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 SYNOPSIS 

Energy is acknowledged as a key input towards raising the standard of living of citizens of 

any country. Due to the continuous increase in the global population, better living standards, 

and expanding economies, the demands for all forms of energy will continue to rise. No 

single energy source and technology can fulfill the huge global energy demand expected in 

the coming decades as each of them has strengths and weaknesses. In this scenario, a mix of 

energy sources will be the most viable option to meet the challenges of energy security, 

sustainable development, and environmental protection.  

Nuclear energy provides promising alternative energy options that can be generated from two 

processes viz. nuclear fission or nuclear fusion. In everyday life, we witness enormous and 

inexhaustible energy coming from the Sun which represents a spectacular example of fusion 

reaction in nature [1].  

Fusion power is a potential major source of base-load electricity with attractive features: no 

greenhouse gas emission, abundant and word-wide distributed sources of fuels, no long-lived 

radioactive waste generation, and inherent safety features [2]. In fusion reactions, the specific 

energy is much higher as compared to any ordinary chemical reaction, like the burning of 

coal. Consequently, a fusion power plant needs only a very small quantity of fuel. 

Development and testing of the requisite materials and technology to build robust, reliable 

and economical fusion power stations undoubtedly represent one of the world's most 

ambitious research endeavors whose outcome could change the world's energy landscape 

providing a sustainable, secure, safe, affordable, inexhaustible and CO2 free energy source to 

meet increasing global energy demand and combat climate change. International 

Thermonuclear Experimental Reactor (ITER) is a milestone project directed towards the 

development of commercial fusion energy based on the D-T fuel cycle. It aims to produce 

500 MW of power by nuclear fusion of deuterium (D) and tritium (T) [3,4].  



The operation of a commercial fusion power plant with the D-T fuel cycle requires an 

essentially continuous supply of deuterium and tritium into the reactor chamber. Deuterium is 

readily available as heavy water (D2O), however, naturally occurring tritium is in-sufficient 

in quantity and concentration for use as a fuel. Moreover, tritium, being a radioactive 

substance with a short half-life (about 12.3 years), naturally decays with time. Therefore, 

large power D-T fusion devices must breed their own tritium from other sources. Tritium can 

be produced by irradiation of lithium with neutrons [5,6].  

 Li-based tritium breeding blanket is a key component of the D-T fusion reactor. Lithium-

containing ceramics which mainly include Li2TiO3, Li2ZrO3, LiAlO2, and Li4SiO4 have been 

considered as potential candidate tritium breeding materials owing to their promising 

thermophysical and thermochemical properties and inherent safety advantages [7]. Processing 

of tritium breeders based on Li ceramics broadly involves three steps: powder synthesis, 

consolidation/shaping, and sintering [7].  

Sintering is invariably the final and extremely important step in the fabrication of Li 

containing tritium breeder materials with the designed microstructure irrespective of powder 

synthesis methods and shapes (pellet, pebble, bar, foam, etc.) [8]. Microstructural control 

involves the control of grain size, sintered density, and size and distribution of other phases 

including pores. The microstructure has a very crucial role in controlling tritium retention and 

release characteristics of ceramic breeders. The central theme in the processing of Li ceramic 

breeders is to enhance densification while simultaneously limiting the grain growth [7].  

Li ceramics exhibit a tendency of Li sublimation and uncontrolled grain growth, at high 

sintering temperature [9 11]. Due to these factors, it is often quite challenging to achieve the 

required density and small grain size at the same time. The loss of Li has a detrimental effect 

on tritium breeding as the breeder in the blanket must have a high amount of lithium to 

achieve tritium self-sufficiency. The large grain size arising due to uncontrolled grain growth 



could dampen the tritium release process through the breeder microstructure. This would 

decrease the tritium breeding ratio and also allow accumulation of tritium inventory in 

breeders, which has a serious concern with regard to D-T fusion reactor safety.  

This has led to concerted research efforts globally to explore and establish a suitable 

approach for enhancing sinterability of lithium ceramics so that these ceramics could be 

sintered at low temperature and/or time duration and thereby issue of Li sublimation and 

uncontrolled grain growth could be effectively avoided. Among the various approaches of 

improving sinterability, the one utilizing sub-micron to nanoscale powders could be an 

extremely effective approach. Nanocrystalline ceramic compacts often exhibit improved 

densification which is mainly due to the high surface area of these materials accompanied by 

large driving force for sintering. Moreover, the shortened diffusion distances and the 

increased grain boundary volume in nanoparticulate systems also enhance the densification 

kinetics. The other widely used alternative approaches, particularly, the addition of sintering 

aid and the use of aliovalent dopants have very limited scope in case of breeder application.  

This is due to the condition of stringent chemical purity (i.e. nuclear grade) for breeder 

application which imposes serious restrictions on the addition of many foreign elements, 

particularly those which can act as a neutron absorber and can give rise to activation products 

upon neutron irradiation.  

One of the goals of the present thesis was to improve the sinterability of Li ceramics without 

the use of any additive. The specific approach involving the use of fine Li ceramic powders 

has been investigated to improve sinterability and thereby reduce the sintering 

temperature/and or time of Li ceramics. This would help to avoid Li sublimation, reduce the 

average grain size, and decrease the cost of bulk production of tritium breeder material. 

Based on the literature, three potential candidate Li ceramic breeders; Li2TiO3, Li2ZrO3, and 

LiAlO2 have been chosen for the investigation.  



The work carried out in this thesis primarily consists of (a) synthesis of fine ceramic powders 

of Li2TiO3, Li2ZrO3 and LiAlO2 by chemical methods, (b) characterization of as-synthesized 

and calcined powders and precursors by different techniques (c) consolidation of calcined 

powders to form powder compacts, (d) sintering behavior of powder compacts, (e) 

microstructure characterization of sintered compacts and (f) chemical analysis of sintered 

compacts to estimate Li sublimation. 

The extensive work carried out in this thesis enables the establishment of an effective 

approach for the sinterability enhancement of Li ceramics by means of utilizing 

nanocrystalline/fine powders. This would augment the current processing method of a high 

performance sintered ceramic tritium breeder with tailored microstructure whose outcome 

would contribute significantly to the current state of knowledge about the development of 

ceramic tritium breeder materials and technology to build robust, reliable and economical 

fusion power stations. Such fusion power stations could change the world's energy landscape 

by providing a sustainable, secure, safe, affordable, inexhaustible, and CO2 free energy 

source that would not only assist in fulfilling the global energy demand but also combat 

climate change. 

The total work carried out in this thesis has been organized in seven chapters with further 

sub-chapters as and when required as outlined below.   

Chapter 1: Introduction; Chapter 2: Experimental; Chapter 3: Synthesis, characterization, and 

sinterability of Li2TiO3; Chapter 4: Synthesis, characterization, and sinterability of Li2ZrO3; 

Chapter 5: Synthesis, characterization, and sinterability of LiAlO2; Chapter 6: Novel 

beryllium oxide doped Li2TiO3 as tritium breeder; and Chapter 7: Conclusion and future 

scope  

A brief description of each chapter is presented below. 



Chapter 1: Introduction 

 This chapter deals with a brief introduction about the global energy demand and the role of 

nuclear fusion as source of energy. The need for tritium breeding for the fusion reactor based 

on the deuterium(D)-tritium(T) fuel cycle is addressed. The tritium breeding mechanism is 

presented. A brief overview of proposed candidate tritium breeder materials, their properties, 

and the need for lithium-containing ceramic as breeders are presented. The general scheme of 

processing of ceramic breeders involving sintering as a key process is presented. A brief 

description of the various aspects of sintering in general and the sintering of nanocrystalline 

ceramics is presented. The mechanism of tritium release from the sintered breeder compact in 

relation to the microstructure of the compact and sintering variables is explained. A brief 

account of critical issues in the sintering of lithium ceramics is presented, and gap areas from 

which the scope and objective of the present thesis is conceived, are outlined.  A more 

detailed literature review is also incorporated in the individual chapters.  

Chapter 2: Experimental 

This chapter deals with the experimental techniques employed in the present investigation. A 

brief description of different synthesis techniques exploited for the preparation of 

nanocrystalline ceramic powder is presented. Among these techniques, the combustion 

synthesis (CS) technique, because of simplicity, less time-consuming, energy-effectiveness, 

and low cost has been adopted worldwide to synthesize nanomaterials, especially ceramic 

oxides and mixed-oxides [12].  The combustion synthesis method adopted in the present 

work for the preparation of Li ceramics is described in detail.  The synthesized ceramics have 

been characterized by different techniques including thermal analysis, X-ray diffraction 

(XRD), scanning and transmission electron microscope (SEM/TEM), surface area analyzer, 

and inductively coupled plasma atomic emission spectroscopy (ICP-AES). The ceramic 

powder consolidation technique and the experimental methods used to investigate the 



sinterability of Li ceramic compact is described in this chapter. The uniaxial die pressing 

technique has been used to prepare ceramic powder compacts for the investigation of 

sintering behavior. The non-isothermal sintering behavior of ceramic compacts has been 

investigated by using a thermo-mechanical analyzer (TMA) and for isothermal sintering, the 

muffle furnace has been used. The density of the sintered ceramic compact has been 

measured by the Archimedes' method. The microstructure of the sintered compact has been 

investigated by SEM. The electrochemical characterization of the sintered compact has been 

carried out by the AC impedance measurement technique. The basic principle and working of 

the different characterization techniques have been presented in this chapter. 

Chapter 3: Synthesis, characterization, and sinterability of Li2TiO3 

This chapter deals with the work performed on the synthesis, characterization, and sintering 

behavior of Li2TiO3. The phase diagram, crystal structure, and a brief overview of the prior 

studies on the processing of Li2TiO3 are presented in this chapter. The experimental 

procedure adopted for synthesis, characterization, powder consolidation, and sintering of 

Li2TiO3 is discussed. The synthesis of Li2TiO3 powder was carried out by a solid-state 

combustion method which utilizes urea as fuel. A detailed discussion of the experimental 

results of various investigations on Li2TiO3 is depicted in this chapter. The TG/DTA analysis 

of a small quantity of CS reaction mixture was carried out in a flowing air atmosphere which 

showed continuous weight loss up to 750oC.  

Based on thermal analysis, the calcination temperature of the reaction mixture was selected in 

the range of 600-800°C for the synthesis of Li2TiO3. The XRD patterns of Li2TiO3 confirm 

the formation of single-phase monoclinic well crystalline Li2TiO3 powder at temperature 

(600-700oC). The crystallite size calculated invoking the Scherrer's relation revealed 

nanocrystalline particles of Li2TiO3. The SEM analysis revealed the formation of fine 



particles of Li2TiO3 with soft-agglomeration. As revealed by density measurement and SEM 

microstructure analysis, the Li2TiO3 powder compact exhibited excellent sinterability 

characterized by high relative density (~98%) with small grain size (2-3µm) when 

isothermally sintered at a temperature as low as <1000oC. The ICP-AES analysis revealed 

that the Li/Ti mole ratio in sintered compact was very close to the stoichiometry of Li2TiO3 

which confirms no loss of Li occurred during the sintering process. The impedance analysis 

revealed enhanced ionic diffusion in the sintered compact. The observed microstructure of 

sintered Li2TiO3 compact with intact Li content is consistent with the optimal requirement 

generally envisaged for tritium breeding application in fusion reactors.  

Chapter 4: Synthesis, characterization, and sinterability of Li2ZrO3 

This chapter deals with the work carried out on the synthesis, characterization, and sintering 

behavior of Li2ZrO3. The phase diagram, crystal structure, and a brief outline of the prior 

studies on the processing of Li2ZrO3 are described in this chapter. The experimental 

procedure adopted for synthesis, characterization, powder consolidation, and sintering of 

Li2ZrO3 is discussed. The synthesis of Li2ZrO3 powder was performed via the solution 

combustion route by exploiting glycine as fuel. The experimental results of various 

investigations on Li2ZrO3 are discussed in detail. The exothermic heat energies and adiabatic 

flame temperature of possible combustion reactions with different fuel-to-

were theoretically calculated using standard thermodynamic data of the reactants and 

products. The reaction tempe

thermochemical analysis revealed that the fuel-to-oxidant ratio has a significant influence on 

the mode of combustion, phase composition, and morphology of Li2ZrO3 powders. The 

adiabatic temperat

The XRD patterns revealed the presence of a metastable tetragonal phase in minor quantities 



along with the equilibrium monoclinic phase of Li2ZrO3. The Li2ZrO3 powder needed to be 

calcined at 800oC to synthesize a pure monoclinic phase. The crystallite size calculation by 

using Scherrer's relation revealed the nanocrystalline nature of Li2ZrO3 particles. The particle 

size as measured by laser particle size analyzer was observed to be considerably larger than 

crystallite size which indicated agglomeration of Li2ZrO3 particles. The SEM image of the 

powder indicated the soft-agglomeration of Li2ZrO3 particles. The dilatometric analysis 

revealed preferable sintering temperature for Li2ZrO3 compact is in the range of 800-1000°C. 

revealed that the relative density of Li2ZrO3 powder compact was around 90% at sintering 

temperature of 950oC and almost full densification was achieved at 1000oC. The grain size in 

the compact sintered at 1000oC was observed in the range of 1-2µm. This clearly shows the 

remarkable sinterability of Li2ZrO3 powder compact. Further increase of sintering 

temperature to 1050oC is observed to be disadvantageous as it resulted in abnormal grain 

growth with a large number of closed pores. Moreover, it was revealed by ICP-AES analysis 

that Li content was intact during the sintering process. The enhanced sinterability would 

reduce the processing temperature and/or time of Li2ZrO3 as a tritium breeder which would 

facilitate optimal density and small grain size at the same time without loss of Li due to 

sublimation.  

Chapter 5: Synthesis, characterization, and sinterability of LiAlO2 

This chapter deals with the work carried out on the synthesis, characterization, and sintering 

behavior of LiAlO2. The phase diagram, crystal structure, and a brief description of the prior 

studies on the processing of LiAlO2 is presented in this chapter. The experimental procedure 

adopted for synthesis, characterization, powder consolidation, and sintering of LiAlO2 is 

described. The synthesis of LiAlO2 powder was carried out by a solution combustion route 

using citric acid and glycine as mixed fuel with varying fuel ratios. The experimental results 



of various investigations on LiAlO2 are elaborated in detail in this chapter. The exothermic 

heat energy and adiabatic flame temperature of possible combustion reactions with different 

fuel compositions were theoretically calculated using standard thermodynamic data of the 

reactants and products. The reaction temperature for different fuel compositions was also 

measured experimentally. The thermochemical analysis revealed that fuel composition has 

considerable effect in determining the mode of combustion, phase composition, and 

morphology of LiAlO2 powders. It was observed that there is no considerable variation in the 

adiabatic temperature with the change in fuel composition, however, interestingly the 

measured maximum reaction temperature was observed to increase with increasing glycine 

-LiAlO2 phase 

was obtained directly from the combustion reaction preferably at fuel compositions with 

higher glycine content. However, after calcination at 700oC, powders resulting from all 

-LiAlO2. The crystallite size 

-LiAlO2 

par -LiAlO2 powder synthesized by single citric acid fuel has shown the highest 

loss on ignition and that synthesized using single glycine fuel has shown the least. The SEM 

images revealed that LiAlO2 powder consists of irregular flake shape soft-agglomerated 

particles with large variation in particle size (4-

-LiAlO2 compact commences at a temperature of around 800-850°C and 

maximum shrinkage was realized at 1000-1050°C. The isothermal sintering followed by 

2 

powder compact was around 85% at sintering temperature as low as 850oC which sharply 

increased to about 92% at 900°C and almost full densification (97-98%) was observed at 

950-1000oC. The grain size in the compact sintered at temperature of 900 and 950°C was 

observed in the range of 2-4µm. This clearly demonstrates the remarkable sinterability of 



LiAlO2 compact. Further increase of sintering temperature to 1050oC was observed to be 

disadvantageous as it resulted in microstructure with considerably large grain size. 

Additionally, the ICP-AES analysis revealed that Li content was preserved during the 

sintering process. The improved sinterability would reduce the processing temperature and/or 

time of LiAlO2 based tritium breeder which would facilitate to achieve desired microstructure 

with optimal densification and small grain size without loss of Li as envisaged for tritium 

breeder application in a fusion reactor.  

Chapter 6: Novel beryllium oxide doped Li2TiO3 as tritium breeder 

This chapter deals with the work carried out on the synthesis, characterization, and sintering 

behavior of beryllium oxide (BeO) doped Li2TiO3. A brief description of the properties of 

beryllium oxide and its advantages as a dopant for Li2TiO3 is presented in this chapter. The 

necessary precautions that need to be taken while handling beryllium compounds are briefly 

narrated. The experimental procedure adopted for synthesis, characterization, powder 

consolidation, and sintering of BeO doped Li2TiO3 is described. The synthesis of BeO doped 

Li2TiO3 powder was carried out by urea assisted solid-state combustion method. The 

experimental results of various investigations on BeO doped Li2TiO3 are elaborated in detail 

in this chapter. The XRD patterns revealed the formation of the monoclinic phase of Li2TiO3 

and the incorporation of Be2+ into the crystal lattice. The TEM image of Li2TiO3 powders 

disclosed a broad particle size distribution. The dilatometric analysis revealed excellent 

sinterability of an un-doped Li2TiO3 powder compact characterized by remarkably low 

sintering onset temperature in the O2 atmosphere. Increasing sintering temperature resulted in 

an anomalous monoclinic-to-cubic phase transformation at a temperature significantly lower 

than the usual transformation temperature.  The suppression of this phenomenon was 

observed in BeO doped Li2TiO3.  The sinterability of Li2TiO3 powder compact was 

augmented after doping with a small amount of BeO. Reduction in sintering temperature has 



a vital role in controlling Li sublimation and uncontrolled grain growth during the fabrication 

of advanced tritium breeder materials. 

Chapter 7: Conclusion and future scope 

In this chapter major findings and highlights of our studies on Li2TiO3, Li2ZrO3, and LiAlO2 

ceramics have been summarized. The presented results on combustion synthesis of 

fine/nanocrystalline powders of these ceramics have provided relevant new information that 

would further augment the current synthesis practices in terms of phase purity, powder yield, 

control over the loss of Li, powder agglomeration, and scalability. The results on sintering 

behavior would serve as a guide to the utilization of the fine/nanocrystalline powders in the 

processing of high-performance ceramic tritium breeders with designed microstructure (i.e., 

optimum density and small grain size) and better control over the Li loss. The initial results 

on synthesis and sintering behavior of BeO doped Li2TiO3 as an advanced tritium breeder 

have opened up a new area of research which due to the neutron multiplication ability of Be 

could facilitate the realization of desired tritium breeding ratio. In addition to the studied 

ceramics, the extensive work presented in this thesis would also serve as a guide in general to 

augment the ongoing research on the synthesis and sintering process of the various new Li 

containing ceramics which have not gained enough maturity yet.  
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Thesis Highlights 

❏ The pure phase nanocrystalline Li2TiO3, Li2ZrO3, and LiAlO2 powders were 

synthesized and characterized by various techniques.  

❏ The pellet-shaped green compacts of Li2TiO3, Li2ZrO3, and LiAlO2 with desired 

dimensions were made by consolidating the synthesized powders employing the 

isostatic hydraulic pressing method. 

❏  The sintering behaviour of the Li2TiO3, Li2ZrO3, and LiAlO2 green pellets, analysed 

by dilatometry, revealed the sintering temperature regimes of these ceramics.  

❏ The isothermal sintering (conducted based on dilatometry data) disclosed the effect of 

sintering temperature on densification of Li2TiO3, Li2ZrO3, and LiAlO2 green pellets 

and also established the appropriate sintering temperature of these ceramic tritium 

breeders. 

❏ The high densification of Li2TiO3, Li2ZrO3, and LiAlO2 green pellets observed at 

relatively low sintering temperature and short duration, indicated improved 

sinterability of these ceramic tritium breeders. 

❏ Reduction in sintering temperature and time play a vital role in circumventing Li 

sublimation and uncontrolled grain growth during production of advance ceramic 

tritium breeder materials. 

❏ The enhanced sinterability resulted in fine grain-sized microstructure with the uniform 

grain morphology in sintered Li2TiO3, Li2ZrO3, and LiAlO2 pellets as confirmed by the 

SEM images of the fracture surface of the sintered pellets.   

❏ The isothermal sintering of Li2TiO3 pellet at a temperature as low as 850°C resulted in 

a relative density close to 90%, which often considered sufficient for tritium breeder 



application. Further, an increase in sintering temperature to 950-1000°C resulted in a 

high relative density (~98%) of Li2TiO3 compact.  

❏ The SEM images of the fracture surface depicted uniform grain morphology and small 

grain size (2-3 µm) in Li2TiO3 pellet sintered at 900 and 950°C. Increasing the sintering 

temperature above 950°C resulted in rapid grain growth without significant 

improvement in densification of the Li2TiO3 compact. 

❏ The impedance analysis of sintered Li2TiO3 pellet at different temperatures revealed 

significant improvement in Li conductivity resulting from a decrease in grain and grain 

boundary resistance and thereby accelerating the intragranular and grain boundary 

diffusion processes. The improved Li conductivity indicated better tritium release 

property of sintered Li2TiO3 compact. 

❏ The dilatometry analysis of Li2ZrO3 pellet revealed the onset of sintering at 

significantly low temperature (850-900°C) with peak around 1000°C.  

❏ The isothermal sintering of Li2ZrO3 pellet at a temperature of 950°C resulted in a 

relative density of around 90%. Further, an increase in sintering temperature to 1000°C 

produced nearly full densification (97-98%) of the pellet.  

❏ The SEM images of the fracture surface depicted uniform grain morphology and small 

grain size (1-2 µm) in Li2ZrO3 pellet sintered at 1000°C. Increasing the sintering 

temperature above 1000°C produced a rapid grain growth with a large number of the 

closed pores without significant improvement in densification of the pellet. 

❏ The dilatometry analysis of LiAlO2 pellet revealed the onset of sintering at 

significantly low temperature (800-900°C) with peak around 1000°C.  

❏ The isothermal sintering of LiAlO2 pellet at a temperature of 900°C produced a relative 

density close to 93%. Further, an increase in sintering temperature to 950-1000°C 

resulted in nearly full densification (97-98%) of the pellet.  



❏ The SEM images of the fracture surface depicted uniform grain morphology and grain 

size of around 2-4µm in LiAlO2 pellet sintered at 900 and 950°C. Further, an increase 

in sintering temperature above 950°C resulted in a rapid grain growth with large 

number of the closed pores without significant improvement in densification of the 

pellet. 

❏ The chemical analysis by ICP-AES revealed Li content in the synthesized powders and 

the sintered Li2TiO3, Li2ZrO3, and LiAlO2 pellets nearly close to the stoichiometric 

value, which confirmed no significant loss of Li during the synthesis of powders as 

well as sintering of the pellets. 

❏ A novel BeO doped Li2TiO3 ceramic tritium breeder was synthesized by the solid-state 

combustion method employing urea as a fuel. The XRD analysis revealed doping of 

BeO in Li2TiO3.    

❏ The pellet-shaped green compact of BeO doped Li2TiO3 was made by isostatic 

hydraulic pressing technique. 

❏ The dilatometry analysis revealed, improvement in densification of Li2TiO3 pellet after 

BeO doping in comparison to the undoped sample.  

❏ The dilatometry analysis revealed an anomalous monoclinic-to-cubic phase 

transformation in undoped Li2TiO3 at a sintering temperature of around 970°C, 

whereas the usual phase transformation temperature has been reported in the range of 

1150-1250°C.  

❏ The doping of BeO resulted in the suppression of the monoclinic-to-cubic phase 

transformation in Li2TiO3. 

❏ The Li2TiO3, Li2ZrO3, and LiAlO2 compacts prepared utilizing the fine ceramic 

powders synthesized in this work have achieved the desired densification (relative 



density: 85-90%) with small grain size (1-4 µm) at the sintering temperature < 1000°C 

without loss of Li.     

 



 Chapter 1 

Introduction 

1.1 Background  

1.1.1 Global energy demand: Role of thermonuclear fusion  

Energy is recognized as an essential stimulus for fostering the standard of living of citizens of 

any country. Moreover, the economic growth of a nation will have important implications for 

the energy demand. In view of this, development of a sustainable energy economy is 

absolutely necessary for the economic welfare of any nation. The demands for all forms of 

energy will continue to rise as a consequence of continuously increasing global population, 

improved living standards and expanding economies. The developing countries like India, 

China, Brazil are major contributors to rising energy demand, where due to anticipated fast 

urbanization and industrialization, large-scale electrical energy will be required (Figure 1.1) 

[1 3].  The huge global energy demand expected in the coming decades can not be fulfilled 

by single energy source and technology. Each energy source has strengths and weaknesses. 

For instance, over reliance on fossil fuels is impractical and inconceivable due to the 

depletion of fossil fuels resources [4]. Moreover, excessive use of fossil fuels will lead to 

emission of greenhouse gases in large quantities which in turn has been identified as a major 

culprit of global warming [5]. Due to irreversible detrimental effects on the environment, 

global warming has been considered a serious concern over the years. The other renewable 

energy options including solar, wind and hydro energy, due to very low energy density and 

strong dependency on specific geographical locations, have limited scope [5]. Hydrogen is 

another promising energy option which is actively evaluated as a portable and environment 



benign energy carrier for domestic and commercial/industrial applications [5]. In this 

scenario, a mix of energy sources will be the most viable option to meet the challenges of 

energy security, sustainable development and environmental protection.   

 

Figure 1.1 World energy consumption with estimation of world population [1] 
 

Nuclear energy provides a promising alternative energy options which relies on nuclear 

reactions accompanied by release of energy. In nuclear reactions enormous energy is released 

in comparison to combustion of fossil fuels or other conventional energy resources. Nuclear 

energy can be generated from two processes viz. nuclear fission or nuclear fusion. Although 

nuclear fission is promising, however, high capital investment, high-level radioactive waste 

management and public acceptance are some of the major deterrent factors to its continued 

application [6 9]. 

Fusion power is a potential major source of base-load electricity with many attractive 

features. It does not involve greenhouse gas emission as the only by-products of fusion 



reactions are small amounts of inert helium gas that will not add to atmospheric pollution. 

The fuel resources for generation of fusion energy are abundant and word-wide distributed as 

the deuterium can be extracted from water and tritium is produced from lithium (Li) which is 

found in the earth's crust. In nuclear fusion, there is no long-lived radioactive waste 

generation, and only structural materials become radioactive which will be safe to recycle or 

dispose of by the conventional methods within 100 years. The fusion reactors have inherent 

safety features which is associated with the utilization of only a small amount of fuel in 

fusion devices that implies a large-scale nuclear accident is completely ruled out [8,10]. The 

specific energy (energy per unit mass of the fuel) of fusion reactions is much higher as 

compared to any ordinary chemical reaction, like burning of coal. Consequently, a fusion 

power plant only needs a very small quantity of fuel [9]. The nuclear fusion is not a chain 

reaction that means any perturbations from the optimum conditions to sustain the reaction 

will lead to immediate shut-down of the fusion reaction. In fusion power plants, as the total 

amount of fuel in the vessel is nominal (only a few grams), in case of any accidental scenario, 

once the fuel supply is interrupted, the fusion reaction stops within seconds without any 

difficulty [9,10].  

The availability of Li is very important for generation of fusion energy at large scale. The 

worldwide identified reserves of Li in 2011 were estimated by the US Geological Survey as 

13 million tonnes. About half the world's known Li reserves are located in Bolivia's Uyuni 

Desert with 5.4 million tonnes of Li. The deposits of lithium are found in the Andes mountain 

range. The Chile is the leading Li producer, followed by Argentina. The Li extraction from 

ocean sea is the last important fuel source which is uniformly distributed worldwide [11 13].  

Tritium, an intermediate fuel for the fusion reaction, is a radioactive substance with a short 

half-life (about 12.3 years) [14].  



Techniques and expertise to safely handle tritium already exist. The fusion power plants are 

constructed in compliance with appropriate laws and regulations to ensure a safe handling of 

the tritium [14,15]. Moreover, the stable helium-3 (3He) produced as a by-product of tritium 

decays is a very expensive isotope which has many useful applications such as medical 

medicine for the lung and for slow-neutron detectors. Thus, fusion economy would provide a 

substantial new resource of 3He [14,15]. 

The products of the fusion process (helium and neutrons) are not radioactive, the structural 

materials of the vessel are prone to be activated by interaction with neutrons. Due to this 

reason, the design of new low-activation materials (e.g. austenitic stainless or ferritic steels, 

ceramics such as SiC with restrictions on alloying elements and impurities) for fusion 

reactors is an important and active part of the international fusion research [16 20]. By use of 

such materials, the impact of induced radioactivity can be greatly minimized.  

Nowadays experiments on fusion reactions always require the input of far more energy than 

released by the fusion reactions. Hence, the actual challenge is not to produce fusion reaction, 

but to turn fusion into an energy source that generates more energy than it consumes [10]. 

Development and testing of the requisite materials and technology to build robust, reliable 

and economical fusion power stations undoubtedly represents one of the world's most 

ambitious research endeavours. The outcome of this research could change the world's energy 

landscape providing a sustainable, secure, safe, affordable, inexhaustible and CO2 free energy 

source to meet increasing global energy demand and combat climate change. 

In everyday life, we witness enormous and inexhaustible energy coming from the Sun. The 

energy radiating from the Sun represents a spectacular example of fusion reaction in nature. 

The source of energy coming from the Sun is a process of nuclear fusion of hydrogen nuclei 



bound together by strong gravitational force in a chain of reactions to produce helium 

[10,21]. 

1.1.2 Nuclear fusion as energy source 

In nuclear fusion, light nuclei are brought intimately together to a distance comparable to 

their size to form heavier ones. In this process, a small mass difference between the initial 

and the final reaction products term  converted into equivalent 

-energy relationship E=mc2, where c is the 

speed of light and m is the mass defect. As the speed of light is a large number, the energy 

equivalent to a small quantity of mass defect is quite large. For example, some of the fusion 

reactions of interest with respective value of energy released (Q value) are given below 

(Table 1.1) [14]. 

Table 1.1 Some of the fusion reactions of interest [14] 

 Q = 17.59 MeV (R1) 

 Q =   4.04 MeV (R2) 

        3He + n           Q =   3.27 MeV (R3) 

            Q = 23.85 MeV (R4) 

T + T  Q = 11.33 MeV (R5) 

D + 3 Q = 18.35 MeV (R6) 

3He + 3 Q = 12.86 MeV (R7) 

p + 6  3He                     Q = 4.02 MeV (R8) 

p + 7  Q = 17.35 MeV (R9) 

p + 11  Q = 8.68 MeV (R10) 

 

For the occurrence of a fusion reaction the, the fusing nuclei need to be imparted the 

sufficient kinetic energy to circumvent the repulsive electrostatic barrier (Coulomb barrier). 

The cross-section of a fusion reaction is used to express the probability of its successful 



occurrence. Fusion reactivity is defined as average cross sections  times the relative speed 

(v) of the reacting nuclei. The fusion reactivity as a function of temperature for the three most 

probable fusion reactions is depicted in Figure 1.2 [14].  

 

Figure 1.2 Plot of the fusion reactivity as a function of temperature [22] 

The fusion of elements with higher charges takes place with an increasingly lower probability 

and requires higher temperatures/kinetic energy. It is because with an increase in electrical 

charge, the fusing nuclei have to experience an increasingly more repulsive Coulomb barrier. 

The rate of fusion reaction increases sharply with temperature until the attainment of 

maximum and subsequently drops off gradually (Figure 1.2).  

The D-T fusion rate maximizes at a lower temperature (~70 keV/or 700 million kelvins) with 

higher reactivity value than other reactions. Because of these reasons, D-T fusion has been 

the reaction of choice to date for fusion energy. In order to realize D-T fusion, the fuel 



comprising of these gases must be heated to temperature arpund 20keV or 20×107 °C. At 

such extremely high temperatures, the fuel turns into a plasma.  

The fusion of deuterium and a tritium nucleus produces a helium nucleus and a neutron with 

release of 17.6 MeV of energy (Figure 1.3). The alpha particle carries 20% (3.5 MeV), and 

the neutron 80% (14.1 MeV) of the total energy [10,14]. 

 

 

Figure 1.3 D-T fusion reaction-schematic [10,14] 

In fusion reactor, the energy of neutron will be dissipated as heat followed by into the 

electricity. The positively charged alpha particle is entrapped by the magnetic field, and its 

energy can be utilized for the plasma heating.  For a self-sustaining fusion reaction, initially, 

an external source of energy with minimal thermal loss is required to raise the plasma 

temperature over 100 million Kelvin [10,14]. However, the fraction of heating power 

contributed by the alpha particles towards total power required for the plasma heating 



increases with increase in the rate of fusion reaction. Therefore, at some point called ignition, 

the heating power provided by the alpha particles itself becomes adequate to sustain the D-T 

fusion. The isolation of the hot plasma from the walls of the reactor is essential to protect the 

structural materials at such a high temperature. This can be achieved through different 

confinement techniques, and the one such technique is the magnetic confinement. In 

magnetic confinement, a strong magnetic field is applied to confine the motion of alpha 

particles into a circular trajectory away from the reactor walls by creating a magnetic cage 

[10,23].  

To generate more energy from D-T magnetic confinement fusion reaction than the input 

energy, the Lawson's criterion developed by John D. Lawson (a Physicist at the UK Atomic 

Energy Establishment at Harwell) in 1955 need to be satisfied. The Lawson criterion was 

derived by equating the alpha particle heat to the rate at which energy is lost from the plasma. 

This criterion is expressed as triple product of plasma temperature (T), density (n), and 

: n E > 3x1021 keVm-3s-1 [24]. According to this criterion, a minimum 

temperature (ideal ignition temperature) needs to be exceeded for the D-T fusion reaction to 

serve as an energy source. Additionally, a trade-off exists between the required plasma 

density (n) and the , and accordingly a higher plasma density allows 

lower confinement time and vice versa. The Lawson criterion comprised a scientific Holy 

Grail for researchers working in the area of fusion energy [7]. 

1.1.3 Achieving Fusion energy: Fusion reactor 

To harness energy from nuclear fusion many attempts have been made to mimic 

thermonuclear action of the sun and the stars and develop fusion power stations, which will 

utilize dissipated neutrons energy for generating electricity. The conceptual design of a fusion 

power station is similar to a contemporary thermal power stations [25]. The dissipated heat 



generated due to slowing down of  neutrons in the blanket material surrounding the reactor, 

will be converted into steam and steam will be further used to drive turbines and generate the 

electrical power (Figure 1.4).  

 

Figure 1.4 Conceptual schematic of a D-T nuclear fusion power plant [25] (Reproduced 
with the permission from Springer) 

The achievement of extreme plasma conditions is the most challenging for the occurrence of 

fusion reaction in the reactor.  Two different confinement approaches, the inertial and 

magnetic, have been investigated widely for this purpose [10,23]. In the inertial confinement 

approach, a small pellet containing frozen D-T fuels is rapidly heated by flash-irradiation 

with several extremely intense laser beams,  and thereby  to attain the necessary plasma 

conditions for fusion without allowing sufficient time to escape. The magnetic-confinement 

concept utilizes a strong magnetic field to control the plasma. The ignition conditions 

required for the two fusion concepts are a bit different.  For inertial-confinement fusion, the 

-confinement, plasma, density is quite low 



 [10,23]. 

Until now, none of these concepts have successfully achieved nuclear fusion in a sustainable 

and controlled way and thereby able to produce energy on a commercial scale. However, 

controlled fusion reactions have been successfully demonstrated on a small scale, and the 

feasibility of power generation through nuclear fusion has been verified. The best 

demonstration was achieved in 1997 by the Joint European Torus (JET) reactor (in Culham, 

UK), which produced a fusion power output of 16 MW from an input power of 24 MW (i.e. 

conversion gain Q=0.65) [10,23,25]. The National Ignition Facility (NIF) at the Lawrence 

Livermore National Laboratory in California, USA, is conducting experiments and testing the 

inertial fusion employing larger laser facility. The NIF Laser Fusion reactor first went live in 

June 2009, is the only reactor till now that have exceeded breakeven performance. In 2013, it 

achieved a conversion gain factor of 1.4, but with the much lower output power than that of a 

magnetic-confinement device Tokamak [10,23]. Although quite good improvements in the 

plasma profiles and magnetic control have been made that influence the confinement, but still 

a long way to go for building a commercial fusion power station. 

1.1.4 International Thermonuclear Experimental Reactor (ITER)  

ITER, means The Way in Latin. The ITER project is directed towards the development of 

commercial fusion energy [26 28]. Its programmatic objective, as defined in the ITER EDA 

Agreement, is to demonstrate the scientific and technological feasibility of fusion energy for 

peaceful purposes [29]. The participants countries in this mega project are: China, the 

European Union, India, Japan, South Korea, Russia, and the United States of America 

(Figure 1.5) [30]. ITER will be the first thermonuclear fusion device which aims to produce 

net energy by sustaining fusion for long periods. ITER will also provide an opportunity to test 

the integrated technologies, materials, and physics regimes necessary for the development of 



commercial fusion power reactors. The ITER project site is located at Cadarache in the 

southern France.  

 

Figure 1.5 Countries participating in the ITER project [30] 

The ITER Tokamak cutaway is shown in Figure 1.6 [31].  The ITER primarily has been 

designed to achieve the following objectives [29];  

  Demonstrate release of 500 MW of fusion power from 50 MW of input power (i.e. energy 

gain factor Q=10) for up to 500 seconds. 

 Demonstrate integrated operation of technologies for a fusion power plant.  

 Demonstrate the feasibility of heating a large volume of deuterium-tritium plasma and 

sustain fusion reaction through internal heating.  

 Demonstrate endurance of candidate fusion reactor materials against irradiation by 

energetic neutrons and radiations, high thermal stresses, and intense interactions with D 

and T.  

 Demonstrate the feasibility of tritium breeding within the vacuum vessel.  



 Demonstrate the safety characteristics of a fusion device.  

 

Figure 1.6 A cutaway view of ITER Tokamak [31] (Reproduced with the permission 
from Springer) 

1.1.5 Tritium breeding requirement for fusion reactor 

For the operation of a commercial fusion power plant based on D-T fuel cycle, an 

uninterrupted supply of fuels (D and T) required to be maintained into the reactor core. 

Although adequate quantity of deuterium is naturally available as heavy water (D2O), 

however, quantity as well as concentration of naturally occurring tritium is in-sufficient for 

use as a fuel [32,33]. Hydrogen composed of three naturally occurring isotopes, namely 1H 



(protium or H), 2H (deuterium or D) and 3H (tritium or T), is the most abundant element in 

the solar system, around 91% of all the atoms are hydrogen [14]. Among hydrogen isotopes, 

H is the most abundant in nature. The natural abundance of other isotopes, D and T are 

0.0156 atom% (156 ppm) and 1TU (1 atom per 1018 atoms of hydrogen), respectively [14]. In 

earth's atmosphere tritium is produced by interaction of cosmic radiation with nitrogen and 

oxygen nuclei via 14N(n, T)12C and 16O(n, T)14N reactions, respectively [14]. The transfer of 

tritium to the oceans by the hydrological system is assumed equivalent to the total estimated 

tritium production rate of 0.4 kg/year [34,35]. The other sources of tritium mostly include 

various nuclear reactions such as ternary fission of heavy nuclei like 235U, 238U, 239Pu and 

241Pu etc. in the nuclear fuel, neutron reaction with D present in the coolant/moderator via 

D(n,  [14,32,33]. In addition to extremely low natural abundance, tritium is also 

exhausted owing to its radioactive nature. It undergoes beta decay with half-life of 12.3 years. 

The reaction of tritium decay written as [14]; 

               Q=18.6 keV 

- is a beta particle and  is an antineutrino. The maximum energy of beta particle is 

18.6 keV and the average energy is 5.7 keV.   

The estimated tritium consumption in commercial D-T fusion reactor is high (55.8 kg per 

1000 MW fusion power per year). According to this projection, if ITER were to run at 1000 

MW fusion power with 10% availability, the global tritium supply would be exhausted by 

2025 [32,33,36,37]. Therefore, high power D-T fusion devices must breed their tritium from 

other sources.  



1.2 Solid tritium breeder materials 

1.2.1 Tritium breeding concept 

Lithium, by irradiation of neutrons, can be used to produce tritium. Natural lithium is 

composed of two stable isotopes viz. 6Li and 7Li with isotopic composition of 7.4% and 

92.6% respectively [14,36,38,39]. The isotopes of lithium, because of low nuclear binding 

energy per nucleon, are used to produce tritium by the following nuclear reactions [10,14]: 

 

 

The tritium production cross-section as a function of neutron energy for above reactions are 

depicted in Figure 1.7 [40,41]. The reaction of 6Li isotope with neutron is exoergic and has a 

high cross-section for low energy neutrons. In contrast, the reaction of 7Li is a threshold 

reaction (endoergic) that requires an incident neutron energy over 2.47 MeV. Moreover, 

because of the Coulomb barrier, the cross section this reaction is considerably low above the 

threshold energy (2.5 MeV). Therefore, 6Li enrichment of the selected tritium breeding 

material is always required to achieve target tritium breeder ratio and thereby tritium self-

sufficiency. The effective 6Li density can be increased to any desired value through the use of 

isotope enrichment process. However, the neutrons with energy of 14 MeV generated from 

the primary fusion reaction can promptly cause 7Li reaction and the decelerated neutron can 

produce another tritium atom by the 6Li reaction. Therefore, two tritium atoms can be 

produced from single neutrons. Neutron multipliers such as beryllium (Be) can compensate 

for parasitic losses of neutrons in structural components of the reactor and thereby improve 

tritium breeding ratio. Beryllium serves as neutron multiplier via (n,2n) reaction as written 

below; 



 

 

Figure 1.7 Tritium production cross-section as function of neutron energy [40,41] 

1.2.2 Lithium ceramics: Candidate tritium breeder 

Li-based tritium breeding blanket is a critical component of the magnetic-confinement based 

D-T fusion reactor. The various chemical forms of Li is utilized in different breeding blanket 

concepts. The breeding blanket serves two functions: breeding tritium and converting the 

energy into sensible heat. Principal requirements fulfilled by the breeder material are [36,39]: 

 Breed and release tritium,  

 Possess physical and chemical stability at high temperature,  

 Display compatibility with other blanket components, and 

 Exhibit adequate irradiation behaviour.  



From the sole consideration of tritium breeding, the best breeder material would be the one 

containing highest lithium atom density. Moreover, the composition of breeder materials 

must include elements having the lowest neutron absorption cross-sections. In principle, 

metallic Li can also be used for tritium breeding. In fact, metallic Li and Li-Pb molten alloy 

can offer the highest tritium breeding ratios (TBR). However, in the molten state, metallic Li 

is violently reactive in the presence of air or water that can lead to fire hazard in off-normal 

or accidental scenarios. Moreover, since the molten metals are electrically conducting, it 

often poses difficulties in pumping molten metals at high rates across the existing strong 

magnetic field [36,39,42,43]. In order to circumvent these problems, the alternative blanket 

concepts utilizing Li-based ceramics solid tritium breeders has been developed. Lithium-

containing ceramics mainly include Li2TiO3, Li2ZrO3, LiAlO2 and Li4SiO4 that have been 

considered as potential candidate tritium breeding materials owing to promising thermo-

physical and thermo-chemical properties and inherent safety advantages [36,38,39][44,45]. 

Some of the relevant characteristics of these ceramics have been presented in Table 1.2 [14]. 

Each of these ceramics has advantages and disadvantages for breeder applications. These 

ceramics have different Li atom density that can be compensated by 6Li-enrichment. In 

addition to these ceramics, numerous other Li containing ceramics that can result in improved 

tritium breeding ratio, have been continuously investigated [44]. Although Li2O, due to the 

high Li atom density is the only ceramic that may achieve the desired tritium breeding ratio 

without the use of a neutron multiplier, however, strong moisture sensitivity (hygroscopic 

nature), corrosive property, and evidence of irradiation induced swelling are some of its 

serious disadvantages [36,45]. Therefore, it is not suitable for the application of a tritium 

breeder. Although Li2TiO3 and Li4SiO4 have been preferred choice as breeding blanket 

material for ITER DEMO, however, Li2ZrO3 and LiAlO2 have superior mechanical 



properties, irradiation behaviour and compatibility with other structural components which 

can be advantageous for application in high power commercial fusion reactors [38,46 48]. 

Table 1.2 Properties of candidate Li-based ceramic tritium breeders [14] 

 

Processing of tritium breeder based on Li ceramics broadly involves three steps (i) powder 

synthesis, (ii) powder consolidation/shaping, and (iii) sintering [36]. 

Sintering is invariably the final and an important processing step of Li-containing tritium 

breeding materials irrespective of powder synthesis methods and shape of the consolidated 

powder (pellet, pebble, bar, foam etc.). The general scheme of processing of sintered tritium 

breeders is depicted in Figure 1.8. Processing has a critical role in determining the 

microstructure of the breeder and thereby tritium recovery and control.  

 



 

Figure 1.8 General processing scheme for preparation of ceramic breeder 

1.3 Sintering 

Sintering is a process of bonding individual powder particles into a coherent, predominantly 

solid structure by the application of heat. Heat enables the mass transport phenomena that 

often occur on the atomic scale leading to inter-particle bonding that results in improved 

strength and lower system energy [49 51].  

Sintering processes can be of two types: solid state sintering and liquid phase sintering 

[52,53]. In solid state sintering, the powder compact is densified completely in a solid state at 

the sintering temperature. However, liquid phase sintering occurs in the presence of a liquid 

phase in the powder compact during sintering [52]. In general, compared with solid state 

sintering, liquid phase sintering allows easy control of microstructure and higher 

densification rate with concomitant reduction in processing cost. However, it often degrades 

some important properties, for example, mechanical properties [52,53]. The liquid phase 

sintering of solids requires addition of low melting point compounds or low temperature glass 

forming constituents commonly referred as sintering aid in the solid prior to sintering [52,53].   

 The driving force of sintering is the reduction of the total interfacial energy by the reduction 

of surface area of the powder. The total interfacial energy of a powder compact is expressed 

as he specific surface (interface) energy, and A, the total surface (interface) 



area of the compact. The reduction of the total interfacial energy can be expressed as 

[49,52,54] 

 

The reduction of total interfacial energy of the powder compact can proceed by two often 

competing processes,  densification and grain-coarsening/growth ( ) as schematically 

shown in Figure 1.9.  

interfaces (surface) by solid/solid interfaces. 

 

Figure 1.9 Schematic demonstration of phenomena occurring during sintering [52,54] 

 

The major variables determining sinterability and the sintered microstructure of a powder 

compact can be divided into two categories: material variables and process variables (Figure 

1.10). The material variables include chemical composition of powder compact, powder size, 



powder shape, powder size distribution, degree of powder agglomeration, etc. The other 

variables involved in sintering are mostly thermodynamic variables, such as temperature, 

time, atmosphere, pressure, heating and cooling rate [50,52 54]. 

 

Figure 1.10 Sintering variables: Factors and effects 

Solid state sintering is usually divided into three overlapping stages: (a) initial stage, (b) 

intermediate stage, and (c) final stage [49,52,54].  

The typical densification curve of a compact through these stages over sintering time at fixed 

temperature is schematically depicted in Figure 1.11 [55]. The initial stage is characterized 

by the formation of interparticle necks and its contribution to compact shrinkage is limited to 

a maximum of around 2 3%. During the intermediate stage, substantial densification, up to 



about 93% of the relative density, takes place and pores are still interconnected. The final 

stage of densification involves formation of isolated pores [52,54]. 

 

Figure 1.11 Schematic density as a function of temperature [55] (Reproduced with the 
permission from Taylor and Francis) 

The average grain size of polycrystalline materials increases with the annealing time. The 

phenomenon of grain growth is important not only in sintering but also in other materials 

processes [53,54]. Phenomenologically, the grain growth can be divided into two types: 

normal and abnormal (sometimes also called exaggerated) grain growth. Normal grain 

growth is characterized by a simple and invariable distribution of relative grain sizes with 

annealing time. In abnormal grain growth, some (or a few) large grains grow unusually 

quickly in a matrix of fine grains with a very slow growth rate. In terms of microstructure, the 

normal grain growth exhibits  unimodal grain size distribution, and the abnormal grain 

growth  the bimodal grain size distribution [50 54]. 



1.3.1 Sintering of nanocrystalline ceramics 

Nanocrystalline is a term used to describe an exciting class of crystalline materials with a 

particle or grain size less than 100 nm [56]. Usually, the conventional materials including 

both bulk (e.g., steel or concrete) and powdered (e.g., sugar and sand), typically have grain 

sizes on the orders of microns to millimeters.  As a result of decreasing the particle or grain 

size to the nanometer regime, the specific surface area (i.e., surface area per unit mass) and 

grain boundary volume of these materials are greatly increased. This in turn can have a large 

effect on the properties of the materials. Figure 1.12 shows the change in surface area and 

grain boundary volume fraction as the particle or grain size of a material is decreased [57].  

 

Figure 1.12 Grain boundary volume fraction and surface area as a function of 
crystallite size or particle size 

The surface area was calculated for dense monodisperse spherical Li2TiO3 particles and the 

grain boundary volume fraction was calculated assuming a grain boundary thickness equals 



to 0.5 nm. Due to difference in structure or chemistry from the bulk, the nanocrystalline 

materials behave differently from their microcrystalline form. Additionally, the quantum 

confinement effects rather than interfacial effects can also affect the properties of the 

nanocrystalline material. The quantum confinement effects mainly dominates the electronic 

properties (as observed in quantum dots and wires), magnetic properties (such as 

superparamagnetism observed in small ferromagnetic and ferrimagnetic nanoparticles or 

giant magnetoresistance observed in thin films composed of alternating ferromagnetic and 

nonmagnetic layers), and optical properties (such as shift in the absorption edge) [56,58 61]. 

These differences between the bulk and nanocrystalline forms along with the associated 

potential applications have engendered numerous research programs on nanocrystalline 

materials around the world.   

Most of the current research on nanocrystalline ceramics have been directed towards the 

development of high value-added engineered systems whereby the material is designed at the 

nanometer scale to optimize specific properties for catalytic, electronic, optical, magnetic or 

nuclear applications. The design of such ceramic systems mainly relies on improved 

densification rate of nanoparticulate compacts. In addition, the production of nanoparticles 

for fabrication of bulk ceramic components is also of much interest. The goal of such 

research is to (i) understand, optimize, scale-up and reduce the costs of nanoparticle synthesis 

(ii) produce materials that can be densified at lower temperatures, and (iii) enhance the 

properties or lower the cost of specialized products. The improved densification of nanoscale 

powder compacts is partly due to the high surface areas (i.e., large driving force for 

sintering), the shortened diffusion lengths and the increased grain boundary volume. These 

effects can be explained by a generalized densification rate equation given below [55]. 

 



According to this equation the rate of densification/sintering 

to the nth power of grain size (G). The value of n depends on which mechanism dominates the 

sintering process. If the surface diffusion is dominating the n = 3, and in case of grain 

boundary diffusion is dominant mechanism the value of n = 4. This implies that sintering 

temperature and/or time duration necessary to attain required density could be drastically 

reduced by decreasing the particle size. For example, if the particle size is decreased by a 

factor of 10, the sintering rate could increase by a factor of 1000 or more. Therefore, sintering 

temperature and time necessary to attain desired density could be drastically reduced (Figure 

1.13) [55]. 

 

Figure 1.13 Density of nanocrystalline versus commercial (Tosoh TZ-3Y) ZrO2 3mol%  

Y2O3 as a function of holding time when isothermally sintered at 1050ºC [55] 
(Reproduced with the permission from Taylor and Francis) 

However, there are some issues in compaction and sintering of nanoscale ceramic powders 

which mainly arise because considerable agglomeration of nanoscale powders under the 

influence of Van der Waals attraction forces. The agglomeration often takes place during the 



synthesis, handling and particularly drying. Agglomeration leads to two types of pores in the 

green body (the powder compacts prior to sintering); inter-agglomerate pores and smaller 

inter-crystalline pores within the agglomerate; as shown in Figure 1.14 [55]. The removal of 

the inter-agglomerate pores generally requires high sintering temperatures that also 

encourages fast grain growth which makes it challenging to maintain nanoscale grain size in 

sintered component. The removal of agglomeration and thereby achieve dense packing free 

from cracks, pores, and density gradients in the green powder compact is of concern in 

consolidation of nanoscale ceramic powders [62]. The uniformity particle packing is an 

effective means of achieving higher densification of the green body during the sintering. 

 

Figure 1.14 Schematic illustration of (a) agglomerate and (b) aggregate [55] 
(Reproduced with the permission from Elsevier) 



1.3.2 Sintering of Li ceramics  

Sintering of Li ceramic is of prime importance, in general, to produce sintered tritium breeder 

materials with desired microstructure in reproducible manner by controlling the sintering 

variables. The microstructure of sintered tritium breeder is comprised of density, grain size, 

porosity and distribution of other phases. Microstructure of breeder has very crucial role in 

controlling tritium retention and release characteristics of ceramic breeder. Tritium recovery 

and control, requires understanding of transport and retention of tritium within the breeder. 

Firstly, tritium generated from nuclear transmutation of Li by neutron capture is transported 

to the grain boundary by intragranular (lattice) diffusion within the grains. The bulk diffusion 

and trapping of tritium within the grains are affected by the neutron and radiation-induced 

defects. Subsequently, tritium diffuses along the existing grain boundary pathways between 

the adjacent grains to the solid/gas interface (open and closed porosity). The fraction of 

closed porosity provides another means to build up inventory in the material. At the surface, 

various processes take place involving isotope exchange with hydrogen (H2) and water (H2O) 

leading to desorption of tritium in chemical forms of HT and HTO, respectively. Further, the 

tritium-bearing species (HT, HTO and T2O) are transported through the interconnected pores 

and enter the flow of the purge gas. The assessment of tritium retention in the breeder 

requires knowledge of rate determining steps and the most relevant operation as well as 

microstructural parameters that facilitate the tritium release. The involved tritium transport 

mechanisms in single sintered ceramic breeder pebble is schematically depicted in Figure 

1.15 [63 65]. In summary, the entire transport mechanisms of bred tritium can be divided 

into the following steps: intragranular diffusion; grain boundary diffusion; surface 

adsorption/desorption; pore diffusion and purge flow convection (Figure 1.15) [63,65 68]. 

The microstructure is an important factor affecting several steps of tritium transport 

mechanisms, particularly intragranular diffusion, grain boundary diffusion and pore diffusion 



in sintered ceramic breeders. Particularly, grain size is an important parameter affecting the 

tritium release properties of tritium breeding ceramics. The out-of-pile tritium annealing 

studies on sintered Li ceramic pebbles have shown that tritium release can be accelerated by 

decreasing grain size [69 74]. It is because the activation energy for intragranular diffusion is 

higher as compared to grain boundary diffusion. Annealing studies and in-pile tests clearly 

demonstrated that, in case of small grained microstructure, tritium release is faster compared 

to large grained [71,75 80]. 

 

Figure 1.15 Schematic diagram of the tritium transport mechanism in the ceramic 
breeder (1: intragranular diffusion, 2: grain-boundary diffusion, 3,4: pore diffusion and 

5: purge flow convection [63 65] (Reproduced with the permission from Elsevier) 

The tritium retention (i.e., residence time) in sintered Li ceramic with large grain size is much 

longer than with small grain size.  Moreover, microstructure has a significant effect on 

mechanical properties of the breeder. The mechanical properties and radiation resistance can 

be augmented by increasing density and decreasing grain size which can alleviate the 

swelling, embrittlement and fragmentation of Li ceramic breeders under intense thermal and 



radiation fields in fusion reactor environments [81 88]. In summary, the central theme in the 

processing of Li ceramic breeders is to enhance densification while simultaneously limiting 

the grain growth. The typical preferable microstructure of breeders consisted of relative 

density in the range of 85-90%, grain size of about 2-5µ or even smaller, interconnected 

porosity (10-15%) [89 94]. 

1.3.3 Critical issues in sintering of Li ceramics  

Li ceramics exhibit a tendency of Li sublimation and uncontrolled grain growth, particularly, 

when sintering temperature exceeds 1000°C [95 101].  Due to these factors, it is often quite 

challenging to achieve required density and small grain size at the same time. The loss of Li 

has a detrimental effect on tritium breeding as the breeder in the blanket must have a high 

amount of lithium to achieve tritium self-sufficiency. The large grain size arising due to 

uncontrolled grain growth could dampen the tritium release process through the breeder 

microstructure. It would decrease tritium breeding ratio and also allow accumulation of 

tritium inventory in breeders, which has serious concern with regard to D-T fusion reactor 

safety.   

1.4 Motivation and objective of present work 

Sinterability enhancement of Li ceramics has drawn much attention among scientists that 

have spawned numerous research programs around the world. The goal of such concerted 

research is to explore and establish suitable approaches to circumvent the critical issue of Li 

sublimation and uncontrolled grain growth that occurs during the sintering of Li ceramics. 

Numerous prior works report on the sintering of Li ceramics. However, the sintering 

parameters in the literature severely lacked consistency, for instance, a considerably broad 



range of sintering temperatures (850-1400°C) and time (2-10h) have been reported [102

111]. But the final sintering parameters have not been established yet.  

There are many methods for improving the sinterability of ceramic powders. The widely used 

methods are the use of fine (sub-micron to nanoscale) powders, the addition of sintering aids, 

and aliovalent doping.    

Among these methods, the one utilizing sub-micron to nanoscale powders could be the most 

useful approach for Li ceramics. The other methods, (addition of sintering aid and aliovalent 

doping), have limited scope for Li-based ceramic tritium breeders. It is due to the condition 

of stringent chemical purity (nuclear grade) for application as the tritium breeders that 

imposes restrictions on the addition of many foreign elements, particularly those which can 

act as a neutron absorber or give rise to activation products upon neutron irradiation. 

One of the goals of the present thesis is to improve sinterability of Li ceramics without 

additives.  With no use of additives, detrimental effects associated with the neutron 

absorption by impurities or activation of impurities by interaction with neutrons will 

minimize. The specific approach investigated was the use of fine Li ceramic powders to 

improve sinterability and thereby reduce the sintering temperature/and or time of Li ceramics. 

It would help to avoid Li sublimation, reduce the average grain size, and decrease cost of 

bulk production of tritium breeder material. Based on the literature, three potential candidate 

Li ceramic breeders; Li2TiO3, Li2ZrO3 and LiAlO2 with relatively high melting points (Table 

1.2) that is very close to each other, have been chosen for the investigation.  Sintering of 

these ceramics often require high temperature to achieve desired microstructure for improved 

tritium breeding performance. The work carried out in this thesis primarily consists of (a) 

synthesis of fine ceramic powders of Li2TiO3, Li2ZrO3 and LiAlO2 by chemical methods, (b) 

characterisation of as-synthesized and calcined powders and precursors by different 

techniques (c) consolidation of calcined powders to form powder compacts, (d) sintering 



behaviour of powder compacts, (e) microstructure characterization of sintered compacts and 

(f) chemical analysis of sintered compacts to estimate Li sublimation. 

The extensive work carried out in this thesis enables the establishment of an effective method 

for the sinterability enhancement of Li ceramics by utilizing fine powders. It would augment 

the current processing method of a high performance sintered ceramic tritium breeder with a 

tailored microstructure that can achieve the targeted tritium breeding ratio and thereby tritium 

self-sufficiency. The outcome of this thesis would contribute significantly to the current state 

of knowledge about the development of ceramic tritium breeder materials and technology to 

build robust, reliable, and economical fusion power stations. Such fusion power stations 

could change the world's energy landscape by providing a sustainable, secure, safe, 

affordable, inexhaustible, and CO2 free energy source that would not only assist in fulfilling 

the global energy demand but also combat climate change.   

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 2 

Experimental 

2.1 Experimental methods 

2.1.1 Synthesis of nanocrystalline ceramic powders 

Nanocrystalline oxides and non-oxide ceramic powders are synthesized by many different 

methods that can be broadly categorized as wet-chemical synthesis, combustion synthesis, 

attrition, and gas-phase reaction techniques [56]. Wet-chemical synthesis techniques 

encompass precipitation/co-precipitation, hydrolysis condensation reactions, followed by 

calcination, hydrothermal method, etc. Combustion synthesis techniques include flash 

pyrolysis of oxidizer/fuel mixtures, flame pyrolysis, and rapid evaporation techniques 

whereby the particles are formed very rapidly as the reactants undergo fast heating. The 

attrition techniques utilize mechanical energy to obtain a nanocrystalline structure from 

typically microcrystalline starting materials. These techniques have been used mostly for the 

preparation of nanocrystalline and amorphous metallic systems. The gas-phase techniques, 

such as plasma reactions, evaporation-condensation reactions, and sputtering, usually rely on 

the homogeneous condensation of particles in the gas phase to produce the desired 

nanocrystals. 

Each of these techniques has some advantages and disadvantages, and they are used in 

different applications depending on the composition, quantity, and purity that need to be 

produced. In this thesis, two variants of combustion synthesis techniques; solid-state 

combustion and solution combustion synthesis have been adopted to synthesize Li ceramic 

powders. 



2.1.2 Combustion synthesis of Li ceramics 

Combustion synthesis (CS) technique, because of simplicity, less time-consuming, energy -

effectiveness, and low cost has been adopted worldwide to synthesize nanomaterials, 

especially ceramic oxides and mixed-oxides [112 114]. Based on the physical nature of the 

reactants and also reaction media, CS can be classified as self-propagating high temperature 

synthesis (SHS) and solution combustion synthesis (SCS).  The reactants in conventional 

SHS are all in the solid-state, typically in the form of a compact. However, in SCS, the 

reactants are mixed in an aqueous solution that ensures the molecular-level mixing of the 

reactants. The typical combustion synthesis flow sheet is depicted in Figure 2.1.   

 

Figure 2.1 Typical Li ceramic powder synthesis process flow sheet 



The CS procedure relies on a self-sustained exothermic reaction among thoroughly mixed 

reactants consisted of an oxidizer and an organic fuel. The driving force for the formation of 

crystalline structure is derived from internal chemical energy. In conventional material 

fabrication routes, continuous energy input is required to form crystalline structure. However, 

the temperature input for CS is not high, as it is required just to trigger the combustion 

reaction, and subsequently, a high-temperature wave, propagates through the reaction mixture 

resulting in a powdered product. Metal nitrates are commonly used oxidizers because they are 

water- soluble. Various water-soluble organic compounds containing large quantities of C 

and H are used as fuels, which facilitate the liberation of exothermic heat by combustion. The 

hydroxy-carboxylic acids as citric acid: (HOOC)CH2C(OH)(COOH)CH2(COOH), amino 

acids such as glycine: NH2CH2COOH, and urea: NH2CONH2 are some of the commonly 

used fuels [112]. In addition to providing heat, fuels also bind with metal ions to form chelate 

complex compounds. It helps to achieve a more homogeneous mixing without segregation at 

a later stage that is quite beneficial for producing complex and multi-component oxides. 

Glycine forms very stable chelate complex compounds with metal ions because it has two 

strong complex-forming functional groups (amino- and carboxyl-). The selection of fuels is 

primarily based on its heat content (exothermicity), complex-forming ability and ease of 

availability.  In a typical SCS procedure, stoichiometric amounts of the metal nitrate and 

organic fuel are well-mixed in solution. Subsequently, the reaction mixture is dehydrated, 

ignited, and brought to combustion.  During the onset of the combustion reaction a highly 

exothermic propagating wave is generated which promotes the product crystallinity. The 

expulsion of a large volume of noxious gases results in finely dispersed, porous solid 

particles of high purity. The short reaction times hinder particle growth and thereby facilitate 

formation of nano-sized material of large surface area.  



In SCS, the fuel/oxidizer ratio and pH value of the solution are key parameters which control 

to certain extent the phase, morphology, particle size and surface area of the powders. The 

propellant chemistry theory is usually invoked to calculate the oxidizer to fuel (O/F) ratio 

expressed as [112,115]: 

 

 

 

e =1 means a stoichiometric state, in which atmospheric 

e e < 1 indicate a fuel-lean 

and fuel-rich condition, e =1, the combustion is intense and complete, 

which releases maximum e (also called equivalence ratio), 

the valence numbers for the oxidizing and reducing elements are determined similarly as the 

oxidation number for chemists. For reducing elements C and H, the valence numbers are +4 

and +1 respectively, while for an oxidizing element like O, the valence number is -2. Many of 

the metals represented as M+, M2+, and M3+ have valence numbers +1, +2, and +3, 

respectively [115]. The powder properties can also be tailored by utilizing a mixture of fuels, 

instead of a single fuel (as in conventional SCS).  

The advantages of SCS can be summarized as follows: (a) time and energy-efficient (b) the 

use of simple equipment with inexpensive raw materials (c) a molecular level mixing of the 

raw materials, and (d) tuneable composition of the products. 

In this thesis, CS reaction mixtures utilized urea as a fuel for synthesis of Li2TiO3. The SCS 

reaction mixtures exploited glycine as a fuel for the synthesis of Li2ZrO3 and mixed fuel 

containing glycine and citric acid for the synthesis of LiAlO2.  



2.2 Characterization techniques 

Several characterization techniques were utilized for the characterization of precursor, 

synthesized ceramic (Li2TiO3, Li2ZrO3, and LiAlO2) powders and sintered microstructure of 

compacts derived from consolidation and sintering of powders. The brief description of the 

characterization techniques used is as follows.  

2.2.1 Thermal analysis 

Thermal analysis is used to describe a group of techniques that include thermogravimetric 

analysis (TGA), differential thermal analysis/differential scanning calorimetry (DTA/DSC), 

Thermomechanical analysis (TMA), etc. In general, these techniques were used to investigate   

 one (or more) property of a sample while the sample is subjected to a controlled temperature 

program. The temperature program may take many forms, e.g.  sample may be subjected to a 

constant heating (or cooling) rate (dynamic mode) or may be held at a constant temperature 

ed temperature program a sinusoidal or 

other alteration is superimposed onto the underlying heating rate, to simulate special 

processes, a step-wise or complex program may also be used. In the present work, three 

thermal techniques namely TGA, DTA/DSC, and TMA have been used. 

2.2.1.1 TGA and DTA/DSC 

TGA is a technique in which the mass change of a substance is measured as a function of 

temperature or time while the substance is subjected to a controlled temperature program. 

This technique can be exploited to investigate any physical or chemical process that involves 

mass loss or mass gain of the substance, for instance, evaporation, sublimation, oxidation, 

thermal decomposition, etc. There are, of course, many processes that do not accompany any 

mass change e.g., phase transition, congruent melting etc. These processes can not be 



detected by this technique. TGA experiments can be performed either under a heating ramp 

(dynamic mode) or a constant test temperature (isothermal mode) program. TGA also has 

provisions to conduct experiments in different atmospheres by gas switching, which enables 

the study of precursor decomposition/calcination or volatilization under inert, oxidizing, or 

reducing conditions. The basic instrumentation of a commercial TG system includes: a 

precision balance, a programmable furnace, atmosphere control, and a recorder and/or a 

computer with loaded software for data processing [116].  

DTA and DSC are allied techniques that are used to measure temperature and energy changes 

that occur while a sample is heated, cooled or held isothermally alongside an inert reference. 

The physical or chemical processes that essentially do not involve any mass change e.g., 

melting, glass-transition, phase transformation, and a range of more complex events, may be 

detected by these techniques. The practical distinction between DTA and DSC is in the nature 

of the signal obtained from the equipment. In the case of a DTA, it is proportional to the 

temperature difference established between the sample and an inert reference, due to 

underlying exothermic or endothermic events when both are subjected to the same 

temperature program. In DSC, the signal is proportional to the difference in thermal power 

between the sample and reference, usually measured in units of mW or mJ/s which is the 

flow of energy into or out of the sample in unit time. This enables users to undertake 

quantitative measurement of several useful material properties such as heat capacity, 

enthalpies of reactions, transitions and transformations, purity, kinetic parameters, vapour 

pressure, thermal conductivity, etc. Most differential scanning calorimeters, depending on 

their operating principle, can be categorized into two groups: power compensation or heat 

flux. Power compensation DSC has two small identical furnaces, one for the sample and 

other for the reference. The sample and reference both are heated at a pre-programmed 

heating (or cooling) rate, and in the event of a temperature difference arising between the 



sample and reference, power compensations are applied to either furnace as required to 

maintain the temperature at the program value. The differential thermal power is the source 

of the instrument signal. The difference in energy flowing into the sample furnace is 

compared to the inert reference and plotted as a function of temperature or time. This design 

measures the flow of energy directly in mW or mJ/s. The fundamental equation of DSC is 

given below [116]. 

DSC signal (W/g) = Heat Capacity (J/(K. g) × Scanning Rate (K/s)   

dH/dt = dH/dT × dT/dt        

Heat flux DSC has a single furnace with a temperature sensor (or multiple sensors) for each 

of the sample and reference pans located within the same furnace. Sample and reference are 

heated in the furnace at the pre-programmed heating (or cooling) rate and when transitions in 

the sample are encountered a temperature difference is created between sample and reference 

which is measured as a signal [116].  

The design principle of DTA is similar to heat flux DSC, except that the temperature 

difference remains as a microvolt signal and is not converted to a heat flow equivalent. This 

was the original instrument approach used before quantitative energy measurements were 

established using DSC. 

In present work, thermo-gravimetric analysis of CS reaction mixture, used for the synthesis 

of Li2TiO3 powder, was carried out in a flowing air atmosphere on a TG-DSC instrument 

(SETARAM make: SETSYS EVOLUTION) to study its thermal decomposition behaviour. 

The experiments were carried out in a flowing air atmosphere in a platinum crucible at a 

heating rate of 10°C/min. The mass loss as a function of temperature was recorded up to 

and the nature of decomposition. 



2.2.1.2 Thermomechanical analysis (TMA) 

Thermomechanical Analysis (TMA) is defined as a technique where the change in 

dimensions (length or volume) due to expansion or contraction of the sample is measured as a 

function of temperature under a constant negligible mechanical load [117]. It is a powerful 

tool that can provide valuable insight into thermal expansion, sintering steps, glass-transition, 

softening, composition, phase changes, structure, etc., which can occur in a wide class of 

materials. Particularly, TMA is a very useful technique which provides a convenient method 

to follow material behaviour precisely during the sintering process under a constant rate of 

heating. The basic instrumentation of a commercial TMA system includes a linear variable 

differential transducer (LVDT) which is an electromechanical transducer sensor, a load cell, a 

programmable furnace, atmosphere control, and a recorder and/or a computer with loaded 

software for data processing [117].  

In the present work, TMA (SETARAM make: SETSYS EVOLUTION) has been exploited to 

study the sintering behaviour of Li2TiO3, Li2ZrO3, and LiAlO2.   

2.2.2 X-Ray diffraction (XRD) 

X-ray diffraction is a non-destructive technique to characterize solid-state crystalline 

materials. This technique can provide valuable insight into the phase composition of 

materials and crystallographic information of different phases. In X-ray diffraction, 

monochromatic X-rays, electromagnetic radiation, whose wavelength is of the order of inter-

atomic spacing, are elastically scattered by the electron cloud of the atoms in a crystal. The 

scattered X-rays are completely in-phase provided the path difference between them is equal 

to an integer multiple of the wavelength of the X-

of constructive interference increases the net intensity of the scattered X-ray. Similarly, out-

of-phase X-rays undergo destructive interference which reduces the intensity of the scattered 



X-ray. As a consequence of an alteration in the intensity of the scattered X-rays, a diffraction 

pattern is generated which is considered as a fingerprint of the crystalline materials. The 

diffraction pattern is directly related to the lattice parameters of the crystalline sample. The 

-ray diffraction, links the possibility of 

constructive interference to the inter-planar separations [118].  

Bragg's law         

-

beam and diffraction plane and d is the interplanar spacing for a particular set of planes with 

Miller indices (hkl).  

 All X-ray measurements in this thesis were performed by utilizing: i) the INEL CPS powder 

diffractometer equipped with curved position-

1.5406Å), and (ii) a theta 2theta geometry diffractometer (Make: PROTO AXRD,) with 

NaI(Tl) scintilla

lanthanum hexaboride (LaB6) supplied by the manufacturer was used as a standard for 

calibration and correction of instrumental broadening. The samples were ground into fine 

powders and homogenised by a mortar and pestle before the powder diffraction pattern was 

-

75º with a step of 0.02º and 3 seconds per step counting time.  

2.2.3 Scanning and Transmission Electron Microscope (SEM/TEM) 

Interaction of electrons with matter evolves various interesting phenomena that contain 

information about the sample's surface topography and composition. These phenomena are 

well understood and have been extensively used in the field of materials characterization. As 

the electrons can be focused to micron or submicron size, it is well suited for analysing 

submicron-sized regions or features in materials. When a high- energy primary electron beam 



strikes the atom of a specimen, a variety of interactions take place which produces different 

types of electrons and photons. The various electron-matter interactions include: a) Elastic 

scattering of electrons by atomic nuclei which results in the generation of back-scattered 

electrons (BSE), b) Inelastic scattering of electrons by sample atoms which produces low-

energy secondary electrons, c) Inelastic scattering of electrons by sample atoms might also 

result in the generation of characteristic and Bremsstrahlung background X-rays from lower 

sample depths, d) Inelastic scattering might also produce Auger electrons emitted from the 

atoms near the sample surface, and e) Electrons may get transmitted from the sample 

provided it is thin [119] . 

The order of relative energies of the generated particles is as follows: Auger electrons < SE < 

BSE < X-rays. [119] All these interactions have a wealth of information about the sample. 

Dedicated instruments have been developed to exploit these signals for the characterization of 

the materials. For example, backscattered electrons, secondary electrons, and transmitted 

electrons provide information about the microstructure of the sample; Auger electrons, 

ejected electrons, and X-rays have energies specific to the element and therefore, give 

information about the chemical identification and composition of the sample. The probability 

of elastic scattering increases with Z2 and hence BSEs are useful for generating images based 

on Z-contrast. Scanning Electron Microscope (SEM), a type of electron microscope, produces 

images of a sample by scanning it with a focused beam of electrons which provides useful 

information about the sample's surface topography and composition. The focused beam of 

electrons is generally scanned in a raster scan pattern and the signals emitted from the 

surface, primarily secondary electrons, are collected. Thereafter, the beam's position is 

combined with the detected signal to produce an image. The principal images produced in the 

SEM can be categorized into three types: secondary electron images, backscattered electron 

images, and elemental X-ray maps. Transmission electron microscope (TEM) utilizes 



transmitted electrons to reveal the microstructure of thin samples. In this thesis, all electron 

microscopy images were captured using a scanning electron microscope (SEM, SERON INC 

South Korea, Model ATS 2100 and SEM, Carl-Zeiss, Germany) and Transmission electron 

microscope (TEM, Model: Jeol 2000 FX). For SEM analysis, a powder sample was dispersed 

in acetone using an ultrasonic bath to form a suspension. A drop of this suspension was 

dispensed and spread on an adhesive carbon tape adhered on an aluminium stub. Carbon tape 

is conventionally used in SEM for conduction purposes. Acetone was evaporated from the 

carbon tape leaving behind the dispersed powder. Similarly, a sample was prepared for TEM 

by spreading a drop of suspension on a copper grid. To avoid charging due to the insulating 

nature, the dispersed powder on the carbon tape and copper grid was coated with gold using a 

D.C. sputtering unit before microscopy analysis  

2.2.4 Surface area analysis technique 

The surface area is best described as the external surface area of a solid object including 

surface attributable to pores. The surface area of ceramic powders has an important role in 

various stages of different ceramic processing methods, for example, it is one among the 

driving forces for the sintering of powder compacts. Gas adsorption method continues to be 

the most widely used procedure for evaluating the surface area of porous and finely-divided 

materials with a distinct advantage as many classical models for particle measurement and 

characterization fail to consider porosity [120]. In this method, the specific surface area of a 

sample (i.e. surface area per unit mass) is determined by physical adsorption of a gas on the 

surface of the solid and by calculating the amount of adsorbate gas corresponding to a 

monomolecular layer coverage on the surface and from which surface area can be calculated 

by invoking Brunauer Emmett Teller (BET) principle [121]. As the physical adsorption 

results from relatively weak forces (van der Waals forces) between the adsorbate gas 



molecules and the adsorbent surface of the sample, the surface area determination is usually 

conducted at the liquid nitrogen temperature. In a typical surface area determination 

procedure, nitrogen gas is passed over the sample with pressure, gas molecules are allowed to 

adsorb on the powder surface and the volume of gas absorbed at different pressures is 

recorded. Using this data, the volume of gas adsorbed at STP to produce an apparent 

monolayer on the sample surface (i.e. volume of a monolayer) in millilitres is calculated with 

the help of B.E.T. equation. The specific surface area (SSA) can then be derived from the 

relation given below [121]. 

 

where NA is Avogadro constant (6.022×1023 mol ), a is the effective cross-sectional area of 

one adsorbate molecule in square metres (0.162 nm2 for nitrogen and 0.195 nm2 for krypton), 

m is mass of test sample in grams and volume occupied by 1 mole of the adsorbate gas at 

STP is 22,400 ml. In this thesis, the specific surface area of the powder was measured using a 

surface area analyser (Sorptomatic 1990, Thermo Fisher Scientific, Italy). 

2.2.5 Inductively Coupled Plasma-Atomic Emission Spectroscopy 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is an emission 

spectrophotometric technique that relies upon the interaction of molecules with 

electromagnetic radiation [122,123]. The working principle of ICP-AES is based on the fact 

that, as the excited electrons return to the ground state after excitation by high-temperature 

Argon Plasma, they emit energy at a given wavelength. Each element emits energy at specific 

wavelengths unique to its atomic character. The energy transfer by electrons during the 

emission process depends upon the electronic configuration of the orbital and is inversely 

proportional to the wavelength of the electromagnetic radiation,  



 

wavelength of light emitted is also unique. Each element emits energy at multiple 

wavelengths, however, in the ICP-AES technique, either a single or a very few wavelengths 

of a given element is commonly selected for the analysis purpose. The intensity of the 

emission line at the chosen wavelength is proportional to the amount (concentration) of that 

element in the sample. Therefore, qualitative and quantitative multi-element analysis of a 

given sample relative to a reference standard can be performed by determining characteristic 

spectral wavelengths emitted by the sample along with their intensities. The wavelength 

ranges from the upper part of the vacuum ultraviolet (160 nm) to the limit of visible light 

(800 nm) are typically used in the AES measurements. This limits the use of borosilicate 

glass to fabricate optical lenses and prisms as it absorbs light below 310 nm and therefore, 

alternatively quartz glasses are used for this purpose. Also, oxygen in air absorbs light below 

200 nm, therefore optical paths are either fully evacuated or filled with a non-absorbing gas 

such as Argon during the elemental analysis. In the present thesis, ICP-AES (Horiba, 

Germany) has been used for elemental analysis of the samples. For elemental analysis, all the 

samples were dissolved by the microwave digestion method, utilizing aqua-regia as a 

digestion medium.  

2.3 Powder consolidation and sintering behaviour  

Powder consolidation is a ceramic processing method which is used to form ceramic green 

bodies starting from (i) a dry ceramic powder, (ii) a suspension of ceramic powders in a 

solvent solution, or (iii) a paste of ceramic powder in a limited amount of solvent solution 

[53,124]. Two types of dry pressing methods are generally used for the consolidation of dry 

ceramic powders at room temperature: isostatic and die pressing. In isostatic pressing, the 



powder is encapsulated in a deformable, leak-proof membrane (often a rubber mold) and after 

vibrating or tapping to give uniform particle packing density distribution, immersed in a 

pressurized liquid. The pressing action takes place when the fluid is placed under hydrostatic 

pressure. With isostatic pressing, the pressure is evenly distributed over all the surface of the 

green body inside the rubber mold. In die pressing, the powder is allowed to flow into a 

hardened steel mold and pressed by a die with pressing action to be either uniaxial or biaxial, 

depending on the type of press. Wet consolidation techniques involving a suspension of 

ceramic powder include slip casting, filter pressing, tape casting, sedimentation casting, and 

centrifugal casting, etc. Extrusion and injection molding techniques are used for the 

consolidation of ceramic pastes. Osmotic consolidation is another effective technique that is 

used for the consolidation of relatively more concentrated suspensions of nanometer-scale 

ceramic powders. In this technique, the powder suspension contained within a semipermeable 

membrane is placed within a concentrated polymer solution. The semipermeable membrane 

only allows the liquid but not the ceramic particles to pass through and as the chemical 

potential of the liquid is much higher inside the membrane, therefore the solvent from the 

particle suspension passes through the membrane. The osmotic potential which has units of 

stress, acts similar to mechanical stress, pushing the particles inside the membrane yielding 

relatively dense green bodies. In all wet consolidation techniques, the rheology of ceramic 

suspension is the most important parameter which needs to be carefully controlled so the 

suspension has the desirable properties needed for green body fabrication. Each of these 

techniques has a number of advantages and disadvantages, and they are used in different 

applications depending on the shape, quantity, and purity that need to be produced. The 

uniaxial die pressing technique is the simplest and most commonly used compaction method. 

This method has the capability of making rather complex shapes via novel die and press 

design, and large-scale production at an affordable cost. In this thesis, the uniaxial die 



pressing technique has been used for the consolidation of Li ceramic powders. The typical 

consolidation and sintering process flow sheet are presented in Figure 2.2. Compaction of the 

powder was carried out by a motor-driven electrical uniaxial hydraulic press at final 

compaction pressure around 300MPa. After holding for a short period of time under pressure, 

the pressing action is decreased and the press is used to eject the green body from the press. 

Steel dies with tungsten carbide lining were utilized for the pressing operation.   

 

Figure 2.2 Typical Li ceramic powder consolidation and sintering process flow sheet 

 

In order to avoid density gradients within the green compacts arising due to die wall friction, 

the die-wall was lubricated with a dilute stearic acid solution. Pellets of different diameter 



were prepared for studying the sintering behaviour. Sintering behaviour of pellet-shaped 

green compacts of Li2TiO3, Li2ZrO3 and LiAlO2 powders were investigated under both, non-

isothermal and isothermal conditions. The non-isothermal study was conducted by means of 

measuring shrinkage as a function of temperature under a given temperature ramp (°C/min) in 

the air using TMA. For TMA, pellets of 8 mm diameter and 3-4 mm thickness/height were 

fabricated by compacting Li2TiO3, Li2ZrO3, and LiAlO2 ceramic powders. The isothermal 

study was performed by heating the green compacts at fixed sintering temperatures for a 

constant time duration in a muffle furnace (Make: Nabertherm, Germany). For this, pellets of 

10 mm diameter and 2-3 mm thickness/height were fabricated by compacting Li2TiO3, 

Li2ZrO3, and LiAlO2 ceramic powders without use of any binder. Sintering of these pellets 

was performed at a fixed temperature for constant dwell time in the air.  

2.4 Characterization of sintered materials 

2.4.1 Microstructure characterization 

The microstructure characterization of sintered pellets of Li2TiO3, Li2ZrO3, and LiAlO2 was 

performed by SEM. The SEM micrographs of the sintered pellets were captured on the 

fracture surfaces. In a typical procedure, a tiny piece of the fractured pellet was mounted on 

an alumina stub with the help of a double-sided adhesive carbon tape sandwiched between 

the alumina stub and the fractured piece. The samples were sputter-coated with gold using a 

DC sputtering unit to prevent charging due to a lack of electrical conductivity of the samples. 

The coated samples were then used for capturing SEM micrographs. The density of the 

sintered   samples was measured at room temperature by Archimedes' method using water/ or 

ethyl alcohol as an immersion medium. The volumetric shrinkage was calculated by 

measuring the change in dimensions of the pellets before and after sintering. 



2.4.2 AC Impedance Spectroscopy 

Impedance spectroscopy technique is used to characterize the electrical 

conductivity/electrical charge transport behaviour of the material which may reflect some 

characteristic features of the microstructure as well as ionic diffusion performance of sintered 

ceramics [125,126]. In some of the studies, a strong correlation between the tritium diffusion 

behaviour and lithium-ion diffusion performance of the solid breeder materials has already 

been established [127 131]. Moreover, due to neutron irradiation, the temperature of the 

breeder will increase which therefore affects the tritium diffusion process. Impedance 

spectroscopy technique can serve as an indirect method to anticipate tritium diffusion 

behaviour derived from electrochemical impedance data of solid breeder material at variable 

temperatures. This method is simple, convenient, and economic and it avoids the expensive 

in-pile experiments. In this thesis, the electrical characterization of Li2TiO3 was investigated 

by the AC impedance spectroscopy technique. Impedance measurements were performed in 

an Electrochemical workstation (Model CHI 760D) in the frequency range from 1MHz to 

100 Hz. In a typical procedure for the impedance measurement, the sintered pellet after 

polishing both sides near to flatness, and cleaning in an ultrasonic bath, was coated with frit 

free platinum conductive paste (Make: M/s ELTECKS Corporation, Bangalore). The coating 

was allowed to dry at room temperature or sometimes under an IR lamp. Subsequently, the 

coating was baked at 1000oC for about one hour to remove the organic binders (used to make 

the platinum paste) and to make a uniform continuous electrically conducting layer. The 

conductivity of the surface platinum layer was verified by a multimeter. Alternatively, the 

sintered pellet can also be uniformly sputtered coated with a thin layer of gold to ensure 

proper electrical contact with the platinum electrode for the impedance measurements.  

A number of studies performed on Li-based ceramics using these techniques will be 

discussed in subsequent chapters. 
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characterization and sintering behavior 
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3.1 Introduction 

The phase diagram reveals four ternary oxides (Li4TiO4, Li2TiO3, Li4Ti5O12), and the high-

temperature phase Li2Ti3O7 exist in binary Li2O-TiO2 system [132,133]. The phase diagram 

is depicted in Figure 3.1 [133].  

 

Figure 3.1 Phase diagram of Li2O-TiO2 system [133] (Reproduced with the permission 
from Elsevier) 

There are three allotropic modifications of the phase Li2TiO3: -modification 

is metastable. Upon heating at temperature higher than 300°C, the -phase monotropically 

transforms -phase. The low- -phase has narrow homogeneity range, and a 

monoclinic crystal structure. It crystallises in the Li2SnO3-type structure with the space group 



C2/c (No. 15), Z=8, and the lattice parameters: a = 504.1 pm, b = 880.6 pm, c = 972.7 pm and 

-phase crystallises in the NaCl-type structure (Z = 4/3). 

The -phase has cubic crystal structure with the room temperature lattice parameter a = 

415.05 pm [128,132 134].  

-Li2TiO3 has drawn considerable attention as a very useful ceramic owing to its 

practical industrial applications, especially in the area of energy production, energy 

conversion, and energy storage [135 141]. In view of its reasonably good tritium release 

property at relatively low temperatures, low activation performance and good thermal as well 

as chemical stability, Li2TiO3 in sintered compact form has been reckoned as a promising 

candidate for tritium breeding materials in nuclear fusion reactors. It is used in a double-layer 

cathode material for molten carbonate fuel cells [142]. In the field of rechargeable Li ion 

batteries, Li2TiO3 has been successfully utilized as a stabilizer for the high capacity cathode 

materials [138,139].  

-Li2TiO3 compact with fine-

grained microstructure and the relative density close to 90% is required for achieving targeted 

tritium breeding performance. However, the evaporative loss of Li and fast grain-growth at 

high sintering temperature poses serious limitation on developing the desired microstructure 

[98,101].  

Many prior studies have described viable methods of synthesizing Li2TiO3 ceramic powders. 

Recently, sinterability enhancement of Li2TiO3 powders by synthesizing submicron to 

nanoscale Li2TiO3 powders has drawn much attention to decrease the sintering temperature of 

Li2TiO3 compact. Solid state reaction method has been widely used to synthesize Li2TiO3 

powders in which Li2CO3 and TiO2 are used as precursors. The solid-state reaction was 

usually carried out by heating stoichiometric mixture of the precursors in temperature 750-



800°C for 5-10h duration [86,102,106][143,144]. Sometimes, temperature as high as 900-

1100°C and time duration 10h to several days has also been reported for synthesis of Li2TiO3 

powder by solid-state method [143 145]. The large-scale synthesis of Li2TiO3 powder by 

solid-state method often requires high synthesis temperature, prolonged reaction, and 

intermittent ball milling. The high synthesis temperature often results in formation of hard 

particle aggregates with large particle size leading to poor sinterability of the as-synthesized 

powders. Because of poor sinterability of the powders, the sintered compact with low density 

is obtained even at higher sintering temperatures. Moreover, high sintering temperature 

facilitates the rapid grain growth leading to large grain size. Many alternative wet chemical 

methods such as sol gel, hydrothermal, solution combustion synthesis, and the polymer 

solution method have been developed to circumvent these issues [109,145 148]. The solution 

combustion synthesis method is very useful method to synthesize nanoscale ceramic 

powders. The Li2TiO3 powders synthesized by the solution combustion method have shown 

improved sinterability [149 151]. For wet chemical synthesis of titanate-based ceramics, the 

precursor containing titanium need to be water soluble. The commonly used Ti-precursors, 

for example, TiCl4, Ti(C6H6O7)2, Ti(OC3H7)4, TiO(NO3)2, are difficult to handle and 

expensive. It increases the overall cost of large-scale production of tritium breeders [152]. 

Moreover, some of the issues such as control of vigorous chemical reactions, and generation 

of liquid waste need to be addressed to scale-up the wet chemical methods for large-scale 

production of tritium breeders. 

The present chapter focuses on a new urea assisted solid state combustion method for 

synthesizing nanocrystalline Li2TiO3 ceramic powders. This method is an improved variant 

of commonly used solid-state synthesis method in which urea is added as a fuel along with 

the precursors (Li2CO3 and TiO2) for the synthesis of Li2TiO3. The selection of urea as a fuel 

is due to its high heat of combustion, and less carbon content. The less carbon content in urea 



minimizes the residual carbon in as-synthesized Li2TiO3 powder compared to other 

commonly used fuels (citric acid and glycine). The present method has advantages of solid-

state synthesis method as well as wet chemical methods. Therefore, the present method is a 

potential alternative for the production of tritium breeder materials at large scale. Some of the 

attractive features of this method are: i) phase pure powder ii) small particle size of the 

powder iii) no hard particle aggregates (although soft agglomerates are formed) iv) improved 

powder sinterability v) higher density of sintered compact with small grain size at low 

sintering temperature (as desired for good tritium release from Li2TiO3 vi) No need of 

extensive ball milling due to soft agglomeration of particles, and vii) short reaction time 

relatively low synthesis temperature (both of which are beneficial to reduce the large scale 

production cost of tritium breeders). 

3.2 Experimental procedure 

3.2.1 Synthesis of Li2TiO3 powders 

Lithium carbonate: Li2CO3 (purity: 99%, Prabhat Chemicals Private Limited, India) and 

hydrous titanium oxide: TiO2.xH2O (x=0.6) (purity: 99%, Indian Rare Earths Limited, India) 

were used as precursors for the synthesis of lithium titanate (Li2TiO3). Urea (purity: 99%, 

Sigma-Aldrich, India) was utilized as fuel. Li2TiO3 powders were synthesized by the reaction 

scheme as follows: 

Li2CO3(s) +TiO2(s) + xNH2CONH2(s) + (3x/2) O2(g) 

                                  = Li2TiO3(s) + (1+x) CO2(g) + x N2(g) + 2xH2O(g)    

The CS reaction mixtures were prepared by thoroughly blending the stoichiometric 

proportion of Li2CO3 and TiO2 along with varying urea content (x=25, 50, 75 and 100 wt %) 

utilizing the pestle and mortar, and ethyl alcohol as medium. Mixture was labelled based on 

their urea proportion as LT-25, LT-50, LT-75 and LT-100. After drying the mixtures on hot 



plate, the dried powders (LT-25, LT-50, LT-75 and LT-100) were placed inside a muffle 

furnace (Nabertherm, Germany) and calcined at different temperatures; 600, 700 and 800oC, 

for fixed time duration of 2 hours with constant heating rate (5oC/min) in static air 

environment. The synthesis flow sheet is depicted in Figure 3.2. 

 

Figure 3.2 Li2TiO3 synthesis process flow sheet  



3.2.2 Consolidation and sintering of Li2TiO3 powder 

Compaction of Li2TiO3 powder was carried out by a uniaxial hydraulic press to form pellet 

shaped green compacts without using a binder. The cylindrical steel die with tungsten carbide 

lining was used for the pressing operation. The flow sheet of consolidation and sintering is 

presented in Figure 3.3.  

 

Figure 3.3 Li2TiO3 consolidation and sintering process flow sheet  



The die wall was lubricated with dilute stearic acid solution to minimise the wall friction and 

thereby avoid density gradients within Li2TiO3 green pellets. The compaction pressure was 

applied around 300MPa. Sintering behaviour of Li2TiO3 green pellets was investigated under 

both, non-isothermal and isothermal conditions. In non-isothermal sintering study, Li2TiO3 

pellets of the required size i.e. 8 mm diameter and 3-4 mm thickness/height were prepared 

and geometrical shrinkage of these pellets was measured up to 1200°C under a given 

temperature ramp (5, and 10°C/min) in flowing air using TMA. For performing isothermal 

study, Li2TiO3 pellets of 10 mm diameter and 3 mm height were prepared and these pellets 

were sintered at fixed temperatures ranging from 800-1000°C for constant duration (2h) with 

heating rate of 5°C/min in a muffle furnace (Make: Nabertherm, Germany) in static air.  

3.2.3 Characterization 

The phase of as-synthesized powders was analysed by XRD. For recording diffraction 

patterns, Inel diffractometer equipped with Ni filtered Cu-  

was exploited. 

Scanning electron microscopy (SEM) (Make: Seron, Korea) operating at 20kV accelerating 

voltage was used to characterize the microstructures of as-synthesized powders and sintered 

pellets.  

Thermogravimetry and differential thermal analysis (TG/DTA) analysis was carried out using 

a Setaram TG/ DTA model. 

Inductively coupled plasma atomic emission spectroscopy (ICP-AES, Horiba, Germany) was 

used for determination of chemical composition of the powder. Prior to the ICP-AES 

measurement, powder was dissolved in aqua-regia as medium. 



The Archimedes method was exploited to determine the relative density of the sintered 

samples. The relative density was measured at room temperature using water as an immersion 

medium.  

For electrical characterization of sintered Li2TiO3, the electrochemical impedance 

spectroscopy (EIS) technique was used. The impedance measurements were carried out in the 

frequency range of 1MHz to 100 Hz using Electrochemical workstation (Model: CHI 760D. 

In order to make proper electrical contact with the platinum electrode, the surface of sintered 

Li2TiO3 pellet was uniformly coated with a thin layer of gold by sputter coating technique 

before the impedance measurement. The electrical continuity of the gold coating was verified 

by a multimeter. The impedance measurements were carried out in the temperature range of 

500-700°C at an interval of 50°C. The temperature was controlled by a microprocessor. 

Sample temperature was measured with an accuracy of ±1°C by a K-type thermocouple 

located in proximity of the sample. Sample was equilibrated for 20-30 min at each 

temperature before recording the impedance data. 

3.3 Results and discussion 

3.3.1 Thermal (TG/DTA) analysis  

The thermal analysis of a small portion of CS reaction mixture, LT-25 and LT-50, was 

carried out in a flowing air atmosphere. The results of thermal analysis are shown in Figure 

3.4. A continuous weight loss was observed in both the mixtures (LT-25 and LT-50) up to 

750°C with no weight change further. The weight loss is due to step-wise decomposition of 

urea in different temperature ranges.  The intermediate products of urea decomposition are 

not thermally stable as indicated by the continuous weight loss with no perfect plateau in TG 

pattern. The heat changes accompanying decomposition reactions are depicted in DTA 

pattern (Figure 3.4). 



 

Figure 3.4 TG/DTA pattern of CS reaction mixture with 25 and 50 wt% urea 

In DTA curve, a prominent endothermic peak was observed around 700-750oC, which is due 

to the melting of Li2CO3. This endothermic peak is also accompanied by weight loss, as 

shown in the TG curve, which indicates decomposition of molten Li2CO3. Interestingly, the 

DTA curve does not contain a clear exothermic peak expected from combustion of urea in 

air. It may be due considerable broadening of DTA peaks with shift of baseline that might 

obscure the expected exothermic peak of urea combustion. The DTA peak broadening and 

shift of baseline can be attributed to the occurrence of multiple decomposition reactions in 

overlapping stages (as evident from the sloping plateau in TG curve).    



3.3.2 Phase analysis and crystallite size 

Based on the TG analysis, the temperature of 600, 700 and 800°C were chosen for the 

calcination of CS reaction mixtures (LT-25, LT-50, LT-75, and LT-100). The formation of 

the desired monoclinic phase of Li2TiO3 was monitored by the XRD analysis of the calcined 

powders. The XRD patterns of calcined powders are shown in Figure 3.5.  

 

Figure 3.5 XRD patterns of Li2TiO3 a) 600oC b) 700oC c) 800oC d) solid state route 
without urea at 1000oC 

The XRD analysis (Figure 3.5) revealed that mixtures calcined at 600°C produced 

monoclinic Li2TiO3 phase as major phase irrespective of their urea contents. However, 



presence of minor quantity of unreacted Li2CO3 and TiO2 was also observed in the powder at 

this temperature. It indicates need for further optimization of synthesis parameters. It is 

noteworthy at this point that synthesis of monoclinic Li2TiO3 phase by the conventional 

solid-state reaction method often requires temperature of around 900-1100°C. Therefore, it is 

evident that one of the effects of urea addition is the reduction of synthesis temperature of 

monoclinic Li2TiO3 phase. It can be due to the release of incipient exothermic heat (by the 

combustion reaction of urea in presence of air atmosphere) and its homogeneous distribution 

throughout the reaction mixture. Both of these factors alleviate synthesis of monoclinic 

Li2TiO3 phase at relatively lower temperature. Increasing calcination temperature of the 

mixture up to 700°C eliminated the traces of unreacted components and resulted in pure 

monoclinic Li2TiO3 phase. Upon further raising calcination temperature of the mixture at 

800°C, the XRD pattern of the as-synthesized powder did not reveal any apparent 

modification with regard to the phase purity of Li2TiO3. 

From the XRD peak broadening measured in terms of the full width at half maximum 

(FWHM), the crystallite size of Li2TiO3 was calculated. Before the crystallite calculation, the 

instrumental contribution to XRD peak broadening was obtained from FWHM of the XRD 

peak of the standard LaB6 sample and it was used to obtain the instrument corrected 

hkl) of the XRD peaks of Li2TiO3 by the relation [153]: 

                 2
hkl 2)measured - 2)instrumental                                                     

Scherrer's equation was used to calculate the average crystallite size (D) of Li2TiO3 as 

follows: 

                      hkl                                                        



where,  the wavelength of radiation (1.54056 Å for Cu-  = 0.94 (a 

constant hkl is FWHM of XRD peak, the peak position. 

The effect of percentage urea content in the reaction mixture on the crystallite size of Li2TiO3 

at each calcination temperatures (600, 700 and 800°C) is shown in Figure 3.6.  

 

Figure 3.6 Variation in crystallite size of Li2TiO3 with temperature and urea content 

The crystallite sizes of Li2TiO3 synthesized at calcination temperatures of 600°C and different 

urea contents (25, 50, 75, and 100 wt%) were calculated to be in the range of 14-20 nm. The 

crystallite sizes at 700 and 800°C, and different urea contents were calculated to be in the 

range of, 30-55 nm and 60-80 nm, respectively. The crystallite size increased with calcination 

temperature, which is an obvious effect indication coarsening of Li2TiO3 particles with 

increase of calcination temperature. Although the increase in the percentage of urea in the 



mixture increases the exothermic heat of combustion, however the crystallite sizes did not 

affect significantly as evident from Figure 3.6. It is due to simultaneous release of large 

volume of the combustion gases with increase in urea content, which rapidly dissipate the 

heat by the convective process and thereby limits the coarsening of Li2TiO3 crystallites. 

3.3.3 Powder morphology 

The morphology of Li2TiO3 powders synthesized by the calcination of reaction mixtures, 

comprised of different urea contents, at temperature of 700oC is pictured in Figure 3.7. 

 

Figure 3.7 SEM images of of Li2TiO3 powder clacined at 700 oC a) LT-25 b) LT-50 c) 
LT-75 d) LT-100 



The particle size of the powder is in the narrow range of 2-5µm, which considerably larger 

than the crystallite size. It indicates significant agglomeration of synthesized powder 

particles. The agglomeration is generally soft in nature, and the agglomerated particles are 

comprised of nanoscale primary particles of Li2TiO3 as evident from Figure 3.7. It is 

noteworthy at this juncture that powder synthesized by the conventional solid-state reaction 

method often produces hard-aggregates of particles with considerably large in size as 

compared to the present method, and it is due to relatively high synthesis temperature and 

long reaction time. The powders with such morphology often exhibit inferior sinterability.  

The addition of urea as a fuel in the reaction mixture, due to reduction of the reaction 

temperature (as discussed in Section 3.3.2), only allows the formation of soft-agglomerated 

particles. Moreover, the gases released alleviate diminishing the inter-particle contact and 

decreases the extent of agglomeration of Li2TiO3 particles. Therefore, relatively small size 

agglomerates are formed. 

3.3.4 Chemical analysis (Li/Ti ratio) and colour observation 

The chemical analysis of Li2TiO3 powder synthesized by calcination of the reaction mixtures 

with different urea compositions (LT-25, LT-50, LT-75 and LT-100) at 700°C was carried 

out   by ICP-AES analysis and Li/Ti mole ratio of the samples was determined. The Li/Ti 

mole ratio was calculated to be around 1.98 in all the samples, which is in good agreement 

with the value for stoichiometric Li2TiO3. It indicates that Li was not lost by evaporation 

during the synthesis of Li2TiO3 by the proposed method. It is worth mentioning at this point 

that evaporative loss of Li is a matter of concern for Li-based ceramic tritium breeding 

materials, and it is because Li breeds the tritium. The Li-evaporation from Li2TiO3 was 

prevented due to fast removal of the exothermic heat by the release of gases.  



The colour of Li2TiO3 powders (LT-25, LT-50, LT-75 and LT-100) was visually examined, 

and difference in colour is observed. It indicates that percentage of urea in the reaction 

mixture affects the colour of the synthesized Li2TiO3 powder. The colour of Li2TiO3 powder 

synthesized by calcination of reaction mixture containing 25 wt% urea (LT-25) is off-white. 

The colour of Li2TiO3 powder synthesized by calcination of reaction mixture containing 

increasingly more percentages of urea i.e. LT-50 (50 wt%), LT-75 (75 wt%), and LT-100 

(100 wt%) turned somewhat brown. Generally, colour of transition metal compounds changes 

due to the change in valence state of transition metal ions with the experimental conditions. 

The transition metal ions often have vacant d-orbitals, which allow acquiring variable valence 

state. The off-white or brown colour is probably due to the reduction of some of the Ti4+ (d0 

system) to Ti3+ (d1 system) by urea [133].       

3.3.5 Sintering and microstructure of fractured surface of Li2TiO3 pellets 

In order to study the sintering behaviour, the volumetric shrinkage of the sintered pellets of 

Li2TiO3 was calculated from the measurement of the change in dimensions of the pellet 

before and after the sintering. The density of sintered pellets was determined by Archimedes 

method. Figure 3.8 shows the effect of sintering temperature on the relative density and 

volumetric shrinkage of the sintered pellets. Increasing the sintering temperature increases 

relative density of the pellets. The pellet achieves relative density of more than 90% at 

significantly low temperature (850oC). The relative density increases to around 98% at 

temperature of 950oC. It clearly shows that Li2TiO3 powder synthesized by the present 

method has very good sinterability. The variation of percentage volumetric shrinkage with 

the sintering temperature is also observed to be in accordance with the relative density. The 

large volumetric shrinkage of around 30% at sintering temperature of 900°C is due to the 

presence of more porosity in the green pellets. 



 

Figure 3.8 Effect of sintering temperature on relative density and volumetric shrinkage 
of Li2TiO3 pellet 

In order to reveal the microstructural characteristics, the SEM images of the fracture surface 

of sintered Li2TiO3 pellets was captured. The microstructure is shown in Figure 3.9. The 

SEM images demonstrate uniform grain morphology of sintered Li2TiO3 pellets, which rules 

out presence of any secondary phase. This result is in complete agreement with the XRD 

analysis which also confirmed formation of pure monoclinic Li2TiO3 phase (Figure 3.5). The 

microstructure of pellet sintered at 850°C displays characteristics of agglomerated sintering. 

The grain boundaries are not clearly demarcated at this temperature. However, the 

microstructure at sintering temperature of 900 and 950°C displays evident polyhedral grains 

and grain boundaries with grain size of 2-3µm, which indicates good sintering of the pellet. 

The grain size increased rapidly on further increasing the sintering temperature up to 1000°C, 

however, the relative density of the pellet does not improve significantly. 



 

Figure 3.9 SEM images of fractured surface of Li2TiO3 sintered at e) 850°C f) 900°C  

g) 950°C and h) 1000°C 

3.3.6 Investigation of electrical properties 

Tritium release from sintered Li-based ceramic breeder is correlated with its Li ion diffusion 

performance, and often higher the Li ion conductivity better is the tritium release behaviour 

[154 156]. Therefore, analysis of Li ion conductivity might indirectly reflect tritium release 

performance of Li2TiO3. In the fusion reactor blanket, temperature of Li2TiO3 increases due 

to neutron irradiation which might affect tritium diffusion from the blanket. The effect of 

temperature on tritium diffusion might be correlated with Li ion conductivity of Li2TiO3 at 



variable temperatures. Therefore, measurement and analysis of electrochemical impedance 

might be quite useful to predict tritium diffusion behaviour of solid breeder materials at 

different temperatures. This method, due to simplicity, convenience and cost-effectiveness 

can be an alternative to the expensive in-pile experiments for predicting tritium diffusion 

behaviour of Li-based solid tritium breeders. Figure 3.10 shows impedance plot (Nyquist 

plot) of sintered Li2TiO3 (sintering temperature of 950°C) at different temperatures.  

 

Figure 3.10 Complex impedance (Nyquist) plots for Li2TiO3 at different temperatures 

Almost linear response of impedance at low temperature (<500°C) indicates the insulating 

behaviour of the sample. The linear response gradually turns to semicircle with increasing 

temperature, which indicates conducting behaviour of the sample at higher temperature. A 

single semi-circular arc at temperatures 550°C and 600°C indicates bulk electrical properties 

of Li2TiO3. A second semi-circular arc emerges at temperatures 650°C and 700°C as depicted 

Figure 3.10 (inset graph), which is due to contribution of grain boundary to the impedance of 



Li2TiO3 at higher temperature. The intercept of semi-circular arc on the real axis decreases 

with increasing temperature. It indicates that bulk resistance of Li2TiO3 decreases with 

increasing temperature. Figure 3.11 shows variation of real and imaginary components of 

impedance as a function of frequency at different temperatures on double logarithmic scale. 

The magnitude of Z(real) decreases with increase of temperature, which indicates reduction 

of resistances including grain, grain boundaries and interface. It may be due to some 

temperature assisted electric or ionic relaxation processes. The observed impedance values of 

Li2TiO3 are considerably lower than the previously measured values [154,156]. Therefore, 

microstructure of sintered Li2TiO3 promotes the ionic diffusion process, which is 

advantageous for tritium extraction.  

 

Figure 3.11 Frequency dependences of the real part i.e. Z(real) and imaginary part i.e. 
Z(imag) at various temperatures 



The microstructural characteristics (grain size, grain boundary volume fraction, grain 

boundary thickness, distribution of secondary phases etc.) and the defect chemistry (oxygen 

vacancies, non-stoichiometry and impurities etc.) significantly affect diffusion of Li+ ion in 

Li2TiO3 [128,157]. The grain boundary diffusion of Li+ ion is often faster than lattice 

diffusion [130,158]. Therefore, Li+ ion conductivity increases with decrease in grain size and 

increase in grain boundary volume fraction. This is a prominent effect in nanoscale Li2TiO3. 

At the temperatures of 650°C and 700°C, the Z(real) decreases at low frequencies, but 

merges at higher frequencies. It may be due to the space charge polarization in the sample. 

The Z(imag) curve as a function of frequency at different temperatures depicts broad and low 

intensity peaks (Figure 3.11). The peak frequency shifts to a higher side with increasing 

temperature and the relaxation occurs over several decades of frequency. It may be due to 

some temperature dependent electrical relaxation phenomena in the material. 



3.4 Summary 

The addition of urea as fuel allows the synthesis well-crystalline pure monoclinic phase of 

Li2TiO3 at relatively low temperature (600-700°C) and short duration (2h) by the solid-state 

method. The percentage of urea in the solid-state reaction mixture has a significant effect on 

the microstructure of as-synthesized Li2TiO3 powder. Due to reduction in synthesis 

temperature and time the present urea assisted solid state synthesis method produces soft-

agglomerated powders with relatively small size. The agglomeration can be eliminated 

conveniently. The pellets of as-synthesized Li2TiO3 powder achieve high relative density (~ 

98%) with small grain size (2-3µm) at sintering temperature of <1000°C that shows excellent 

sinterability of the Li2TiO3 powder. The sintered Li2TiO3 pellet exhibited improved Li ion 

conductivity which is advantageous for tritium release from Li2TiO3. The proposed method 

can provide a simple, and cost-effective alternative for large scale production of highly 

sinterable nanocrystalline Li2TiO3 powder.  

This chapter demonstrated enhanced sinterability of Li2TiO3 ceramic compact through the 

utilization of nanocrystalline/fine powders. The Li2ZrO3, due to neutron multiplication ability 

of Zr, is unique among the candidate Li-based ceramic tritium breeders. The neutron 

multiplication property of Zr can enhance the tritium breeding ratio of the blanket. The 

sinterability improvement of Li2ZrO3 powder compact (which often require higher sintering 

temperature than Li2TiO3) can be quite useful to produce sintered Li2ZrO3 ceramic 

components with desired densification and microstructure for tritium breeding application.  

In view of this, study on sinterability enhancement of the Li2ZrO3 ceramic compact through 

the utilization of nanocrystalline/fine powder has been undertaken which will be discussed in 

the next chapter.  
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 Chapter 4 

Synthesis, characterization, and 
sinterability of Li2ZrO3 

 
The work reported in this chapter has been published as follows:  
i)  
Biranchi Tripathi, Deep Prakash, A. K. Tyagi, P. K. Sinha, Transactions of PMAI 44(2) (2018) 51-55.  
ii) Glycine-nitrate solution combustion synthesis of lithium zirconate: Effect of fuel-to-oxidant ratio on 

phase, microstructure and sintering 
Biranchi M. Tripathi, Trupti Mohanty, Deep Prakash, A. K. Tyagi, P. K. Sinha,  
J. Eur. Ceram. Soc. 40 (2020) 136-144. 



4.1 Introduction 

Several compounds in Li2O-ZrO2 system (e.g., Li8ZrO6, Li6Zr2O7 and Li2ZrO3) has been 

considered for tritium breeding. Lithium metazirconate (Li2ZrO3) has been considered for 

numerous applications including anode in lithium ion batteries as well as a coating for anodes 

and cathodes and solid sorbent for CO2 sequestration [159 168]. The phase diagram of Li2O-

ZrO2 system is presented in Figure 4.1 [169].  

 

Figure 4.1 Phase diagram of Li2O-ZrO2 system [169] (Reproduced with the permission 
from Elsevier) 



The Li2ZrO3 has monoclinic crystal structure within the C2/c space group (No. 15), Z=4. The 

lattice parameters are: a = 542.2 pm, b = 902.2 pm and c = 541.9 pm, .709° [168

171].  It crystallizes in NaCl-type structure in which the oxygen anions, as well as the cations, 

form a distorted cubic close-packed network [170]. Particularly, Li2ZrO3 have recently drawn 

much attention as candidate ceramic tritium breeder in thermonuclear fusion reactors. The 

lithium density in Li2ZrO3 is sufficiently high and zirconium which acts as a neutron 

multiplier, can further enhance the tritium breeding [48,85,87][88,172 177]. Preliminary 

studies have showed that thermal stability and tritium residence times of Li2ZrO3 compares 

favourably to other prospective breeder materials. However, the activation of Zr under 

neutron irradiation in fusion reactor might be disadvantageous. The Li2ZrO3 is required in 

sintered compact shape (pellet, pebble or bar) tritium for breeding in fusion reactor. The 

microstructural features of the sintered compact including the relative density, grain size, and 

porosity are controlling parameters for release and retention behaviour of the breeder. The 

preferable microstructure generally comprises of small grain size, and the relative density of 

90%. However, poor sinterability, evaporative loss of Li, and rapid grain growth at high 

sintering temperature are some of the major limitations in achieving the desired 

microstructural characteristics of sintered Li2ZrO3 compacts. Because of these limitations 

sintering of Li2ZrO3 powder compacts with tailored microstructural characteristics is often 

quite challenging. The one of the possible ways to enhance sinterability of Li2ZrO3 is 

synthesis and utilization of nanocrystalline powders for processing of breeders. The improved 

sinterability and thereby reduction in sintering temperature of nanocrystalline powder 

compacts compared to bulk counterpart is due to high surface area, increased grain boundary 

volume fraction, and the shorter diffusion pathways. The low sintering temperature facilitates 

acquiring high relative density with small grain size in sintered compact.  



Conventionally, Li2ZrO3 powder has been synthesized by solid-state reaction method by 

utilizing Li2CO3 and ZrO2 as precursors. The solid-state method often requires a high 

synthesis temperature and longer reaction time (from many hours to days), which often leads 

to poor sinterability of as-synthesized powders [48,85,96][159,178,179]. Recently, 

improvement in sinterability of Li2ZrO3 powder by synthesizing submicron to nanoscale 

particles has drawn much attention. To synthesizing nanoscale Li2ZrO3 powders, many wet 

chemical methods including solution combustion synthesis (SCS), hydrothermal, sol gel, and 

polymer solution method have been developed [160,163,165][167,180 182].  

The SCS is quick and energy efficient method, which is widely used for the preparation of 

nanoscale ceramic powders. Recently, SCS has drawn attention to synthesize and thereby 

improve sinterability of Li-based ceramic tritium breeders. The SCS relies on high 

exothermic heat generated by the redox reaction between metal nitrates and organic fuel. For 

ignition of the reaction, the mixed precursor solution is heated at relatively low temperatures, 

and after ignition the reaction is self-propagated yielding the desired ceramic powders.  

In this chapter, a systematic study on the solution combustion synthesis of 

nanocrystalline/fine Li2ZrO3 ceramic powders utilizing glycine as organic fuel has been 

presented. The effect of fuel-to- 1.25) on synthesis condition, phase 

purity and microstructure of powder, and the thermochemistry of combustion reactions is 

systematically investigated. The sinerability of as-synthesized Li2ZrO3 powders was 

investigated by dilatometry analysis and also under isothermal conditions. The advantages of 

SCS method is discussed with respect to the powder characteristics, sintering behaviour, and 

the microstructure of sintered compact. 



4.2 Experimental procedure 

4.2.1 Synthesis of Li2ZrO3 powders 

Lithium nitrate: LiNO3 (purity: AR grade, Prabhat Chemicals Private Limited, India), 

zirconium oxynitrate: ZrO(NO3)2 (purity: AR grade, Prabhat Chemicals Private Limited, 

India) were used as precursors for the synthesis of lithium zirconate (Li2ZrO3). Glycine 

(purity: AR grade, Prabhat Chemicals Private Limited, India) was utilized as fuel. All 

reagents were used as received without further purifications. The stock solutions were 

prepared by dissolving LiNO3 and ZrO(NO3)2 in deionised water. According to the 

stoichiometry, the required volume of the stock solutions was mixed properly. In order to 

prepare the SCS reaction mixtures, varying amounts of glycine were separately added in the 

mixed nitrate solution so as to maintain the desired fuel-to- e resulting 

transparent SCS solutions were heated on a hot plate at temperature of 90°C. For the 

measurement of combustion temperature, a K-type thermocouple was properly placed inside 

the reaction vessel. The solution temperature was raised to ~200°C after the solutions turned 

viscous. It was observed that combustion was ignited within a few minutes and self-

propagated. At the end of combustion reaction, a friable and voluminous powder was 

obtained. Flow sheet of the synthesis process is shown in Figure 4.2. The time elapsed from 

the ignition of combustion reaction until its completion was noted carefully for each 

combustion reaction. The general equation for the combustion reactions can be expressed as: 

2LiNO3 (aq.) + ZrO(NO3)2 2H5NO2 2 (g) 

                         = Li2ZrO3 2 2 2O (g)  

In order to delineate the effect of fuel-to-oxidizer ratios ( ) on mode of combustion, 

thermodynamic aspects, and powder properties,  was varied as 0.5, 0.75, 1.0 and 1.25, in the 



present work. The unreacted reactants or residual carbonaceous material might be present in 

the as-synthesized powders. Therefore, the as-synthesized powders were further calcined at 

temperature of 600-800°C in a muffle furnace (Nabertherm, Germany) in static air. In 

addition to removal of residual materials, heat treatment facilitates the formation of desired 

crystalline phase of  Li2ZrO3. 

 

Figure 4.2 Li2ZrO3 synthesis process flow sheet 



4.2.2 Consolidation and sintering of Li2ZrO3 powders 

The Li2ZrO3 powders were compacted to form pellet shape green compacts without addition 

of binder. The compaction was performed by a uniaxial hydraulic press using a cylindrical 

steel die with tungsten carbide lining for the pressing operation. The flow sheet of 

consolidation and sintering is presented in Figure 4.3. 

 

Figure 4.3 Li2ZrO3 powder consolidation and sintering process flow sheet 



Before compaction, the die wall was lubricated using a dilute stearic acid solution to 

minimise the wall friction and thereby avoid density gradients within Li2ZrO3 green pellets. 

The final compaction pressure was applied around 300 MPa. Sintering behaviour of Li2ZrO3 

green pellets were investigated under both, non-isothermal and isothermal conditions. For 

non-isothermal sintering study, Li2ZrO3 pellets of the required size (8 mm diameter and 

around 4 mm height) were prepared. The geometrical shrinkage of these pellets was 

measured, up to 1200°C under a given temperature ramp (5, and 10°C/min) in flowing air, 

using TMA. For performing isothermal sintering experiments, Li2ZrO3 pellets (size: 10 mm 

diameter and 3 mm height) were prepared.  These pellets were sintered at fixed temperatures 

in the range of 800-1000°C with heating rate of 5°C/min for constant time duration (2h) in a 

muffle furnace (Make: Nabertherm, Germany) in static air.  

4.2.3 Characterization 

The phase of as-synthesized powders was analysed by XRD. Inel diffractometer equipped 

with Ni filtered Cu- ource was exploited for recording the 

diffraction patterns. 

Laser diffraction particle size analyser (Make: CILAS, France) was utilized for the 

measurement of particle size of the as-synthesized powders.  

Scanning electron microscopy (SEM) (Make: Seron, Korea) operating at 20kV accelerating 

voltage was used to characterize the microstructures of as-synthesized powders and sintered 

pellets.  

Inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Make: Horiba, 

Germany) was used for the chemical analysis and determination of Li-content of sintered 

pellets. The pellets were dissolved in the aqua-regia as medium for the chemical analysis.  



Archimedes' method was used to measure the relative density of the sintered pellets at room 

temperature. The volumetric shrinkage was calculated by measuring change in dimensions of 

the sintered pellets before and after sintering. 

4.3 Results and discussion 

4.3.1 Thermodynamic aspects and mode of combustion 

The combustion reaction for different fuel-to-oxidizer ratios can be written as follows:  

2LiNO3(aq.) + ZrO(NO3)2(aq.) + 1.11 C2H5NO2(aq.)  

  = Li2ZrO3(s) + 2.22CO2(g) + 2.555N2(g) + 2.775H2O(g) + 2.5O2   

 

2LiNO3(aq.) + ZrO(NO3)2(aq.) + 1.665 C2H5NO2(aq.)  

= Li2ZrO3(s) + 3.33CO2(g) + 2.832N2(g) + 4.162H2O(g) + 1.25O2   

 

2LiNO3(aq.) + ZrO(NO3)2(aq.) + 2.22C2H5NO2(aq.) 

= Li2ZrO3(c) + 4.44CO2(g) + 3.11N2(g) + 5.55H2O(g)                               

 

2LiNO3(aq.) + ZrO(NO3)2(aq.) + 2.775C2H5NO2(aq.) + 1.25O2(g)  

   = Li2ZrO3(c) + 5.55CO2(g) + 3.387N2(g) + 6.937H2  

  

,  <1 corresponds to stoichiometric, fuel-rich, and 

fuel-lean conditions, respectively. In case of , complete oxidation of glycine does not 

involve atmospheric oxygen, while in case of , the oxidation of excess glycine requires 

atmospheric oxygen.  

The standard enthalpy of combustion and the adiabatic temperature were calculated using the 

existing thermodynamic data. The amount of gases released was also calculated for the 



combustion reactions. The thermodynamic relations used for the calculation of enthalpy and 

adiabatic temperature of reactions are as follows: 

     

                                                                                              

where,  , ,  and n are the standard enthalpy of reaction, the heat capacity at 

constant pressure, the adiabatic temperature and the number of moles, respectively. In 

calculation of theoretical adiabatic temperature following assumptions were made: i) 

completion of the combustion reactions ii) oxidation of excess fuel by atmospheric oxygen, 

and iii) no heat loss by conduction, convection or radiation. The variation of the standard 

enthalpy of reaction with the fuel-to-oxidant ratio is shown in Figure 4.4.  

 

Figure 4.4 Effect of fuel-to-oxidizer ratio on standard enthalpy of reaction 



The large negative standard enthalpy values imply highly exothermic nature of the 

combustion reactions. The exothermic heat of combustion .  

The dependence of calculated adiabatic temperature and the measured temperature on the 

fuel-to-oxidant ratio are depicted in Figure 4.5.  

 

Figure 4.5 Effect of fuel-to-oxidizer ratio on calculated and measured temperature 

The highest adiabatic temperature (2554°C) is produced from the r while the 

lowest (680°C) from the . This result is consistent with corresponding 

enthalpy values of the reactions.  

On the other hand, the actual maximum temperature measured for each combustion reactions 

are much lower than the adiabatic temperature. It is due to release of large volume of gases in 

the combustion process, which dissipate heat very quickly by the convective process. 

Therefore, it largely affects the actual temperature. As shown in Figure 4.6, the amount of 



gases (moles) increases with , and release of gases in case of fuel-rich system are 

approximately twice of the fuel-lean system. Therefore, the difference between the adiabatic 

and actual temperature is initially somewhat less but gradually increases with increasing . 

Moreover, in contrast to adiabatic temperature, the actual temperature decreases with 

 

 

Figure 4.6 Effect of fuel-to-oxidizer ratio on amount of gases released 

This trend of actual temperature with increasing cannot be only due to the convective loss 

of exothermic heat by the releasing gases but also due to the switch in the mode of 

combustion reaction with change of switch in the mode of combustion was visually 

observed for each combustion reactions and results are summarized in Table 4.1.   



Table 4.1 Mode of combustion at different fuel to oxidant ratio  
 

 Mode of combustion Duration of 

combustion 

reaction (s) 

Colour of powder 

0.5 VCS 12 White 

0.75 VCS 15 White 

1 VCS 5 White 

1.25 SHS-Volcanic eruption 20 White 

 

It is worth mentioning at this juncture that in case of 1, the atmospheric oxygen is not 

needed for the completion of the redox reactions between glycine and nitrates, however, in 

case of , the atmospheric oxygen is necessarily required. But slow diffusion of oxygen 

into the reaction mass might result in deprivation of oxygen leading to incomplete 

combustion of glycine It is clearly violating one of the assumptions for 

adiabatic heat calculation that excess glycine completely oxidizes by the atmospheric oxygen. 

Therefore, a plausible explanation for large difference between the adiabatic and the actual 

temperature ( ) would be due to incomplete oxidation of glycine in addition to 

convective heat loss by the escaping gases. As given in Table 4.1, the mode of combustion 

The VCS mode of combustion was observed fo , 

which is characterized by a very violent reaction. In case of comparatively 

moderate reaction was observed due to switch in combustion mode to SHS. Interestingly, a 

white colour powder was obtained , however, Zhou et al. obtained grey colour 

powder while using citric acid fuel [150]. It is because, unlike citric acid (Zhou et al.) [150], 

the excess glycine ( ) decomposes without generating carbon (C). It is to be 



noted that grey colour of the powder is due to the carbon impurity. The decomposition of 

excess glycine can be expressed by the following chemical reaction:  

2C2H5NO2(s) + 4.5 O2(g) = 4CO2(g) + N2(g) + 5H2O(g)     

The standard Gibbs free energy and enthalpy for above reaction is calculated as -237 and -

206 Kcal/mol. Therefore, from the thermodynamics point of view, the above reaction is 

feasible and highly exothermic. 

4.3.2 Phase composition and crystallite size 

The XRD pattern (Figure 4.7) revealed the formation of mixture of two crystallographic 

phases of Li2ZrO3 in the powder calcined at 700 and 750°C irrespective of the fuel-to-

oxidizer ratios. The assigned XRD peaks of the as-synthesized powders match well with the 

standard patterns of the monoclinic and tetragonal phases of Li2ZrO3 (JCPDS Card No. 033-

0843 and 041-0324).  The peaks of tetragonal phase are not observed in the XRD pattern of 

powder calcined at 600°C, which might be due to the amorphous nature. The formation of 

metastable phase is commonly observed in SCS method. It is due to the extremely fast 

kinetics of the combustions reactions which allows the exothermic energy (generated from 

the combustion) to turn-off very quickly before the formation of equilibrium (or stable) 

phase. Also, in the present case the formation of metastable tetragonal phase is consistent 

with the extremely fast nature of the combustion reaction (Table 4.1). The time of 

completion of the combustion reactions is within 5-20 sec (Table 4.1). The XRD peaks of 

tetragonal phase have very low intensity, which indicates the formation of minor quantity of 

tetragonal phase in the powder.  



 

Figure 4.7 XRD pattern of Li2ZrO3 powder synthesized at varying fuel-to-oxidizer 
ratios and temperatures (* = Monoclinic phase, # = Tetragonal phase) i) 600°C ii) 700°C 

iii) 750°C iv) 800°C

The well crystalline monoclinic Li2ZrO3 phase was synthesized after annealing the powder at 

800°C as confirmed by the XRD pattern (Figure 4.7) of the powder. Moreover, any 

unreacted component or impurity phases are not observed in XRD pattern, which indicates 

that enough exothermic heat was produced in the combustion reactions for the formation of 

Li2ZrO3. This result is somewhat different from the work of Zhou et al. [150] which showed 

presence of unreacted LiNO3 and TiO2 in as-synthesized Li2TiO3 powder while citric acid 

was used as the fuel. 



The crystallite size of Li2ZrO3 was calculated from the FWHM of the XRD peaks. Before the 

crystallite calculation, the instrumental contribution to XRD peak broadening was obtained 

from the XRD peak of the standard LaB6 sample, and it was used to obtain the instrument 

corrected hkl) of the XRD peaks of Li2ZrO3. hkl) was 

calculated using the following relations: 

2)hkl 2)measured - 2)instrumental        

Scherrer's equation was used to calculate the average crystallite size (D) of Li2ZrO3 as 

follows: 

D = (0.9 / hkl cos )         

where,  the wavelength of radiation (1.54056 Å for Cu-  hkl is FWHM of 

XRD peak, the peak position. 

The crystallite size of Li2ZrO3 powder synthesized under fuel-lean, stoichiometric and fuel-

rich conditions, and calcined at 800°C are depicted in Figure 4.8. The crystallite size first 

decreases with increase in fuel-to-oxi

then to 1 (18 nm), and then increases somewhat  =1.25 with the crystallite size of 25 nm. 

Decrease in crystallite size up to  equals to 1 is consistent with increase in the actual 

temperature of the combustion reaction (Figure 4.5). However, slight increase of crystallite 

 =1.25 may be due to switch in combustion mode from VCS to SHS. In SHS mode, time 

duration of combustion reaction is relatively longer as given in Table 4.1, which allows 

crystallites to grow larger. Therefore, many competing factors including the temperature, 

volume of gases released, and the mode of the combustion lead to the observed dependence 

of crystallite size on fuel-to-oxidizer ratio. 



 

Figure 4.8 Effect of fuel-to-oxidizer ratio on crystallite size of Li2ZrO3 

4.3.3 Powder morphology 

Mean particle size (measured by laser diffraction method) of Li2ZrO3 powder synthesized at 

fuel-lean, stoichiometric and fuel-rich conditions, and subsequently calcined at 800°C and 

1000°C is shown in Figure 4.9. The mean particle size is observed to be considerably larger 

than the crystallite size (Figure 4.8), irrespective of the fuel-to-oxidizer ratios. It is due to the 

high surface area of the combustion derived fine Li2ZrO3 powders leading to agglomeration 

of the particles under the influence of available exothermic heat of the combustion.  



 

Figure 4.9 Effect of fuel-to-oxidizer ratio on mean particle size of Li2ZrO3 powder  
(T1 = 800°C, T2 = 1000°C)   

As the reaction temperature varies with the fuel-to-oxidizer ratios (Figure 4.5), the extent of 

agglomeration and thereby mean particle size also varies with the fuel-to-oxidizer ratios 

(Figure 4.9). The small particle size of powder calcined at higher temperature (1000°C) as 

compare to 800°C is obvious. The agglomerate size and its nature (hard or soft) have bearing 

on the green density, and thereby sinterability of the powder compact. Generally, large sized 

hard powder aggregates result in poor sinterability of the compact.  Therefore, the fuel-to-

oxidizer ratio needs to be optimized to avoid the formation of hard particle aggregates.  

The SEM micrographs of Li2ZrO3 powder synthesized at different fuel-to-oxidizer ratios, and 

subsequently calcined at 800°C are shown in Figure 4.10. 



   

Figure 4.10 SEM images of of Li2ZrO3 powder clacined at 800°C and fuel-to-oxidizer 
ratio a=0.5, b=0.75, c=1, d=1.25 

The powder exhibits morphology comprising of agglomerated flake shape particles with very 

broad size range (5-30 , which is in good agreement with the laser particle size data 

(Figure 4.9). The morphological variations in the powder synthesized at different fuel-to-

oxidizer ratios is due to the difference in reaction temperature. The poor thermal conductivity 

of Li2ZrO3, poor inter-particle connectivity, and formation of large voids are additional 

contributing factors to the temperature variations within the powder. Due to the release of 

large volume of gases, the synthesized powder is highly porous and voluminous. The 

formation of large size gas channels is clearly visible in the fuel-rich composition (Figure 

4.10 d). The agglomerated Li2ZrO3 powders comprised of very fine primary particles (Figure 

4.10). It is worth to be mentioned at this juncture that conventional solid-state synthesis 

method, due to high temperature (> 1000°C), prolonged reaction, and moderate gaseous 

  

  



release, often results in large size hard Li2ZrO3 powder aggregates, which lead to extremely 

poor sinterability of the powder compact. However, in present SCS method, despite the high 

adiabatic temperature, the formation of hard particle aggregates is prevented due to extremely 

short reaction time, and quick dissipation of heat by large volume of releasing gases via 

convective process. The soft particle agglomerates, due to very weak inter-particle bonding, 

easily disintegrate into the primary particles by pestle-mortar or modertae ultrasonication, and 

therefore do not deteriorate the green density and thereby sinterability of the powder 

compact. 

4.3.4 Chemical analysis (Li/Zr ratio) and residual Li2O content 

The estimated mean value of Li/Zr mole ratio (1.975 0.006) in Li2ZrO3 powder 

synthesized at different fuel-to-oxidizer ratios ( ), and subsequently 

calcined at 1000°C, is consistent with the stoichiometric value (i.e. 2). Therefore, it confirms 

that no evaporative loss of Li occurred from as-synthesized Li2ZrO3 by the present SCS 

method. It is worth to mention that evaporative loss of Li from tritium breeders is of concern 

because it has direct bearing on the tritium breeding ratio. Despite the high heat of 

combustion reaction, the loss of Li is prevented because of the transient nature of the reaction 

and fast dissipation of heat by large volume of the releasing gases. The residual Li2O in the 

as-synthesized Li2ZrO3 powder at different fuel-to-oxidizer ratios, and subsequently calcined 

at 800°C was determined for by a simple pH measurement method. In this method, a known 

quantity (50 mg) of Li2ZrO3 powder was suspended in fixed volume of distilled water and 

ultrasonicated for constant duration (15 min) at the room temperature. It was assumed that 

residual Li2O dissolves completely into water due to high solubility, and therefore, increases 

the pH of the resulting solution. The residual Li2O content was determined from measuring 

the increase in the solution pH. The dissolution reaction can be expressed as given below. 



Li2O(s) + H2O (l) = 2 LiOH (aq.)       

To confirm that Li2ZrO3 was not hydroxylated in water, one of the samples was kept 

overnight in water under the identical conditions, and thereafter the sample was filtered, 

dried, and its  XRD pattern was recorded as depicted in Figure 4.11. 

 

Figure 4.11 XRD pattern of Li2ZrO3 before and after dissolution 

The comparison of the XRD pattern of Li2ZrO3 before and after dissolution confirmed no 

hydroxylation in water. 

The quantity of residual Li2O in the as-synthesized Li2ZrO3 powder is in the range 155-469 

(µg/g) as presented in Figure 4.12. Such small quantities are often difficult to observe by 

XRD method, and therefore, Li2O peaks were possibly not detected in the XRD pattern 

(Figure 4.7).  



 

Figure 4.12 Li2O content in Li2ZrO3 powder annealed at 800°C for different  

fuel-to-oxidizer ratio 

The residual Li2O was originated from the thermal decomposition of LiNO3 in the 

combustion process, and its quantity depends on many factors including reaction temperature, 

volume of gases, and the mode of combustion. Therefore, the residual Li2O content in as-

synthesized Li2ZrO3 powder varies with the fuel-to-oxidizer ratios (Figure 4.12). It is worth 

emphasizing that tritium breeding performance of Li2ZrO3 is affected by the presence of 

residual Li2O in Li2ZrO3. Tritiated water vapours are one of the chemical forms in which the 

bred tritium purges out of the tritium breeder by thermal desorption. The residual Li2O 

chemically reacts with the tritiated water vapours to form tritiated lithium hydroxide and 

thereby chemically traps tritium within the breeder. To recover tritium from the tritiated 



lithium hydroxide a separate high temperature (> 1000°C) decomposition process is needed 

which is not compatible with the current TBM configuration. Therefore, fuel-to-oxidizer ratio 

need to be optimized such that synthesized Li2ZrO3 powder should be free from the residual     

Li2O. 

4.3.5 Sintering behavior of Li2ZrO3 

Representative dilatometry curve of Li2ZrO3 pellet (8mm diameter and 3-4mm thickness) at 

different heating rates (5, 10 and 15°C/min) up to 1200°C is shown in Figure 4.13. It 

indicates percentage shrinkage of the pellet expressed as dL/L0 (%) with increasing 

temperature where Lo is initial length. Intense shrinkage (~15%) of the pellet was observed 

in temperature ranging from around 850 to 1000°C at a heating of 5°C/min. It is due to the 

dominance of the sintering mechanisms over the intrinsic thermal expansion of the pellet 

resulting in densification of the pellet. Intense shrinkage observed is consistent with large 

amount of porosity present in the green pellet. The onset of sintering step was observed at 

around 850°C as distinctly depicted in inset derivative plot (Figure 4.13) which suggests 

excellent sinterability of Li2ZrO3 powder synthesized by present method. Apparently, 

increasing the heating rate shifted the onset of initial sintering to higher temperature (Figure 

4.13) which is related to kinetic aspect of sintering. In fact, at low heating rates, the pellet is 

exposed to heating for a longer duration and consequently underwent more shrinkage until 

reaching a specific temperature. During the final step (>1000-1200°C) only a modest 

shrinkage around 1-2% was observed. In this step, instead of densification, the grain growth 

mechanism might be dominant.  



 

Figure 4.13 Dilatometry curve of Li2ZrO3 pellet at heating rate of 5, 10 and 15°C/min 

For more insight on sintering process, isothermal sintering of Li2ZrO3 pellets was conducted. 

For this, Li2ZrO3 powders synthesized at stoichiometric fuel-to-oxidizer ratio  and 

calcined at 800°C were compacted to form pellets of desired dimension (10mm diameter x 3 

mm height). The pellets were sintered at different sintering temperatures ranging from 900-

1100°C and constant sintering time (2h). The rate of heating was kept constant (10°C/min). 

The volumetric shrinkage of the pellets was determined at each sintering temperature from 

measured difference in pellet dimensions before and after sintering. The relative density of 

the sintered Li2ZrO3 pellets at each sintering temperature was determined by Archimedes' 

water displacement method.  



The plot of relative density and volumetric shrinkage of sintered Li2ZrO3 pellet as a function 

of sintering temperature is presented in Figure 4.14.  

 

Figure 4.14 Effect of sintering temperature on relative density and volumetric shrinkage 
of Li2ZrO3 pellet 

The relative density of the sintered pellets increases with the sintering temperature. The 

optimum relative density for tritium breeding purpose that is generally about 90%, is 

achieved at temperature as low as 950°C. Additionally, at such as low sintering temperature 

(below 1000°C), evaporative loss of Li might be insignificant. The relative density sharply 

increases to about 98% at sintering temperature of 1000°C. Further increasing the sintering 

temperature to 1050 and 1100°C does not improve the relative density significantly (Figure 

4.14). Jean-Daniel Lulewicz et al. synthesized Li2ZrO3 powder by the solid-state method and 



fabricated sintered pebbles with relative density about 70% at sintering temperature of about 

1200°C [85]. It shows that the Li2ZrO3 powder synthesized by the present method has 

significantly improved sinterability as compared to the conventional solid-state method. The 

densification behaviour of Li2ZrO3 pellets at different sintering temperatures can be 

correlated with the kinetics of two competing sintering processes, the densification and the 

grain-growth. The densification is likely to be a dominant process at sintering temperature of 

up to 1000°C, which results in fast increase in the relative density Li2ZrO3 pellet. However, 

at further higher sintering temperature, the grain growth is likely to be a dominant process, 

which results in grain coarsening without significant improvement in the relative density of 

the pellets. The volumetric shrinkage (%) curve of the pellets is consistent with the 

densification curve. The large volumetric shrinkage of the pellets is consistent with the more 

porosity present in the green pellets.  

To reveal the microstructural characteristics, SEM images of fracture surface of sintered 

Li2ZrO3 pellets at different sintering temperatures (900, 950, 1000 and 1050°C) was captured 

as shown in Figure 4.15. The uniform grain morphology, as evident from the SEM images, 

confirms the phase purity of the of sintered Li2ZrO3 pellets. It is in complete agreement with 

the XRD result (Figure 4.7) confirming the formation of pure monoclinic Li2ZrO3 at 

annealing temperature of 800°C annealing. The microstructure of the pellets exhibits the 

agglomerated sintering at sintering temperatures of 900 and 950°C with no clear demarcation 

of the grain boundaries (Figure 4.15 i-j). However, microstructure at sintering temperature of 

1000°C is comprised of evident polyhedral grains with grain size of 1-2µm and grain 

boundaries as shown in Figure 4.15 k. It shows good sintering of pellet at sintering 

temperature of 1000°C.  Further increasing the sintering temperature to 1050°C results in 

rapid grain growth with large number of closed porosity (Figure 4.15 l). The microstructural 

evolution as a function of sintering temperature is consistent with the densification curve of 



Li2ZrO3 pellet (Figure 4.14). The densification mechanism dominates grain growth at the 

sintering temperature of 1000°C, which results in microstructure with high relative density 

and small grain size (Figure 4.15 k).  At sintering temperature of higher than 1000°C, the 

grain growth mechanism dominates the densification process leading to coarse-grained 

microstructure (Figure 4.15 l) with no significant improvement in the relative density of the 

pellet (Figure 4.14). 

 

Figure 4.15 SEM images of fractured surface of Li2ZrO3 sintered at i) 900°C j) 950°C k) 
1000°C and l) 1050°C 

4.3.6 Post sintering characterizations of Li2ZrO3 

The chemical analysis of sintered Li2ZrO3 pellets was carried out following the procedure 

already described in the Section 4.3.4 to determine the Li/Zr mole ratio. In Li2ZrO3 pellets 

sintered at 900-1100°C for 2 h duration, the estimated mean Li/Zr mole ratio (1.975 ± 0.006) 



is consistent with the stoichiometric ratio (i.e. 2). It confirms that no evaporative loss of Li 

took place during sintering of the Li2ZrO3 pellets. The XRD patterns of sintered Li2ZrO3 at 

different sintering temperatures is shown in Figure 4.16. The XRD pattern remains 

unchanged after the sintering except modest variation in relative peak intensities. The 

variation of peak intensity might be due to improved crystallinity at higher sintering 

temperatures.  

 

Figure 4.16 XRD patterns of Li2ZrO3 pellets after sintering 

 

 



4.4 Summary 

In this chapter the solution combustion synthesis of nanocrystalline Li2ZrO3 powders using 

glycine as fuel was accomplished. The fuel-to-  significantly affected the 

mode of combustion, phase composition, and microstructure of Li2ZrO3 powders. The 

Thermochemical analysis of combustion reactions demonstrated that adiabatic temperature 

and the volume of gases in the actual reaction temperature decreases 

 due to the fast dissipation of heat by the evolving gases.  Moreover, the 

mode of combustion switches from VCS to SHS-volcanic eruption at higher  The as-

synthesized powders (directly from the combustion reaction) are comprised of minor quantity 

of metastable tetragonal phase along with the stable monoclinic phase of Li2ZrO3, irrespective 

of the fuel-to-oxidizer ratios. However, pure monoclinic Li2ZrO3 with good crystallinity was 

obtained after calcination of the powders at temperature of 800oC. The crystallite size of 

Li2ZrO3 is in the range of 18-  agglomeration of Li2ZrO3 powders 

results in considerably large particle size than the crystallite size. Powder morphology 

comprised of micrometric agglomerated irregular flake shape particles. In Li2ZrO3 powders, 

the residual Li2O was determined to be in the range 155-469 µg/g. The Li2ZrO3 pellets 

demonstrated excellent sinterability. The pellets achieved a relative sintered density of about 

90% at sintering temperature of as low as 950°C. Nearly full densification of pellets is 

achieved at sintering temperature of 1000°C with small grain size (1-2µm). The higher 

sintering temperature (1050°C) results in rapid grain growth with large number of closed 

pores.  

The present work establishes that solution combustion synthesis is an efficient method to 

produce fine Li2ZrO3 powder with excellent sinterability which will facilitate circumventing 

the critical issues such as Li-evaporation and grain growth. Another Li-based ceramic, 

LiAlO2, owing to excellent structural and mechanical stability, can be capable of reliably 



withstanding severe operational conditions. Therefore, LiAlO2 might be a favourable material 

of choice for tritium breeder application in high power commercial fusion reactors. 

Additionally, due to these favourable properties, LiAlO2 is a leading ceramic material for 

application in commercial light water reactor as tritium-producing burnable absorber rods 

(TPBARs). The sinterability enhancement of LiAlO2 powder can be very useful to produce 

sintered LiAlO2 ceramic components with desired densification and microstructure for these 

applications.   

In view of this, study on synthesis of fine LiAlO2 powder with improved sinterability has 

been undertaken in this thesis which will be presented in the next chapter.   
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 Chapter 5 

Synthesis, characterization, and 
sinterability of LiAlO2 

 
The work reported in this chapter has been communicated as follows:  

-LiAlO2: effect of fuel ratio on phase, microstructure 

and sintering  

Biranchi M. Tripathi, P. K Patro, T. Mohanty, Deep Prakash, A. K. Tyagi, P. K. Sinha,  

Ceram. Int.  
 



5.1 Introduction 

Main interest in lithium aluminate (LiAlO2) is due to its numerous practical applications: as a 

coating material for Li lithium-conducting electrodes, as an additive in composite Li 

electrolytes, as a template semiconductors, as a membrane 

material for molten-carbonate fuel cells and as a candidate material for tritium breeder or 

fusion reactors [183 194]. Although six polymorphs of LiAlO2 have been announced so far, 

however, only - -phase, 

-phase have been synthesized and their structures have been thoroughly established 

using diffraction technique [188,195 204].  The -LiAlO2 has a hexagonal structure. The 

density of -phase (3.401 g cm 3) is the highest among the three phases. Therefore, this phase 

is the most stable at high pressure [200,205]. The -LiAlO2 has an orthorhombic crystal 

structure with density of 2.61 g cm 3 [196]. The -LiAlO2 is preferred for various 

applications because it is the most stable phase among all polymorphs, under ambient 

conditions. Therefore, -LiAlO2 -LiAlO2 phases transform into -LiAlO2 at temperature 

above 750°C [196]. -LiAlO2 has a tetragonal crystal structure with the space group 

P41212 (No.92), Z=4, and the lattice parameters: a = 522.4 pm, and c = 629.7 pm [196]. The 

phase diagram of Li2O-Al2O3 system is shown in Figure 5.1 [169] -LiAlO2 has excellent 

chemical, structural and mechanical stability against intense thermal and radiation (neutron 

and gamma) field in fusion reactor environment as well as good tritium breeding performance 

which makes it one of the most promising tritium breeder ceramic especially for off-line 

tritium breeding application [172,206 211] -LiAlO2 

compact (pellet or pebble) is preferred. It is well documented that density and microstructure 

of sintered lithium ceramics are important parameters that have great influence on diffusivity 

and release process of bred tritium from crystal grain.  



 

Figure 5.1 Phase diagram of Li2O-Al2O3 system [169] (Reproduced with the permission 
from Elsevier) 

Furthermore, it was found that tritium release rate from lithium ceramics with small grain 

size was much faster than that of ceramics with large grain size and with same open porosity. 

It was also observed that lithium ceramics with relative sintered density in the range of 85-

90% exhibited optimal thermo-physical and mechanical properties. Fabricating lithium 

ceramics compliant with these physical and microstructural properties is quite challenging. 

This is primarily because lithium ceramics inherit poor sinterability and are prone to Li-

sublimation and rapid grain growth when subjected to high temperature either during powder 

preparation or sintering. Recently, synthesis of nanocrystalline lithium ceramic powders have 

drawn much attention which can enable to sinter these ceramics possibly at low temperature 

and in short time duration and thereby overcome these problems. The reduction of sintering 



temperature and time will facilitate the fabrication of lithium ceramic components with 

optimal densification and fine-grained microstructure. 

-LiAlO2 powder preparation are mainly based on solid state reaction 

between alumina (Al2O3) and lithium-containing compounds such as lithium carbonate 

(Li2CO3), lithium hydroxide (LiOH), lithium oxide (Li2O) etc [111,193,207 220]. This 

method involves multiple cycles of high temperature calcination (>1000°C) for several hours 

and intermittent grinding of powder which often results hard agglomerated and bigger size 

particles. Meanwhile, Li sublimation due to high-temperature calcination and also 

contamination of powder with - 

LiAlO2 powder with controlled particle size is difficult to synthesize. These factors 

collectively lead to poor sinterability of synthesized powder and thereby put serious 

limitations on fabricatio -LiAlO2 tritium breeder material with optimal densification and 

small grain size. The present- -LiAlO2 powder mainly include wet 

chemical methods such as alkoxide hydrolysis, co-precipitation, sol gel, spray drying and 

hydrothermal process [221 228]. Although fine (sub- -LiAlO2 powders 

with enhanced sinterability were prepared by these methods, however, these methods involve 

sophisticated techniques, time consuming procedures and costly organometallic precursors 

which are not cost effective and deterrent to reproducibility and reliability of the final 

powder. 

Solution combustion synthesis (SCS) is an innovative and promising method for preparation 

of sub-micron to nanoscale ceramic powder. It is very rapid chemical process which relies on 

highly exothermic redox reaction between metal nitrates and organic fuel. Initially 

combustion reaction is ignited by heating mixed nitrate and fuel solution at relatively low 

temperatures and afterwards it evolves in self-propagated manner to yield the desired 

product. For instance, fine Li2TiO3 and Li2ZrO3 powders were prepared by SCS method 



using citric acid and glycine as fuels respectively and desired nitrates as oxidizing agents. 

These powders exhibited very good sinterability. However, systematic study on preparation 

-LiAlO2 powders by SCS method and its sintering behaviour has been seldom reported.   

This chapter focuses on a novel mixed fuel vis-à-vis conventional single fuel solution 

combustion synthesis of nano -LiAlO2 powders utilizing citric acid and glycine as 

organic fuel. The outstanding benefits of mixed fuel SCS approach over conventional single 

fuel approach as well as other synthesis methods are discussed in relation to powder 

properties, sintering behaviour, microstructure and thermochemical aspects.  

5.2 Experimental procedure 

5.2.1 Synthesis of LiAlO2 powders 

Lithium nitrate: LiNO3 (purity: AR grade, Prabhat Chemicals Private Limited, India), 

aluminium nitrate nonahydrate: Al(NO3)3.9H2O (purity: AR grade, Sigma-Aldrich, India) 

were used as precursors for the synthesis of lithium aluminate (LiAlO2). Glycine (purity: AR 

grade, Prabhat Chemicals Private Limited, India) and citric acid (purity: AR grade, Sigma-

Aldrich, India) were exploited as fuels. All reagents were used as received without further 

purifications. The stock solutions were prepared by dissolving LiNO3 and Al(NO3)3 in 

deionised water. Required volume of the stock solutions were taken in the stoichiometric 

proportion and thoroughly-mixed. The SCS reaction mixtures were prepared by separately 

adding glycine and citric acid in the mixed nitrate solution. The fuel compositions i.e. ratio of 

citric acid-to-glycine ratios were varied while maintaining stoichiometric O/F ratio. The 

studied fuel compositions are given in Table 5.1.  



Table 5.1 Fuel compositions of different combustion reactions  
 

Combustion 
reaction 

Fuel composition (mol %) 

Citric acid Glycine 

R1 100 0 

R2 50 50 

R3 40 60 

R4 30 70 

R5 20 80 

R6 10 90 

R7 0 100 

 

Resulting transparent solution was transferred to a preheated hot plate at 90°C and dried until 

most of the water was evaporated and a viscous gel was formed. At this point, the 

temperature of the hot plate was increased to ~200°C and within a few minutes combustion 

was ignited and self-propagated until completion. The K-type thermocouple was 

appropriately placed for temperature measurement of combustion reactions. A friable and 

voluminous powder was obtained at the end of combustion reaction.  The time elapsed from 

ignition until the end of combustion reaction was carefully noted. For calcination, the as-

synthesized powders were transferred into muffle furnaces (Nabertherm, Germany) and 

heated in temperature range 550-700°C in a static air environment so as to augment the phase 

formation and remove residual carbonaceous materials. The process flow sheet of synthesis is 

outlined in Figure 5.2. 



 

Figure 5.2 LiAlO2 powder synthesis process flow sheet 

5.2.2 Compaction and s -LiAlO2 powders 

Compaction of -LiAlO2 powder, to prepare pellet shaped green compacts, was performed by 

a uniaxial hydraulic press without use of binder. The consolidation and sintering process flow 

sheet is presented in Figure 5.3. The sintering behaviour of -LiAlO2 pellets was studied 

under both, non-isothermal and isothermal conditions. Non-isothermal sintering study was 

conducted by preparing -LiAlO2 pellets of the required size i.e. 8 mm diameter and around 4 

mm height and measuring geometrical shrinkage of these pellets up to 1200°C under a given 

temperature ramp (5 and 10°C/min) in flowing air using TMA. For performing isothermal 

sintering experiments, the pellets of dimensions 10mm diameter and 2-3mm thickness were 



prepared in similar manner and these pellets were sintered in a Muffle Furnace (Nabertherm, 

Germany) at fixed temperatures ranging from 800-1100°C with heating rate of 10°C/min and 

constant dwell time (2h) in static air.  

 

Figure 5.3 LiAlO2 powder consolidation and sintering process flow sheet  



5.2.3 Characterization 

Powder XRD patterns of LiAlO2 were recorded on a diffractometer (Proto AXRD, Canada) 

using Cu- -ray source.  

A scanning electron microscope (SEM, Carl Zeiss, Germany), operating at 20kV accelerating 

voltage was used to study morphology of powder samples and microstructure of sintered 

pellets. The powder samples and pellets were sputter-coated with gold to prevent charging 

due to lack of electrical conductivity of the samples.  

The density of sintered LiAlO2 pellets was measured at room temperature by Archimedes' 

method. The volumetric shrinkage of pellets was calculated by measuring change in 

dimensions of the pellet before and after sintering. 

5.3 Results and discussion 

5.3.1 Thermochemical analysis and mode of combustion 

The fuel composition was varied according to the plan given in Table 5.1. The fuel 

composition was varied such that stoichiometric value of fuel-to-oxidant ratio was 

maintained for all fuel compositions (equivalence ratio = 1). The equivalence ratio was 

derived from total oxidizing and reducing valency of reactants invoking basic principal of 

propellant chemistry. The combustion reaction corresponding to each fuel composition can be 

expressed as:  

 

LiNO3(aq.) + Al(NO3)3.9H2O (aq.) + (10/9) C6H8O7(aq.) 

            = LiAlO2(s) + (60/9) CO2(g) + 2N2(g) + (94/9) H2O(g)   (R1) 

 

LiNO3(aq.) + Al(NO3)3.9H2O(aq.) + (20/27) C6H8O7(aq.) + (20/27) C2H5NO2(aq.) 

  = LiAlO2(s) + (160/27) CO2(g) + (64/27) N2(g) + (292/27) H2O(g)  (R2) 



 

LiNO3 + Al(NO3)3.9H2O(aq.) + (80/126) C6H8O7(aq.) + (120/126) C2H5NO2(aq.) 

   = LiAlO2(s) + (720/126) CO2(g) + (312/126) N2(g) + (1376/126) H2O(g)  (R3) 

 

LiNO3 + Al(NO3)3.9H2O(aq.) + (60/117) C6H8O7(aq.) + (140/117) C2H5NO2(aq.) 

   = LiAlO2(s) + (640/117) CO2(g) + (304/117) N2(g) + (1292/117) H2O(g)  (R4) 

 

LiNO3(aq.) + Al(NO3)3.9H2O(aq.) + (10/27) C6H8O7(aq.) + (40/27) C2H5NO2(aq.) 

   = LiAlO2(s) + (140/27) CO2(g) + (74/27) N2(g) + (302/27) H2O(g)  (R5) 

 

LiNO3(aq.) + Al(NO3)3.9H2O(aq.) + (20/99) C6H8O7(aq.) + (180/99) C2H5NO2(aq.) 

 = LiAlO2(s) + (480/99) CO2(g) + (288/99) N2(g) + (1124/99) H2O(g)  (R6) 

 

LiNO3(aq.) + Al(NO3)3.9H2O(aq.) + (20/9) C2H5NO2(aq.) 

 = LiAlO2(s) + (40/9) CO2(g) + (28/9) N2(g) + (104/9) H2O(g)   (R7) 

 

In the above reactions, R1 and R7 represent single fuel condition containing citric acid and 

glycine as fuels respectively. The reactions R2-R6 represent mixed fuel (citric acid + glycine) 

conditions with different fuel composition as given in Table 5.1. Since stoichiometric fuel-

to-oxidizer ratio was maintained for all reactions (R1-R7), therefore for thermochemical 

calculations, it was assumed that fuels were completely oxidized without need of atmospheric 

oxygen. The standard thermodynamic data available in literature were used for all 

thermochemical calculations. The standard Gibbs free energy, standard enthalpy and 

adiabatic temperature of combustion reactions (R1-R7) were calculated according to the 

following thermochemical relations:                                                                                 



     

       

                                                                                                           

where,  , ,   ,  and n are the standard Gibbs free energy of 

reaction, standard enthalpy of reaction, standard entropy of reaction, the heat capacity at 

constant pressure, the adiabatic temperature and number of moles respectively. For 

calculation of theoretical adiabatic temperature, it was assumed that all reactions (R1-R7) 

were complete, the left-over fuels were oxidized by atmospheric oxygen and exothermic heat 

of reaction is not dissipated either by conduction, convection or radiation. 

The effect of fuel composition on the standard Gibbs free energy and enthalpy of reactions is 

depicted in Figure 5.4. It was observed that, the Gibbs free energy and enthalpy of each 

reaction (R1-R7) are highly negative which indicates that combustion reactions for selected 

range of fuel composition are thermodynamically feasible and highly exothermic in nature. 

The highest exothermic heat (-1290 kJ/mol) was observed for reaction R1 in case of single 

fuel citric acid and the lowest (-1228 kJ/mol) observed for reaction R7 in case of single 

glycine fuel (Figure 5.4). In case of mixed fuel compositions i.e. for reactions R2-R6, an 

intermediate value of exothermic heat was observed. Figure 5.4 shows that on successive 

addition of glycine in compensation of citric acid, the exothermic heat was gradually 

decreased which is an obvious trend because as discussed above, combustion enthalpy of 

glycine (reaction R7) is lower than that of citric acid (reaction R1). 



The adiabatic reaction temperature was calculated from enthalpy of reaction using the above 

thermochemical relation and also, the actual reaction temperature was measured according to 

the procedure given in the Section 5.2.1. 

 

Figure 5.4 Effect of fuel composition on standard enthalpy and the Gibbs free energy of 
reaction 

A comparison of adiabatic and actual temperature for different combustion reactions is shown 

in Figure 5.5. Evidently, due to the compensation effect, there is no significant variation in 

the adiabatic temperature of the combustion reactions with different fuel compositions. 

Interestingly, the actual reaction temperature was observed much lower than the adiabatic 

temperature for every reaction (R1-R7). Moreover, the actual temperature was found to 

increase on successive addition of glycine in place of citric acid. This is because the amine 

functional group in glycine not only facilitate the complex formation with metal cation but 



also decomposes at higher temperature to release ammonia gas (NH3). The redox reaction 

between NH3(g) and oxides of nitrogen (NOx) releases exothermic heat which increases the 

measured temperature and as the fraction of glycine increases the measured temperature also 

-LiAlO2 powder. The redox 

reaction can be expressed as follows:   

4xNH3(g) + 10NOx(g) = (5+2x) N2(g) + 6x H2O(g) + 2x O2(g)                                          

 

Figure 5.5 Effect of fuel composition on calculated adiabatic and measured reaction 
temperature 

From the thermodynamics point of view, the above reactions are highly exothermic. 

Difference between calculated adiabatic and actual reaction temperature has been commonly 

observed in solution combustion synthesis which has been attributed to convective 

dissipation of heat caused by large amount of releasing gases in combustion process that 



affect the temperature to a large extent. In present case, since stoichiometric fuel-to-oxidizer 

ratio was maintained, the total moles of gases released in each reaction (R1-R7) remain same. 

However, the number of moles of individual gases (H2O, CO2 and N2) differ for each reaction 

(R1-R7) as shown in Figure 5.6. Since the convective heat transfer also depend on physical 

properties of gases, therefore it can be anticipated quite reasonably that this factor causes 

variation in actual temperature with fuel composition (Figure 5.5).  

 

Figure 5.6 Effect of fuel composition on moles of gases released 

Moreover, the gap between adiabatic and actual temperature is quite large (Figure 5.5). This 

tendency can not be solely designated to amount and physical properties of gases released 

during the reaction but also to the switch in mode of combustion reaction in relation to fuel 

composition which affect flow pattern of gases and thereby convective heat dissipation 



process. The mode of combustion was visually observed for each reaction (R1-R7) and 

results are summarized in Table 5.2. In case of citric acid as single fuel (reaction R1), 

volume combustion mode of combustion (VCS) was realized with slow smoldering of 

reaction mixture for longer duration (30s). 

Table 5.2 Mode of combustion reaction at different fuel compositions 

Combustion 

reaction 

Mode of 

combustion 

Duration of 

combustion (s) 

Colour of powder 

R1 VCS-Smoldering 30 Black 

R2 VCS 20 Black 

R3 VCS 15 Black 

R4 VCS 12 Black 

R5 SHS-controlled 10 Black 

R6 SHS-eruption 5 Black 

R7 SHS-eruption <5 White 

Proper combustion of citric acid was not observed, which may be due to early thermal 

decomposition of nitrates prior to participation in combustion process as a result the reaction 

mixture becomes fuel-rich and combustion of excess fuel (citric acid) requires O2(g) from the 

atmosphere. However, combustion of excess citric acid did not complete due to slow 

diffusion of O2(g) in reagent mass. Instead, excess citric acid thermally decomposed as 

follows:  

C6H8O7(s) = 4H2O(g) + 6C(s) + 1.5O2(g)                                                                   



Thermodynamic calculation showed that above reaction is feasible when temperature exceeds 

506°C which is much lower than the adiabatic temperature of reaction R1. The carbonization 

of citric acid (reaction R9) further decreases the combustion temperature. The carbonization 

of citric acid was also reported in combustion synthesis of Li2TiO3 using citric acid as fuel. In 

case of mixed fuels (R2-R4), the combustion reactions switch to rapid volume combustion 

(VCS) mode and also due to less fraction of citric acid (Table 5.2), rise in measured reaction 

temperature was observed (Figure 5.5). As citric acid content in the mixed fuel was further 

decreased in case of R5 and R6, the combustion switches to very fast self-propagating mode 

which is often associated with higher reaction temperature. The combustion reaction with 

fuel composition equal to 100% glycine (R7) proceeds via violent SHS-eruption mode (Table 

5.2) with highest measured temperature (Figure 5.5) and combustion was seized in <5s 

(Table 2). The carbonization of citric acid yields free carbon which imparts black colour to 

powders synthesized from combustion reactions R1-R6 as evident from Table 5.2.  The 

reaction R7 with single fuel glycine yielded white colour powder (Table 5.2) because unlike 

citric acid, glycine did not carbonize and also have highest measured temperature. This 

tendency has been reported in solution combustion synthesis of ceramic powder using glycine 

as fuel.    

5.3.2 Analysis of phase formation  

 Powder XRD patterns of LiAlO2 synthesized by combustion reactions with different fuel 

compositions (R1-R7) before calcination are shown in Figure 5.7 a. XRD pattern of LiAlO2 

powder synthesized via reaction R1 exhibits very low intensity broad peaks although some of 

the peak positions match with standar -LiAlO2 -LiAlO2 phase was 

not well crystallized via combustion with single citric acid fuel suggesting actual reaction 

-LiAlO2 phase. This result is consistent 



with observed lowest measured temperature of reaction R1 (Figure 5.5) as discussed in 

Section 5.3.1. Combustion reactions with mixed fuel (citric acid + glycine) compositions 

(R2-R6), due to higher reaction temperature (Figure 5.5 -LiAlO2 

phase as evident from sharp and good intensity XRD peaks with matching peak positions as 

depicted in Figure 5.7 a. XRD pattern shows that combustion reaction with single glycine 

fuel -LiAlO2 

phase. 

 

Figure 5.7 XRD pattern of LiAlO2 powder synthesized using R1-R7 fuel compositions 
before calcination (a) and R1-R3 fuel compositions after calcination (b-d) 

 



However, this reaction is extremely violent in nature which is difficult to control. 

Consequently, large quantity of powder is lost in stream of gases emanating from combustion 

reaction leading to very low yield of the product. On the other hand, it was observed that 

mixed fuel combustion reactions were moderate and controllable. The mixed fuel approach 

-LiAlO2 phase without 

high temperature calcination and combustion reactions were controllable. This result is very 

interesting because many research on synthesis of LiAlO2 -LiAlO2 phase was 

obtained after high temperature (900-1000°C) calcination and before calcination often 

2 was obtained. Moreover, since with mixed fuel 

-LiAlO2 

phase therefore, Li sublimation can be effectively avoided which is extremely important for 

tritium breeding purpose. It can be noticed in XRD pattern (Figure 5.7 a), one of the peak 

-LiAlO2 synthesized via each mixed 

fuel reactions (R2-R6) as well as single glycine fuel, which indicates preferred growth of 

coherently diffracting crystallite domain in this direction instead of perfectly random 

orientation. The preferred growth may be due to formation of sterically constrained complex 

through bi-dentate chelation of metal ions via amino (-NH2) and carboxylate (-COOH) 

groups of glycine which compels crystallite domain to grow in particular direction during 

-LiAlO2.   

-LiAlO2 at different temperatures in the range 550-700°C 

are shown in Figure 5.7 b-d and Figure 5.8 e-h. Any significant modification was not 

detected in the XRD pattern after calcination at 550 and 600°C except minor variation in 

relative peak intensities for each fuel compositions. However, after calcination at 700°C 

-LiAlO2 powder was observed for each fuel 



Figure 5.7 b-d and Figure 5.8 e-h which suggests that, the molecules of LiAlO2 relaxed to 

-crystal structure after annealing at 700°C through a thermally activated process. 

 

Figure 5.8 XRD pattern of LiAlO2 powder synthesized using R4-R7 fuel composition 
after calcination (e-h) 

Although, combustion reactions are highly exothermic (Figure 5.4), due to the short reaction 

time (<5-30s) (Table 5.2), -crystal structure of LiAlO2 could not be formed 

by the reaction itself. Therefore, LiAlO2 powder needed further annealing for extended period 

of time at appropriate temperature. Because of this reason, sometimes metastable phases have 

als -phase in combustion synthesis of LiAlO2 



powders. However, in proposed method no impurity phases were observed. This indicates 

that exothermic heat of combustion reactions (R2-R7) was adequate for conversion of 

precu -LiAlO2 phase.  

5.3.3 Crystallite size analysis 

The average crystallite size of LiAlO2 was calculated from the XRD peak broadening 

(FWHM) equation according to the detailed procedure described in Section 

4.3.2 of the previous chapter.  The mean crystallite sizes of synthesized LiAlO2 before and 

after calcination in temperature range 550-700°C for different fuel compositions are given in 

Table 5.3. The mean crystallite sizes for uncalcined LiAlO2 and after calcination at 550 and 

600°C were found in narrow range of 17-27nm (Table 5.3). The -

LiAlO2 close to 49nm was observed after calcination at 700°C (Table 5.3).  

Table 5.3 -LiAlO2 

Combustion 

reaction 

Mean crystallite size (nm) 

Un-calcined 
Calcined 

(550°C) 

Calcined 

(600°) 

Calcined 

(700°C) 

R1 17.3 17.4 20.2 48.8 

R2 18.4 18.6 21.6 48.9 

R3 20.3 20.7 23.6 48.0 

R4 22.2 22.8 24.3 48.3 

R5 24.3 24.7 25.3 48.7 

R6 24.8 25.3 26.2 49.0 

R7 25.6 25.8 26.6 48.8 



The comparison of crystallite sizes of uncalcined and calcined LiAlO2 for different 

combustion reactions are shown in Figure 5.9. It is observed that crystallite size of LiAlO2 

after calcination at 550°C remained nearly unchanged and increased slightly after increasing 

the calcination temperature to 600°C. The crystallite size remarkably increased after 

calcination of LiAlO2 at 700°C which indicates growth of crystallite through a thermally 

activated mechanism at this temperature.    

 

Figure 5.9 Effect of fuel composition and calcination temperature on crystallite size 

 



5.3.4 Powder morphology 

SEM images of LiAlO2 particles synthesized by combustion reactions R1-R7 with different 

fuel compositions and after calcination at 700°C are depicted in Figure 5.10.  

 

Figure 5.10 SEM images of LiAlO2 powder synthesized using different fuel composition 
(R1-R7) after calcination at 700°C 

LiAlO2 powder consists of non-uniform size and irregular flake shape particles. Large 

variation in particle size (4- Figure 5.10. This kind of 

powder morphology has been observed quite often in solution combustion synthesis of 

ceramic powder which is attributed to temperature difference arising either because of change 

in fuel composition or fuel-to-oxidizer ratio. In present case, difference in reaction 

temperature is caused by varying fuel composition (Figure 5.5). Moreover, poor thermal 

conductivity of LiAlO2, short inter-particle connectivity and presence of voids develop 



temperature variation across different regions within the powder which contribute to 

morphological variations in LiAlO2 powder. Figure 5.10 demonstrate that powder is highly 

porous, voluminous in nature and large size gas channels are also visible in R6 and R7 due to 

release of large quantity of gases during the combustion process. Irrespective of fuel 

composition, the particle sizes were much larger than the crystallite size (Figure 5.9) 

estimated by XRD method indicating agglomeration of fine LiAlO2 particles which can be 

assigned to large exothermic heat produced by combustion reactions as discussed in 

thermochemical analysis of combustion reactions. Although adiabatic temperature of 

combustion reactions (Figure 5.5) is very high, the reaction time is extremely short (Table 

5.2) and heat is quickly dissipated via convective process by release of large quantity of gases 

(Figure 5.6), this allows only transient exposure of LiAlO2 particles to high temperature. 

Consequently, soft agglomeration of LiAlO2 particles is favoured over the formation of hard 

particle aggregates. The soft-agglomerated powder consists of large number of very fine 

LiAlO2 primary particles as evident from Figure 5.10.  It would be worth mentioning that in 

case of conventional solid-state-route, because of high temperature (> 1000°C) calcination, 

longer reaction time and modest gaseous release, often large size and hard-agglomerated 

LiAlO2 powder was obtained. The large size and hard-agglomerated particles have 

deleterious effect on sinterability of powder. The soft-agglomerated particles of LiAlO2 

powder, due to very weak inter-particle bonding, can be easily disintegrated into primary 

particles with the help of pestle-mortar or mild ultra-sonication without need of high energy 

sophisticated milling and therefore do not deteriorate sinterability of powder.  

5.3.5 Analysis of loss-on-ignition and Li/Al ratio 

-LiAlO2 powders synthesized by combustion reactions with different fuel compositions 

(R1-R7) were subjected to loss-on-ignition test which determines content of total 



carbonaceous substances in powders. Carbon is considered an impurity of serious concern in 

nuclear materials due to activation problem. The test was carried out by heating the powders 

in temperature range 700-1000°C in steps of 100°C in a muffle furnace in air. The percentage 

loss-on-ignition was calculated from difference in weight of the samples measured before and 

after calcination. The percentage loss-on-ignition was observed constant in this temperature 

range which indicates that complete oxidation of the carbonaceous substances occurred at 

700°C. However, percentage loss-on-ignition was found to vary with fuel composition as 

shown in Figure 5.11. 

 

Figure 5.11 Loss on ignition (wt.%) from powder synthesized using different fuel 
compositions (R1-R7)  

The highest percentage loss-on-ignition (8.47%) was observed in the sample synthesized with 

citric acid single fuel (R1) which is due to carbonization of citric acid and low combustion 

temperature (Figure 5.5) as evident from thermochemical analysis of the combustion 



reaction. Powder synthesized with glycine single fuel (R7), showed the lowest percentage 

loss-on-ignition (0.82%) which is due to high combustion temperature and also unlike citric 

acid, glycine does not carbonize yielding free carbon. In case of mixed fuel compositions 

(R2-R6), the percentage loss-on-ignition was observed in narrow range 5-6% which can be 

assigned to synergistic effect of reaction temperature and mode of combustion.   

The Li/Al mole ratio in LiAlO2 powder synthesized with different fuel compositions was 

determined after calcination at 1000°C by Inductively Coupled Plasma Atomic Emission 

Spectroscopy (ICP-AES). For chemical analysis, the sample was dissolved in aqua-regia. The 

Li/Al mole ratio was estimated equal to 0.987 0.004 which is consistent with Li/Al mole 

ratio in stoichiometric LiAlO2. It is evident from this result that Li sublimation did not occur 

during synthesis of LiAlO2 powder by the employed method. It is to be noted that, despite 

highly exothermic combustion reaction (Figure 5.4), the Li sublimation is restrained due to 

transient reaction (Table 5.2) and fast convective dissipation of heat by large amount of 

evolving gases (Figure 5.6).  It is worth mentioning that Li is source of tritium for fusion 

reactors and therefore its loss due to sublimation at high temperature is of serious concern in 

breeder materials development.  

5.3.6 -LiAlO2 powder 

The r -LiAlO2 pellet (8mm diameter and 4mm thickness) 

at heating rates of 5 and 10°C/min up to 1200°C is shown in Figure 5.12 which indicates 

percentage change in length of the pellet expressed as dL/L0 (%) with increasing temperature 

where Lo is initial length. The pellet for dilatometry was fabricated using powder synthesized 

via combustion reaction with mixed fuel composition R4 (citric acid 30% + glycine 70%) 

after calcination at 700°C.   



 

Figure 5.12 Dilatometry curve of LiAlO2 pellet at heating rate of 5 and 10°C/min 

Dilatometry curve shows three distinct steps of percentage change in length of the pellet. In 

the first step lying between 200-600°C, linear thermal expansion of pellet up to around 0.5% 

was observed as shown in enlarged inset graph which is attributed to intrinsic thermal 

-LiAlO2. In the second step ranging from 700 to about 1000°C, large shrinkage 

up to 20% was noted. In this step, sintering mechanisms dominate over intrinsic thermal 

expansion, as a result pellet shrinks and densification takes place. Intense shrinkage observed 

in second step is consistent with large amount of porosity present in synthesized powder as 

evident from the powder morphology shown in SEM images (Figure 5.10). The onset of 

sintering step was observed at around 800°C as distinctly depicted in inset derivative plot 

(Figure 5.12 -LiAlO2 powder synthesized by 



mixed fuel approach. Apparently, increasing the heating rate from 5 to 10°C/min shifted the 

onset of initial sintering to higher temperature (Figure 5.12) which is related to kinetic aspect 

of sintering. In fact, at low heating rates, the pellet is exposed to heating for a longer duration 

and consequently underwent more shrinkage until reaching a specific temperature. During the 

final step (1020-1200°C) modest shrinkage around 2% was observed. Instead of 

densification, the grain growth mechanism might be dominant in final step. For more insight 

on sinter -LiAlO2 pellet (10mm diameter and 2mm 

thickness) was carried out in temperature span 800-1100°C at a heating rate of 10°C/min with 

constant dwell time (2h) in air. The volumetric shrinkage was calculated from the measured 

geometrical dimensions of pellets before and after sintering at different temperatures. The 

density of sintered LiAlO2 pellets was determined by Archimedes' method. The relative 

sintered density and volumetric shrinkage of LiAlO2 pellet at different sintering temperature 

is shown in Figure 5.13. The density was found to increase with sintering temperature as 

depicted in Figure 5.13. The relative density around 93% was observed at temperature as low 

as 900oC. The optimal relative density for tritium breeding purpose is often recommended in 

the range 85- 90%. In present case, the optimal density was obtained at sintering temperature 

in the range 850-900°C as evident from Figure 5.13. Apparently, 97-98% relative density 

was observed at sintering temperature in the range 950- 1000o -LiAlO2 

powder synthesized by the present method has excellent sinterability. Beyond this 

temperature, significant improvement in relative density was not observed (Figure 5.13) 

which is in good agreement with dilatometry result (Figure 5.12). It is to be noted that many 

-LiAlO2 require high temperature, often in the range 

1200-1400°C for 4-10h duration with relative density 70-85% which has been assigned to 

poor sinterability of synthesized powder. During sintering at such a high temperature, Li 



-LiAlO2 powder synthesized by present method 

can be remarkably sintered at temperature <1000°C with optimal relative density. 

 

Figure 5.13 Effect of sintering temperature on relative density and volumetric shrinkage 
of LiAlO2 pellet 

Moreover, in this temperature regime problems associated with Li sublimation and 

uncontrolled grain growth can be effectively avoided during fabrication of tritium breeder 

-LiAlO2 as depicted in 

Figure 5.13 can be explained in terms of two competing thermally activated kinetic processes 

viz., densification and grain growth. The densification is dominant sintering process in 

temperature range 850-950°C and beyond this temperature grain growth dominates the 

sintering process resulting grain size enlargement without substantial improvement in relative 



density. The percentage volumetric shrinkage was observed varying in accordance with 

relative density as a function of sintering temperature (Figure 5.13). The large volumetric 

shrinkage around 23% was observed which is due to large fraction of porosity initially 

-LiAlO2 

pellets sintered at temperature in range 800-1100°C are shown in Figure 5.14. 

 

Figure 5.14 SEM images of fractured surface of LiAlO2 sintered at a) 800°C b) 850°C c) 
900°C d) 950°C e) 1000°C f) 1050°C 

The SEM images demonstrate that pellets have uniform grain morphology which is in 

agreement with XRD results confirming phase purity of LiAlO2 (Figure 5.7, Figure 5.8). As 

evident from Figure 5.14 (a-c), the pellets sintered at 800, 850 and 900°C exhibited 



microstructure resembling intermediate stage of sintering characterized by large particle-to-

particle contact area, continuous pore channels and relative density 80-94% (Figure 5.13). In 

this stage, apparently densification process dominates over grain growth and consequently, 

microstructure comprised of high density and small grain size (2-4µm) was evolved. This 

kind of microstructure is considered good from tritium breeding point of view because it 

consists of short tritium diffusion pathways and interconnected pores, both of which facilitate 

removal of bred tritium from the grains. In case of pellets sintered at 950, 1000 and 1050°C 

microstructure resembling final stage of sintering characterized by elimination of pore 

channels, formation of isolated pores and increase of relative density to 95-98% (Figure 

5.13) was observed as depicted in Figure 5.14 (d-f). In this stage, grain growth is clearly a 

dominant sintering mechanism which manifests large size grains (10-15µm), closed pores 

and modest improvement in relative density (Figure 5.13). This type of microstructure is not 

considered good from tritium breeding point of view, because due to long diffusion pathways 

and isolated pores the bred tritium either remains trapped or needs high temperature beyond 

practical limits for removal from the grains. The development of microstructure as a function 

of sintering temperature is in complete agreement with the densification curve (Figure 5.13).   

5.3.7 Chemical analysis (Li/Al ratio) and phase analysis of LiAlO2  

Chemical analysis of LiAlO2 pellets was carried out after sintering according to the procedure 

already described in Section 5.3.5 and Li/Al mole ratio was determined. The mean value of 

Li/Al mole ratio was estimated equal to 0.989 ± 0.003 after sintering in temperature range 

800-1100°C for 2 h duration which is in good agreement with Li/Al mole ratio in 

stoichiometric LiAlO2 (i.e. 1). This result confirms that any significant loss of lithium did not 

occur by sublimation during sintering of LiAlO2 pellets. Figure 5.15 shows XRD patterns of 

LiAlO2 pellets after sintering at different temperatures. Except minor variation in relative 



peak intensities which is due to variation in crystallinity of sample with temperature, any 

noteworthy modification in XRD pattern of the pellets was not observed after sintering which 

-LiAlO2. 

 

Figure 5.15 XRD pattern of LiAlO2 pellets after sintering 



5.4 Summary 

Mixed fuel vis-à-vis conventional single fuel solution combustion synthesis of 

-LiAlO2 powders is investigated in this work utilizing citric acid and glycine 

as organic fuel. Thermochemical analysis revealed that combustion reactions are highly 

exothermic. The calculated adiabatic temperature decreases with increasing glycine fraction 

in mixed fuel composition and at high glycine fraction, mode of combustion switches from 

VCS to SHS. Contrary to adiabatic temperature, the measured reaction temperature increases 

with increasing glycine fraction in mixed fuel composition due to interactive effect of various 

parameters on adiabatic temperature, the parameters include mode of combustion, 

carbonization of citric acid and convective heat transfer by releasing combustion gases. Pure 

-LiAlO2 powder were obtained after calcination at 700°C for all 

the fuel compositions. However, in case of mixed fuel approach well cry -LiAlO2 

phase was obtained even before high temperature calcination. Moreover, mixed fuel approach 

has advantage over single fuel in terms of better control over combustion reaction and more 

-LiAlO2 increases with increasing glycine fraction in 

mixed fuel. The crystallite size in narrow range of 17- -LiAlO2 before 

calcination. After calcination at 550 and 600°C, any significant change in crystallite size was 

not observed, however, after calcination at 700°C, mean crystallite size increases sharply to 

-LiAlO2 powder synthesized by single citric acid fuel has shown the 

highest loss on ignition (8.47%) and powder synthesized using single glycine fuel has shown 

the least (0.82%). The mixed fuel compositions have shown loss on ignition in range 5-6%. 

Morphology of LiAlO2 powder consists of irregular flake shape soft-agglomerated particles 

with large variation in particle size (4- -LiAlO2 powders synthesized by given 

mixed fuel approach presented remarkably enhanced sinterability which is characterized by 

optimal relative density (85-90%) with small grain size (2-4µm) at unprecedented low 



sintering temperature (800-900°C) and almost full densification at 1000°C. Sintering beyond 

1050°C found disadvantageous because it causes abnormal grain growth with large number 

of closed isolated pores. The -LiAlO2 powder synthesized by the employed solution 

combustion method exhibited excellent sinterability characterized by low sintering 

temperature and time duration. This will facilitate circumventing the critical issue of Li 

sublimation and uncontrolled grain growth which makes the fabrication of high-performance 

tritium breeder materials by powder metallurgy route challenging.  

As described earlier in Chapter 1, due to the nuclear grade purity of breeders, the addition of 

many alloying elements as dopants or sintering aids in Li-based ceramics breeders is strictly 

prohibited. However, beryllium oxide (BeO), due to neutron multiplication properties with 

negligible neutron absorption and excellent thermophysical characteristics, is quite promising 

as a dopant or the sintering aid.  

In view of this, the next chapter deals with the synthesis and sintering behaviour of BeO 

doped Li2TiO3. 
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 Chapter 6 

Novel beryllium oxide doped Li2TiO3 as 
tritium breeder 

 
The work reported in this chapter has been communicated as follows: 

Anomalous phase transformation of Li2TiO3 during sintering in oxygen atmosphere: a dilatometry study  

Biranchi M. Tripathi, Jyothi Sharma, Deep Prakash, A. K. Tyagi  

 J. Eur. Ceram. Soc.  

 



6.1 Introduction 

The fusion reactor blanket development is an important aspect in designing D-T fusion power 

reactors. The one of the blanket  function is to breed sufficient tritium and other is to 

maximize the blanket heat deposition per D T fusion neutron. Preferably, a blanket design 

having tritium breeding ratio greater than 1.0 is necessary to achieve tritium self-sufficiency 

[229,230]. In addition to tritium breeders, almost all blanket concepts need a neutron 

multiplier also to achieve adequate tritium breeding. The breeder and multiplier materials can 

either be a homogenous mixer, composite, solid solution, eutectic mixture or reside in 

separate zones. Beryllium (Be) and lead (Pb) have been considered as potential candidate 

neutron multiplier materials for fusion reactor blanket [44,229,231]. The comparison of 

neutron multiplication cross-section of Be and Pb as a function of the neutron energy is 

depicted in Figure 6.1 [232]. Owing to the sufficient neutron multiplication with low 

threshold energy, negligible neutron absorption and large energy multiplication, Be is 

preferred as neutron multiplier [231,233]. However, limited resources of beryllium and its 

toxicity have serious concern [234 237]. Beryllium in the form of metal and intermetallic 

compounds (with Ti, V, Zr, etc.) are being investigated for a solid neutron multiplier [44]. 

BeO, due to an appreciable fast neutron multiplication cross-section, low neutron absorption 

cross section, low neutron moderation, high thermal conductivity, good strength, and good 

compatibility with the structural materials can be another potential candidate neutron 

multiplier material [235]. However, BeO has been rarely investigated as the neutron 

multiplier material.  



 

Figure 6.1 Neutron multiplication cross-section vs. neutron energy [232] 

Due to high thermal conductivity of BeO, a mixture of BeO and Li-based ceramic tritium 

breeders will enhance thermal conductivity of the blanket and facilitate an easy blanket heat 

removal. Earlier, our group had reported study on BeO-Li2TiO3 composite as novel blanket 

material for fusion reactor [104,236]. However, no study has been performed on BeO doped 

Li2TiO3. The present chapter deals with synthesis of BeO doped Li2TiO3 powder and study 

its sintering behaviour employing dilatometry analysis.  



6.2 Experimental procedure 

6.2.1 Synthesis of BeO doped Li2TiO3 powder 

Synthesis of Li2TiO3 with and without BeO doping was carried out by a urea assisted solid 

state method according to the procedure elaborated in our previous studies. The synthesis 

process flow sheet is presented in Figure 6.2.  

 

Figure 6.2 BeO doped Li2TiO3 powder synthesis process flow sheet 

 

The starting materials were lithium carbonate (Li2CO3), titanium oxide (TiO2), beryllium 

oxide (BeO) and urea (NH2CONH2). All chemicals with AR grade purity were purchased 

from Sigma-Aldrich and were used in synthesis process without further purification. For the 



preparation of pure Li2TiO3, stoichiometric proportions of Li2CO3 and TiO2 were blended 

along with 25 wt % of urea using pestle and mortar in ethyl alcohol medium and the mixture 

was dried on hot plate. Subsequently, the dried powder was calcined at 700°C temperature 

for 3h duration at constant heating rate (10°C/min) in a muffle furnace (Nabertherm, 

Germany). Similarly, BeO doped Li2TiO3 samples with general composition expressed as 

Li2(1-x)BexTiO3 were prepared by mixing reagents in appropriate ratio followed by drying and 

calcination. The molar ratio of starting reagents (Li2CO3:TiO2:BeO) was (2-2x):1:x (x=0.01 

and 0.03).  

6.2.2 Characterization 

The crystallinity was examined using powder XRD patterns of Li2TiO3 with and without BeO 

doping recorded on a diffractometer (Proto AXRD, Canada) using Cu-

-ray source. The microstructure of sintered pellets after dilatometry 

measurement was examined by a scanning electron microscope (SEM, Carl-Zeiss, Germany) 

operating at 20kV accelerating voltage. Pellets were sputter-coated with gold to prevent 

charging due to lack of electrical conductivity of the samples. The particle size of Li2TiO3 

powder was analysed using a transmission electron microscope (TEM). The surface area of 

Li2TiO3 powder was determined by BET method using N2 gas as an adsorbent. 

6.2.3 Evaluation of sintering by dilatometry  

The synthesised Li2TiO3 powders with and without BeO doping were pressed on a hydraulic 

press under pressure of about 300 MPa at room temperature using tungsten carbide (WC) die 

to fabricate pellets of dimension about 8mm diameter and 3-4mm thickness without addition 

of binder. These pellets were transferred in a Thermo-mechanical Analyser Instrument 

(Setaram, France) for dilatometry measurement.  The dilatometric shrinkage of the pellets 

were measured as a function of temperature up to 1100°C, at heating rates of 10°C/min in 



oxygen atmosphere. The process flow sheet of powder consolidation and sintering is shown 

in Figure 6.3. 

 

Figure 6.3 BeO doped Li2TiO3 powder consolidation and sintering process flow sheet 

 



6.3 Result and discussion  

6.3.1  Phase characterization of Li2TiO3  

The XRD patterns of as-synthesized Li2TiO3 powders with and without BeO doping is 

depicted in Figure 6.4. Evidently, all XRD peaks match PDF card No. 033-0831 registered 

in Joint Committee on the Powder Diffraction Strands Card (JCPDS) which corresponds to 

the monoclinic crystal structure of Li2TiO3 nano-crystallites. It is to be noted that after 

doping with small amount of BeO (x=0.01, 0.03), any detectable change in XRD pattern of 

Li2TiO3 was not observed which indicates incorporation of BeO into crystal lattice of 

Li2TiO3 during the synthesis process. 

 

Figure 6.4 XRD patterns of as-synthesized un-doped and doped Li2TiO3  



6.3.2 Characterization of powder morphology  

The TEM image of Li2TiO3 powders are illustrated in Figure 6.5. Particle size distribution of 

Li2TiO3 was derived from TEM image which is expressed as number-frequency-histogram 

shown in Figure 6.5. Considerably broad particle size distribution of Li2TiO3 has been 

observed with particle size in the range of 50-350 nm. 

 

Figure 6.5 TEM micrograph and particle size distribution of un-doped Li2TiO3 

The typical N2 absorption-desorption isotherms of Li2TiO3 sample measured at liquid 

nitrogen temperature (78K) is depicted in Figure 6.6. From the N2 static physisorption 

isotherm, the specific surface area of the sample was calculated invoking BET adsorption 

equation. The N2 BET surface area of the sample was observed to be 14.43 m2/g. 

The as-synthesized Li2TiO3 powder was dark-brown in colour. This is because Li2TiO3 have 

some oxygen vacancies facilitated by urea as reducing agent and consequently some of the 



Ti4+ ions are reduced to Ti3+ valence state (d1 system) to maintain charge neutrality of the 

crystal and thereby imparts dark-brown colour to Li2TiO3 powder [133,157,201].  

 

Figure 6.6 N2 adsorption-desorption isotherm and BET plot of un-doped Li2TiO3 

6.3.3 Analysis of dilatometric sintering behaviour 

Dilatometry curve of as-synthesized un-doped as well as BeO doped Li2TiO3 measured up to 

1100°C at a heating rate of 10°C/min in O2 atmosphere is presented in Figure 6.7. The curve 

indicates percentage change in length of the pellet expressed as dL/L0 (%) with increasing 

temperature, where Lo is initial length. Evidently, percentage change in length of the un-

doped pellet is comprised of four distinct stages as shown in Figure 6.7. In stage-I (300-

715°C), expansion of pellet was observed which is due to intrinsic thermal expansion of 

Li2TiO3. In stage-II (715-970°C), large shrinkage with maximum equals to around 7% was 



noticed as shown in Figure 6.7. Apparently, sintering mechanisms dominate over intrinsic 

thermal expansion in this stage which leads to shrinkage and thereby densification of the 

pellet.  

 

Figure 6.7 Dilatometry curve of un-doped and BeO doped (x=0.01&0.03) Li2TiO3 pellets 

Sintering stage in un-doped Li2TiO3 commences at temperature as low as 715°C which 

implies excellent sinterability of Li2TiO3 powder. Abbasian et al., investigated sintering 

behaviour of Li2TiO3 powder with mean particle size 23µm by dilatometry and reported 

sintering temperature in the range of 882-1050°C [238,239]. It shows that sintering 

temperature was significantly reduced in present case. Reduction in sintering temperature can 

be attributed to smaller particle size of Li2TiO3 powder (mean ~ 0.16µm) (Figure 6.5) and 

oxygen vacancies in Li2TiO3. Small particle size, due to presence of large grain boundary 

volume fraction and short atomic diffusion pathways, as well as oxygen vacancies, both 

accelerate sintering mechanisms by facilitating atomic diffusion. Reduction in sintering 

temperature is significantly advantageous to effectively avoid problem of Li-sublimation and 



grain growth during sintering of Li2TiO3 powder. Surprisingly, during the stage-III (970-

1025°C), the pellet expanded once again as evident from Figure 6.7. Normally, in this stage, 

the shrinkage is expected to attain plateau. In final stage-IV (1025-1100°C), pellet started 

shrinking once again which is obvious (Figure 6.7). In order to understand this anomalous 

expansion, XRD patterns of un-doped Li2TiO3 pellets before and after dilatometry test were 

compared as displayed in Figure 6.8.  

 

Figure 6.8 XRD patterns of un-doped Li2TiO3 before and after dilatometry test 

Evidently, before dilatometry test, all XRD peaks of undoped Li2TiO3 matched pure phase 

monoclinic structure, however, post dilatometry test, XRD pattern matched PDF card No. 



074-2257 which represents cubic crystal structure. Therefore, it can be inferred that 

anomalous expansion is due to monoclinic to cubic phase transformation. It is to be noted 

that this type of phase transformation in stoichiometric Li2TiO3 has been typically reported in 

temperature range 1150 1215°C while sintering in air [132,133,143,240]. However, in 

present study, the phase transformation temperature was observed close to 970°C which is 

considerably lower than the reported value. In order to gain more insight on this phase 

transformation, SEM images of surface of un-doped Li2TiO3 pellet after dilatometry test was 

captured at different magnifications as shown in Figure 6.9. 

 

Figure 6.9 SEM images of un-doped Li2TiO3 pellet after dilatometry 

 



Apparently, some of the grains are very large and some are comparatively small in size 

which indicates that rapid grain growth occurred during sintering of Li2TiO3. The grains 

around the grain boundary areas have completely different morphology than the bulk as 

shown Figure 6.9 (a1-a3). It indicates that recrystallization of grains might have initiated 

from grain boundary areas and subsequently propagated throughout the volume as depicted 

in Figure 6.9 (a4). Due to recrystallization process eventually a fine-grained microstructure 

(grain size ~2µm) was evolved as shown in Figure 6.9 (a4). This type of monoclinic to cubic 

phase transformation was also reported in Li2TiO3 nanocrystallites synthesized by 

hydrothermal method at transformation temperature about 900°C [147,241]. In 

hydrothermally synthesized powder, due to very small particle size (~10nm), the role of high 

surface energy was assigned as main controlling factor for the phase transformation [241]. 

The role of particle size and surface energy on phase transformation of nanoparticles has 

been studied quite extensively. According to studies, phase transformations in 

nanocrystalline materials occur as a consequence of differences in surface energies between 

the polymorphs [242]. Generally, surface energy acts as main controlling factor in formation 

of thermodynamically metastable crystalline phases when particles are reduced below certain 

critical size. The critical size varies in very broad range (3-30 nm) as reported in the 

literature [243]. In present study, as Li2TiO3 particles are considerably larger than the critical 

size (Figure 6.5), the monoclinic to cubic phase transformation cannot be solely ascribed to 

surface energy. As already discussed in the previous section, oxygen vacancies are present in 

Li2TiO3 and therefore more plausible explanation relies on change in oxygen vacancy 

concentration with change in sintering atmosphere from ambient air to pure oxygen.  

Dilatometry curve of BeO doped Li2TiO3 pellet is comprised of usual three distinct stages 

(stage-I stage-II and stage-III) as shown in Figure 6.7. The expansion of pellets (x=0.01and 

0.03) in stage-I (300-690°C) is obvious due to intrinsic thermal expansion of Li2TiO3. In 



stage-II (690-980°C for x=0.01 and  690-940°C for x=0.03), sintering mechanisms become 

operative and consequently pellets underwent large shrinkage as shown in Figure 6.7. In 

stage-III (980-1100°C for x=0.01 and 940-1100°C for x=0.03), the grain growth mechanisms 

dominate over the densification and consequently shrinkage attained near saturation. 

Interestingly, anomalous expansion behaviour disappeared after doping Li2TiO3 powder with 

small quantity of BeO (x=0.01 and 0.03) as shown in Figure 6.7. In BeO doped Li2TiO3 

(x=0.01 and 0.03), XRD patterns before and after dilatometry test as presented in Figure 

6.10 revealed that monoclinic to cubic phase transformation did not take place and 

consequently, anomalous expansion was not observed.  

 

Figure 6.10 XRD patterns of BeO doped Li2TiO3 pellets before and after dilatometry  

 



Figure 6.7 shows that the sinterability of Li2TiO3 powder has been improved after BeO 

doping which is characterized by reduction of sintering temperature and increase in 

shrinkage as compared to un-doped sample. The sinterability enhancement can be assigned 

to Li vacancies introduced into crystal lattice by aliovalent substitution of Li+ by Be2+ which 

is beneficial to augment diffusion of Li. The suppression of monoclinic-to-cubic phase 

transformation after BeO doping can be assigned possibly to high charge-to-size ratio of Be2+ 

ion that facilitates formation of the stronger Be-O bonds and thereby stabilises the 

monoclinic structure. The stabilisation of monoclinic structure was also reported after small 

amount of MgO doping in Li2TiO3, however, at higher doping levels order-disorder phase 

transformation was observed [240].  In MgO doped Li2TiO3 powder, the sintering 

temperature was reported in the range of 850-1200°C which is considerably higher than the 

BeO doped Li2TiO3 [244]. The greatly improved sinterability of the Be doped Li2TiO3 

breeder material would be probably helpful to circumvent Li sublimation, uncontrolled grain 

growth and improve release and inventory performance of the tritium. 

 

 

 

 

 

 

 



6.4 Summary 

Pure monoclinic phase Li2TiO3 powders with general composition expressed as Li2(1-

x)BexTiO3 (x=0.01 and 0.03) using BeO as novel dopant were synthesized by urea assisted 

solid state method. As-synthesized un-doped Li2TiO3 powder exhibited excellent sinterability 

characterized by surprisingly low sintering onset temperature that is close to 715°C in O2 

atmosphere. Increasing sintering temperature resulted in an anomalous monoclinic-to-cubic 

phase transformation at temperature about 970°C which is significantly lower than reported 

transformation temperature (1150-1250°C). This phase transformation was suppressed in 

BeO doped Li2TiO3 powder.  Moreover, sinterability of Li2TiO3 powder was augmented after 

doping with small amount of BeO. Reduction in sintering temperature has vital role in 

controlling Li sublimation and uncontrolled grain growth during fabrication of advance 

tritium breeder materials. 

 

 

 

 

 

 

 

 



 Chapter 7 

Conclusion and future scope 

Conclusion 

The objective of the present thesis was to investigate the role of fine ceramic powders for 

improvement of the sinterability of Li-based ceramic tritium breeders (Li2TiO3, Li2ZrO3, 

and LiAlO2). Due to the improved sinterability, Li-based ceramic can be sintered at 

relatively lower temperatures and short duration. Therefore, the economical production of 

sintered tritium breeders with the engineered microstructure (density and grain size) is 

possible without vaporization of Li.  

The following conclusions have been drawn from the present work. 

 The pure phase nanocrystalline Li2TiO3, Li2ZrO3, and LiAlO2 powders were 

synthesized and characterized by various techniques.  

 The pellet-shaped green compacts of Li2TiO3, Li2ZrO3, and LiAlO2 with desired 

dimensions were made by consolidating the synthesized powders employing the 

isostatic hydraulic pressing method. 

  The sintering behaviour of the Li2TiO3, Li2ZrO3, and LiAlO2 green pellets, analysed 

by dilatometry, revealed the sintering temperature regimes of these ceramics.  

 The isothermal sintering (conducted based on dilatometry data) disclosed the effect of 

sintering temperature on densification of Li2TiO3, Li2ZrO3, and LiAlO2 green pellets 

and also established the appropriate sintering temperature of these ceramic tritium 

breeders. 



 The high densification of Li2TiO3, Li2ZrO3, and LiAlO2 green pellets observed at 

relatively low sintering temperature and short duration, indicated improved 

sinterability of these ceramic tritium breeders. 

 Reduction in sintering temperature and time play a vital role in circumventing Li 

sublimation and uncontrolled grain growth during production of advance ceramic 

tritium breeder materials. 

 The enhanced sinterability resulted in fine grain-sized microstructure with the uniform 

grain morphology in sintered Li2TiO3, Li2ZrO3, and LiAlO2 pellets as confirmed by 

the SEM images of the fracture surface of the sintered pellets.   

 The isothermal sintering of Li2TiO3 pellet at a temperature as low as 850°C resulted 

in a relative density close to 90%, which often considered sufficient for tritium 

breeder application. Further, an increase in sintering temperature to 950-1000°C 

resulted in a high relative density (~98%) of Li2TiO3 compact.  

 The SEM images of the fracture surface depicted uniform grain morphology and 

small grain size (2-3 µm) in Li2TiO3 pellet sintered at 900 and 950°C. Increasing the 

sintering temperature above 950°C resulted in rapid grain growth without significant 

improvement in densification of the Li2TiO3 compact. 

 The impedance analysis of sintered Li2TiO3 pellet at different temperatures revealed 

significant improvement in Li conductivity resulting from a decrease in grain and 

grain boundary resistance and thereby accelerating the intragranular and grain 

boundary diffusion processes. The improved Li conductivity indicated better tritium 

release property of sintered Li2TiO3 compact. 

 The dilatometry analysis of Li2ZrO3 pellet revealed the onset of sintering at 

significantly low temperature (850-900°C) with peak around 1000°C.  



 The isothermal sintering of Li2ZrO3 pellet at a temperature of 950°C resulted in a 

relative density of around 90%. Further, an increase in sintering temperature to 

1000°C produced nearly full densification (97-98%) of the pellet.  

 The SEM images of the fracture surface depicted uniform grain morphology and 

small grain size (1-2 µm) in Li2ZrO3 pellet sintered at 1000°C. Increasing the 

sintering temperature above 1000°C produced a rapid grain growth with a large 

number of the closed pores without significant improvement in densification of the 

pellet. 

 The dilatometry analysis of LiAlO2 pellet revealed the onset of sintering at 

significantly low temperature (800-900°C) with peak around 1000°C.  

 The isothermal sintering of LiAlO2 pellet at a temperature of 900°C produced a 

relative density close to 93%. Further, an increase in sintering temperature to 950-

1000°C resulted in nearly full densification (97-98%) of the pellet.  

 The SEM images of the fracture surface depicted uniform grain morphology and grain 

size of around 2-4µm in LiAlO2 pellet sintered at 900 and 950°C. Further, an 

increase in sintering temperature above 950°C resulted in a rapid grain growth with 

large number of the closed pores without significant improvement in densification of 

the pellet. 

 The chemical analysis by ICP-AES revealed Li content in the synthesized powders 

and the sintered Li2TiO3, Li2ZrO3, and LiAlO2 pellets nearly close to the 

stoichiometric value, which confirmed no significant loss of Li during the synthesis 

of powders as well as sintering of the pellets. 

 A novel BeO doped Li2TiO3 ceramic tritium breeder was synthesized by the solid-

state combustion method employing urea as a fuel. The XRD analysis revealed 

doping of BeO in Li2TiO3.    



 The pellet-shaped green compact of BeO doped Li2TiO3 was made by isostatic 

hydraulic pressing technique. 

 The dilatometry analysis revealed, improvement in densification of Li2TiO3 pellet 

after BeO doping in comparison to the undoped sample.  

 The dilatometry analysis revealed an anomalous monoclinic-to-cubic phase 

transformation in undoped Li2TiO3 at a sintering temperature of around 970°C, 

whereas the usual phase transformation temperature has been reported in the range of 

1150-1250°C.  

 The doping of BeO resulted in the suppression of the monoclinic-to-cubic phase 

transformation in Li2TiO3. 

 The Li2TiO3, Li2ZrO3, and LiAlO2 compacts prepared utilizing the fine ceramic 

powders synthesized in this work have achieved the desired densification (relative 

density: 85-90%) with small grain size (1-4 µm) at the sintering temperature < 

1000°C without loss of Li.     

Future scope 

 Study of irradiation behaviour of the sintered Li2TiO3, Li2ZrO3, and LiAlO2 compacts 

can be undertaken. 

 Study of sintering kinetics and derivation of master sintering curves for Li-based 

nanoceramics 

 Study on porous/cellular Li-based ceramic tritium breeding materials 

  In-depth study of BeO doped Li based ceramics as an advance tritium breeder 

material can be undertaken. 
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