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Abstract 

Transparent ceramic materials are new class of advanced materials exhibiting excellent optical 

and mechanical characteristics attracting attention in substantial field of applications including 

high-pressure lamp envelops, host for lasers, peep windows for spaceships, ballistic armors, 

supersonic missile domes etc. Various single crystal materials such as sapphire and poly 

crystalline materials such as ZnS, ZnSe, sub-micron Al2O3, MgAl2O4 Spinel, Y2O3, Aluminum 

oxynitride (AlON) etc. have been developed to meet the demands in such applications. In spite 

of exhibiting excellent optical and mechanical properties, single crystal materials are still less 

preferred than the polycrystalline transparent ceramic materials owing to various practical 

inconveniences involved in fabrication such as sluggish growth rate, high temperature 

requirements and extreme production costs. On the other hand, the need is exponentially 

increasing for the polycrystalline transparent materials specifically the sub-micron Al2O3, 

AlON, Spinel and Y2O3 due to their versatility in fabrication, less processing temperatures and 

low production costs in addition to their benefits of exhibiting equivalent physical, mechanical 

and optical properties similar to single crystals. However, all these specified materials are still 

under current research to explore their scientific significance, improve their excellence, and 

enhance their potential properties to encounter futuristic requirements. 

In view of these aspects, the present research work selected four transparent materials such as 

sub-micron Al2O3, Spinel, Y2O3 and Aluminum oxynitride (AlON) for the study. Currently, 

most of the research and development as well as the production of these materials utilize optical 

grade commercial starting powders due to their stringent specifications such as ultra – high 

purity and appropriate particle size and size distribution. The powders with these rigid qualities 

are extremely expensive that escalate the costs of the eventual products. Therefore, the present 

investigation attempts to synthesize the requisite starting powders for all the selected materials 
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through a facile sol – gel technique. Further, the study continued to evaluate the suitability of 

the synthesized powders for the fabrication of transparent Al2O3, Spinel, Y2O3 and Aluminum 

oxynitride (AlON) materials. Extensive investigations were carried out during and after the 

synthesis of the optical grade starting powders in terms of their phase, particle size, purity, 

morphology etc. Similarly, numerous studies were carried out to optimize the fabrication 

process of producing sintered transparent materials followed by the characterization at various 

stages of fabrication. Finally, the transparent ceramic materials such as Al2O3, Spinel, Y2O3 

and AlON fabricated in this study were compared with the existing and best – reported 

materials in terms of their physical, chemical, mechanical and optical properties. 

Interestingly, remarkable milestones have been achieved in all the selected materials. For 

instance, ultra-fine α- Al2O3 powder having particle size in the range between 20 and 40 nm 

was synthesized in the present study, which was successfully used for producing transparent 

sub-micron Al2O3. The transparent Al2O3 produced in the current study exhibited real inline 

transparency up to 87% in the mid-wave infrared region (3 – 5 µm), which is at par with the 

transparency of single crystal sapphire in those regions. The average sintered grain size was 

about 800 nm and the Vickers hardness reached up to 20.5 GPa which is even superior than the 

hardness of sapphire whose values are in the order of 18.5 GPa.  

Outstanding results were obtained in the case of spinel ceramics. A novel sol-gel approach was 

followed for the synthesis of highly reactive, ultra-fine and ultra-pure spinel powders. The 

particle size of the powder synthesized in the present study was in the order of 18 to 20 nm. 

The sintered articles produced using this powder exhibited 100% theoretical density at 

temperatures as low as 1400°C. These results are extremely exceptional compared with the 

outcomes reported in most of the existing spinel fabrication processes where those approaches 

reached temperatures up to 1800°C for achieving similar densification. Due to the superior 

sinterability of spinel fabricated in the current study, the average sintered grain size retained in 
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the range of 500 nm. On the other hand, most of the currently existing conventional transparent 

spinel have grain sizes in the order of 200 µm. The Vickers hardness of the spinel produced in 

this study escalated up to 16.2 GPa which is 40% superior to the values achieved for the 

conventional transparent spinel. The IR transparency in the region between 3 and 5 µm was 

about 86% which are at par with the theoretical transmissions. 

 In case of transparent Y2O3, a facile methodology of synthesizing highly reactive, round-

edged, Sulphur–free nano Y2O3 powders to fabricate submicron IR transparent yttria ceramics 

having a unique combination of superior optical and mechanical properties are reported for the 

first time. Homogenous nucleation and controlled growth enabled the development of non – 

aggregated particles with narrow size distribution. The powder exhibited excellent sinterability 

reaching near-theoretical density at temperatures around 1400°C in air. Sintered specimens 

showed average grain sizes closer to 700 nm. Post-sinter hot isostatic pressing eliminated the 

residual porosity from the sintered samples leading to exhibit IR transmissions up to 84% in 

the 2.0 – 9.0 µm regions, equivalent to single crystal Y2O3. Improved transparency and 

mechanical properties are attributed to the absence of secondary phases resulting from Sulphur 

additives employed in the hitherto reported processes. Transparent Y2O3 ceramic developed in 

this study is a promising candidate for solid-laser hosts, IR transparent domes, and uncooled – 

thermal – window applications by its superior optical and mechanical properties. 

In addition to the above, investigations were carried out to synthesize nano AlON powder 

through aqueous sol-gel processing. Appropriate quantities of Aluminum Nitride (AlN) powder 

and aqueous boehmite sol were mixed to obtain molecular stoichiometry of AlON. In this 

process, the AlN deteriorated into its hydrated compounds in the aqueous sol due to its intrinsic 

hydrolysis tendency and hindered AlON formation. Extensive investigations were carried out 

to analyze the behaviour of AlN during the processing of sol-gel AlON. Hydrolysis of AlN in 

the aqueous sol-gel medium was circumvented by subjecting AlN to a surface modification 
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process. The homogeneously dispersed Al2O3 sol and AlN mixture was further gelled, dried, 

and heat treated at temperatures between 1600°C and 1850°C for the formation of AlON 

powder. AlON phase formation was confirmed through XRD investigations, and its physical 

and microstructural properties were also evaluated through FESEM and TEM analyses. 

Through this process, AlON powder with an average particle size of 490nm was successfully 

synthesized during the study. This process is suitable for producing AlON powder in bulk 

quantities. The powders were further shaped and sintered at 1950°C in a flowing argon 

atmosphere to produce transparent AlON specimens. The optically polished AlON specimens 

exhibited transmissions up to 84% in 3 – 5 µm wavelength regions and their mechanical 

properties were at par with the best – published data.  
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CHAPTER - I 

 

Introduction 

1.1 Introduction to transparent ceramics 

Polycrystalline ceramic materials are solid, inorganic, non-metallic materials that are usually 

shaped from their powders followed by sintering for densification. The commonly seen ceramic 

products such as floor tiles, sanitary wares and electrical insulators are optically opaque in 

nature, which means that they do not allow the light to pass through their bodies. In terms of 

light transmitting characteristics, ceramic materials are classified into three categories namely 

opaque, translucent and transparent ceramics. As mentioned above, the materials such as 

sanitary wares are classified under opaque ceramics as they forbid transmissions of light waves 

through them. On the other hand, certain products like the high-pressure lamp envelop, the 

incident light pass through partially through its body and therefore categorized as translucent 

ceramics.  The third category is the transparent ceramics, which are relatively a new category 

of advanced materials that allows the maximum passage of electromagnetic radiations (EMR) 

through their bodies. Ceramic materials exhibiting high inline optical transparency to the 

wavelengths specifically in the visible to IR regions finds wide range of applications such as 

host for laser windows, super market scanners, high – temperature furnace pyrometer windows, 

orthodontic parts, artificial gems, bullet – proof armors, radomes and domes for high speed 

supersonic and hypersonic missiles [1 – 11].  

Incident of electromagnetic radiations (EMR) on materials causes photon interactions followed 

by transition of electrons between valance and conduction bands. Materials with band gap 

lower than 1.8 eV exhibit high electron excitation for the incident energy of photons (E = hν) 

causing optical absorption and makes a material opaque to EMR waves.  
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Energy of the photon = hν = hc/λ------------------- (1) 

h = Planck’s Constant = 6.626 X 10-34 Js. = 4.13 X 10-15 eV. 

ν = frequency of incident light 

c = speed of the light 

λ = wavelength of the incident beam 

The materials with no transition of valence electrons in to the orbitals exhibit no absorption of 

incident radiations and allow the light to pass through its body. In this context, materials with 

band gap above 3.1 eV are transparent to electromagnetic waves. Materials with band gap 

between 1.8 eV and 3.1 eV exhibit partial light transmissions and considered as translucent 

bodies. Therefore, materials with bandgap larger than 3.1 eV are ideal candidate for the optical 

transmission applications [12]. Figure 1.1 schematically shows the classification of ceramic 

materials based on their response to optical interactions. 

1.2 Importance of polycrystalline transparent ceramics 

On one hand, single crystal ceramic materials are the best class of transparent materials in terms 

of their optical characteristics as they do not contain any internal obstacles for the transmission 

of light. Various materials such as sapphire (Al2O3), yttrium aluminum garnet (YAG), Y2O3 

etc. show superior inline transmissions in the entire UV to IR region (~200 nm to ~9.0 µm) 

compared to the polycrystalline transparent materials. However, the fabrication of single 

crystals requires very high temperatures, sophisticated facilities and consume large amount of 

time for their growths. 
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These extreme processing conditions are leading to exorbitant fabrication costs. Moreover, the 

size of the single crystals is determined by their lattice structures and therefore ineffective to 

produce near – net and complex shaped articles such as domes. In such cases, dome shaped 

articles are scooped out of large sizes crystals through diamond grinding. These additional 

machining requirements further increase the cost of the single crystal products [16]. Other 

problems of single crystals include difficulties of producing in large scales and mechanical 

brittleness.  

Therefore, polycrystalline transparent materials receives huge attraction as an alternate for the 

single crystal materials due to various advantages such as near – net shaping capabilities, ability 

to produce simple and complex shaped products, low temperature processing, large – scale 

production facilities and minimal necessity for grinding and polishing. These versatile 

advantages make the polycrystalline transparent ceramic materials highly economical 

Fig. 1.1 Classification of ceramics based on optical interactions 

[13] 

[14] 

[15] 
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compared to the single crystal materials. Moreover, in the present days, with very careful and 

controlled fabrication techniques, the polycrystalline materials are produced with optical 

transmissions equivalent to single crystals. Therefore, polycrystalline transparent ceramic 

materials are likely preferred compared to single crystal ceramics. However, the knowledge on 

the phenomenon of the light transmission physics through the ceramic body is very much 

required for the successful fabrication of polycrystalline transparent ceramic materials. The 

following sections provide the gist of mechanisms on the interactions of light with the ceramic 

materials so that one can have the required precautions while fabricating the transparent 

ceramic materials. 

1.3 The physics of light transmission in polycrystalline ceramics 

Incident EMR on polycrystalline materials undergo various optical corollaries such as 

reflection, refraction, scattering, absorption and transmission based on the surface and the 

microstructural characteristics of the material. Fig. 1.2 shows various optical events occurring 

during the light transmission through a polycrystalline material. 

 
Fig. 1.2 Light Transmission phenomenon through polycrystalline ceramics.  
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The relation between transmissivity and other optical parameters as per the following Lambert 

– Beer equation is 

T = I/I0 = (1 – Rs
2) exp (– Csca t) ------------------- (2)  

Where,  

T is the total transmission 

I is the intensity of the transmitted light 

I0 is the intensity of the incident light 

Rs is the total surface reflection 

Csca is the effective scattering coefficient  

t is the sample thickness 

1.3.1 Loss of reflection  

Rs describes the reflection losses at both the sides of the material which is expressed as 

 

Where n is the refractive index of the sample 

Therefore the inherent theoretical limit for the transmission of any material is 

 

From the equation (4), it is evident that the material having high refractive index exhibit less 

theoretical transmissions. Moreover, this equation is valid only for the materials having 

extreme physical and chemical homogeneity.  

 

------------------ (3) 

------------------ (4) 
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1.3.2 Absorption coefficient 

For the heterogeneous materials, the parameter called absorption or the scattering coefficient 

(Csca) additionally influence the transmissions as per the following equation. 

Csca = α + Sim + Sop                    ------------------ (5)  

Where 

α is the absorption term due to transition of electrons. This term has minimum effect for the 

large band gap materials (band gap > 3.1 eV) 

Sim is scattering term due to structural inhomogeneity such as pores, grain boundaries and 

second phases 

Sop is another scattering component evolve due to crystallographic anisotropy. This term is 

invalid for the optically isotropic cubic crystalline materials such as spinel, Y2O3 and AlON. 

However, this term is important for the anisotropic polycrystalline materials such as Al2O3. α 

– Al2O3 exhibit hexagonal crystal structure with lattice parameters at a = 4.754 Å and c = 12.99 

Å and at a wavelength of 600 nm, its refractive index for the ordinary ray is 1.768 (polarisation 

perpendicular to the c – axis) and for the extraordinary ray is 1.760 (polarisation parallel to the 

c – axis) [17]. The refractive index difference of 0.008 induce birefringence for the incident 

light at every grain boundaries and diminish the quantum of in-line transmission. Therefore, to 

circumvent the birefringence effect and gain the transparency, the sintered grains of alumina is 

restricted to the sizes lesser than the wavelength of the incident light. 

1.3.3 Scattering Loss 

Transmission losses due to scattering (Sim) for a material occur from both external rough 

surfaces and internal structural infirmities. Surface grinding and optical grade polishing 

eliminates the scattering losses from uneven surfaces. However, combating scattering from the 
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internal sections require cautious manufacturing skills to develop engineered microstructures 

free from elements such as porosity, second phases and impurities, non-stoichiometric regions  

having different refractive index [18 – 19]. Peelan et al. suggested the following expression on 

scattering coefficient ϒ for pore scattering in terms of the total porosity [20].  

 

Where, 

Csca is the scattering cross section of one spherical pore 

p is the total porosity 

r is the radius of the pore 

Apetz et al. used the above expression and calculated the effect of the porosity content in terms 

of the optical transmission and reported that even the porosity of only 0.1% reduce the inline 

transmissions from 86% to 1% and the content of 0.01% porosity diminish the transmissions 

to 35% [14]. Yamashita et al. studied the effect of pore size on the percentage of in-line 

transmission and reported that 1000 ppm of pores having the size of 0.1 µm completely collapse 

the degree of transparency [21]. In the case of imaging applications using longer wavelengths, 

only thin widows tolerate pore sizes smaller than 100nm [22]. Reducing pore size by half bring 

down the Rayleigh scatter by one order of magnitude [23]. Therefore, pore concentrations and 

their size reductions become a major goal for a successful fabrication of transparent materials. 

Scattering due to second phases and impurities are controlled by selecting ultra-high pure raw 

materials having purity above 99.99% and avoiding inclusions of contaminations at various 

levels of processing such as milling, drying, sintering and post sintering etc. Densification is 

encouraged without any assistance of sintering aids or otherwise in the ppm levels to avoid any 

------------------ (6) 
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grain boundary segregations. Transparent ceramics are indeed expensive compared to other 

ceramics materials due to these boundaries of using extremely high-pure raw materials and 

stringent processing conditions. 

1.3.4 Absorption edges 

Apart from the bandwidth selection, materials exhibit transmissions to EMR at a specific range 

of wavelengths. For e.g. having the bandwidth of 8.8 eV, single crystal sapphire exhibit 

transmissions for the entire wavelength region from 140 nm to about 7.0 µm as shown in fig. 

1.3.  Beyond these boundaries, the sapphire shows absorption of light. At the UV end, the 

absorption is due to the excitation of valence electrons into orbitals for the wavelengths 

<140nm. On the IR region of the spectrum, the absorption is not due to excitation of electrons 

but is associated with the small energy differences in the vibrational and rotational states of 

molecules, amorphous networks or lattices [8]. MgAl2O4 spinel exhibit absorption edges at ̴ 

190 nm and the UV end and closer to 6 µm at the IR wavelengths [17]. 

 

1.4 High performance transparent ceramic materials 

In the current scenario, transparent ceramic materials such as sapphire, submicron – Al2O3, 

MgAl2O4 spinel, Y2O3, aluminum oxynitride (AlON), ZnS and ZnSe are majorly used for 

Fig. 1.3 Transmission spectrum of single crystal sapphire [24] 
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various visible and IR transparent applications. Among these, ZnS and ZnSe are less preferred 

for the applications with extreme service environments such as high-speed missile domes and 

bulletproof armor materials due to their inherent poor mechanical properties. Therefore, the 

rest of the candidates are considered as high performance materials because of their 

combination of superior optical and mechanical properties. Still, sapphire is preferred in limited 

quantities do to their extreme costs and slow production rate. Therefore, the materials such as 

submicron – Al2O3, MgAl2O4 spinel, Y2O3 and aluminum oxynitride (AlON) takes a long leap 

and considered as ideal candidates for most of the presently required high performance 

applications. Table 1.1 compares the physical, chemical, mechanical and optical properties of 

various transparent ceramic materials [12]. 

Properties ZnSe ZnS Sapphire Sub - µm 

Al2O3 

MgAl2O4 

Spinel 

AlON Y2O3 

Crystal Structure Cubic Cubic Hexagonal Hexagonal Cubic Cubic Cubic 

Density (g/cc) 5.27 4.08 3.986 3.986 3.58 3.69 5.031 

Flexural Strength 

(MPa) 

55 103 350 480 250 240 160 

Hardness (Hv) 

(Kg/mm2) 

100 - 115 200 - 220  1600 - 1800 2000-2300 1300-1400 1350-1380 630-650 

KIC (MPa.m1/2) 0.5 0.8 – 0.9 2.6 3.5 1.9 2.0 0.7 

Range of Transmission 0.6 – 18  0.4 – 12  0.2 – 5.5  0.2 – 5.5  0.2 – 6.0 0.2 – 5.5 0.25-9.0  

% of RIT (3 – 6 µm) 65 – 66  70 – 71  84 – 86  84 – 86  84 – 87  85 – 86  82 – 84  

Process Methodology CVD CVD Crystal 

Growth 

Powder 

Metallurgy 

Powder 

Metallurgy 

Powder 

Metallurgy 

Powder 

Metallurgy 

 

Table 1.1 Typical characteristics of various transparent ceramic materials 

As shown in the table 1.1, the materials other than ZnS and ZnSe exhibit superior IR 

transmissions ranging closer to 85% that are ideal for obtaining IR images with improved 
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resolution. Figure 1.4 compares various transparent ceramic materials with respect to their IR 

transmission characteristics [25]. It may be noted that the transmission characteristics of 

various polycrystalline materials are highly competing with that of the single crystal sapphire 

materials. 

  

1.5 Challenges of manufacturing transparent ceramics 

Unlike the fabrication of traditional ceramic materials, manufacturing transparent ceramics 

follow stringent processing conditions starting from the selection of raw materials until to the 

final stages of grinding and polishing. The following prerequisites require constant attention at 

every levels for the efficacious manufacturing of these transparent materials. 

 

Fig. 1.4 IR Transmission spectrum of various ceramic materials 
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1.5.1 Selection of raw materials 

Selecting the appropriate starting powders is the fundamental key for fabricating transparent 

ceramics with superior optical and mechanical properties. Therefore, most of the investigators 

employed standard commercial powders having purity of at least 99.99% for their processes 

[3, 7 – 8, 15]. However, due to extreme costs and restricted supplies of these commercial 

powders, researchers explored in finding the other suitable techniques for synthesizing these 

starting powders for their fabrication of transparent ceramics. In this context, various powder 

processing techniques such as chemical precipitation, combustion synthesis, sol-gel method, 

co-precipitation, flame spray pyrolysis, Pechini precipitation, freeze-drying, hydrolysis 

assisted synthesis, acid dissolution and precipitation etc. [26 – 49] have been investigated.   

However, transparent ceramics derived through commercial powders exhibited relatively 

superior physical, chemical, mechanical and optical properties. For example, transparent 

submicron Al2O3 having IR transparency equivalent to single crystal sapphire is developed 

using commercial Al2O3 powders [50]. Similarly, excellent results on transparent spinel were 

mostly obtained with commercial spinel powders [51 – 54]. This is probably due to their 

coherent combinations of physical and chemical characteristics such phase purity, ultra – fine 

sizes (100 – 200 nm), narrow size particle distribution, round edged morphology, high 

reactivity, outstanding particle homogeneity and excellent inter – particle coordination. 

Therefore, the exploration is still under progress for producing starting powders having 

properties equivalent or better than the commercially available optical grade powders. 

Moreover, there is a real need for finding the ideal synthesis technique that can produce optical 

grade powders in large scales.  However, synthesizing such optical grade powders having 

consistent and coherent physical and chemical properties is still a challenging task.   
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1.5.2 Flawless green processing and controlled densification  

Apart from the usage of suitable starting powders, adapting the appropriate fabrication 

technique is equally important for the successful fabrication of transparent ceramic materials. 

For instance, fabricating materials such as submicron – Al2O3, MgAl2O4 spinel, Y2O3 and 

aluminum oxynitride (AlON) require strict processing parameters to gain the maximum inline 

transparency. Manufacturing green bodies with high degree of homogeneities is necessary for 

avoiding development of structural defects such as micro cracks and laminations. Similarly, 

extreme control on densification is also required to obtain flawless sintered microstructures. 

According to the source and characteristics of the starting powders, researchers employed 

various green fabrication techniques such as compaction, cold isostatic pressing, slip casting, 

gel casting, hydrolysis assisted casting, pressure/ vacuum casting. Similarly, several sintering 

techniques such as conventional air sintering, vacuum sintering, hydrogen sintering, pressure 

assisted sintering, hot forging, spark plasma sintering, flash sintering, hot pressing and hot 

isostatic pressing were followed for densification. Eventually, the sintered materials were 

carefully ground and polished at the external surfaces to eliminate surface scattering and 

gaining the maximum optical transparency.  

Therefore, apart the challenges involved with synthesis of powders, stringent challenges persist 

in converting the powders in to real optical components having properties equivalent to the 

theoretical standards and at par with the best values reported in the literatures. 

1.6 Scope for the present study 

The era of research and development in the field of transparent ceramic materials started just 

in the years of 1960s and their exploration gained momentum in the recent decades [55]. 

Therefore, immense potential areas still exist in this emerging domain for developing novel 

methodologies of synthesizing optical grade ceramic powders and further fabricating 
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transparent ceramic materials therefrom. For example, there is a necessity for a process of 

synthesizing ultra – high pure and ultra – fine Al2O3 powders suitable for producing transparent 

submicron Al2O3 products. Similarly, investigations report that the existing commercial spinel 

powders and Y2O3 powders suffer with inherent Sulphur contaminations [17, 42 – 43] due to 

the limitations in the existing synthesis procedures. These contaminations inhibit spinel and 

Y2O3 from exhibiting their intrinsic optical transmissions. Therefore, there is a definite 

necessity for the improved methodology for producing optical grade spinel and Y2O3 powders 

free from Sulphur contaminations. Moreover, the existing literatures fabricating submicron 

transparent spinel materials undisclosed the procedures followed for the spinel powders due to 

technical and commercial reasons. Therefore, the present study explored the possibilities of 

synthesising optical grade spinel powders suitable for producing submicron grained transparent 

spinel.  Likewise, in the area of AlON materials, the starting AlON powders are mostly 

synthesized using non-aqueous processing techniques due to the inherent hydrolysis tendency 

of AlON precursors in the water medium. Additionally, non-aqueous synthesis processing is 

highly expensive and hazardous to the environments. Therefore, there is an obvious need for 

the development of novel aqueous processing methods for synthesizing AlON powders, which 

would be economical and friendly to the environments. 

Apart from the development of novel methodologies of synthesizing optical grade ceramic 

powders, optimization of a suitable fabrication technique is also required for the transformation 

of these powders into transparent articles. 

1.7 Objectives of the present investigation 

 The prime objective of the present investigation is to develop a facile processing 

methodologies using sol – gel techniques to produce a series of optical grade powders 

such as Al2O3, MgAl2O4 spinel, Y2O3 and aluminum oxynitride. 
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 Another objective of the investigation is to synthesize powders with at least 99.99% of 

phase purity. 

 Another objective of the investigation is to synthesize powders with particle size ≤ 100 

nm 

 Another objective of the investigation is to develop the synthesis technique that are 

scalable for bulk productions 

 Another objective of the investigation is to synthesize highly reactive powders that are 

mostly sinterable at temperatures around 1400°C  

 Another objective of the study is to shape the articles through compaction routes 

 Another objective of the study is to obtain the sintered grain sizes in the submicron 

regions 

 Another objective of the study is to sinter the components using minimum or without any 

inclusions of sintering additives 

 Another objective of the study is to produce a series of transparent ceramic articles such 

as Al2O3, MgAl2O4 spinel, Y2O3  

 Another objective of the study is to synthesize AlON powders aqueous sol – gel methods 

followed by fabrication of transparent AlON ceramics 

 Another objective of the present study is to systematically characterize the synthesized 

powders and transparent articles and compare them with the present global standards 

1.8 Outline of the thesis 

This thesis consists of eight chapters. First chapter provides a brief introduction on transparent 

ceramics, classification of ceramics based on optical interference, the physics behind the 

transmission of light in polycrystalline ceramics, introduction on currently pursued transparent 

ceramic materials. Further, it discuss the major challenges involved in fabricating transparent 
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ceramic materials and provides the gist of methodologies that are explored hitherto for their 

fabrication. Also the chapter details the scope for the further research and development and 

lists various objectives of the present study to develop various transparent ceramic materials 

such as Al2O3, MgAl2O4 spinel, Y2O3 and AlON. 

The second chapter details the intense literature survey conducted to cover various approaches 

and methodologies adapted to date for fabricating transparent ceramic materials such as 

transparent alumina, spinel, yttria and AlON. The details include the history and evolution of 

these ceramic materials, various techniques followed for synthesizing starting powders, 

methods of forming green shapes and procedures followed for their densification. In addition, 

the chapter covers various properties achieved for these materials in terms of their physical, 

chemical, optical and mechanical properties. 

The third chapter includes the fundamentals and advantages of sol – gel techniques chosen for 

synthesizing optical grade Al2O3, MgAl2O4 spinel, Y2O3 and AlON powders. Additionally, the 

chapter explains the fabrication instruments used for manufacturing transparent articles and the 

characterization tools employed for analyzing the synthesized powders and sintered transparent 

ceramic materials. Besides, the chapter also outlines the fundamentals of the characterization 

techniques use for the present invesigations. 

Fourth to seventh chapters explain the actual works carried out for synthesizing various optical 

grade powders and fabricating those to transparent ceramic materials. Accordingly, the fourth 

chapter details on synthesizing optical grade Al2O3 powders through sol – gel techniques. 

Further, it describes the methodologies adapted for shaping the powders and transforming the 

green components into dense IR transparent articles. Moreover, the chapter covers all the 

systematic characterization techniques used for confirming the achieved properties and 

discusses their standards with respect to the reported values. 
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The fifth chapter reveals the procedures employed for synthesizing optical grade, nano – spinel 

powders through sol – gel techniques followed by their systematic characterization at every 

stages of processing. Further, the chapter explains the methodologies adapted for fabricating 

transparent spinel materials from the synthesized spinel powders. In addition, the shaped and 

sintered materials followed detailed characterizations in order to confine the fabrication 

techniques to obtain transparent spinel materials. 

Chapter 6 explains the novel formulations involved in synthesizing phase pure, nano – Y2O3 

powders using sol – gel methodology. The chapter details the systematic characterization 

techniques utilized for the analysis of synthesized powders and covers the entire procedures 

followed for their fabrication into transparent yttria. The chapter also compares the standards 

of presently produced transparent yttria with the existing transparent yttria materials. 

Chapter 7 reports the novel aqueous sol – gel methodologies adapted for synthesizing 

submicron AlON powders. The chapter details the various challenges encountered in 

synthesizing AlON powders in water medium. Further, the chapter details the methodologies 

carried out to counter attack the challenges and explain the appropriate procedures to produce 

AlON powders through environmental friendly aqueous processing. In addition, the chapter 

details the fabrication of transparent AlON materials and compare their properties with the best 

– published AlON materials. 

Chapter 8 summarize the entire thesis providing the overall gist of the characteristics of 

synthesized powders and the sintered components. In addition, it also provides the scope for 

further investigations that can be carried out to improve the current processing techniques.   
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CHAPTER - II 

Literature Review 

This chapter reviews the prior arts and various investigations extensively carried out in the 

areas of Al2O3, MgAl2O4 spinel, Y2O3 and AlON transparent ceramic materials. 

 2.1 Transparent Al2O3 

Transparent sub-µm Al2O3 attracts huge attention in the field of transparent ceramics due to its 

exclusive and excellent intrinsic properties such as as superior hardness, high flexural strength, 

resistance to chemical attack, high thermal shock resistance and transparency from visible to 

mid-IR (1-6 µm) wavelength regions. These unique combinations of properties extended its 

applications in wide range of areas including discharge lamp envelopes, windows for lasers, 

armor materials, orthodontic parts and artificial gems [1 – 9]. In addition, their utilization 

extends as IR transparent radomes and dome materials in the advanced supersonic missiles to 

confront severe and harsh aerodynamic environments [10]. In the present scenario, sub-µm 

Al2O3 is the hardest and the strongest among all the transparent ceramic materials. 

2.1.1 Coarse grained translucent Al2O3  

Numerous studies have been carried out on transparent Al2O3 for several decades due to its 

immense potential characteristics and the investigations are constantly progressing until today 

to acquire its maximum competencies.  The sintered polycrystalline Al2O3 was considered as 

an opaque material until R.L. Coble exposed its capability of transmissions to light during 

1960. According to the U.S. Patent 3026210, Coble et al. developed the transparent Al2O3 by 

mixing finely divided alumina particles with 0.5% MgO and compacted the mixture at a 

pressure of about 50 tons per square inch to produce the green discs. The shaped discs were 
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pre-heated at 1000°C – 1200°C and further sintered at 1700°C – 1950°C under vacuum or 

hydrogen environment to obtain completely sintered body. According to this method, the 

sintered and polished articles having 0.5 mm thickness showed transmissions up to 79% at 4.9 

µm wavelengths [1].  

Muta and his group disclosed a method of making transparent Al2O3 employing alumina 

powders having particle sizes ranging from 0.1 µm and mixtures of 0.1% of MgO and 0.25% 

of Y2O3 as sintering aids. These powders were compacted and pre-sintered in air at 1000°C – 

1600°C and subsequently sintered at 1700°C – 1900°C under vacuum or hydrogen atmosphere. 

The sintered articles having 0.5 mm thickness showed inline transmissions of at least 60% in 

the wavelength region between 320 µm and 1100 µm [2].  

Alternatively, Greber et al. produced transparent Al2O3 for ceramic lamp tubes using aluminum 

oxide monohydrate as a starting material. This method involves mixing of aluminum alkoxides 

in alcohol at 80°C with the appropriate quantity of MgO additive. The mixture was hydrolyzed 

in water and peptized using acid vapors followed by distillation and drying. The as-dried 

powder consisting 12 – 25% of acid content was compacted and sintered in vacuum or 

hydrogen atmosphere above 1850°C for 24 hours. The high purity aluminum alkoxide was 

selected for this method to avoid the inclusions of any harmful secondary phases such as SiO2, 

Fe2O3, Mn2O3 etc. that may cause severe reaction with sodium vapors during the operation of 

high-pressure lamps [11].   

Amato et al. evaluated the effects of powder morphology with respect to the final densification 

by preparing the starting powders using freeze and spray drying techniques. The compacted 

green samples were sintered at 1700°C under vacuum for 2 hours and further heat treated at 

1900°C in vacuum for a period between 2 and 24 hours to obtain density very closer to 
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theoretical values. The sintered samples after grinding and polishing to 0.5 mm thickness 

showed transmissions up to 70% in the 2 – 5 µm wavelength region [12].  

Wei et al. modified the sintering additives and the sintering atmosphere (mixtures of hydrogen 

and argon) and produced transluscent alumina [13 – 14]. Quihong et al. attempted to dope 

La2O3 for studying its effect on enhancing the densification of Al2O3 and added concentrations 

up to 0.3 wt% along with 0.1 wt% of MgO. They shaped the green samples through CIPing at 

200 MPa pressures and sintered at 1700 – 1750°C for a period up to 15 hours in H2 atmosphere. 

The samples exhibited transmissions up to 50% in the IR- regions [15]. 

All the above-mentioned methods succeeded in achieving transparency by eliminating the pore 

element from their sintered bodies. The samples were heat treated to very high temperatures 

that is above 1800°C for the complete removal of pores. Al2O3 bodies at these temperatures not 

only attained densification but also experienced severe grain growth with the average grain 

sizes exceeding 10 – 20 µm. At these magnitudes of grain sizes, Al2O3 turn out to be translucent 

for the incident lights due to its birefringence scattering.  

Yamashita et al. simulated the in-line and total forward transmissions of the translucent 

polycrystalline alumina as a function of pore size, pore volume, grain size and degree of 

birefringence. He derived a theoretical expressions using Mie scattering model [16] and 

correlated the results with his experimental values. His model express that the quantum of 

porosity significantly influence both the total forward and in-line transmissions whereas the 

grain size affects only the in-line transmissions and have no considerable impact on total 

forward transmissions [17]. 

2.1.2 Submicron transparent Al2O3  

Understanding these drawbacks associated with the larger grain sizes, subsequent researchers 

initiated to improve the process to obtain eventual sintered grain sizes less than 1.0 µm to avoid 
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the birefringence losses. Accordingly, Peelan et al. attempted to sinter Al2O3 using hot press 

[HP] technique at temperatures lesser than 1450°C. The sintered grain sizes were retained to 

around 1.0 µm due to the lower densification temperatures and thus the transparency was 

improved up to 80 – 81 % at 2.5 µm wavelengths for 0.5 mm thick body.  However, the report 

reveals that the sintered bodies still left with traces of residual pores having sizes around 0.2 

µm [18 – 19]. These pores have induced inline scattering as per the Mie theory [20 – 21] and 

restrained the sintered body from exhibiting transparency beyond 80%. The experimental 

studies further conducted by Peelan et al. detailed the effect of such pores towards the 

transmission of light in Al2O3 [22].  

Later, Mizuta et al. produced translucent alumina through low temperature sintering using 

commercially available α- Al2O3 powder (Tamicron TM-DA Grade, Taimei Chemicals Co., 

Ltd., Nagano, Japan). The powder was reported to be 99.99% pure and the average particle size 

was around 400 nm. Due to very fine particle size and large specific area (14 m2/g), the slip 

casted green samples attained reasonable densification (no density values were reported on 

sintered samples) at temperatures around 1240°C for 2hours. The samples were further pressed 

hot isostatically at temperatures between 1200°C to 1400°C to obtain theoretically dense 

samples. The average grain size after HIPing was found to be around 5.0 µm for the samples 

HIPed at 1250°C and the samples exhibited transmissions up to 46% in the visible to infrared 

regions [23]. 

Subsequently, O.H. Kwon and co-workers developed the first sub-micron grained transparent 

alumina through sinter forging technique using sol gel derived γ-alumina as a starting powders 

seeded with 1.5 wt% α-alumina. The powder was highly agglomerated and therefore the hot 

forge method was used for sintering the samples. They have achieved complete densification 

at temperatures as low as 1250°C. It was reported that the sample was light grey in colour, 

which is presumably due to the carbon contaminations from their graphite dies or due to the 
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oxygen deficiencies or because of the addition of TiO2 dopants. The average grain size was 

reported as 0.43 µm. Though the samples after forging exhibited theoretical densities up to 

100% (values are not discussed) with 0.43 µm average grain sizes, the transparency was not 

improved beyond 50 % in the IR region [24].  Kumagai et al. proposed the concept of α-alumina 

seeding in the boehmite sol to improve the transformation kinetics of Al2O3 for the conversion 

of θ phase to α phase during heat treatments. In addition, the seeds acted as nucleation sites for 

θ to α transformation at lower temperatures. Besides, they also inhibit the formation of 

vermicular microstructure and encourage the formation of equiaxed isotropic grain structures. 

Moreover, the seeds retain the sintered grain sizes in the sub-micron region [25 – 26].  

In view of the above, many conducted various studies on improving densification and reducing 

the sintered grain sizes using alumina seeds.  Krell et al. utilised very fine commercially 

available Al2O3 powder and achieved relative densities above 99% T.D. and grain sizes around 

0.5 µm. The samples were prepared by gel casting and pressure assisted filtration casting and 

sintered at 1300°C to 1350°C. He studied various advantages of sub-micron grained sintered 

Al2O3 in terms of their mechanical properties and reported that the Al2O3 having 400 nm 

average grain sizes exhibit significant improvements in the hardness reaching the values above 

20 GPa and flexural strengths above 900 MPa [27]. Additionally, he also studied the effect of 

sintered grain shapes with respect to the usage of sol-gel derived powder and reported that the 

sol-gel derived powders favoured the formation of equiaxed grain structures [28].  Ma et al. 

showed that the seeding of α – Al2O3 or diaspore (Al-O-OH) in the chemical precipitation 

synthesis of alumina powder produce equiaxed Al2O3 particles having particle sizes between 

25 – 100 nm. The green discs from these powders exhibited relative density of 99% at 1285°C 

having grain sizes around 600 nm [29].   However, the powders obtained from these synthesis 

routes exhibited inferior properties in terms of relative densities and sintered grain sizes 

compared to the gel-casted samples derived using commercial Al2O3 powders (Tamicron TM-
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DA Grade, Taimei Chemicals Co., Ltd., Nagano, Japan) [28]. An another investigation showed 

that it is not the most fine grained nano powders promote finest sintered microstructure but the 

powders with extremely homogeneous particle co-ordination in the green bodies encourage 

low temperature densification and favor the achievement of nano microstructures [30 – 32]. 

This would be the plausible reason for why most of the investigators selected commercial 

Al2O3 powders rather than their in-house synthesized powders for the processing of transparent 

Al2O3.  

Echeberrira et al. attempted to fabricate dense Al2O3 through sinter-HIP processing using 

nanoscale alumina powders from various commercial suppliers. Shaping was carried out using 

compaction and pressure filtration techniques and the samples were sintered to obtain closed 

porosities and further HIPed at 1250°C at a pressure of 150 MPa. The HIPed specimens showed 

an average grain size of 0.45 µm and hardness up to 24 GPa [33]. Laine et al. synthesized nano 

α – Al2O3 having particle size between 30 – 80 nm through liquid-flame spray pyrolysis 

technique. The sintered samples from these powders exhibited density above 99.5% with the 

final grain sizes around 500 nm [34].  All these investigations [27 – 30, 33 – 34] evaluated the 

enhancement in properties relating to ultra-fine sintered microstructures and however, not 

conducted any investigations related to optical transparencies.  

Godlinski et al. utilized controlled float packing method for the fabrication of alumina green 

bodies using commercial alumina powders. As per this method, the colloidal suspensions of 

alumina was allowed to settle based on their particle and agglomerate sizes. The tunings 

between electrostatic and electro-steric repulsions in the suspensions initiated the settlement of 

coarser particles followed by the ultra-fine and equivalent sized particles. Through this method, 

they produced homogeneous, dense green compacts, and sintered without any dopants at 

1275°C. The average grain size after sintering was 0.4 µm and the sintered samples after 

polishing to 0.5 mm thickness showed transparency up to 15% in the visible regions [35].  
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Cheng et al. employed microwave-sintering for his fabrication of transparent alumina. High 

purity (99.99%) commercial alumina powders (Baikolox CR 10, Baikowski International, 

North Carolina) having mean particle sizes of 150 nm was compacted using cold isostatic press 

(CIP) at 280 MPa pressures. They pre-heated the compacted pellets at 1100°C for the removal 

of residual binders and further sintered under hydrogen atmosphere using microwave energy 

having 6 kW microwave power source. They observed the enhanced rate of grain growth for 

the samples sintered using microwave assistance and found their samples partially converted 

to single crystals. The samples exhibited transmissions up to 70% at 2.5 µm wavelength region 

[9, 36]. 

All the above-mentioned methods employed various techniques to fabricate transparent 

alumina materials. However, until 2003, no investigations reported the achievement of 

transparency above 80% in the wavelength regions between 0.2 to 6 µm.  

Later in 2003, Apetz et al. reported the fabrication of sub-micron transparent Al2O3 having 

high-inline transparency up to 83% in the wavelength region around 2.0 µm. Aqueous 

suspensions of α – alumina powders having mean particle sizes of 150 nm was shaped through 

slip or pressure casting and sintered at 1250°C in air to obtain closed porosity. The sintered 

samples further subjected to HIPing at 1200°C – 1400° C in argon atmosphere at 200 MPa 

pressures to obtain transparent bodies. The report discussed the light transmission behaviour in 

the sintered sub-micron polycrystalline Al2O3 in detail and compared it with the transmissions 

of coarse-grained Al2O3. They indicated that the real-inline transmissions drastically reduce 

from 80 % to < 10 percentage when the sintered grains escalated from 500 nm to 3.0 µm. In 

addition, they emphasized that the existence of residual porosity in the sintered body can have 

a prominent effect on the transmissions of light where even the presence of 0.1% of residual 

porosities can completely deteriorate the transparency [37]. 
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Simultaneously, Krell et al. reported the manufacturing of complex hollow components and 

large flat transparent windows of completely sintered and HIPed alumina shaped through 

aqueous gel-casting techniques. Commercially available TM-DAR corundum powder (purity 

> 99.99%, average particle size 0.2 µm, Boehringer Ingelheim Chemicals, Tokyo) was made 

into aqueous slurries having solid concentrations between 76 – 78 wt %. Ultra-fine ZrO2 

particles up to 0.2 wt % was used for pinning the grain growth and 0.03 wt % of MgO was 

added as sintering aid. The green samples, sintered at 1240°C – 1250°C in air for 2 hours 

achieved 97% T.D and further HIPed at temperatures between 1150°C and 1400°C at 200 MPa 

pressures showed theoretical densities above 99.9%. The average grain sizes of HIPed samples 

varied between 0.5 and 0.6 µm and exhibited hardness up to 21 GPa. The 0.8 mm thick polished 

samples exhibited very high inline transmissions up to 86% in the 3 – 5 µm region and about 

59% in the visible regions. The report claimed that their transparent Al2O3 exhibit transparency 

equal to the single crystal sapphire in the 3 – 5 µm wavelength regions [38 – 39]. Qi et al. also 

followed the similar process as Krell et al. using gel casting, sintering and HIPing techniques 

to fabricate 1.0 mm thick transparent Al2O3 having sintered grain sizes around 1.0 µm with a 

reasonable optical transparency (values are not discussed) [40]. 

Yamashita et al.[17], Apex et al. [31] and Krell et al. [37, 41] reported in detail on how the 

hexagonal crystallography of polycrystalline alumina cause birefringence reflection at every 

grain boundary junctions and diminish the real inline transmissions significantly. On the other 

hand, Mao et al. attempted to align the orientation of c-axes of alumina parallel to each other 

to circumvent the effect of birefringence. They have conceived this idea from the earlier work 

reported by Suzuki et al. [42] where the application of magnetic field of 10 tesla align the c-

axes of alumina parallel to the direction of magnetic field. Accordingly, they applied a strong 

magnetic field of 12 tesla during slip casting and sintered the shaped bodies at 1850°C in H2 

atmosphere for 3 hours. The sintered bodies exhibited aligned crystal structure and showed the 
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grain sizes between 30 – 40 µm. Though the grains have grown very large, the 0.8 mm thick 

polished samples showed no birefringence scattering and exhibited inline transmissions up to 

55% in the visible regions [43]. 

Granger et al. patented his method of fabricating transparent alumina through the U.S. Patent 

No. 2009/0137380 A1 [44]. According to his approach, combinations of various sintering 

additives such as Sm2O3, CaO and TiO2 were mixed with commercial alumina powder for the 

preparation of aqueous suspensions followed by casting, sintering and HIPing at temperatures 

around 1250°C. The sintered grain sizes retained between 200 nm and 1.5 µm with the in-line 

transmissions up to 83% in the wavelength region between 2.5 µm and 4.5 µm. Further, Parish 

et al. disclosed a method of achieving improved transmissions equivalent to single crystal 

sapphire in the IR wavelength region. His approach followed preparing aqueous suspensions 

of alumina using commercial alumina powder (100% α – phase, 99.97% pure and particle sizes 

less than 500nm) together with the sintering aids such as MgO, Y2O3, and ZrO2 having 

concentrations between 25 to 3000 ppm. He used the pressure casting or filter casting 

techniques for shaping the green components and sintering in H2 atmosphere at temperatures 

above 1200°C for densification and HIPing at 1200°C under pressures of 100 – 200 bars for 

complete elimination of pores. The final polished samples having 0.8mm thickness showed in-

line transmissions up to 88.9% at 4.0 µm wavelength region [45]. Though his approaches have, 

no much deviation from the methods discussed above, the attempt of sintering in H2 atmosphere 

have plausibly enhanced the rate of pore mobility from the sintering microstructures and 

favoured low temperatures densification and further achieving improved transmissions. 

Biswas et al. attempted to introduce La2O3 doping and fabricated transparent alumina using 

commercial alumina powders. The aqueous suspensions of alumina was casted, pressure-less 

sintered and HIPed at 1350°C for 5 hours. The addition of La2O3 up to 0.1 wt % concentrations 

enhanced the visible transparency to 50% compared to the un-doped alumina which has showed 
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transmissions up to 30%. IR transparency in the wavelength regions between 3 – 5 µm showed 

no major effect with respect to La2O3 addition [46]. 

Drdlikova et al. modified the surface of the commercial alumina powder through plasma 

treatment and introduced NOx and COx species on the particle surface. They used these 

molecule charges for dispersing alumina and prepared stable aqueous suspensions for casting. 

In addition, suspensions were prepared through conventional methods employing electro-static 

forces (dispersion using acid molecules and adjusting the pH for stabilization) and electro-

steric forces using commercially available dispersing agents such as Darvan – CN 

(R.T.Vanderbilt Co., Inc., Norwalk, CT, USA). All these suspensions were casted, dried and 

sintered at 1380°C and 1500°C and HIPed at 1200°C to 1250°C at 200 MPa pressures for 3 

hours. In contrast to their expectations, transparent alumina produced using plasma treated 

powders showed poor transmissions (up to 36%) compared to the untreated powders (up to 

57%) in the visible regions [47]. 

Drdlik et al. explored the effect of erbium doping on the optical, mechanical and fracture 

behaviour of transparent alumina. They have doped erbium ions having concentrations between 

0.1 and 0.15 at.% in the aqueous suspensions of commercial alumina powder and casted for 

making green samples. The samples attained densification through two-step sintering in air. 

The step followed the heating to 1440°C from RT, cooled without a hold, and dwelled at 

1280°C for 10 hours to gain the closed porosity stage. The samples were further HIPed at 

1280°C under 200 MPa pressure in argon to achieve optical transparency. The studies report 

that the erbium atoms supress the grain growth and confine the average size to 0.3 µm. The 

polished samples without erbium doping exhibited transmissions up to 60 % and the doped 

samples showed decrement in the transparency to 56%, which is due to the segregation of 

erbium atoms at the grain boundaries. However, the erbium atoms slightly enhanced the 

hardness to 27 GPa than that of the un-doped version (26 GPa) [48]. 
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From the above discussions, it is evident that almost every investigators utilized only the 

commercial alumina powders for their processing and attempted to shape the green components 

using various techniques such as compaction, cold isostatic pressing, slip casting, gel casting, 

pressure casting, filer pressing etc. Further, the densification is achieved through conventional 

air sintering, two – stage sintering, hydrogen sintering, HP and HIP etc. Most of these 

approaches have the versatility of fabricating components having larger sizes and complex 

shapes such as armour windows, domes and ogive radomes. For e.g., Krell et al. reported the 

fabrication of larger flat windows of dimension of 100mm X 100mm X 0.8mm (Length X 

Breadth X Thickness) and hollow lamp envelop through gel casting [38] and Ceranova 

corporation exhibit their capabilities of making domes and ogive radomes probably through 

pressure casting techniques [49]. 

Apart from these methodologies, some investigators attempted fabricating transparent alumina 

using spark plasma sintering (SPS) techniques. Various processing features such as rapid rate 

of heating (> 150°C/ min),  minimum holding period at peak temperatures (usually about 3 to 

10 minutes) and simultaneous application of heat and pressure attract researchers to utilize this 

technique for gaining low temperature densification and extremely fine-grained 

microstructures. In spite of several studies conducted on alumina using SPS techniques to 

reduce the sintered grain sizes less than 0.4 µm [50 – 54], no optical transparency was achieved 

in any attempts probably due to the presence of residual porosities.  

Kim et al. reported the first transparent alumina sample fabricated through controlled SPS 

sintering. As per their approach, they compacted commercial Al2O3 powder (Tamicron TM-

DA Grade, Taimei Chemicals Co., Ltd., Nagano, Japan) at 80 MPa pressures and heated the 

sample in two different heating rates. The first stage from 600°C to 1000°C treated with the 

rate of 25°C/ min and the second increment up to 1150°C received the rate of 8°C/ min. 

Samples with a rapid heating rate of 100°C/ min up to 1150°C was also prepared for 
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comparison. The samples heat-treated under controlled heating rate exhibited densifications up 

to 99.97% with the mean grain sizes of 0.27 µm and the samples with abrupt heating rate 

exhibited opacity due to the occlusions of intergranular porosities. The polished samples having 

thickness of 0.88 mm exhibited in-line transmissions up to 70% at 1.6 µm wavelengths [55]. 

They further extended their study and explored the effect of heating rate with respect to the 

percentage of transmissions and reported that the slow heating rate (2°C/ min) improve the 

transmissions compared to the faster heating rates (100°C/ min) [56]. They also given identical 

explanations like Yamashita et al. [17] on the influences of pore size, grain size and 

microstructural defect with respect to the transmissions of their SPS samples [57].  

Jiang et al. also conducted similar experiments like Kim et al. [55 – 57] using the same 

commercial alumina powder and achieved transmittance up to 85% in the 3 – 5 µm regions 

[58]. Instead of usual dry compaction of the powders, Aman et al. attempted using slip casted 

green samples for the SPS studies and reported achieving 45% transmissions at 0.9 µm 

wavelengths [59]. Chakravarthy et al. studied the influences of applied stress on the 

densification and the optical transparency of alumina by varying the SPS load from 150 – 275 

MPa and obtained transmissions closer to 85% in the 3 – 5 µm regions for the maximum loaded 

samples. Instead of conventional graphite dies, they utilized SiC moulds for their compaction 

for withstanding the enhanced applied stress [60]. Jin et al. pre-treated the as-received powder 

alumina powder (HFF5, Shangai Wusong Chemical Co. Ltd., Shanghai, China) with 

hydrofluoric acid for de-agglomeration and conducted SPS experiment at temperatures 

between 1250°C and 1350°C. They showed that the de-agglomerated powders exhibiting better 

in-line transparency around 50% in the visible region [61]. Lallemant et al. conducted similar 

exercises like Aman et al. [59] and included additional shaping techniques such as filter 

pressing and cold isostatic pressing for preparing the green samples for their SPS studies. The 
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samples from all the pre-shaped samples presented real inline transmissions of 53% in the 0.64-

µm wavelengths [62].  

Grasso et al. increased the applied stress over Chakravarthy et al. reaching loads above 400 

MPa using moulds made of carbon fibre composites. They could sinter the samples with 

minimum grain growth having sizes as low as 107 nm that were slightly larger than their 

particle sizes (130 nm) of the starting powder (Super TM-DAR, Taimei Chemicals Co. Ltd., 

Japan). The transparency reached to the levels of 65.4% in the visible regions due to the ultra-

fine sintered grain sizes [63]. Ratzker et al. further extended the applied load between 650 and 

800 MPa using a hybrid graphite – SiC moulds and obtained enhanced visible transparency of 

about 68% [64].  

Though the transparent alumina samples fabricated through SPS techniques exhibited 

improved optical and mechanical properties compared to the fore-mentioned processing 

techniques, the SPS processing still have many inherent deficiencies. For instance, this process 

is not versatile for fabricating larger sized components and complex shaped articles. Moreover, 

this technique is highly oriented for academic studies and not preferred for major practical 

applications. Apart from these realities, one can observe that even for all the SPS studies, the 

investigators selected only the commercial alumina powders from various resources and no 

studies utilized any in-house synthesized alumina powders for the fabrication of transparent 

alumina.  

Considering the critical demands on the need of ultra-fine and ultra-pure alumina powders 

suitable for high performance transparent alumina fabrication, the present study presents a 

facile sol–gel route to synthesize the alumina powder having ultra-high purity and ultra-fine 

particle sizes in the range around 20 – 40 nm. The process exhibited high control on inter-

particle homogeneity for shaping green bodies and showed excellent sinterability at 
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temperatures around 1350 – 1400°C. The sintered specimens transformed to exhibit optical 

transparency after HIPing. The synthesized powders and the sintered specimens were 

extensively characterized for elucidating their physical, microstructural, mechanical and 

optical properties. The details of the powder synthesis and the fabrication of transparent 

alumina are presented in detail in chapter 4. 

2.2 Transparent MgAl2O4 spinel 

The next material selected in this study is transparent MgAl2O4 spinel. Transparent magnesium 

aluminate spinel is cubic and optically isotropic materials carries excellent intrinsic 

characteristics such as high strength, hardness, low scatter and broadband optical transparency 

up to 86% in the region between 0.2 µm and ̴ 7.0 µm. These combinations of properties makes 

spinel as an ideal candidate for infrared domes and windows for missiles, optical lenses, 

transparent armours, host material for lasers, super-market scanning windows, scratch proof 

watch casings, optical heat exchangers, pyrometer windows for high-temperature and high-

pressure furnaces etc. [65]. Fabrication of transparent grade spinel articles involve various 

processing steps comprising appropriate selection of ultra-pure, highly-reactive starting 

powders, fabrication of homogeneous, defect-free green bodies, sintering the shaped 

components with high degree of densification and elimination of last 0.01% of porosity from 

the sintered bodies [66].  

2.2.1 History on development of transparent spinel  

J.J. Ebelman reported the first synthetic spinel crystals during 1848. In the early 1960, Navias 

et al. attempted for a vapor transport technique for the fabrication of spinel materials [67]. 

However, the research and development activities on powder to transparent spinel through HP 

technique initiated in the late 1960s [68]. In the year 1969, General electric co. fabricated 

transparent spinel with 60% infrared transmissions using hydrogen sintering at temperatures 
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around 1900°C [69 – 71].  During 1970s, Don et al. at Coors Ceramics hot forged the spinel 

powder containing 0.8 wt % Li2O and 2 wt % SiO2 to obtain 1.0 mm thick samples having 

visible transmissions closer to 76%. The grain size varied between 0.2 µm and 60 µm.  Later, 

in 1977, Raytheon research division developed transparent spinel using fusion cast method for 

fabricating infrared dome for the advanced short-range missile. However, due to the residual 

stresses, most of the fused cast bodies developed cracks during cooling [72 – 76]. In Parallel, 

Applied Physics Laboratory at Johns Hopkins University and Honeywell Systems Research 

Centre Works conducted tests on high temperature optical properties of transparent spinel 

supplied by Coors in the years 1980 [77]. In the mid of 1980s, Raytheon research division 

reported fabrication of spinel domes and windows through HP method in large scales having 

transmissions closer to theoretical values (86%) with a bimodal grain sizes distributed in the 

ranges around 4 µm and 65µm [78].  In early 1990s, the characteristic analysis were carried 

out for measuring microwave properties, high temperature infrared transmission and fracture 

resistance test [79 – 81]. In the mid of 1990s, spinel fabricated through rate controlled sintering 

followed by hot isostatic pressing exhibited grain sizes in the range between 20 – 40 µm 

embedded in the matrix of 2 – 3 µm sized grains [82]. Even until the years of 2000, spinel 

fabrication process suffered in obtaining consistent transparency due to inconsistency in the 

properties of spinel powders supplied by Baikowski International. Moreover, the literature had 

very little information on consistent sintering and fabrication of transparent spinel materials 

[83 – 85].  

2.2.2 Conventional coarse-grained transparent spinel 

Apart from the existence of single crystal spinel, the polycrystalline transparent spinel started 

its expedition as a coarse-grained material having average grain sizes above 10 µm. As 

mentioned above, the genesis of fabricating spinel focused on obtaining consistent optical 
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transparency majorly through HP and HIPing procedures at temperatures in the range between 

1600°C – 1900°C.  

In continuance to the fore-mentioned reports, in the year 2005, Gilde et al. evaluated the optical 

properties of spinel produced through HP + HIPing. The spinel powder (Baikowski, S30-CR) 

and 0.75 wt% LiF were blended together and hot pressed at temperatures between 1620°C and 

1650°C at 20 MPa pressures followed by hot isostatic pressing at temperatures of 1500°C – 

1900°C with a pressures between 100 MPa and 200 MPa.  The grains after HIPing grown to 

the sizes above 100 µm at these temperatures and the samples showed IR transmissions closer 

to 82% [86]. Simultaneously, DiGiovanni et al. produced transparent spinel blanks and domes 

through HP + HIP or pressureless sintering (PLS) + HIP routes and reported that the HP+HIP 

method delivered consistent quality in terms of transmissions closer to 87% in the IR regions 

[87].  

Mroz et al. at Surmet Corporation developed high quality transparent spinel at large scales 

through powder compaction + PLS + HIP route and produced a nominal 5” to 6” diameter discs 

and lenses. The average transmissions in the IR regions varied between 82 and 84%. The 

microstructure revealed bimodal grain distribution with the grain sizes as large as 100 µm and 

contained traces of foreign inclusions of sizes in the range of 10 µm to several hundred microns 

in diameter.  Mroz et al. further reported that the larger grains acted as stress concentrators and 

significantly affected the strength of their material and therefore emphasized for the necessity 

of fine-grained spinel to improve the mechanical properties [88].  

Goldstein et al. examined the densification characteristics of spinel powders produced through 

flame spray pyrolysis supplied by Nanocerox, Ann Arbor, MI. The powder contained soft 

agglomerates with the average particle size closer to 0.84 µm. The isostatically compacted 

specimens sintered at 1400°C for a prolonged period of 80 hours and HIPed at 1700°C 
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exhibited the average grain size of 17 µm and transmissions up to 84% in the IR regions. The 

samples showed hardness (HV5) up to 12.8 GPa [89]. 

Biswas et al. employed an uncommon shaping methodology called methylcellulose based 

thermal gelation technique for fabricating transparent flat spinel discs and honeycomb-like 

structures. MgAl2O4 powder from Baikowski made into high solid loaded aqueous suspensions 

with 0.2% of methylcellulose. The casted samples gained 99% relative density upon sintering 

at 1700°C and achieved 100% densification upon HIPing at 1800°C under 195 MPa pressure. 

The final samples exhibited an average grain size of 40 µm and a hardness of 13.2 GPa. The 

visible transmissions reached closer to 80% at 650 µm wavelength regions [90]. 

2.2.3 Fabrication of transparent spinel using precursors 

Apart from the practice of using commercial spinel powders, several attempts continued on 

fabricating spinel components using various precursors. Two variants of approaches such as 

single stage and two stage processing followed for fabrication. Single stage process involved 

shaping of green components using spinel precursors and obtaining densification through 

reactive sintering in a single heat treatment whereas the two-stage process comprises the 

synthesis of spinel powders in the first stage followed by shaping and sintering in the second 

stage.  

2.2.3.1 Spinel through reactive sintering 

Fabricating transparent spinel through single stage approach practised rarely due to the 

occurrence of volume expansion between 5 and 8 % [91 – 92] during phase formation prior to 

sintering. In spite of this challenge, researchers explored various techniques of handling this 

obstacle and produced spinel to various levels of transparency. Shimada et al. included part of 

commercial spinel powders in the mixture of alumina and MgO and sintered the cold 

isostatically pressed compacts up to 1550°C for 3 to16 h in air followed by HIPing up to 
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1800°C at a pressure of 150 MPa for 1 hour in argon atmosphere. The samples exhibited 

transmissions closer to theoretical values [93]. Frage et al. according to his U.S. Patent No. 

2009/ 0297851 A1 produced transparent spinel through field assisted sintering technique. The 

mixtures of alumina and MgO with 0.5 to 2.0 wt % LiF was heated initially to 1600°C for 

phase transformation followed by application of pressures up to 100 MPa for densification. 

The sintered body exhibited transmissions around 75 % in the visible region and Vickers 

hardness closer to 14 GPa [94]. Krell et al. and Esposito et al. also conducted similar studies 

and reported comparable results for their reactive sintered transparent spinel [95 – 96]. A recent 

studies conducted by Han et al. report that the usage of γ – Al2O3 to minimize the volume 

expansion issues compared to α – Al2O3. However, spinel produced with γ – Al2O3 suffered 

with severe abnormal grain growth and pores trapped in the intergranular sites resulted in poor 

optical transmissions [97]. Their subsequent studies addressed this issue by varying the 

molecular ratio between γ – Al2O3 and MgO to the alumina rich region (n = 1.5) and produced 

transparent spinel by sintering at 1500°C and HIPing at 1600°C. The HIPed samples exhibited 

an average grain sizes around 4 µm [98].  Sutorik et al. used Mg(OH)2 instead of MgO for their 

alumina rich spinel (n = 2.0, 2.5) and produced pre-sintered body through hot pressing at 

1600°C under 20 MPa presure followed by post-HIPing at 1850°C under 200 MPa pressure. 

The combination of HP+HIP improved the visible transmissions of about 82% with the 

hardness around 11.0 GPa [99]. Few other trails on reactive sintering achieved moderate 

transparency lesser than 60% in the visible regions [100 – 101]. Apart from the volume 

expansion related issues, spinel through reactive sintering require very high sintering 

temperatures causing exorbitant grain growth to the sizes up to 622 µm [102]. Therefore, the 

reactive sintered spinel materials generally exhibited poor mechanical properties. 
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2.2.3.2 Spinel through two-stage process 

As mentioned earlier, two-stage process involve synthesizing spinel powders using organo-

metal or oxide precursors followed by shaping and sintering for final densification. This section 

spotlights the processes involving powder synthesis followed by fabrication of transparent 

spinel components and therefore excludes the methods involving commercial spinel powders 

though they are classified under two-stage process. The powder synthesis received major 

attention due to the constant demand of improved, consistent and cost-effective spinel powders 

alternative to commercial powders. In those aspects, researchers explored several methods such 

as flame spray pyrolysis [103 – 104], combustion technique [105], Pechini and co-precipitation 

methods [106], sol-gel of metal alkoxides or inorganic salts [107 – 111] and freeze-drying 

[112] for the synthesis of high purity and ultrafine spinel powders. 

Among these methods, very few processes developed powders suitable for fabricating 

transparent spinel with appreciable level of optical transparency. For instance, the spinel 

powder produced through sol-gel method by Cook et al. [111] obtained densification through 

hot pressing at 1550°C under a pressure of 5000 psi. With 1% aid of LiF, the samples exhibited 

broadband transmissions up to 86% in the visible to IR regions. Balabanov et al. produced 

spinel powders through non-aqueous sol-gel methods. Hot pressing of powders at temperatures 

around 1600°C under 48 MPa pressure produced transparent spinel with optical transparency 

around 80% in the IR regions and grain sizes around 40 µm [112 – 115].  

2.2.4 Transparent spinel with finer microstructures 

Though the fore-mentioned spinel materials exhibited high levels of optical transparency, their 

moderate mechanical properties due to the coarser microstructures limited their applications in 

the harsher environments. Moreover, spinel with larger grain sizes exhibited poor thermal 

shock resistance [116]. Therefore, throughout the evolution of fabricating transparent spinel, a 
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resurgent interest engendered various research communities for the development of transparent 

spinel having finer microstructures. Being an emerging material, the information regarding the 

synthesis of spinel powders for the fabrication of submicron spinel is closely guarded and not 

available in the open literatures. 

Spinel is extremely difficult to sinter at lower temperatures due to (a) low oxygen lattice 

diffusion, which requires very high densification temperatures, (b) volatilization of Mg/MgO 

that causes variations in molecular stoichiometry, (c) propensity for grain coarsening due to 

surface-energy anisotropy and (d) extreme sensitivity to impurities, processing parameters, 

additives and the size and shape of the components. In spite of all these challenges, 

investigators explored the possibilities of achieving grain sizes closer or lesser than 1.0 µm. 

In this context, Gazza et al. reported the fabrication of transparent spinel having sintered grain 

sizes closer to 1.0 µm [117]. His method comprised vacuum hot pressing of commercial spinel 

powder of purity above 99.9% and a particle size of about 1.0 µm at a temperature of 1500°C 

with the pressure of about 6000 psi. The increment in the temperature beyond 600°C until the 

maximum temperature had a pause at every 50°C for an hour. As per the report, the final 

samples sintered without any grain growth and retained its grain sizes around 1.0 µm. Lu et al. 

attempted for the same cause and achieved grain sizes around 100nm through high-pressure 

hot pressing [118]. However, both of the attempts did not provide the expected degree of 

appreciable transparency. 

Tsukuma et al. employed finer spinel powder with a particle size of 150 nm supplied by Taimei 

Chemical Industry, Japan for developing transparent spinel with the expectation of achieving 

final grain sizes closer to 1 µm. The powder mixed with B2O3 of various concentration from 

0.005 to 0.5 mass percentages was compacted cold isostatically at 200 MPa and vacuum 

sintered at 1250°C – 1400°C for 2 hours followed by HIPing at 1300°C under 150 MPa 
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pressure. The amount of B2O3 and the sintering temperature played crucial roles in controlling 

the microstructure refinement. Eventually, the samples with 0.15% of B2O3 exhibited 

transparency up to 81% in the visible regions. The samples exhibited grain sizes between 1.0 

and 2.0 µm, which was much closer to their expected values [119]. 

Even in the years 2009, the hunt for a consistent high quality spinel powders was continued 

and the activities continued simultaneously for developing spinel with ultra-fine grain sizes 

less than 0.5 µm and RIT closer to the theoretical maximum (spinel with these combination of 

characteristics is hereafter termed as advanced spinel).  In this context, Krell et al. attempted 

for developing advanced spinel using three variants of powders. The first investigation 

employed commercial spinel powders, while the next route utilized in-house produced powders 

and the third approach involved reactive sintering using high-purity Al2O3 powder mixed with 

MgO powder. The sintered spinel from commercial powders exhibited grain sizes in the range 

of 0.4 to 0.6 µm with the optical transparency closer to 85%. The next method of employing 

in-house spinel powders (produced by an undisclosed chemical synthesis) produced sintered 

spinel with grain sizes further reduced to 0.37 µm with the RIT near to 83%. The hardness of 

this fine-grained spinel reached to the values up to 15 GPa which is on par with the hardness 

of single crystal sapphire. The third approach involving reactive sintering demanded the usual 

high fabrication temperatures (>1500°C) and produced coarse microstructures and 

transmissions up to 80% [120]  

Simultaneously, Goldstein et al. improved their earlier process [89] by selecting a coarser 

spinel powder from Nanocerox, Ann Arbor, MI, having surface area of 30 m2/g produced by 

flame pyrolysis technique. The cold isostatically pressed compacts without any sintering 

additives attained densification above 99% of relative density at temperatures closer to 1400°C. 

Similar densifications achieved at 1800°C in their earlier attempts due to highly agglomerated 

starting powders whereas, in their present investigation, the low agglomerated starting powders 
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explained the earlier densification. Sintered samples of the improved version exhibited grain 

sizes in the sub-micron regions of dimensions averaged to 0.45 µm. The HIPed samples 

(1320°C/ 3 hours) at 2mm thickness exhibited high optical transparency having RIT around 

80% in the visible region [121]. Further, Goldstein et al. reported that the process described by 

Krell et al. [5, 120] was presented in a general manner and do not allow any reproducibility 

due to the non-disclosure of the nature of processing and the quantity of sintering additives 

[121]. 

In another study, Krell et al. explored the densification characteristics of spinel powders 

synthesized through methods such as thermal decomposition of ammonium carbonates, flame 

spray pyrolysis and thermal decomposition of alum salts. The initial particle size of the powders 

varied between 53 nm and 120 nm based on the synthesis procedures. Gel casting and cold 

isostatic pressing processes produced green samples. At the end of their investigations, green 

samples from flame pyrolysis powders having purity of 99.995% and particle size of 53 nm 

attained 97% relative density at temperatures as low as 1260°C and the complete densification 

attained up on HIPing at 1260°C. The HIPed specimens with an average grain size of 340 nm 

showed transmissions up to 84% in the visible regions. Though the powders through flame 

spray pyrolysis technique exhibited, the ultimate characteristics of producing transparent spinel 

having high inline transmissions coupled with ultra-fine microstructures, Krell et al. reported 

that the costs of the powders were exorbitantly high, which was around 3000 % higher than the 

relative costs of alumina powders of equivalent purities [122]. Spinel powders with such 

extreme cost does not favor large scale and economical productions. 

Consecutively, Mroz et al. reported on fabricating transparent spinel with properties equivalent 

to the values reported by Krell et al. The development utilized their undisclosed proprietary 

process for fabricating transparent spinel with average grain sizes as fine as 370 nm. Their 

unrevealed process utilized Y2O3 as sintering additives for grain refinement. The report 
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contained no further information regarding the characteristics of the starting powder, shaping 

and sintering techniques. The samples exhibited transmissions closer to theoretical values ( ̴86 

%) in the 3 – 5 µm wavelength regions with the hardness (HV2.5) reaching to 16.8 GPa [123].  

Few of the investigators [124 – 126], termed their spinel powders highly-reactive or highly-

sinterable based on the densification temperatures where they obtain theoretical densities above 

98% at temperatures lower than 1600°C. Accordingly, the spinel powder synthesized in this 

study is termed as highly-reactive as they showed superior sinterable characteristics reaching 

greater than 98% theoretical densities at temperatures closer to 1400°C.  

2.2.4.1 Transparent spinel through exploratory sintering techniques  

As mentioned in the earlier sections, the inherent issues in achieving transparency were mostly 

resolved from the year 1990s and the focus was shifted towards process optimization, cost 

reduction and improving mechanical properties, mainly through grain size reductions. 

Accordingly, spinel has been produced by various sintering techniques such as PLS [70 – 71, 

127 – 128], HP [72, 75, 111, 129 – 132], HP+HIP [86 – 87, 100 – 101, 133 – 135] and PLS+HIP 

[5, 87 – 88, 93, 119, 122, 133, 136-137]. Among these techniques, most of the commercial 

manufacturers employ HP+HIP and PLS + HIP, for their production due to the versatilities of 

producing larger and complex shape components.  

However, few research groups explored the other sintering methods such as SPS [138 – 146], 

flash sintering [147] and field assisted sintering [94] techniques. In specific, SPS method 

facilitate faster and pressure assisted densification at relatively lower temperatures leading to 

finer sintered microstructures compared to other techniques. For instance, Bonnefont et al. 

selected three kinds of spinel powder with surface areas varying between 22 – 31 m2/g supplied 

by Baikowski, USA (S30CR, S30XCR and SA30XCR). The average crystallite size of the 

powders ranged from 50 – 80 nm. The powders attained densification at temperatures around 
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1300°C with the sintered grain sizes averaged around 250 nm for the grade S30CR and the 

grain size varied between 350 nm and 450 nm for the grades S30XCR and SA30XCR 

respectively. The inline transmission varied between 80 – 84% at the wavelength of 2.5 µm 

and exhibited poor visible transparency due to the existence of pores in the microstructures 

[143]. Most of the SPS investigations resulted similar fine-grained microstructures with the 

RIT closer to theoretical values. In spite of having such capacities of producing transparent 

spinel with superior microstructural characteristics, the inherent deficiencies of SPS related to 

producing large and complex shaped components limit this technique for commercial 

productions. Flash and field assisted sintering techniques also exhibit similar shortcomings and 

therefore limited to the academic exploratory studies. 

From the observation after the detailed literature survey, commercial spinel powders played in 

a major portion of investigations for producing transparent spinel. The inevitable Sulphur 

contamination and formation of micro opaque spots in the transparent samples is still 

unresolved from commercial Baikowski powders [148 – 149] and the powders through flame 

pyrolysis method suffer with exorbitant production costs [122]. Limited investigations report 

utilization of spinel powders produced through their indigenous undisclosed methods for the 

manufacturing of transparent spinel with relatively superior physical, mechanical and optical 

properties [15, 18, 21, 50]. Therefore, the demand persist until today for the powder synthesis 

methodology to produce highly-reactive spinel powders having superior characteristics such as 

ultra-high purity above 99.99% and particle sizes ≤ 100nm. It is an added benefit if the spinel 

powders exhibit high-sinterability at temperatures ≤ 1400°C and show sintered microstructures 

with submicron grain sizes. The interest will grow further if the powder is produced through 

scalable and economically feasible processes. 

In these aspects, the present study proposes the synthesis of highly-reactive MgAl2O4 spinel 

nano powders (MgO.nAl2O3, n ≈ 1) through a facile sol-gel process. The powder exhibited 
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ultrafine particles having size around 20 nm with homogeneous round edged morphology. The 

compacted green bodies exhibited superior sinterability at temperatures around 1375°C without 

any assistance of sintering additives. In addition, the sintered +  HIPed samples showed the 

average grain sizes around 500 nm with outstanding inline transmissions up to 84% in the 3 – 

5 µm wavelength region. The method involve powder synthesis, shaping of green bodies, 

sintering, HIPing and their corresponding characterizations in terms of their physical, chemical, 

microstructural, mechanical and optical properties are presented in detail in chapter 5. 

2.3 Transparent Yttria Ceramics 

The next material chosen for the present investigation is transparent Y2O3 ceramics. 

Polycrystalline yttrium oxide is another cubic structured, optically isotropic ceramic material 

exhibiting superior resistance to corrosion, high refractoriness and transparent to 

electromagnetic radiations from ultra-violet to mid IR regions. Due to such excellent chemical, 

thermal and optical properties, it is widely used for various applications such as host material 

for high power lasers and scintillators, envelops for high-intensity-discharge lamps, IR 

transparent domes and windows [150 – 151]. In addition, transparent Y2O3 is an exclusive 

material exhibiting broader absorption edge relative to other competitive transparent materials 

such as sapphire, AlON and spinel. The IR transmission limits of Y2O3 extends up to 9 µm 

while the other candidates exhibit transmissions closer to 7 µm. Moreover, the maximum IR 

transmissions extends up to 6.5 µm for Y2O3 ceramics whereas the maximum transmission 

shoulder drops and absorptions begins at the wavelengths around 4.5 to 5 µm for the rest of the 

competing materials [152]. For heated domes or windows, these absorptions become emissions 

that reduce the signal to noise response of the seekers leading to poor image qualities. On the 

other hand, Y2O3 remains transparent beyond 5.0 µm and the heated Y2O3 domes do not 

reradiate into MWIR detectors for the ranges up to 6.5 µm and therefore relatively increase the 
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acquisition range and produce superior image qualities [153]. These exclusive qualities state 

Y2O3 as a leading candidate for strategic applications.  

The fabrication of transparent Y2O3 materials starts with the ultra-high purity powders obtained 

from two major resources. Some approaches produced transparent Y2O3 using commercially 

available powders while the rest have attempted to synthesize their own powders for their 

investigation. Relatively, the latter method produced Y2O3 with consistent and superior 

transmission properties compared to the former one. However, the second route involved with 

multiple powder-processing modules comprising appropriate selection of ultra-pure 

precursors, suitable methodology for producing highly reactive, ultra-pure, single-phase Y2O3 

powders having extreme inter-particle coordination. Apart from the powder synthesis, the 

successive processes also require precise control on fabricating homogeneous, defect free green 

bodies that is sinterable with homogeneous microstructures free from any optical interventions 

such as pores, impurities and secondary phases [32].   

2.3.1 Genesis of development on transparent Y2O3 

Single crystal transparent Y2O3 have been grown by flame fusion method in the early 1960s 

but relatively in small due to its higher melting temperatures (2410°C) [154]. However, since 

the material is optically isotropic, the development inclined towards the fabrication of its 

polycrystalline form in the late 1960s with the Brisette et al. producing a partially transparent 

Y2O3 disc through thermo-mechanical hot-forging techniques. The sintered density of the 

forged samples exceeded above 99% of T.D. exhibiting the Knoop hardness closer to 857 

kg/mm2 [155]. Subsequently, Anderson et al. at General electric research laboratory reported 

the improved version of transparent Y2O3 called Yttralox by doping 10% of ThO2 and sintering 

at 2200°C. The resulted material containing grain size in the range between 10 – 50 µm 

exhibited appreciable levels of transparency [156]. Later, Lefever et al. fabricated transparent 
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Y2O3 through vacuum press forging at 950°C using liquid assisted sintering using LiF 

additives. The average grain size of the final material retained around 3 µm and the optical 

transparency of 1.0 mm thick sample reached to the levels of single crystal Y2O3 exhibiting 

transmissions up to 84% in the 2 – 8 µm wavelength regions. The material showed hardness 

up to 800 Kg/mm2 for the Knoop indentation at 100g load [157]. Further, Dutta et al. produced 

transparent Y2O3 specimens using commercial Y2O3 powders by vacuum hot pressing at a 

pressure of 5000 – 7000 psi and at temperatures between 1300 – 1500°C without any assistance 

of sintering additives. The samples exhibited average grain sizes around 1.0 µm with the 

specular transmissions close to 84% in the 2 – 8 µm regions. The hardness reached the values 

up to 900 Kg/mm2 due to the finer grain sizes [158]. Tsukuda et al. attempted for a hydrogen 

sintering approach at temperatures around 2270°C and produced transparent Y2O3 without any 

sintering additives and pressure assistance [159]. 

Later in 1980s, Rhodes et al. synthesized 8 – 12 mol percentage of La2O3 doped Y2O3 powders 

through acid dissolution and co-precipitation technique and developed transparent Y2O3 using 

transient solid-state diffusion sintering at temperatures around 2170°C under hydrogen 

atmosphere. The average grain size of this pressure-less sintered material enlarged above 50 

µm due to very high sintering temperatures and showed real inline transparency less than 80% 

in the 3 – 8 wavelength regions [160]. 

In the early 1985, Raytheon research divison, U.S.A developed transparent yttria missile domes 

utilizing sinter + HIP approach to fabricate 100% dense, pre-free ceramics at temperatures 

around 1700°C. The material produced with and without 0.1 mol % La2O3 doping exhibited 

similar RIT close to 84% in the 2 – 7 µm region [152]. 
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2.3.2 Conventional coarse-grain transparent yttria 

Most of the early stage investigations employed sintering at temperatures around 2000°C 

primarily due to coarser particle size of the starting powders [152]. In the later stages, the 

orientation of the investigations turned towards promoting densification of Y2O3 at relatively 

lower temperatures.  Amongst, many have utilized commercially available Y2O3 powders [161 

– 163] and the remaining attempted to synthesize their own powders following various 

techniques such as dissolution of Y2O3 powder in acids followed by precipitation and 

calcination [164 – 166] and precipitation of yttrium salts [167 – 171]. For instance, Mouzan et 

al. employed commercial Y2O3 powders of 99.99% purity having average particle sizes below 

1 µm. The compacted green samples attained pre-densification at 1600°C in the vacuum 

atmosphere and the final densification through glass capsuled HIPing at temperatures between 

1500°C and 1625°C under 200 MPa pressure. The HIPed specimens of 1.5mm thickness 

showed transparency up to 40% at 1.0 µm wavelength and contained grain sizes in the range 

of 150 µm with large volume of residual porosities at the intergranular sites. The powders 

contained large volume of hard agglomerates, induced heterogeneous nucleation and grain 

growth, and resulted to inferior densification [162]. He et al. utilized commercial nano yttria 

powders having particle sizes closer to 33 nm and produced green bodies using centrifugal 

consolidation. The green specimens sintered at 1700°C for 5 hours in vacuum exhibited inline 

transparency up to 55% at 0.8 µm wavelength at 1.5 mm thickness [163]. Willingham et al. 

evaluated Y2O3 powders from three various commercial suppliers with the aim of producing 

transparent Y2O3 at temperatures around 1400°C and obtaining sintered grain sizes close to 1.0 

µm. The powders were compacted cold isostatically and sintered at 1650°C in air for 4 hours 

followed by HIPing at 1650°C at 200 MPa pressures for 4 hours. Out of three powders, one 

could reach to the levels of moderate transparency and rest remained optically opaque. The 

sample with moderate transparency also contained large volume of precipitate phases 
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consisting various impurities. Moreover, the samples exhibited sintered grains averaged to 60 

µm, which was considerably larger than their initial goal of achieving grain sizes of 1.0 µm 

[153]. Eilers et al. also initiated his investigations to fabricate transparent Y2O3 with the goal of 

achieving 1µm final sintered grain sizes. Commercial Y2O3 powders having 99.95% purity and 30 

– 50 nm particle sizes from Inframat Advanced Materials, CT, U.S.A, was used for this 

purpose. The powders pressed cold isostatically for shaping and sintered at 1600°C – 1700°C 

in air followed by HIPing at 1650°C at 203 MPa for 6 hours in argon atmosphere. However, 

their efforts could produce transparent Y2O3 with sintered grain sizes around 20 µm with RIT 

close to 60% at 1.0 µm wavelengths [172]. Jung et al. added 3-mol% of ZrO2 as an oxygen 

supplier to Y2O3 to avoid occurrence of oxygen deficiency during vacuum sintering. The 

compacts of ZrO2 added commercial Y2O3 powder obtained densification at temperatures 

around 1750°C followed by post annealing in air at 1250 – 1400°C for 5 hours to obtain optical 

transparency around 80% in the visible to IR regions [173]. 

Apart from such investigations involving commercial Y2O3 powders, the other approaches 

employing in-house synthesized powders also produced transparent Y2O3 with significant 

progress in terms of densification compared to the traditional methods. For example, the 

attempt of Saito et al. using their in-house produced carbonate-derived Y2O3 powders exhibited 

improved sinterability at temperatures around 1700°C. As per his approach, the carbonated 

Y2O3 precursor obtained phase purity to cubic Y2O3 at 1100° and exhibited particle sizes closer 

to 1.0 µm. Ammonium sulfate as a surface refiner was employed up to 0.05 wt% during the 

powder synthesis for the particle to gain round edged morphology. The green compacts attained 

complete densification at 1700°C, which is relatively lower than most of the above-mentioned 

traditional methods. The sintered specimens exhibited grain sizes near to 20 µm and optical 

transparency up to 40% at 1.2 µm wavelengths [167]. Their further investigations using Y2O3 

powders derived from yttrium hydroxide rather from yttrium carbonate enhanced the 
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transparency to an extent (values are not discussed). However, the powders produced in this 

method suffered with Sulphur contaminations up to 50 ppm due to the addition of ammonium 

sulfate, which impeded the sintered bodies achieving theoretical transparencies [168 – 169].  

Huang et al. carried out a process similar to Saito et al. and investigated the effect of pH of the 

precipitate on the final particle size and morphology. He concluded that the precipitate at pH 8 

produced Y2O3 powders with favorable morphology to produce transparent Y2O3 at 

temperatures around 1700°C. The final samples exhibited grain sizes around 30 – 50 µm [174]. 

Wen et al. also followed the footprints of Saito and Huang et al. and investigated the effect of 

striking method during precipitation on the powder morphology. His exercises revealed that 

the powders produced through normal striking (adding ammonia to yttrium nitrate solution for 

effecting precipitation) exhibited higher sinterability than the powders derived through reverse 

striking (adding yttrium nitrate solution to ammonia for precipitation). The samples sintered at 

1700°C exhibited grain sizes around 20 µm and RIT closed to 52% at 1.2 µm wavelengths 

[165]. 

Mouzon et al. investigated the influences of agglomeration of the starting Y2O3 powders on the 

densification and the optical transparency. The initial powders with various status of 

agglomeration were obtained through several drying techniques such as room temperature 

drying, freeze-drying, distillation drying etc. The compacted powders attained densification 

through sinter + HIP approach for obtaining transparency. Eventually, the powders with less 

agglomeration dried under room temperatures showed optical transparency up to 43% at 0.4 

µm wavelengths and their grain sizes varied between 3 and 120 µm. The formation of wide 

range in grain sizes was probably due to the event of heterogeneous nucleation and grain 

growth corresponding to the state of agglomeration. In certain cases, the agglomeration induced 

abnormal grain diffusion leading to the entrapment of pores in the intragranular sites, which 

caused permanent obstruction for optical transmissions [175]. 
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2.3.3 New generation, fine-grained transparent Y2O3 

The fore-mentioned developments majorly focused on sintering Y2O3 to its theoretical densities 

and obtaining maximum optical transmissions for which the investigators employed very high 

sintering temperatures and pressures. These extreme processing environments facilitated to 

realizing their goals. However, the eventual dense material suffered with poor mechanical 

properties due to larger sintered grain sizes. Gentilman et al. recorded the grain sizes as large 

as 100 – 150 µm for their transparent Y2O3 due to their higher processing temperatures [176]. 

In the current scenario, there is a great demand for the transparent ceramic dome materials 

having improved mechanical properties to withstand extreme aerodynamic environments such 

as rain and sand erosion. Therefore, the current state of the art is fabricating Y2O3 with superior 

mechanical properties by controlling the sintered grain sizes in the submicron regions. By 

processing Y2O3 with ultra-fine, nano starting powders (< 100nm), and carefully controlling 

the shaping and sintering parameters, it should be possible to control the grain growth and 

retain the final grain sizes in the submicron levels [5, 121 – 122, 149, 177]. Various 

investigations explored the possibilities of sintering such high-refractory Y2O3 material at 

temperatures around 1400°C. In this context, Chen et al. proposed a two – stage – densification 

method for sintering Y2O3 in air at temperatures lower than the conventional sintering 

processes. This study investigated the feasibility of obtaining densification by suppressing the 

grain boundary migration while keeping the grain boundary diffusion active. As per this 

approach, the green compacts of Y2O3 were heated to a higher temperature (1310°C) for few 

minutes to initiate the grain boundary diffusion and the temperature was drastically reduced to 

lower levels (1150°C) and held for 20 hours to achieve complete densification without grain 

growth [178]. This study majorly focused on optimizing sintering mechanism to control the 

grain sizes and not conducted any studies related to optical transparency. 
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On the other hand, Serivalsatit et al. followed this sintering technique in vacuum for the 

development of transparent Y2O3 by adding post HIPing operations. As per his approach, the 

samples initially heated to 1500°C and held at that there for few minutes followed by immediate 

cooling to 1400°C with a dwell for 20 hours. The sintered samples obtained complete 

densification and transparency while HIPing at 1300°C under 206 MPa pressures [179 – 180]. 

The HIPed samples exhibited grain sizes around 350 – 400 nm with the optical transparency 

up to 80% in the 2.0 µm wavelength regions. Though this sintering technique enabled achieving 

low-temperature densification, the prolonged heating schedules are not energy efficient and 

economical. Though this technique claimed achieving low-temperature densification, in certain 

cases, this method showed inconsistency of achieving second-stage densification at lower 

temperatures [153]. Zhang et al. attempted the similar sintering technique in vacuum at 

relatively higher temperatures in the ranges around 1500 to 1550°C with the hold of 20 hours 

at peak temperatures for his fabrication and utilized alumina seeds up to 150 ppm to control 

high temperature grain growth. The alumina particles pinned the grains not to grow beyond the 

average size of 1.5 µm. The samples after post annealing at 1300°C for 10 hours exhibited 

transparency around 82% at the wavelengths closer to 1.5 µm [181] 

Some researchers employed various additives such as LiF [157, 182], Tm2O3 & ZrO2 & Al2O3 

[161], La2CO3 [166], Er and Yb ions, ZrO2 & Ho ions, Tm & ZrO2 [180, 182 – 184] for 

promoting densifications and reducing sintering temperatures.  Though these inclusions 

improved the densification significantly, in most of the cases, they exhibited numerous optical 

absorptions in the wavelength region between 0.25 and 8 µm plausibly due to their variance of 

refractive index with respect to Y2O3. These absorption bands considerably enhanced the noise 

levels and eventually reduced the resolution of the resultant IR image. Other sintering 

methodologies such as SPS [185 – 187] and hot pressing [188 – 189] were also adapted for 

obtaining low temperature densification.  However, these methodologies are limited for 
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fabricating flat shapes and not suitable for large-scale productions and fabricating complex 

shapes such as domes and radomes.  

From the above reported literatures, it is apparent that there is a need for an improved process 

for producing transparent Y2O3 ceramics. Accordingly, the present investigation comprises 

synthesis of highly reactive nano Y2O3 powders through a facile sol – gel technique followed 

by shaping and sintering. The process utilized a straightforward conventional air sintering 

method, which is economical for producing dense Y2O3. The samples exhibited superior 

densification at temperatures around 1350 – 1400°C. The samples after HIPing at 1400°C 

exhibited excellent IR transparency in the 2 – 8 µm regions with the high control on retaining 

sintered grain sizes in the submicron regions. The study on synthesizing Y2O3 powders and 

fabricating transparent Y2O3 followed by extensive characterization on their physical, 

chemical, mechanical and optical properties are presented in detail in chapter 6.  

 2.4 Aluminum Oxynitride 

The current study also selected aluminum oxynitride for investigation and development. 

Aluminum oxynitride (AlON) is an optically isotropic and relatively a new material added in 

the group of transparent ceramics. By virtue of the cubic crystallography, it shows inline 

transmissions up to 86% in the 0.22 and 6 µm wavelength regions. Owing to its excellent 

optical and mechanical properties, the field of application diverges in various areas such as 

bullet-proof armors, windows for super market scanners, IR windows and domes, laser 

windows, ceramic semiconductors, ceramic lamp envelops and low-cost substitute for sapphire 

[190 – 191]. AlON exhibits 13 polytypoid forms with respect to various concentrations of AlN 

and exist as a single-phase γ – AlON with the reactions between Al2O3 and 28 – 40 mol % of 

AlN at temperatures above 1700°C form single phase [192].  
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2.4.1 A brief history on the evolution of AlON  

In 1946, Yamaguchi et al. observed the formation of spinel structure for Al2O3 system 

thermally stabilized above 1000°C [193]. A detailed study on this polymorph during 1960s 

revealed that the stabilization of spinel was due to the inclusions of nitrogen atoms in the 

structures of Al2O3 [194]. In these periods, Adams et al. [195] and Long et al. [196] also 

reported various characteristics of oxynitride forming in the Al2O3 and AlN systems. However, 

major interest on AlON compounds was emerged with the report on fabricating SiAlON based 

ceramics [197]. Later in 1979, McCauley et al reported the first dense AlON specimen with 

possible traces of transparency. Their detailed investigations on phase relations and sintering 

behavior of AlON in the Al2O3 and AlN system showed that the cubic γ – AlON phase is 

compositionally centered at ≈ 35.7 mol % of AlN, which is equivalent to the molecular 

stoichiometry of 9 Al2O3 and 5 AlN [198 – 199]. These initial outcomes attracted Raytheon 

Company to have collaboration with James. W. McCauley to improve the processing and 

fabricating cubic AlON with high degree of transparency. Thereafter, Raytheon worked on the 

development on AlON for the next two decades and produced large AlON windows of sizes 

around 4” X 10”with superior transparency. In the year 2002, Surmet Corporation received the 

license from Raytheon and currently producing AlON windows on commercial scales [200]. 

2.4.2 Processing routes of AlON 

Hitherto, AlON has been produced majorly through two approaches such as reactive sintering 

and two-stage sintering. The former method involve mixing of AlON precursors such Al2O3 

and AlN powders at appropriate molecular proportions followed by compaction and sintering 

in a single firing process whereas the latter involve synthesizing AlON powders in the first 

thermal treatment followed by shaping of AlON powders and densification in the second heat 

treatment [201].  In most of the cases, the formation of single-phase γ – AlON follows the 
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solid-state reactions between Al2O3 and AlN at temperatures between 1700°C and 1800°C from 

the following reaction. 

9 Al2O3 + 5 AlN  Al23O27N5   ------------------ (1)  

2.4.2.1 Reactive sintering of AlON 

As mentioned above, the method of fabricating AlON through reactive sintering pursue 

simultaneous phase formation and densification. The first specimen of transparent AlON was 

fabricated by mixing γ – Al2O3 and 30 mol % AlN powders in ethanol medium followed by 

compaction and reactively sintered at temperatures around 2000°C in a flowing nitrogen 

atmosphere [198]. Similar exercise conducted by Willems et al. at 1850°C under 3.0 bar 

nitrogen pressures produced translucent AlON materials [202]. Cheng et al. explored the 

possibilities of coupling microwave energy for the synthesis of AlON from 67.5 mol % Al2O3 

and 33.5 mol% AlN. His studies derived AlON phase at 1650°C. The samples attained 82 % 

of T.D. at these temperatures. Their further trails at temperatures around 1800°C improved the 

densification to reach the sintered density closer to 99.4% of T.D. [203 – 204]. Patel et al. 

induced transient liquid phase in the reactive sintering by increasing the sintering temperatures 

beyond the solidus line, which is about 1950°C to 2050°C to form a fraction of liquid phase of 

AlON for assisting densification [205]. Kumar et al. investigated the reactive sintering of AlON 

fabricated through aqueous colloidal forming techniques. As per their approach, the initial 

precursors such as Al2O3 and AlN powders went through a surface passivation procedure 

followed by shaping and densification at temperatures around 1950°C [201, 206]. Miller et al. 

also employed aqueous forming routes for shaping requisite mixture Al2O3 and AlN. They 

utilized the hydrolysis reactions of AlN for the solidification of green shapes and produced 

dense AlON samples through reactive sintering [207]. 
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All these reactive sintering methods produce 100% phase pure γ – AlON at temperatures above 

1600°C. However, in most of the cases, this route could not produce 100% dense AlON. 

Moreover, the sintered microstructures contained pores at both inter and intragranular sites. 

The plausible reason for this phenomenon is due to occlusion of Al2O gas that is evolving from 

Al2O3 during the reduction reaction between alumina and AlN for forming AlON phase. 

Bandhyopadhyay et al. observed such volatile compounds of Al2O3 at temperatures above 

1600°C under reduced atmospheric conditions [208]. Corbin et al. also observed such evolution 

of Al2O vapors according to the following reactions [209]. 

Al2O3 (s) + 2C (s)  Al2O (g) + 2CO   ------------------ (2)  

Al2O3 (s) + Al (l)   3 Al2O (g)    ------------------ (3) 

Moreover, the occlusion of pores in the microstructure would occur if the rate of pore mobility 

were lesser than the rate of grain mobility during the event of reactive sintering and subsequent 

grain growth [207]. Though the entrapment of gas species due to the consequence of grain 

mobility may be controlled by manipulating the sintering schedules, the event of gas formation 

is still critical to put under control, as it is associated with the phase formation of AlON. The 

incidents of gas evolution and subsequent pore formations in the reactive sintering process are 

detrimental for obtaining completely dense, transparent AlON as they act as scattering sites for 

transmission of light. Therefore, most of the investigations on fabricating transparent AlON 

followed two-stage process of synthesizing AlON powders at temperatures between 1600°C 

and 1800°C in the first stage followed by milling of AlON powders, shaping and sintering in 

the second stage. In this route, the volatile gases such as Al2O and CO have the scope to escape 

during the first stage of calcination and hence produce pore free microstructures in the 

successive heat treatments.  
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2.4.2.2 Synthesis of AlON powders 

Investigators adapted various synthesis routes such as solid-state reactions, reduction etc. for 

producing single-phase γ – aluminum oxynitride powders for the fabrication of transparent 

AlON.  

2.4.2.2.1 Carbothermal nitridation process 

For instance, Gentilman et al. produced AlON powders through carbothermal nitridation 

technique by reacting γ– Al2O3 with carbon at 1550°C and 1850°C. As per this process, part of 

Al2O3 reacts with carbon produce AlN as an intermediate compound, which would further 

reacts with the remaining Al2O3 for forming the final AlON phase [210]. Rafaniello et al. 

followed the similar carbothermal nitridation technique and used α – Al2O3 and AlN as starting 

precursors [211]. Yawei et al. attempted for producing AlON at temperatures lower than its 

usual phase forming temperatures through carbothermal nitridation reaction of gibbsite and 

carbon black. A small proportion of MgO was used as a phase stabilizer to protect the AlON 

phase that was formed as an intermediate phase at temperatures around 1400 to 1600°C [212]. 

Ma et al. synthesized AlON powders through wet chemical processing using three variants of 

precursors of Al2O3 such as γ– Al2O3, Al (OH)3 and ammonium aluminum carbonate 

hydroxide. These precursors were mixed with carbon black through direct mixing for the case 

of γ– Al2O3 and through co-precipitation for the cases of the remaining precursors. These 

mixtures were calcined at 1600°C to 1800°C for the carbothermal nitridation reactions to form 

AlON phase [213]. Apart from the selection of various precursors of Al2O3 investigation were 

carried out using various precursors of carbon as well for synthesizing AlON through 

carbothermal nitridation technique [214 – 219]. Regardless of employing various precursors of 

Al2O3 and carbon, the AlON powders derived through carbothermal nitridation technique 
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suffered with residual carbon contaminations [219 – 220]. Therefore, few other approaches 

were also explored for synthesizing AlON powders without utilizing carbon precursors.  

2.4.2.2.2 Alumino – thermic reduction process 

For example, Zhou et al. employed the mixture of 89% of γ – Al2O3 and 11% aluminum 

powders and calcined at 1800°C for 3 hours in the nitrogen atmosphere for the synthesis of 

AlON powders. The aluminum powders reduced to form AlN and further reacted with Al2O3 

for the conversion of AlON phase [221]. Wang et al. followed similar technique for 

synthesizing their AlON powders and produced relatively superior in quality in terms of purity 

and phase [222]. Ruan et al. conducted identical exercise but in the atmosphere containing 

nitrogen and carbon monoxide mixtures and produced AlON powders in the whisker 

morphology [223]. Zientara et al. induced SHS reactions in the aluminum powders to react 

with α – Al2O3 for forming AlON particles having chain – like morphology [224]. Xidong et 

al. utilized aluminum powders as the reducing agent in their raw mix of Al2O3 and AlN 

powders and produced AlON powders at 1800°C in a flowing N2 atmosphere [225]. 

2.4.2.2.3 Novel synthesis methods 

Apart from the above – mentioned approaches, synthesis of AlON powders followed few novel 

methods as well. For instance, Labbe synthesized AlON powders using solid-state reactions 

between Al2O3 and BN powders at temperatures around 1700 – 1900°C in the argon 

atmosphere [226]. Another attempt on synthesizing AlON phase through chemical vapor 

deposition techniques produced non-stoichiometric AlON thin films [227]. Likewise, 

Fukuyama et al. explored the plasma arc melting technique to melt the precursors at high 

temperatures for forming AlON phase followed by quenching to obtain the powders [228]. 

However, this rapid technique found ineffective for producing powders in bulk quantities and 
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in certain cases borne inhomogeneous AlON powders mixed with residual Al2O3 and nitride 

phases [229 – 230].  

2.4.2.2.4 Solid – state reactions between Al2O3 and AlN  

Among the various methodologies of synthesizing γ – AlON powders, most of the studies 

employed solid-state reactions between Al2O3 and AlN due to various factors such as process 

simplicity, commercial availability of ultra – high pure Al2O3 and AlN precursors and 

formation of stoichiometric γ – AlON with minimum contaminations. 

For example, Gentilman et al. used the mixtures comprising 63 – 70 mol % of α – Al2O3 and 

37 – 30 mol% of AlN powders. The homogenously mixed powder was calcined at 1600 – 

1750°C to form single-phase γ – AlON powder [231 – 232]. Many researchers for synthesizing 

AlON powders followed the alike footprints [233 – 234]. Bechelard et al. replaced a small 

proportion of α – Al2O3 with transition Al2O3 such as γ – Al2O3 and mixed with AlN to produce 

γ – AlON powders. The addition of transition Al2O3 intended for producing relatively softer 

granules of AlON after calcination [235].  

In most of the procedures followed for synthesizing AlON, environmentally hazardous, non-

aqueous liquids such as ethanol, isopropyl alcohol etc. were the medium used for mixing Al2O3 

and AlN powders due to the hydrolysis tendency of AlN in aqueous medium. AlN reacts with 

water and disintegrate into its hydrolyzed compounds such as Al OOH and Al (OH)3 through 

following reactions. 

AlN reacts with water and converts into AlOOH, Al (OH)3 and NH3 compounds according to 

the following reactions: 

AlN + 2H2O  AlOOH + NH3   ----------------- (4) 

NH3 + H2O  NH4
+ + OH–    ------------------ (5) 
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AlOOH + H2O  Al (OH)3    ------------------ (6) 

Such reactions collapse the molecular stoichiometry between Al2O3 and AlN and hinder the 

formation of single γ – AlON. Therefore, none of the investigators employed aqueous medium 

for synthesizing AlON powders using Al2O3 and AlN precursors. A recently reported sol – gel 

methodology also utilize acetonitrile and chloroform as solvents for synthesizing AlON 

powders [236].  

Understanding the environmental hazards involved in the usage of non-aqueous liquids, in the 

present study, an attempt has been made to produce γ – AlON powders using the precursors 

processed through a simple aqueous sol-gel route. Appropriate quantities of Aluminum Nitride 

(AlN) powder and aqueous boehmite sol were mixed to obtain molecular stoichiometry of 

AlON. However, during the course of processing, AlN powders reacted with the aqueous 

boehmite sol and disintegrated into its hydrated compounds. Such reactions altered the initial 

molecular stoichiometry between boehmite and AlN formulated for the eventual AlON phase 

formation. Extensive investigations were carried out to analyse the behaviour of AlN during 

the sol-gel processing. Hydrolysis of AlN in the aqueous sol-gel medium was circumvented by 

subjecting AlN to a surface modification process. The homogeneously dispersed boehmite sol 

and AlN mixture was further gelled, dried, and heat treated at temperatures between 1600°C 

and 1850°C for the formation of AlON powder. AlON phase formation was confirmed through 

XRD investigations, and its physical and microstructural properties were also evaluated 

through FESEM and TEM analyses. 

AlON powders produced through this technique are comparatively economical. This is because 

the source of Al2O3 utilized in this process is less expensive than the commercially available 

high pure Al2O3 powders, which were generally used in most of the existing AlON processing 

methods. Perhaps for the first time, AlON precursors were successfully processed through 
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aqueous sol-gel procedures and the AlON powders were eventually synthesized with an 

average particle size in the submicron region. This process is suitable for producing AlON 

powder in bulk quantities, and it can be used readily for further processes such as shaping and 

sintering to produce various optical products based on AlON. The complete investigations on 

producing AlON powders through the novel sol – gel method followed by the fabrication of 

transparent AlON are detailed in chapter 7. 
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CHAPTER - III 

Experimental and Characterization Techniques 

3.1 Introduction 

The prime scope of the entire study comprises producing the spectrum of optical grade ceramic 

oxide powders such as Al2O3, MgAl2O4 spinel and Y2O3 followed by fabricating respective 

transparent solid materials using the synthesized powders. In addition, the scope includes to 

study the suitability of the current synthesizing technique for producing oxynitride powders 

such as Aluminium oxynitride (AlON) that are useful for fabricating dense AlON articles. This 

chapter describes the fundamentals of major processing and experimental tools used in the 

current investigations and provides a brief outline of the characterization techniques used for 

evaluating the materials in terms of their physical, chemical, microstructural, thermal, 

mechanical and optical properties. 

3.2 Synthesis methodology and instrumentations 

The entire study employed the sol – gel – processing techniques for the synthesis of all the 

optical grade powders followed by using various powder metallurgy processes to produce 

dense ceramic materials transparent to the electro – magnetic radiations, specifically in the 3 – 

8 µm wavelength regions.  

3.2.1 Sol – gel processing technique  

Sol-gel process is generally a wet chemical process involving two major reactions. First 

reaction involve hydrolysis of the precursor in a basic or acidic medium. Second reaction is the 

polycondensation of the hydrolysed product. The starting materials used in the preparation of 

the sol are mostly the salts of an inorganic metals or metal organic compounds such as 
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alkoxides of metals. In a typical sol – gel process, the starting precursors subjected to various 

hydrolysis and precipitation reactions follow acid peptization to form a transparent to semi-

transparent colloidal suspension known as sol, which would be further activated by means of 

pH modifiers to form a three-dimensional continuous liquid phase known as gel [1 – 2]. The 

outline of synthesizing nano ceramic powders through sol-gel method is schematically shown 

in fig. 3.1. 

 

  

Sol-gel is an ideal methodology for producing ultra – high pure and ultra – fine ceramic nano 

powders. The process is employed for synthesizing numerous ceramic oxide and non – oxide 

systems ranging from Al2O3, ZrO2, TiO2, SiO2, Mullite, AlN, SiC etc. for various functional 

and structural applications [3 – 9]. This method is attractive over other powder synthesis 

methods due to its versatility in controlling the size and the morphology of the powder particles 

and produce the required phase at relatively low temperatures. In addition, this methodology 

allow high control over molecular stoichiometry during the synthesis of powders having 

multicomponent compounds [10]. For example, in the present study, this process facilitated 

homogeneous and intimate mixing of Al2O3 and MgO precursors, which enabled the formation 

Fig. 3.1 Schematic of synthesizing ceramic nano powders through sol-gel method 
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of ultra – pure spinel phase. Moreover, this method is relatively more economical compared to 

the rest of the synthesis techniques.  

3.2.2 Planetary ball milling 

Planetary ball mill is a type of high-energy ball mill used to comminute and grind ceramic 

powders using various sizes of spherical balls placed in a ceramic vial. It works under the 

principles of impact and attrition and the size reduction takes place as the balls hit with each 

other and against the walls of the vial. It rotates in a planetary motion on a stationary platform 

and exhibit aggressive impact on the powder particles [11]. This method is highly effective for 

milling and mixing of nano-sized particles and relatively comminute at rapid rate due to very 

high speed of rotations ranging up to 500 RPM. Fig. 3.2 shows the picture and the schematic 

of planetary ball mill (Fritsch, Germany) used in this study. High purity alumina vials (>99.9%) 

of 500 ml capacity was used as a milling container and 2 mm alumina balls of purity above 

99.95% was used as a milling media. High – pure milling tools were used to avoid the 

inclusions of milling contaminations in to the ceramic powders during milling operations.  

 

 

Fig. 3.2 Picture and the schematic of planetary ball mill  
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3.2.3 Cold isostatic press (CIP) 

Cold isostatic compaction is a process used for shaping ceramic powders by applying 

homogenous hydrostatic pressures from all the directions by means of a liquid medium (water 

– oil emulsion). It is a simple process capable of producing high – integrity green shapes with 

homogeneous green density that exhibit minimal distortion or cracking during further hot 

deformation or sintering. In a typical practice, the ceramic powders or their preforms is placed 

in latex bag and sealed to prevent any external liquid entrapment. The moulded powder or the 

preforms would receive a homogenous isostatic pressures in the enclosed pressure vessel 

pumped with liquid. The increased pressure cause the flexible latex to collapse and transfer the 

pressure to the powders or preforms for compaction. The process is highly advantageous in 

terms of obtaining green parts with consistent shrinkage, low internal stress and versatile to 

produce simple and complex shaped components [12]. In the present process, the preforms 

such as uniaxially compacted pellets of ceramic powders obtained green densification above 

55% of T.D. at pressures of 200 MPa after the cold isostatic compaction (Avure Technologies 

AB, Sweden). Fig. 3.3 shows the typical photograph and the schematic of the CIP used in this 

study. 

 
Fig. 3.3 Picture and the schematic of the cold isostatic press (CIP)  
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3.2.4 High temperature furnaces 

A furnace is a heat-generating unit containing a controlled hot zone surrounded by or built 

around using high temperature refractory insulating materials. The source of heat is usually 

combustion of liquid or gaseous fuel or electrical energy applied through resistance heating or 

inductive heating. The heat that is generated in the furnace is usually measured by means of 

thermocouples, pyrometers, and the rate of heating and cooling is controlled by means of 

thyristors. In the present study, an air atmospheric furnace (Nabertherm, Germany) was used 

for synthesis of powders and densification of ceramic oxide systems such as Al2O3, spinel and 

Y2O3. In case of the studies on the oxynitride systems such as AlON, a controlled atmospheric 

furnace from MPA Industrie, France, was used. The furnace contain graphite-heating elements 

and lined with graphite wool insulations. The furnace is designed for the temperatures up to 

2000°C and run under vacuum or under flowing nitrogen and argon atmospheres. Figure 3.4 

shows the pictures of the air (fig. 3.4a) and the controlled atmospheric furnaces (fig. 3.4b) used 

in this investigation. 

 

Fig. 3.4 Pictures of the air atmospheric (3.4a) and the controlled atmospheric 
(3.4b) furnaces 

a b 
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3.2.5 Hot isostatic press (HIP) 

Hot isostatic pressing is a materials fabrication process in which a starting powder or a pre-

sintered shape is simultaneously subjected to both high temperatures and isostatic pressures by 

means of gas medium [13]. HIPing of powders require an encapsulation, which is generally an 

evacuated glass or a metal envelop that flex at high temperatures and transfer the pressures to 

the powders for densification. On the other hand, the pre-sintered components with no open 

pore channels obtain densification without any assistance of clads or encapsulations. For the 

successful operation of HIP, three variables such as pressure, temperature and time require 

control and optimization. The HIP unit (American Isostatic Presses, U.S.A) utilised in this 

study is equipped with graphite-lined furnace having capacity to reach temperatures up to 

2000°C and pressures up to 200 MPa under argon atmosphere. The equipment is built with 

monolith forged type pressure vessel and lids are supported with frame type yokes. In the 

present studies, the ceramic materials obtained densification above 96% T.D. to gain zero open 

porosities prior to the HIPing operations. Figure 3.5 shows the photograph and the schematic 

of the HIP unit utilized in this study. 

 
Fig. 3.5 Picture and the schematic of the hot isostatic press (HIP)  
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3.3 Characterization techniques 

The optical grade ceramic powders and the dense IR transparent materials produced in the 

present studies were characterized for their physical, chemical, microstructural, mechanical 

and optical properties at the appropriate processing stages in order to orient the studies to 

successfully obtain the eventual objectives. The entire characterization techniques employed 

in this investigation is tabulated in table 3.1. 

S. No Characterization 

Technique 

Information acquired Instrument details 

1 FESEM Powder morphology, particle size, 

grain size and size distribution, 

crack propagation,  

Hitachi, 3200S, FESEM, 

Tokyo, Japan 

Carl Zeiss Microscopy 

GmbH, Oberkochen, 

Germany 

2 TEM Powder morphology, particle size, 

SAED analysis, core – shell 

analysis, crystallization state 

FEI, Technai G2, 

Netherlands 

3 XRD Phase analysis, crystallite size D8, Bruker, Karlsruhe, 

Germany 

Rigaku Rapid – II Micro area 

XRD, Japan 

 

4 TGDTA Phase transformation 

temperatures, identification of 

temperature regions for various 

evaporation of water and other 

organic molecules 

Netzsch STA 409C, Selb, 

Germany 



94 
 

S. No Characterization 

Technique 

Information acquired Instrument details 

5 Dilatometer Sintering and shrinkage pattern 

analysis 

DIL 402 C, Netzsch, 

Germany 

6 Hardness Vickers and Knoops Hardness Leco, St. Joseph, MI 

7 BET analysis Surface area of the powders Gemini, Micromeritics,   U. 

S. A 

8 FTIR analysis Chemical bonding informations, 

Real inline optical transmission 

Spectrum GX, Perkin Elmer, 

C.T, U.S.A 

Vertex 70, Bruker optic 

GnbH, Germany 

9 Particle size 

analysis 

Particle size and size distribution Nano SZ, Malvern 

Instruments Ltd, UK 

10 Viscosity Viscosity of the sol and sol – seed 

mixtures 

MCR 51, Anton Paar GmBH, 

Austria 

11 Thermal 

conductivity 

Thermal conductivity at 

temperatures from RT – 800°C 

LFA, Netzsch, Germany 

12 Archimedes 

Principles 

Porosity and Density LA 120S, Sartorius AG, 

Germany 

 

Table 3.1. Details of the characterization techniques used in the entire investigation 

3.3.1 Field emission scanning electron microscope (FE – SEM)  

SEM works similar to optical microscopes but uses a strong electron beam for optical 

reflections. The field emission gun in the instrument provides tremendously focused high and 

low-energy electron beams and enables the work to be carried out at very low potential. It also 

improves larger spatial resolution and helps to minimize charging effect on non-conductive 
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samples such as ceramic materials. On the other hand, ceramic materials require a coating of 

gold film deposited through ion beam sputtering for improved conductivity on the surface for 

obtaining high – resolution images.  The lens detectors used in FE-SEM work at higher 

resolution and lower acceleration potential for maximum efficiency. During the analysis, the 

electron beam focused on the sample surface under vacuum and scan over the surface of the 

sample. Electrons scattered from the surface of the sample fed to detector and to a cathode ray 

tube for imaging the surface information of the sample. 

3.3.2 Transmission electron microscope 

Max Knoll and Ernst Ruska first developed TEM during the year 1931. Transmission electron 

microscopy (TEM) facilitate higher spatial resolution down to the features at atomic scale (in 

the range of a few nanometres) using electron beam energies in the range of 100-400 keV. 

TEM technique uses a relatively high voltage electron beam compared to SEM analysis to 

obtain the image. It comprises a tungsten or LaB6 filament or a field emission gun as source of 

electron beam, condenser lens, sample, objective lens  projector lens, fluorescent screen, 

charged coupled device camera, monitor etc. High-energy electron beam collimated by 

magnetic lenses and passed through a sample kept under high vacuum. The transmitted beam 

form a magnified see - through image on a fluorescent screen (bright field imaging mode) for 

the observation. It is useful for analysing the morphology, particle size and shape, internal 

microstructures, twinning, coating thickness, crystallographic structure and the composition of 

the materials. The information on the atomic structure of the material obtained by recombining 

the transmitted beam. The techniques is highly versatile for obtaining features of selected area 

electron diffraction (SAED) pattern. In this study, parts of the crystalline regions diffract for 

the formation of the image and allow switching to diffraction pattern of a sample region 

simultaneously. It allows the determination of the exact crystal type and lattice distances of a 

phase in a material down to the area closer to 100 nm in diameter.  



96 
 

3.3.3 X – ray diffraction technique 

X-ray diffraction methods are the most concrete methods for determining the crystal structures 

of the materials. It is very effective in identifying chemical compounds from their crystalline 

structure without providing any inputs on the chemical compositions of the chemical elements. 

Therefore, it is capable of analysing different compounds or phases of the same composition. 

For example, Al2O3 exists in various polymorph such as γ, δ, θ and α with the same chemical 

compositions. However, they vary in their respective crystal structures. For example, γ – Al2O3 

exhibit cubic structures and α – Al2O3 exhibit hexagonal structures. In such conditions, X – ray 

techniques are the most effective tool for identification of the nature of the chemical 

compounds. 

The X – ray tube generates the X- ray radiation having wavelengths ranging from a minimum 

λ, known as white or continuous X – rays in addition to few sharp characteristic X – rays that 

goes along with the continuous X – rays. The monochromatic radiation that are useful for X- 

ray characterization are these characteristic Kα and Kβ radiations. In the present study, Kα of 

0.154052 nm produced from copper anode targets were used for analysis. 

X – rays are electromagnetic waves of wavelengths in the order of 0.1 nm. The analysis is 

working under wave interferences where two light waves of same wavelength travelling in the 

same direction to produce constructive (nλ) and destructive interferences (nλ/2). X – ray beams 

incident on a crystalline solid undergo diffraction in the crystallographic planes and the 

deflection waves attain in phase by satisfying the following Bragg’s relationship. 

nλ = 2d sin θ     ---------- (1)  

Where, λ is wavelength of X-rays, d is inter-planar spacing of parallel lattice planes, θ is 

diffraction angle. 
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The X – ray technique is also useful for finding the crystallite size using following Scherer 

formula and other crystal related information lattice energy, crystal defects, disorders etc. 

D = 0.9 λ (1.54052 Å) / β cos (2θ/2)  ---------- (2)  

Where, D is crystallite size, λ is wavelength of X-rays (0.154052 in our case), β is the full width 

half maximum (FWHM) in radians and θ is the phase position of the high intense peak. 

3.3.4 Thermo – gravimetric and differential thermal analysis (TGDTA) 

TGDTA is an analytic technique that measure properties or change in properties of materials 

as a function of temperature. These changes considered in the analysis are termed as thermal 

events. The properties that can change include dimensions, phase, mass and mechanical 

behaviour. In the present study, this technique was used as an important tool for the 

identification of mass changes from the dried gel with respect to raise in temperatures and 

provided details on temperatures of phase transformation from amorphous to crystalline state. 

TG is mainly used to estimate the decomposition of materials by monitoring the change in mass 

with the increment in the calcination temperatures and DTA is widely used for examining the 

phase changes of materials. The analysis records the thermal events from room temperatures 

to the higher temperatures at which the reactions are expected. At room temperatures, the atoms 

of the material are in static positions and exhibit no vibration or rotation of atomic bonds. 

However, with the increasing temperature, the material gains thermal energy and initiates the 

vibrations and rotations of atomic bonds. At respective temperatures, the material undergo 

various reactions such as solid – phase transformation, glass transition, sublimation, 

evaporation, melting and decomposition. Events such as solid – phase transformation may 

occur for solids that have different crystalline phases at different temperature regions. For 

example, in our study, the alkoxides of Al2O3 such as AlOOH or Al (OH)3 transforms to γ 

phase at temperatures around 650°C which is further converted to α phase at temperatures 
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closer to 1050°C. These events are generally exothermic reactions and therefore exhibit heat 

flow from the system to the surroundings and the reversal may occur in certain events such as 

thermal decomposition or evaporation. 

The instrumentation of TGDTA analysis comprises a furnace in which a sample is heated or 

cooled in a controlled environment and a transducer through which the changes in properties 

in the material are monitored. The DTA instrument is designed to compare the difference in 

temperatures between the sample and reference using two respective thermocouples. The 

reference material is selected in such a criteria that it does not undergo any thermal events over 

the test temperature range and does not react with any of the component in the instrument. On 

the occurrence of a thermal event, there is a data generation of nonzero ΔT, which is negative 

for endothermic and positive for exothermic reactions.  In the present study, the starting dried 

gel powders obtained heat treatment at the rate of 10°C during heating and cooling to obtain 

the thermal events. 

3.3.5 Dilatometry studies 

Dilatometry is the most effective technique for the analysis of CTE in bulk specimens and it 

can also be used to determine the rate of sintering, rate of shrinkage, phase transition 

temperatures and vacancy information. In this technique, the linear change of sample length is 

recorded as a function of temperature using a push rod and the LVDT (linear variable 

differential transformer) device. For the present investigation, sintered alumina specimen was 

used as a standard reference for calibration. In general, the recorded pattern is plotted between 

the ratio of change in length with the original length and temperature. The push rod that is 

connected to the tip of LVDT moves the tip horizontally either in a positive or in negative 

directions, based on the expansion or the shrinkage of the specimen with respect to the 

increment in temperatures. In addition, this analysis provides the data on rate of densification 
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based on various heating rate and derive the optimum sintering schedule for obtaining effective 

and maximum sintered densities. Fig. 3.6 shows the picture of the dilatometer used in the 

present studies. 

 

3.3.6 BET surface area analysis 

The Brunauer Emmer and Teller (BET) technique is useful for analysing the surface 

characteristics of the nano powders. It is effective in finding the surface area, pore size and the 

pore volume of the powders. The technique works on the amount of adsorbate gases by the 

surface area of the particles and liquid nitrogen is used as a medium of analysis. The powders 

typically undergo a degassing event at temperatures closer to 200 – 300°C under vacuum prior 

to the analysis. The surface area of the powder specimen is calculated using the following 

formula.  

BET = 1/ [Va (P0 / P – 1)]   ---------- (3)  

Where, P and P0 – the partial vapour pressure and saturated pressure of adsorbate gas 

respectively, Va – volume of adsorbed gas at room temperature and atmospheric pressure. 

Fig. 3.6. Picture of the dilatometer used in the current studies 
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3.3.7 FTIR spectroscopy 

FTIR (Fourier Transform Infrared) spectroscopy is a technique used to obtain an infrared 

spectrum corresponding to the absorption or emission of a solid, liquid and gas molecules. It 

collects spectral – resolution data of the material over a wide range of wavenumbers ranging 

between 400 – 4000 cm-1 and provides data on optical absorption or transmissions in the 

wavelength regions between ≈ 1.5 – 25 µm. The powder samples require a material support, 

which is non-reactive to the incident rays. Therefore, the powder samples are usually dispersed 

in the KBr powders followed by uniaxial compaction to form a thin wafers of thickness around 

200 – 300 µm for the analysis. The solid samples are usually flattened at both the sides and 

made parallel to each other for the analysis.  

Two terminologies such as total forward (TFT) and in-line or real-inline transmissions (RIT) 

commonly used in the field of transparent ceramics express their degree of transparency. TFT 

includes contributions from both scattered and un-scattered light whereas the RIT is the 

measure of only the un-scattered light. In other words, the total intensity transmitted through a 

window is called TFT whereas that within a narrow cone (3°- 5°) along the incident direction 

is called RIT. The difference between these two terms is called diffuse transmittance or forward 

scatter. In the area of transparent ceramics, the materials with RIT above 95 % theoretical (or 

above 82.2 % actual measured transmissions) are termed as transparent whereas the materials 

with RIT below 95% are termed translucent [14].  

In the literatures, a first qualitative evidence of transparency of materials is obtained through a 

simple observation. In this context, a right approach needs a distance of at least 1 cm between 

the background image and the sample to prove the degree of transparency. On the contrary, 

direct placement of samples on the printed background includes both the scattered and un-

scattered transmission and therefore considered as an invalid demonstration of showing 

transparency [15]. 
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In the present report, the samples placed at least 1 cm above the background text to show the 

degree of transparency. Fig. 3.7 shows the experimental setup used for the measuring the 

transparency. TFT measurements require a spectrophotometer equipped with an integrated 

reflecting sphere to reflect all the diffuse scattered and un-scattered light towards the detector. 

In case of RIT measurements, a laser diode delivers radiations with controlled wavelengths and 

the sample placed between the light source and the detector with the distance of at least 1 meter 

from the detector measure the transmissions in-line with the light source. Only RIT 

measurements of materials considered for optical imaging applications [16].  

In the present study, we measure the RIT for our transparent ceramics specifically in the IR 

region between 2 – 5 µm using FTIR spectrophotometer. 

 

 

3.3.8 Particle size analysis 

The powders synthesized in this study characterized for their particle size distribution in order 

to estimate the range of distribution and for the mean particle sizes. The technique utilize 

photon correlation measurements on the homogenously suspended particle typically in the 

Fig. 3.7. Instrumentation for the measurement of (a) TFT and (b) RIT of transparent 
ceramic materials 
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water medium. The technique measures the angular variation in intensity of light scattered as 

a laser beam diffracts through the suspended particles. Larger particles diffracts at smaller 

angles while the smaller particles diffract the light wider. The angular scattering intensity data 

is further analysed to calculate the size of the particles based on their respective diffraction 

pattern using the Mie theory of light scattering assuming a volume equivalent to sphere. The 

technique employs the optical properties such as refractive index of the sample and the 

dispersant used. The final diameter of the particle is further calculated using the following 

Strokes – Einstein equation. 

D = KBT/ 6πηr     ---------- (4) 

Where D is diffusion coefficient, KB is Boltzmann constant, T is absolute temperature, η is 

viscosity of the medium and r is particle diameter. 

In the present studies 1 – 2 wt % of solid loaded aqueous suspension of powders were prepared 

using 0.5 % of Darvan – 821 A as a dispersant. The suspension was milled for a period of 12 

hours in a ball mill. Alumina balls of 2 mm diameter was used for milling. The suspension was 

further diluted to the concentrations of 0.1 wt% followed by ultra-sonication for 30 minutes for 

the measurement of particle size analysis.  

3.3.9 Viscosity 

The analysis of viscosity was mainly used during the investigations of synthesizing AlON 

powders through aqueous sol – gel-processing technique as detailed in chapter 7. In principle, 

the viscosity of a liquid is a measure of its resistance to flow. Apart from the intrinsic flow 

properties, the viscosity of a liquid may vary by the additionally added substances such as 

powder particles. These particles collide each other and move at different velocities in the 

flowing fluid and alter or reduce the overall flow of the mixture. For example, the boehmite sol 

prepared in the study showed an initial viscosity of 0.01 Pa. s during the initial stage of 
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synthesizing AlON powders. However, the viscosity increased drastically to the values of 0.45 

Pa. s after the addition of AlN particles to the sol. The increase in the viscosity was partly due 

to the addition of solid AlN particles in the liquid sol and majorly due to the hydrolysis 

reactions of AlN powders occurred in the aqueous sol. In the viscosity studies, 20 ml of sol 

was poured in a cylindrical cup and attached to the rotating cone shaped spindle for measuring 

the resistance to flow or the changes in viscosity. 

3.3.10 Thermal conductivity 

Thermal conductivity (λ) with the unit W/(m.K) is the measure of transport of energy in the 

form of heat through a body of mass due to temperature gradients. It is well known that the 

heat flows from higher end to the lower as per the second law of thermodynamics. The thermal 

conductivity of a material is calculated using the following equation 

λ = ρ. Cp. α     ---------- (5) 

Where, ρ is density of the specimen measured by Archimedes principle, Cp is specific heat 

capacity and α is thermal diffusivity. In the present study, the sample of dimensions 10mm X 

10mm X 1 mm was used for the analysis using laser flash technique. This technique is a kind 

of transient method that provides transitional thermal flow to the specimen and determines the 

characteristic of thermal conductivity with respect to temperatures. Fig. 3.8 shows the 

schematic setup of the laser flash technique and the principle used for measuring the thermal 

diffusivity. To conduct this study, a short laser energy pulse heats the top surface of a flat 

surfaced, parallel edged sample. The resulting change in temperature on the lower surface of 

the sample is measured by means of infrared detector. The raise in temperature with respect to 

time corresponds to the thermal energy diffusion along the thickness of the specimen. The 

thermal diffusivity α is calculated using the following equation 

α(T) = 0.1388 X (d2/t1/2)    ---------- (6) 
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Where T is the temperature of measurement, d is thickness of the specimen and t1/2 is time 

needed for the rear side of the specimen to reach half the maximum temperature [17]. 

 

3.3.11 Hardness and fracture toughness 

Hardness is the property of resistance of material against plastic deformation achieved from 

indentation of a predetermined geometry indenter on a flat surface of a metal or ceramic under 

a fixed load. Based on the theoretical hardness and the physical geometry of a material, the test 

is conducted either with Vickers or with Knoop indentation. The indenter for the Vickers is a 

square – based pyramidal – shaped diamond with face angles of 136° while for the Knoop it is  

a rhombic – based pyramidal shaped diamond with edge angles of A = 172°30' and angles of 

B = 130° 0' as shown in fig. 3.9a and 3.9b respectively. The Knoop hardness reported with 

units of GPa is determined using the following equation [18]. 

Hk = 0.014229 X P/d2    ---------- (7) 

Where, P is force in Newton and d is the length of the long diagonal of the indentation in mm. 

The Vickers hardness reported with units in GPa is calculated based on the following equation 

Fig. 3.8. Schematic and the temperature raise curve of laser flash method 
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Hv = 0.0018544 X P/d2   ---------- (8) 

 

Where, P is force in Newton and d is the length of the long diagonal of the indentation in mm. 

 

The fracture toughness is the property of material that indicates its resistance to crack 

propagation under applied stress. It is a sign of the existence of the flaws in the sintered 

microstructure and shows the strengths of grain and grain boundaries. In the present study, 

fracture toughness was measured with the fractures that developed during indentation test using 

the Anstis principle [19] as per the following equation. 

 

KIC = 0.016 (E/H)1/2(P/C3/2)   ---------- (9) 

 

Where, E is the Young's Modulus, H is Hardness, P is Applied Load and C is Half Penny Crack 

Length formed at the indent's corners during the hardness tests. 

Fig. 3.9. Dimensions of the indenter used for the determination of (a) Vickers Hardness 
(Hv) and (b) Knoop Hardness (Hk) 
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 3.3.12 Archimedes Principle for density and porosity measurements 

The porosity and the density of the sintered specimens were characterized using the 

Archimedes principles as per the ASTM standards B962 [20]. According to this standards, the 

test specimen is first weighed in air in the dried condition which is termed as dry weight (Wd). 

The sample is further subjected to boil in water for a period of at least one hour to fill the open 

pore channels of the sample. The weight in air after boiling is termed as soaked or wet weight 

(Ww). The weight of the wet sample in water (sample in submerged in water) is termed as 

suspended weight (Ws).  

The porosity and the density of the sample is calculated using the following formula 

Porosity (%) = (Ww - Wd) X 100 / (Ww - Ws)  ---------- (10) 

Density (g/cc) = Wd / (Ww - Ws)   ---------- (11) 

 

 

 

References 

1. S. S. Pooyan, Sol – gel process and its application in nanotechnology, J. Polym. Engg. 

Technol. 13 (2005) 38 – 41  

2. R. Asmatulu, Nano coatings for corrosion protection of aerospace alloys, Corr. Protect. 

Contr. Nanomater. Woodhead publishing series in metals and surface engineering, 

(2012) 357 – 374  

3. J. Li, Y. Pan, C. Xiang, Q. Ge, J. Guo, Low temperature synthesis of ultrafine α – Al2O3 

powder by a simple aqueous sol – gel process, Ceram. Inter. 32 (2006) 587 – 591  



107 
 

4. N. Mamana, A. D. Parralejo, A. L. Ortiz, F. S. Bajo and R. Caruso, Influence of the 

synthesis process on the features of Y2O3 stabilized ZrO2 powders obtained by the sol 

– gel method, Ceram. Inter. 40 (2014) 6421 – 6426  

5. J. Marugan, P. Christensen, T. Egerton and H. Purnama, Synthesis, characterization and 

activity of photocatalytic sol – gel TiO2 and electrodes, Appl. Catal. B. Environ. 89 

(2009) 273 – 283  

6. Q. GuO, D. Huang, X. Kou, W. Cao and J. Li, Synthesis of disperse amorphous SiO2 

nano particles via sol – gel process, Ceram. Inter. 43 (2017) 192 – 196       

7. Y. Zhang, Y. Ding, J. Gao and J. Yang, Mullite fibres prepared by sol – gel method 

using polyvinyl butyral, J. Eur. Ceram. Soc. 29 (2009) 1101 – 1107  

8. Q. He, M. Quin, M. Huang, H. Wu, H. Lu, H. Wang, X. Mu, Y. Wang and X. Qu, 

Synthesis of highly sinterable AlN nano powders through sol – gel route by reduction 

– nitridation in ammonia, Ceram. Inter. 45 (2019) 14568 – 14575  

9. A. Najafi, F. G. Fard, H. R. Rezaie and N. Ehsani, Synthesis and characterization of 

SiC nano powder with low residual carbon processed by sol – gel method, Pow. 

Technol. 219 (2012) 202 – 210  

10. G. V. Aguilar, Introductory chapter: A brief semblance of the sol – gel method in 

research, Sol – gel method – Design and synthesis of new materials with interesting 

physical, chemical and biological properties, DOI: 10.5772/intechopen.82487 (2018) 1 

– 6  

11. D. S. Kumar, B. J. Kumar and H. M. Mahesh, Quantum nanostructures (QDs): An 

overview, Chapter 3, Synthesis of inorganic materials, Woodhead publishing (2018) 59 

– 88  

12. K. J. Morris, Cold isostatic pressing, Concise encylopedia of advanced ceramic 

materials, DOI: 10.1016/B978-0-08-034720-2.50031-9, (1991) 84 – 88  



108 
 

13. R. F. Davis, Hot isostatic pressing, Concise encylopedia of advanced ceramic materials, 

DOI: 10.1016/B978-0-08-034720-2.50061-7, (1991) 210 – 215  

14. M. R. Merac, H. Kleebe, M. M. Muller and I. E. Reimanis, Fifty years of research and 

development coming to fruition; unraveling the complex interactions during processing 

of transparent magnesium aluminate (MgAl2O4) spinel, J. Am. Ceram. Soc., 96 (2013) 

3341–3365  

15. A. Krell, G. Baur, and C. Dahne, Transparent sintered sub - µm Al2O3 with IR 

transmittivity equal to sapphire; pp. 199 – 207 in Window and dome technologies VIII, 

Vol.5078, Proceedings of SPIE, Edited by Randal.W. Tustiston., et al. SPIE—The 

International Society for Optical Engineering, Orlando, 2003 

16. A. Krell, T. Hutzler and J. Klimke, Transmission physics and consequences for 

materials selection, manufacturing and applications, J. Eur. Ceram. Soc. 29 (2009) 207 

– 221  

17. T. W. Lian, A. Kondo, M. Akoshima, H. Abe, T. Ohmura, W. H. Tuan and M. Naito, 

Rapid thermal conductivity measurement of porous thermal insulation material by laser 

flash method, Adv. Powd. Technol. 27 (2016) 882 – 885  

18. Standard test method for micro indentation hardness of materials, ASTM E 384 – 05a, 

ASTM International, U. S. A 

19. G. R. Anstis, P. Chantikul, B.R. Lawn and D.B. Marshall, A critical evaluation of 

indentation techniques for measuring fracture toughness: I, Direct crack measurements 

J. Am. Ceram. Soc., 64 (1986), 533 – 538 

20. Standard test methods for density of compacted or sintered powder metallurgy (PM) 

products using Archimedes principle, ASTM B 962 – 08, ASTM International, U. S. 

A. 

 



109 
 

 

CHAPTER - IV 

Fabrication and properties of IR transparent alumina 

4.1 Introduction 

Fabrication of transparent alumina ceramics having controlled sintered grain sizes in the sub-

micron region require constant attention in every stage of processing. The prime key of 

manufacturing IR transparent alumina is synthesizing ultra-fine (≤100nm), ultra-pure (99.99%) 

and highly reactive alumina powders. In the present report, the powders with these 

characteristics and suitable for the fabrication of transparent ceramics is termed as optical grade 

powder. The next key comprises fabrication of defect free green bodies, sintering to obtain 

97% of T.D. and retaining the average sintered grain sizes < 1 µm. The subsequent process 

involve reaching 100% densification without further increment in the grain sizes followed by 

optical surface polishing for the successful manufacturing of transparent alumina. The powder 

synthesized in this study was characterized for its morphology, particle size and phase purity 

and the transparent alumina was characterized for its physical, mechanical and optical 

properties. 

4.2 Process highlights 

 For the first time, sintered submicron alumina with high inline transparency in mid 

infrared region has been fabricated using sol–gel derived powders 

 The powder was seeded with α – Al2O3 particles for enabling effective inter-particle 

coordination and improved densification  

 Seeding with α – Al2O3 also assisted achieving equiaxed sintered grains 
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 Traces of  - Al2O3 was retained in the synthesized powder for enhancing low 

temperature densification and controlling sintered grain sizes in the submicron regions 

 The powder synthesized in this process is scalable and suitable for producing 

transparent alumina components 

 IR transparent alumina fabricated in this study exhibited inline transmissions up to 87% 

in 3 – 5 µm region which is equivalent to the transmissions of single crystal sapphire 

 The samples exhibited hardness closer to 20.5 GPa which is higher than the hardness 

of sapphire. 

 Transparent alumina window of dimensions up to 80mm diameter and 0.9 mm 

thickness were produced in this study 

 The method is suitable for producing simple and complex shaped components in large 

scales 

4.3 Synthesis of optical grade α - alumina powder 

In the present study, a facile route involving sol-gel processes was followed for the synthesis 

of optical grade α - alumina powder. The process includes various steps such as synthesis of 

boehmite sol, addition of seed particles, calcination etc. The boehmite sol preparation was 

performed using highly dispersible and commercially available boehmite powder (Disperal, 

Sasol Germany GmbH, Germany).  Seeding the sol was executed using commercial α alumina 

powder from SM8, Baikowski Chemie, France. Table 4.1 shows the characteristics of these 

raw materials as per the specifications given by the supplier. Fig. 4.1 shows the flow chart of 

the entire procedure followed for the synthesis of optical grade alumina powder. 
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Table 4.1: Characteristics of precursors 

Fig. 4.1. Process flowchart for the synthesis of optical grade alumina powder 
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4.3.1 Preparation of boehmite sol 

The process initiates with the mixing of boehmite powder with distilled water at 2:8 weight 

ratios under constant stirring conditions using mechanical stirrer at 30°C. Peptization was 

carried out after 1h stirring by dropwise addition of glacial acetic acid (Standard Reagents, 

India) to adjust the pH between 2 and 2.5 to obtain the stable sol. The sol was kept idle for a 

period of 24 hours for allowing the unreacted boehmite traces to settle. The supernant clear sol 

(fig. 4.2) was transferred to another container and used for the entire process. 10 g of clear sol 

was dried at 100°C and calcined at 1200°C in air to find out the actual content of α – Al2O3 in 

the sol.  

Glacial acetic acid for the peptization process was preferred due to its versatility in controlling 

the pH of the sol and its environmentally friendly properties. Controlled change or adjustment 

of pH during peptization process is necessary to obtain effectively suspended sol and govern 

the morphology and the particle size of the powders produced. 

 

 

Fig. 4.2. Stable boehmite sol prepared in this study 
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4.3.2 Preparation of alumina seed suspension 

α-alumina powder and water were mixed at 75:25 weight ratios using 1 % of Darvan 821A 

(R.T.Vanderbilt Co., Inc., Norwalk, CT, USA) as a dispersant. Mixing was carried out in a 

polyethylene container using high purity (>99.9%) alumina balls as milling media. High purity 

balls were used to avoid inclusion of any contaminations from grinding media during milling. 

The mixture was ball milled for 12 hours to obtain the homogeneous aqueous α-alumina 

suspension.  

4.3.3 Alumina seeding and gelation 

The clear boehmite sol was stirred for  one hour using high speed mechanical stirrer followed 

by the addition of magnesium nitrate hexahydrate (Mg (NO3)2.6H2O, Sigma Aldrich, U.S.A) 

having concentration corresponding to 300 ppm of MgO with respect to the final alumina 

content. MgO is used as a sintering aid in this study.  

Under constant mechanical stirring conditions, dispersion of α-alumina seeds in the form of a 

suspension into sol was carried out. 1:9 was the dry weight ratio between the alumina from sol 

and alumina from suspension. Stirring was continued for 1h to obtain the homogeneous 

dispersion of seeds in the sol. Ammonia was added dropwise after 1h of dispersion to adjust 

the pH between 13 and 14 for effecting gelation. 

4.3.4 Powder calcination 

Drying the gel at 70 – 80°C in a hot air oven for 48h produced the dried hydrogel followed by 

calcination at 1000°C for 2h in the air atmosphere to obtain calcined alumina granules. The 

calcined alumina granules were further milled in the planetary ball mill (PM400, Retsch, 

Germany) at 200 rpm for 2h in ethanol medium. As a binder, one weight % of 

polyvinylpyrrolidone (PVP) (Sigma Aldrich, U.S.A) was added during milling. High pure 

(>99.9%) alumina jars and alumina balls were used for milling to avoid the inclusion of 



114 
 

contaminations during milling. The milled slurry was further dried at 70°C in air and sieved 

through a 100-mesh sieve to obtain optical grade alumina powder. 

4.4 Fabrication of transparent alumina samples 

The alumina powder was compacted uniaxially at 40 MPa pressure to produce samples having 

30 mm diameter and 5 mm thickness. The shaped samples were further pressed cold 

isostatically at a pressure of 200 MPa for a period of 2 minutes and sintered at temperatures 

from 1200°C to 1400°C in air atmosphere for 1 hour to obtain densification. The heating and 

cooling rate was maintained as 5°C/minute. The sintered samples with no open porosity were 

further pressed hot isostatically (HIPed) at 1350°C for 5h in an argon atmosphere at 195 MPa 

pressure (American Isostatic Press Inc. U.S.A) to obtain transparent alumina samples. Fig. 4.3 

shows the image of alumina samples at various stages of its processing such as (a) after 

compaction (green stage), (b) after air sintering and (c) after hot isostatic pressing. The HIPed 

samples were further ground and polished to the thickness of 0.9 mm using diamond 

suspensions of various grit sizes ranging between 15µm and 1µm to obtain optically transparent 

alumina samples. 

 

 

 

 

 

 

 Fig. 4.3. Transparent alumina samples at various stage of processing  

a. green, b. as – sintered, c. after HIPing 
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4.5 Materials Characterization  

Microstructure analyses of the starting materials such as boehmite and seed alumina powder 

were carried out through high-resolution FE-SEM (Hitachi, 3200S, FESEM, Tokyo, Japan). 

The hydrogel obtained after drying process was subjected to TG-DTA analysis (Netzsch STA 

409C, Selb, Germany) to estimate the phase transformation temperatures and optimize the 

calcination temperature of dried gel for synthesizing α - alumina powder. Confirmation of 

phase formation after calcination was carried out using XRD (D8, Bruker, Karlsruhe, 

Germany). The microstructure of alumina powder derived in the present method, and the seed 

distribution in the final alumina powder was studied using high-resolution FEG SEM and TEM 

(FEI, Technai G2, Netherlands) analyses.  

Porosity and density characterizations of sintered and HIPed samples were carried out through 

Archimedes principle and their polished and thermally etched microstructures through FE-

SEM. Hardness was measured by Vickers (Leco, St. Joseph, MI) indentation at 10 kg load and 

the inline transmission for the HIPed and polished alumina disc of 0.9 mm thickness was 

measured in the wavelength region between 1 and 6 μm using FTIR analyzer (Spectrum GX, 

Perkin Elmer, C.T, U.S.A). 

4.6 Results and Discussions 

4.6.1 Physical characteristics of starting precursors 

Fig. 4.4 shows the powder morphology of starting precursors such as alumina seeds and 

boehmite powder. Fig. 4.4a shows the microstructure of α-alumina seeds, which are mostly un-

agglomerated and round edged particles with the narrow particle size distribution in the range 

between 150 nm and 400 nm. Fig. 4.4b shows the characteristic microstructure of boehmite 

powder with the particles of random shapes and irregular morphology with a wide range of 

particle size distribution extending between 1 μm and 20 μm.  



116 
 

 

4.6.2 Thermal behaviour of dried hydrogel 

Fig. 4.5 shows the TG-DTA curves recorded during the analysis of dried hydrogel powder. TG 

curve shows the weight loss in two stages where the initial weight loss at 100°C to 150°C 

corresponds to the loss of physically combined water. The subsequent weight loss at 460°C to 

470°C was probably due to loss of chemically combined water. The weight loss in these 

temperature regions may also occur due to the reaction initiation for the formation of γ alumina. 

The DTA curve also complements the formation of γ phase where the initiation of phase 

formation starts at 460°C to 470°C. The exothermic peak at 550°C is the characteristic peak 

for γ alumina formation. Another exotherm at 1050°C without weight loss represents the 

transformation of alumina from γ to α phase. At these regions, γ alumina that is a cubic crystal 

completely transform to highly stable hexagonal α alumina [1]. As per the report by Kumagai 

et al., retaining traces of γ alumina in the calcined α alumina acts as a nucleation sites and 

improves its reactivity and densification characteristics [2 – 3].  Therefore, in the present study, 

the dried hydrogel powder was calcined at little lower temperatures that is 1000°C. Lower 

calcination temperatures preserve few traces of gamma phase and further prevent the formation 

of hard granules in the final calcined alpha alumina powder.  

Fig. 4.4. Morphology of starting precursors 
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The calcined α Al2O3 powder retained only traces of  Al2O3 in order to obtain equiaxed grains 

after sintering. Kumagai et al., observed vermicular or elongated sintered grains for the 

powders having larger volume of  phase Al2O3 in the calcined powders. Sintered 

microstructure with equiaxed submicron grains circumvent the effect of birefringence 

scattering, which may be a notable concern with verimular or elongated grains. 

 

4.6.3  Phase formation studies 

Fig. 4.6 shows the evolution of phase formation of dried hydrogel at its various stages of 

calcination. XRD pattern of hydrogel (Fig. 4.6a) dried at 100°C shows peaks corresponding to 

boehmite and alpha alumina seeds. At a calcination temperature of 600°C (Fig. 4.6b), XRD 

pattern shows the appearance of peaks corresponding to γ- alumina which is in agreement with 

the TG-DTA data for the formation of γ-phase at 550°C. The pattern also contains peaks 

corresponding to α-phase from alumina seeds. At a calcination temperature of 1000°C, 

significant parts of γ phase transformed to α-phase. Traces of γ-alumina stretch were still visible 

in the pattern that was not changed to α-phase alumina at this calcination temperature (Fig. 

4.6c). As mentioned earlier, as nucleation sites, the traces of γ-phase were maintained in the 

calcined powder for enhanced densification of α-alumina.  

DTA   TG 

Fig. 4.5. TG-DT analysis of dried hydrogel powder  
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4.6.4  Alumina seeding and microstructure studies 

Fig. 4.7 shows the microstructure of the powder calcined at 1000°C. The alumina particles 

derived from sol exhibit homogenous and narrow size distribution ranging between 20nm and 

40nm as shown in fig. 4.7a. In addition, the seed alumina particles with particle size of 200 nm 

distributed homogeneously within the alumina powder particle matrix derived from sol. The 

particles exhibit curved edges, which is an important feature for obtaining improved inter-

particle coordination during shaping [4 – 5]. 

Ultra-fine raw powders having particle sizes <100nm are ideal to initiate the further processing 

to produce sub-micron grained transparent polycrystalline alumina. Nano powders with such 

sizes possess strong surface curvature and exhibit higher surface diffusion and condensation 

activity to promote sintering. However, literature state that the active surface curvatures also 

favour strong agglomeration resulting in inhomogeneous pore distribution and retard tendency 

of densification [6]. This inherent character of the nano powders would be a possible reason 

Figure 4.6. XRD analysis of dried hydrogel (a) as synthesized. (b) Calcined 

at 600°C, (c) Calcined at 1000°C 
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for most of the researchers to utilize coarser powders having the particle size of 200nm to 

produce high inline transparent alumina even though they are exorbitantly expensive [7 – 14].  

However, the present study has succeeded in controlled densification and achieved the high 

inline transparency using powders having particle sizes less than 40 nm.  The probable reason 

would be the addition of 10% α-alumina seeds that have reduced the substantial surface 

curvature activity to the extent to favour controlled densification.   In addition, the seeds 

inclusion in the sol-gel processing enhanced low-temperature θ to α transformation. Literatures 

reports the concept of seeding for enhancing θ to α transformation at lower temperatures in sol-

gel alumina processing [2 – 3, 15]. The seed concentration of 1 – 1.5 % was found to be 

sufficient for such conversion. Whereas, the present study utilized alumina seeds up to 10 

weight % not only to enhance low-temperature θ to α transformation but also to improve the 

homogeneity of particle coordination and the packing factor. The homogenous particle 

coordination improves the green consolidation during shaping and enhances the densification 

at lower temperatures [16].  

 

 

Fig. 4.7 Microstructure of alumina powder calcined at 1000°C (a) SEM analysis, 

(b) TEM analysis 
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TEM image of the calcined powder in fig. 4.7b confirms the 200nm sized seed particle 

surrounded by nano alumina powders having the size between 20 and 40nm. As we discussed 

above, this compositional mixture has assisted the nanoparticles to overcome their intense 

surface curvature activity and agglomeration tendency and favoured controlled densification.  

4.6.5 Physical characterization of sintered and HIPed alumina samples 

Fig. 4.8 shows the densification behaviour of green alumina samples as a function of sintering 

temperatures. The samples exhibited 90% theoretical density (T.D.) for the firing temperature 

of 1200°C and for 1300°C, the density enhanced to 95% of T.D. The samples exhibited traces 

open porosities up to 1 % and further increment of sintering temperatures to 1400°C removed 

all the open porosities. The samples exhibited theoretical densities up to 97% at these sintering 

temperatures.  The steady rate of increment in the sintered density indicate the controlled rate 

of grain growth and gradual elimination of pores from the microstructures. Attaining such level 

of densification in air atmosphere is highly economical compared to the practices involving 

hydrogen sintering [14]. The samples with no open porosities can be HIPed without any 

encapsulation for the elimination of residual porosity. Encapsulation free HIPing procedures 

enhance the versatility of producing large and complex shape articles such as domes and 

radomes. Therefore, the present method of fabrication procedure is ideal for producing 

transparent alumina articles in larger production scales.  The samples having 97% T.D. attained 

100% T.D. after HIPing at 1350°C.  
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4.6.6 Microstructural and mechanical characteristics of alumina samples 

Fig. 4.9a shows the polished and thermally etched microstructure of the sample sintered at 

1400°C.  The microstructure shows clear grains and grain boundaries of alumina with no 

presence of impurities and second phases. However, traces of closed pores existed in the grain 

boundaries. Pores at intergranular sites indicate that the grains have grown under control rate 

whereas abnormal or discontinuous grain growth develop pores at intra-granular locations. The 

MgO added in the mixture prevented such discontinuous growths, restrained abnormal grain 

mobility and assisted controlled grain formations [17]. The microstructure shows that the grains 

with the average size of 800 nm with the distribution between 0.2 μm and 1.6 μm. However, 

presence of pores in the microstructures subside the light transmission due to scattering and 

makes the body opaque. Therefore, it is necessary to remove all the traces of pores to make the 

body transparent [18]. A conventional practice of increasing the sintering temperatures beyond 

1400°C would have assisted the pore elimination in the present study. However, increasing 

sintering temperature leads to grain growth that further leads alumina in the direction of 

Fig. 4.8 Densification behaviour of alumina samples with respect to sintering 

temperature 
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translucency rather than transparency. Therefore, the present study utilized HIPing operation 

for removing pores without entertaining grain growth.  

 

Fig. 4.9b shows the microstructure of transparent alumina after HIPing at 1350°C with 195 

MPa pressure. The microstructure indicates that the body with no presence of pores at intra or 

intergranular sites and exhibit complete densification to 100% T.D. HIPing eliminate the pores 

from the microstructures by squeezing them through the grain boundaries without causing any 

structural defects. In addition, since the HIPing temperature retained well below the sintering 

temperature, the samples after HIPing have not exhibited any grain growth. Therefore, the 

sintered grain sizes ranging between 0.2 μm and 1.6 μm with the mean size of 800 nm as shown 

in fig. 4.9a could be maintained even after the HIPing process. 

The Vickers hardness of the polished sintered submicron alumina was found to be 18.5 GPa 

for the samples sintered at 1400°C which was increased further to 20.5 GPa after HIPing. These 

values are in agreement with the reported data for the HIPed submicron alumina. Moreover, 

these hardness values are said to be superior to the hardness of single crystal sapphire which is 

Fig. 4.9 Microstructure of samples (a) sintered at 1400°C, (b) Sintered at 1400°C 

and HIPed at 1350°C  



123 
 

about 18.5 GPa [9]. Studies of Krell et al. [9] and Kong et al. [32] also reported similar 

observations of higher hardness for polycrystalline transparent alumina. These observations 

can be attributed to the engineered grain boundary and grain size, which is complemented by 

the Hall Petch equation. Further, the absence of residual porosities achieved through hot 

isostatic pressing also contributes to the higher hardness observed.  

4.6.7 Optical Characterizations 

Fig. 4.10 shows the highly transparent sintered alumina disc fabricated in the present study.  

 

The sample is placed above one inch from the printed background for confirming its degree of 

transparency. The white opaque samples at the adjacent sides are as – sintered at 1400°C for 1 

hour in air.  A remarkable change in the physical and optical appearance changing from opacity 

to transparency was observed after HIPing. It was evident that the nanoparticles of sizes less 

than 40nm could be successfully sintered to these levels of transparency through controlled 

densification using appropriate quantity of alumina seeds.  The transparent disc placed in the 

Fig. 4.10 Photograph of transparent alumina fabricated in this study (Centre), the 

samples at both the adjacent sides are the as-sintered alumina samples  
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center in fig. 4.10 was obtained after HIPing and polishing to 0.9 mm thickness. The transparent 

sample was placed 1 cm above the surface of the underneath picture to exhibit the degree of 

transparency. Fig. 4.11 shows the IR transmission spectra of 0.9 mm thick polished transparent 

alumina sample obtained by the present method.  

 

The transparent alumina samples show broadband transmission from 82 % to 87% between 2 

and 5 μm regions with no remarks of any absorption peaks in the entire region proving that the 

material is free from any structural defects such as impurities, pores and second phases. The 

transparency reached to the levels of theoretical transmissions of alumina in the IR regions, 

which is at par with the transmissions of sapphire and as equivalent with the best transmissions 

hitherto reported for submicron alumina materials [11, 16, 18]. A slight decrement in the 

transmissions compared to the sapphire at the wavelength of 2 µm is attributed to the inherent 

declination characteristics of sub-micron alumina towards visible regions. To the best of our 

Fig. 4.11 IR transmission pattern of the transparent alumina (0.9mm thickness) 

fabricated in this study. 

[18] 
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knowledge, for the first time, the transparent alumina has been fabricated using sol-gel powders 

with an exceptional mechanical properties and superior optical transparency above 85% in the 

mid wave IR region. 

The above work entitled “Processing and properties of sintered submicron IR transparent 

alumina derived through sol–gel method” has been published by R. Senthil Kumar, Asit 

Kumar Khanra and Roy Johnson in the journal of sol-gel science and technology 86 (2018) 

374–382. https://doi.org/10.1007/s10971-018-4651-9 

4.7 Summary 

Highly reactive nano α – alumina powder for the fabrication of sub – micron transparent 

alumina has been successfully synthesized using a facile sol-gel approach. Appropriate 

addition of alumina seeds enhanced the inter-particle coordination and assisted the fabrication 

of flawless green bodies. MgO improved the low temperature densification to obtain 97% of 

T.D. at 1400°C and controlled the average grain growth to 0.8 µm. HIPing at 1350°C removed 

all the intergranular pores and transforming the sintered samples from opacity to optically 

transparent alumina with an exceptional mechanical and optical properties. The optically 

polished alumina samples having 0.9mm thickness fabricated in this study exhibited 

transmissions up to 87%, which is at par with transmissions of single crystal sapphire in mid-

wave IR regions. 
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CHAPTER - V 

Fabrication and Properties of Sintered Submicron IR-

Transparent Spinel Ceramics  

5.1 Introduction 

Transparent magnesium aluminate (MgAl2O4) spinel is a face-centered cubic, optically 

isotropic polycrystalline material transparent to electromagnetic radiations from ultraviolet 

through mid-IR wavelength regions. By virtue of its intrinsic combination of excellent optical 

transparency and exceptional mechanical characteristics, it attracts attention in various areas of 

applications including IR windows and domes, transparent armors, super-market scanning 

windows, scratchproof watch casings, optical heat exchangers, pyrometer windows for high 

temperature and high-pressure furnaces etc. [1]. Fabrication of transparent grade spinel body 

involve various processing steps comprising appropriate selection of ultra-pure, highly reactive 

starting powders, fabrication of homogeneous, defect free green bodies, sintering the shaped 

components with high degree of densification and elimination of last 0.01% of porosity from 

the sintered bodies [2]. As detailed in chapter 2, most of the spinel fabrication studies employed 

commercial spinel powders [3 – 24] and very few investigations utilized in-house synthesized 

spinel powders for producing transparent spinel [25 – 29]. Some have derived spinel powders 

through their undisclosed processing techniques for producing spinel with ultra-fine grain sizes 

less than 0.5 µm and RIT closer to the theoretical maximum (advanced transparent spinel) [30 

– 32].  The studies infer that the routes involving powder synthesis followed by fabricating 

transparent spinel require stringent control over the powder characteristics such as phase purity, 

molecular stoichiometry, particle size and size distribution, morphology, sinterability etc. 

Various optimized factors includes choice of raw materials, processing route, mixing 
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methodology, calcination temperatures and milling parameters govern the eventual 

characteristics of the optical grade spinel powder. 

Considering all the challenges involved in synthesizing the spinel powders, the present study 

employ the sol-gel process for powder synthesis followed by fabricating transparent spinel 

bodies. The investigations details the facile procedure for producing highly reactive, MgAl2O4 

spinel nano powders (MgO.nAl2O3, n ≈ 1) through an aqueous sol-gel processing technique. 

The powder synthesis methodology proposed in this study is having high control over 

molecular stoichiometry and suitable for commercial upscale.  In brief, the method involves 

synthesizing stable boehmite sol in aqueous medium followed by homogenous mixing of MgO 

in the form of aqueous suspension. The mixture follows drying and calcination at temperatures 

between 600°C and 1100°C for 1 hour. XRD studies on the calcined powders confirmed the 

phase formation and SEM and TEM studies exhibited their physical characteristics. The optical 

grade spinel powders produced in this study showed ultra-fine particle sizes ranging around 20 

nm with the specific area closer to 96 m2/g. The powders shaped in the form of pellets through 

uniaxial pressing followed by cold isostatic pressing at 100 MPa and sintered in air at 

temperatures between 1300°C and 1400°C for densification. The sintered samples exhibited 

>98 % T.D with no assistance of sintering additives or dopants. The dense samples attained 

complete densification and exhibited transparency by subjecting them to hot isostatic pressing 

(HIPing) at 1400°C under 160 MPa pressure for producing transparent spinel. The HIPed 

samples with an average grain size of 505 nm exhibited RIT equivalent to theoretical values in 

the 3 – 5 µm wavelength region. The detailed characterization studies of the spinel powders 

and the dense samples evaluated their physical, microstructural, mechanical properties and 

optical properties.  
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5.2 Highlights of the study 

 Highly reactive, MgAl2O4 spinel nano powders (MgO.nAl2O3, n ≈ 1) have been 

synthesized through a facile aqueous sol-gel processing technique 

 The powder synthesized in this study is free from Sulphur contaminations which is a 

prime contamination persists in the existing commercial spinel powders 

 The procedure followed in this method is highly suitable for producing optical grade 

spinel powders in large quantity and found suitable for fabricating submicron grained 

transparent spinel ceramics 

 The powder exhibited excellent sinterability at 1400°C reaching density above 98% of 

T.D. while most of the reported materials exhibit similar densities at temperatures 

above 1600°C 

 Low temperature densification is achieved without any assistance of sintering aids 

whereas most of the current investigations employ LiF as an additive for low 

temperature densification 

 The samples after HIPing retained the sintered grain sizes closer to 500 nm while most 

of the existing transparent spinel materials exhibit grain sizes above 10 µm 

 The HIPed and polished samples showed IR transmissions up to 84 % in the 3 – 5 µm 

wavelength regions, which is at par with the best – reported transmission values. 

 The samples exhibited hardness up to 16.20 GPa due to finer grain sizes while most of 

the reported spinel exhibit hardness closer to 13.0 GPa due to larger grain sizes. 
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5.3 Synthesis of optical – grade spinel powder 

5.3.1 Specifications of major raw materials  

High-purity boehmite and MgO powders were used as the starting precursors for this study. 

The average particle size of the boehmite powder as per the suppliers specification was around 

2.5 µm. However, the given particle size belong to the hydrated compound which actually is 

much finer than the given values. It may be noted that the boehmite exhibit very high surface 

area of 180 m2/ g confirming the ultra-fine nature of the powder. The chemical analysis shows 

that the boehmite contains 77 wt % of Al2O3 with traces of other elements such as Na, Fe and 

Si. Cautious selection of alumina precursor with minimum contamination avoids unnecessary 

inclusions that may adversely affect the final optical properties. Similarly, MgO powder having 

99.95% purity was selected for the present study to synthesize the ultra-high pure, optical grade 

spinel powder.  Table 5.1 summarizes the characteristics of the precursors supplied by different 

commercial suppliers. 

Characteristics  

(as per the suppliers specifications) 

Boehmite MgO 

Manufacturer Disperal, Sasol, Germany Alfa Aesar, USA 

Particle size (d50) 2.5 µm 100 – 200 nm 

BET surface area (m2/g) 180 52 

Chemical analysis Al2O3 – 77%, Na2O – 

0.002%, Fe2O3 – 0.01%, 

SiO2 – 0.012% 

Ca – 0.029%, Fe – 0.004%, 

Na – 0.056%, Si – 0.011% 

 

 

5.3.2 Process flow for spinel fabrication 

Fig. 5.1 shows the complete flow chart for fabricating transparent spinel from the starting 

precursors. The process initiates with the simultaneous preparation of aqueous boehmite sol 

Table 5.1: Characteristics of starting powders 
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and aqueous MgO suspension followed by homogenous dispersion of MgO suspension with 

the stable boehmite sol. The mixture further proceeds for successive processes such as drying, 

and calcination for the synthesis of spinel powder. The powder further mixed with optimized 

binders compacted uniaxially and further pressed cold isostatically for shaping followed by 

sintering and HIPing to obtain transparent spinel samples. The detail procedures of the 

fabrication are described in the following sections. 

 
Fig 5.1 Flow chart for the fabrication of transparent spinel 
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5.3.3 Preparation of boehmite sol 

Boehmite powder and water were mixed at 1:9 weight ratio in ambient conditions for a period 

of 1 hour using high speed mechanical stirrer at a speed of 800 rpm. Glacial acetic acid was 

added dropwise to this mixture to adjust the pH between 2 and 3 for peptization. Stirring was 

continued for another hour to obtain clear and stable boehmite sol. The sol was kept 

uninterrupted for a period of 24 hours for the settlement of any unreacted boehmite particles. 

The segregated unreacted particles were separated by transferring the supernatant clear sol to 

another container. 10 g of clear sol was dried at 100°C and calcined at 1200°C in air to find out 

the actual content of α – Al2O3 in the sol. Approximately 76.5 wt % of alumina with respect to 

the weights of boehmite was obtained after calcination which is almost closer to the alumina 

content specified by the supplier. 

5.3.4 Preparation of MgO suspension 

Aqueous suspension of MgO was prepared by mixing MgO powder and water at a ratio of 

60:40 wt % using a ball mill. Darvan 821A (R.T.Vanderbilt Co., Inc., Norwalk, CT, USA) of 

1 wt% concentration with respect to the solids was used as a dispersant and 2mm alumina balls 

of purity above 99.9% was used as milling media. The charge ratio between the powder and 

the balls were maintained as 1:2 by weight and the milling was carried out in a polypropylene 

container for a period of 4 hours to obtain the stable aqueous MgO suspension. 

5.3.5 Production of spinel powder 

Stable boehmite sol having 50 mol% of alumina content was kept under constant stirring 

conditions for a period of 30 minutes using a high-speed mechanical stirrer. The milled MgO 

suspension having 50 mol% of MgO was slowly added to the boehmite sol. Stirring was 

continued a period of 2 hours to obtain the homogeneous spinel precursor gel. The gel was 

further dried at 100°C in a hot air oven for 12 hours to obtain the dried spinel precursor gel 
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granules. The granules were crushed using the pestle and mortar and sieved through a 100 mesh 

plastic sieve for obtaining the fine precursor gel powder. The powder was further calcined at 

temperatures between 600 and 1100°C for the synthesis of spinel powder. Disintegration of the 

calcined powders were carried out in a planetary mill for a period of 2 hours in ethanol medium. 

Planetary vials of 500 ml capacity and made of 99.9% pure alumina was used for the entire 

study.  2 wt% of polyvinyl pyrrolidone (Sigma Aldrich, U.S.A) was added as dispersant during 

milling. Alumina balls of 2 mm diameter having purity above 99.9% was used as grinding 

media to avoid milling contaminations.  The milled slurry was dried at 70 – 80°C for 2 hours 

in the hot air oven to obtain the high purity, optical grade spinel powder. 

5.4 Fabrication of transparent spinel samples 

The optical grade spinel powder was pressed uniaxially to a size of 30 mm diameter and 5 mm 

thickness at 40 MPa pressure. The compacted pellets were further pressed cold isostatically at 

160 MPa pressure for a period of 2 minutes. The pressed samples were sintered in air 

atmosphere for a period of 1 hour at temperatures between 1300°C to 1400°C with 25°C 

increment for each study. The heating and cooling rate was maintained as 5°C per minute for 

obtaining homogeneous densification. The main objective of varying sintering temperatures 

was to obtain samples with zero percent closed porosity or water absorption, which is the 

prerequisite condition for carrying out capsule free HIPing operations.  The sintered samples 

with no open porosities were HIPed (American Isostatic Press Inc. U.S.A) at 1400°C for 4 

hours at a pressure of 160 MPa to obtain transparent spinel samples. The samples after HIPing 

were ground and polished to a final thickness of 2 mm using diamond suspensions of grits sizes 

varying from 15 µm to 1.0 µm to obtain optically transparent spinel samples. 
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5.5 Characterization of powders and sintered specimens 

The starting precursor powders such as boehmite and MgO were characterized for their 

microstructural features using FEG SEM (Carl Zeiss Microscopy GmbH, Oberkochen, 

Germany) and for phase analysis using XRD (D8, Bruker, Karlsruhe, Germany). The dried 

precursor gel comprising equimolar Al2O3 and MgO was subjected to TGDTA analysis 

(Netzsch, Germany) for its thermal response up to 1500°C in air atmosphere. The bonding 

characteristics of Al and Mg cations in the calcined spine powders and spinel bonding 

information were ensured through electromagnetic absorptions using FTIR (Vertex 70, Bruker 

Optik GmbH, Germany) analysis in the wavenumber region between 400 and 4000 cm-1. Spinel 

phase formation at each stage of calcination temperatures from 600°C to 1100°C were analyzed 

using XRD analysis. Microstructural characteristics of spinel powders calcined at selected 

temperatures were investigated through FESEM and TEM (FEI, Technai G2, Netherlands) 

analyses. Spinel powders were further characterized for their particle size and size distribution 

using particle size analyzer (Nano SZ, Malvern Instruments Ltd, UK). Surface area of the spinel 

powders were characterized through BET surface analyzer (Gemini, Micromeritics, USA). 

Sintered and HIPed spinel samples were characterized for their porosities and densities through 

Archimedes principle. Microstructural characteristics of polished and thermally etched dense 

samples were analyzed using FESEM. Thermal etching was carried out by heating the polished 

samples to the temperatures 100°C lower than their actual sintering temperatures with a hold 

of 1 hour at peak temperatures. The etched surfaces were further sputtered with gold ions for 

improving conductivity during SEM investigations. Hardness of the sintered and HIPed 

samples were measured by Vickers (Leco, St. Joseph, MI) indentation at 1 kg load. HIPed and 

polished spinel specimen having 2 mm thickness was measured for its real inline transmission 

properties in the IR wavelength region between 3 and 6μm through FTIR analysis. 
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5.6 Results and Discussions 

5.6.1 Characteristics of initial precursors 

Fig 5.2 shows the microstructural features of the starting raw materials. As shown in fig. 5.2a, 

the boehmite powders exhibit clustered particle morphology with random size distribution 

varying from 200 nm to as large as 8 – 10 µm. The hydroxyl molecules present in the boehmite 

(AlOOH) is the plausible reason for the vast size distribution. The duration of sol preparation 

vary based on the wideness of the size distribution and in the present study, an hour of mixing 

after acid peptization was found optimum to obtain a clear stable sol. The concentration of 

alumina from the sol was around 76.5% after calcination at 1200°C, which is relatively equal 

to the concentrations specified by the supplier. This indicates the stability and homogeneity of 

the synthesized boehmite sol. In case of MgO, the powders exhibit individual and monogamous 

cubic crystals having particle sizes distributed in the range of 100 – 200 nm. The powder is 

free from any agglomerations and random faceted morphologies that are beneficial for making 

stable aqueous suspensions. 

 

Fig. 5.2 Microstructural characteristics of starting materials such as (a) boehmite 
and (b) MgO powders 
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Fig. 5.3 shows the XRD patterns of as-received raw materials. Fig. 5.3a shows the characteristic 

peaks belong to boehmite phase and the broadness of the peaks indicates its amorphous nature. 

Figure 3b shows the XRD peaks corresponding to MgO phase and the sharpness of the peaks 

shows that the MgO is well crystallized. The patterns indicate that the raw materials are highly 

pure and free from any major contaminations. 

 

 

5.6.2 Thermal analysis of spinel precursor gel 

Fig 5.4 shows the thermal behavior of spinel precursor gel up to the temperatures of 1500°C in 

air atmosphere. The TG curve shows a weight loss up to 5 – 7% at temperatures between 150 

and 200°C, which is ascribed to the evaporation of physically combined water. The primary 

loss at this stage seemed to be relatively lesser compared to the second stage of losses as the 

Fig. 5.3 XRD analyses for starting materials (a) boehmite and (b) MgO powders 
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precursor gel was dried at 100°C prior to this analysis. The secondary weight loss up to 20 – 

25% at temperatures between 250 and 400°C corresponds to the loss of chemically combined 

water and removal of hydroxyl groups of alumina. The third stage of loss up to 2 – 3 % at 

temperatures up to 600°C was attributed to the loss of carbon from acetic acid that was used as 

a peptizing agent during the synthesis of boehmite sol. No major losses were further observed 

beyond 700°C.  

 

The DTA curve shows a broader endothermic absorption at temperatures between 150 and 

300°C, which is related to the loss of water molecules. The exothermic peak observed at 

temperatures between 350 and 360°C is ascribed to the formation of spinel phase. The phase 

formation at these temperatures was further confirmed through XRD analysis detailed in the 

subsequent section. Spinel phase formation via processes such as solid-state reactions between 

Al2O3 and MgO powders require temperatures generally above 1200°C and require even higher 

temperatures above 1500°C for further densification [33 – 41].  However, in the present study, 

Fig. 5.4 TGDTA analysis of spinel precursor gel 
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the spinel phase was obtained at temperatures <400°C. This is attributed to the exclusivity of 

the sol–gel process that facilitates intimate and homogenous mixing of starting materials that 

promotes early phase transformations at relatively lower temperatures compared to the solid-

state reactions. Moreover, spinel powders produced at such low temperatures exhibit high 

surface area that facilitate extensive inter-particle diffusion and earlier densification during 

sintering.  

Fig. 5.5 shows the physical appearance of precursor gel calcined at various temperatures up to 

1200°C. As shown in fig. 5.5a, the dried gel undergo various physical transformations based 

on the calcination temperatures. No major changes were observed up to 400°C whereas the 

ignition of organic compounds from acetic acid was initiated at 500°C (fig. 5.5c) and their 

evaporation was mostly completed at temperatures less than 800°C as shown in fig. 5.5f. 

Further increment in the calcination temperatures beyond 900°C to 1200°C was not involved 

with any major physical transformations.  

 

Fig. 5.5 Spinel precursor gel powders at various calcination temperatures 
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5.6.3 FTIR analyses of spinel powders 

Fig. 5.6 shows the IR absorption spectrum indicating the bonding characteristics of Al and Mg 

cations in the wavenumber region between 400 and 4000 cm-1 for the spinel powders calcined 

at temperatures between 700°C to 1100°C. 

 

All the spinel powders synthesized from 700 to 1100°C exhibit a broadband absorption valley 

between 3400 and 3600 cm-1 centered at a wavenumber of ≈3470 cm-1 is corresponding to the 

valence vibration of water. In addition, the spectrums indicate a sharp absorption at 1640 cm-1 

which is also a characteristic stretch of H-O-H bond [42]. The absorption of moisture from the 

atmosphere by the calcined particles would be the plausible reason for the formation of these 

hydroxyl bonds. The tendency of moisture absorption is an indication that the powder is ultra-

fine and exhibiting high surface area. Fig. 5.6b indicates an initiation of a split formation in the 

Fig. 5.6 IR absorption characteristics of spinel powders calcined at temperatures 
from 700°C to 1200°C 
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broadband spectrum at a wave number region between 500 and 800 cm-1 at 700°C and 

apparently enhance with an increment in the calcination temperatures as shown in fig. 5.6c and 

fig. 5.6d. The split gradually transforms into two individual absorption bands at 1100°C as 

appear in fig. 5.6e with their respective centers at 560 and 700 cm-1. These bands are 

characteristic vibrations of Mg-O and Al-O groups of the spinel phase [43 – 44]. It may be 

noted that in the fig 5.6a, these bands are not obvious for the spinel powders calcined at 700°C. 

The steady increment in the formation of two absorption bands at 560 and 700 cm-1 from 800°C 

is an indication of the transformation of spinel from amorphous to crystalline state [45]. 

Therefore, the indication of phase formation at ≈ 400°C as per the TGDTA curve is presumably 

the formation of amorphous spinel. 

5.6.4 Phase formation studies of the spinel powder 

Fig. 5.7 shows the progress in the spinel phase formation from the precursors at various levels 

of calcination temperatures. Fig. 5.7a and 5.7b shows the diffraction peaks corresponding to 

the as-received boehmite and MgO powders respectively, which were used as the starting 

powders. The peaks corresponding to boehmite seem to be broader due to its amorphous 

condition and the sharp peaks belong to MgO state that they are crystalline. Fig. 5.7c shows 

the diffraction pattern of spinel precursor gel dried at 100°C. Though the precursor is composed 

of boehmite and MgO compounds, the pattern exhibited the peaks corresponding only to the 

boehmite phase. This is the indication of the process homogeneity where all the MgO particles 

were uniformly coated with boehmite sol, forming a core-shell structure during the mixing 

period. The phases of the gel remained unchanged up to the calcination temperature of 300°C 

as shown in fig. 5.7d. At 400°C, the starting phases were converted to spinel phase forming its 

predominant peaks corresponding to (311), (400), (440) planes as shown in fig. 5.7e. This is in 

good agreement with the TGDSC curve that exhibit an exothermic peak at 360°C to indicating 

the formation of spinel phase.  
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Traces of peaks corresponding to MgO were still observed at this temperature and even at 

500°C and 600°C as shown in fig. 5.7f and fig. 5.7g for further spinalization. In addition, a 

Fig. 5.7. XRD analysis of the spinel precursor powders at various calcination 
temperatures 
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peak corresponding to carbon possibly from acetic acid was also noticed in these temperature 

regions. All the peaks corresponding to MgO were completely disappeared and converted to 

spinel at 700°C as shown in fig. 5.7h. The peaks were still observed to be broader up to 800°C 

as seen in fig. 5.7i and started to sharpen from 900°C (fig. 5.7j) which is the indication of the 

crystalline refinement and growth of spinel particles.  As shown in fig 5.7k for the pattern 

corresponding to the powder calcined at 1000°C, the particles were grown still further and the 

peaks belong to (111), (220) and (511) planes were also observed more obviously. At 1100°C, 

the powder exhibited all the peaks corresponding to phase pure spinel as shown in fig. 5.7l. 

Fig. 5.7m was included in this figure to show the pattern of the spinel after shaping and 

sintering at 1400°C for 1 hour. The pattern exhibits sharp and intense peaks indicating its high 

crystallinity and phase purity. 

5.6.5 Microstructural and physical characteristics of spinel powder 

Fig. 5.8 shows the progress in the particle morphologies of the spinel powders calcined at 

various temperatures between 700°C and 1100°C. The overall morphology of the powder 

throughout the calcination temperatures appeared to be homogenous with uniform particle size 

distribution. The powders calcined at temperatures between 700°C to 900°C exhibit ultra-fine 

particles that are not completely gained their individual shapes as shown in fig. 5.8a to fig. 

5.8c. As indicated in XRD analyses, the particles at these temperatures undergo crystalline 

refinements and proceeding for inter-particle necking and growth. At the calcination 

temperatures of 1000°C, the particles gained their individual shapes and exhibiting round 

edged morphology as shown in fig. 5.8d. A further increment in calcination temperatures to 

1100°C shows well crystallized spinel particles having particle sizes closer to 25 nm. The 

particle sizes of individual spinel crystallites were further confirmed through TEM analyses 

which shows the size closer to 20 nm as shown in fig. 5.8f.  
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Fig. 5.9 shows the BET surface area of spinel powders calcined at temperatures between 700°C 

and 1100°C for 1 hour. The powders calcined at 700°C exhibited very high surface area close 

Fig. 5.8 SEM analysis of spinel powders calcined at various temperatures from (a) 700°C, 
(b) 800°C, (c) 900°C, (d) 1000°C and (e) 1100°C and (f) TEM micrograph of spinel 
powders calcined at 1100°C  



145 
 

to 155 m2/g. As indicated in the above sections, the amorphous status of the spinel at these 

temperatures would be the plausible reason for such high surface area. The surface area tends 

to reduce to 145 m2/g and 129 m2/g for the powders calcined at 800°C and 900°C respectively 

indicating the particle refinement and growth.  The particles sizes were further improved at 

1000°C indicating the surface area closer to 119 m2/g. and eventually, the powder calcined at 

1100°C and exhibiting well distinctive particles exhibited the surface area of 96 m2/g size.  

 

The particle size corresponding to the surface area at 1100°C was calculated using the 

following formula: 

 

Fig. 5.9 Surface area of spinel powders Vs their calcination temperatures  
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Where D – Particle diameter, ρ – Theoretical density of spinel (3.58 g/cc), SBET – the specific 

surface area measured by the BET method. Accordingly, the particle diameter for the specific 

surface area of 96 m2/g was found to be 17.5 nm. It was further confirmed through the TEM 

analysis where the average particle diameter of the spinel powder calcined at 1100°C was 

measured to be between 18 and 20 nm as observed from the TEM image shown in fig. 5.8f.  

Fig. 5.10 shows the distribution pattern of the spinel particles calcined at 1100°C. The graph 

indicates the particles of larger sizes, which is actually in the agglomerated form.  

 

The nano particles of sizes less than 100nm usually exhibit strong inter-particle attraction 

leading to the formation of agglomerates and therefore not possible to prepare homogeneously 

dispersed suspensions consisting individual particles for the particle size analysis. Moreover, 

the chances of shielding of finer particles by the coarser agglomerates may drive the 

distribution curve to the coarser sides during the analysis [46 – 47].  In such cases, the analysis 

using laser diffraction principles usually indicate the distribution of agglomerates rather than 

the individual particle sizes. Accordingly, the fig. 5.10 shows the spinel agglomerates exhibit 

the size distribution ranging between 100 nm and 300 nm with an average d50 at 180 nm. 

Fig. 5.10 Size distribution of spinel powder calcined at 1100°C  
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5.6.6 Physical and microstructural characteristics of dense spinel 

Fig. 5.11 shows the plot between porosity and theoretical density of the spinel samples against 

their sintered temperature between 1300 and 1400°C for a period of 1 hour in air atmosphere.  

 

The sintered specimens of spinel contained large volume of open porosities between 10 – 12% 

up to the sintering temperatures of 1325°C with the corresponding theoretical densities around 

88%. A steep increment in the densification was observed in the successive heat treatment at 

1350°C. The levels of porosities were greatly reduced from 10% to around 2% at these 

temperature regions indicating the intense event of inter-particle necking and sintering. The 

densities at these stages was found to be around 95%. The samples sintered at 1375°C showed 

traces of open porosities while the samples wintered at 1400°C gained zero water absorption 

reaching around 97% – 98% relative densities. The rate of increments in the densities beyond 

Fig. 5.11 Densification trend of spinel with respect to sintering temperatures  
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1350°C seem to be decreasing relative to the earlier rates indicating the densification at these 

stages is predominantly proceeding with grain growth. Goldstein et al. obtained similar 

densities for a dwelling period of 80 hours in air at 1400°C for their spinel bodies fabricated 

using powders derived through flame pyrolysis [23].  Their later studies with the coarser spinel 

powders improved the inter-particle coordination in the compacted bodies, which enhanced the 

sinterability to gain equivalent sintered densities at a shorter dwelling period of 3 hours [48]. 

Similarly, the powder synthesized through sol-gel technique in the present study exhibited 

remarkable densifications at temperatures around 1400°C with the mere holding period of 1 

hour indicating the superior inter-particle cohesion and sinterability of the powders. On the 

other hand, Krell et al. reported that the powders produced through flame pyrolysis technique 

was 3000% costlier compared to the similar optical grade alumina powders having equivalent 

specifications [46].  

Achievement of zero open porosities in the sintered bodies is a prerequisite of successful, 

subsequent clad-less HIPing operations for the complete elimination of last traces of porosities 

from the sintered microstructures. Accordingly, the samples sintered at 1400°C in the present 

study gained 100% relative density by subjected to HIPing at 1400°C under 160 MPa pressures 

for a dwelling period of 6 hours.  

Fig. 5.12 shows the microstructural transformations of spinel samples as a function of sintering 

temperatures. Fig. 5.12a shows that the samples sintered at 1300°C attained initial stages of 

densification comprising the events of particle rearrangement and grain coarsening. The figure 

further shows the microstructure with larger volumes of interconnected continuous pore 

channels. The average grain size of the partially densified grains at this stage was found to be 

about 160 nm.  The microstructure of the samples sintered at 1325°C as shown in fig. 5.12b, 

was found to be relatively denser with randomly distributed pore patches confirming the 
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continuation of grain coarsening. The grains at this temperature was grown to an average size 

of about 230 nm.  

 

Since the average sizes of the sintered grains at these temperature regions were around 200nm, 

the SEM images for these samples are presented in 200nm scale for a better resolution of grain 

Figure 5.12 Microstructural transformations of spinel sintered at (a) 1300°C, (b) 1325°C, 

(c) 1350°C, (d) 1375°C. (e) 1400°C and (b) sintered at 1400°C and HIPed at 1200°C 
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structures. The average sizes of the grains were further grown to about 306 and 382 nm for the 

sintering temperatures of 1350°C (fig. 12c) and 1375°C (fig. 12d) respectively. The pores in 

the microstructure were greatly eliminated in these temperature regions indicating the sintering 

entering to its second stages, which is majorly involved with grain coarsening.  

Samples sintered at 1400°C resulted with highly dense microstructure as shown in fig. 5.12e 

with traces of closed porosities. The average grain size at this temperature was observed to be 

about 505 nm. The spinel bodies produced in the present method exhibit monogamous, 

equiaxed and finely distributed grains having minor volume of nano pores in the inter-granular 

sites as shown in figures from 5.12c to 5.12e. This harmony of controlled microstructure is 

corresponding to the event of uniform solid-state sintering of the green bodies composed of 

highly coordinated nano, round – edged powder particles exhibiting homogeneous nucleation 

and grain growth. In addition, the superior sinterability of the powders enabled such low-

temperature densification without any assistance of sintering additives.     

Fig. 5.12f shows the microstructure of the samples sintered at 1400°C and further pressed hot 

isostatically at 1400°C for 6 hours. The pressure assistance eliminated all traces of pores from 

the microstructure leading to the formation of theoretically dense body exhibiting optical 

transparency. The average grain sizes after HIPing was retained as 505 nm indicating the 

densification involved only with squeezing of pores through grain boundaries without any grain 

growth. 

Fig. 5.13 shows the rate of grain growth for the spinel samples with respect to their sintering 

temperatures from 1300°C to 1400°C. The graph reveals the steady rate of grain growth 

revealing the homogenous and controlled diffusion and mass transfer throughout the sintering 

process. The growth rate was slightly steeper beyond 1375°C confirming the second stages of 

densification involving majorly with grain diffusion. 
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Fig. 5.14 compares the hardness (HV1) of the sintered samples related to their sintering 

temperatures from 1300°C to 1400°C. The samples sintered at 1300°C and 1325°C exhibited 

hardness of 787 ± 30 Kg/mm2 and 850 ± 40 Kg/mm2. A significant increment in hardness 

values were observed for the samples sintered at 1350°C and 1375°C reaching to 1316 ± 20 

Kg/mm2 and 1394 ± 10 Kg/mm2 respectively. The hardness values were further increased to 

1429 ± 10 Kg/mm2 for the samples sintered at 1400°C which were enhanced to the heights of 

1620 ± 10 Kg/mm2 for the HIPed and transparent spinel samples.  

 

Fig. 5.13 Average Grain size of the spinel with respect to their sintering temperatures 
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The increment in the hardness values is attributed to improved densification and controlled 

microstructures with sub-micron grain sizes. The hardness values achieved in this study is at 

par with the best-reported sub-micron spinel [30, 32] and 40% superior to the values achieved 

for the coarse-grained conventional transparent spinel [5 – 10].  

Fig 5.15a shows the photograph of a sintered, HIPed and polished transparent spinel sample 

having a thickness of 1.5 mm produced through the present method. The sample shows high 

degree of real inline optical transparency where the objects behind the spinel window is clearly 

visible to the naked eye. Moreover, fig. 5.15b shows the IR transmission pattern of the same 

showing broadband transparency up to 84 % between 2 and 5 µm region with no abnormal 

absorption throughout the wavelength window, proving the efficiency of the present process 

for fabricating optical grade window materials. The transmission values achieved for the 

submicron spinel fabricated in this study is at par with the best-reported values in the 2 and 5 

µm wavelength regions [30, 32]. 

Fig. 5.14 Sintering Temperature Vs Hardness of spinel 
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b 

Fig. 5.15 (a)Transparent spinel from sol-gel derived powders, (b) Real inline transparency 

of the spinel  
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5.7 Summary 

Highly reactive, nano spinel powder with superior control on molecular stoichiometry was 

prepared through a facile sol-gel methodology. The powders exhibited round edged 

morphology having uniform particle size distribution with an average size of about 30 nm. The 

powders with high inter – particle coordination enabled producing green samples with high 

degree of homogeneity without any flaws. The compacted green specimens exhibited excellent 

sinterability at temperatures between 1350 – 1400°C reaching sintered densities above 97% of 

its theoretical values without any assistance of sintering aids. The sintered specimens attained 

100% densification and lead to the domain of exhibiting optical transparency upon further 

pressing hot isostatically at 1400°C under the pressures of 160 MPa. The sintered and HIPed 

specimens exhibited monogamous, equiaxed and uniform microstructures having sintered 

grain sizes in the submicron region with an average size of about 500nm. In consequence, the 

hardness of the final transparent material enhanced beyond 40% relative to the conventional 

coarse-grained spinel. On all of the above, the HIPed and polished spinel samples showed 

broadband optical transmissions up to 84% in the wavelength regions between 2 and 5 µm 

confirming the efficiency of the sol-gel derived spinel powders for fabricating transparent 

spinel components. Moreover, the present process of producing highly reactive nano spinel 

powder is relatively economical and the methodology followed for making transparent spinel 

are highly suitable for large-scale productions.  
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CHAPTER - VI 

A novel approach of synthesizing nano Y2O3 powders for 

the fabrication of submicron IR transparent ceramics 

6.1 Introduction 

Polycrystalline transparent yttria (Y2O3) is widely known as an excellent optical material 

exhibiting transmissions in a wide range of electromagnetic radiations between 0.2 to 9 µm 

wavelengths. Y2O3 also exhibits high refractory properties and superior resistance to corrosion. 

Therefore, it is widely used for various applications such as host material for high power lasers 

and scintillators, envelopes for high-intensity-discharge lamps, IR transparent domes, and 

windows [1 – 2]. Y2O3 is the only material that shows full transmittance through the entire 3 – 

5 µm mid wavelength infrared (MWIR) atmospheric band compared to the other competing IR 

transparent materials such as sapphire, submicron Al2O3, spinel, and AlON [3]. Besides, Y2O3 

emit reduced re-radiation at elevated temperatures up to 1000°C and therefore becomes an 

exclusive choice for fabricating uncooled windows with reduced payloads. Low emittance 

from the Y2O3 heated domes or windows deliver improved signal to noise response to the 

seeker system and increase the acquisition ranges [4].  

Successful fabrication of transparent grade ceramic materials involves various factors 

including selecting of right starting powders, shaping of defect-free green bodies, and 

controlling densification to eliminate the pores completely from the sintered bodies [5]. In the 

case of selecting starting Y2O3 powders, researchers either chose the commercial supplies [6 – 

13] or utilized their own synthesized powders for the fabrication of green bodies. The in–house 

synthesis route received more attention between the two alternatives due to optical grade 
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commercial powders' high costs.  In that context, investigators followed various synthesis 

techniques such as the dissolution of Y2O3 powder in acids followed by precipitation and 

calcination [14 – 17] and precipitation of yttrium salts [18 – 21]. 

In most conventional attempts [1 – 4, 6 – 7, 14, 22 – 26], Y2O3 bodies attained complete 

densification and optical transparency at temperatures between 1700°C to 2000°C. Such high 

– temperature processing enlarged the sintered grains to the sizes as large as up to 150 µm [22]. 

Transparent Y2O3 with such larger grain sizes exhibit low durability and flexural strength and 

hence, not suitable for advanced and high-performance dome applications [4]. As per the Hall-

Petch relationship, ceramic materials with grain size lesser than one-micron exhibit higher 

mechanical properties. Therefore, presently, the focus of fabricating transparent Y2O3 is drifted 

towards reducing the grain sizes around one-micron or even to the submicron ranges to improve 

mechanical properties to combat the most aggressive missile trajectories. By adopting 

appropriate processing techniques such as initiating the fabrication with nano-sized (< 100 nm) 

Y2O3 powders and carefully achieving theoretical densities at lower temperatures, probably 

closer to 1400°C, it should be possible to retain the sintered grain sizes in the submicron 

regions.  

In this context, Ikegami et al. [27 – 28] synthesized highly sinterable, Y2O3 nano powders from 

its hydroxide-based precursors. These powders exhibited round – edge morphology and 

showed enhanced sinterability compared to the conventionally utilized micron-sized powders. 

However, these powders contained contaminations of sulfur, as the process employed 

ammonium sulfate as a surface regulating agent for achieving round – edge morphology. These 

contaminations hindered Y2O3 from exhibiting theoretical transmissions. Apart from this 

orientation, Chen et al. [29] proposed a two-stage-sintering approach for sintering Y2O3 at 

lower temperatures. In this technique, the samples were heated at a higher temperature for few 

minutes, followed by drastic cooling to 100°C to 200°C lower than the higher temperature and 
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dwelled there for 20 to 40 hours until the body achieve complete densification.  As per this 

technique, the high – temperature step activates the lattice diffusion between the neighboring 

particles, and the low – temperature step retains the lattice diffusion until the completion of 

densification. 

Since the materials attained substantial densification at relatively lower temperatures, the 

sintered bodies retained their grain sizes in the submicron regions. Serivalsatit et al. [30 – 31] 

followed the footprints of Ikegami et al. [27 – 28] for the synthesis of sulfur - treated nano 

Y2O3 powders and utilized the two-stage–sintering technique combined with post HIPing to 

produce transparent Y2O3. Combination of both processing techniques effectively assisted in 

the fabrication of transparent Y2O3 with grain sizes around 300 – 400 nm with the optical 

transparency up to 80% in the 2.0 µm wavelength regions. This approach succeeded in 

retaining the sintered grain sizes in the submicron region. However, the prolonged dwelling 

periods of around 20 hours at the peak temperatures are neither energy-efficient nor suitable 

for continuous productions. Moreover, the material exhibited moderate fracture toughness. 

Y2O3 powders synthesized with sulfur additives induce liquid assisted densification [27 – 28], 

which in turn produce weaker grain boundaries that are vulnerable to the propagation of 

fractures. Apart from these approaches, low – temperature densification was explored using 

sintering techniques such as spark plasma sintering [32 – 34] and hot pressing [12 – 13, 35]. 

However, these methodologies produce only flat shapes and not suitable for large-scale 

productions and fabricating complex shapes such as domes. Alternatively, lowering the 

densification temperatures were attempted using various sintering additives including LiF [7, 

36], Tm2O3 & ZrO2 & Al2O3 [8], La2CO3 [17], Er and Yb ions, ZrO2 & Ho ions and Tm & 

ZrO2 [37 – 38]. These additives significantly improved the densification of Y2O3 and helped to 

attain superior transparencies. However, in most cases, these additives induced numerous 

absorption peaks at their corresponding wavelengths that may hamper the seekers' 
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performance.Sintering additives such as LiF entertain liquid assisted densification and affect 

the eventual mechanical properties similar to sulfate molecules.  

Fig. 6.1 shows the overall summary [4, 7 – 8, 11 – 12, 14, 17 – 18, 20, 31, 36 – 37, 39 – 41] 

reporting the fabrication of transparent yttria having optical transmissions in the wavelength 

region between 1.0 and 8.0 µm. The evolution progressed towards constructing nanostructured 

material having optical transparency equivalent to single crystals, which is closer to 84% in the 

specified IR regions [7].   

 

Figure 6.1a. Literature mapping of transparent Y2O3 in terms of its grain size Vs processing 

temperature  

As shown in fig. 6.1a, very few have succeeded in retaining the final grain sizes under 1.0 µm 

[12, 31, 37, 39], and irrespective of the processing routes, all the methods invariably employed 

HIPing for controlling the grain sizes. Moreover, achieving densification at temperatures 

around 1400°C preserved sintered grain sizes in the submicron regions [31, 37]. 
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Among, Hinklin et al. [37] employed commercial Y2O3 powders as starting powder, erbium 

atoms as sintering additives, and vacuum sintering for densification. Similarly, Serivalsatit et 

al. [31] utilized Sulphur-treated Y2O3 powders as starting material, erbium additives as 

sintering aid, and two-stage–vacuum sintering for densification. As discussed above, selecting 

commercial powders or attaining low-temperature densification through additives and two-

stage-sintering techniques directly affects optical transparency and production costs. Also, 

samples sintered in a vacuum atmosphere usually require post-sintering-annealing treatments 

in the air atmosphere at temperatures above 1200°C for periods above 3 – 5 hours to regain the 

oxygen stoichiometry [37]. These additional procedures further increase the costs of the 

product.  

Therefore, there is a need for an improved process to demonstrate the synthesis of sulfur-free, 

nano yttria powders suitable for fabricating sub-micron IR transparent Y2O3 materials. It would 

be advantageous if the process establishes low-temperature densification through economical 

sintering methods without any sintering additives to derive maximum benefits in optical 

transmissions and production costs. 

Accordingly, in the present work, a facile synthesis methodology is developed to produce 

highly – reactive Y2O3 powders suitable for making sub-micron IR transparent Y2O3 materials. 

The process details the synthesis of round-edged Y2O3 powders without using any detrimental 

sulfate ions. Similarly, the method utilized an ambient atmosphere for densification at 

temperatures around 1350 – 1400°C and retained the sintered grain sizes in the submicron 

region as shown in fig. 6.1. Post sintering HIPing enhanced the densification to 100% 

theoretical densities and exhibited the high - inline transmissions equivalent to single crystal 

Y2O3 [7] as shown in fig. 6.1b. Besides, no annealing procedures were followed after HIPing 

as the process utilized the air atmosphere for pre-densification. This study further confirms the 
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physical, chemical, thermal, mechanical, and optical properties of the synthesized powders and 

the sintered samples through systematic characterization and analysis. 

 

Figure 6.1b. Literature mapping of transparent Y2O3 in terms of its grain size Vs % of IR 

transmission 

6.2 Highlights of the investigation 

• Synthesis of highly reactive, Sulfur–free nano Y2O3 powders for the fabrication of 

submicron IR transparent yttria ceramics is reported for the first time 

• Seeding of Y2O3 particles during the sol – gel process enabled achieving powders with  

round – edged morphology 

• Effective inter-particle coordination and traces of Al2O3 inclusions accelerated 

densification at temperatures as low as 1400°C in air atmosphere. 
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• Low temperature densification is achieved through economical air sintering in the 

present study while similar densification is hitherto reported using expensive sintering 

techniques such as two – stage/ three – stage/ vacuum sintering 

• Sintered and HIPed samples exhibited IR transmissions up to 84% in the 2.0–9.0 μm 

regions, equivalent to single crystal Y2O3 

• The grain sizes were retained closer to 700 nm for the transparent yttria specimens  

• Retaining the grain sizes in the submicron regions improved the hardness up to 8.9 GPa 

• Achieving densification through solid – state sintering enhanced fracture toughness up 

to 3.0 MPa.m1/2 which is twice the values reported for single crystal Y2O3 

6.3 Experimental Procedure 

6.3.1 Starting materials 

Yttrium (III) nitrate hexahydrate (YNHH – 99.9%, Acros Organics, Fair Lawn, NJ) was used 

as a main precursor, and yttrium oxide powder (99.99%, Sigma Aldrich, St. Louis, MO) was 

used as seeding material. As-received yttrium oxide powder was milled in a planetary ball mill 

at 200 RPM using isopropyl alcohol as milling medium and 2.0 mm-sized alumina balls as 

grinding media. The ratio between powder and balls were maintained as 1: 2, and the milling 

was performed for six hours. The milled suspension was dried in a hot air oven at 70°C for four 

hours to obtain dried yttria powder and was used as a seed for the entire study.  

6.3.2 Preparation of yttria sol 

0.5 molar yttrium nitrate solution was prepared by dissolving YNHH in distilled water using a 

high-speed mechanical stirrer. The solution's initial pH was noted as four, and the pH of the 

solution was adjusted to 10 by adding liquid ammonia (40% solution, AR Grade, Finar, India) 

dropwise to form yttrium hydroxide (YOH) precipitate. The residue was washed in a Buckner 
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funnel using distilled water until the filtered water reaches a pH of seven.  The washed residue 

was further dried in a hot air oven at 100°C for 12 hours to obtain the dried yttrium hydroxide 

powder. Ten grams of the precipitate powder was calcined at 1100°C for one hour in the air 

furnace to find the actual Y2O3 content in the precipitate powder. For the preparation of yttria 

sol, the dried YOH powder and distilled water were mixed at a 1:9 weight ratio using a high-

speed mechanical stirrer for one hour. The mixture was further peptized by the dropwise 

addition of glacial acetic acid (AR Grade, Finar, India) to adjust the pH between two and three. 

The stirring was continued until the formation of transparent Y2O3 sol. 

6.3.3 Preparation of Y2O3 seed suspension 

Aqueous suspension of Y2O3 having 50 wt% solid content was prepared by dispersing milled 

yttria powder in distilled water using 1.0 wt% Darvan 821A (R.T. Vanderbilt Co. Inc., 

Norwalk, CT) as a dispersing agent. The mixture was ball milled at 50 rpm in a polypropylene 

jar using 2.0 mm size alumina balls for four hours to obtain stable aqueous seed suspension. 

The ratio between the balls the powder was maintained as 2: 1 by weight. 

6.3.4 Synthesis of Y2O3 nano powder 

Transparent Y2O3 sol was kept under constant stirring conditions using a high-speed 

mechanical stirrer. Stirring was continued for 30 minutes, and the seed suspension was slowly 

added to the sol. The weight ratio of Y2O3 between the sol and the seed suspension was 

maintained at 70:30. Stirring was continued for 30 minutes to obtain a homogenous suspension 

of the sol-seed mixture. Gelation was induced by the dropwise addition of liquid ammonia to 

adjust the pH to 10, and the gel was kept in the hot air oven at 100°C for 12 hours to obtain the 

dried gel. The dried gel was calcined at temperatures between 500°C and 1100°C in an air 

furnace for one hour to get single-phase Y2O3 powder. The calcined powder was further milled 

in the planetary mill for two hours at 200 RPM using isopropyl alcohol as a milling medium 
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and alumina balls as grinding media. Polyvinyl pyrrolidone (Sigma Aldrich, St. Louis, MO) 

having two percentage of 7ntrations by weight to Y2O3, was added during milling as a binder. 

The milled suspension was dried at 70°C in the hot air oven for obtaining the Y2O3 nano 

powders.  

6.3.5 Fabrication of transparent Y2O3 

The dried nano Y2O3 powders were compacted into pellets in a uniaxial press at 30 MPa 

pressure. The compacts were further sintered at temperatures between 1300°C and 1400°C for 

1 hour in the atmospheric air furnace. The peak temperature was reached at a heating rate of 

5°C/min, and the same was maintained for cooling to room temperatures. Sintered samples 

obtained complete densification through HIPing at 1400°C for 6 hours at 160 MPa pressure to 

fabricate transparent Y2O3.  

6.3.6 Characterization of powders and sintered specimens 

As received and milled Y2O3 seed powders were analyzed for their microstructural features 

using FEG-SEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany) and the phase purity 

using XRD (Rigaku Corporation, Tokyo, Japan). Their particle size and size distribution were 

measured using a particle size analyzer (Nano SZ, Malvern Instruments Ltd, UK). The dried 

gel was tested for its thermal response in the TG-DTA analyzer (Netzsch STA 409C, Selb, 

Germany). The bonding characteristics between Y and O atoms at various calcination stages 

were studied using FTIR (Vertex 70, Bruker Optik GmbH, Germany) analyzer. Thin wafers of 

20 mm diameter and 0.3 mm thickness composed of KBr and respective Y2O3 powders at 200: 

1 mg ratios were prepared for the FTIR analysis. XRD followed phase formation studies of 

nano Y2O3 powders, and the microstructural characteristics of the calcined powders were 

analyzed by FESEM and TEM (FEI, Technai G2, Netherlands) analyses. Particle size and size 
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distribution of the powder was measured using a particle size analyzer, and the surface area of 

the powders was characterized through BET surface analyzer (Gemini, Micromeritics, USA). 

The Y2O3 green compact's sintering behavior was followed through the single pushrod LVDT 

dilatometry studies (Netzsch, Germany) under 10°C/min heating rates in the air atmosphere. 

The compacted green samples of dimensions 10mm X 10mm X 10mm were used for this study. 

Porosities and densities were calculated using the Archimedes principle. Relative densities 

were calculated to the theoretical density of Y2O3 as 5.031 g/cc. Microstructural features of the 

samples concerning their densification temperatures were analyzed through FESEM. The 

average grain size of the sintered specimens was measured through the linear intercept method. 

Sintered and HIPed samples were tested for their hardness with the Knoops indentation under 

100g load (Leco, St. Joseph, MI), and the fracture toughness (KIC) was measured using the 

following Anstis principle [42].  

KIC = 0.016 (E/H)1/2 (P/C3/2)  ---------- (1) 

E is Young's modulus, H is the hardness, P is the applied load, and C is the half-penny crack 

length formed at the indent's corners during the hardness test. The fracture was induced through 

Vickers indentation at 500g, and the crack length was measured using FESEM images. The 

Young's modulus of the transparent Y2O3 was calculated from the nano-indentation method 

[43]. The indentation load – depth curve obtained by testing the sample in a cyclic nano impact 

tester (Micro materials Inc., UK) using a Berkovich indenter at 40 g loading conditions. The 

average modulus was found to be 185.3±1.2 GPa from eight indentations. These values were 

similar to the values reported by Yeheskel et al. [39]. 

Thermal diffusivity and conductivity characteristics for the sintered (1400°C) and HIPed 

samples were studied using a laser flash technique. Thermal conductivity (λ) with the unit 

W/(m.K) is the measure of transport of energy in the form of heat through a body of mass due 
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to temperature gradients. The thermal conductivity of a material is calculated using the 

following equation 

λ = ρ. Cp. α    ---------- (2)     

Where ρ is the specimen's density measured by the Archimedes principle, Cp is specific heat 

capacity, and α is thermal diffusivity. In the present study, the optically polished samples of 

dimensions 10mm X 10mm X 1 mm were used. The laser flash technique is a transient method 

that provides transitional thermal flow to the specimen and determines the characteristic of 

thermal conductivity concerning temperatures. In this study, a short laser energy pulse hits the 

top surface of a flat-faced, parallel-edged sample. The resulting change in temperature on the 

sample's lower body is measured through an infrared detector. The rise in temperature to time 

corresponds to the thermal energy diffusion along with the specimen's thickness. The 

conductivity measured in this study is an average of the values from three laser shots at each 

temperature. The thermal diffusivity α was calculated using the following equation 

α(T) = 0.1388 X (d2/t1/2)   --------- (3)      

T is the temperature of measurement, d is the thickness of the specimen, and t1/2 is the time 

needed for the specimen's rear side to reach half the maximum temperature [44]. 

HIPed and optically polished transparent Y2O3 samples of 1.4 mm thickness were analyzed for 

their transmission characteristics in the wavelength region between 2.0 and 9.0 μm through 

FTIR analysis. The entire fabrication procedure is shown as a flowchart in fig. 6.2. 
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Figure 6.2. Process flow chart for fabricating transparent Y2O3 

 

6.4 Results and Discussions 

6.4.1 Physical characteristics of Y2O3 seeds 

Fig. 6.3 shows the morphological characteristics of the yttria seeds used in this study. Fig. 6.3a 

shows the image of Y2O3 powder in the as-received condition. The morphology was in the 

form of large chunks having random shapes with a wide range of size distribution ranging 

between 1.0 – 10 µm with an average size closer to 3.0 µm, as shown in fig. 6.3b. Fig. 6.3c 
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shows the image of the Y2O3 seed particles milled for 6 hours. The initial coarser chunks were 

effectively reduced to the sizes around 100 nm to 200 nm with high homogeneity. Figure 6.3d 

shows the particle size distribution of the milled seed particles. The curve indicates the narrow 

size distribution of the milled particles with a mean size of around 120 nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3. Characteristics of seed particles (a) Morphology and (b) PSD of as received Y2O3, 

(c) Morphology and (b) PSD after milling 

6.4.2 Thermal analysis of dried yttria gel 

Figure 6.4 shows the TGDT analysis of the dried sol-gel powder up to 1500°C in air 

atmosphere. The TG curve shows three significant weight losses at various stages of heat 

treatment. The initial decrement of 15% of weight up to 250°C, and the corresponding 

endothermic valley in the DTA curve was attributed to the loss of physically combined water. 

The gel exhibited significant weight loss up to another 35% at temperatures between 300 and 

400°C due to the evaporation of chemically combined water. The second endothermic drop in 
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the DTA curve at these temperature regions also indicates the same event.  Another minor loss 

of less than 6.0 % noticed up to 650°C ascribed to the loss of carbon from acetic acid used 

during the peptization process. The dried gel showed no further loss beyond 650°C. The gel 

powder exhibited an exothermic peak at 570°C, attributed to the phase formation of Y2O3.  

 

 

Figure 6.4. TGDTA analysis of dried yttria gel powder 

6.4.3 Bonding characteristics of the yttria powder 

Fig. 6.5 shows the IR spectrum of yttria powders calcined at different temperatures between 

100°C and 1100°C. Fig. 6.5a shows the gel powder's characteristic curve dried at 100°C, 

exhibiting a broad absorption band between 3300 and 3600 cm-1 corresponding to water 

molecules' valence vibration [45]. The spectrum also shows another absorption at 1640 cm-1 

attributed to another characteristic stretch for the H-O-H bond [46].  
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Figure 6.5. FTIR spectrum of Y2O3 powders at various stages of processing temperatures 

The water absorption bands observed at 400°C (fig. 6.5b) to 800°C (fig. 6.5d) indicates that 

the powders calcined at these temperature regions absorbed moisture from the atmosphere due 

to their high surface area. However, these water molecule bonds were not observed for the 

powders calcined at 1000°C (fig. 6.5e) and 1100°C (fig. 6.5f), which indicates that the powder 

becomes non-reactive to the atmospheric moisture after its calcination beyond 1000°C.  A 

sharp absorption peak at 565 cm-1 corresponding to the Y-O bond [30] was prominent for the 

powder calcined at 600°C, and its intensity grew more profound for the higher calcination 

temperatures. It indicates the phase transformation of Y2O3 from amorphous to crystalline to 

the increment in the calcination temperatures. Based on these observations, the dried gel 

powder was calcined at 1100°C to synthesize the nano Y2O3 powder. 
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6.4.4 Phase formation studies 

Fig. 6.6 shows the progress in the phase formation of Y2O3 at various stages of calcination.  

 

Figure 6.6. Phase transformation of Y2O3 as a function of calcined temperatures 

Fig. 6.6a shows the XRD pattern corresponding to the precipitate powder obtained from YNHH 

and dried at 100°C. The peaks were matching with the yttrium hydroxide phase coordinating 

to the JCPDS No. 49-1107. Fig. 6.6b shows extremely sharp reflections from the milled seed 

particles. All the peaks correspond to the crystalline cubic Y2O3 phase, and no secondary 

phases were observed after milling operation. Fig. 6.6c and fig. 6.6d show the respective peaks 

gained from the Y2O3 gel powders calcined at 400°C and 500°C. The patterns exhibited broad 

peaks confirming the major portion of the powder as amorphous. However, few sharp peaks 
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corresponding to crystalline Y2O3 seeds were observed. All the amorphous phases were 

transformed into crystalline phases as the calcination temperature progressed to 600°C, as 

shown in fig. 6.6e and in good agreement with the TGDTA data corresponding to the phase 

transformation peak observed at 570°C. The reflections were still looking broader at this stage 

due to its ultra-fine particle sizes. Further heat treatments beyond 600°C sharpened the peaks 

indicating the Y2O3 crystals and particle growth refinement.  At 1100°C, the powders exhibited 

all the reflections of (211), (222), (400), (440) planes corresponding to phase pure, crystalline 

cubic Y2O3 as observed in fig. 6.6j. The lattice parameter of the Y2O3 crystals at this 

temperature was found to be 10.582 Å. 

6.4.5 Microstructural and physical characteristics of the Y2O3 nano powders 

Fig. 6.7 shows the FESEM images of sol-gel derived Y2O3 powders heat-treated at various 

temperatures. Fig. 6.7a shows the gel's morphology dried at 100°C, composed of YOH coated 

Y2O3 seeds. The image confirms that the seed particles are homogeneously dispersed in the 

matrix of sol. Fig. 6.7b shows the appearance of Y2O3 powder calcined at 800°C. The powder 

seems to contain aggregates comprised of ultrafine Y2O3 particles progressing to obtain their 

individual shapes. The BET surface area of the powder at this temperature was found to be 

67.55 m2/g. On the further increment of calcination temperature to 1000°C, the particles grown 

larger and obtained their distinctive shapes, as shown in fig. 6.7c. The surface area at this 

temperature was found to be 59.27 m2/g due to particle growth. The TEM image in fig. 6.7d 

reveals well distinctive particles exhibiting near – spherical morphology with average particle 

sizes closer to 40 – 50 nm. Fig. 6.7e shows the morphology of Y2O3 powder calcined at 1100°C. 

At this temperature, the powder consisted of well-crystallized, non – aggregated particles with 

very narrow size distribution having an average size of about 60 nm, as shown in the TEM 

image (fig. 6.7f). The surface area at this stage was found to be 45.76 m2/g.  
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Figure 6.7. Microstructural features of Y2O3 powders. (a) Precursor gel dried at 100°C, (b) 

calcined at 800°C, (c) at 1000°C, (d) TEM image of powder at 1000°C, (e) at 1100°C, (f) 

TEM image of powder at 1100°C 

In the earlier studies [16, 18, 47], Y2O3 powders synthesized through the calcination of as-

synthesized YOH precipitate exhibited particles having flat surfaces and sharp edge 

morphology. YOH's physical characteristics are usually flaky and irregular, comprising larger 

flat agglomerates [27 – 28], as shown in fig. 6.8a and schematically in fig. 6.9a. The state of 
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aggregation, rigidity, thickness, and the morphology vary based on the precipitation process's 

pH and temperatures. Dupont et al. [48] and Wen et al. [16] obtained precipitates with 

distinctive characteristics based on the procedures followed for the synthesis. The sediments' 

physical structure crumble upon calcination at a temperature closer to 800 – 900 °C, forming 

highly reactive powder particles. 

 

 

 

 

 

 

 

Figure 6.8. SEM micrograph of (a) YOH precipitates, (b) Y2O3 powder derived from direct 

calcination of YOH at 1100°C 

The powder at this stage exhibit very high surface area and on the verge of obtaining 

crystallinity. The state of aggregation of these partially crystallized Y2O3 particles solely 

depends on the morphology of starting YOH precipitates and usually exhibits irregular 

accumulation, as shown in fig. 6.9b. Therefore, the powders exhibit inhomogeneous and 

vigorous inter-particle diffusion and particle growth on further calcination to 1100°C. As a 

result, the crystal planes orient randomly at the powders' surface, leading to uneven and sharp-

edged particles, as shown in the fig. 6.7b and schematically in fig. 6.9c. Fig. 6.8b further shows 

that the particles from YOH precipitates grew relatively larger (200 nm) than the sizes obtained 

through present sol-gel method shown in fig. 6.7e. 
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Figure 6.9. Schematic of synthesizing round – edged Y2O3 powders 

Green bodies produced with such randomly crystallized powders exhibit low green densities 

due to the lack of inter-particle coordination. Consequently, they require very high 

temperatures for achieving complete densification. To prevent such formation of irregular 

morphologies, Saito et al. [18] washed the YOH precipitates with ammonium sulfate to 

introduce sulfate ions, as shown in fig. 6.8d. These sulfate ions hindered YOH's crumbling at 

800 – 900°C, resisted their aggressive inter particle diffusion and aided the formation of finer 

aggregates as shown in fig. 6.9e. The sulfate ions further controlled crystal planes' orientation 

at the surface and produce round-edged Y2O3 particles at higher calcination temperatures [19], 
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as illustrated schematically in fig. 6.9f. Therefore, this suggestion was considered necessary 

for making round-edged yttria powders and followed by various investigators [16, 19, 29, 40] 

to fabricate transparent Y2O3 ceramics. However, Ikegami et al. [19] reported that the sulfur-

treated Y2O3 form yttrium oxy-sulfide liquid due to Sulfur contaminations and steer the 

densification mode through liquid phase sintering. Transparent ceramics are highly sensitive 

for the secondary phases and their presence in minute quantities cause enough inline optical 

scattering and diminish the transmission levels due to their variance of refractive index [3]. 

Therefore, the present study neither followed the direct calcination of YOH nor utilized 

detrimental sulfate ions for synthesizing spherical Y2O3 powders.  Instead, the YOH was 

dispersed into a translucent sol through acid peptization, followed by the addition of Y2O3 

seeds. The successive gelation process effectively preserved the physical and molecular 

homogeneity of sol – seed mixture, as shown in fig. 6.9g. The peptization process enhanced 

the nucleation centers for homogenous nucleation and controlled the formation of Y2O3 

particles. The seeds hindered the development of inhomogeneous aggregation of partially 

crystallized Y2O3 particles, as shown in fig. 6.9h. The seeding concept for nucleation and the 

development of aggregate – free nano powders were reported earlier for alumina and Y2O3 [49 

– 50]. It has recently been reported that seeded alumina powders effectively controlled the 

sintered microstructure to fabricate submicron transparent alumina [51]. Similarly, in this 

study, the well-dispersed Y2O3 seed particles acted as active nucleation sites for the particle 

growth and enhanced the phase transformation kinetics. Eventually, the finely-aggregated 

Y2O3 particles exhibited controlled inter-particle diffusion, leading to particles' homogenous 

growth at higher calcination temperatures. Further, the organized arrangement of crystal planes 

at the surface assisted in isotropic, round-edged particles, as shown in fig. 6.9i.  

The powders were further characterized for their crystallinity through high-resolution TEM 

analyses, as shown in fig. 6.10. The powders calcined at 1000°C exhibit a thin amorphous 
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external layer, as shown in fig. 6.10a, which indicates the need for further calcination at higher 

temperatures to gain complete crystallinity. On an additional increment of calcination 

temperature to 1100°C, the particles attained absolute crystallinity. The outer amorphous 

region disappeared after acquiring complete crystallinity, as shown in fig. 6.10b. The figure's 

insert shows the orderly aligned crystal planes up to the particle's edge confirming crystallinity.  

The selected area electron diffraction (SAED) pattern of the Y2O3 particle calcined at 1000°C 

in fig. 6.10c shows the clusters of hkl planes that are yet to obtain their respective sites, 

whereas, as shown in fig. 6.10d, the particle calcined at 1100°C exhibited well-defined 

positions of hkl planes corresponding to completely crystallized cubic yttria. 

 

 

Figure 6.10. High-resolution TEM image of Y2O3 particle calcined at (a) 1000°C, (b) 1100°C 

and SAED pattern of particle calcined at (c) 1000°C, (d) 1100°C 
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6.4.6 Sintering characteristics of green Y2O3 specimens 

Fig. 6.11 shows the dilatometry shrinkage and rate of shrinkage curves obtained for the green 

Y2O3 samples at the temperature region between 700°C and 1550°C heated under a constant 

heating rate of 10°C/min. No significant shrinkage was observed up to temperatures around 

1100°C, and the onset of shrinkage was initiated at 1150°C. The shrinkage progressed faster 

beyond this temperature and reached its plateau region at temperatures closer to 1400°C. The 

rate of shrinkage curve reveals that the densification advanced rapidly due to high inter-particle 

diffusion of nanoparticles. The pattern explains that the powders produced in this study 

exhibited superior sinterability compared to the powders derived from flame pyrolysis, 

chemical vapor condensation [4], and precipitation [30 – 31].  The powders of these processing 

techniques have shown equivalent densification above 1500°C.   

 

Figure 6.11. Sintering pattern of Y2O3 green compact 



183 
 

Fig. 6.12 shows the densification pattern of Y2O3 samples to their sintering temperatures for 1 

hour in an air atmosphere. The samples sintered at 1300°C exhibited open porosities up to 12% 

with the corresponding theoretical density (T.D.) closer to 87%. With the further rise of 

sintering temperatures to 1325°C, the open porosities were significantly reduced from 12% to 

2%, indicating the major densification events in these temperature regions. The sintered 

densities at this stage were found to be around 91% of T.D. At 1350°C, all the open pore 

channels were closed entirely, and the densities were increased to 96%. Additional increments 

in the sintering temperatures to 1375°C and 1400°C considerably improved the densification 

to exhibit T.D. up to 97.3% and 98.5%, respectively.  

 

Figure 6.12.  Densification of Y2O3 as a function of sintering temperature 

The powder morphology, shaping routes, homogeneity in the green body and sintering 

methodology significantly influence the densification of materials. Most of the existing 

methods achieved complete densification of Y2O3 at temperatures above 1700°C [8, 14 – 16, 

19, 26]. Wang et al. reported achieving 92 – 93 % of relative density at temperatures closer to 

1750°C [38]. Huang et al. [41] reduced the densification temperature further to 1650°C by 
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sintering Y2O3 in an oxygen atmosphere. However, none of the high temperatures approaches 

obtained density above 98% at temperatures as low as 1400°C, as was obtained in the present 

study. Homogenously distributed round – edged particles and the seeds improved the inter-

particle coordination in the green compacts and assisted the rapid solid-state densification. 

Serivalsatit et al. [30 – 31] attempted to reduce the maximum sintering temperature using 

erbium (Er) doping and utilize a two-stage sintering technique. The samples were initially 

heated to 1500°C with a hold for a few minutes and cooled down to 1400°C and dwelled for 

20 hours to attain 98% density. Whereas, in our study, improved densification was achieved 

through a simple conventional air sintering at 1400°C in one hour. Further, the densification 

was realized without any doping assistance. It is the first time Y2O3 exhibiting superior air-

densification at 1400°C to the best of our knowledge. This method is, therefore, highly 

beneficial in terms of increased production rate and reduced sintering costs.  Further, the Y2O3 

sintered at 1400°C reached 100% TD after HIPing at 1400°C under 160 MPa pressures. 

Fig. 6.13 shows the microstructural features of thermally etched yttria samples as a function of 

sintering temperatures between 1300°C and 1400°C. Fig. 6.13a shows that the samples sintered 

at 1300°C containing a large volume of porosities having grain sizes distributed between 100 

nm to 300 nm. The average sintered grain sizes at this stage were found to be around 229 ± 10 

nm. Further increment in sintering temperatures to 1325°C showed a linear enhancement in the 

densification and enlarged the average grain sizes to 268 ± 15 nm, as revealed in fig. 6.13b. 

The grain sizes further enlarged to 450 ± 25 nm at 1350°C with isolated pores, as shown in fig. 

6.13c. However, the samples attained near theoretical densification at temperatures beyond 

1350°C. The microstructures were mostly free from pores and secondary phases, as shown in 

fig. 6.13d and 6.13e. The grains are equiaxed, distributed in narrow sizes, and explains the 

degree of controlled nucleation and grain growth. The average grain sizes of the specimens 

sintered at 1375°C and 1400°C were found to be around 540 ± 35 nm and 680 ± 40 nm, 
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respectively. Fig. 6.13f shows the microstructure of the sample pressed hot isostatically at 

1400°C. The microstructure reveals no significant change in the grain sizes after HIPing. The 

HIPed transparent Y2O3 samples' average grain size was found to be 690 ± 30 nm, which is 

highly comparable with the transparent Y2O3 specimens sintered through prolonged two-stage 

sintering methods [30 – 31]. Moreover, is the smaller grain sizes reported hitherto for the 

transparent Y2O3 materials processed through air sintering techniques.  

 

Figure 6.13.  Microstructural characteristics of Y2O3 sintered at (a) 1300°C, (b) 1325°C, (c) 

1350°C, (d) 1375°C, (e) 1400°C, (f) sintered and HIPed at 1400°C 
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Fig. 6.14 shows the rate of increment in the grain sizes concerning sintering temperatures. The 

pace of grain growth was initially slower at temperatures between 1300°C and 1325°C, where 

the densification occurred majorly due to lattice diffusion. The growth rate turned intense at 

temperatures beyond 1350°C as the densification at these regions were controlled by grain 

boundary diffusion. 

 

Figure 6.14.  Rate of grain growth with respect to the sintering temperatures 

Fig. 6.15a shows the Vickers indentation on the surface of polished and thermally etched 

transparent Y2O3 specimen and fig. 6.15b shows the crack propagation pattern. The fracture 

was majorly progressed through transgranular mode, which is an indication for rigid grain 

boundaries. Some of the approaches processed transparent Y2O3 using liquid forming additives 

such as LiF [7, 36] to obtain low-temperature densification. However, sintered bodies produced 

through such techniques generate weaker grain boundaries and exhibit low mechanical 

properties as the crack progress through intergranular fracture [52]. Obtaining densification 

through solid-state sintering develop dense grain boundaries resisting to fracture dislocations. 

Besides, controlling final grain sizes in the submicron region promotes deflections in the crack 

propagations and enhances the fracture toughness. The transparent Y2O3 produced in this study 
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exhibited fracture toughness up to 3.0 ± 0.05 MPa. m1/2, which is thrice the values (1.0 MPa. 

m1/2) reported for single crystal yttria [53] and more than twice the values (1.39±0.07 MPa. 

m1/2) reported for the fine-grained transparent Y2O3 fabricated through Sulphur-treated Y2O3 

powders [31]. 

Also, Kaminskii et al. reported the fracture toughness up to 2.5 MPa. m1/2 for their Y2O3 having 

mean grain size in the region between 1 – 2 µm [53]. The present improved values were due to 

the refinement of submicron grain sizes. The material also exhibited hardness up to 8.90 ± 0.2 

GPa for the Knoop indentation under 100g loads, which is equivalent to the values obtained 

for the fine-grained transparent Y2O3 [31]. 

 

 

Figure 6.15. SEM image of (a) Vickers indentation and (b) crack propagation pattern 

Fig. 6.16 shows the characteristics of the thermal diffusivities and conductivities of Y2O3 as a 

function of temperature between ambient temperature and 950°C. Noticeable increments in the 

values were observed between the sintered and HIPed versions due to the complete elimination 

of porosities after HIPing. The diffusivity of specimens sintered at 1400°C escalated from 4.33 

± 0.03 mm2/s to 4.61 ± 0.03 mm2/s after HIPing and the corresponding conductivity increased 

from 16.5 ± 1.3 W/m.K to 19. 5 ± 1.1 W/mK under ambient conditions. A similar trend was 

observed at higher temperatures as well. However, the overall thermal diffusion declined 

gradually with the increment in the tested temperature, and values of diffusivity and 
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conductivity of sintered specimens reached to1.37 ± 0.02 mm2/s and 8.1 ± 0.1 W/m.K 

respectively. Similarly, the diffusivity of transparent HIPed specimens showed values close 1.5 

± 0.01 mm2/s and the corresponding thermal conductivity was found to be to 8.7 ± 0.08 W/m.K 

at temperatures around 950°C. Hogan et al. [3] reported ambient thermal conductivity around 

14.0 W/m.K and around 4.0 W/m.K at temperatures closer to 950°C for their transparent Y2O3. 

 

Figure 6.16.  Thermal conductivity of sintered, sintered + HIPed Y2O3 specimens 

The transparent Y2O3 produced in this study exhibited considerably higher thermal 

conductivities in similar temperature regions. The material with improved thermal conductivity 

shows enhanced resistance to thermal shocks. Therefore, the present material would be a 

promising candidate for solid-laser hosts that demands higher thermal conductivity and thermal 

shock resistance. In addition, the improved mechanical properties of the current material show 

its extension towards the uncooled missile window and dome applications to withstand the 

severe aerodynamic thermal shocks and sand erosion. 

Fig. 6.17a shows the optical image of the IR transparent Y2O3 sample fabricated in this study. 

It was HIPed and ground to a thickness of 1.4 mm and polished at both sides. Fig. 6.17b shows 
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its real inline transparency in the wavelength regions between 2.0 and 9.0 µm. As shown in the 

figure, the material showed no evidence of optical absorption in the specified areas due to its 

dopant free formulations. Similarly, it exhibited high inline transparency reaching 

transmissions up to 84%, which is at par with the IR transmissions of single-crystal yttria and 

the best-reported polycrystalline transparent Y2O3 materials [3, 22, 54 – 55].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.17. (a) Optical image of IR transparent Y2O3 produced in this study, (b) optical 

transmission spectra of air sintered and HIPed Y2O3  

a 

b 
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Table 6.1 shows the summary of physical and mechanical properties achieved in the present 

work, which are superior in terms of density, fracture toughness and IR transparency compared 

to the existing methods to produce submicron yttria. The material showed comparable hardness 

even with relatively larger grain sizes which is attributed to the defect free, solid-state 

densification. 

Ref. Source of 

powder 

Sintering 

method 

Density 

(% T.D.) 

Grain 

Size 

(µm) 

Hardness 

(GPa) 

Fracture 

Toughness 

(MPa. m1/2) 

Max. 

Transmission 

(1 – 8 µm) 

Present 

Work 

In-house Air 

sintering + 

HIP 

100 0.69 8.9±0.20 3.0±0.05 84 

[13] Commercial HP + HIP  >99.9 0.48 8.5±0.10 1.11±0.02 81 

[31] In-house 

(Precipitation 

process) 

Two – 

stage/ 

Vacuum + 

HIP 

>99.81 0.34 9.09±0.41 1.39±0.07 82 

[37] In-house 

(Flame 

Pyrolysis) 

Vacuum + 

HIP 

>98.0 0.40 - - 75 – 78  

[41] Commercial Vacuum + 

Canister 

HIP 

>98.0 <1.0 - - 75 – 76 

 

Table. 6.1 Summary of properties of submicron transparent Y2O3 (Present Vs Reported) 
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6.5 Conclusions 

Highly reactive, nano Y2O3 powders were synthesized using a facile sol-gel processing 

technique without using the commonly added sulfate ions. Optimized processing parameters 

enabled producing non-aggregated powders having average particle sizes closer to 60nm with 

round-edge morphology. The powders achieved complete crystallinity at 1100°C and the green 

compacts reached near theoretical densities at temperatures as low as 1400°C in the air without 

any sintering additives. Elimination of residual porosity through HIPing and constructing 

microstructures without secondary phases resulted in obtaining optically transparent Y2O3 

having transparency up to 84%, which is equivalent to the transmissions of single-crystal yttria 

in the wavelength regions between 2.0 and 9.0 µm. Further, the samples showed hardness up 

to 8.90 ± 0.20 GPa, and fracture toughness up to 3.0 ± 0.05 MPa. m1/2, which can be well 

correlated with the grain size of 690 ± 30 nm resulting from the powder's high-sinterability and 

low-temperature densification process employed. Laser flash measurements showed a thermal 

conductivity of 19.5± 1.1 W/m.K. The unique combinations of optical, mechanical, and 

thermal properties of the submicron Y2O3 samples produced in this study is a promising 

candidate for solid-laser hosts, IR transparent domes, and uncooled – thermal – window 

applications 
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CHAPTER - VII 

Aqueous sol-gel processing of precursors for the synthesis 

of aluminum oxynitride powder and fabrication of 

transparent AlON ceramics 

7.1 Introduction 

Aluminum Oxynitride (AlON), an emerging transparent ceramic material with excellent 

mechanical properties, attracts attention in various fields of application, such as bulletproof 

armors, windows for super market scanners, IR windows and domes, laser windows, ceramic 

semiconductors, low-cost substitute for sapphire, and ceramic lamp envelops [1 – 2]. As per 

the Al2O3/ AlN phase diagram [3], the reaction between Al2O3 and 28 – 40 mol% of AlN at 

temperatures above 1700°C form single phase γ – AlON.  Researchers synthesized γ – AlON 

through several methods, such as solid state reactions between Al2O3 and AlN [4 – 11], Al2O3 

and BN [12], carbothermal nitridation of α or γ – Al2O3 [13 – 19], alumino-thermic reactions 

[20 – 21], nitridation between γ – Al2O3 and aluminum metal [22], gas-phase reaction with 

aluminum chloride [23], carbothermal reduction synthesis of gibbsite [24], and wet chemical 

syntheses [25 – 26].  

Among the various approaches, synthesis of AlON was mostly carried out using Al2O3 and 

AlN due to process simplicity, the availability of high pure Al2O3, and AlN starting powders 

and formation of phase pure AlON with minimum contaminations. AlN, due to its severe 

tendency of hydrolysis in water, is generally dispersed in a non-aqueous medium such as 

isopropyl alcohol, methanol, or ethanol. AlN reacts with water and deteriorates into AlOOH, 

Al(OH)3 and NH3 compounds. These reactions crumple the requisite molecular ratio between 



199 
 

Al2O3 and AlN and hinder the eventual formation of γ – AlON phase. Miller et al.  attempted 

to address this problem by limiting the exposure period of AlN in water to 2 hours during 

mixing [27].  However, the article have not reported the stability of AlN during shaping and 

drying periods. Few investigations reported the use of a surface modification treatment of AlN 

powders to arrest the reactions of hydrolysis. Various chemicals such as ortho phosphoric acid, 

polyphosphoric acid, butyl acid phosphate, sebacic acid, citric acid etc. have been employed 

for the surface modification process [28 – 32]. Such process extended the incubation period of 

AlN in water for few hours to even weeks. Senthil Kumar et al. employed this surface 

passivation technique to produce AlON with defect free microstructures by fabricating AlON 

in two phases. In the first phase, AlON powder was synthesized by reacting Al2O3 and AlN. In 

the second phase, the aqueous slip was produced using the  surface-modified AlON powder  

and the green bodies were fabricated through slip casting method. The casted samples were 

further sintered at temperature above 1900°C to produce dense AlON ceramics. Though this 

process describes the shaping of AlON through aqueous processing, a non-aqueous medium 

was still the choice for the synthesis of AlON powder [33].  

Synthesizing AlON powders through aqueous processing route would be more economical and 

friendly to environment. However, no investigations hitherto reported using of aqueous 

medium for synthesizing AlON powders using Al2O3 and AlN.  

Therefore, in the present study, an attempt has been made to produce γ – AlON powders using 

the precursors processed through a simple aqueous sol-gel route. Investigations were carried 

out on the interaction mechanism of AlN during the sol – gel processing of AlON. The entire 

procedure of synthesizing AlON powder through the present method is shown in Fig. 7.1. 

AlON powders produced through this technique are comparatively economical. This is because 

the source of Al2O3 utilized in this process is less expensive than the commercially available 

high pure Al2O3 powders, which were generally used in most of the existing AlON processing 
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methods. Perhaps for the first time, AlON precursors were successfully processed through 

aqueous sol-gel procedures and the AlON powders were eventually synthesized with an 

average particle size in the submicron region. In addition, the powder was compacted and 

sintered for exploring its suitability for the fabrication of transparent AlON. The results showed 

that the powder is useful for the making of transparent AlON materials. 

 

7.2 Highlights of the study 

 For the first time, aluminum oxynitride (ALON) powders were synthesized using the 

precursors processed through aqueous sol–gel procedures 

Fig. 7.1 The entire flow process for the synthesis of AlON powder 
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 Hydrolysis reactions of as received AlN powder in aqueous boehmite sol collapsed 

the molecular stoichiometry for AlON 

 Surface modification treatment for AlN powders circumvented its hydrolysis 

tendency and retained its phase integrity during sol-gel processing 

 Heat treating the sol-gel derived precursor mixture at 1850°C produced single phase 

AlON powder having particle size closer to 490 nm 

 Sintering of compacted specimens at 1950°C in flowing nitrogen atmosphere for 6 

hours produced transparent AlON 

 The samples exhibited inline transmissions up to 82% in the 3 – 5 µm wavelength 

regions and Vickers hardness up to 1350 Kg/mm2 

 

7.3 Experimental Procedure 

Commercially available boehmite and AlN powders were used as major raw materials for this 

study. The properties of these materials as per the manufacturer specifications are shown in 

Table 7.1. The starting powders were analyzed for their microstructural characteristics using 

FEG-SEM (Carl Zeiss Microscopy GmbH, Oberkochen, Germany). 

 

Table 7.1. Technical specifications of raw materials (as per the supplier 
specification) 
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7.3.1 Preparation of Boehmite sol 

100 g of boehmite powder was mixed with 900 g of distilled water using high speed mechanical 

stirrer at ambient conditions for one hour. The peptization of boehmite in water was carried out 

by dropwise addition of glacial acetic acid (Standard Reagents, India). The acid was continually 

added to adjust the pH between 2 and 3, and the mixture was stirred for another 2 hours to 

obtain stable boehmite sol. The sol was kept idle for a period of 12 hours afterward, to allow 

any unreacted boehmite particles to settle. The supernatant clear sol was transferred to another 

container and used for the entire study. The evaluation of α-Al2O3 content from the stable sol 

was measured by heat-treating 10 g of clear sol at 1200°C for 1 hour in air atmosphere. The α-

Al2O3 content in the stable sol was found to be 7.6 wt. % with respect to the weight of the sol. 

7.3.2 Surface modification of AlN powders 

The surface treatment of AlN powder was carried out by dispersing 100 g of as-received (raw/ 

pristine) AlN powder in 200 ml of water containing 1% orthophosphoric acid (98% H3PO4, 

Qualigens, India) using high speed mechanical stirrer at 60 – 70 °C. Stirring was continued for 

30 minutes, and the mixture was filtered for the removal of excess water. The filtered material 

was dried in hot air oven at 80 – 90 °C for 12 h to obtain the surface modified AlN powder that 

is resistant to hydrolysis.   

7.3.3 Preparation of AlN aqueous suspension 

Aqueous suspension of AlN with 70 wt% solid content was prepared by dispersing surface 

modified AlN powder in distilled water using 1 wt% Darvan 821A (R.T. Vanderbilt Co. Inc., 

Norwalk, CT) as a dispersing agent. The mixture was ball milled in a polypropylene jar for 4 

h using 2mm diameter Al2O3 balls as the grinding media to obtain stable aqueous AlN 

suspension.  
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7.3.4 AlN reaction studies during AlON powder processing 

One hundred grams of boehmite sol were mixed with 30 – 35 mol% of stable AlN aqueous 

suspension to synthesize stoichiometric AlON precursor mixture. The mixture was 

continuously stirred using magnetic stirrer for 5 h. The pH and viscosity (MCR 51, Anton Paar 

GmbH, Graz, Austria) of the mixture were measured for every 30 min. For comparison, a 

mixture of boehmite sol and pristine AlN powder was also prepared, and its pH and viscosity 

measurements were recorded over time. The mixtures obtained at the end of these experiments 

were dried at 80 – 90 °C in a hot air oven. Both the dried AlON precursor mixtures were 

analyzed for their morphology using FEG-SEM. 

The reaction of AlN in boehmite sol was examined through FTIR analysis (Vertex 70, Bruker 

Optik GmbH, Germany). For this experiment, the dried precursor powders were mixed with 

KBr powder at a 1:99 weight ratio and compacted to thin pellets having a thickness of about 

0.2 – 0.3 mm through uniaxial pressing. The pellets were analyzed for its optical absorption 

behavior in the wave number region between 4000 – 400 cm-1. 

7.3.5 Sol – gel preparation of precursor powder 

Stable boehmite sol was kept under constant stirring conditions using high speed mechanical 

stirrer and 30 – 35 mol % of surface modified AlN powder in the form of 70 wt% solid loaded 

aqueous suspensions was slowly added to the sol. Stirring was continued for 1 h to obtain a 

homogeneous suspension of sol-AlN mixture. Ammonium hydroxide was added by drops after 

the mixing period to adjust the pH between 13 and 14 for effecting gelation. The precursor gel 

was dried in a hot air oven at 80 – 90 °C for 12 h. The dried gel was subjected to TG-DTA 

analysis (Netzsch STA 409C, Selb, Germany) in the nitrogen atmosphere for understanding its 

thermal behavior. The dried precursor gel was heat treated at temperatures from 1600 to 1850 

°C in a graphite furnace for 1 h in a flowing nitrogen atmosphere to obtain single phase AlON 
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powder. The powder was further heat treated in air at 700 °C for 2 h to remove carbon residues. 

The powder was milled further in a planetary mill for 2 h to disintegrate any hard agglomerates. 

A 500 ml alumina vial was used as the milling container and 2 mm alumina balls of purity 

above 99.9 % were used as the milling media. AlON phase formation studies were carried out 

using XRD and powder morphology was characterized by FEG-SEM. Particle size was 

analyzed by a laser diffraction technique (Malvern Instruments SARL, Orsay Cedex, France) 

and surface area was analyzed using the BET surface analyzer (ASAP; Micromeritics Norcross, 

GA). 

7.4 Results and discussions 

Fig. 7.2 shows the morphological characteristics of the starting raw materials used in the 

present study. Fig. 7.2a shows the morphology of as-received boehmite powder. It is evident 

that the boehmite particles of sizes less than 100 nm are agglomerated with a wide range of 

size distribution from 0.5 µm to 2 µm. The AlN particles, as shown in fig. 7.2b appear to have 

irregular angular morphology with particle sizes ranging from 200 nm and 3 µm with an 

average size of about 1 µm (as per the supplier’s specification).  

 

 

Fig. 7.2 Microstructural characteristics of starting raw materials 
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7.4.1 Reaction studies of AlN during the synthesis of precursor mixture 

Fig. 7.3a shows the plot between pH and time against the addition of pristine AlN powder in 

boehmite sol. The pH of sol was around 2.8 during the addition of pristine AlN powder and 

started to increase within the first 2 hours. The rapid change in pH indicates that the pristine 

AlN powder undergoes hydrolysis in the aqueous sol and disintegrates into AlOOH, Al(OH)3 

and NH3 compounds as discussed in the introduction section. The pH reached up to 6.9 within 

the next 3 hours of mixing due to the continuous formation of NH3 from the hydrolysis 

reactions. On the other hand, during the addition of surface modified AlN in boehmite sol, the 

pH of the sol remained constant over the entire 5 hours of mixing. The stability in the pH value 

indicates that the surface treated AlN remained unaffected during the synthesis period of 

precursor mixture. A similar trend was observed in the case of viscosity measurements as well, 

as shown in Fig. 7.3b. The viscosity of the sol started to increase within 2 hours of addition of 

pristine AlN powder and reached to 0.45 Pa. s from the initial value of 0.01 Pa. s within 5 h of 

mixing period.  The change in viscosity indicates the initiation of gelation of stable sol due to 

the formation of NH3 from pristine AlN powders. In contrast, the viscosity of the sol-AlN 

mixture remained unchanged throughout the 5 h of mixing and indicated no sign of gelation.  

The stability in viscosity measurements confirms that there was no formation of NH3 from 

surface treated AlN powders. In other words, the AlN phase remained intact during the sol-gel 

processing of precursor mixture.  
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7.4.2 FTIR studies on reaction behavior of AlN in sol 

Fig. 7.4 shows the characteristic spectra of AlN at various stages of processing of precursor 

mixture. Fig. 7.4a exhibits the IR absorption spectrum of pristine AlN powder. A broad 

absorption band was observed in the range between 500 and 900 cm-1 wavelength region with 

an additional small absorption peak at 1325 cm-1. The absorption peaks in these regions 

correspond to Al – N bonds [34 – 35]. Fig. 7.4b shows the spectrum of pristine AlN powder 

subjected to a hydrolysis reaction in distilled water for 5 hours. The pattern shows absorption 

peaks at 1070 cm-1, 1635 cm-1 and a broad band absorption spectrum between 3100 and 3600 

cm-1 in addition to its intrinsic Al – N bonds. The peaks corresponding to Al – N bonds seem 

to be weaker due to the loss of nitrogen during hydrolysis reactions. The peaks at 1070 cm-1 

and 1635 cm-1 correspond to Al – OH and water respectively. The broad band spectrum 

appeared between 3100 and 3600 cm-1 correspond to Al(OH)3 species [36 – 37]. To confirm 

that these bonds are corresponding to hydroxyl groups of Al2O3, as-received boehmite powder 

was subjected to FTIR analysis, which is shown in Fig. 7.4c.  

a b 

Fig. 7.3 Comparison of changes in (a) pH and (b) Viscosity against the addition of pristine 

and treated AlN in sol 
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It is observed that the absorption peaks of hydrolyzed AlN are matching with the hydroxyl 

groups of boehmite. However, as shown in fig. 7.4d, these hydroxyl bonds are not formed in 

the surface modified AlN powders even after 5 h in water, which confirms the effectiveness of 

the surface modification process at preventing hydrolysis. Fig. 7.4e shows the pattern observed 

for the precursor mixture composed of pristine AlN and boehmite sol. The spectrum contains 

the characteristic hydroxyl peaks at 1070 cm-1 and 1635 cm-1 in addition to the peaks related 

to Al – N bonds. The formation of these hydroxyl peaks was majorly due to the presence of 

boehmite in the precursor gel. However, hydrolysis reactions of pristine AlN also presumably 

contributed to the formation of the hydroxyl peaks.  The spectrum observed for the precursor 

mixture prepared using surface treated AlN (fig. 7.4f) also exhibit absorption curve like fig. 

7.4e. The pattern exhibited bonds corresponding to both Al – N and the hydroxyl groups of 

Al2O3. However, as per the absorption pattern exhibited by the surface treated AlN in fig. 7.4d, 

it can be presumed that the hydroxyl bonds observed in fig. 7.4f merely correspond to boehmite 

Fig. 7.4 FTIR analysis of AlN interaction against aqueous sol 
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and not to AlN powders. The wavenumbers corresponding to the observed absorption peaks 

are tabulated in Table 7.2.  

 

7.4.3 Thermal behaviour of dried precursor gel 

Fig. 7.5 shows the TG-DTA analysis of dry precursor gel powder. The TG curve shows loss of 

weight in two stages at temperatures around 150 °C and between 470 and 480 °C. The initial 

weight loss at 150 °C was due to the loss of physically combined water. Minor drop in weight 

was observed at this temperature as the precursor powder was dried at 90 °C before the TG-

DTA analysis. The subsequent weight loss up to 480 °C was probably due to the loss of 

chemically bonded water. The weight loss at these regions was also accompanied by the 

initiation of phase transition from boehmite to γ – Al2O3. No major change in weight was 

observed beyond these temperatures. The DTA plot shows the endothermic peaks at 150 °C 

and at 470 °C to 480 °C corresponding to the loss of physically and chemically combined water 

respectively. Also, the initiation of exothermic reaction coincides at 480 °C representing the 

formation of γ – Al2O3. Another exothermic peak at 1220 °C corresponds to the phase 

transformation of γ to α – Al2O3.  

Table 7.2: IR absorption frequencies and its corresponding species  
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7.4.4 Microstructural analysis of AlN powder 

As discussed in the introduction section, AlN tends to undergo hydrolysis reaction with water 

to form hydrates of Al2O3 such as AlOOH, Al(OH)3 and NH3 compounds through the following 

reactions. 

AlN + 2H2O  AlOOH + NH3   ----------------- (1) 

NH3 + H2O  NH4
+ + OH–    ------------------ (2) 

AlOOH + H2O  Al(OH)3    ------------------ (3) 

Fig. 7.6a shows the surface characteristics of pristine AlN powder after the hydrolysis reaction. 

The surface of hydrolyzed AlN particles indicates the formation of needle like boehmite 

compounds. Studies suggest that the extent of the hydrolysis of AlN particles depends on the 

period of their exposure with water and the amount of water available for reaction [38].  

Fig. 7.5. TGDTA analysis of dried precursor gel 
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Fig. 7.6 Microstructural characteristics of pristine and treated AlN at various stages of 

powder processing 
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In general, aqueous sol-gel based powder synthesis routes involve water in substantial 

proportions. Therefore, it is not a favorable environment to employ pristine AlN powder due 

to its strong tendency towards hydrolysis. This situation would be a plausible reason for why 

no aqueous sol-gel based studies have been attempted for the synthesis of AlON powder 

involving AlN powder since. Surface modification treatment presented in this study stabilized 

the AlN in aqueous medium by guarding its surface against hydrolysis reactions. Fig. 7.6b 

shows the microstructure of surface modified AlN particles resided in water for at least 5 h. 

The exterior shows no indication of reactive compounds as noticed in Fig. 7.6a and exhibit 

similar surface characteristics as observed in the pristine AlN powder shown in Fig. 7.2b. 

Fig. 7.6c shows the microstructure of dried precursor gel prepared with boehmite sol and 

pristine AlN aqueous suspensions. It can be seen from the figure that all the AlN particles were 

uniformly coated with boehmite sol forming a core-shell structure. As discussed above, the 

pristine AlN particles would have undergone hydrolysis reactions beneath the sol coat. To 

expose the surface of hydrolyzed AlN, the core-shell structure of the powder was disintegrated 

in a pestle and mortar and subjected for the SEM characterization. As shown in Fig. 7.6d, the 

surface of AlN that was used in pristine conditions exhibited needle like structures (indicated 

by arrows) confirming the event of hydrolysis reactions. The presence of needle like structures 

is clearly shown in Fig. 7.6e. Fig. 7.6f shows the morphology of dried precursor gel prepared 

using surface modified AlN powder. A core-shell structure with a uniform coat of sol over the 

surface of AlN was observed in this case as well. Therefore, this powder also was disintegrated 

for the exposure of AlN surface and its microstructure was observed as shown in Fig. 7.6g. It 

is shown that surface modified AlN exhibited no foot prints of needle like structures. The TEM 

image of the dried precursor gel (Fig. 7.6h) shows the actual core-shell structure which is 

composed of surface modified AlN particle and boehmite coat. 
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7.4.5 AlN interaction mechanism – A schematic study 

The aforementioned microstructural features are schematically illustrated in fig. 7.7 for a better 

insight of the surface interaction mechanism of AlN particle in the aqueous processing of 

precursor mixture. Fig. 7.7A demonstrates the reactions of pristine AlN particle and fig. 7.7B 

shows the reactions of surface modified AlN particle. Fig. 7.7A1 shows a typical morphology 

of pristine AlN particle. In an aqueous medium, it undergoes hydrolysis, forming needle-like 

compounds of AlOOH and Al(OH)3, as shown in fig. 7.7A2. The hydrolysis reaction initiates 

at the surface of the AlN particle and progress towards its core, based on several variables (such 

as particle size, reaction period, water content, reaction temperature, etc.). Fig. 7.7A3 shows 

the cross section of the hydrolyzed AlN particle. It can be observed that the hydrolysis reaction 

initiated on the surface of AlN and progressed towards the core, forming the crust of hydrated 

Al2O3. The phase of the AlN particle at its center remained intact, which may or may not 

undergo further reactions with respect to the aforementioned variables of hydrolysis. Fig. 7.7A4 

shows the typical particle morphology of AlN covered with homogeneous boehmite coat. A 

portion of sol coat was skinned off to expose the hidden surface of pristine AlN particle as 

shown in Fig. 7.7A5 where the surface of AlN underwent hydrolysis could be observed under 

the boehmite sol coat. Fig. 7.7A6 shows the cross section of the core-shell particle illustrated in 

Fig. 7.7A5. The AlN particle underwent hydrolysis reaction to an unpredictable depth and thus 

the molecular stoichiometry between AlN and Al2O3 was destroyed. 

On the other hand, as illustrated in Fig. 7B, the pristine AlN particle (Fig. 7B1) was treated with 

orthophosphoric acid molecules. The surface treatment provided a phosphate shield over the 

pristine AlN surface consisting of various possible compounds of P(OAl)(OH)3, P(OAl)2(OH)2 

and P(OAl)(OP)(OH)2 [39] as shown in Fig. 7.7B2. These hydrophilic layers surrounds the AlN 

surface, extends its residence period in water up to 30 hours [38], and protect the phase.  
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Fig. 7.7 Schematic representation of AlN – boehmite sol interaction-mechanism 
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The cross section of the surface modified AlN particle (fig. 7.7B3) illustrates its phase stability 

from the surface to the core with no traces of hydrolysis reactions. As shown in fig. 7.7B4, a 

surface modified AlN particle also exhibits uniform coating of boehmite sol. However, it 

maintained phase integrity without hydrolysis as shown in fig. 7.7B5. The cross section of the 

core-shell structure (fig. 7.7B6) also indicates that the molecular composition between AlN and 

boehmite remained unchanged to form phase pure AlON upon further calcination. 

Moreover, as per the report by Bakas et al., [40] aluminum phosphate compounds formed 

through the surface treatments decomposes at calcination temperatures above 1600°C forming 

Al2O3 and P2O5 gas. As the Al2O3 further reacts to form AlON and P2O5 leaves the system, the 

aluminum phosphate compounds were reported to be non-detrimental to the purity of the final 

AlON phase. 

The phosphate treatment was employed in our earlier reports [33] on the processing of aqueous 

slip casting of AlON powders. The treatment did not show any detrimental effects on the 

processing and we have successfully fabricated optically transparent AlON ceramics using 

phosphate bonded AlON powders.  

7.4.6 Phase transformation studies of AlON powder 

Fig. 7.8 shows the XRD pattern of dried precursor gel at various heat treatment temperatures. 

Fig. 8a shows the XRD pattern of precursor gel dried at 80 °C, indicating the peaks 

corresponding to boehmite and AlN. The peaks corresponding to AlN are of low intensity, as 

the AlN particles are coated with boehmite sol. At a calcination temperature of 1000 °C, all the 

boehmite phases transformed to γ –  Al2O3 as shown in fig. 7.8b. The pattern also showed peaks 

corresponding to AlN phase. All the γ – Al2O3 peaks were completely converted to α – Al2O3 

with an increment in the calcination temperature to 1600 °C, as shown in fig. 7.8c. A further 

extension of calcination temperature to 1700 °C initiated the phase formation of γ – AlON as 



215 
 

observed in fig. 7.8d. As the temperature progressed to 1800 °C, all the α – Al2O3 peaks 

completely disappeared forming γ – AlON as a major phase, as observed in fig. 7.8e. At this 

temperature, traces of AlN were still observed which will further react at high temperatures to 

form complete AlON phase. As expected, at 1850 °C, all the traces of AlN phases also reacted 

further to form 100% γ – AlON. The lattice parameter of AlON synthesized at 1850 °C was 

calculated as 0.7956 nm, which agrees with the reported values [41]. 

 
Fig. 7.8 Phase formation studies with respect to calcination temperatures 



216 
 

7.4.7 Characterization of sol-gel derived AlON powder 

Fig. 7.9a shows the microstructural features of AlON powder synthesized in this study. As 

shown, particles were un-agglomerated with typical angular morphology. Fig. 7.9b shows the 

TEM microstructure confirming the size of the powder in the submicron region. The particle 

size analysis of the powder indicates that the particles were distributed in a narrow size 

distribution, with the size ranging between 200 nm and 1µm with an average size of 490 nm, 

as shown in fig. 7.9c. The BET surface area of the synthesized AlON powder was found to be 

10.20 m2/g. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.9 Microstructural and particle analysis of sol-gel derived AlON powder 
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7.4.8 Fabrication of transparent AlON samples 

The AlON powder synthesized in this study was further mixed with 0.1% La2O3 and compacted 

through uniaxial pressing followed CIPing at 200 MPa. The samples were further sintered at 

1950°C in a flowing nitrogen atmosphere for 6 hours for the fabrication of transparent AlON. 

Figure 7.10a shows transparent AlON sample produced in this study. The figure also shows 

the fracture microstructure of the sintered AlON (fig. 7.10b) and the optical transmission 

properties of the polished AlON sample up to 2mm thickness (fig. 7.10c). The figure shows 

that the microstructure is free from any traces of porosities with the grain sizes ranging up to 

150 – 200 µm. The microstructure also revealed that the fracture occurred through intergranular 

and transgranular mode. The transparent sample exhibited transmissions up to 82% in the 3 – 

5 µm wavelength regions, which is closer to the values indicated in the best – reported 

literatures [33, 41]. The sample also exhibited Vickers hardness up to 1350 ± 20 Kg/mm2 under 

10 Kg loading conditions and fracture toughness was found to be 2.2 ± 0.2 MPa.m1/2, which 

were also equivalent to the reported values [33]. 

 

 

 

 

 

 

Fig. 7.10 (a) 2mm thick transparent AlON produced in this study, (b) SEM image of 

fractured surface of transparent AlON, (c) Inline optical transmission of AlON samples 

having thicknesses of 0.9mm and 2.0mm 
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7.5 Summary and conclusions 

Single phase γ-AlON powder was successfully synthesized through an aqueous sol-gel 

processing technique. Aqueous boehmite sol and AlN powders were used as precursors for the 

synthesis. A surface modification treatment was carried out for preventing the hydrolysis of 

pristine AlN before its addition in boehmite sol. The interaction mechanism between AlN and 

boehmite sol during the processing period was examined in detail through pH, viscosity, FTIR 

and microstructural analyses. The sol mixture was then further gelled, dried and calcined at 

temperatures between 1600°C and 1850 °C in nitrogen atmosphere for the formation of γ-

AlON, after which the calcined powder was further calcined at 700 °C in air for the removal 

of carbon contaminations. The resultant powder was found to be 100 % phase pure γ-AlON 

with a particle size range of 200 nm to 1µm and an average size of 490 nm. The process 

proposed here for the synthesis of AlON powder is facile, scalable, and environmentally 

friendly. In addition, the transparent AlON samples produced using the sol – derived AlON 

powders showed transmissions up to 82 % in the 3 – 5 µm wavelength regions which is closer 

to the values reported in the literatures.  
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CHAPTER - VIII 

Summary and Conclusions 

8.1 Summary 

The entire work on synthesizing various optical grade ceramic powders useful for 

manufacturing transparent ceramic materials are summarized as follows. Table 8.1 shows the 

gist of various properties achieved for the powders and dense materials during the present 

study. 

8.1.1 Transparent Al2O3 

Optical grade nano Al2O3 powders have been synthesized through a facile sol – gel processing 

methods. Appropriate quantity of α – Al2O3 seeds added to the stable boehmite sol enhanced 

the phase transformation and produce α – phase Al2O3 at temperatures closer to 1050°C. The 

powders exhibited high homogeneity in terms of particle size and size distribution with an 

average size of about 20 – 40 nm. α – Al2O3 seeds enhanced low-temperature θ to α 

transformation and improved the inter – particle coordination and the packing factor. Flawless 

green bodies with high degree of homogeneity was prepared using uniaxial compaction 

followed by cold isostatic pressing at 200 MPa pressures. Sintering of the green samples at 

temperatures around 1400°C in air atmosphere improved the sintered density above 97% of 

T.D. Hot isostatic pressing of sintered samples at 1350°C at a pressures of 195 MPa improved 

the densities to 100% of T.D. The samples after HIPing exhibited grain sizes in the submicron 

region. The HIPed and polished sample having 0.9 mm thickness exhibited broadband 

transmission from 82 % to 87% between 2 and 5 μm regions. The specimen produced in this 

study exhibited transmissions equivalent to single crystal sapphire in the specified IR regions. 
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In addition, the mechanical properties of the was found to be superior than the single crystal 

sapphire.  

  8.1.2 Transparent spinel 

Highly reactive MgAl2O4 spinel nano powder (MgO.nAl2O3, n ≈ 1) was synthesized through a 

facile and novel aqueous sol-gel processing techniques. Homogeneously mixed precursors of 

alumina and MgO obtained phase transformation to single phase cubic spinel at temperatures 

closer to 400°C. The powder was further calcined to 1100°C to obtain complete crystallinity. 

The average particle size of the spinel powder was found to be around 20 nm. Shaping of green 

articles followed uniaxial pressing and cold isostatic pressing routes. Samples sintered at 

1400°C in air atmosphere exhibited densities above 98% of T.D. The densities were further 

increased to 100% T.D. after HIPing at 1400°C at 160 MPa pressures. The average sintered 

grain sizes after HIPing was found to be around 500 nm which is exceptional compared to 

values reported for most of the existing spinel materials. The hardness values were reached to 

the heights of 1620 Kg/mm2 which is highly comparable to the best values reported. Above all, 

the optically polished HIPed spinel specimens of 1.5 mm thickness showed transmissions up 

to 84% in the 2 – 5 µm wavelength regions. 

8.1.3 Transparent Y2O3 

High purity and highly reactive nano yttria powders having an average particle size of 60 nm 

and the surface area of 59 m2/g was synthesized through a novel sol – gel methodology. The 

particles with round edge morphologies were synthesized without any addition of sulfate ions 

which is a common additive used in most of the existing powder processing techniques for 

obtaining spherical morphology. The powders exhibited exceptional reactivity and showed 

excellent sintering activities at temperatures as low as 1400°C in air atmospheres. In addition, 

the outstanding densification is achieved at these temperatures through conventional sintering 
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procedures without any assistance of sintering additives. HIPing was carried out at 1400°C at 

160 MPa pressures for obtaining 100% densification. The completely sintered material showed 

grain sizes in the submicron regions. Optically polished, 1.4 mm thick specimens showed IR 

transparency up to 84% in the 2.0 and 9.0 µm regions which is the equivalent transmissions 

reported for single crystal yttrium oxide. Further, the samples showed hardness up to 8.90 ± 

0.20 GPa, and fracture toughness up to 3.0 ± 0.05 MPa. m1/2, which can be well correlated with 

the grain size of 690 ± 30 nm resulting from the powder's high-sinterability and low-

temperature densification process employed. Laser flash measurements showed a thermal 

conductivity of 19.5± 1.1 W/m.K. The unique combinations of optical, mechanical, and 

thermal properties of the submicron Y2O3 samples produced in this study is a promising 

candidate for solid-laser hosts, IR transparent domes, and uncooled – thermal – window 

applications 

8.1.4 Aluminum oxynitride powder 

Aqueous sol – gel techniques were successfully employed for the synthesis of single phase γ – 

AlON powders using precursors such as alumina and AlN. Hydrolysis tendency of AlN was 

found altering the requisite molecular ratio of alumina and AlN in aqueous medium and 

hindered the phase formation of AlON. Therefore, AlN powders were subjected to a surface 

modification treatment to circumvent the hydrolysis tendency and enhance their incubation 

period in water. Such surface treated AlN powders were found stable in the aqueous sol – gel 

processing and produced single phase γ – AlON on further calcination at 1850°C. The resultant 

AlON powders exhibited particle size in the submicron region. The process developed in this 

study for the synthesis of AlON powder is facile, scalable, and environmentally friendly. The 

powder was found to be suitable for producing transparent AlON materials having IR 

transmissions up to 82 % in the 3 – 5 µm wavelength regions. 
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Properties Al2O3 Spinel Y2O3 AlON 

Synthesis 

Methodology 

Aqueous Sol - Gel Aqueous Sol - Gel Aqueous Sol - Gel Aqueous Sol - Gel 

Precursors Boehmite, α – 

Al2O3 

Boehmite, MgO YNHH, Y2O3 Boehmite, AlN 

Phase formation 

temperature (°C) 

1050 360 570 1850 

Calcination 

temperature (°C) 

1100 1100 1100 1850 

Final Phase α – Al2O3 MgAl2O4 Y2O3 γ – AlON 

Average particle 

size (nm) 

Bi-modular (20 – 

40 nm and 100 – 

200nm) 

20 60 490 

BET Surface Area 

(m2/g) 

70.47 96 59 10.2 

Shaping 

Technique 

Uniaxial 

compaction + CIP 

Uniaxial 

compaction + CIP 

Uniaxial 

compaction + CIP 

Uniaxial compaction 

+ CIP 

Sintering 

temperature (°C) 

1400  1400 1400 1950 

Sintered density 

(% T.D.) 

97.0 98.0 98.5 100 

HIPing  

temperature (°C) 

1350 1400 1400 N/A 

Average Grain 

Size (nm) 

800 505 490 1500 – 2000 

Hardness 

(Kg/mm2) 

Hv10 – 20.5 Hv1 – 16.2 Hk100 – 9.0 Hv10 – 13.5 
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% of IR 

transmission in 2 – 

7 µm wavelength 

87.0 84.0 84.0 82 

Transparent 

Specimen 

 

 

 

    

 

Table 8.1 Overall summary of the properties of powders and sintered specimens achieved for 

the spectrum of transparent ceramic materials derived through sol – gel powders produced in 

the present study. 

8.2 Overall Conclusions 

 Ultra – high pure optical grade ceramic powders were produced through a facile, novel 

and economical aqueous sol – gel procedures 

 Powders of Al2O3, spinel and Y2O3 having ultra – fine particle sizes suitable for 

producing submicron transparent articles were synthesized 

 A novel aqueous sol – gel procedure is developed for synthesizing AlON powders 

 All the materials exhibited excellent sintering characteristics and obtained complete 

densification at temperatures around 1400°C 

 Materials with excellent hardness values were obtained due to high control in the 

sintered grain sizes 

 High performance transparent ceramic materials such as Al2O3, spinel, Y2O3 and AlON 

have been successfully fabricated with excellent optical transparency in the 3 – 5 µm 

wavelength regions. 
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8.3 Scope for the future works 

 The current study focused on developing transparent ceramics that are exhibiting 

excellent transmissions in the IR region. However, their application areas can be 

extended towards transparent armors if the materials are developed with superior 

transmissions in the visible regions.  

 The hardness values of currently presented nano yttria require increment from 900 

Kg/mm2 to the values above 1000 Kg/mm2 in order to extend its applications having 

harsher aerodynamic environments. 

 Enhancing the mechanical properties by further reducing the sintered grain sizes to 300 

– 400 nm by adding suitable pinning agents without negotiating with the optical 

transparency. 

 Altering the sintering procedures from conventional approach to other methods such as 

pressure assisted sintering, two stage sintering and hydrogen sintering to obtain 

enhanced optical and mechanical properties. 

 Adapting the current sol – gel approach to develop optical grades powders of ZrO2, 

YAG, ZnAl2O4 etc. and produce the respective transparent ceramic materials.  
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