1495 °C, representing the core levels of Zr 3d, N 1s, C 1s 
and O 1s. The green lines represent the difference between the peak components and 
the spectrum. 

4.2.3 Microstructure versus C:Zr ratio 
A lower carbon ratio of less than sucrose-8C:Zr did not affect the 
microstructure dramatically but induced some minor effects. For example, 
most of the particles did not have shells and the surplus carbon was somehow 
less amorphous. The majority of the particles were angular and showed good 
crystallinity all the way out to the clean surfaces. A wide size distribution of 
ranges from 10 to 150 nm was observed for the sample with sucrose-7C:Zr. 
However, 4-6 and 10-13 nm thick shells were observed for the samples with 
the ratios 7C:Zr (few particles) and 6C:Zr (very few particles) respectively. 
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Figure 23 shows an example of the obtained microstructure of the ratio of 
sucrose-6C:Zr sample.   
 

 
Figure 23. TEM micrographs of a 4 g batch size sucrose-6C:Zr-gel heated at 10 °C 
min-1 to 1500 °C in N2(g). 

4.2.4 Effects of increased batch-sizes 
To investigate the effect of increased batch sizes, samples of ca. 4 g each, 
compared to 60 mg in the TG apparatus, were studied using 6-8 sucrose-C:Zr 
samples. The heat-treatment was made in a tube furnace heated to 1500 °C at 
10 °C min-1 under an N2 gas flow. The PXRD patterns and the refined data 
showed similar results compared to the samples obtained by the TG. However, 
there were some differences. For the sample with sucrose-6C:Zr, a phase 
fraction of ca. 73% ZrN was obtained, together with Zr7O8N4 and m-ZrO2, 
while only small traces of zirconia and Zr7O8N4 c-ZrN were obtained for the 
samples with the 7 and 8 sucrose-C:Zr ratios.  

XPS analysis of the sample with sucrose-7C:Zr ratio, showed a much less 
oxidised surface, compared to the sucrose-8C:Zr sample, with almost no 
difference between the etched and non-etched sample. This was also 
supported by the TEM analysis, which indicated that most of the oxidised 
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surface stemmed from the shell and post synthesis oxidation of the carbon and 
shell phases. 

 
The study in Paper II can be summarised as follows, a novel solution-based 
one-step carbothermal-nitridation process was developed and studied in detail.  

The starting mixture of ZrO2 and amorphous carbon was obtained by 
following the procedure described in Paper I, and the heat treatment was 
performed under N2 gas atmosphere rather than the Ar gas used in Paper I. 

The results showed that comparatively very small Zr(N,C) particles of 
around 40-90 nm size were obtained, without or with Zr(N,C,O) shell, 
depending on temperature and C:Zr ratio. 

The nitridation starts as early as 1200 °C where Zr7O11N2 was obtained, 
followed by 1400 °C where the formation of c-Zr(N,C) started. Finally at 1495 
°C, almost phase pure 10-140 nm sized Zr(N,C) or Zr(N,C) with minimal 
amount of ZrO2 was obtained. 

The direct-carbothermal-nitridation throughout the heat treatment showed 
the following pathway: (i) 25-600 °C, 2-4 nm sized ZrO2-mixture was 
obtained, (ii) 600-1200 °C, carbothermal nitridation process has just started, 
(iii) 1200-1400 °C carbothermal nitridation continues where c-ZrN0.9C0.1 
together with Zr7O8N4 was obtained and (iv) 1400-1500 °C, where c-
ZrN0.8C0.2 was obtained for 5-8 sucrose-C:Zr samples. Furthermore, 4-6 nm 
micro-crystalline shells were observe for the sucrose-8C:Zr sample and 
partially for sucrose-7C:Zr sample, together with surplus carbon. 

4.3  Nickel coating of niobium-carbide powder (Paper 
III) 

Ultra-sonication was applied to break the NbC powder agglomerates as much 
as possible. This also uncovered larger, typically 1-5 µm sized NbC particles. 
However, these particles constituted a small minority. The SEM analysis 
revealed typically cuboid angular NbC particles in the size range 50-300 nm, 
as shown in Figure 24. The PXRD patterns of the sonicated and non-sonicated 
powder showed diffraction patterns matching NbC well [148]. The refined 
unit cell-parameter of the ultrasonicated NbC was 4.4674 Å, which correspond 
to a composition of NbC0.94 [149]. 
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Figure 24. SEM micrographs of uncoated NbC powder. 

The thermal decomposition of the metal-organic nickel-precursor into nickel 
metal relies on the balanced redox reaction between the nitrate and the organic 
groups in the dried precursor paste. The thermal decomposition process is also 
dependent on the conservation of the heat generated by the reaction, which is 
illustrated by the thermographs presented in Figure 25. The reason for the TG 
curves having so different paths is the ratio of the nickel-precursor-paste to 
NbC powder. The 4 and 6 wt. % Ni ratios (Figure 25A) showed five 
discernible reaction steps at: (i) 65-150 °C, (ii) 150-250 °C, (iii) 250-350 °C, 
(iv) 350-395 °C, and (v) 395-470 °C, where the first endothermic step was 
assigned to the decomposition of the TEA. The following exothermic steps ii-
iv, were assigned to the redox reactions between the nitrate and the residual 
organic groups, eventually yielding nickel metal.  

For the higher coating ratio of 12 wt. % Ni, the endothermic step (i) took 
place at 65-120 °C, in similarity for lower nickel loadings. However, as soon 
as the TEA was decomposed, the immediately following exothermic reactions 
yielded enough heat to/ close to finish the nickel forming reactions, already at 
120-150 °C (step ii), leaving only small amounts of organic residues. These 
residues were slowly removed until 430 °C (step iii), which indicates that the 
heat generated by the reactions upon heating to below 150 °C, actually heated 
the sample to at least 400 °C for a few seconds [50, 150]. 
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Figure 25. Thermographs of Ni-coated NbC powder, heated to 700 °C at 10 °C min-1 
in argon gas. A and B represent the TG-DT response curves of 4, 6 and 12 and wt. % 
Ni coating respectively. The reaction steps are marked as i, ii, iii, iv and v. 

The PXRD patterns of the samples coated with 4, 6, 12 and 14 wt. % Ni, 
heated to 500 and 700 °C, are shown in Figure 26. It can be observed that the 
main peaks were due to c-NbC, while the minor peaks were due to c-Ni metal. 
The minor intensities of c-Ni increased with the nickel contents. Furthermore, 
the PXRD patterns of the 12 and 14 wt. % Ni samples heated to 500 °C, 
showed very weak peaks assigned to the high-pressure orthorhombic niobium-
oxide, L-Nb2O5 [151]. The 12 wt. % Ni sample heated to 700 °C also showed 
even weaker peaks assigned as to t-NbO2 [152]. The NbC refined unit cell-
parameter of the coated NbC powders were used for estimation of the 
composition, which gave NbC0.94 for the non-coated and coated powders, 
except 14 wt. Ni sample where NbC0.98 composition was obtained [153]. The 
Ni-metal unit cell-parameter for the different Ni:NbC ratios and temperatures 
was a = 3.351 Å. This is slightly larger than the literature value for pure nickel 
metal [154], which could be due to a very small carbon dissolution in the 
nickel metal or epitaxial effects from the Ni metal and NbC phase contact. The 
crystal sizes at 500 °C of the 4, 6 and 12 wt. % compositions were ca. 6, 8 and 
26 nm respectively, and at 700 °C ca. 9, 12 and 31 nm, respectively. This 
indicates that the nickel loading size has the biggest influence on nickel-
crystal size. The 14 wt. % Ni coating was obtained with 2 x 7 wt. % at 500 °C 
cycles and resulted in ca. 28 nm sized nickel crystals. This supports the 
hypothesis that the nickel loading is the key factor determining the nickel-
crystal size. 
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Figure 26. PXRD patterns of Ni coated NbC heated to 500 °C (A) and 700 °C (B) at 
10°C min-1 in Ag gas. A; the diffractograms a, b, c, d, and e represent coating of 0, 4, 
6, 12, and 14 wt. % Ni, respectively. B; the diffractograms a, b, c and d, represent 
coating of 0, 4, 6, 12 wt. % Ni, respectively. The red, blue, green and pink bars 
represent c-NbC0.92, c-Ni, orthorhombic L-Nb2O5, and t-NbO2, respectively. 

XPS analysis was performed on the 14 wt. % Ni coated NbC powder, before 
and after etching with Ar+-ions. The XPS showed that Ni metal, NiO and 
Nb2O5 were the dominating phases within the top nanometres of the surface, 
together with some hydroxyls (Ni(OH)2 and NiOOH). The oxide surface was 
removed by ion-etching, leaving pure nickel metal giving a strong C 1s peak 
at ca. 282.3 eV assigned to NbC. 

The SEM analysis showed a well-dispersed dot-like coating of nickel 
metal, rather than a continuous coating, as Figure 27 shows. The dot-like 
coating is best illustrated with the 4 wt. % nickel coating, showing ca. 5-10 
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nm sized nickel metal particles. For the higher nickel loadings of e.g. 12 wt. 
% Ni, the nickel particles were still of a monodisperse nature although 
extensively covering the surface, see Figure 27C.    
 

 
Figure 27. SEM micrographs of nickel coated NbC powder heated to 500 °C at 10 °C 
min-1 in argon gas atmosphere. A, B, C and D represent 4, 6, 12 and 14 wt. % Ni 
coating.  

    
At a synthesis temperature of 700 °C, the nickel-coating remained dispersed 
on the surface, but showed slightly particle size increasing, compared to the 
500 °C samples. However, the major difference between the samples heated 
to 500 and 700 °C, was that much larger particles of NbC had formed in some 
places, as Figure 28 shows. While some large NbC particles remained from 
the uncoated powder, most of the grain-growth seemed to have occurred via 
sintering of NbC particles. This indicates that the sintering starts already at 
temperatures below 700 °C, which is very low.    
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Figure 28. SEM micrograph of NbC 4 wt. % Ni powder, heated to 700 °C, showing 
parts of the powder where the NbC particles seemed to have sintered into larger NbC 
grains. 

The TEM analysis showed that the material was built from well-crystallised 
cuboid NbC particles within the size range, 50 to 300 nm. The NbC particles 
were decorated by well-dispersed nickel particles, where the majority seemed 
to be single-crystalline. The 6 wt. % Ni coated NbC powder is shown in Figure 
29, as an example. The nickel particles observed were ca. 9-13 nm large, 
which is slightly larger than the ca. 8 nm, determined from the PXRD peak 
broadening. The mono-disperse nature of the coating indicates that there were 
a limited number of nucleation sites for the nickel-metal on the NbC surface. 
Furthermore, a 2-4 nm thick shell was found on some nickel particles, which 
was proposed to be nickel-oxide formed by post-synthesis oxidation, as shown 
in Figure 29D. Additionally, a graphite-like structure was observed on some 
particles, as Figure 29F shows, which probably stemmed from small amounts 
of residual carbon from the nickel-precursor. The dark-field micrograph, 
given in Figure 29E, showed a 2-3 nm thick layer, contrasting the NbC particle 
core. This layer may be niobium-oxide, formed during the nickel metal 
forming reaction.      
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Figure 29. TEM micrographs of NbC powder coated with 6 wt. % Ni, heated to 500 
°C at 10 °C min-1 in argon gas atmosphere. 

STEM-HAADF imaging of the 12 wt. % nickel coated NbC powder, heated 
to 500 °C, showed a similar morphology to the 6 wt. % sample, but with a 
larger size and shape distribution of the nickel particles, see Figure 30. The 
STEM-EDX showed evenly distributed nickel particles over the NbC 
particles, and the O mapping showed increased presence of the oxygen at the 
NbC surface, supporting the TEM-DF study of the 6 wt. % sample. 
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Figure 30. STEM-HAADF and STEM-EDX mapping of 12 wt. % Ni coated NbC 
powder, heated to 500 °C at 10 °C min-1 in argon gas atmosphere. 

The study in Paper III can be summarised as follows, a solution-based 
carbothermal process for nickel metal coating of NbC powder was studied in 
detail. The nickel metal could be obtained at 150 °C with some carbon 
residuals.  

An evenly, well-distributed dot-like nickel metal coating was obtained after 
heating to 500 °C, the obtained particles were 6-26 nm depending on the nickel 
loading.  

Further heating caused nickel particle growth up to 45 % at the most. The 
nature of the coating remained the same, regardless the nickel coating loading. 
Densification was observed at 700 °C. 

4.4 The sintering of NbC using Ni-metal as a binder 
(Paper IV) 

Heat-treatment of the 14 wt. % Ni coated NbC powder, pressed into pellets, 
showed four regions of densification as shown in Figure 31. These regions are 
interpreted as follows: (i) The very small expansion at 25-1110 °C, is assigned 
as due to minimal thermal expansion of the sample, (ii) 1110-1375 °C, 
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densification region is divided to solid state and liquid phase sintering, (iii) 
1375-1500 °C, containing tray-like feature, catered around 1405 °C and (iv) 
annealing for 30 minutes at 1500 °C, which led to some sample expansion. 
Step (iv) was verified with additional samples which showed the same feature 
of expansion. 
 

 
Figure 31. Dilatometer curve of an NbC 14 wt. % Ni pellet, obtained on heating to 
1500 °C at 10 min-1, and annealing for 30 minutes, under argon gas flow of 50 mL 
min-1. 

The elemental purity and material composition of the sintered pellets was 
studied with ion beam analysis (IBA). Table 3 compiling both ToF-ERDA and 
PIXE, more detailed description how the data is calculated is given in Paper 
IV. ToF-ERDA revealed the presence of H, C, N, O, Al and/ or Si, Ni and Nb, 
while PIXE revealed the presence of Fe and small quantities of Ca, Ti and Cr. 
The values in Table 3 are rather representative of the sample bulk, since one 
IBA depth unit corresponds to ca. 0.11 nm for the NbC phase with a density 
of 7.820 g/cm3. This gives an integration depth of ca. 220 nm. Hence, the NbC 
powder was of a high purity with a total impurity level of ca. 0.7 at. %. The 
present oxygen level is in line with what has been reported in the literature 
[153, 155].  
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Table 3. Approximate atomic fractions of elements present in NbC 14 wt. % Ni pellets 
heated at 10 °C min-1, in argon gas to: 1375 °C, 1405 °C and 1500 °C with 30 minutes 
annealing, respectively, as measured by PIXE and ToF-ERDA. 

Element 
 

Sample 
 

Ni 
(at.%) 

Nb 
(at.%) 

C 
(at.%) 

N 
(at.%) 

O 
(at.%) 

Ca 
(at.%) 

Ti 
(at.%) 

Cr 
(at.%) 

Fe 
(at.%) 

Al+Si 
(at.%) 

H 
(at.%) 

1375 °C 10 46 38 2.1 2.2 0.04 0.04 0.03* 0.6 0.7 0.2 
1405 °C 11 45 39 1.4 1.5 1.01 0.04 0.06 0.7 0.9 0.1 
1500 °C 11 42 43 2.3 1.1 0.02 0.05 0.04 0.7 0.2 0.1 

*Close to PIXE detection limit, indicating a possible presence and an upper limit for 
the concentration. 
 
of cross-section surface of the sintered NbC-14 wt. % showed no peak 
belonging to nickel metal. Instead, c- Nb0.15Ni0.85 binder phase was found at 
1375 °C together with NbC, as Figure 32a shows. The refined c-NbC cell-
parameter indicated a ca. NbC0.92 composition.  

The same c-Nb0.15Ni0.85 binder phase was found at 1375 °C was found also 
after heating to 1405 °C but textured, due to the increased relative intensity of 
(111) reflection compared to (200) reflection, while NbC phase showed 
broadened peaks compared to the other temperatures as Figure 32b shows. 
The cause of this broadening is unknown. However, given that the peak 
broadening was rather symmetrical, precipitation of NbC out of the high 
niobium-content melt or alloy throughout cooling seems likely to be the main 
reason. Further reasons are found in Paper IV. Furthermore, the h-Nb0.20Ni0.80 
binder phase was hardly noticeable, indicating a phase transformation of the 
binder phase (cubic to hexagonal) at 1405 °C, which is connected to the tray-
like feature, observed by the dilatometer curve in region III as Figure 31 
shows.    

After heating to 1500 °C and 30 minutes annealing, textured c-Nb0.15Ni0.85 
(111) and h-Nb0.20Ni0.80 (101) binder phases were obtained. On heating the 
NbC phase seems to lose carbon, compared to the starting powder and 
compositions of ca. NbC0.91-0.94 were obtained from 1375 to 1500 °C with 30 
minutes annealing [153]. The carbon deficiency could be due to the reduction 
of the surface oxide (Paper III), together with the possibility that carbon could 
be imbedded in the binder phase [156], but has also been observed in the 
literature for similar samples. 
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Figure 32. θ-2θ XRD patterns of NbC NbC 14 wt. % Ni pellet heated at 10 °C min-1 
to: 1375 °C (a), 1405 °C (b) and 1500 °C with 30 minutes annealing (c), in argon gas. 
The lower diffraction pattern shows the lower angle two peaks of the NbC indicating 
texture evolution of the NbC phase with temperature. 

The microstructure of the sintered pellets featured a bright for binder phase 
and dark for the NbC grains as given in Figure 33. After heating to 1375 °C, 
the pellet had a homogeneous, close to fully dense microstructure with 
irregular, typically with 0.5-5 µm (1 µm, EBSD average) NbC grains with 
straight edges and round corners. The NbC grains were typically parts of an 
extended network within the binder phase, as Figure 33A and B show. After 
heating at 1405 °C, almost no difference in microstructure was observed, 
compared to the 1375 °C sample, as Figure 33C and D show. After heating at 
1500 °C for 30 minutes annealing, a remarkable grain growth had taken place 
yielding 5-30 um sized (EBSD, average 10 µm) and the pellet was fully dense, 
as Figure 33E and F show. Furthermore, the NbC grain-shape changed to more 
rounded even though some grains had straight edges. These NbC grain shapes 
coincides with those for NbC 12 vol% in the literature and differ from those 
with lower or higher carbon contents, which are more rounded and triangular 
with sharp edges as well as corners, respectively. Compared to the literature 
data, the microstructures obtained at 1375 and 1405 °C, were similar to NbC 
12 vol % Ni heated at 1420 °C for 1 hour [157-159], yet the NbC grains 
obtained in this study were smaller. 
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Figure 33. SEM micrographs of NbC 14 wt. % Ni pellet heated at 10 °C min-1 to: 
1375 °C (A, B), 1405 °C (C, D) and 1500 °C with 30 minutes annealing (E, F), in 
argon gas. 

The local crystal structure and crystal orientation of the sintered pellets heated 
to 1375, 1405 and 1500 °C with 30 minutes annealing were studied by EBSD. 
At 1375 °C, the crystallographic orientation of the NbC phase appeared 
random as the IPF-map shows in Figure 34A. However, the pole figure 
showed a low degree of ordering within local clusters, as Figure 35A shows. 
The c-Nb0.15Ni0.85 binder phase appeared more ordered at {111} as the IPF-
map in Figure 34B and the pole figure in Figure 35B show. 
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Figure 34. SEM-EBSD orientation maps of NbC 14 wt. % Ni pellet, heated at 10 °C 
min-1 to 1375 °C, in argon gas. Figures 10A-E shows: IPF maps for c-NbC (A), and 
c-Nb0.15Ni0.85 (B), Layered IPF maps for all phases (C), a combined phase map (D) 
and legends for all maps (E). Step size: 100 nm and hit rate: 70 %.  

 
Figure 35. Pole figures of NbC 14 wt. % Ni pellet, heated at 10 °C min-1 to 1375 °C, 
in argon gas. (A) The c-NbC phase and (B) the c-Nb0.15Ni0.85 phase. 

After heating to 1405 °C, in accordance with the with the SEM results (Figure 
33C and D), the NbC-NbC contacts seems to have extended in contact area as 
Figure 36 A and D show. The c-Nb0.15Ni0.85 binder phase remains unchanged 
as it was found at 1375 °C, as Figure 36B and 36H show. The h-Nb0.20Ni0.80 
binder phase, which was hardly observed by the θ-2θ XRD in Figure 32 at 
42.9° 2θ, was clearly observed by the EBSD, and was almost fully textured 
along {111} as the IPF-map and the pole figure in Figure 36C and 36H show.  
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Figure 36. SEM-EBSD of NbC 14 wt. % Ni pellet, heated at 10 °C min-1 to 1405 °C, 
in argon gas. IPF map of c-NbC (A), c-Nb0.15Ni0.85 (B), and h-Nb0.20Ni0.80 (C), Layered 
IPF maps of all phases (D), compounded phase map (E) and legends for all maps (F). 
Pole figures of: c-NbC (G), c-Nb0.15Ni0.85 (H) and h-Nb0.20Ni0.80 (I). Step size: 40 nm 
hit rate: 92 %. 

After heating to 1500 °C and 30 minutes annealing, the texture of the NbC 
phase remained close to random, as Figure 37A and 37G shows. The c-
Nb0.15Ni0.85 binder phase also remained {111} textured as Figure 37B and 37H 
show. The obtained h-Nb0.20Ni0.80 binder phase was highly {0001} textured, 
as the IPF-map and pole figure show in Figure 37C and 37I. This was also 
supported by the pole plot which showed 3° of deviation from <111> texture. 
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The phase map as given in Figure 37E showed that some of the NbC grains 
were edge-to-edge connected without any binder phase in between. The 
epitaxial relation between the h-Nb0.20Ni0.80 and the c-Nb0.15Ni0.85 binder phase 
indicate a relation between them, as has been observed for a similar case in 
the literature [160].  
 

 
Figure 37. SEM-EBSD of NbC 14 wt. % Ni pellet, heated at 10 °C min-1 to 1405 °C, 
in argon gas. IPF map of c-NbC (A), c-Nb0.15Ni0.85 (B), and h-Nb0.20Ni0.80 (C), Layered 
IPF maps of all phases (D), compounded phase map (E) and legends for all maps (F). 
Pole figures of: c-NbC (G), c-Nb0.15Ni0.85 (H) and h-Nb0.20Ni0.80 (I). Step size: 200 nm 
hit rate: 94 %. 
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The grain analysis of the NbC phase was performed on the EBSD images for 
the sintered pellets. The average grain size was more or less the same for 1375 
and 1405 °C, but increased remarkably tenfold after heating to 1500 °C and 
30 minutes annealing in agreement with the observed SEM images discussed 
above, as Table 4 shows. 

Table 4. Grain-size diameter of a cross-section of the NbC 14 wt. % Ni pellet, heated 
to different temperatures in argon gas. 

Temperature 
(°C) 

Grain 
count 

Average 
diameter* 

(µm) 

Diameter 
min. (µm) 

Diameter 
max. (µm) 

Standard 
deviation 

Diameter 
visual ** 

(µm) 

1375 8606 1 0.4 16 0.6 0.5-5 

1405 436 1 0.25 5 0.5 0.5-5 
1500 + 30 min 97 10 1 36 9 5-30 

 * SEM-EBSD image analysis, ** visual typical grain size judged form SEM imaging. 
 
Further analysis of the NbC and binder phases of the pellet heated to 1500 °C 
and 30 minutes annealing was performed using SEM-TKD and STEM-
HHADF, EDX and EELS on a cross-section lamella. The SEM-TKD showed 
NbC and h-Nb0.20Ni0.80 phases with a clear grain-boundaries, as shown in 
Paper IV. The NbC grains appeared darker than the h-Nb0.20Ni0.80 binder phase 
in the HAADF micrographs in Figure 38A and 38D. The EDX and the EELS 
elemental maps were in concert showing Ni-rich areas where the h-Nb0.20Ni0.80 
was found and no Ni in the NbC grains, as the elemental maps shows in Figure 
39. Furthermore, the EELS elemental mapping showed a sharp grain boundary 
between the Nb grains, indicating that they do not host nickel. 
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Figure 38. STEM-EDX and STEM-EELS of the cross-section of the NbC 14 wt. % 
Ni pellet, heated at 10 °C min-1 to 1500 °C and 30 minutes in argon gas. The 
micrographs A, B and C represent STEM-HAADF and the elemental maps obtained 
by STEM-EDX. The micrographs D, E and F represent STEM-HAADF and the 
elemental maps were obtained by STEM-EELS. 

The Vickers micro-hardness of the sintered pellets was measured in three 
different regions of interest identified by SEM. (i), in the middle of the NbC 
grains, (ii) at the grain boundaries between adjoined NbC grains and (iii) in 
the binder phase. It should be mentioned that binder phase could contain small 
NbC particles to some extent. The average micro-hardness values are given in 
Table 5, and the point-by-point values are given in Paper IV.  

After heating to 1375 °C, true NbC grain measurements were not possible, 
even though some places with values close to that of NbC were found. The 
average obtained micro-hardness was 1150 HV0.05 for mainly binder-phase 
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domains. Indentations targeting NbC grains gave 1300 to 1740 HV0.05, with 
an average of 1530 HV0.05.  

After heating to 1405 °C, the binder phase dominated domains yielded 
1200 to 1310 HV0.05, with an average of 1230 HV0.05, while at the centre of 
the NbC grains, 1580 to 1890 HV0.05, with an average of 1760 HV0.05 were 
obtained. 

After heating to 1500 °C and 30 minutes annealing, the binder phase had 
730 to 890 HV0.05, with an average of 810 HV0.05, while at the centre of the 
NbC grains, 1600 to 2060 HV0.05, with an average of 1770 HV0.05 were 
obtained. Indentations between adjoined NbC grains gave 1410 and 1650 
HV0.05, with an average of 1540 HV0.05. 
The obtained hardness for the binder phase was higher than the ones given in 
literature [161, 162]. Furthermore, the indentation caused crack formation 
within the NbC grains, but not in the binder. The obtained micro-hardness 
values are in line with ones presented in the literature [59, 60, 153, 161, 163, 
164].   

Table 5. Vickers micro-hardness values (HV0.05) of NbC 14 wt. % Ni pellet pellets, 
heated to 1375, 1405 and 1500 °C with 30 minutes annealing in argon gas. 

Region  
Temperature (°C)  

NbC 
(HV0.05) 

NbC-NbC 
(HV0.05) 

Binder phase 
(HV0.05) 

1375 1530 - 1140 
1760 1760 1110 1230 

1500 + 30 min 1770 1540 810 

    
The study in paper IV can be summarised as follows: the phase evolution 
during the sintering of 14 wt. % Ni nano-dot coated NbC powder was 
investigated using dilatometry and a combination of XRD, ToF-ERDA, PIXE, 
SEM-EDS/EBSD/TKD, STEM-EDX/EELS for samples heated to 1375, 1405 
and 1500 °C with a 30-minute annealing step.  

The main sintering step started at 1110 °C and ended at 1375 °C with the 
final shrinkage at 1500 °C, yielding a nearly fully dense composite for 1375 
and 1405 °C and fully dense composite for 1500 °C with a 30-minute 
annealing step.  

The composites obtained comprised of networks of interconnected NbC 
grains in sizes of ca. 0.5-5 µm (1 µm, EBSD average) for the 1375 and 1405 
°C samples and 5-30 µm (10 µm, EBSD average) for 1500 °C and 30 minutes 
annealing sample, within a well-distributed and textured binder phase of c-
Nb0.15Ni0.85 and h-Nb0.20Ni0.80. The average micro-hardness of the present NbC 
grains is in line with the best results reported in the literature     
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5 Conclusions and outlook 

A solution chemical method using sol-gel type processing was developed for 
carbothermal synthesis of ZrC and ZrN. By the hydrolysis of zirconium-n-
propoxide (Zr(OPrn)4) in presence of sucrose, an extremely homogeneous 
mixture of well-dispersed 2-4 nm sized ZrO2 particles in amorphous carbon 
was obtained as a starting mixture. The methods developed in this thesis 
enable doping with other elements as well as provides the possibility to use 
carbothermal reduction of a wide range of carbides and nitrides of various 
complexities, including heterometallic phases, alloy phases with N/C/O, nano-
carbon composites and core-shell structures. 

 
The ZrC phase could be obtained at a comparatively low temperature and short 
annealing time, (i) using a ratio of 8-20 sucrose-C:Zr, and heating at 10 °C 
min-1 to 1495 °C in argon atmosphere and (ii) using a ratio of 5 sucrose-C:Zr, 
heating to 1500 °C at 10 °C min-1 in argon atmosphere with annealing for less 
than 30 minutes. Procedure (i) resulted in additional residual carbon, while 
procedure (ii) yielded ZrC particles that were free of carbon. 

The ZrC grains made with 15 sucrose-C:Zr exhibited a core-shell structure. 
Here the highly single-crystalline ZrC core seemed to contain no more than a 
very small amount of oxygen, likely substituting carbon, and a dense shell, ca. 
4-5 nm thick consisting of a Zr(C,O) phase, with zirconia at the topmost nano-
meter. 

The ZrC particles obtained with crystallites sizes down to 30 nm, are 
interesting for a number of high temperatures and harsh environments 
applications, as well as catalysis. The possibility of having well distributed 
free nano-carbon could be of interest for sliding hard composite applications 
and catalysts where the carbon could be used as an antenna, adsorber or 
reaction site. Furthermore, and the shell, thin enough for corrosion protection 
and tunnelling could be of use in complex catalysts, or in nano-composite 
ceramics. The process is flexible and allows the addition of dopants for tuning 
properties, such as electronic band-structure, improved high-temperature 
corrosion resistance, catalytic sites and actinides for generation IV nuclear 
fuels. 

 
The one-step carbothermal nitridation process developed in this thesis 
describes a new solution based carbothermal nitridation route using only N2 
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gas, not requiring reactive gases, such as hydrogen or ammonia. The material 
obtained depends on the temperature and C:Zr ratio.  

The homogeneous starting composite yielded concerted reactions over the 
entire material, which allowed for a detailed elucidation of the phase-
evolution from the sucrose-Zr-gel precipitate to the nano-phase zirconium-
nitride powders. The Zr-nitride formation mechanism for core-shell particle 
formation turned out to be different than described in the literature for the 
conversion of ZrC to Zr(N,C). The starting material which consisted of 2-4 
nm sized sucrose-Zr-gel particles was heated to 600 °C to afford 2-4 nm sized, 
well-dispersed ZrO2 particles in amorphous carbon.  

The first nitridation reactions had started at 1200 °C and yielded Zr7O11N2. 
Further heating resulted in the formation of cubic Zr(N,C) as observed at 1400 
°C. At the final temperature, 1495 °C, was close to phase pure 10-140 nm 
sized single-crystalline Zr(N,C) or Zr(N,C,O). 

The sample with the ratio of 8 sucrose-C:Zr, heated to 1495 °C showed an 
interesting core-shell structure consisting of single-crystalline cubic-Zr(N,C) 
particles evenly covered by a smooth dense 4-6 nm micro-crystalline cubic-
Zr(N,C,O) phase. The surplus carbon may be removed by grinding or 
hydrogen gas treatment if required.   

The different powders obtained may be of use in similar types of 
applications as the ZrC particles mentioned above. Another application of 
great present interest is in solar hydrogen catalysis, where solar light energy 
is used to cleave water into hydrogen and oxygen, according to the reaction: 
2H2O + hν   2 H2(g) + O2.  Here Zr-oxo-nitride particles optimised by band-
gap engineering through alloying with other d0-ion oxides has given some of 
the most promising solar hydrogen catalysts. They were however produced 
conventionally as very large, micron sized oxo-nitride particles which reduced 
the active surface for catalysis and increases the hole and electron migration 
distance which increases the probability of recombination of hole and electron 
which consequently reducing the efficiency [41]. For this, large scale, low cost 
application, the present developed process yielding nano-crystalline Zr-oxo-
nitride, which have great possibilities of tuning band-gap and absorption 
through d0 and f-block ions. Other important areas for the oxo-nitrides is as 
durable high-power luminescent materials and corrosion resistant hard 
materials. It can be mentioned here that Eu/La-doped particles have 
successfully been prepared as reported in conferences (presented at ACerS, 
ICACC (Daytona Beach) and MCARE (Vancouver)) However, the first 
reason starting this interesting research was to make nano-sized Ac doped ZrN 
powder for SPS-free sintering into generation IV nuclear fuel pellets. Such a 
self-cooling reactor design based on molten led has been designed in Sweden. 

 
The fast, low-cost and flexible solution-based nickel metal coating process of 
NbC powder was studied in detail with several analytical techniques. This 
provided a comprehensive description of the nano-dot microstructure and the 
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chemical nature of the nickel coating-metal-carbide interaction. Without the 
need of extensive milling mixing, production cost can be reduced, while the 
quality and controllability is greatly increased. 

Depending on the nickel loading and heating rate, nickel metal be obtained 
at as low as 150 °C, together with minor organic residuals, while temperatures 
above 470 °C provide a safe pure nickel metal, regardless of loading and 
heating rate. The dot-like coating, depending on the nickel load, resulted in 6 
to 26 nm sized nickel particles after heating to 500 °C. Further heating to 700 
°C, cause an increase in particle sizes with up to ca. 45 %. 

The nickel particles were well-joined to the NbC and well-dispersed, which 
make them ideal for sintering NbC-Ni compacts and an attractive candidate 
for replacing WC-Co hard compacts, seen as toxic, as well as, for parts in the 
Pb-cooled generation IV nuclear reactors, where the radioactivity Co60 
generated during running is very undesired. Furthermore, the nature of the 
coating generates a high nickel metal surface area on the highly electrically 
and thermally conductive NbC makes it an interesting candidate for use in 
catalysis and electro-catalysis. 

The study on the sintered NbC 14 wt. % Ni is as far as know, the first study 
of an NbC-Ni composite with an Ni-Nb alloy as the binder phase. The sintered 
pellets showed three sintering steps with the main one between 1110 °C-1375 
°C followed by tray-like feature at 1405 °C, before the final shrinkage took 
place to 1500 °C. The microstructure with inter-connected ca. 1 µm NbC 
grains was more or less the same for the sintered samples at 1375 °C and 1405 
°C. However, the c-Nb0.15Ni0.85 binder phase started to convert to a highly 
textured h-Nb0.2Ni0.8 phase at these temperatures. The annealing at 1500 °C 
for 30 minutes, caused a remarkable tenfold grain growth of the NbC grains 
and yielded highly textured h-Ni0.8Nb0.20 and c-Nb0.15Ni0.85 binder phases.  

The hard NbC phase had a composition of ca. NbC0.91-0.94, as calculated 
from the unit cell-parameters. It is interesting that a composite of NbC and an 
Nb-Ni alloy binder phase, was obtained at 1375 °C, without annealing, instead 
of fcc Ni, reported in the literature. However, it seems to be a favourable 
effect, due to the higher hardness and probably good corrosion resistance, 
compared to fcc nickel and even Fe3Al introduced for increased binder phase 
hardness. An explanation to the formation of a high Nb content alloy binder 
phases could be the ca. 30 nm sized, well-anchored nickel particles, coating 
of the starting NbC powder. This would provide for a fast and extensive 
reaction with the NbC grains, improving the kinetics for this phase formation. 

Another peculiarity was the strong texturing of the binder phases through 
the NbC-Ni-composite. The near full density, very fine-grained composites 
obtained at 1375 and 1405 °C without annealing and the coating process of 
the binder should allow for more freedom in the design of optimal hardness-
toughness properties. The mechanism for this unusual finding is not known 
and should be of great interest to investigate. The good mixing of NbC and 
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nickel also seemed to have improved the sintering activity significantly 
compared to conventional techniques and led to near full-dense, fine grained 
NbC-Ni composites already at 1375 °C, without annealing time. With 
conventional processing it was necessary to add grain-growth inhibitors due 
to a longer annealing time at 1420 °C of 1 hour [158]. Thus, the process 
developed provide a very useful tool for improved control of sintering and 
expansion of the possible compositions and microstructures. Although at this 
point, more complex compositions have not been explored, the process 
developed should be quite proficient in further expansions into multi-phase 
material. 

 
So, in conclusion, the present study conducted within this thesis has shown 
the possibilities with solution-based low cost processing, from design of 
carbide and nitride nano-particles to metal-coating of metal carbide particles. 
Already in the initial outcomes of the processes there were many surprising 
features such as core-shell structures and high Nb content alloy textured 
phases which still require further studies to understand the mechanisms; this 
while the expected ambitious targets were of nano-particles and sintered NbC-
Ni composites were achieved or near achieved. This has been possible mainly 
by the power of the solution processing with well chosen precursor systems, 
but also through the extensive insight into the chemistry and microstructural 
development taking place during processing. 



 80 

6 Sammanfattning på Svenska 

Behovet av teknisk utveckling har alltid varit centralt för mänskligheten, dels 
för att öka människors livskvalité och på senare tid alltmer för att minimera 
belastningen på miljön och förbrukningen av våra gemensamma resurser med 
en alltmer ökad befolkning. Vanligtvis är vägen från grundläggande forskning 
till en funktionell produkt i samhället lång. Utvecklingen inkluderar många 
steg, såsom produktoptimering och uppskalning. Initialt tillverkas nya 
material i laboratorier oftast bara i några gram. Trots att specialbyggda 
apparater och instrument visar på lovande egenskaper för ett flertal nya 
material så visar det sig att vägen från en laboratorieprodukt till en 
kommersiell produkt oftast är lång och kostsam. 

Genom en integrering av grundläggande- och industriorienterad forskning 
har man dock en mycket stor chans att lyckas med att expandera 
kunskapsbasen och möjliggöra realiseringen av nya produkter och 
introduktionen av dessa i samhället. Den akademiska forskningen är främst 
inriktad på att förstå kemiska och fysikaliska egenskaper hos materialen 
medan den industriella i större grad är inriktad på implementering av 
produkter och produktion. 

Denna doktorsavhandling omfattar materialvetenskaplig forskning både 
inom akademin och i industrin. Den beskriver olika typer av keramiska pulver 
(framtagna på laboratoriet samt tillverkade i industriell skala) samt 
metallbeläggning på ytan av pulver som ett sätt att erhålla nya egenskaper. 
Dessa material är: zirkoniumkarbid som består av zirkonium (Zr) och kol (C), 
zirkoniumnitrid som består av zirkonium och kväve (N), samt metallbelagd 
niobkarbid som består av niob (Nb) och kol (C) med en beläggning av 
nickelmetall (Ni). 

Fokuset har varit på framtagningen av nya kostnadseffektiva och 
uppskalningsbara processer för olika sorters pulversyntes, samt sintring 
(pressning av ett pulver till en fast kropp under värmebehandling) av dessa 
pulver. Materialen som har tagits fram har många tillämpningsområden, 
exempelvis som korrosionsbeständiga material, material för 
vätgasbränslesyntes från vatten med solenergi, kontakter i elektriska 
komponenter, verktyg för skärande bearbetning och inom generell 
energiomvandling. Detta doktorsarbete har också handlat om att öka den 
grundläggande förståelsen av synteserna och uppskalningsparametrarna samt 
att sänka produktionskostnaden. Därför har både syntes- och 
karakteriseringsmetoder varit centrala i denna avhandling. 
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Alla material som beskrivs i den här avhandlingen har producerats med en 
lösningskemiskt baserad karbotermisk process, där man börjar med enkla och 
billiga kemikalier, exempelvis olika typer av metallsalter. Salterna löses upp i 
ett lösningsmedel, varefter de byggs ihop till bestämda molekyler med hjälp 
av exempelvis komplexbildare (joner eller molekyler som binder till en central 
atom eller jon varvid ett så kallat komplex bildas), till en så kallad prekursor. 
Genom värmebehandling av prekursorn (bl.a. vid olika temperaturer och i 
olika gasblandningar) får man slutligen det tilltänkta materialet som visas i 
Figur 1. Det krävs omfattande kunskap och erfarenhet för att med dessa till 
synes enkla lösningskemiska processer omvandla prekursorn (på ett metodiskt 
och kontrollerat sätt) till en specifik produkt. En stor fördel med den här 
tekniken jämfört med andra tekniker (som t.ex. kväver vacuum eller fasta 
geometrier) är att den relativa kostnaden är mindre samt att möjligheten till 
materialdesign är mycket större när det gäller framtagning av avancerade 
material. 
 
I den här avhandlingen har en rad olika analystekniker används för att studera 
de erhållna materialen ända ner till atomnivå, samt att förstå 
syntesprocessparametrarnas påverkan på produkten. Huvudsakligen har fem 
tekniker använts: termogravimetri, elektronmikroskopi, röntgendiffraktion, 
spektroskopi och hårdhetstester. I termogravimetrisk analys studerar man 
provets massförändring vid olika temperaturer, vilket ger information om 
reaktionerna som sker under syntesen. I elektronmikroskopi används 
elektroner som ljuskälla vilket möjliggör avbildning av provet ända ner till 
atomärnivå och generering av olika karakteristiska signaler från provet som 
sedan kan analyseras med olika typer av detektorer. Röntgendiffraktion har 
använts för att bestämma kristallstrukturen hos materialen. Genom att låta 
elektroner eller röntgenstrålar interagera med provet erhålls karakteristiska 
mönster som beror på hur atomerna är ordnade i materialet. Spektroskopiska 
metoder har använts för att undersöka provets yta, molekyler, atomer, kemisk 
omgivning och atomkärnor, genom att använda elektromagnetisk strålning 
som exempelvis ljus eller röntgenstrålning och mäta deras våglängd, frekvens 
eller energi som funktion av den storheten som man vill studera hos provet. 
För att studera de sintrade provernas mekaniska egenskaper har främst 
hårdheten mätts. Genom att trycka in en pyramidformad diamant i materialet 
och mäta storleken på avtrycket kan hårdheten hos materialet beräknas. 
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Figur 1. Några exempel på olika typer av material tagna från denna avhandling. A 
visar en ZrN nanopartikel (ZrN är en förening mellan zirkonium (Zr) och kväve 
(N)), B visar ZrC nanopartiklar (ZrC är en förening mellan zirkonium (Zr) och kol 
(C)), C visar en nickelmetall (Ni) nanobeläggning på NbC (en förening mellan 
niobium (Nb) och kol (C)) medan D visar en förstorad bild som förtydligar hur Ni 
metallpartiklarna sitter på ytan av NbC partiklarna. 
 
För ZrC och ZrN visade det sig att det är möjligt att framställa dessa föreningar 
med en lösningskemisk teknik i kombination med en karbotermisk process. 
Startkomponenterna kunde prepareras som en extremt homogen blandning, 
vilket ledde till en lägre reaktionstemperatur jämfört med vad som tidigare 
rapporterats i litteraturen. Framställningen av startmaterialet före 
värmebehandlingen kan göras på ett likadant sätt för ZrC och ZrN och det som 
avgör om man får ZrC eller ZrN är valet av atmosfär, där argon gas (Ar) ger 
ZrC och kvävgas (N2) ZrN. Till skillnad från vad som rapporterats i 
litteraturen så visade det sig att inga reaktiva gaser (som vätgas (H2) eller 
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ammoniak (NH3)) behövs under värmebehandlingen. Detta är en stor fördel, 
eftersom vätgas är explosiv i blandning med syre och ammoniak är giftig och 
frätande, och då hanteringen av dessa gaser i stor skala brukar vara kostsam 
och kräver speciell utrustning. De erhållna pulverkornen hade en ganska jämn 
storleksfördelning i nanostorleksintervallet. Detta är alltid önskvärt då 
sintringstemperaturen då kan sänkas eftersom partiklarna är mer reaktiva till 
följd av den lilla storleken som gör partiklarna benägna att slå sig samman och 
minska den totala ytarean. Som det framgår av dessa resultat så är processen 
som har utvecklats stabil, jämförelsevis billig och relativt lätt att skala upp. 
Ett annat viktigt resultat är att processen erbjuder möjligheter till dopning av 
produkten med andra element, vilket kan användas för att modifiera 
egenskaperna för andra typer av applikationer som solenergi och 
kärnkraftsbränslen. 

För nickelmetallbeläggningen på NbC pulver visade resultaten att 
nickelmetallen var jämnt fördelade som nanopartiklar på NbC partiklarnas yta 
som Figurerna 1C och 1D visar. Detta var oväntat men intressant, eftersom 
det är användbart inom till exempel katalytiska tillämpningar. 
Nickelmetallbeläggningen visade också mycket lovande resultat när nicklet 
deponerades på ett kommersiellt producerat NbC pulver. I detta fall används 
nickelbeläggningen som ett hjälpmedel för att smälta ihop NbC partiklarna till 
en tät och hård NbC-Ni komposit. Nicklet som finns kvar i kompositen mellan 
de hårda men spröda NbC kornen bidrar till ökad seghet och därigenom till att 
få en slagtålig och hård komposit. Hårdhetsmätningar visade värden i nivå 
med vad som rapporterats för ren, högtemperaturframställd NbC och den 
unika niobrika nickelfasen visade sig också vara hårdare än den 
konventionella nickelfasen. Det är ett lovande resultat ur miljö och 
hälsosynpunkt eftersom dagens hårda material ofta innehåller kobolt (Co) som 
har negativa hälsoeffekter då kobolt, till exempel, kan orsaka cancer. 

 
Sammanfattningsvis kan det sägas att lösningskemi är en väl fungerande 
metod för att framställa kemiska pulver belagda med, till exempel, 
nickelmetall. Syntesmetoden har flera fördelar eftersom att den är enkel i den 
meningen att den inte kräver speciell dyr och komplicerad utrustning, men 
kraftfull genom att det är möjligt att styra den molekylära uppbyggnaden av 
materialet på det sätt som krävs för att få det önskade materialet. Denna 
syntesrutt ger också nya möjligheter till framställning av komplexa material 
genom dopning och multikomponentmaterial. 
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