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1 Introduction 

1.1 Context and objective 

This project deals with elaboration, more particularly sintering, as well as the study of the 

properties of optically transparent and luminescent ceramics. In 2016, transparent ceramics for 

commercial products celebrated their 50th birthday[1], yet until today, sapphire is still 

considered to have the most market potential[2,3]. The branch of polycrystalline transparent 

ceramics is expected to undergo rapid growth[3] in the coming years, due to their superior and 

unique features such as long term reliability, superior mechanical properties, environment 

friendliness, ease of manufacturing, performance at high-temperature environments and 

chemical durability.   

Among a great deal of possible applications in medicine, space engineering, 

optoelectronics, applications for use in harsh environments such as future nuclear fusion 

facilities as optical windows are foreseen for polycrystalline transparent ceramics. More 

specifically for fine-grained materials, applications are anticipated in the field of detectors 

resistant to ionizing radiations as one of the top priorities of the EUROfusion consortium 

research program[4] started 4 years ago. 

Durable optical materials are valuable in diagnostic systems for future fusion reactors, 

having to withstand neutron irradiation in the order of megaelectronvolts. On a microstructura l 

level, the power of a material to resist irradiation depends[5] on how efficiently it can remove 

pairs of interstitial defects and vacancies, avoiding the movement of interstitials to the surface 

of the material and swelling. From here arises the importance of the presence of stoichiometr ic 

defects in the chosen materials. Bai et al[6] have shown the promising radiation resistance of 

nanomaterials, in which grain boundaries can capture interstitials and bombard them back into 

the lattice to destroy a vacancy a few nanometers from the grain boundary. Thus, the materia l 

“self-heals”. 

Hence, the challenge of this work is to find a balance between producing a transparent 

ceramic (normally demanding high sintering temperature and pressure), keeping in mind the 

optical applications, while also minimizing the grain size (normally calling for softer sintering 

conditions) to increase radiation resistance. Additionally, grain isotropy is important for 
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uniform transparency and the intrinsic structural defects need to be characterized for radiation 

resistance applications. To achieve ceramics with homogeneous grain size distribution, the 

homogeneity of the precursor powder is of utmost importance and the effect of different 

morphologies will be tested.  

 

1.2 Methods and means 

Alumina and spinel were chosen as the materials to be studied, due to their known 

intrinsic defects[7,8] leading to characteristic luminescence and radiation resistance[9,10]. 

Other than the luminescence of F and F+ centers in alumina, transitions within quasimolecules 

(three anions and two cations) have long been known[7] to cause intrinsic luminescence at 7.5 

eV. The thermal quenching of this so-called A-band depends on the thermal treatment of the 

sample, being higher in the case of untreated nominally pure crystals (38 meV) and lower (27 

meV) for samples annealed at 1900 K and low oxygen pressure 10-4 Pa. Thus, the thermal 

behavior of structural defects depends not only on the material, but also on the conditions it 

was acquired at. As an example of radiation resistance of spinel, amorphization due to 

irradiation by 400 keV Xe2+ ions has been shown[10] to occur at very high damage level of 25 

displacements per atom (dpa).  

The ceramics in this work will be sintered from ultra-porous aluminas (UPA) with a very 

high degree of purity and nano-sized crystallites along with various commercial powders for 

comparison purposes. UPAs will be developed using an original process patented[11,12] by 

members of the Inorganic Nanomaterials team of the Laboratory of Process and Materials 

Sciences (LSPM-CNRS).  

The synthesized UPAs will then be consolidated by Spark Plasma Sintering (SPS), a 

technology located in Île-de-France as part of a consortium of laboratories, LSPM being a co-

founder. The innovative SPS technique was chosen as the sintering method because of its high 

heating rates and short sintering times, allowing to obtain nanograined ceramics[13]. A fine 

structuring of our ceramics, and more particularly a high density of grain boundaries, should 

then allow the capture and recombination of induced charges[5,6], thus giving the ceramics 

resistance to ionizing radiation of high intensities. It is noted that existing monolithic 

compounds do not withstand this type of radiation well and fracture quickly.  

To successfully produce transparent and fine-grained materials, two opposing sintering 

cycles were developed. A long (60-minute dwell) sintering cycle at relatively low temperature 
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to obtain maximal density and a short (3-minute dwell) cycle at high temperature to maximally 

benefit from the rapid nature of SPS and obtain minimal grain growth during sintering.  

The study of the optical properties of the elaborated ceramics will be carried out thanks 

to the characterization tools recently set up in the laboratory. Finally, an Estonian partner, the 

Institute of Physics of the University of Tartu, will be in charge of the study of the radiation 

resistance and luminescence of the elaborated materials, characterizing structural defects. 

The originality of this work lies in using LSPM know-how of producing ultraporous 

alumina to obtain dense, transparent alumina-based ceramics with fine microstructure. 

Furthermore, it is rare to investigate microstructure, optical properties and structural defects 

through luminescence with their dependence on various synthesis and sintering parameters.  

To the best of our knowledge, this is the first work to synthesize Al2O3-MgO mixture 

precursor powders via the impregnation and polyol methods to then be reactively sintered to 

spinel phase via spark plasma sintering.  

 

1.3 Plan of the manuscript 

Following the Introduction, Chapter 2 – State of the art – firstly summarizes the formation 

of alumina polymorphs and magnesium aluminate spinel and also gives details about the ir 

synthesis methods. Next, achieving transparency and radiation resistance in polycrystalline 

ceramics will be reviewed. The SPS technique is introduced with its benefits and drawbacks, 

along with some popular sintering treatments used in combination with SPS. Finally, an 

overview is given on the optical and luminescence properties of alumina and spinel, includ ing 

some thermochemical and – physical properties.  

Chapter 3 – Experimental techniques – summarizes the information about the synthes is, 

sintering and characterization techniques used in this work. An overview is given on the growth 

of UPA as well as polyol synthesis and impregnation method for doping. Along with sintering 

and characterization techniques, the polishing procedure is detailed.  

Chapter 4 presents the results obtained by sintering six different alumina powders in 

various phases with assorted morphologies. Firstly, the powders are characterized, then the 

results on the obtained grain structure are demonstrated including a texturation study and hot 

isostatic pressing post-treatment. Lastly, the absorption and luminescence of consolidated 
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materials is investigated. The final goal of this chapter is to determinate which source of 

alumina should be used in obtaining the spinel phase.  

Chapter 5 presents the results of sintering a commercial spinel powder in comparison to 

two precursor powders for reactive SPS. Polyol synthesis and magnesium nitrate impregnation 

are examined in contrast to determine which doping method leads to a dense spinel ceramic 

with maximal possible transparency and minimal grain size. Doping with various 

concentrations of Ta2O5 as a grain growth inhibitor is investigated.  

Finally, Chapter 6 concludes the results of the work and gives suggestions for future 

research directions. 
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2 State of the art 

In this chapter, an overview will be given on the general knowledge and state of the art 

publications most relative to the current work. In chapter 2.1, the phase formations and 

properties of alumina and spinel are explained, along with the structural defects characterist ic 

to both materials and important for radiation resistance. Chapter 2.2 focuses on the synthesis 

routes used to obtain alumina, magnesia and spinel precursor powders for sintering. The 

classical production methods and applications of transparent and fine-grained ceramics are 

summarized in chapter 2.3 along with the explanation of the self-healing process of radiation-

induced defects in nanostructures.  Chapter 2.4 addresses spark plasma sintering as the process 

chosen to consolidate the materials, giving an overview of the technique with its intrins ic 

problems and benefits. In chapter 2.5, the physical properties of alumina and spinel are 

summarized, including optical absorption-transparency, defect luminescence and some 

thermophysical and – chemical properties. Lastly, chapter 2.6 sets the goals of this project.  

 

2.1 Phase formations and properties of alumina and spinel 

Here, the phase transformations of alumina are discussed with the focus on the 

thermodynamically stable α–Al2O3 (corundum) phase. Additionally, the pseudo-binary Al2O3 

– MgO system is discussed for the formation of the spinel phase. The standard crystallographic 

information is given for both of the phases along with the description of intrins ic 

crystallographic defects crucial for radiation resistance.  
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2.1.1 Alumina 

The principal ore of alumina is bauxite, composed of a mixture of aluminum 

(oxy)hydroxide minerals (boehmite ( -AlO(OH)), diaspore (α-AlO(OH) and gibbsite 

(Al(OH)3)) with natural impurities of iron oxides, clays, and titanium oxides. Alumina produced 

from boehmite goes through the phase transformations shown in Figure 1 [14]. Aluminas heated 

at temperatures under 1100°C were considered to be amorphous and loosely described as “ -

alumina” in the 1920s, remaining ill-defined and complex[15] in comparison to the 

thermodynamically stable α-alumina. These materials were only known for their ability to 

change into crystalline α-Al2O3. In 1950, Stumpf et al[16] described the crystalline structure of 

the intermediate phases, expanding the list of crystalline phases of alumina to the following: 

alpha (trigonal-hexagonal, R̅C, a=4.75 Å, c=12.98 Å)[17,18], gamma (cubic, Fd̅m:2, 

a ≈7.9 Å)[18], delta (tetragonal, P41 , a= a , c≈ 3a  //orthorhombic, P212121, a≈ a  b ≈ 2a , c 

= 1.5a  )[18], eta, theta (monoclinic, C2/m, a ≈ 1.5a , b = a √ / , c = a √ / )[18], kappa, 

and chi. The phases in bold will be discussed in this thesis, the main focus being on the 

thermodynamically stable α–Al2O3 (corundum) phase.   

Corundum has a trigonal symmetry with rhombohedral Bravais centering as listed above 

and has 6 formula units in the unit cell[19], see Figure 2. The structure of α–Al2O3 is often 

considered as a hexagonal hcp sublattice of oxygen anions, with 2/3 of the octahedral interstices 

filled with aluminum cations in an ordered array. This simplified model characterizes the 

general essence of the ion packing, while not reflecting the true trigonal symmetry of the crystal 

Figure 1. Alumina phase transfers [14]. 
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and thus being somewhat deceiving. One key difference of the trigonal symmetry is the 

nonequivalence of cation layer translations along the [10̅0] and [̅010] directions (using 

hexagonal indices)[18]. The theoretical XRD pattern of corundum[20,21] along with the Miller 

indices of the reflections is shown in Figure 3.  

The most common point defects in corundum and ionic crystals in general include 

Schottky and Frenkel defects[22]. The first occurs when the cation and anion leave their 

respective lattice sites and thus create a vacancy pair, whilst maintaining the overall electrica l 

neutrality of the crystal and reducing the density. In the case of Frenkel defects, an ion escapes 

its lattice site and becomes an interstitial.  

 

Figure 2. Corundum unit cell[19]. 

Figure 3. Theoretical XRD pattern of corundum. [20,21] 
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2.1.2 Al2O3–MgO system and MgAl2O4 spinel 

As can be seen from Figure 4(left)[23], the only intermediate phase in the Al2O3–MgO 

system is magnesium aluminate spinel (MAS, MgAl2O4), requiring exact 50:50 mole fraction 

of alumina and periclase below 1400 K and benefiting from higher ratio of periclase/alumina 

at higher temperatures. The composition can be expressed as ��� ∙ � � , where 0.8 ≤ n < 

3.5[24,25] and the only stable phase is MgAl2O4, n=1.  

Nonetheless, the crystal structure of spinel (see Figure 4 (right)) is flexible when it comes 

to the cation sites. The unit cell of MAS consists of 8 formula units, has a cubic structure within 

the Fd3m space group with lattice parameter a=8.0898 Å. The Mg2+ cations normally occupying 

1/8 of the tetrahedral positions can easily exchange places with the Al3+ cations occupying half 

Figure 4. Phase diagram of the Al2O3-MgO system[23] and MgAl2O4 crystal structure. 

Figure 5. Theoretical XRD pattern of MgAl2O4. [32,33] 
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of the octahedral positions, creating an inversion (I=0…1) in the material and modifying the 

lattice parameter[26,27]. This cation flexibility makes the structure tolerant towards nuclear 

irradiation[28], see further discussion in chapter 2.3.2. Similarly, Mg2+ cations can be replaced 

by various other divalent cations (as an example, Yb2+[29] and Co2+[30]), making spinel an 

interesting material for doping and optoelectronic applications[31]. The classical diffractogram 

of MgAl2O4[32,33] is shown in Figure 5. 

The Al2O3/MgO ratio X can be estimated using an empirical equation developed by 

Viertel and Seifert[34,35]: � = .  − �� − . , where  is the lattice parameter of obtained spinel. 

It has been suggested that the non-stoichiometric spinel formation is controlled by oxygen 

vacancy diffusion arising from evaporation of MgO[36,37].  

Furthermore, the spinel structure exists with many different cation combinations (for 

example, aluminum spinels MAl2O4, iron spinels MFe2O4, chromium spinels MCr2O4), of 

which iron spinels also have interesting magnetic properties[38], making the material group as 

a whole very intriguing. The inverse spinel structure is in additional limelight of research 

because of the possibility to “un-inverse” the structure by thermal annealing, however, color 

centers introduced into the structure are thermally stable even at 1000 K[39].  

Different types of intrinsic defects can exist in the magnesium aluminate spinel structure : 

magnesium vacancy (���−), aluminum vacancy(���−), oxygen vacancy(�� +), aluminum 

interstitial ion (� � +), magnesium interstitial ion (��� +), oxygen interstitial ion (�� −), 

aluminum ion on magnesium lattice site (� ��+ ), magnesium ion on aluminum site (����− ), the 

last two are also called antisite defects[40]. 

γ-Al2O3, having a crystal structure more complex than α–Al2O3, can be represented as 

defect spinel[41]: (vacancies)2+2xAl21+xO32, x = 1/3. 

 

2.2 Powder synthesis 

In this chapter, the most popular routes for receiving alumina and magnesia nanopartic les 

will be described. The classical sol-gel and polyol synthesis methods will be introduced, along 

with the LSPM know-how on growing UPA monoliths and their doping.  
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2.2.1 Alumina: The classical sol-gel route 

The first transparent aluminas were produced from transparent aluminum alkoxide gels. 

This method investigated and patented by Bulent E. Yoldas in 1970s[42,43] and is thus known 

as the Yoldas process. Aluminum alkoxides are very reactive and often require chelating agents 

to control the condensation rate and hydrolysis.  During the Yoldas process, aluminum alkoxide 

(most commonly Al(OBu)3) is hydrolyzed in a large excess of water (hydrolysis ratio R=100 – 

200) at 80 – 100 °C, precipitating fibrous boehmite and later peptized with a mineral acid 

(HNO3) to produce a stable particulate solid. Maximal 220 m2/g surface area is obtained at 

optimized acid concentration of 0.07 moles of acid per 1 mole of hydrate[43]. Bayerite 

(Al(OH)3) is obtained after ageing the amorphous precipitate through dissolution-

recrystallization. Vigorous liberation of OR-groups from the amorphous phase by heating 

above 80°C causes the phase to convert to boehmite[44]. Lastly, gelation occurs by 

concentrating the sol by evaporation or boiling[45].  

To obtain aluminum oxide, the gel must be pyrolyzed to 500°C. A critical electrolyte 

concentration exists to keep the gel intact, the sols that gel at less than about 4 g/100 ml 

concentration of equivalent oxide do not retain integrity during pyrolysis [43]. Both bayerite 

and boehmite conversions are inhibited by the presence of alcohols in the aging liquor. 

Room temperature (20°C) water hydrolysis results in formation of amorphous 

monohydroxide with lower alumina content (82% vs 73%) and conversion to bayerite does not 

occur when the slurry is heated to 80°C[42]. In fact, it has been shown that heating at any stage 

of aging eliminates the capability of the amorphous hydroxide to convert to bayerite from that 

point on[42]. 

 

2.2.2 MgO: The polyol method 

Polyols are alcohols containing multiple hydroxyl groups. Polyol method, also known as 

polyol process is a popular liquid route to synthesize metals, non-metal main-group-elements, 

metal chalcogenides and oxides [46]. It was first introduced by Fievet, Lagier and Figlarz in 

1989[47] and has since become a classical tool for anyone working in the field of crystalline 

nanoparticle synthesis. The biggest benefits of the polyol process are combined water-like high 

solubility of common metal salts, high boiling temperature (depending on chosen polyol, from 

200°C – 350°C), reducing properties for metal synthesis, good colloidal stabilization and a 
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variety of polyols to choose from, ranging from low to high molecular weight.  Ethylene glycol 

(EG, the simplest polyol), diethylene glycol (DEG), glycerol and butanediol are the most 

commonly used to prepare nanoparticles. Low-weight polyols (EG, DEG, butanedio l, 

propanediol and glycerol) can be easily removed from the particle surfaces by washing with 

methanol, acetone and/or water or thermal treatment at 200°C – 320°C. The creation of metal, 

metal oxide or metal hydroxide in polyol can be driven by the concentration of water. The 

resulting particle size grows with the growing concentration of starting materials and water. 

The outcome of the polyol synthesis is a colloidally stable suspension of 1 – 200 nm particles, 

reaching 20 wt.%. Although the first report of polyol process included synthesizing metal 

particles, in 1994-5[48,49] the same authors reported synthesizing ZnO and CoO. Since polyols 

endure high synthesis temperatures, most crystalline oxide nanomaterials can be received 

directly from the synthesis without need for further thermal annealing. However, thermal 

annealing is necessary for producing MgO[50], because of its higher-than-polyol-boiling-po int 

crystallization temperature. The polyol process is also a popular method to produce multinatry 

oxides, including iron and cobalt spinels. In this work we are interested in the synthesis of MgO 

with addition of Al2O3 as precursor in the polyol medium to receive respective aluminum 

spinels. Only one study of synthesizing -alumina particles via polyol process has been 

published[51]. Alumina produced via the method described in the next section will be used as 

a source of Al2O3 in this work. Finally, the spinel phase will be formed via reactive SPS.  
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2.2.3 Alumina monoliths and doping, co-sintering 

The process of growing amorphous alumina monoliths via oxidation through liquid layer 

of mercury (see Figure 6) is patented and published in CEA-CNRS and LSPM-CNRS by Jean-

Louis Vignes[11,12,52]. It starts from using a high purity laminated aluminum plate, 

depassivating the surface with 10% NaOH and then dipping the plate into a mixture of silver 

and mercury nitrates (Ag(NO3) – Hg(NO3)), where silver plays a reaction stabilizing role. The 

plate is then quickly washed, dried and placed into the climate chamber. Since oxidation of 

aluminum is an exothermic reaction, a cooling radiator is used inside the climate chamber. 

Resulting aluminum oxidation will produce about 1 cm (or 0.5 g per 25 cm2) of amorphous 

Al(OH)3 per hour, the reaction continues in a stable manner for 8 – 12 hours. The porosity of 

received monolith is > 98%. Depending on the final desired alumina phase, the monolith is 

annealed in air at temperatures ≥ 1000°C generally for 4h. It is important to note that the highly 

nanometric grain size (10 nm) and high surface area are maintained until the θ-Al2O3 phase that 

can be obtained at 1100°C. The grain size for the thermodynamically stable α–Al2O3 obtained 

at  1300°C varies from 150 to 250 nm[53,54]. A model describing the phase, morphology and 

elemental content variations depending on temperature has recently been presented[55].  

One big advantage of highly porous alumina is the fact that it can be easily doped by an 

impregnation of vapors or liquids. For example, to receive silica-doped alumina, the monolith 

is placed in a closed container with trimethylethoxysilane/tetraethoxysilane (TMES/TEOS) 

liquid in a petri dish at the bottom of the container. The duration of the doping depends on the 

desired concentration of silica in the final product. After annealing at 600°C in air, TMES forms 

Figure 6. Alumina monolith growth process (left), the resulting monolith (middle) and alpha alumina received after 

heating at 1400°C for 4 h (top right). 
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a monolayer of SiO2 on the monolith and can introduce up to 6 wt% of SiO2 onto the alumina 

fibers and 3Al2O3-2SiO2 mullite monoliths with 30 nm grain size can be obtained when using 

TEOS vapor and heating at 1200°C [53,54]. In a similar way, liquid colloid deposition method 

has been previously applied to impregnate ultraporous alumina monoliths with functiona l 

nanoparticles; in this method the nanoparticles (TiO2) agglomeration state can be effective ly 

controlled that permitted to attain an enhanced photocatalytic response of the material[56,57]. 

 

2.2.4 Spinel powder 

Spinel has been a material of interest due to similar chemical and physical properties as 

corundum, with the benefit of cubic crystal structure and the homogeneity arising from it. One 

of the earlier papers by Singh and Sinha [58] on low-temperature synthesis of spinel describes 

a gelation-precipitation process of alumina and magnesia chlorides and sulfates in aqueous 

solutions in  proper proportions to give 1:1 alumina-magnesia ratio upon calcining. This logic 

is very much similar to the process of doping UPA monoliths described by T. di Costanzo et 

al[53] and also most other spinel synthesis routes. Singh and Sinha observed the beginning of 

spinel formation at 600°C and completely converted spinel phase was obtained after firing at 

1000°C for 1 hour, resulting in average particle size of 210 nm. However, for high theoretica l 

densities (> 80%), firing at higher temperatures (≥1300°C) during longer periods (up to 3h) was 

necessary.  

With a goal of lessening the formation of coarse agglomerates of powder during drying, 

leading to nonhomogeneous final product, Suarez et al [59] tested reverse-strike coprecipitat ion 

and oxides mixture sintering routes, starting from oxides, chlorides and nitrates to find the best 

parameters for obtaining transparent spinel. They obtained the best transparency (35% at 500 

nm, porosity 0.06%) when using the chloride sol-gel process at 800°C, while spinel formation 

in the case of oxide mixture was observed at 1200°C. Both nitrate and chloride route resulted 

in 20 nm spinel particles, however, powders obtained via the nitrate route were more  

agglomerated. The biggest particles and agglomeration was observed in the case of oxide 

mixture which resulted in a cracked green body after pressing.  

Thus, to synthesize fine spinel powders suitable for sintering transparent final products, 

one should start from alumina-magnesia salts, not already formed oxides.  

Similarly, UPA can be used to produce nanometric MAl2O4 spinels, where M stands for 

Mg, Ni or Co[53,54]. In this case a liquid route is used, consisting of UPA absorbing aqueous 
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solutions of divalent metal salts followed by calcination at low temperature (200 – 500°C). In 

the case of α–Al2O3 obtained from UPA, Mg(NO3)2 water solution can be used for doping. To 

obtain the necessary 1:1 molar ratio of Al2O3 and MgO, taking into account the maximum 

solubility of Mg(NO3)2, the doping has to be carried out in cycles[54]. MgO forms after 

annealing at 500°C, spinel appears at 900°C and the reaction is completed at 1200°C. 

Interestingly, even after a week-long annealing at 1000°C, all three phases are present in the 

sample, proving the necessity of higher temperature[54]. After treatment at 1200°C, the spinel 

sample keeps the same microstructure as that of the starting α-Al2O3. However, the 

transformation of each corundum grain into spinel produces aggregated spinel crystallites with 

a size around 100 nm. Moreover, the developing spinel crystallites after 4h annealing at 900°C 

are only 10 nm[53] in size, making this in between phase an interesting starting point for 

sintering. The results of the impregnation method will be presented in chapter 5.2.  

 

2.3 Transparent and fine-grained ceramics: producing and 

applications 

2016 marked 50 years since the first transparent ceramic-based commercial product[1], a 

sodium vapor-based street lamp envelope, reached the market.  

Nowadays, transparent ceramics have a huge international market. Market research has 

estimated the market size to be valued at 179[3] – 246[2] million USD in 2015 with an expected 

growth rate 17.4[2]– 22.4%[3] from 2016 – 2022/2024. According to the market research, 

Figure 7. Transparent ceramics market segmentation. [2] 
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monocrystalline transparent dominated the market in 2015[3], mostly for dental applications. 

In addition, insulation materials for photovoltaic cells[3] are expected to boost the growth of 

the market. Moreover, polycrystalline transparent ceramics are expected to undergo a fast 

significant growth[3] due to their superior physical properties. A report[3] based on the data of 

2013 – 2015 notes Saint-Gobain S. A., Schott A. G. and Surmet Corp. as the biggest companies 

on the market, making it hard for the newcomers to be successful. Another report from 2017 

remarks how the transparent ceramics market is segmented by type, application and materia l 

(see Figure 7). Both reports still see sapphire as the main market potential.  

 

2.3.1 Classical methods of producing high-transparency alumina 

and spinel 

Although, from transparency standpoint, cubic crystal structure is preferred for being 

completely isotropic, transparent ceramics are possible beyond this limitation[60]. The most 

common examples of non-cubic transparent ceramics are tetrahedral ferroelectr ic 

lead/lanthanum zirconate titanates (PLZT)[61], orthorhombic mullite[62], and of course, 

hexagonal Al2O3[63]. Beyond specific ferroelectric properties, perhaps the most aspiration for 

near-future applications lies in alumina. It is hoped that polycrystalline alumina and/or spinel 

could replace sapphire in many optical applications[40], noticeably cutting the cost of these 

systems.  

First ever transparent alumina was produced via a sol-gel technology that became known 

as the Yoldas process[42,43,64]. The US patent granted in 1982[64] describes the method to 

produce ‘finely divided high purity alumina doped with a small predetermined percentage of 

magnesia’. The patent then describes what now is known to be the classic sol-gel route: forming 

a mixed clear solution of aluminum alkoxide and water/alkoxide soluble magnesium salt with 

a substantial excess of water to completely hydrolyze the alkoxide; adding acid to peptize the 

resulting slurry and allowing the formed milky slurry to become fully peptized to form a clear 

sol. To obtain fine powder, the slurry is either formed into a gel, dried and mechanically reduced 

or spray drying is used. The fine powder then goes through calcination at 900 °C to form δ-

Al2O3. The original US patent granted in 1973[42] describes the same process without the 

addition of magnesia, resulting in a ‘transparent, activated, nonparticulate alumina with total 

porosity of about 63% with unique pore morphology and size distribution, being thermally 

stable up to 1200°C.  
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This description of unique pore morphology and stability up to high temperatures is very 

similar to the resulting product from a process of producing ultraporous ultrapure monolithic 

alumina developed in LSPM in 1990s[11,12]. In this work we are focusing on adding to this 

previous know-how of raw material production with suitable sintering parameters.  

In the case of spinel ceramics, first reports of producing powders suitable for sintering 

dense polycrystalline ceramics come from various soft solution chemistry routes from the late 

1960s – early 1970s[65], starting from a stoichiometric mixture of aluminum hydroxide and 

magnesium hydroxide, the compact after sintering at 1600°C for 6h had relative density of 96%.  

The biggest progress in the American side on transparent spinel was made in Coors Ceramics 

around 1970, initially for transparent armor by Donald W. Roy. Don Roy later became the face 

of transparent spinel in America, working with numerous companies[66]. The first company to 

manufacture highly transparent and durable ceramics in Europe is CeramTec GmbH. The 

company got their start in Marktredwitz, Germany in 1903, where it originally produced 

porcelain[67]. One of the biggest advanced ceramics R&D competences in Europe is 

Fraunhofer IKTS that was founded in 1992[68].  

The biggest concern with the classical methods of obtaining transparent polycrystalline 

ceramics is the rapid grain growth due to high sintering temperatures and/or long dwell times. 

For this reason, we are focusing on using Spark Plasma Sintering (SPS), which is a process 

made popular because of its rapid heating and short dwell times.  

 

2.3.2 Radiation resistance and fine microstructure 

One of the biggest challenges of the humankind in the near future will be sufficient power 

production. One of the most promising massive energy sources is nuclear fusion which comes 

with the problem of finding materials to last in such an extreme environment. Alumina and 

spinel ceramics have long been investigated as suitable materials for fusion applications due to 

their mechanical strength, chemical inertness and intrinsic radiation resistance[69].  The 

benefits of fine-grained polycrystalline ceramics and why they are good candidates for use in 

extreme environments will be discussed below.  
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A classical approach to achieving irradiation resistance in various materials is grain 

boundary engineering (GBE)[70] which is mostly carried out by thermomechanical processing. 

GBE has been shown to improve the strength, creep strength, and resistance to stress corrosion 

cracking and oxidation of austenitic stainless steels and Ni-base alloys and is less popular for 

other structural materials of nuclear reactors[71]. 

It has been shown that grain boundaries and interfaces can serve as an effective anchor 

point for radiation- induced point defects (creation of interstitial sites and vacancies). It has been 

proposed that in the case of nanostructured ceramics, recombination of defects such as Frenkel 

pairs at grain boundaries[6,72,73] could increase resistance to irradiation. The idea of 

heightened radiation resistance in nano-grained materials arises in the case of polycrystalline 

ceramics with intrinsic stoichiometric defects. If the grain size is small enough (≤ 100 nm) so-

called ‘self-healing’ can take place in these systems[5,6,72,73] (see Figure 8). Self-healing 

emanates from the collection of intrinsic defects of the material near the grain boundaries and 

the capability of the newly radiation-formed defects to recombine with them. This only works 

if the new defect is able to move to the intrinsic defect, from here arises the demand for high 

defect mobility and small grain size. With a small enough grain size, the newly formed defects 

get trapped at grain boundaries. Virtual interstitials re-emitted from grain boundaries then 

recombine with vacancies, resulting in a healed crystal. In a conventional material with big 

grain size, irradiation- induced interstitials move to the surface of the material, resulting in 

swelling and finally cracking. There are few publications presenting work on the radiation 

resistance of semiconducting or insulating nanocrystalline compounds for which the same 

phenomena have been demonstrated [74–76]. The atomistic diffusion mechanisms leading to 

the formation of these defects are therefore not yet well interpreted. 

Figure 8. Interstitial defects caused by irradiation in (A) 

conventional material and (B) nanostructured material. [5] 
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Based on the results obtained for conventional materials (structure with micrometr ic 

grains), several criteria must be taken into account to guide the choice of the compound to be 

studied. First, it must be an ionic compound[77]. Additionally, it has been experimenta lly 

shown[78] that crystal lattices with stoichiometric defects exhibit better radiation resistance. 

The vacancies lead to the formation of a lattice of unoccupied sites in which the recombination 

processes of Frenkel pairs can occur, as is the case, for example, for MgAl2O4, a compound 

well known for its radiation resistance properties, where only 8 sites out of 64 possible are 

occupied by the Mg2+ ion and 16 out of 32 possible sites are occupied by Al3+. The third 

criterion to take into account is the size of the crystalline lattice of the considered structure. 

Indeed, the Frenkel pairs created inside a large lattice move less easily out of it, resulting in an 

increasing probability for the occurrence of recombinations.  

Defect mobility in the material and grain boundary mobility are known to change 

depending on the grain size. Theoretical and experimental studies have shown that in the case 

of spinel, cation disorder (antisite defects) plays a crucial role in controlling defect mobility and 

radiation tolerance. The most remarkable example of spinel’s natural radiation tolerance is the 

fact that the stable crystal structure has been shown to contain up to 30% concentration of 

antisite defects[39], thus containing a great deal of traps for electrons and holes, allowing to, as 

necessary for irradiation resistance, trap equal amounts of positively and negatively charged 

defects.  

The main synthesis parameters for obtaining optically transparent nanostructured 

ceramics have recently been identified by Maglia et al[13]. According to this work, another 

point must be taken into consideration when choosing the material, it seems easier to obtain 

optically transparent ceramics when they have an isotropic crystalline lattice. Moreover, doping 

(for example with rare earths) of the initial chemical composition of these optically transparent 

ceramics makes them even more attractive and allows to consider their application as 

luminescent materials in extreme environments. The ability to boost the chemical composition 

of the chosen phase should therefore also be one of the criteria to be considered. Finally, the 

study of grain boundary formation processes and their influence on the physical properties of 

the material under consideration should guide the choice of design parameters. 

UPAs developed in LSPM perfectly meet all these criteria. That's why we chose to focus 

our study on these compounds. To our knowledge, of all the methods implemented for the 

production of alumina (the best known are the Bayer process and the sol-gel process developed 

by Sasol Ltd.), our UPA preparation process is currently the only one leading to the monolithic 
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growth of the aluminas. This makes it possible to obtain a compound of very high purity. 

Preliminary measurements on our samples showed exceptionally low absorption losses in the 

UV spectral range greater than 280 nm. 

The most talked about additional benefits of fine microstructure in the case of 

polycrystalline ceramics are heightened mechanical properties (high hardness[79], 

superplasticity[80,81], extremely low/high thermal conductivity[82]). For example, a study[83] 

on the dependence of Vickers microhardness on the grain size of alumina found that grain sizes 

< 1 µm result in 3-4 HV1/GPa gain in microhardness compared to ceramics with grain sizes > 

2 µm.  

Tang et al[84] have reported that for inverse spinel MgIn2O4 (I=1), irradiation with 5 dpa 

(displacements per atom, equal to irradiation dose 2 x 1017 He/cm2) 200 keV He ions only 

resulted in some exchange in cation positions, going from a fully inverse structure to a 

“random” (I=2/3) structure.  In contrast, when irradiating with 4 dpa (equal to irradiation dose 

1 x 1016 Ne/cm2) 400 keV Ne ions, the inverse spinel transformed into a disordered rocksalt 

structure with an amorphous layer covering the surface. The authors chose to work on MgIn2O4 

due to the fact that the X-ray atomic form factor differences between Mg and In allow for more 

conclusive identification of irradiation- induced phases than in MgAl2O4. 

In this work we use a molecular hydrogen beam irradiation to get the first impressions on 

the effect of irradiation on the produced ceramics.  

 

2.4 Spark Plasma sintering (SPS) 

Spark Plasma Sintering is a sintering technique, where heating happens through Joule 

effect, allowing rapid heating rate. The combined actions of pressure and temperature then 

make it possible to perform sintering at much lower temperatures and with much shorter dwell 

times (of the order of 5 min) than during conventional sintering. This has the consequence of 

minimizing the effects of grain size growth by diffusion of matter, while allowing to obtain 

compounds with high relative densities (close to 100%). The SPS is therefore a suitable 

technique for obtaining ceramics with controlled grain sizes. Previous work on metals[85] and 

ceramics[38] has shown that it is possible to sinter powders and obtain bulk-type compounds 

with relative densities in the order of 99% and controlled structuring (grain sizes close to those 

of the initial particles) and therefore a high density of grain boundaries. In this work, we will 

focus on performing a parameterized study of the sintering steps (pressure, heating rate, dwell 
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time, dwell temperature) in order to obtain dense massive ceramics with controlled grain sizes. 

Additionally, we explore the use of LiF and Ta2O5 as, respectively, sintering aid and grain 

growth inhibitor.  

 

2.4.1 Overview of the technique 

The application of external electric current to aid sintering was initiated in General 

Electric Co in 1933 by Taylor, who incorporated the idea of resistance sintering during the hot 

pressing of cemented carbides and in the case of other hard metals[86]. In addition to continuous 

current, some researchers also investigated a single discharge method, where the powders were 

densified by a single discharge generated from a capacitor bank. In all the early methods 

developed, electrically conductive powders are heated by Joule heating generated by an electric 

current.  

Spark Plasma Sintering (SPS) is a technology developed in Japan by K. Inoue, described 

in two patents from 1966[87,88]. Since then, SPS has been widely used in Japan at an industr ia l 

scale. In 1990 Sumitomo Heavy Industries Ltd. (Japan), developed the first commercia lly 

operated plasma activated sintering (PAS) and spark plasma sintering (SPS) machines with 

punches and dies made from electrically conductive graphite[89]. One of the most important 

features of these machines was that high density was also achieved in insulating materials. This 

was the beginning of the spark plasma sintering technique used nowadays. In other countries, 

the tendency is still to investigate it at a laboratory level, even though some industr ia l 

applications are now in the air. 
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Hence, SPS is a relatively new and fast sintering technique utilizing pulsed direct current 

(0 – 1000 A) to heat the sample in a graphite die with pressure applied via uniaxial force. The 

sintering takes place under low atmospheric pressure (10 – 30 Pa) or in inert gas (Ar, N). Direct 

heating of the graphite die makes it possible to use rapid heating and cooling rates and thus the 

SPS process enhances densification over grain growth. Subsequently, this technique is wide ly 

used for producing nano-grained ceramic materials[90–92]. 

Sample placement into the SPS machine is described in Figure 9. Direct current with 3.4 

ms on:off pulses (generally 12 pulses on to 2 pulses off) is forced through the setup of spacers 

and powder die, while applying pressure. The pyrometer can be positioned horizontally 90° 

from the pressure axis or along the vertical pressure axis, depending on the setup. Graphite 

paper is used to assure electrical contact between the spacers and electrodes as also between the 

powder die parts. Graphite felt is used to cover the powder die in case of high temperature 

sintering (>1000°C) to suppress heat and irradiation escaping the die. In addition to the sample 

chamber, the SPS systems generally also include programming panels for temperature and 

pressure, depending on the make and model. 

Despite evidences of unusual phenomena occurring during sintering process using pulsed 

current, most of the knowledge is still empirical. To enhance SPS potentialities as well as 

efficiency, theoretical investigations are needed.  

Figure 9. Scheme of sample positioning in the SPS chamber and an optical photo taken during sintering. 
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Depending on whether or not the powder to be sintered is conductive, different heating 

mechanisms take place[93,94]. Anselmi-Tamburini et al[93] have calculated the current 

distribution for Al2O3 and Cu at room temperature, see Figure 10. It can be seen that in case of 

a conductive material like copper, the current flows through the powder to be sintered and heats 

it. This is known as Joule heating. Contrarily, in the case of an insulating material like alumina, 

the current mostly flows through the graphite die, with some disputable percolation and/or 

breakthrough currents going through the actual powder. Thus, the heating is much more indirect 

in case of electrically insulating materials and generally no Joule heating through the powder 

is observed. However, in both cases the biggest current density is noticed on the little plungers 

of the die. The authors have provided further temperature distribution calculations which 

conclude that in the beginning (9 s) of the heating cycle, the plungers act as heat sources from 

top and bottom of the sample, but later (150 s) the temperature distribution in the die becomes 

uniform.  

  

 

 

Figure 10. Simulations of SPS current distribution for Al2O3 and Cu. 
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2.4.2 Sintering and grain growth 

Figure 11 characterizes the different stages of sintering[95]. In the beginning, the particles 

are freely packed with characteristic dimensions. As the heating starts, thermal expansion, water 

evaporation and recrystallization take place. Under continuous heating, the initial step of 

sintering rearranges the grains and sintered connections (‘necks’) appear at the contact points 

of particles. The neck formation[96] is driven by the energy gradient arising from the different 

curvatures of the particles and the neck. The dominant mass-transport mechanism during this 

phase is surface diffusion. The sintering has begun but no dimensional changes have yet taken 

place and porosity is equal to the initial value.  

During the intermediate stage of sintering, adjacent necks begin to trespass each other, 

giving rise to densification and grain growth, also closing off interconnected pore channels and 

thus isolating porosity. The sources of pore channel closure are neck growth and creation of 

new contact points. In this stage, bulk transport mechanisms (grain boundary diffusion and 

volume diffusion) control the sintering process[97].  

The final stage of sintering begins as most of the pores are closed and is much slower (in 

case of classical sintering) than the previous stages. Pores break away from the grain boundaries  

and as the grains grow, pores take a spherical form. Pores are only able to shrink if solids are 

transported into them and there is an escape route for the gas to reach the surface. Smaller pores 

are eliminated, but larger pores can grow, this is known as Ostwald ripening[98]. If gas pressure 

Initial 
particles 

Sintering without 
densification 

Sintering with 
densification and 
retraction 

- Thermal expansion 
- Water evaporation 
- Recrystallization 

- Rearrangement of grains 
- Sintered ‘necks’ appear 
- Beginning of sintering 

- Closed and open pores 
disappear 

- Retraction 

- Rapid grain growth as 
heating continues 
- Thermal expansion 

Figure 11. Stages of sintering. [95] 
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exists in larger pores with no escape route, the pores will grow and the density can lower. 

Ostwald ripening is accompanied by non-uniformity in grain size[98] or even bimodal grain 

size distribution[99].  

The grain boundary is a 2D defect in the crystal structure and so it is associated with a 

certain amount of energy. This results in thermodynamic driving force[100] for the total area 

of boundary to be reduced. In comparison to phase transformations, the energy available to 

drive grain growth is very low and so it tends to occur at much slower rates and is easily slowed 

by the presence of second phase particles or solute atoms in the structure.  

Crystallite grain growth mostly occurs at high temperature when recrystallization and 

defect recovery are complete and the only way to reduce the internal energy of the material is 

via reducing the total area of grain boundaries. Ideal grain growth[101] is a special case of 

normal grain growth where boundary motion is only driven by the local curvature of the grain 

boundary, not by grain boundary mobility or energy. In this case additional contributions to the 

driving force (temperature gradients, elastic strains) are neglected.  

When all grains grow at roughly the same rate, it is considered normal (continuous) grain 

growth. In the opposite case we observe abnormal (discontinuous) grain growth[102]. The latter 

exhibits a subset of grains growing at an elevated rate at the expense of their neighbors and 

generally results in a microstructure dominated by a few very large grains.  

From observing polished samples under an optical microscope, general grain growth rules 

have been proposed in metallurgy[101]:  

1. Grain growth occurs by the movement of grain boundaries, not by merging through 

contact. 

2. Grain boundary movement is discontinuous; the direction of the motion can change 

suddenly.  

3. One grain may grow into another grain whilst being consumed from the other side. 

4. The rate of consumption often increases when the grain is nearly consumed. 

5. A curved grain boundary typically migrates towards its center of curvature.  

6. When grain boundaries in a single phase meet at angles other than 120°, the grain included 

by the more acute angle will be consumed so that the angles approach 120°[103].  
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In the case of SPS, we have also have to take into account the effect of current, electric 

field and uniaxially applied pressure on the densification and grain growth processes. A very 

thorough review of grain growth during SPS and flash sintering was recently published by 

Chaim et al[104].  They discuss that in the case where densification is aided by external pressure 

and electric current, enhanced diffusion mechanisms take place mainly at the (nano)partic le 

surfaces. Additional electric field effects that may arise during SPS are generation of point 

defects, dielectric breakdown, plasma and spark formation, local surface softening and/or 

melting. These effects also drive sintering stages, giving rise to particle coarsening and 

hierarchical grain growth, which can be exaggerated by the presence of gas or liquid. Even so, 

if the SPS process parameters are optimized, fully dense nanocrystalline ceramics can be 

obtained.  

One key to avoiding excessive grain growth during SPS lies in green body preparation, 

like discussed by Ghanizadeh et al[83]. The authors found that while directly sintering as-

received 50 nm alumina powder resulted in large grain sizes (~6.25 µm), powders molded into 

green bodies via slip-casting, thus having higher density and no air bubbles, could be SPSed to 

full density with an average grain size of 0.32 µm after 20 min at 1200°C. Even so, the grains 

still showed somewhat bimodal size distribution, with grains smaller than 100 nm and larger 

than 400 nm visible in the presented SEM micrographs.  

Additionally, certain compounds introduced in small quantities as a secondary phase 

inside the material being sintered can either act as aids to grain growth or as inhibitors. The 

most popular sintering aid in use for ceramics is LiF, which can also have a positive role in 

lessening carbon contamination during sintering (see chapter 2.4.4) and Ta2O5 can be used as a 

grain growth inhibitor.  

LiF is a very popular sintering aid for sintering spinel by hot pressing[105]. It is believed 

that LiF, having a much lower melting temperature than spinel (~850°C[106]), will liquefy in 

the beginning of the sintering process, lubricating the particles and aiding in creating more 

contact points for sintering. However, the LiF must be removed from the material before fina l 

consolidation or it will result in white precipitates[105].  

It is interesting to note that in the classical hot press spinel sintering scheme, two different 

dwell temperatures exist, first dwell at 950°C is supposed to help homogenize the distribution 

of LiF and the second hold at 1200°C is meant to help LiF escape the material. Experimenta l 

results have proved that LiF will be completely eliminated at 1400°C[105]. The authors further 

hypothesized that liquid (but not yet vaporized) LiF preferentially reacts with Al2O3, forming 
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LiAlO2 and leaving more refractive opaque white MgO-rich areas behind. White spot formation 

due to LiF addition was not a problem in the case of hot pressing alumina-rich (MgO ∙ 1.5 

Al2O3) spinel at 1600°C, when the LiF concentration was kept to 0.25 wt%[107].  

The biggest drawback of using LiF as a sintering aid is significant grain growth[108]. An 

investigation of LiF doping of spinel for SPS have found that while the grain size of the fina l 

ceramic yielded from LiF-doped powder is ten times bigger, the transparency is also higher[99 ].  

Ta2O5 has long been known to block the grain growth of materials, as an early example, 

Suchomel et al[109] investigated Ta2O5 doping in Eu2O3 in 1975. They fired the pure and Ta2O5 

doped (3 at%) Eu2O3 at 1900°C in vacuum for 1h, decreasing the grain size from 440 µm to 10 

µm. They found that Ta inhibits the grain growth by solute segregation at grain boundaries and 

that dopant concentrations as low as 0.75 at % hinder grain growth, showing a very small 

amount of secondary phase formation. A study from 1988[110] compared MgO and Ta2O5 as 

grain growth inhibitors in ultrapure alumina. The authors confirm that both dopants improve 

the sintering of alumina ceramics but through different mechanisms. While Ta2O5 acts by a 

solid solution mechanism, MgO acts mainly by concentrating on grain boundaries and retarding 

the grain growth. They found that the optimal Ta2O5 concentration is about 0.75 wt% and to 

obtain fully dense nanoceramics, Ta2O5-MgO co-doping is the most effective.  

 

2.4.3 SPS of transparent ceramics  

As published by Krell et al[60], optically transparent compact ceramics fight against 

some inherent physical issues. First of these issues arises from point defects in the crystal lattice, 

be it impurities or oxygen vacancies. These point defects are known to absorb light in various 

portions of the spectrum. The authors also discuss the difference of in-line and diffuse 

transmission[111] brought out by scattering. Scattering can be due to slight differences in the 

refractive index (n) throughout the material or arise from non-cubic (and so non-isotropic ) 

crystal structure.  The best way to keep this birefringence to a minimum is to minimize the grain 

size. In addition, all ceramics are optically inhomogeneous because of the inevitable resistant 

porosity. In addition to the fraction of resistant porosity, pore size also plays key role in 

transparency in the visible range. Depending on the wavelength of incident light, the size of the 

remaining pores should be smaller than /n~300 nm for maximal transparency in the visib le 

range. Evidently, all different types of extinction losses increase with thickness, so the more 

inhomogeneous is the material, the thinner it needs to be to retain transparency. Here it is 
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important to define transparency and translucency. A material is transparent when it exhibits 

high in-line transmission and translucent, if the transparency depends on the distance from the 

viewed object[111].  

Despite these inherent challenges, SPS of alumina and other transparent ceramics is a 

popular research topic from the 1990s[112], as it is an effective and inexpensive process for 

obtaining high-density alumina with a controlled microstructure. The benefit of SPS is the 

relatively short processing time, since the heating is done via direct current under high pressure. 

This process has shown great success in yielding high-transparency ceramics, including those 

based on birefringent materials like alumina.  

 

2.4.3.1 SPS of alumina  

Using the SPS and HIP processes to sinter Al2O3 has allowed researchers to lower the 

standard 1700°C[31] sintering temperature of alumina in hydrogen to 1200 – 1300°C, while 

obtaining densities ≥ 99,95% and grain sizes smaller than a micron[113].  

To start with a contrasting example, transparent Al2O3 has been sintered at 1150 or 1300 

°C under a pressure of 80 or 90 MPa, with a heating rate of 8 or 170 °C/min and a dwell time 

20 min or 5 min[114,115], using a very similar precursor powder (high-purity Al2O3 TM-DAR 

powder from Taimei Chemical Co., with particle size of 150 or 200 nm used for the two 

sintering conditions described, respectively). On the other hand, Morita et al[116] have shown 

that a heating rate above 50 °C/min is detrimental to the transparency of the material, at least 

for spinel structures. The influence of different sintering cycles on a chosen powder precursor 

has been investigated frequently, while less attention has been given to detailed analyses of 

differences between the products of different precursor powders exposed to an identica l 

sintering process.  

The sintering of transition aluminas rather than α-Al2O3 has not been thoroughly 

examined due to their thermal instability and the inevitable volume change involved in reaching 

the thermodynamically stable α-Al2O3 phase. However, it has been shown that both boehmite 

and γ-Al2O3 have strong sintering capacities[117], specifically when using explosive pressing 

to form the green bodies. γ-Al2O3 has been sintered[118] to full density α-Al2O3 with an average 

grain size of 300 nm at 1400°C without holding time with an applied pressure of 100 MPa, 

when using attrition milling to reduce agglomeration in the starting powder. Pure dense α-Al2O3 

has been fabricated by the cold isostatic pressing and sintering of mixtures of seeded boehmite 
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and fine α-Al2O3 (~70%)[119]. Samples with 0.2 µm and 0.3 µm alumina achieved densities 

greater than 95% when sintered at 1300 °C and 1400 °C, respectively, proving that boehmite 

can be used as a substitute for the relatively expensive ultrafine α-alumina powders. Seeding γ-

Al2O3 powder with α-Al2O3 before sintering has been shown to decrease the optimal sintering 

temperature by 200-300 °C[120]. In our team’s previous research, sintering locally synthesized 

γ-alumina at 1550 °C for 20 min at 80 MPa resulted in a translucent and dense α-Al2O3[121]. 

Prakasam et al[122] carried out an extensive study to determine the best sintering 

conditions for obtaining transparent alumina ceramics with a small grain size from a 

commercial α-Al2O3 powder with 100 – 150 nm particle size. They varied the sintering 

temperature from 1150°C to 1400°C and the dwell time from 3 min to 120 min. Different 

variations in pressure application and heating/cooling rate were tested. Relative densities of all 

received ceramics were >97%, the highest density (99.8%) with the smallest grain size (0.1 µm) 

was acquired at 1150°C during a 120-minute dwell at 100 MPa. Interestingly, the sample 

obtained during half the previous dwell time (60 min) had four times bigger average grain size 

(0.4 µm), while the density was only very slightly lower (99.7%). Both samples yielded 

transmission of 63% at 640 nm.  

To suppress the grain growth of alumina, different impurity inclusions have been tested. 

Maybe one of the most interesting examples is classical sintering research done by Bodišová et 

al[123], where they doped alumina (TM-DAR, 150 nm) with magnesia, zirconia and yttria, 

additionally investigating the effect of a  two-step sintering process. The two-step sintering 

process consisted of heating up to (dwell time zero) a higher temperature (1400°C or 1475°C), 

followed by a long dwell (8h or 24h) at a lower temperature (1150 – 1300°C). All sintered 

samples had final relative density > 99% and grain sizes between 0.49 µm and 1.43 µm. 

Complete grain growth elimination was accomplished by two-step sintering and simultaneous 

doping with 500 ppm MgO (density 99.7%, grain size 0.5 µm). See more detailed discussion 

of grain growth during sintering in Chapter 2.4.2.  

While far from being the most popular choice of sintering for transparent ceramics on an 

industrial level, SPS of nanosized α-alumina powders is quite well-researched. Due to 

differences in set-ups (die sizes, temperature measurement technique, choice of conductive 

layer between the powder and the die, etc.) it is difficult to make any definitive conclusions, 

leaving first-hand local experience to have the greatest value. There is room for developments 

in investigations of sintering precursor powders of different phases via identical cycles to 

understand the effect of phase and morphology. The possibility of utilizing less expensive low-
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temperature polymorphs of alumina to obtain translucent ceramics with controlled 

microstructure is of great industrial interest.  

 

2.4.3.2 SPS of spinel 

Research on the SPS process of spinel has been popular since the patenting of general 

principles of producing transparent ceramics by Shen et al[124] in 2006. Three years later Wang 

and Zhao[125] suggested a two-step pressure profile to obtain 51% transparency at 550 nm in 

spinel produced without any sintering aids at 1300°C with a dwell time as short as 3 min and 

grain size up to 700 nm. The two-step pressure application consisted of a preloaded pressure P1 

that was raised during one minute to 100 MPa upon reaching 1250°C and kept constant until 

the end. They have found that even 20 MPa preloaded pressure resulted in the discoloration of 

the sample center, thus suggesting the use of as low P1 as possible. However, the authors do not 

discuss the chosen pressure application rate or why it was kept constant throughout cooling. 

When applying high pressure from the beginning of the sintering cycle, one “shaves” some 

carbon contamination from the graphite die/paper into the powder, which will then be sintered 

along with the powder. On the other hand, using minimal pressure in the beginning of the cycle 

and a milder pressure application rate helps to minimize this effect. For further information on 

carbon contamination during SPS, see chapter 2.4.4.  

Morita et al[116] obtained similar results, achieving 47% transparency and keeping the 

grain size down to 450 nm. Krell et al[126] have shown that grain sizes as small as 270 nm are 

achievable for transparent spinels, starting from 55 nm powder and hot isostatic pressing (HIP) 

at temperatures lower than 1300°C. Contrastingly, optical homogeneity without any sintering 

aids was only received in the case of 120 nm powder. 

As in the case of alumina, very different sintering approaches have given similar good 

results on increasing the transparency and lowering the grain size of resultant ceramics. 

Commonly, “SPSed” spinel bodies sintered for maximal transparency have grain sizes > 10 

µm[116,127], especially when using sintering aids such as LiF. Frage et al[127] have shown 

that when sintering pure spinel with average particle size of 0.78 µm, the densification starts at 

950°C and continues until pressure application at 1220°C, after which further temperature 

increase does not result in additional densification. 

Both, low (10°C/min)[116,127] and high heating rates (≥ 100°C/min)[116,125] have 

successfully been used, with high heating rates being slightly more popular, taking full 



 

 36 

advantage of the possibilities of SPS processing[128]. Morita et al[129] have shown that 

temperatures higher than 1300°C become detrimental for transparency due to precipitation of 

second phases and coalescence of residual pores raised by rapid grain growth. They 

successfully sintered a fully dense transparent spinel at 1300°C with a 20-minute dwell. 

In general, it is found that the resultant ceramic grain size is inversely proportional to the 

heating rate, i.e. the higher the heating rate, the smaller the resulting grain size[128].  Extreme 

pressure (4 GPa) has been used to lower the sintering temperature of transparent spinel to 

600°C, keeping the grain size as low as 40 nm[130]. A drawback of using such extreme 

pressures is the possible unsuitability for industrial production[125].  

In conclusion, when choosing SPS parameters for spinel, in addition to heating rate, dwell 

temperature, dwell duration and applied pressure; pressure application rate should also be taken 

into account due to possible discoloration effects. Due to intrinsic high concentration of oxygen 

vacancies in the spinel lattice and standardly used vacuum environment, it is not uncommon to 

obtain a completely black sample, that can be easily re-oxygenated by a simple annealing in 

air.  

 

2.4.4 Carbon contamination 

One of the drawbacks of SPS is an unavoidable contamination of the final product by 

carbon when the whole die system holding the powder to be sintered is made of graphite. 

However, the exact degree and cause for this contamination remains a topic open for discussion. 

Definite contamination takes place at the sample surface, which is in direct contact with 

graphite paper, nevertheless, this contamination is eliminated during the grinding and polishing 

of resultant pellets. Additional carbon contamination can arise from steps taken before 

sintering, for example residual organics present in the powder or drying/calcining the powder 

in CO-rich atmosphere.  

A work published in January 2018[131] investigated the effect of carbon contamination 

in sintering alumina ceramics’ sinterability and carbon diffusion in purposefully contamina ted 

samples. When testing different sintering atmospheres (low vacuum, nitrogen, argon), the 

authors concluded that the biggest drawback arises in nitrogen atmosphere as formation of 

aluminum nitride takes place. Sintering in vacuum environment wasn’t ideal either as it 

increases carbon diffusivity and leads to discoloration in the whole volume of the sample. 

Additionally, samples sintered in vacuum or nitrogen environment were covered by a porous 



 

 37 

surface layer. However, the thickness of the affected layer was only 15 µm and showed no 

additional phase upon XRD analysis, making it unimportant after grinding and polishing. 

Finally, densification suppression was observed in only some spots when alumina was sintered 

in argon atmosphere, where the diffusion of carbon was the slowest, making it the most 

beneficial sintering atmosphere.  

Carbon contamination in spinel has been thoroughly investigated via Raman, EPR- and 

IR-spectroscopy[132–134]. They found that a small amount of excess impurity carbon 

compounds can be detrimental for contamination, namely the trace CO3 in the starting powder 

was transformed into glassy carbon during sintering at any chosen temperature when using 

heating rates ≤ 10°C/min[133]. In the case of heating rates ≥ 50°C/min, a supplementa ry 

contamination arose from the evaporation and diffusion of carbon from carbon papers and 

graphite dies surrounding the sintered powder into the open pore channels of the sintered 

powder. This encapsulated carbon then gets stuck in the pores and sinters to glassy carbon along 

grain boundaries[134]. As the deformation rate of the powder increased with the higher heating 

rate, the creation of color centers formed by dislocation also increased. This effect can be 

lessened by using lower sintering temperature in the case of higher heating rates to bleach 

oxygen vacancies[133]. The authors also found that for slow heating rates the carbon 

contamination only takes place in 300 µm thick surface layer, therefore being much less 

problematic. In the case of heating rate as high as 100°C/min, the highest concentration of 

carbon contamination is still observed in surface layers, however, the contamination spreads 

throughout the whole volume of the sample with 3 mm thickness. The formed carbon phases 

can be, at least in some cases, annealed thermally in air, but they will transform into high-

pressure CO and CO2 gas[132] and leave behind porous channels along grain boundaries. This 

shows that removing the carbon contamination from the whole volume of the sample is difficult.  

A solution to eliminate carbon contamination totally lies in exchanging the graphite paper 

insulation by a transition metal (Mo[135] or Pt[136]) foil. The results of using Mo foil have 

been impressive, leading to almost 40% gain in transparency at 300 nm[135]. Interestingly, 

using Mo foil instead of graphite paper also increased the final ceramic’s grain size from 16 

µm to 260 µm, showing that sintering parameters should be adjusted if obtaining small-grained 

materials is of interest. The drawback is the high cost of these materials and the complexity of 

removing the thin foils without breaking after sintering.  

Another solution lies in using LiF as a sintering additive (0,5 - 2 wt%). LiF has been 

investigated in multiple transparent ceramics, here we bring yttria[137], yttrium aluminum 
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garnet (YAG)[138] and spinel[139] as examples. LiF is most commonly used as a sintering aid 

during traditional hot pressing[105] to increase the sinterability of the material. The drawback 

of using LiF as a tool to clean carbon contamination is significant grain growth[140]. It is 

believed that LiF, having a much lower melting temperature (~850°C[106]) than traditiona l 

transparent ceramics, acts as a lubricant and allows better particle packing. It is also proposed 

that LiF etches and removes impurities from the surface of particles to be sintered, thus 

improving diffusion. LiF is an important additive from the standpoint of carbon contamination 

as some researchers suggest that LiF reacts with the carbon from the sintering 

environment[141,142], forming volatile (CF)n gases and acting as a cleanser, leaving behind 

residual Li. This residual Li can be problematic and form secondary phases with the main 

material, as was the case for YAG, where Li2SO4, YF3 and Y2S3 as well as H2O didn’t evaporate 

completely and thus got trapped inside the material[138]. A study on LiF-doped spinel powder 

has shown the effectiveness of carbon contamination cleansing through the formation of 

gaseous C-F phases[139]. The excess Li increased the amount of oxygen vacancies present in 

the lattice, improving the mass transport but coarsening the grains and therefore lessening the 

mechanical properties.  

In conclusion, while the porous surface layer and mild carbon diffusion in vacuum poses 

no great problem to samples to be polished later, it would be more beneficial to use argon 

atmosphere to avoid the contamination completely. In alignment with our strides of sintering 

materials with intrinsic defects, it would be interesting to see the difference in the luminescence 

of samples sintered in vacuum and argon, especially in the case of spinel. While carbon 

contamination is a slight drawback of using graphite dies, they are also essential for our goal of 

stoichiometric defects, as carbon acts as a reducer and thus leads to the creation of oxygen 

vacancies.  

 

2.4.5 Routes to transparent fine-grained alumina from TM-DAR 

Although it is generally accepted that starting powder morphology plays a huge role in 

the sintered ceramics properties, there are no thorough investigations published on this topic. 

The most popular alumina powder used in publications from all over the world is TM-DAR- 

powder produced by Taimei Chemicals Co. Ltd., Tokyo, Japan. The powder family has an 

average particle size of 100 – 200 nm measured by SEM[143]. Countless authors use this 

powder as a starting material for sintering fine-grained dense ceramics and investigating doping 
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effects [114,144–154]. Thus, it is a good reference material to bring to light different routes to 

obtain transparent fine-grained alumina. Best results of 9 selected studies have been 

summarized in Table 1.  

A quick observation at the optimized parameters by different authors confirms that there 

are multiple ways to sinter alumina to transparency (or at least high density). Chosen sintering 

temperatures vary from 800 – 1300°C, pressures from 80 MPa to 7.7 GPa while the resulting 

grain sizes are between 0.15 and 0.8 m and transparencies vary from 20% to 73%. Furthermore, it 

is clear that both, high and low heating rates can effectively be used to obtain dense ceramics.  

One of the most interesting conclusions was made by Krell et al[79], they found that it’s 

easier to obtain the closest ratio of powder particle size to sintered particle size when starting 

from particles sized 100 – 200 nm rather than finer nanoparticles.  

Table 1. Various results obtained from sintering TM-DAR powder. 
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Fig. 4. 
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1050°C for 1 h 

[114] 
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TM-DAR 
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60 min 
 

0.47 
80 at 
dwell 0.14 

20% at 
645 
nm 

in-line 

 [153] 
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2.4.6 Pre- and post-sintering treatments  

Occasionally, to reap the benefits of multiple sintering processes, pre- or post-sintering 

treatments are used. Here we will shortly discuss some more popular sintering routes used in 

combination with SPS.  

Sometimes pre-pressed green bodies are briefly sintered via classical pressureless 

sintering to make sure they are not as fragile to fall apart[79] before being introduced to the 

SPS die or other sintering setup. This type of pre-sintering is of course carried out at a 

temperature low enough to not cause any grain growth.  

The most used post-SPS thermal treatment for further densification is hot isostatic 

pressing (HIP). Whereas during SPS the sample is consolidated in one direction under low 

atmospheric pressure, HIP takes place in a heated homogenous high-pressure environment 

(usually argon at around 200 MPa[157]), aiding in the final stage of sintering and pore closure. 

While SPS provides direct and rapid heating, heating during HIP is usually slower (200 – 400 

°C/h) and the dwell time is longer (1 – 3h being common[157,158]). It has been suggested that 

HIP post-treatment is suitable for materials with small grains as intergrain pores can be 

eliminated, but not intragrain pores common to materials gone through Ostwald ripening[159 ].  

TM-DAR 
100 nm 

800°C 
N/A 

30 min 
0.15 7700 0 

71% at 
640 
nm 

in-line 

Belt, vacuum 
furnace 
Sample 

preparation 
process carried 
out at < 1 ppm 

humidity 

[149] 

TM-DAR 
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SPS at 1200°C 
100°C/min 

10 min 
 

HIP at 
1230°C, 3h 

0.24 SPS 80, 
HIP 198 

0 
73% at 

633 
nm 

SPS + removing 
carbon 

10h@800°C+ 
HIP 

Doped with 0.3 
wt% zirconia 

and spinel 

[155] 

TM-DAR 
200 nm 

1000°C 
10°C/min 

10 min 
0.2 500 <0.05 

64% at 
645 
nm 

Special WC-
graphite 

sintering die, 
sample Ø 5 mm 

[143] 

Super 
TM-DAR 
130 nm 

1000°C 
10°C/min 

20 min 

0.15-
0.25 400 0 

64% at 
645 
nm 

Special CFC-
graphite 

sintering die, 
sample Ø 10 

mm, annealed at 
900°C, 30 min 

[156] 
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Additionally, annealing in air at a temperature at least 100°C lower[160] than the origina l 

sintering temperature is popular to remove any residual stresses and lattice defects (mostly 

oxygen vacancies[35,161]) discoloring the sample. However, this treatment normally does not 

remove excess carbon in the volume of the sample due to the formation of CO/CO2 

bubbles[134].  

 

2.5  Physical properties of alumina and spinel 

In this chapter, the optical and luminescence properties of alumina and spinel are presented 

along with some thermochemical and physical characteristics.  

 

2.5.1 Scattering, transparency and translucency 

Firstly, it is important to define the difference between a transparent and a translucent 

material, polycrystalline birefringent alumina is used as an example. The difference between 

the two as well as the path of light through a polycrystalline material are shown in Figure 

12[111]. In the case of translucent alumina (Figure 12 A and A’), the diffuse transmission of 

light is high but the in-line transmission is low. These types of ceramics mostly have big grain 

sizes (20 µm in the case of A), scattering light at grain boundaries and pores (Figure 12 C), thus 

changing its direction inside the material. Polycrystalline alumina with smaller grain size (0.5 

µm in the case of B) can be considered transparent, as most of the light travels through them 

without changing its path (Figure 12 B’). The proposed[162] reason for this seemingly illogica l 

effect of larger-grained materials being less transparent lies in the fact that even the densest 

large-grained samples contain so many pores that every light beam hits at least one pore. In the 

case of small-grained materials, the pores are also smaller, so much so that many light beams 

A 

A’ 

B 

B’ 

C 

Figure 12. Translucent (A and A') and transparent (B and B') alumina. Path of light in a polycrystalline material (C). [111] 
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are able to pass through the material without hitting any pores. However, calculations[111 ] 

based on Mie theory have shown that even porosities as small as 0.1% are enough to deteriorate 

the transparency.  

Alumina and spinel can both be manufactured to be transparent in the range of 0.2 – 6.5 

µm[40,163]. The maximal theoretical transmittance values are those of the single crystals, 

about 85% for both, spinel[164] and alumina (sapphire)[165], see Figure 13. 

 

 

2.5.2 UV-Vis-NIR absorption and luminescence 

Even though optical absorption measurements (see examples in Figure 14) are not 

particularly interesting in the case of alumina, irradiation effects on it have been 

researched[166,167]. It has been confirmed[168] that the F centers have an optical absorption 

Figure 14. (A) Optical absorption spectra of alumina before and after irradiation with fast neurons to a dose of 4.4 x 1016 

cm-2 [166]; (B) proton irradiated [ ̅ ] α-Al2O3 to a dose of 3 x 1018 cm-2 absorption spectrums for curve A: � ∥ [ ], 
curve B: � ⊥ [ ], curve C: virgin crystal[167]. 

Figure 13. Transmittance of 2 mm thick sapphire, spinel and ALON. [165] 
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band at 6.0 eV (≈ 207 nm, and luminescence band at 3.0 eV≈413 nm), at the same time, F+ are 

linked to several symmetry-split absorption bands between 6 and 4 eV (6.3 eV≈197 nm, 5.4 

eV≈230 nm, 4.8 eV≈258 nm, 4.1 eV≈302 nm; and luminescence band at 3.8 eV≈326 nm)[168]. 

F+ and F centers, also called color centers, are anionic (in our materials oxygen) vacancies in 

the crystal lattice with respectively one or two trapped electrons[169], which composite 

absorption (V2-, V-, VOH-) can be observed at 3.0 eV (≈413 nm).  

Studies[168] have found that in the case of MgAl2O4 exposed to high temperatures in 

strongly reducing atmospheres, an additional defect, an electron trapped at an antisite Mg (FMg 

=����+ + −), is formed. These centers form because it is energetically favorable[168] for an 

anion vacancy to be located near a cation with a lower charge and bigger ionic size. The 

absorption properties for this complex center are similar to that of F+ center, with lower 

symmetry and optical transitions shifted to higher energies.  

Luminescence of Al2O3 has been studied to compare the effect of sintering boehmite 

versus gibbsite[170], see Figure 15. The authors found that the main luminescence bands are 

located at ∼5.03 eV(interband transitions), ∼4.42 eV(related to excitation density), ∼3.91 eV 

(F+-center) and ∼2.42 eV (interstitial Ali+), the main difference between the boehmite- and 

gibbsite-received ceramics being the intensities of interstitial and F center bands.     

Lushchik et al[171] have previously investigated the cathodoluminescence (CL) of 

complex oxides, their results on  α–Al2O3 and MgAl2O4 are presented in Figure 16 (A). They 

observed an intense emission at 5.8 eV which is either connected to self-trapped excitons or 

electron-hole recombination at intrinsic defects of spinel.   

Figure 15. Cathodoluminescence spectra of corundum obtained from (A) gibbsite and (B) boehmite. [170] 
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Radioluminescence (RL) of single crystals (Sc-Ver, Sc-Czo) and translucent/transparent 

polycrystalline (Cer-Trl, Cer-Trp) spinel was studied by Gritsyna et al[172] to explain 

radiation- induced electronic processes, see Figure 16 (B). They concluded that recombination 

of free electrons with holes captured at antisite defects results in RL at about 4.8 eV and the 

weak emission at 3.7 eV could be related to F+ centers in spinel or in microphases of Al2O3.  

A study of time- and energy-resolved photoluminescence properties of ,  and  

ultraporous alumina at has been carried out at cryogenic temperatures[173]. The 

photoluminescence of self-trapped excitons associated with singlet free exciton excitation were 

observed in , , and  polymorphs. A red shift of the fundamental absorption onset from 9.36 

eV () to 7.60 eV () and 6.85 eV () was observed. These results are in agreement with a 

theoretical study[174], which  predicted band gap narrowing in the order of >>, and a 

decrease of the density of structural defects on order >>. 

 

  

Figure 16. (A) cathodoluminescence of Al2O3(dashed line) and MgAl2O4(full line) at 9K[171]; (B) radioluminescence of 

MgAl2O4. 
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2.5.3 Physical and chemical characteristics 

 

Property Alumina Spinel 

Density (g/cm3) 3.987 [148] 3.58 [40] 

Melting point (°C) 2044 [175] 2135 [40] 

Enthalpy of formation (kJ/mol) - 1680 [176]  - 2300 [177] 

Dielectric constant 9.8 [178] 8.2 [40] 

Resistivity (Ω cm) >1014 [178] >1014 [40]  

Thermal conductivity (W/mK) 35 [178] 24.7 at RT[40] 

Hardness (kg/mm2) 1500 [179] 1400 [179] 

Fracture toughness (MPa√ ) 4 [178] 1.5 [40] 

Elastic modulus (GPa) 375 [178] 273 [40] 

Refractive index at 490 nm 1.775 [180] 1.736 [40] 

Refractive index at 660 nm 1.765 [180] 1.724 [40] 

Refractive index at 2 µm 1.737 [180] 1.702 [40] 
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2.6 Goals of the present study 

The goals of this study can be divided into three steps for both chosen materials: 1) 

obtaining fully dense ceramics, 2) obtaining transparent ceramics, 3) diminishing the grain size 

of transparent ceramics. Additionally, focus will be put on correlating precursor powder 

morphology and phase to the final properties of sintered ceramics.  

Firstly, we will sinter six different alumina powders of various phases and morphologies 

to see their effect on the final density and microstructure after sintering via identical cycles. To 

surely obtain transparency, a temperature slightly higher than commonly reported SPS dwell 

temperatures, 1450°C, is chosen based on previous experience of sintering -Al2O3. To improve 

the sinterability of low-temperature alumina polymorphs and obtain denser ceramics, LiF as a 

sintering aid will be tested. To minimize the grain size, sintering at pressures as high as 285 

MPa will be tested. Texturation analysis is carried out to see if this pressure is sufficient to 

create any preferred orientation in the sintered material.  

In the case of reactive sintering of spinel, we will compare the impregnation and polyol 

method for obtaining MgO to see which gives us consolidated ceramics with awaited properties. 

To inhibit the grain growth of spinel, doping the precursor powders with 0.5 and 1 wt% of 

Ta2O5 will be carried out. A commercial big-particle spinel powder will be used as a sintering 

reference.  

To obtain information on the structural defects present in sintered ceramics, luminescence 

analysis will be carried out on selected samples. Proton irradiation with a dose of 1017 p/cm2  

along with luminescence analysis will be used as a model to estimate the effect of irradiation.  

Finally, the benefits and drawbacks of used sintering conditions will be analyzed and we 

should know which sintering conditions should be applied to which precursor powders so that 

the resulting material is transparent and fine-grained. 
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3 Experimental 

techniques 

In this chapter, a brief overview of synthesis and characterization techniques will be 

given.  

3.1 Alumina monolith growth in climate chamber 

The growth of alumina monoliths in this work was carried out according to the patent[11] 

and article[52] published in CEA-CNRS and LSPM-CNRS. However, there is a new, more 

stable climate chamber (Weiss GmbH environmental engineering simulation systems, WK3-

180) in use for the process.      

Firstly, the climate chamber is set up, verifying sufficient deionized water level and 

environmental parameters (T=25°C, PH2O=80%). The chamber is then turned on as it takes 10 

– 15 minutes to reach desired conditions. At the same time, the cryostat and water flow for the 

cooling system at 23°C is turned on. The cooling radiator is kept 2°C lower than the set chamber 

temperature to further aid the cooling of aluminum plates oxidizing via an exothermic reaction.  

Figure 17. A: Glass stick-adhesive putty-aluminum plate setup; B: Alumina monolith growth in progress 

in the climate chamber. 
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In the meantime, the preparation of the aluminum plates for oxidation takes place in a 

fume hood. Firstly, 1 mm thick 99.999% purity laminated aluminum plates (5 x 5 cm, 

Goodfellow) are cleaned with acetone to remove any organic contamination from the surface. 

As the oxidation reaction of aluminum is exothermic, it is important to treat only a single side, 

in order to effectively remove heat by the other. For this reason, the aluminum plate is fixed to 

a glass tube by adhesive putty Patafix® (see Figure 17 A), helping to positon the aluminum 

plate exactly parallel to the level of treatment solution. The adhesive exhibits good adhesion 

with the aluminum and glass, and can be easily peeled off without leaving adhesive on the plate.  

The surface to be treated is firstly taken into contact with 10% sodium hydroxide solution 

for two minutes to dissolve the passive alumina layer that protects the metal (depassivation). 

Gas bubbles are observed on the plate; this corresponds to the release of hydrogen gas formed 

by the oxidation reaction of aluminum metal by the hydroxide ions. 

Al2O3 (s)  + 2 HO- → 2 AlO2 - + H2O    (1) 

2 Al (s) + HO-  + 2 H2O → 2 AlO2- + 3 H2   (2) 

After rinsing the treated surface with distilled water (without drying), the latter is next 

contacted with the amalgamation solution which is formed by mixture of equal volumes of a 

silver nitrate (2∙10-2 mol/L in 2 mol/L nitric acid) and mercury nitrate solutions (10-1 mol/L in 

2 mol/L nitric acid). The amalgamation is carried out in an acidic medium to prevent the 

precipitation of mercury oxide. The duration of this treatment is 3 minutes, during which 

mercury and silver deposition on the perimeter of the plate is then observed.  

2 Al (s) + 3Hg 2+ → 2 Al 3+ + 3 Hg (s)    (3) 

Al (s) + 3Ag + → Al 3+ + 3 Ag(s)      (4) 

After amalgamation, the plate is rinsed with water, then dried. Rinsing the passivated 

surface with distilled water will react with aluminum in developing a non-passivating alumina 

layer. It must be quickly attached to the radiator, because the oxidation reaction starts 

immediately after drying. The monolith begins grow perpendicularly to the surface of the plate 

(see Figure 17 B). 

Al(s) + 3 H2O → Al(OH)3 (s) + 3/2 H2 (g)    (5) 



 

 49 

The growth rate of the ultraporous aluminum hydroxide monolith in the described 

conditions is about 1 cm/h, which is equal to 0.5 g. Generally, 2 – 3 aluminum plates are 

prepared during the same experiment, allowing us to yield 12 g of Al(OH)3 per 8-hour 

experiment, resulting in about 7 g of �-Al2O3 after calcination.  

 

3.2 Polyol synthesis of MgO 

The choice of precursors and concentrations was based on reference [50]. Firstly, 0.1 mol 

of alpha-Al2O3 was dispersed in 250 ml of EG. The solution was then subjected to ultrasonic 

treatment at an amplitude of 30% for 5 min to break any big agglomerates of alumina. Then, 

0.1 mol of magnesium acetate ((CH3COO)2Mg•4H2O) and 0.03 mol of PVP (poly) were added 

to the mixture. The blend was then heated under constant stirring at 197°C for 2h (see set-up in 

Figure 18).  

The received mixture was centrifuged and washed multiple times with ethanol and water 

to remove physisorbed PVP and EG. The MgO precursor was then left to dry at 80°C for 2h in 

air. A sample of this powder was kept for characterization. The MgO precursor was then 

calcined at 600°C for 2h in air to form stable MgO in the presence of Al2O3. This modified 

polyol synthesis yielded 1 g of MgO after calcination and a total of 3.5 g of oxide powder. 
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3.3 Doping alumina with MgO via impregnation 

The synthesis of MgAl2O4 via doping in cycles with Mg(NO3)2 water solution was first 

mentioned in the PhD thesis of T. di Costanzo in 2001[54]. In this work, they used Mg 

precursor’s water solution with concentration 3.0 mol/L, while in this work we used the 

maximum water solubility concentration, 1.5 mol/L. We started with 2 g of well-ground alpha-

Figure 18. Polyol synthesis in progress in the fume hood. 

Figure 19. A: A big alpha-alumina crystallite covered by forming small magnesia crystallites after calcination at 800°C 

for 4h. B: Spinel crystallites formed after 7 days at 1000°C.[54] 
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Al2O3 powder received by calcining the monolith and added a fixed volume (1.55 ml) of nitrate 

solution to receive a paste with viscosity similar to toothpaste. This viscosity was chosen to 

avoid the loss of Mg-precursor due to excess liquid while having a homogeneous distribution 

of the precursor. After adding the liquid Mg-precursor to the alumina powder and mixing well, 

the paste was calcined at 500°C for 30 min in air to evaporate the liquid and form MgO. To 

achieve stoichiometric 1:1 ratio of Al2O3 and MgO inherent to MgAl2O4 spinel, 9 doping cycles 

were necessary, making the duration of the whole process to be 5 days.  

This doping method was chosen to compare to the classical polyol synthesis because the 

reported first results from the PhD thesis[54] showed two interesting trends. Firstly, 

conventional pressureless sintering is not efficient in transferring the whole volume of the 

sample to spinel phase. It was shown that even after a whole week of sintering at 1000 °C, the 

XRD patterns still include peaks characteristic to all three crystallographic phases. Secondly, 

TEM investigation of the sintered powder showed that 250 – 300 nm alumina crystallite s 

formed spinel with crystallites measuring 50 – 100 nm in size (see Figure 19).  

 

3.4 Spark plasma sintering 

The main sintering method used in this work is spark plasma sintering (SPS). Dr. Sinter 

LAB Series SPS-515S (Fuji Electronic Industrial, Japan) SPS system located in CNRS-ICMPE 

(Thiais, France) was employed with dies sized 15 mm in diameter. This system allows us to 

use sintering temperatures up to 2000°C, pressing force up to 50 kN (~292 MPa for a ∅ 15 mm 

sample) while measuring the displacement and its’ ratio during the sintering process. We used 

two types of sample dies, depending on the applied pressure: standard graphite mold was used 

for pressures up to 100 MPa (quality 2334 Mersen) and graphite composite mold (quality 

CX31V Toyo Tenso) was used for higher pressures. The molds were loaded with 1.2 – 2 g of 

powder, depending on powder density. After sintering, the received pellets had a thickness of 

about 3 mm. Since used sintering temperatures were > 1000°C, the sample die was wrapped in 

carbon felt to suppress heat radiation from the sample. 

In our experiments, the pulse pattern of the SPS system was kept at the recommended 

standard 12:2 (on-off, pulse duration 3.4 ms). Sintering was carried out in primary vacuum of 

20 – 60 Pa. Temperature was measured by an optical pyrometer (CHINO IR-AH) focused on 
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an area of the sample die not covered by carbon felt (see prepared sample positioned in the 

sintering chamber in Figure 20). It is known from previous set-up calibration tests that the 

optical pyrometer will read the temperature to be about 50°C higher than the thermocouple. In 

this work we present all values as programmed into and read from the sintering system, this 

difference will be taken into account when comparing to results of other authors.  

The system is composed of 3 columns (see Figure 21): I – sample chamber with mounted 

pyrometer and gas valves; II – temperature programming and displacement, current, voltage 

vacuum reading; and III – pressure programming and data visualization.  

 

Figure 21. SPS system and sample placement, sample at high temperature. 

Figure 20. SPS sample ready to be sintered. 
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3.5 Hot isostatic pressing 

Hot isostatic pressing (HIP) was used in this work as a post-SPS densification method. 

The benefit of using HIP in addition to SPS is its isostatic pressure application via gas, allowing 

to help densify the samples in directions other than uniaxial SPS and close small intergra in 

pores.  

The HIP (Nova Swiss, see Figure 22) used in this work allows us to use pressure from 

0.5 – 400 MPa, temperature up to 1450°C, maximum heating rate 15°C/min, cooling rate 

50°C/min and dwell time 1 – 3 hours. We used argon as the pressurizing gas with pressure 

application rate 25 MPa/min and target pressure of 200 MPa, heating rate 15°C/min and the 

temperature dwell was set at 1250°C during 3 h.  

 

 

3.6 Polishing sintered ceramics 

Polishing hard ceramic materials demands proper equipment and good procedure, using 

classical sandpapers is out of the question.  

Figure 22. HIP in LSPM. 



 

 54 

We used polishing discs and diamond liquids provided by Struers S.A.S (France) and 

diamond pastes provided by Escil (France). Using a ready-made diamond polishing solution or 

diamond paste with a polishing solution (Struers DP-Blue) for lubrication is up to user’s choice.  

The protocol used for grinding and polishing one side of the ceramic: 

1. Struers MD Piano 220; 300 rpm; 15 min 

2. Struers MD Piano 1200; 150 rpm; 15 min 

3. Struers MD Plan 9 m + 9 m diamond liquid/10 m diamond paste; 150 rpm; 30 min 

4. Struers MD Dac 3 m + 3 m diamond liquid/paste ; 150 rpm; 30 min 

5. Struers MD Nap 1 m + 1 m diamond liquid/paste; 150 rpm; 30 min 

6. Struers MD Chem + ¼ m diamond paste; 150 rpm; 30 min 

It should be noted that the duration of grinding steps 1-2 depends heavily on desired 

final thickness of the sample.  

 

3.7 X-ray diffraction and pattern analysis with Maud 

X-ray diffraction provides information on the crystallographic structure of the materia l, 

following Bragg’s law:  sin � = �; where d is the inter-plane distance of atoms, �is the 

scattering angle,  is the integer representing the order of the diffraction peak and � is the X-

ray wavelength. More practically however, Rietveld refinement[181], developed by Hugo 

Rietveld in late 60s, is used to determine various phase parameters from measured XRD 

patterns. The Rietveld method uses least squares approach to refine a theoretical line’s 

properties (setup details, background, crystalline phase percentages, lattice parameters, 

crystallite sizes, residual stresses, etc) until it matches the experimental profile. Nowadays, this 

refinement is carried out via a computer program, we have chosen the MAUD (Maud, Materials 

Analysis Using Diffraction) developed by Luca Lutterotti and co-authors[182]. To identify the 

phases present in the materials, the full profile search match using the Crystallography Open 

Database (COD)[183], also developed by Lutterotti, was used. The following COD[184] phase 

files were used for Rietveld refinements via Maud: alpha-alumina (#1000032, corundum, 

Al2O3); periclase (#9006485, MgO); spinel (#9007116, MgAl2O4).  
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X-ray diffraction pattern measurements were carried out on INEL (France) EQUINOX 

1000[185] diffractometer (see Figure 23) with Cu K� irradiation, acquisition in real time over 

110° 2θ (omega was kept at 6°). Although this benchtop diffractometer allows us to see the 

diffractogram in some seconds, our measurements were collected during minimum of 2 hours 

to improve the signal to noise ratio. Sample preparation for powders and sintered ceramics was 

the following: the powders were set into a small cuvette and mixed with ethanol to form a paste, 

the ceramic pellets were fixed on the sample holder.  

 

3.8 X-ray texture analysis 

Texture, coherent domain sizes and shapes, microstrains, and structural variations were 

also investigated by XRD. Below is the description of the process and analysis carried in 

collaboration with Daniel Chateigner and Yassine El Mendili at Normandie Université, 

CRISMAT-ENSICAEN, IUT-Caen, Université de Caen Normandie (Caen, France). 

 We used a four-circle diffractometer setup equipped with a Curved Position Sensitive 

detector (S120 by INEL SA, France), using the monochromatized CuKα average radiation[186 ]. 

Data were analyzed within the combined analysis formalism[187] implemented in the MAUD 

software[188]. This methodology allows the quantitative texture determination of the samples, 

using a cyclic Rietveld refinement of a series of X-ray patterns measured at different sample 

orientations. It is then possible to determine other sample features like structure, residual 

Figure 23. INEL EQUINOX 1000 diffractometer. [185] 
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stresses, crystallite size and microdistortions, phases, ... We measured 2θ patterns using a 

regular 5° ×5° grid in tilt and azimuth angles (χ and ϕ respectively) with 0°≤ χ ≤55° and 0°≤ 

ϕ ≤ 355°. It resulted in 864 diagrams, each one exhibiting more than 4000 measured points. We 

used an incident angle of the X-ray beam on the sample plane of ω = 20°, approximate ly 

centered on the main Bragg peaks range for the phases of concerns, to reduce, on an average, 

the blind areas on these peaks [187].  

During refinements, the used unit-cell definition of corundum is the � ̅ : � space group, 

Crystallography Open Database n° 1000017[184]. Crystallite sizes, shapes, and microstrains 

were refined within the Rietveld cycles using the Popa description[189]. We estimate that our 

X-ray Combined Analysis setup probed several millions of crystallites. The instrument 

contributions (χ and ϕ broadenings, peak shapes, zero-shifts, line shapes, etc.) were calibrated 

using the 660b LaB6 powder standard from National Institute of Standards and Technology. A 

counting time of 4 min for each sample orientation was used. 

 

3.9 Scanning electronic microscopy (SEM) 

In this work, Zeiss Gemini SUPRA 40VP (2007) SEM[190] (see Figure 24 A) was used 

to obtain secondary electron (SE) images of precursor powders and backscattered electron 

(BSE) images of consolidated ceramics, as well as to collect electron backscattering diffract ion 

(EBSD) data. The interactions of the primary electron beam with the specimen are shown in 

Figure 24. A: Zeiss Gemini Supra 40 VP FE-SEM. B: Detection of electrons in the SEM. [190] 
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Figure 24 B along with the position of the SE and BSE detectors. The benefit of this set-up is 

the possibility to measure samples in low vacuum (4 – 30 Pa), allowing to avoid covering 

translucent samples by carbon or platinum. Energy-dispersive X-ray spectroscopy (EDX) 

analyses were carried out on Leica S440 SEM.  

SE imaging was chosen to characterize the precursor powders because it gives the best 

topographical and morphological information[191]. Brightness of a point on the surface 

depends on the height of the respective sample point, a phenomenon known as edge effect, 

allowing more electrons to escape from higher points of the sample. The imaging was carried 

out at relatively low acceleration voltages of 3 – 5 kV, with the working distance between 4 

and 7 mm. 

BSE imaging was chosen to characterize the consolidated ceramics due to their high 

energy and elastic scattering from the specimen atoms. Since lighter elements backscatter 

electrons less strongly than heavy elements (higher atomic number = higher brightness), this 

detection provides information on the atomic weight as well as morphology[191,192]. The 

contrast of different local crystalline directions in a polycrystalline material arise from the BSE 

measurements due to either diffraction or channeling phenomena[191]. To achieve high enough 

contrast to differentiate crystalline grains, these measurements were carried out at 15 – 20 kV, 

with the working distances between 4 and 6 mm.  

In the case of EBSD measurements, the sample is tilted for the diffracted electrons to 

create a pattern. Analogically to characterization by XRD, the Bragg’s law applies to BSEs, 

diffracting the incident electron beam, and resulting in a diagram obtained by 

reflection[191,193]. The drawback of this method is a long data collection and indexing time.  

EDX measurements are based on ionizing the atoms of the specimen by the primary 

electron beam, generating holes in the core shells followed by electrons from outer shells filling 

these holes, thus emitting X-ray fluorescence lines.     

In any type of SEM imaging of insulating materials, one should be aware of charging 

effects.   
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3.10 Gas pycnometry 

Micromeritics AccuPyc II 1340 pycnometer (see Figure 25[194]) equipped with a 10 cm3 

sample cell was used for all density measurements. The challenge in measuring density lies in 

accurate determination of the sample volume, the pycnometer uses inert gas displacement (in 

our set-up He) to do so. 

A sample with known weight is enclosed to the instrument chamber and sample cell with 

a known volume, then a known volume of gas is guided to the sample chamber (step one, 

opening valve a) and expanded into a second precision chamber as equilibrium is reached (step 

2 and 3, opening valve b). Equilibrium will also be reached in comparison to the second 

chamber (step 4). The pressures measured while filling the sample chamber and later emptying 

it into the second chamber are then used to calculate the volume of the sample’s solid phase, 

which is then divided by the given sample mass (step 5). Finally, the pressure is vented off to 

atmosphere via valve c (step 6).  

3.11 Transparency measurements 

Discussing transmittance of polycrystalline ceramics includes the real in-line transmiss ion 

combined with the diffuse transmission. While the latter is normally measured using an 

integrating sphere, measuring real in-line transmission requires a distance of 60 to 100 cm 

between the sample and detector to minimize the collection of diffuse scattered light.  

Absorption of light in a material is characterized by the Beer-Lambert-Bouguer law: 

 � = � ∙ ∙ , where �  is the absorptivity coefficient, b is the path length and c the analyte 

concentration. Practically, the transmittance (T) of a solid sample is normally measured by a 

Figure 25. Measuring density with the Micromeritics pycnometer. [194] 
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UV-Vis spectrophotometer and the absorption coefficient � is calculated using the following 

relation: � = ln %�� , where d is the thickness of the sample.   

The transmittance of the samples was measured using a SAFAS UVmc1 spectrophotometer 

(SAFAS, Monaco) by placing a 5 mm pinhole before the sample and positioning the sample 

about 1 cm from the detector. The pinhole was used to help narrow down the measuremen t 

area. Alternatively, to study the absorption of spinel ceramics, PerkinElmer Lambda 35 

spectrometer was used in collaboration with Moustapha Zaghrioui at IUT of Blois. This change 

was made due to better sensitivity.   

 

3.12 Cathodoluminescence measurements and proton bombarding 

Cathodoluminescence (CL) measurements were carried in collaboration with Eduard 

Feldbach at the Institute of Physics, University of Tartu (Tartu, Estonia). The CL setup[195] is 

equipped with a vacuum cryostat (5–400 K) and two monochromators covering spectral range 

from NIR (~1700 nm) to VUV (~110 nm). An ARC SpectraPro 2300i monochromator with 

various gratings and detectors or a self-made vacuum double monochromator with a 

Hamamatsu photomultiplier R6836 can be used. Both, steady and pulse (10 ns, 5 kHz) mode 

can be used for the electron gun (Kimball Physics EGG-3101). Luminescence kinetics (decay 

curves) can be detected by the Becker&Hickl MSA-300. To avoid surface charging under 

electron beam excitation, 3-nm Pt films were deposited on all samples. 

Proton bombarding was chosen to investigate the effects of irradiation on the materia l. 

KIIA 500 kV ion implanter at the University of Helsinki was utilized in collaboration with 

Eduard Feldbach and Jyrki Räisänen. The chosen samples were irradiated by a 200 keV 

molecular hydrogen beam, corresponding to 100 keV protons. The molecular beam was chosen 

to shorten the irradiation time due to higher beam flux. 1017 protons/cm2 was chosen as the goal 

fluence, corresponding to about 0.5 dpa and achievable in about 8h. 
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4 Alumina ceramics 

 

The goal of this first part of the PhD project is to assess the suitability of various alumina 

precursor powders to produce dense, translucent and fine-structured ceramics. Additional focus 

is put on the differences emerging from the morphology and phase of said precursors to 

determine which would be most suitable as a base material to later obtain spinel phase by 

addition of magnesia.  

To characterize the differences between the chosen precursor powders, each powder is 

sintered by a long (93 min) cycle with slow heating rate and a short (38 min) cycle with a high 

heating rate, followed by modifications in pressure and temperature for chosen precursors. 

During sintering, along with the temperature, the pressure and the displacement, the 

displacement ratio, the applied voltage, the applied current and the vacuum are registered to 

obtain the maximal information on the sample conditions at each moment.    

This type of precursor powder comparison is of high importance since it opposes and 

adds to the almost standard way of SPS research of choosing one precursor powder and 

optimizing the sintering cycle, thus giving more details about the commonly known importance 

of precursor powder morphology and particle size.  

In this chapter, results on sintering alumina ceramics will be presented. Firstly, the six 

different precursor powders for sintering are introduced and their morphology and crystalline 

phase characterized by SEM and XRD. Next, the sintering cycles carried out on these powders 

are described in detail. The overview of the results begins with a summarizing the sintering 

conditions and properties of resulting condensed ceramics in Table 2. The resulting 

crystallographic phase of the samples is presented next followed by a detailed description and 

discussion of the resulting morphology and grain size of each sample. Next, the transmittance 

of translucent samples is briefly discussed trailed by XRD and EBSD texturation studies and 

HIP post-densification tests. Finally, the absorption and luminescence of characteristic samples 

are investigated and the chapter is concluded by a summary of alumina ceramics.  
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4.1 Characterization of powders 

 

P1 P2 

P4 

P5 P6 

P3 

Figure 26. SEM micrographs of alumina powders used for sintering. 
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In this work, six different Al2O3 powders were used for sintering. The morphology of the 

powders is shown in Figure 26 and Figure 27 shows the XRD patterns. The suppliers provided 

us with the following information for each powder: P1 powder (70% δ-Al2O3 30% γ-Al2O3, 

crystallite size 40-50 nm, Alfa Aesar), P2 powder (γ-Al2O3, TEM crystallite size 50 nm, Sigma 

Aldrich), P3 powder (boehmite, Sasol GmbH), P4 powder (Sasol GmbH boehmite exposed to 

30-minute ultrasonic (US) deagglomeration in acetone at 40% amplitude), P5 powder (Sasol 

GmbH boehmite calcined to α-Al2O3 via a 4-hour heat treatment at 1400°C). P6 is ultraporous 

alumina - UPA - elaborated by an original patented process [11,52] at the LSPM CNRS 

laboratory and calcined to α-Al2O3 via a 4-hour treatment at 1400°C. 

The SEM micrograph of P1 shows a loosely agglomerated fine-grained powder consisting 

of micrometric particle clumps while simultaneously demonstrating crystallites smaller than 10 

nm. The XRD pattern shows peaks corresponding to both, - and - Al2O3, thus confirming the 

information of the supplier. P2 consists of clumps of fine nanometric crystallites in combination 

with clearly formed spherical particles in the size of 45 – 150 µm and the XRD shows the 

presence of mostly γ-Al2O3 with a couple of peaks hinting to a remaining low concentration of 

Figure 27. Characteristic XRD patterns of alumina powders. �,  and  denote the respective alumina 

polymorphs and B denotes boehmite phase.  
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-Al2O3. P3 and P4 are both of boehmite phase, the SEM and XRD analysis shows no 

significant difference before (P3) and after (P4) the US treatment. In both cases, big clumps of 

powder aggregates are visible in addition to clearly formed almost spherical smaller particles. 

Judging by the SEM micrograph of P4, the US treatment seems to have deagglomerated a big 

clump of powder into finer particles of 1 – 10 µm (see bottom left of the micrograph). The SEM 

micrograph of P5 shows that the calcination of boehmite at high temperature to obtain pure α-

Al2O3 results in hard sintered porous particles of 2 – 8 µm consisting of crystallites in the size 

of about 0.5 µm. Contrary to the almost identical XRD patterns of P5 and P6, the SEM 

micrograph of UPA calcined to α-Al2O3 phase (P6) shows a fine morphology, consisting of 

somewhat interconnected slightly elongated crystallites of 0.2 – 0.8 µm in size. The general 

morphology of the powder remains monolithic. It should also be noted that whereas the 

crystallites of P5 are firmly sintered together, the crystallites of P6 are connected by a couple 

of sintered necks.  

Powders P1 and P6 have the most homogenous morphology out of the investigated powders.  

 

4.2 Sintering and resulting microstructure 

The sintering conditions used in this work were designed taking into account the team’s 

previous experience in sintering UPA in gamma phase[121]. Two types of sintering cycles, 

long and short (see Figure 28), were carried out at 1450°C with pressures varying from 80 MPa 

to 285 MPa. In the beginning of each sintering cycle, an additional 10-minute dwell at 600°C 

was carried out to evaporate any water absorbed into the powders. All cooling rates were kept 

constant at 100°C/min.   

Figure 28. Long (left) and short (right) sintering cycles. 
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In the case of long sintering cycles designed to obtain maximum density, the sample was 

heated with a rate of 100°C/min until 1100°C and heating rate 10°C/min was employed to reach 

the dwell temperature. The pressure was applied (about 15 MPa/min) at the end of 600°C dwell 

and kept constant throughout heating and main dwell. An additional 10-minute dwell at 1150°C 

was carried out after releasing the pressure (about 30 MPa/min) to allow the sample to free 

from constraints/stresses brought on by high pressure. Generally, 80 MPa was used as sintering 

pressure for the long cycle, additionally the effect of 200 MPa was tested.  

For short sintering cycles designed to make use of the high heating power of SPS and 

hinder the grain growth, the heating rate was kept constant at 100°C/min and the temperature 

dwell was kept at 3 minutes. The pressure dwell matched the 3-minute temperature dwell, 

applying and releasing rate was kept constant at about 20 MPa/min. Generally, 100 MPa was 

used as sintering pressure for the short cycle, additionally, the maximum 50 kN≈285 MPa was 

tested.  

Due to high chosen sintering temperature (1350°C – 1450°C), all sintered ceramics were 

monophasic alpha alumina (see Figure 29 and Figure 30). For samples A1 – A8, the ceramics’ 

cell parameters were calculated using Rietveld refinement via MAUD to see the variations due 

to sintering and difference in starting powder, since the variations were not very significant at 

maximum 0.0098 Å for a and 0.0316 Å for c, thus the cell parameters of the rest of the samples 

were not evaluated. All sintering conditions and results are summarized in Table 2. Our 

evaluations of α-Al2O3 ceramics’ cell parameters are slightly smaller than standard hexagona l 

unit cell’s parameters (aH=4.759 Å, cH=12.991 Å [196]) most likely due to 80-285 MPa pressure 

used during sintering, even though α-Al2O3 is known to be only 9% compressible at 300 kbar 

[197].  
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Table 2. Sintering conditions and properties of resulting consolidated aluminas. 

Sample 
Sintering 

cycle 
Density 

(%) 
Lattice 

parameters (Å) 

Grain 
size 
(µm) 

Transmittance 
at 650 nm 

(%) 

Powder/ 
comments 

A1 

Long, 
1450°C 
80 MPa 

95.8(1) = .  = .  
3.3(1) - P1 

A2 98.0(3) = .  = .  
4.9(2) 7.8 P2 

A3 94.7(1) = .  = .  
24(1) - P4 

A4 94.2(7) = .  = .  
7.5(3) - P3 

A5 94.1(3) = .  = .  
6.3(2) - P5 

A6 98.4(7) = .  = .  
16(1) 7.5 P6 

A7 
Long, 
1450°C 

200 MPa 
97.4(2) = .  = .  

12.3(6) - P6 

A8 
Short, 
1450°C 

285 MPa 
96.6(1) = .  = .  

1.3(1) 21.3 P6 

A9 
Short, 
1450°C 

285 MPa 
98.6(1)  23.8(8) 35.5*/3.0** 

P6 
Pre-pressing 

at 4t 

A10 
Short, 
1350°C 

100 MPa 
89.3(1)  - - P3 

A11 
Short, 
1350°C 

100 MPa 
97.5(1)  - - P5 

A12 
Short, 
1450°C 

100 MPa 
98.9(8)  11.7(4) - 

P3 + 1 wt% 
LiF 

A13 
Short, 
1450°C 

100 MPa 
-  - - P5 + 1 wt% 

LiF 

A14 
Long, 
1450°C 

200 MPa 
99.4(3)  6.5(3) - P3 

A15 
Short, 
1450°C 

100 MPa 
97.4(2)  2.9(1) - P6 

A16 
Short, 
1450°C 

100 MPa 
97.4(4)  7.0(2) - P5 

A17 
Short, 
1450°C 

100 MPa 
92.8(1)  5.4(4) - P2 

A18 
Short, 
1450°C 

100 MPa 
96.3(1)  8.7(2) - P1 

A19 
Short, 
1450°C 

285 MPa 
95.5(1)  2.3(1) - P2 

* 

** 

Measured by Jasco V770 (in-line) 

Measured by Agilent Cary 5000 (with an integrating sphere) 
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Figure 30. XRD patterns of alumina sintered via the short cycle. 

 Figure 29. XRD patterns of alumina sintered via the long cycle. 
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The data collected during the sintering of A1 – A4 is presented in Figure 31. It can be 

seen that the curve of applied current is directly linked to the measured temperature, as the 

heating source in SPS is direct current.  

The displacement of the samples takes place in two steps, the first bigger change in 

sample position is observed as we start increasing the uniaxial pressure (at 660 s) and the second 

as we change the heating rate from 100°C/min to 10°C/min at 1100°C (at 960 s). Plotting the 

displacement ratio gives us an opportunity to quickly identify the moments where fast 

densification takes place. In the case of A2 and A3 we can clearly differentiate the densificat ion 

due to pressure application and due to change in heating rate. For A4, the last two are not very 

well separated in time.  

The peaks in vacuum data inform us that there is gas leaving the sample, allowing to 

predict possibly dangerous die explosions and providing information about water and additive 

Figure 31. SPS sintering data of A1 - A4. 
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evaporation from the sample. For samples A1 – A4, a peak in the vacuum value can be observed 

in the very beginning of the sintering cycle, when heating from room temperature to 600°C, 

and double peaks similar to those presented in displacement ratio are observed when raising the 

pressure and changing the heating rate.  
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Figure 32. SEM micrographs of A1-A4 (top to bottom) with the grain size distributions and optical images. 
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Figure 32 shows the morphology and grain size distribution of samples A1 – A4 with 

their optical photos. Sample A1, sintered via the long SPS cycle at 1450°C is of relatively low 

density (95.8%) and rather small, developing grain size (3.3 µm). A2 has a higher density and 

is translucent (see Figure 32), even though the only difference between the starting powders is 

the 70% δ-Al2O3 composition in A1 compared to the pure γ-Al2O3 phase of A2 powder. 

 Since sintering γ-Al2O3 via SPS is not very common, our best source of comparison is 

the work carried out in LSPM[121] on the SPS of 10 nm γ-Al2O3 obtained from UPA by 

calcining it at 1050°C. The average grain size of A2 is 4.9 µm, which is much bigger than the 

2 µm average grain size in the case of a sample sintered at identical conditions in the previous 

work[121]. The previously achieved full density is in the same range as the density achieved 

here for A2. The previously obtained ceramic from 10 nm γ-Al2O3 via the same sintering cycle 

showed no optical transparency, whereas A2 is translucent (see chapter Error! Reference 

source not found.). Additionally, it has been found[120] that seeding γ-Al2O3 with α-Al2O3 is 

necessary to produce dense ceramics via cold isostatic pressing (280 MPa, 30 min) followed by 

conventional sintering. The authors concluded that the inclusion of 1.5 wt% α-Al2O3 seeds 

provides a lot of nuclei for the formation of α-Al2O3 and thus diminishes the vermicular growth 

during the phase transformation, allowing to obtain full density ceramics at 1400°C during 100 

minutes, characterized by a grain size of 1.5 µm.   

Boehmite powders for samples A3 and A4 are set apart by a simple 30-minute US 

treatment in acetone. Although this leads to a small morphology difference in the SEM images, 

the ceramic sintered from US-treated boehmite has 3 times bigger (24 µm) average grain size 

and slightly higher final density, proving US-treatment a useful tool for increasing powders’ 

sinterability via deagglomeration of powder clumps and increasing reactivity. Like in the case 

of γ-Al2O3, boehmite SPS has not been a topic of interest, but has been used for sintering dense 

alumina ceramics with added α-Al2O3 seeds by Kwon and Messing[119]. The authors found 

that a mixture of 36 wt% boehmite and 64% 0.2 µm α-Al2O3 sinter at nearly identica l 

temperature with nearly identical shrinkage as the fine alumina alone, proving boehmite useful 

as a filler for expensive fine alumina.  
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The profiles of the SPS data collected for samples A5 – A8 are presented in Figure 33. 

A5 and A6 were sintered via the long cycle at 80 MPa and 1450°C, the pressure was raised to 

200 MPa for A7 and A8 was sintered via the short cycle at 285 MPa and 1450°C. While the 

profiles of the current, displacement, its ratio and vacuum of A5 – A7 are similar to the ones 

presented for A1 – A4, in the case of A8 sintered by the short cycle we can no longer 

differentiate between the densification due to pressure application and densification due to raise 

in temperature.   

Figure 33. SPS data for samples A5 - A8. 
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Figure 34. SEM micrographs of A5-A8 (top to bottom) with the grain size distributions. 
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A5-A8 (see SEM micrographs in Figure 34) were all sintered from α-Al2O3 powders, A5 

from calcined boehmite and the rest from calcined UPA. A5 was chosen as a comparison, since 

α-Al2O3 crystallites from UPA have an elongated rectangular shape (crystallite length 250-300 

nm, see [198]), remnant of the initial nanofibrous monolith. Unfortunately, the density of 

boehmite-received α-Al2O3 after sintering is only 94.1%, this is most likely due to the big 

agglomerate size of boehmite before calcination, creating hard sintered particles during 

calcination and needing more extreme sintering conditions for final densification via SPS. A6 

on the other hand has high density (98.4%) and transparency (see section 3.2), interestingly 

accompanied by morphology of big long crystallite grains (average length 16 µm). To try and 

repress the lengthening of the crystallites, A7 and A8 were sintered under higher pressure, 

which is known to aid suppressing grain growth[143]. In the case of A7, we left the temperature 

cycle identical and just changed the applied pressure from 80 MPa to 200 MPa. To further 

investigate the power of high pressure, a short, 3-minute dwell sintering cycle at 282 MPa 

(maximum for our setup) was applied to A8. Interestingly, while the density of A7 is higher 

than that of A8, one can notice multiple elongated pores in the SEM image of A7, hinting to 

different pore size distribution of the two samples. This is in line with the optical opacity of A7 

and translucency of A8, since optical absorption arises mostly from pores in the size range of 

the wavelength. Holding at high pressure for a long time (60 min) is thus counterproductive , 

leading to exaggerated grain growth and creation of closed pores characteristic to Ostwald 

ripening. Furthermore, the grain morphology of A8 is not elongated, proving the grain growth 

suppression abilities of higher pressure.  
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Figure 35 shows the SPS data of samples A9 – A12, all sintered via the short cycle, A9 

and A12 at 1450°C, A10 and A11 at 1350°C. The two pairs of samples demonstrate clearly 

different densification characterized by a narrow peak in densification ratio in the case of A9 

and A12 signifying rapid densification at the moment pressure was applied, while the 

densification of A10 and A11 is slower. In the case of A9, the rapid densification can be 

explained by higher applied pressure (285 MPa), while for A12 the reason was most likely the 

added LiF. Additionally, comparing the displacement and the displacement ratio of A8 (P6, 

short, 285 MPa) and A9 (P6, short, 285 MPa + pre-pressing), it can be seen that re-expansion 

after pressure release only takes place in the case of A8.  

  

Figure 35. SPS data of A9 - A12. 
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Figure 36. Morphology and grain size distribution of A9 - A12. 
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Figure 36 showcases the morphology and grain size distributions of A9 – A12. Sample 

A9 was sintered at identical conditions to A8, only differentiating factor being pre-pressing the 

powder in a stainless steel die at 4t to obtain the green body. This pre-pressing lead to a slightly 

denser sample with the grain size 18 times bigger than the directly sintered sample due to the 

increase in contact surface of the particles and thus resulted in exaggerated grain growth. This 

suggests that pre-pressing could be a useful tool to obtain denser green bodies and so soften 

sintering conditions. A10 and A11 were sintered via the short cycle at 1350°C, because this 

temperature has previously been shown as a maximal temperature to avoid excessive grain 

growth in alpha alumina[199,200]. Unfortunately, for our boehmite and alpha alumina powders 

this temperature was not sufficient to successfully carry out recrystallization of the powder into 

fully consolidated powder.  

In the case of A10 (boehmite), big cracks have formed most likely due to the volume 

change accompanying the phase transfers and the final density reached only 89.3%. A11 (alpha 

alumina from boehmite) is much denser at 97.5% but a huge network of smaller pores can be 

observed via SEM. Wang et al[200] successfully used a very similar sintering tactic to fabricate 

AlF3 doped alumina. However, even their seemingly opaque pure alumina showed about 10% 

transmission (at 600 nm, collected over 65°), while alumina doped with 0.5 wt% AlF3 showed 

the worst transmission, <5% at 600 nm. To increase the sinterability, A12 was sintered from 

the boehmite powder doped with 1 wt% of LiF and the standard temperature of 1450°C, the 

slightly bimodal porous morphology will be compared with A13 sintered from �-Al2O3 in the 

next section. 
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The SPS data of samples A13 – A16 is presented in Figure 37. Compared to A12, the 

effect of LiF evaporation is more clearly visible during the temperature dwell of A13. 

Additionally, the majority of densification happens at the moment of pressure application in the 

case of A12 but lasts into the dwell for A13. The greater densification at pressure application 

can be explained by the lower density of the boehmite powder compared to �-Al2O3. The 

profiles of A14 follow those previously seen in the case of long sintering cycles and the 

compacting effect of higher pressure (200 MPa) is evidenced by big displacement and re-

expansion after pressure release. Samples A15 (P6) and A16 (P5) are both sintered from �-

Al2O3 and have identical densities. However, it can be seen from the displacement ratio profiles 

that in the case of A16, the majority of the densification takes place upon reaching the dwell 

pressure and temperature, whereas for A15, the densification is practically finished by this 

point. This can be explained by the more homogeneous particle size and morphology of P6.  

 

Figure 37. SPS data of samples A13 - A16. 
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Figure 38. Morphology and grain size distribution of A13 - A16. 
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While A12 was sintered from the boehmite powder doped with 1 wt% of LiF, A13 (see 

Figure 38) was sintered from the boehmite powder calcined to alpha phase via the same short 

cycle at 1450°C. The hardness of these samples was so low that after only 5 minutes of grinding, 

the sample lost a lot of thickness, making an exact estimation of density difficult. Comparing 

the microstructures of A12 and A13, it is clear that A12 shows developing elongated grains  

alongside small grains, thus heading toward bimodal grain size distribution, while A13 shows 

the formation of first small grains along with darker islands on the BSE micrograph, hinting to 

the presence of a second phase. Thus, it seems that doping with LiF has a more beneficial effect 

on the sinterability when added to boehmite. Keeping in mind the applications of materials 

studied in this work, further research into LiF was stopped due to the greatly lowered hardness 

of the samples.  

A14 was sintered via the long high-pressure cycle to compare the sinterability of alpha-

alumina (UPA, A7) and boehmite. While the density of A14 is higher (99.4%) than A7’s 

(97.4%) and grain size almost two times smaller (6.5 vs 12.3 µm), the optical quality of the 

sample is worse. This is most likely due to pore and dislocation creations related to the multip le 

phase transfers from boehmite to corundum and the less uniform morphology of boehmite, 

being more resistant to Ostwald ripening under high pressure. A15 was sintered via the short 

cycle in the hopes of obtaining a translucent sample like in the case of the same powder sintered 

via the long cycle (A6), while inhibiting the rapid grain growth. However, the gray appearance 

and relatively low final density of the sample leads us to believe that the dwell time was cut too 

short to achieve this goal. A16 was sintered from pure boehmite-derived �-Al2O3 (P5) to 

compare with LiF-doped A13 (P5 + LiF) and A15 derived from �-UPA (P6). Compared to 

A13, A16 has more developed grains and higher density, identical to that of A15 at 97.4%. The 

grain size of A15 is 2.9 µm, while that of A16 reaches 7.0 µm, proving the importance of small 

and homogeneous particle size of the precursor powder to inhibit excessive grain growth. 

Additionally, the amount of bigger, about 1.5 µm pores is higher in the case of A16, while A15 

mostly shows pores sized about 0.5 µm, explaining the difference in the optical quality of the 

samples.  
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Figure 39 showcases the SPS data profiles for samples A17 – A19, all in line with data 

shown for previous samples. Comparing the effect of the short (A17) and long cycle (A2) on 

P2, the densifications due to pressure and temperature are inversed. For A2, the first 

densification due to pressure application is much smaller than the second densification due to 

the change in heating rate. In the case of A17, the densification due to pressure application is 

greater, followed by a second densification due to raise in temperature until about 1200°C, 

which is known to be the temperature for the transition into �-Al2O3 phase. This point of phase 

transfer is not identifiable for A2. An analogical pair of samples are A18 (short) and A1 (long), 

sintered from a mixture of delta and gamma phases. Once again, the phase transfer into �-Al2O3 

can be estimated from the displacement ratio profile of A18 to take place at around 1200°C. 

A19 was sintered via the short high-pressure cycle like A8, showing greater displacement due 

to the phase transfer from -Al2O3 to �-Al2O3. 

  

Figure 39. SPS data of samples A17 - A19. 
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Short cycle counterparts were also sintered to A1 (A18) and A2 (A17, see Figure 40). 

The unexpected discoloration of A17 might be due to the presence of local high 

currents/temperatures. Both of these samples are opaque with respective densities of 96.3% and 

92.8%. This result is somewhat surprising, taking into account that A2 is denser than A1, 

leading us to believe that the mixed delta/gamma-alumina phase densifies faster than the pure 

gamma-alumina in the beginning of the cycle (or during the short cycle) but then densificat ion 

slows down. A19 was sintered via the short high-pressure cycle to obtain as good optical quality 

Figure 40. Morphology and grain size distributions of A17 - A19. 
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as A2 while keeping the grain size small. However, the optical image and SEM micrograph 

reveal a high concentration of pores in the material, hinting to exaggerated grain and pore 

growth characteristic to Ostwald ripening brought on by too high sintering temperature. This is 

confirmed by a low final density of 95.5%. However, the high sintering pressure allowed us to 

decrease the grain size of A19 to 2.3 µm compared to the 4.9 µm of A2. 

In conclusion, the highest condensed ceramic density (96.3%) when starting from a delta-

gamma alumina precursor (P1) was achieved via the short cycle at 1450°C (A18) with 

characteristic by grain size of 8.7 µm. In the case of P2 (pure gamma alumina), the highes t 

density (98.0 %) was reached via the long cycle at 1450°C (A2), exhibiting grain size of 4.9 

µm and transmittance of 7.8% at 650 nm. In the case of boehmite powder (P3), the most 

successful sintering cycle was the long cycle at 1450°C and 200 MPa (A14), allowing us to 

obtain a relative density of 99.4% and grain size of 6.5 µm. However, despite the high relative 

density, A14 is white in appearance, most probably due to the presence of big, micrometr ic 

pores in the material. Ultrasonification of the boehmite powder (P4) lead us to obtain slightly 

higher density sample (A3) than untreated boehmite with 3.2 times bigger grain size of 24 µm. 

In the case of �-Al2O3 obtained from the boehmite powder (P5), we obtained the best results 

via the short cycles at 100 MPa, proving the need of higher pressure to further densify 

crystallites already sintered together during the calcination. For �-Al2O3 obtained from UPA 

(P6), the highest density (98.6%) was reached via the short cycle at 1450°C and 285 MPa with 

pre-pressing (A9). However, the grain size of A9 was 18 times bigger than that of A8 obtained 

by the same cycle with no pre-treatment, which showed 2% lower density and simila r 

transparency.  
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4.3 Optical transmission 

Samples with enough transparency for optical measurements were A2 obtained from -

Al2O3 precursor via the long cycle at 1450°C, A6 obtained from the UPA-derived �-Al2O3 via 

the long cycle at 1450°C, and A8 obtained from the same precursor via the short cycle at 1450°C 

and 285 MPa. The transmission spectra of these samples are presented in Figure 41. The 

transparency of the samples decreases in the following order: A8 > A2 > A6. However, it should 

be noted that the thickness of the sample is 0.8 mm in the case of A2 and A8, but 1.1 mm in the 

case of A6. The consequences of this factor unveil when discussing the absorption coefficients 

in chapter 4.6.  

The best result for an alumina ceramic with high transparency but fine microstructure (1.3 

µm) was obtained by using UPA α-Al2O3 powder with a short sintering cycle at 284 MPa (A8). 

Similarly, raising the pressure to 500 MPa allowed Grasso et al [143] lower the sintering 

temperature to 950-1000°C  and almost totally suppress grain growth.   

 

Figure 41. Transmission of translucent samples A2, A6 and A8. 
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4.4 Texturation studies 

Two types of crystallographic texturation studies were carried out in this work to 

understand the effect of SPS to any preferential crystallographic orientation. Firstly, electron 

backscattering diffraction (EBSD) mapping on one translucent sample (A2) was carried out in 

LSPM. Secondly, XRD quantitative texture analysis was carried out on another translucent 

sample (A9) in CRISMAT-ENSICAEN by D. Chateigner. The drawback of both of these 

investigations is their extended length, thus we wished to establish if any specific texturat ion 

arises from SPS and if it should be a topic of further research.   

Figure 42 shows the results of EBSD mapping of A2 carried out to confirm the validity 

of measuring the ceramics’ grain sizes from SEM images and investigate the potential 

preferential orientation of the grains. EBSD analysis shows no preferential orientation of 

crystallites, meaning no strong texturation is created during the SPS process. The average grain 

size obtained from SEM micrographs (4.9(2) µm) is in agreement with the average grain size 

Figure 42. EBSD cartography of A2 and surface-averaged grain size from EBSD analysis. 
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of ~6 µm from EBSD analysis, taking into account the presence of grains with size >10 µm that 

were not visible in the SEM micrographs. Similarly, grains smaller than 500 nm are difficult to 

measure due to low contrast (see the grain boundaries overlapped to the SEM images on the 

right side of Figure 42). The somewhat scattered bigger grains (compare the areas surrounded 

by ovals and rectangles in the SE image) are most likely due to so-called ‘hot spots’ formation 

during SPS, where the current distribution localizes into a small area, creating local higher 

temperatures and even melting [201,202]. In comparing the crystallite orientation map with the 

SE image overlapped with the detected grain boundaries, we can conclude that the produced 

ceramic consists of monocrystalline grains, which are preferable for obtaining good optical 

properties.  

To go even further, XRD texturation study was carried out on A9 before and after 

annealing at 1000°C during 1h (heating and cooling rates 5°C/min) to relax strains. The 

texturation study was carried out with the help of a four-circle diffractometer equipped with a 

curved position sensitive detector, using the monochromatized CuKα average radiation. 2Θ 

diagrams using a regular 5° ×5° grid in tilt and azimuth angles (χ and ϕ respectively) with 0°≤ 

χ ≤55° and 0°≤ ϕ ≤ 355° were measured, resulting in 864 diagrams, each one exhibiting nearly 

4000 measured points. The sample reference frame is given by the SPS direction of pressure, 

PSPS, which corresponds to the centers of the pole figures (Z). We could not detect any residual 

strains within our experimental resolution, that is, the residual stresses, if existing, are estimated 

lower than 10 MPa. 

The pole figures for the {006} and {300} crystallographic directions of corundum (see 

Figure 43) are showing the preferred orientation stabilized in the two samples. Both samples 

As-received from SPS 

Post-annealing at 1000°C 

Figure 43.Quantitative texture analysis: {006} (left) and {300} (middle) pole figures and anisotropic mean crystallite shape 
(right, correct scale relative to each other) (right) for non-annealed(top) and annealed sample (bottom) obtained after OD 

refinement (linear density scale, equal area projection) 
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exhibit fiber texture with fiber axis corresponding to the mean c axis of the crystalline structure. 

The maxima of the OD (orientation distributions) are of 23.6 multiples of a random distribution 

(m.r.d.) for non-annealed and 29.1 m.r.d. annealed sample. The maxima in the {006} pole 

figures are of 2.9 m.r.d. and 3.9 m.r.d., respectively. After annealing, the averaged crystallite 

shape grows slightly, becoming rounder. The overall texture index and fraction of texture 

components were determined from the inverse pole figures in Figure 44, which are plotted for 

the main sample directions r (ND), x (RD) and y (TD). The overall texture strength index F2 of 

1.32 and 1.50 m.r.d.2, respectively, point toward a relatively moderate texture strength. Only 

one component of texture exists, counting for the whole volume, which can be compared 

favorably with the textures observed in corundum ceramics elaborated by other 

techniques[203]. The refinement converges to unit-cell parameters and atomic positions close 

to the usual values, with no significant variation between the two samples (see Table 3).  

Table 3. Refined parameters for the as-received A9 and after annealing at 1000°C. 

Sample 
OD min 
(m.r.d.) 

OD max 
(m.r.d.) 

F2 

(m.r.d.) 
Cell parameters 

(Å) 
Atomic position 

 

RT 

 
0 23.6 1.32 a=4.77105(5) 

c=13.0476(2) 

zAl=0.35223(3) 
xO=0.69762(5) 

 

1000°C 0 29.1 1.50 
a=4.78335(6) 
c=13.0571(2) 

zAl=0.35222(2) 
xO=0.69768(5) 

 

In conclusion, the XRD texture analysis shows mild texturation with aligned crystalline 

structure c-axis and the pressure axis of SPS. Upon annealing, the texturation increases slightly 

due to possible growth in the number of accumulated defects attempting to release energy, 

reinforcing the texture. Additionally, the mean crystallite size grows slightly and the shape of 

the crystallite becomes rounder upon annealing.  

Figure 44. Inverse pole figures for the main sample directions r (ND), x (RD) and y (TD). 
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Overall, according to these two case studies, the SPS does not create significant 

texturation in the resulting ceramics. However, EBSD is a useful tool for obtaining the grain 

size distribution of materials with grains smaller than a micron.  

 

4.5 HIP post-densification 

HIP post-densification was carried out on samples A1, A4, A10, A11, A17 and A18 in 

the hopes of improving their density and optical quality. These samples obtained from low-

temperature alumina polymorph precursors were chosen to test the post-densification power of 

HIP.  

The HIP dwell was set to 1250°C during 3 hours at argon pressure of 200 MPa. This 

temperature was chosen to limit any further grain growth, as it is 100°C lower than the lowest 

sintering temperature[160]. The changes in density are shown in Figure 45. Two samples 

obtained full density, A18 starting from 96.3% and A11 starting from 97.5%. A10 did not reap 

great benefits from HIP, as it’s starting density was low (89.3%) and only further densificat ion 

by 1.8% was achieved.  

Optical observation showed no difference in the samples before and after HIP. The SEM 

micrographs of all samples before and after post-densification are shown in Figure 46. No 

significant change in microstructure or upon visual observation can be detected for any of the 

samples.  

Figure 45. Alumina sample relative densities before and after HIP. 
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Thus, HIP is a good tool for densification, but it did not encourage microstructura l 

changes in our samples at a temperature 200°C lower than the SPS temperature at double the 

pressure.  

An interesting perspective is brought up by authors who believe that the most economica l 

and effective way of combining SPS with HIP is to carry out short SPS at slightly lower 

temperature than the second step HIP (10 min at 1200°C SPS + 3h at 1230°C HIP[155]).  
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Figure 46. Microstructure of alumina samples before and after HIP post-densification. 
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4.6 Absorption 

 

Absorption coefficients were calculated for translucent samples from the transmission data 

because this physical parameter takes into account the sample thickness and peaks in absorption 

spectra can be linked to defects in the material. Thus, absorption coefficient, for our work, is 

physically more meaningful than mere transmission spectra.  

The calculated absorption coefficients of translucent samples A2, A6 and A8 are shown in 

Figure 47. Additionally, the inset of Figure 47 shows the absorption coefficients of A2 – A6 

and A8 – A6 in the range of 190 – 400 nm to better demonstrate the present absorption bands. 

As mentioned before, A2 is sintered from pure γ-Al2O3 and A6, A8 from α-Al2O3 (UPA). Thus 

the similar overall shape of the spectra is to be expected. At 500 nm, our samples had following 

transmission values: A2 and A6 ~3%, A8 ~10%, compared to maximal theoretical value of 

~40% in the case of 0.8 mm thickness and 0.5 µm grain size[204]. Observing the absorption 

coefficient, the most translucent sample in the 200 – 500 nm range is A6, while from thereon 

A8 becomes more transparent. To effectively take into account different sample thicknesses, 

we will here mostly focus on the analysis of the absorption coefficient.  

It has been shown for Al2O3 single crystals that absorption bands in the range of 200 – 255 

nm are related to single defects, more specifically, absorption at ~205 nm corresponds to F 

centers and absorption at ~255 nm to F+ centers [205,206]. Slight increase in absorption 

coefficient of A8 at about 250 nm is known to be brought up by Fe impurities[207], but this is 

unlikely because of the high purity of UPA powders[121], leading us to attribute it to the ~255 

nm absorption of F+ centers. Absorption at ~357 nm has been related to F2+ centers[205], two 

Figure 47. Absorption coefficient for samples A2 (0.8 

mm), A6 (1.1 mm) and A8 (0.8 mm). 
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oxygen vacancies trapping three electrons, known to form in alumina from F+ centers when 

heated at T>350°C. The origin of small bands between 360 and 375 nm has not been identified.  

 

4.7 Luminescence 
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Figure 48. CL spectra of A2 and A12 at room temperature (RT) and liquid nitrogen temperature (LNT). 

The cathodoluminescence spectra of A2 and A12 are shown in Figure 48. Interestingly, the 

luminescence intensity is higher at room temperature (RT, 293 K) in the case of A2 and at liquid 

nitrogen temperature (LNT, 77K) in the case of A12. A2 was chosen due to its high 

transparency and A12 was measured to confirm the absence of LiF additive in the final sample, 

as luminescence can arise from a few ppm impurity content.  

Compared to the work of Boumaza et al[170,208], our measured CL spectra are less defined, 

so it is difficult to estimate the exact underlying emissions included in two broad bands in the 

ranges from 2.5 eV to 5.8 eV and 6.5 eV to 8.5 eV. According to them, there are 4 somewhat 

distinct peaks in the first range, at about 2.42, 3.91, 4.42 and 5.03 eV. The first of these 

emissions is not present in our samples. However, an emission at about 3.2 eV, linked to F 

centers[209] is present in our samples as well as Boumaza et al[170] boehmite-sourced sample. 

This emission is more clearly distinguishable in the spectra measured at LNT. The band at 3.91 

eV connected to F+ centers is one of the two most intense emission present in our samples. The 

second intense band is at about 4.4 eV, in line with the emission of disputable origin mentioned 

by Boumaza et al[170]. It is believed that this emission only arises if the excitation density is 
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high. The low-intensity emission at about 5 eV is known to be accompanying to interband 

transitions.  

The vacuum ultraviolet (VUV) emissions are less researched but a similar band as the A2 

LNT 6.5 – 8.5 eV has been observed by Lushchik et al[171] by CL in corundum single crystal, 

covering the same range but being more symmetrical. Interestingly, in their case the wide 

lower-energy band is of much lower intensity than the VUV band. The VUV band is very weak 

in A12.  

 

4.8 Summary of alumina ceramics 

In conclusion, the investigation of sintering various alumina precursors via different SPS 

cycles resulted in a total of 4 translucent samples (A2, A6, A8, A9). Three out of these four 

samples were sintered from UPA-derived α-Al2O3 (P6). Thus, for following spinel reactive 

sintering investigations, we will utilize this precursor powder.  

We found that the best way to avoid excessive grain growth while still obtaining a 

translucent sample is to use higher (285 MPa) sintering pressure combined with a short, 3-

minute dwell at 1450°C. However, for optimization purposes and analyzing the resulting 

microstructure of all ceramics obtained via this cycle, an optimization of the sintering 

temperature should be carried out through a dilatometric study. 

The carried out two texturation studies via EBSD and XRD showed no significant 

texturation, thus allowing us to conclude that the uniaxial pressing via SPS does not induce 

significant texturation. However, we recognized that EBSD analysis is an advantageous tool 

for characterizing the grain size distribution of fine-grained ceramics or ceramics with bimodal 

grain size distribution.  

HIP post-densification was shown to be a powerful process to help with densificat ion 

while conserving previous microstructure, at least in the case of relative sample densities 

greater than 92%.  

The absorption and luminescence analysis revealed the presence of various color centers, 

with their relative concentrations in line with the optical properties of the ceramics.  
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5 Spinel ceramics 

The goal of the second part of this PhD project is to determine the best precursor 

production method for the reactive sintering of Al2O3 and MgO mixture into monophasic pure 

spinel. The short and long cycle at 1450°C previously used to sinter alumina are once again 

carried out here with spinels for comparison reasons. To optimize the sintering conditions of 

each powder, dilatometric studies were carried out to determine the ideal sintering temperature. 

Additionally, Ta2O5 doping is investigated as a possible tool for reducing the grain size of the 

sintered ceramics.  

In this chapter, three different routes to obtain fully dense transparent spinel ceramics 

were tested. Firstly, a commercial spinel powder was directly sintered without any pretreatment 

as a reference. Secondly, stoichiometric amount of MgO was synthesized by the polyol method 

in the presence of the previously determined as most promising alumina precursor, UPA-

derived �-Al2O3. Lastly, MgO impregnation of the same alumina precursor was carried out via 

cycles of doping with Mg(NO3)2 water solution.  

In the beginning of each section, the precursor powders and obtained samples are 

characterized by SEM and XRD, providing information on their morphology and crystalline 

structure. The sintering cycles are described and collected SPS data is presented to describe the 

sintering process. The optical quality of the samples is described and the transmittance 

measured where possible. Additionally, most promising samples are characterized by 

luminescence to characterize the defects present in the materials before and after proton 

irradiation.  
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5.1 Sintering commercial spinel 

Spinel powder (Sasol GmbH) with average particle size of about 20 µm was directly used 

for sintering without any pretreatment. The powder particles are assembled from thin platelets 

(see Figure 49 A). The producer estimates the content of impurities to be in the range of 1 to 5 

ppm. The spinel (~98.8 wt%, a=8.0875(1) Å) crystallite size of the powder was determined to 

be ~115 nm by analyzing the XRD pattern (see Figure 49 B)  with Maud[182]. The XRD 

analysis also revealed the presence of MgO phase (~0.73 wt%, a=4.3532(2) Å, crystallite size 

~130 nm) and -Mn impurity (~0.47 wt%, a=8.9479(2) Å, crystallite size ~40 nm).  

 

B 

 A 

Figure 49. A: SEM micrograph and B: XRD pattern of commercial spinel powder. 

* MgAl2O4 

° MgO 
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Firstly, a dilatometric study (see cycle scheme in Figure 50 left) of the precursor powder 

was carried out, using heating rate of 50°C/min from 600°C to 1650°C, holding for 3 minutes 

and cooling the sample at the rate of 100°C/min. The pressure was applied upon heating up 

from 600°C and kept constant until the end of the dwell, then released alongside sample cooling. 

The resulting dilatometric curve can be seen in Figure 50 (right).  

Step (1) on the dilatometric curve represents water evaporation and thermal expansion 

along with recrystallization. Next, step (2) of sintering is characterized by rearrangement of 

precursor powder grains and the formation of sintered necks at particle contact points, sintering 

begins. During step (3), adjacent necks trespass each other, bringing about densification and 

grain growth, closing off porosity. The contact point between points (3) and (4) defines the 

optimal sintering temperature, any further heating leads to rapid grain growth and thermal 

expansion. Finally, during cooling (5), the sample retracts.  

In the case of the commercial spinel powder, the optimal sintering temperature was 

determined to be 1430°C from Figure 50 (right), very close to the 1450°C used to sinter alumina 

in the last chapter, thus the latter temperature was used. Additionally, 1300°C was chosen to 

avoid the end of densification and rapid grain growth.  

  

Figure 50. Scheme of the dilatometric cycle (left) and the dilatometric curve of the commercial precursor. 
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Figure 51 shows the microstructure, grain size distribution and XRD profile of the 

ceramic obtained via the dilatometric cycle along with the optical image. It can be seen that 

while the sample is translucent (transmittance about 45% at 650 nm), the grain size distribution 

is multi-modal, with maximums at 3.7 and 9.0 µm. The long tail of larger grains in the grain 

size distribution can be explained by the high sintering temperature and thus started exaggerated 

grain growth. 

 Following the dilatometric study, two types of sintering cycles were again used to obtain 

consolidated ceramics, the long and short cycle (see Figure 52), where Tf was modified 

according to the optimal temperature retrieved from the dilatometric study. Firstly, samples C1 

and C2 were sintered (see Figure 53 A) via the long cycle scheme where the only varied 

parameter was the temperature of the first 20’ dwell, thus comparing samples C1 and C2 gives 

Figure 51. Results of the dilatometric study: SEM micrograph, grain size distribution and XRD profile (* denotes spinel and ° 

MgO (periclase)). 

Figure 52. Schemes of the long (left) and short (right) sintering cycle. T f denotes dwell temperature. 
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us an idea about the effect of sintering temperature. Samples C3-C5 investigate (see Figure 53 

B) the best pressure application point for the short cycle with a constant heating rate of 

100°C/min and a 3-minute temperature dwell at 1300°C. Additionally, C6 (see Figure 53 C) 

was sintered via the short cycle at 1450°C to compare the difference with the long cycle at 

1450°C.  

From the displacement profile of C1 in Figure 53 A we can notice densification in two 

steps, first while the pressure is raised to 80 MPa and second as the sample is heated up from 

1100°C, connected by a plateau during heating up to 1100°C. The re-expansion of the sample 

after releasing the pressure is insignificant. In the case of C2, the densification starts with the 

pressure application and continues uniformly until about 1250°C is reached, after which the 

densification is plateaued.  Comparing the different pressure application points of C3 – C5 in 

Figure 53 B shows a distinguishable difference between densification by temperature and 

pressure only in the case of C5, where the pressure was applied after the dwell. In the case of 

C6 (Figure 53 C), this distinction can also be made, as the pressure is raised to the dwell value 

before the temperature is raised above 600°C. The densification plateaus for the duration of 

heating until about 1100°C and then restarts until the dwell temperature is reached.   

Figure 53. Sintering temperature and pressure with sample displacement for A: C1 and C2; B: C3, C4 and C5, C: C6. 

B A 

C 
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The XRD patterns of sintered ceramics are presented in Figure 54. Even though the 

differences between the diffractograms are small, one can notice slight shifts in peak positions, 

especially for the 311 reflection plotted out separately in Figure 55 A. The difference of the 

peak position of C6 and other is most likely due to the change in the machine setup, as this 

sample was produced and measured 2 years after C1 – C5. The Maud analysis of sintered 

ceramics (see Table 4) resulted in the cell parameters a(C1)=8.0716(1) Å, a(C2)=8.0846(1) Å 

Figure 54. XRD patterns of C1 – C6 and the precursor powder. 

* MgAl2O4 

° MgO 

 

Figure 55. A: The 311 reflections of the precursor powder and the sintered ceramics, B: The dependance 

of lattice parameter on the crystal lattice inversion[210]. 

A B 
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and a(C3)= 8.0781(1). Even though this variation in the lattice parameters is quite small, 

according to calculations by Ball et al.[210] it shows a considerable modification of the 

inversion degree. That is, the exchange of positions of the Al3+ cations normally occupying the 

octahedral sites and the Mg2+ cations normally occupying the tetrahedral sites, resulting in 

antisite defects characterizable by the inversion degree, usually ranging from 0.1 to 0.6. It has 

been shown that a change as small as 0.0025 Å in the lattice parameter means an invers ion 

degree of 0.1. The inversion degree changes depending on the thermal history of the sample 

and is known to be close to zero in natural spinels. According to the model provided by Ball et 

al.[210], the inversion degrees of our ceramics based on their calculated lattice parameters are 

the following: IC1=0.4 and IC3=0.35 vs IC2=0.2 (also see Table 4). 

Table 4. Overview of spinels sintered from the commercial powder. 

Sample, 

SPS conditions 
a (Å) I (1) X (2)  (%) D (µm) 

External 
observation 

Powder 8.0875(1) 0.13 0.96 - 0.115 (3) White 

C1  
20’ at 1450°C, 10’ at 1150°C, 

80 MPa during first dwell 
8.0716(1) 0.40 1.09 99.7(2) 4.3(2) translucent 

yellow-black 

C2  
20’ at 1300°C, 10’ at 1150°C, 

80 MPa during first dwell 
8.0846(1) 0.20 0.98 98.1(3) 1.1(1) 

translucent 
gray 

C3  
3’ at 1300°C, 100 MPa from 

dwell until the end 
8.0781(1) 0.35 1.03 97.2(2) 1.2(1) gray-white 

C4  
3’ at 1300°C, 100 MPa during 

dwell 
8.0811(1) 0.30 1.01 97.6(2) 1.5(1) opaque gray 

C5  
3’ at 1300°C, 100 MPa during 

cooling 
8.0836(1) 0.23 0.99 91.5(1) - White 

C6 

3’ at 1450°C, 80 MPa during 
heating and dwell 

   96.0(2) 0.5(1) 
Translucent 

Gray 

(1) Inversion degree obtained from the 1x1x1 supercell model in ref. [210] 
(2) Alumina and magnesia ratio (stoichiometry) calculated according to an empirical formula from ref. [35] 
(3) denotes crystallite size 

Figure 56 presents morphology of the starting powder and grain structure of C1 – C5, and 

inserts in SEM micrographs show their optical quality (transmission). The volume densities and 



 

 100 

grain sizes are listed in Table 4. For C1, we distinguish multiple non-uniformly shaped 

crystallite grains measuring, on average, about 4 µm in diameter. C2, C3 and C4 samples show 

visibly finer grain structure, featuring crystallite grains with the mean size between 1.1 and 1.5 

µm and a comparable volume density. For the less dense C5 sample, no crystallite grains were 

powder C1 C2 

C3 C4 C5 

Figure 56. SEM micrographs and optical images of C1 - C5 with a more general view of the starting powder morphology. 

Figure 57. Grain size distributions of C1 - C4 measured from the SEM images. 
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visible, confirming that higher pressure during dwell is essential to sinter the powder into a 

dense ceramic. The grain size distributions measured on more than 100 grains for samples C1 

– C4 are shown in Figure 57. The SEM micrograph and measured grain size distribution for C6 

are shown in Figure 58. The grain size of C6 is 2 times smaller than those of C2 – C4, showing 

the importance of pressure application during heating and dwell for minimizing grain growth. 

Additionally, C6 is slightly translucent (about 5% in-line transmission at 550 nm), 

demonstrating that by raising the short cycle temperature by 150°C, the optical qualit ie s 

improve.   

Comparing optical quality of the samples after sintering, one can notice almost direct 

correlation with density but not with the grain size. For example, C1 with larger grains 

possesses a stronger transparency compared to smaller grain ceramics C2, C3 and C4. In the 

same time, C2 is partially transparent compare to C3 and C4, while it has the smallest grain 

size of 1.08 m, between all our sintered MAS ceramics. A weaker transparency of C2 

compared to C1 is most natural to attribute to its larger residual porosity. For further 

investigation on optical transparency, see section 3.2. We also notice 50% larger grain size of 

C2 compared to ~650 nm reported by Wang and Zhao[125] for a sample sintered via the same 

cycle, which can be explained by the smaller crystalline size (60 nm, Baikalox S30CR, 

Baikowski Chimie, Annecy, France) of those starting powders compared to the 115 nm used in 

this study (Table 4).  

By visual comparison of C1 and C2, one can notice a mild black-yellow coloration of C1 

(absent in C2), seemingly relating to chemical composition of the interface between grains. The 

slightly milky appearance of C2 hints to the existence of highly scattering submicronic pores. 

The darkest coloration aroused under the shortest pressure application condition of C4.  

Figure 58. Morphology and grain size of C6. 
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The 80 MPa pressure used in our experiments allowed  to obtain ceramics without any 

additional discoloration of the ceramic, contrary to [125]. This might be due to quite slow 

pressure application rate (~16 MPa/min during 600°C dwell), which is not generally discussed. 

Additionally, the dark tint of spinel samples can be related to high concentration of oxygen 

vacancies, which could be partially filled after post-annealing in air/oxygen environment.  

 

5.1.1 EBSD texture study of C1 

Figure 59 shows an EBSD scan of sample C1 together with the crystallite size 

distribution. Like in the texturation study presented previously on an alumina sample, the EBSD 

map shows no preferential orientation in the prepared ceramics. The presented crystallite size 

distribution Number=f(size) shows a bimodal character with sizes peaked at 0.5 and 3.0 m. In 

the same time, the mean normalized on respective area fractions size 4.2 µm calculated from 

the EBSD map corresponds to the apparent grain size in SEM images. Thus, while EBSD 

mapping provides detailed information on the exact orientation of grains, the results only 

confirm the XRD and SEM characterizations. The observed bimodal size distribution may be 

ultimately connected to the shoulder of 311 XRD peak (Figure 55 A) indicating variation of the 

Figure 59. EBSD map and crystallite size distribution of C1. 
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cell parameter with the crystallite size. Moreover, the bimodal distribution of grain size can be 

seen as a spatial heterogeneity of the EBSD map.  

Indeed, two areas A and B in Figure 59 are composed of the bigger grains while the rest 

of the area consists of grains sized well below the average. This picture appears to be related to 

the heterogeneity of the starting powder and/or sintering conditions. The less frequent large 

grains may be considered as an accident related to possible hot spots spawned during SPS[92]. 

Alternatively, the bigger grains might be due to particle size heterogene ity, needing different 

amount of energy for new crystallite grain formation. In the first case, further optimization of 

the sintering procedure will permit to overcome the excessive grain growth, in the second case, 

further filtering of the starting powder particle size is necessary.  

 

5.1.2 Absorption and transmission of C1, C2 and C3 

The transmission spectra of samples C1, C2 and C3 are shown in Figure 60 A and the 

calculated absorption coefficients for the same samples are presented in Figure 60 B.  

The transmission of the samples decreases in the order C1>C2>C3 in agreement with 

density decrease. However, transmission is wavelength dependent, which can be seen in the 

difference absorption spectra presented in the inset of Figure 60 B. The absorption spectra 

clearly show a UV band at ~5.3 eV previously assigned to F centers (two electrons trapped at 

an oxide-ion vacancy)[39,211], which is the most intense in sample C3. At the same time, the 

red shift of the band maximum by almost 0.7 eV can be noticed in the least transparent sample 

C3 compared to C1. The F center absorption is of similar strength in both C1 and C2 despite 

their different transparencies.  

Figure 60. A: Transmission of C1, C2 and C3; B: Absorption coefficients calculated for the same samples. 

A B 
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An additional absorption was observed in C2 at ~4.0 eV in the difference spectrum of 

C2-C1 in the inset of Figure 60 B. This feature has not been identified previously, however, a 

shoulder of the F center band that appeared at 4.75 eV (260 nm) has been assigned to F+ centers 

(one electron trapped at an oxide-ion vacancy) in many papers[39,211]. We noticed that the 4.0 

eV band appears in the C2 spectrum despite the similar C2 and C1 absorptions at 5.3 eV, which 

indicates its different origins compared to F center. We assume that the related absorption 

strongly depends on the F+ center environment that may be an additional opportunity to 

compare the spinel samples.  

Another vacancy-type absorption centered at 3.2 eV and associated with holes trapped at 

some sites deficient in positive charge already present in the crystal [211] did not appear in the 

spectra of our study. Instead, we observed the absorption extension to 2.0 eV in C3, not visib le 

in C1 and C2, which can be attributed to small clusters of oxygen vacancies (with a maximum 

at ~2.4 eV) [39] at the grain boundaries. This does not contradict our observations since the 

relevant spectral feature of C3 also showed the strongest absorption band of F centers. 

Alternatively, a contribution of the residual submicronic porosity may be considered, which 

diminishes after a critical wavelength, signifying the onset of Rayleigh-type light scattering.  

 

5.1.3 Cathodoluminescence study 

 

The low-temperature (5 K) CL spectra of the sintered ceramics, precursor powder, and 

reference single crystal (SC) are shown in Figure 61. The measured peaks are in agreement 

with the results published earlier[171,172]. The most long-wavelength emission peaking at ≈1.8 

Photon energy, eV Photon energy, eV 

Figure 61. Cathodoluminescence spectra measured at 5K, A: C1 - C5 and B: precursor powder and single crystal. 

UV2 

UV1 
UV2 

UV1 

A B 
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eV (not shown in the figure) corresponds to the well-known R-lines of Cr3+ impurity. This 

impurity inevitably occurs in a wide range of oxides and is easily recognizable in the 

luminescence spectrum. The emission band at 2.4 eV belongs to transitions in the tetrahedrally 

coordinated Mn2+ impurity. These Cr3+ and Mn2+ impurities in the prepared ceramics arise from 

the precursor powder and cannot be modified during the sintering process. Their equal content 

enables us to normalize the CL spectral intensities and compare the broad intrinsic short-wave 

spectra. We realize that such normalization is not possible in the case of SC sample whose 

preparation process and precursor chemistry were different. In contrast to the sintered samples, 

SC demonstrates an almost negligible luminescence of Mn2+ impurity. 

Between 2.5 and 4 eV (UV2), the spectra are a sum of F/F+ centers and complex intrins ic 

defect emissions. Earlier studies [35] have indicated the F+ color centers’ formation of oxygen 

vacancies (V0) induced by the motion of dislocations, which is specific to sintering conditions. 

In particular, it was shown that the concentration of F+ centers decreases with the sintering 

temperature and increases with the heating rate[171].  

The heating and cooling rates were kept constant during the preparation of our ceramics 

C1 and C2 and C3–C5, as explained in section 5.1. Thus, the collectively higher luminescence 

intensity for C3–C5 in the F+ center region at 2.7 eV is confirmed. The dependence on the 

sintering temperature is in perfect agreement with our results, as C1, sintered at the highes t 

temperature, shows the lowest F+ intensity, even though it is slightly different from C2. The 

position of the UV luminescence band depends on the stoichiometry X=Al2O3/MgO, and it has 

been empirically established that it shifts to higher energies when this ratio decreases[35]. Our 

experiments indicated no substantial shift in the UV2 spectra in agreement with the simila r 

stoichiometry of the prepared ceramics (Table 4 in section 5.1). This contrasts with their band 

intensities related to the number density of the defect centers. One can conclude that the UV2 

peak energy in Figure 61 corresponds to the stoichiometric spinel composition (x1) (Table 1).  

The strongest observed emission band (UV1) has been previously assigned to the 

recombination of conduction-band electrons with holes captured at the nearby oxygen ions by 

Gritsyna et al[172]. It has been shown that the absorption of F centers (5.3 eV) in spinels occurs 

at a higher energy compared to that of F+ centers (4.75 eV), both covering the UV spectral 

region[39,211]. In luminescence, there is an agreement about F+ band position, while the 

assignment of F band in the spinel remains an issue. The analysis of the parent species MgO 

and Al2O3 has shown that the position of F band is at lower energies[212,213]. An intense 

emission of F+ centers has been previously reported at 2.7 eV in spinel samples with an excess 
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of Al3+ cations[35]. In contrast, in almost stoichiometric samples (x1), this photoluminescence 

is of low intensity and significantly flatter in the blue range of the spectrum above 3 eV. Thus, 

our observed UV2 band can be decomposed into two poorly resolved luminescence bands at 

~2.7 (F+) and ~3.4 eV, the higher energy of which we tentatively assign to F centers.  

The visible transparency of the prepared ceramics decreases in the order C1, C2 > C4, C3 

> C5 in agreement with the increase in the 3.4 eV band intensity. Thus, a conclusion can be 

drawn about the accumulation of F centers at the grain boundaries. Indeed, the UV2 band is the 

most intense in the precursor powder, whose specific surface area is the highest among the 

analyzed materials. On the other hand, the lowest–intensity band at 3.4 eV was found in the 

case of C1 having the highest optical transparency. We noticed that when the 3.4 eV band 

weakens, the contribution of the 2.7 eV band (F+ centers) becomes stronger, which appears as 

a red shift of the UV2 emission in C1 and C2 compared with C3, C4, and C5 (Figure 61 A). 

Additionally, the visible absorption of transition-metal impurity ions can be amplified over 

three orders of magnitude by the neighboring F centers[213], which shows a direct relation 

between the F center number density and the spinel’s transparency. Because the elementa l 

composition of the prepared ceramics is similar to that of the precursor powder, we assume that 

the difference in the CL spectra is related to the sintering process, and F centers are 

preferentially formed at the grain boundaries.  

We noticed that the peak shape of SC is similar to that of the sintered samples. However, 

both UV1 and UV2 bands of SC are blue shifted by ~0.25 eV. This may be related to the lower 

energetic position of V0 on the surface compared to the bulk of the spinel crystals[214].  

Figure 62. Cathodoluminescence comparison of virgin and irradiated C1 and C3. 
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Figure 62 compares the CL spectra of virgin C1 and C3 to C1 and C3 irradiated by protons 

with a dose of 1017 cm-2. We notice that essentially the whole CL is quenched after irradiation, 

even the highest intensity impurity band has only 1/15 of its initial intensity. The exceptions 

are the band related to Mn2+ impurities at ~2.4 eV and a low-intensity band at ~3.8 eV in the 

case of C3, which has been connected to F and F+ centers in Al2O3 and MgO [211,215]. An 

additional narrow band appears in the CL spectrum of C1 at ~2.6 eV. This band has previous ly 

been assigned to F centers in Al2O3[216], but this value is also close to the 2.7 eV emission of 

F+ centers in spinel, as explained previously. Thus, as it is known that proton irradiation causes 

a great amount of Frenkel defect pairs[217], these new appearing bands are most likely caused 

by F and F+ centers, analogically to Al2O3 and MgO.  

 

5.2 MgAl2O4 via impregnation and reactive sintering 

From here onward, the pressure application of the short cycle was modified to reflect the 

best results obtained in the case of commercial spinel powder (Figure 52), the long cycle will 

be used as described previously (see Figure 52) and dilatometric studies will be carried out to 

define ideal dwell temperatures (see Figure 50).  

The synthesis of MgAl2O4 via doping in cycles with Mg(NO3)2 water solution was first 

mentioned in the PhD thesis of T. di Costanzo in 2001[54]. In this work we used the maximum 

water solubility concentration of Mg(NO3)2 ∙ 6 H2O, 1.5 mol/l. To achieve stoichiometric 1:1 

ratio of Al2O3 and MgO inherent to MgAl2O4 spinel, 9 doping cycles were necessary. However, 

for comparison purposes, powders were synthesized and sintered with 2, 5, 9 and 12 doping 

cycles (see XRD results in Figure 63). Instead of classical sintering used in[54], the received 

powders were subjected to a SPS sintering cycle with a dwell of 20 minutes at 1450°C and 10 

minutes at 1150°C (same as ‘long cycle’ used previously) at 80 MPa. 

Maud analysis was carried out on powders received after 5 and 9 doping cycles to get an 

idea about the phase concentrations of alumina and magnesia (periclase). These results along 

with the cell parameters of sintered spinels are presented in Table 5. Since exact fitting of 

patterns containing 3 phases was complicated, we present the evolution of the two most intense 

peaks for each phase in Figure 63 B and D. It becomes clear from Figure 63 C-D that ceramics 

sintered from powders after 5 and 9 cycles of MgO doping are both monophasic spinels.  
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The stoichiometric weight percentages of alumina and magnesia in spinel are 71.67 wt% 

and 28.33 wt%. Thus, according to the Rietveld refinement results presented in Table 5, our 9-

cycle powder has a slightly lower content of MgO. This is not a big issue since spinel can have 

different stoichiometries, the ratio Al2O3:MgO (X) can vary between 0.8 and 3.5[24,25]. Viertel 

and Siefert[36] have developed an empirical formula to calculate this ratio that we used to 

estimate the stoichiometry of the spinels produced after 5 and 9 MgO doping cycles (see Table 

5). The closest value to exact 1:1 Al2O3:MgO stoichiometry, 1.12, was achieved after 9 doping 

cycles. However, sintering the oxide mixture after 5 doping cycles also lead to monophas ic 

spinel with stoichiometry of 1.79.  

 

  

  

Figure 63. XRD patterns of A: Al2O3 powders after a number of impregnation cycles and C: ceramics sintered from these 

powders. Intensities of the most intense XRD peaks for B: powders after a number of impregnation cycles and D: ceramics 
sintered from these powders. The letter a denotes diffraction peaks characteristic to alpha-alumina (corundum), m denotes 

magnesia (periclase) and s denotes spinel.  

A B 

C D 
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Table 5. XRD analysis of powders before and after sintering. 

Sample wt% corundum; 
cell parameters (Å) 

wt% periclase; 
cell parameter 

(Å) 

wt% spinel; 
cell parameter 

(Å) 

Calculated spinel 
stoichiometry*, 

X 

5 cycles 
powder 

88.5 
a=4.7669(1) 
c=13.0104(5) 

11.5 
a=4,2212(2) - - 

9 cycles 
powder 

75.3 
a=4,7662(1); 
c=13.0091(4) 

24.7 
a=4.2210(1) - - 

5 cycles 
sintered - - 100% 

a=8.0171(1) 1.79 

9 cycles 
sintered - - 100% 

a=8.0681(4) 1.12 

*calculated based on the empirical formula developed by Viertel and Siefert [36] 

Produced powders and ceramics morphologies are characterized by SEM imaging seen 

in Figure 64. It can be observed that as the MgO concentration rises in the sintered composition, 

the resulting grain size of the sintered compact also increases. This is most likely due to the 

much smaller magnesia crystallite size (about 60 nm) compared to that of corundum (about 250 

nm). This also explains why MgO is a popular sintering additive for Al2O3[219,220]. The inset 

Figure 64. Top row: Al2O3 powder after a number of impregnation cycles, bottom row: same powders sintered at 1450°C 

for 20 minutes. 
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of the optical photos of the 9 cycle sample in Figure 64 shows the optical photos of the sample 

before and after annealing in air at 1300°C for 30 minutes. Since the initial dark color of the 

sample transformed into full translucency, we can be sure that the initial color was mostly due 

to oxygen vacancies that were filled during annealing. This heat treatment was equally carried 

out on all of the samples and an additional annealing under oxygen flow was executed. The 

results of these treatments can be observed in Figure 65, no other samples revealed any 

translucency.  

 

Figure 65. A: 2c, 5c, 9c and 12c samples after 30-minute 1300°C annealing in air; B: Samples after additional 4-hour 

annealing under oxygen flow at 1350°C. 

A 

B 

Figure 66. Dilatometric curve of the 9 cycle impregnation powder. 
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Since all of the ceramics obtained from Al2O3 impregnation by MgO had average grain 

sizes bigger than 7 µm, we next chose to use the short sintering cycle (3’ at 1450°C, 80 MPa) 

on the stoichiometric powder, as well as to lower the temperature for the long cycle to the 

optimal 1370°C obtained from the dilatometric curve (see Figure 66).  

Figure 67 

showcases the morphology and grain size distributions of spinels sintered from impregnation 

powder under softer conditions. On the SEM micrographs one can notice two distinct areas, 

islands with grain sizes bigger than average (see areas surrounded by red lines in Figure 67) 

and average or smaller sized grains around them. Even though the grain sizes of both samples 

can be fit with one-peaked spline, we can notice the start of a bimodal grain size distribution, 

at about 2 µm for the short cycle sample and at about 3.2 µm for the long cycle sample. We 

also note that the longer sintering duration results in the bigger second order grain size mode. 

Thus, to keep the grain size low, shorter, higher-temperature cycles should be preferred. This 

1450°C short 
1370°C long 

Figure 67. SEM micrographs of the ceramics from the stoichiometric impregnation powder sintered via the short cycle at 

1450°C and 1370°C with their grain size distributions. The grains inside the red lines have a much larger average grain size. 
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effect was also observed by the EBSD analysis of C1 in chapter 5.1.1. As it has been 

hypothesized, the less frequent large grains may be considered as an accident related to possible 

hot spots spawned during SPS[201,202].  

Table 6 summarizes the sintering cycles and properties of monophasic spinels obtained 

from the impregnation precursor. The XRD patterns of the ceramics sintered via the short cycle 

at 1450°C and the long cycle at 1370°C are shown in Figure 68. While the diffractograms show 

some low-intensity corundum and periclase peaks, the phases are not concentrated enough to 

carry out Rietveld refinement, thus leading us to conclude their weight percentage to be under 

a couple of percent.  

Table 6. Overview of spinel ceramics obtained from impregnation precursor powder. 

Impregnations Sintering 
cycle Density (%) Grain size 

(µm) 
Cell 

parameter 
Calculated 

stoichiometry 
5c 1450°C long 100.3(5) 4.0(2) a=8.0171(1) 1.79 
9c 1450°C long 97.2(5) 25(3) a=8.0681(4) 1.12 
9c 1450°C short 98.3(2) 0.9   
9c 1370°C long 97.9(2) 1.1   

 

Figure 68. XRD patterns of the 9 cycle impregnation precursor sintered via the short cycle at 

1450°C and the long cycle at 1370°C. 
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5.2.1 Transmittance and absorption 

The only sample produced by reactive sintering having a transmission >1% at 550 nm 

was the 9 cycle impregnation sample sintered via the long cycle at 1450°C and calcined in air 

at 1300°C for 30 minutes (see Figure 69). Though one can easily read the text below the sample, 

the transmittance at 650 nm is < 2.5% and comparable to that of C3 discussed earlier (see 

chapter 5.1.2). This is most likely due to high concentration of pores with sizes around the 

incident wavelength, making the result of the measurement highly dependent on sample 

positioning. Some bigger pores are even visible to the naked eye in the inset of Figure 69. The 

small bands in the range of 320 – 400 nm are most likely brought about due to machine noise.  

 

5.3 Influence of Ta2O5 doping on the grain size 

 

5.3.1 Ta2O5 additive in commercial spinel powder 

Even though lowering sintering temperature and time resulted in grain size decrease, they 

also resulted in somewhat lower transparency. Thus, we first carried out dilatometric cycles on 

the commercial spinel powder doped with 0.5, 1, 2 and 4 wt% of Ta2O5 to determine the most 

suitable doping concentration. This cycle was chosen due to the high sintering temperature, as 

with expected grain growth inhibition the full densification will take place at a higher 

temperature. We chose to carry put the optimization for the commercial powder since it is 

already monophasic, lessening the risk of secondary phase creation.  

Figure 69. Transmittance of impregnation sample sintered at 1450°C via the 

long cycle. 
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0.5 wt% Ta2O5 1 wt% Ta2O5 

2 wt% Ta2O5 4 wt% Ta2O5 

Figure 70. Microstructures of the commercial spinel doped with 0.5, 1, 2 and 4 wt% of Ta2O5. 

Figure 71. Grain size distributions of the commercial spinel doped with 0.5, 1, 2 and 4 wt% of Ta2O5. 
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Characteristic low-magnification SEM micrographs of Ta2O5 doped spinels are shown in 

Figure 70 along with the grain size distributions in Figure 71 and a closer look at the 

microstructure of 0.5 and 1 wt% doped spinels in Figure 72. While the low-magnificat ion 

micrographs of 0.5 and 1 wt% doped spinels show no significant impurities, a collection of 

additives along grain boundaries can be observed in Figure 72. A great difference in the clarity 

of grain boundaries on the micrographs can be noted for all the doped samples, hinting to a 

change in grain boundary chemistry compared to undoped samples. Grain size analysis revealed 

that the distribution of grain sizes is extremely bimodal (see Figure 71), with the first mode 

being 4.2 and 3.2 µm, for 0.5 wt% and 1 wt% doping compared to that of pure spinel (3.7 µm) 

and the second mode for both ceramics ~ 40 µm. Spinel sintered via the same cycle with no 

additives also had a second grain size mode at ~ 9 µm. Thus, the higher doping concentration 

is slightly preferential for grain growth inhibition. However, the high difference between the 

grain sizes modes remains a problem. In the case of doping concentrations of 2 and 4 wt%, the 

sample contamination by Ta-derived impurity is even greater, completely packing the grain 

boundaries with the secondary phase appearing white on the SEM micrographs. Additionally, 

the size difference between the two grain size modes grows greater with higher level of doping. 

In addition to the influence of the dopant, the exaggerated grain growth is also brought on by 

the higher-than-normal sintering temperature.  

 

 

Figure 72. SEM micrographs of spinel doped by 0.5 wt% (left) and 1 wt% (right) Ta2O5. 
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The optical images of spinels sintered from the commercial precursor with various doping 

levels are shown in Figure 73. One can notice that for the optical quality of the samples reaches 

a completely milky state at 2 wt%. Thus, taking into account the accumulation of Ta-derived 

impurity in the grain boundaries and the optical quality of the samples, 0.5 and 1 wt% seem 

like the reasonable doping levels.  

To further understand the distribution of Ta in the grains, EDX imaging was carried out 

on samples sintered from commercial spinel with added 0.5 wt% and 1 wt% Ta2O5. The EDX 

results for 0.5 and 1 wt% Ta2O5 doping are presented in Figure 74 A and B. Unfortunately, this 

Ta2O5 concentration is too low to be detected by the elemental analysis (see the Ta M � maps). 

However, by increasing the brightness of the map by 70%, we can notice, especially in the case 

of 1 wt% doping, that the distribution of Ta is quite uniform, seemingly collecting in the grain 

boundaries. Correspondingly, the centers of the grains look dark on the SE image, suggest ing 

a local increased atomic mass.  

Figure 73. Optical images of spinels sintered from the commercial powder with various levels of Ta2O5 doping. 
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Ta M � 

Original  Brightness increased by 70%  

Ta M � 

SE  O K � 

Mg K � Al K � 

SE  

Original  

Ta M � 

Brightness increased by 70%  

Ta M � 

O K � 

Mg K � Al K � 

A  

B  

Figure 74. EDX analysis of spinel doped by 0.5 wt % (A) and 1 wt% (B) Ta2O5. 
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Table 7. Maud analysis of spinels sintered from commercial powder with various levels of doping. 

 Spinel Mn0.6Mg3.4Ta2O9 MgO Maud fit sigma 

0.5 wt% Ta2O5 98.20 wt% 
a=8.1291(2) Å 

�-Mn 

0.14 wt% 
a=8.71(2) Å 

1.66 wt% 
a=4.245(1) Å 4.7 

1 wt% Ta2O5 97.64 wt% 
a=8.1314(2) Å 

0.26 wt% 
a=5.196(6) Å 
c=14.11(3) 

2.10 wt% 
a=4.2438(8) Å 2.4 

2 wt% Ta2O5 
97.64 wt% 

a=8.1575(3) Å 

1.08 wt% 
a=5.211(3) Å 
c=14.16(1) 

1.28 wt% 
a=4.258(3) Å 5.6 

4 wt% Ta2O5 95.03 wt% 
a=8.1501(3) Å 

4.41 wt% 
a=5.2049(6) 
c=14.148(3) 

0.56 wt% 
a=4.255(4) 

19.0 

C1 
97.8 wt% 

a=8.0716(1) Å 

�-Mn 

0.02 wt% 
a=8.93(6) Å 

2.10 wt% 
a=4.2158(5) 7.6 

 

To understand the chemical and crystallographic nature of the Ta-derived impurity, XRD 

analysis was carried out at all 4 doping levels. The XRD patterns are presented in Figure 75 

and the results of Maud analysis are summarized in Table 7. The Ta-derived impurity was 

identified as a complex oxide Mn0.6Mg3.4Ta2O9 from the COD and Match databases. It can be 

seen that while 0.5 and 1 wt% Ta2O5 doping leads to no or very small amount of secondary 

phase, the doping level of 4 wt% brings about 4.4 wt% of Mn0.6Mg3.4Ta2O9 phase.  

Figure 75. XRD patterns of commercial spinels sintered with 0.5, 1, 2 and 4 wt% of Ta2O5. 
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The CL study of commercial spinel powder sintered with 1 wt% addition of Ta2O5 via 

the dilatometric cycle is presented in Figure 76 shows that luminescence present in pure spinels 

in the region of 4 – 6 eV seems to be extinct due to Ta addition.  

 

 

  

Figure 76. CL spectra of virgin and irradiated commercial spinel sintered with added 1 wt% 

Ta2O5. 
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5.3.2 Ta2O5 additive in the impregnation precursor 

As 0.5 and 1 wt% doping was successful in the commercial spinel, these concentrations 

were also used in the 9 cycle impregnation precursor. Since the chosen sintering temperature 

seemed to bring about exaggerated grain growth, we tested Ta2O5 as a grain growth inhibitor at 

the selected optimal sintering temperature of 1370°C during the long sintering cycle. 

Although the presence of Ta2O5 at 0.5 wt% significantly decreased the first mode of the 

grain size distribution (0.5 vs 0.9 µm of undoped ceramic sintered via the same cycle, see Figure 

77 and Figure 67), it greatly emphasized the bimodality of the grain size distribution. The 

second order grain size mode was once again smaller, but it can be seen from the SEM 

micrographs that the grain size distribution over the area was not uniform, but split into two 

types of grain size areas (see Figure 77). This type of inhomogeneity is not preferential for 

isotropic optical properties. As can be seen from the inset of Figure 77, the ceramics are spotty 

1 wt% Ta2O5 0.5 wt% Ta2O5 

Figure 77. Ceramics sintered from stoichiometric powder at 1370°C by the long cycle with 1 wt% and 0.5 wt% added Ta2O5 

and their grain size distributions. The red lines separate smaller and bigger grains. 
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white-gray upon optical observation. It is also evident that the grain boundaries of doped 

samples are more contrasted on the SEM micrographs than those of pure ceramics.  

The XRD analysis of the samples (see Figure 78) revealed that the spinel phase is 

dominant at both doping levels. However, in both cases the presence of corundum and periclase 

phases is evidenced by some low-intensity peaks that increase as the doping level increases. 

This means that Ta2O5 reacts with a part of the oxide mixture, leaving the stoichiometry 

unbalanced and possibly creating a concentration of metallic Ta in the sample.  

 In conclusion, while Ta2O5 doping seems to have a slight grain growth inhibiting effect, 

when the doping concentration is low (0.5 wt%, 0.5 µm via the long cycle at 1370°C), but it 

also brings up a second mode of grains three times bigger in size. This might be due to a local 

higher metal concentration in the developing grains, raising the electrical conduction and thus 

allowing more current to pass through these points.  

 

Figure 78. Comparison of XRD patterns of impregnation powder sintered via 

the long cycle at 1450°C with the addition of 0.5 wt% and 1 wt% Ta2O5. 
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5.4 MgAl2O4 via polyol method and reactive sintering 

The synthesis of MgO in the presence of alpha-Al2O3 (UPA) was carried out by a polyol 

route to obtain stoichiometric spinel ceramics after reactive sintering by SPS and to compare 

the results to the impregnation method.  

The XRD analysis (see Figure 79 and Table 8) shows the content of MgO synthesized by 

the polyol method in the presence of corundum to be 25.5%. This value is quite similar to the 

weight percentage obtained from the impregnation method (24.7%). The crystallite size of the 

MgO obtained from the polyol method is slightly smaller than that of MgO obtained via 

impregnation (30 nm-polyol vs 45 nm-impregnation).  

Table 8. Comparison of alumina-magnesia powders received from impregnation and polyol process. 

Powder Corundum Periclase 

9 cycles MgO 

impregnation + A-UPA 

75.3 wt% 

a=4.7662(1); 
c=13.0091(4) 
CS~300 nm 

24.7 wt% 

a=4.2210(1) 

CS~45 nm 

Polyol MgO + A-UPA 

74.5% 

a=4.7833(2); 
c=13.0595(8) 
CS~300 nm 

25.5% 

a=4.2385(5) 

CS~30 nm 

 

  

Figure 79. XRD analysis of (left) the polyol powder after drying and after calcination; (right) comparison of the powders 

obtained by impregnation and polyol methods. 
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As before, firstly the dilatometric cycle was applied to the polyol precursor powder (see 

Figure 80) to optimize the sintering temperature and obtain a reference sample for grain size, 

density and crystallographic phase. From the dilatometric curve, the optimal sintering 

temperature for this precursor was determined to be 1315°C. 

The SEM microstructure, grain size distribution and XRD pattern of the sintered 

dilatometric sample are given in Figure 81. From the SEM micrograph and the measured grain 

size statistics, we can once again note a bimodal distribution of the grain size, with the first 

mode at 6.5 and the second mode at 44 µm. The XRD analysis shows a nearly monophas ic 

spinel, with some remnant low-intensity corundum and periclase peaks.  

  

Figure 81. Microstructure, grain size distribution and XRD pattern of the polyol precursor sintered via the dilatometric 

cycle. 

Figure 80. The dilatometric curve of the polyol precursor 

powder and a photo of the sample. 
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 As for the impregnation powder, a dilatometric study was also carried out for the polyol 

powder, resulting in an optimal sintering temperature of 1315°C. Thus, previously described 

long and short cycle were carried out at this temperature. The resulting microstructures and 

grain size distributions are presented in Figure 82. The density of the samples is 3.583(4) and 

3.59(1) g/cm3, respectively for the short and long cycle, leaning again very close to the 

theoretical density of spinel. However, since we observe high porosity in the SEM micrographs, 

as well as islands of smaller-sized grains, one can suspect the presence of alumina phase.  

  

Figure 82. Morphology and grain size distribution of alumina-magnesia mixture sintered by the short (left) and long (right) 

cycle at 1315°C. 
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The alumina mixture with magnesia obtained by the polyol process was sintered, as the 

impregnation powder, by the short and long cycle at 1450°C. Figure 83 shows the 

microstructure and grain size distribution of both samples. In both cases, we can notice ‘islands’ 

of grains sized smaller than the rest of the grains. In the statistical grain size distributions, we 

can notice a developing bimodal grain size distribution, with first modes quite close for the 

short and long cycle, at 1.7 and 1.4 µm, respectively. The second modes are starting to develop 

at 4 µm for the short cycle and at 5.5 µm for the long cycle. While the densities of these ceramics 

are quite close or even over the theoretical density of spinel (3.550(6) and 3.606(7) g/cm3), the 

samples are opaque. This leads us to believe that in addition to spinel, denser alumina phase is 

also present in these samples.  

  

Figure 83. Morphology and grain size distribution of alumina-magnesia mixture sintered by the short (left) and long (right) 

cycle at 1450°C. 
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Figure 84. Comparison of XRD patterns of samples sintered from polyol powder. 

Figure 85. EDX analysis of polyol powder sintered via the long cycle at 1450°C. 

O K � 

Mg K � Al K � 
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To more clearly understand the general and local phase composition, XRD and EDX 

analysis were carried out. The XRD patterns of all four polyol samples are presented in Figure 

84. It is evident that all the sintered samples result in a combination of alumina, magnesia and 

spinel phases. However, samples sintered at 1450°C show less excess alumina and magnes ia 

than samples sintered at 1315°C. This leads us to conclude that the chosen sintering temperature 

was in fact not high enough to fully transform the alumina-magnesia mixture into spinel.  

Since the polyol sample sintered via the long cycle at 1450°C showed less excess alumina 

and had the highest density, this sample was chosen for EDX investigation (see Figure 85). As 

it turns out, the sample consists of ‘islands’ of alumina and ‘ditches’ magnesia, with the spinel 

phase in between. This means that the mixture of the powder was not homogeneous enough to 

spark the creation of the spinel phase evenly all over the sample and thus further precursor 

powder mixing should be considered for future experiments.  

 

5.5 Summary of spinel ceramics  

An overview of the sintering cycles, final density and grain size of discussed spinel 

ceramics received via three different routes is presented in Table 9.  

We started our spinel journey by sintering reference samples from a commercia lly 

available big-particle spinel powder. The dilatometric study showed the optimal sintering 

temperature to be 1430°C, which was rounded up to 1450°C to allow comparisons to alumina 

samples examined in Chapter 4. Unarguably best transparency was obtained when sintering via 

the long cycle at 1450°C, however, the average grain size of this sample was 4.3 µm, far bigger 

than desired for radiation resistance applications. Thus, we lowered the sintering temperature 

to 1300°C and obtained a sample with transmittance of 21% at 650 nm and grain size of 1.1 

µm. Various pressure applications were tested during the short cycles; the best results were 

obtained when applying the pressure from the dwell until the end of the cycle or from the 

heating to the end of the dwell. The sample sintered via the short cycle at 1450°C showed more 

promising optical properties and smaller grain size than those sintered at 1300°C. We believe 

that slightly elongating the 3-minute dwell or applying higher pressure could be sufficient to 

improve the transparency of this sample even further.  

The second and third route to receiving spinel ceramics involve reactive sintering of a 

stoichiometric mixture of alumina and magnesia. The first doping method, the impregnation 

method, proved the possibility of obtaining monophasic spinel with various stoichiometrie s. 
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After 5 doping cycles we obtained a spinel with Al2O3:MgO ratio 1.79 and after 9 doping cycles 

ratio 1.12, which we consider to be an acceptable approach to the standard 1:1 stoichiometry. 

The dilatometric study of this precursor showed the optimal sintering temperature to be 1370°C. 

Sintering via the long cycle at 1370°C allowed us to obtain relative density of about 98% with 

the grain size of 0.9 µm. This sample was not translucent, thus using longer dwell time or 

applying higher pressure are topics of interest for further research. While sintering the polyol 

precursor via the dilatometric cycle at 1650°C resulted in monophasic spinel, the determined 

optimal sintering temperature of 1315°C was not sufficient to form spinel throughout the whole 

volume of the sample, thus exhibiting all three phases. Raising sintering temperature to 1450°C 

increased the spinel mass percentage in the sintered ceramic, but all three phases were still 

present. Additionally, the EDX analysis of the sample showed islands of alumina and magnes ia, 

hinting to powder inhomogeneity.  

Finally, we turned to the investigation of Ta2O5 as a possible grain growth inhibitor during 

reactive sintering. The dopant concentration was first optimized for the commercial powder to 

lessen the possibility of secondary phase creation. We found that while doping with 1 wt% 

Ta2O5 lessened the grain size from 3.7 µm to 3.2 µm, it also gave rise to a secondary grain size 

mode of about 40 µm. To avoid exaggerated grain growth, for tests with impregnation 

precursor, we chose to use its optimal sintering temperature of 1370°C. Doping with 1 wt% 

Ta2O5 lessened the grain size from 0.9 to 0.5 µm, while raising a secondary grain size mode of 

1.6 µm. Thus, it seems that bimodal grain size distribution in the case of doping with Ta2O5 

cannot be avoided, but the size of the secondary mode can be controlled. Combined SEM and 

EDX analysis confirmed that the secondary Ta-based phase collects in the grain boundaries.  
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Table 9. Summary of sintered spinel ceramics. 

Powder Sintering cycle 
Density 

(% 
g/cm3) 

Grain size 
(µm) 

T @ 650 
nm (%) 

Stoichiometry, 
X 

Comments 

Commercial 

spinel 

1650°C dilat, 
80 MPa 

98.9(3) 3.7 -  Cdil 

1450°C long, 
80 MPa 

99.7(2) 4.30(2) 47 1.09 C1 

1300°C long, 
80 MPa 98.1(3) 1.08(2) 21 0.98 C2 

1300°C short, 
80 MPa (dwell 

– end) 
97.2(2) 1.20(3) <1 1.03 C3 

1300°C short, 
80 MPa 
(dwell) 

97.6(2) 1.47(4) - 1.01 C4 

1300°C short, 
80 MPa 
(cooling) 

91.5(1) - - 0.99 C5 

1450°C short, 
80 MPa 

(heating – end 
of dwell) 

96.0(2) 0.5 <1  C6 

1650°C dilat, 
80 MPa 

3.563(8) 4.2 // 40 -  0.5 wt% Ta2O5 

1650°C dilat, 
80 MPa 

3.542(11) 3.2 // 40 -  1 wt% Ta2O5 

1650°C dilat, 
80 MPa 

3.573(15) 4.0 // 47 <1  2 wt% Ta2O5 

1650°C dilat, 
80 MPa 

3.593(8) 3.4 // 37 <1  4 wt% Ta2O5 

A-UPA + 

MgO 

impregnation 

1650°C dilat, 
80 MPa 

97.8(2) 22 <1   

1450°C long, 
80 MPa 

97.2(2) 25(3) 2 1.12 9 cycles 

1450°C long, 
80 MPa 

100.3(5) 4.0(2) - 1.79 5 cycles instead 
of 9 

1450°C short, 
80 MPa 

98.3(2) 0.8 -   

1370°C long, 
80 MPa 

97.9(2) 0.9 -   

1370°C long, 
80 MPa 

3.493(6) 0.7 // 3.3 -  0.5 wt% Ta2O5 

1370°C long, 
80 MPa 3.446(6) 0.5 // 1.6 -  1 wt% Ta2O5 

A-UPA + 

polyol MgO 

1650°C dilat, 
80 MPa 

98.3(3) 6.5 // 44 -  Pure spinel 

1450°C short, 
100 MPa 

3.550(6) 1.7 -  

All three phases 
present 

1450°C long, 
80 MPa 

3.606(7) 1.4 -  

1315°C short, 
80 MPa 3.583(4) - -  

1315°C long, 
80 MPa 

3.595(13) 0.8 -  
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Previously, reactive sintering of alumina and magnesia to form spinel has mostly been 

studied for the hot pressing method or pressureless sintering followed by HIP. Since the phase 

transformation is accompanied by significant volume expansion, the green body microstructure 

may be disrupted and thus normally temperatures ≥ 1700°C are needed to obtain monophas ic 

spinels with full transparency[1]. Krell et al[221] have shown that to effectively erase 

nanoporosities causing low transparency, it is better to start the reactive sintering from calcined 

100 – 200 nm oxide powders than from truly nanometric pre-calcined precursors. In addition, 

inhomogeneous precursor powders have been shown[222] to lead to microcracked grain 

boundaries that lower the transparency even further. Thus we believe that one of the ways to 

improve the transparency and microstructural homogeneity of our reactive sintering spinels is 

to find and alternative source of alumina with a slightly smaller particle size.  

A study[25] on the transparency of non-stoichiometric spinels (n=1…3) has shown that 

the UV-Vis range is not affected on the alumina concentration, but the IR-limit is. Thus, it 

would be interesting to study which stoichiometries we are capable to sinter via SPS.  

An interesting approach to reactive sintering of spinel via hot pressing is taken in a 

study[223] investigating sintering a mixture of MgO, Al2O3 and LiF. It is presumed that at about 

900°C, LiF, MgO and Al2O3 will react, forming liquid MgF2 and solid LiAlO2, the latter of 

which will then react with the MgF2 gas formed as the temperature is raised and finally form 

LiF gas and MgAl2O4. The resulting samples reach near theoretical transparency, however, the 

grain sizes are in the range of 100 µm, since the process was carried out at 1600°C. With SPS, 

we should be able to significantly lower this temperature.  
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6 Conclusions and 

perspectives 

This PhD thesis investigated the suitability of various alumina and spinel precursor 

powders for obtaining transparent fine-grained consolidated polycrystalline ceramics via spark 

plasma sintering.  The first part of the work focused on optimizing the precursor and sintering 

cycles for alumina, to be used as a base material for spinel production in the second part. The 

challenge of the work is to find an optimal position between using very harsh sintering 

conditions resulting in fully dense and transparent but huge-grained ceramics and using too soft 

conditions and not achieving full density but obtaining fine microstructure.  

Two types of sintering cycles were used on all precursor powders, the “short” and “long” 

cycle, and modifications were made according to the characteristics of obtained ceramics. In 

both cycles, a preliminary 10-minute dwell at 600°C was carried out to stabilize the temperature 

and evaporate any water from the precursor powders. The cooling rate was kept constant at 

100°C/min.  

The short cycle was designed to benefit most from the great heating power of SPS, using 

a constant heating rate of 100°C/min and a short 3-minute dwell at a higher temperature to still 

allow diffusion. The pressure was generally applied during the 5 minutes leading up to reaching 

the dwell temperature and lowered also during 5 minutes after the dwell.  

The long cycle was designed to obtain maximum densification without exaggerated grain 

growth due to high heating rate at high temperatures. Thus, 100°C/min heating rate was used 

to reach 1100°C and from there on the heating rate was lowered to 10°C/min. The sample was 

held at the dwell temperature for 20 minutes, then cooled down to 1150°C and held for another 

10 minutes for further densification without exaggerated grain growth. The pressure was 

applied as heating up from 600°C started, during 4 minutes and held for 60 minutes, until the 

end of the 20-minute dwell. The pressure was released during the temperature decrease for the  

secondary dwell to relax any constraints.  
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Firstly, six different alumina powders were sintered via the long cycle at 1450°C and 80 

MPa. The best transparencies were obtained from the commercial pure -Al2O3 powder (sample 

A2) and UPA calcined to �-Al2O3 (sample A6), thus proving that dense transparent alumina 

ceramics can be obtained from both phases. However, the grain size of A2 was 4.9 µm, while 

A6’s reached 16 µm. Previous experience[121] of obtaining fully dense translucent alumina 

from UPA -Al2O3 showed that it is possible only after sintering via the long cycle at 1550°C, 

characterized by the grain size of about 8 µm and in-line transmittance of about 5%. Thus, the 

importance of precursor powder morphology is revealed. We suppose that the much finer 

crystallite size of the UPA-obtained -Al2O3 (~10 nm) compared to the commercial -Al2O3 

(~50 nm) makes the powder much more reactive and thus the grain size during sintering more 

rapid. Alternatively, finer nanoparticles are more prone to agglomeration, leading to more 

heterogeneous powder packing which in turn brings up exaggerated and inhomogeneous grain 

growth.   

To minimize the grain size, one has multiple options: 1) using lower dwell temperature, 

2) using shorter dwell time, 3) using higher pressure, 4) using sintering additives. The first of 

these options was dismissed due to previous[121] negative results on sintering UPA-obtained 

-Al2O3, where transparency was only reached at 1550°C. Investigation of grain growth 

inhibiting sintering additions was carried out on spinel ceramics, instead, LiF as a sintering aid 

was tested on boehmite and boehmite-obtained �-Al2O3 precursor powder.  

Raising the pressure of the long cycle using �-Al2O3 (UPA) to 200 MPa (sample A7) did 

lead to a slight decrease in grain size, 12.3 µm compared to the 16 µm obtained at 80 MPa. 

However, it also lead to decrease in density and transparency, confirming that pore growth was 

brought on by high pressure leading to Ostwald ripening[98], thus eliminating small pores but 

growing trapped bigger pores. To confirm this hypothesis, the commercial boehmite powder 

was also sintered by the same long cycle at 200 MPa (sample A14). Even though the sample 

exhibited nearly full density, the SEM micrographs showed the presence of pores sized under 

1 µm, explaining the complete opacity.  

The short sintering cycles at 1350 – 1450°C and 100 MPa were not sufficient to obtain 

translucent ceramics. Nonetheless, short cycles at 1450°C and 285 MPa resulted in translucent 

ceramics for both precursor powders tested. Especially satisfying results were obtained from �-

Al2O3 (UPA) powder, which lead to a translucent ceramic (sample A8, 21.3% at 650 nm) with 

an average grain size of 1.3 µm. Since the density was 96.6%, we decided to pre-press this 

powder with 4 t before SPS, in efforts to facilitate the densification even further. Unfortunate ly, 
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the resulting density increase was only 2%, the bigger effect was shown in the grain size, which 

increased from 1.3 µm to about 24 µm. Thus, keeping in mind our goal of fine microstructure, 

we do not recommend pre-pressing at the chosen sintering conditions. Alternatively, the 

sintering conditions to be lowered to avoid exaggerated grain growth.  

Addition of 1 wt% LiF to boehmite precursor powder to aid sintering via the short cycle 

at 1450°C resulted in almost full density and 11.7 µm grain size, however, the sample was 

opaque due to the presence micrometric pores. This also hints to exaggerated grain growth due 

to Ostwald ripening.  

In conclusion, the most transparent alumina in combination with the finest microstructure 

was obtained by sintering the �-Al2O3 (UPA) via the short cycle at 1450°C and 285 MPa. In 

contrast, sintering boehmite or a mixture of δ- and γ-Al2O3 resulted only in low-density opaque 

ceramics. Thus, we recommend starting from at least γ-phase when aiming to obtain full-dens ity �-Al2O3 ceramics, as it seems that the lower-temperature alumina polymorphs demand harsher 

sintering conditions to obtain full density.  

Absorption studies of the translucent aluminas (samples A2, A6 and A8) showed the 

presence of single defects, more specifically F, F+ and F2+ centers. The highest concentration 

of F centers was observed in A2, followed by A8 and A6, while A8 showed the highes t 

concentration of F+ centers. Cathodoluminescence study of A2 confirmed the existence of F 

and F+ centers, additionally, an emission related to interband transitions was observed.  

In the second part of the work, spinel ceramics were attained by three different routes. 

Firstly, a commercial spinel powder was directly sintered without any pretreatment. Secondly, 

stoichiometric amount of MgO was synthesized by the polyol method in the presence of �-

Al2O3 (UPA). Lastly, MgO impregnation of �-Al2O3 (UPA) was carried out via cycles of 

doping with Mg(NO3)2 water solution. The last two methods allowed us to obtain a 

stoichiometric 1:1 mixture of �-Al2O3 and MgO that was directly sintered into spinel via 

reactive SPS.  

Commercial spinel powder resulted in translucent ceramics when sintered via the long 

cycle at either 1450°C (C1) or 1300°C (C2). C1 sintered at higher temperature showed high 

density (99.7%) and transparency (47% at 650 nm), as well as relatively big grain size (4.3 µm). 

Lowering the sintering temperature to 1300°C in the case of C2 allowed us to lower the grain 

size to 1.1 µm, which unfortunately also resulted in 2.2 times lower transmission at 650 nm 

(21%). The investigation of pressure application point during the short cycle, we found that for 
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the best density and least amount of discoloration, it is best to apply the pressure in the 

beginning of the dwell and release it after cooling.  

The absorption study showed the highest concentration of F centers in the case of the least 

translucent sample measured (C3), along with the band maximum red shift of 0.7 eV, while the 

F center absorption remained similar in the case of C1 and C2, despite their different 

transparencies. Additionally, C3 shows an absorption at 2 eV, connected to small clusters of 

oxygen vacancies. Luminescence analysis confirmed the presence of F and F+ centers along 

with common Mn2+ and Cr3+ impurities, in addition showing, as absorption analysis, a higher 

concentration of color centers for less transparent ceramics. The visible transparency of the 

prepared ceramics decreases in the order C1, C2 > C4, C3 > C5 in agreement with the increase 

in the F band intensity. Thus, we conclude that the higher F center concentration is directly 

linked to the smaller grain size, leading us to believe that the F centers accumulate at grain 

boundaries. 

The sintering of the mixture of �-Al2O3 and polyol-obtained MgO resulted in ceramics 

consisting of areas with all three different phases, thus not satisfying our need for a pure phase. 

The cause for this remains unclear, but might be related to inhomogeneity in mixing the two 

oxide phases.   

Impregnation of �-Al2O3 with MgO allowed us to obtain pure monophasic spinel 

ceramics with two different stoichiometries, about 1.1 and 1.8, obtaining the stoichiometry of 

exactly 1 thus remains a topic for further research. Only the precursor powder with 1.1 

stoichiometry resulted in a translucent (2%) ceramic after sintering via the long cycle at 1450°C, 

unfortunately characterized by a grain size of 25 µm. Efforts to lower the sintering temperature 

to the optimal obtained from the dilatometric study and using Ta2O5 as a grain growth inhibito r 

resulted in non-translucent ceramics. Addition of Ta2O5 to the ceramics can be clearly seen on 

the SEM images, making the grain boundaries draw out much clearer, thus hinting to a presence 

of conductive metal (Ta) in the grain boundaries. The exact mechanism of Ta2O5 reaction with 

spinel during sintering remains a topic for further research along with the optimization of 

sintering parameters.  

Another option to diminish the grain size of impregnation-obtained spinel would be to 

sinter the precursor powder via the short cycle at higher pressure (285 MPa). However, 

precautions should be taken as the reactive sintering is accompanied by a volume change that 

can be dangerous at high pressures.  
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To homogenize the reactive sintering precursors obtained via impregnation and polyol 

method, it might be interesting to use an aluminum salt similar to Mg(NO3)2 to lessen the 

heterogeneity of the precursor. We know of only two instances where Al2O3 and MgAl2O4  

spinel synthesis by the polyol method were mentioned[224,225], making it quite novel. 

However, the details of the process are not disclosed. Hence, we see a great benefit in a future 

parametric study using acetates and chlorides as precursor materials.   

In general, homogenizing the precursor powders for sintering remains a future challenge 

to hopefully minimize observed bimodal grain size distributions. In addition, the impregnation 

and polyol methods also allow future investigations on the influence of spinel stoichiometry on 

the mechanical properties and radiation effects as well as fabrication of various spinels based 

on alumina (ZnAl2O4, FeAl2O4 and MnAl2O4 for example).  

Even though HIP of opaque 89 – 97% dense aluminas showed no benefit to transparency, it 

would be interesting to use HIP to enhance the transparency of ceramics already translucent 

after SPS. It would be equally interesting to see the resulting grain sizes of what is by some 

authors considered the most economical and effective way of combining SPS with HIP, 

carrying out short SPS at slightly lower temperature than the second step HIP (10 min at 1200°C 

SPS + 3h at 1230°C HIP[155]).  
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7 PhD andidate’s ontri utions and scientific 

production 

During the thesis work, I carried out the synthesis of ultraporous alumina and alumina 

doping via the impregnation and polyol methods, as well as spark plasma sintering, polishing, 

SEM measurements, XRD analysis and density measurements. I co-supervised two Master’s 

interns, the results of their work are included in this thesis. I attended 3 international and 2 

national conferences, where I gave oral and poster presentations, detailed here with two journal 

articles submitted for publication:  

• Oral talk at ECerS 2017, Budapest, Hungary - The 15th Conference & 

Exhibition of the European Ceramic Society – “From wet sponges to optoceramics” 15 min 

• Poster presentation at SPS 2017 – Journées Nationales sur le Frittage par 

Courant Pulsé – “Influence of starting powder on the properties of ceramics” 

• Poster presentation at JNTE 2017, Orléans, France – Journées Nationales sur 

les Technologies Emergentes en micronanofabrication – “Spark Plasma Sintering (SPS) of 

pure and doped alumina ceramics” 

•  Oral talk at the 4th International Workshop on Spark Plasma Sintering 2018, 

Cagliari, Italy – “Spark Plasma Sintering of transparent spinel ceramics” 20 min 

• Oral talk at CIMTEC 2018 14th Ceramics Congress, Perugia, Italy – “Spark 

plasma sintering of alumina-based transparent ceramics” 20 min  

• Published Article: (Article in Press) Annika Pille, Mohamed Amamra, Andrei 

Kanaev, Frédéric Schoenstein, Microstructure and optical properties of alumina sintered 

from various phases, Ceramics International, 2018, 10.1016/j.ceramint.2018.10.209. 

• Article submitted for publishing: (in review) Annika Pille, Hugo Spiridigliozzi, 

Mohamed Amamra, Thierry Billeton, Mustapha Zaghrioui, Eduard Feldbach, Andrei 

Kanaev, Frédéric Schoenstein, Microstructure and luminescence of MgAl2O4 ceramics 

obtained via spark plasma sintering.  

I am the main author of the two article manuscripts submitted (and in the first case 

accepted) for publication. 

https://doi.org/10.1016/j.ceramint.2018.10.209
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Abstract 

This thesis deals with the elaboration and study of the physical properties of optically 

transparent and luminescent alumina-based ceramics for which applications are foreseen in the 

field of ionizing radiation resistant materials. The challenge of this work was to obtain a material 

that simultaneously has a high density and grain size at the nanoscale in order to give the ceramic 

transparency properties and resistance to ionizing radiation by capturing and recombination of 

induced charges at the grain boundaries. 

Ceramics of composition Al2O3 and MgAl2O4 were consolidated by Spark Plasma Sintering 

(SPS) from ultra-porous aluminas (UPA) on the one hand, and by reactive sintering of a mixture of 

Al2O3: MgO precursor in a ratio of 1 : 1 on the other hand. The UPAs were developed using an 

original process implemented at the LSPM. They were then impregnated with a solution of 

magnesium nitrate and then calcined at low temperature to obtain the "Nanostructured 

Precursor" (NP) for the spinel phase MgAl 2O4. The synthesized NPs, like the UPAs, were then 

consolidated by SPS. The sintering parameters have been optimized to obtain ceramics with the 

desired microstructural and physical properties. The effect of Ta2O5 as a grain growth inhibitor has 

been tested on the microstructure of elaborated ceramics. The transmittance and luminescence 

properties, before and after irradiation, of the most promising materials were measured and 

correlated with their structural characteristics. 

Keywords: nanopowder synthesis, spark plasma sintering, reactive sintering, final 

microstructure, optical transparency, luminescence, alumina, spinel  

 

Résumé 

Ce t avail de th se po te su  l’ la o atio  et l’ tude des p op i t s ph si ues de a i ues 
à ase d’alu i e opti ue e t t a spa e tes et lu i es e tes pou  les uelles des appli atio s 
sont envisagées da s le do ai e des at iau  sista ts au  a o e e ts io isa ts. L’e jeu de 
ce travail a consisté à obtenir un matériau qui présente simultanément une densité élevée et des 

tailles de g ai s à l’ helle a o t i ue afi  de o f e  espe tive e t à la  céramique des 

propriétés de transparence et une résistance aux radiations ionisantes par la capture et la 

recombinaison des charges induites au niveau des joints de grains.  

Des céramiques de composition Al2O3 et MgAl2O4 ont été consolidées par Spark Plasma 

Si te i g SPS  à pa ti  d’alu i es ult a-po euses UPA  d’u e pa t, et pa  f ittage a tif d’u  
mélange de précurseur Al2O3 : MgO da s u  atio 1 : 1 d’aut e pa t. Les UPA o t t  la o s pa  
un procédé original mis en place au LSPM. Elles ont ensuite été imprégnées par une solution de 

it ate de ag siu  puis al i e à asse te p atu e afi  d’o te i  le « P u seu  
Nanostructuré » (PN) pour la phase spinelle MgAl 2O4. Les PNs synthétisés, tout comme les UPA, 

ont ensuite été consolidées par SPS. Les paramètres de frittage ont été optimisés de manière à 

o te i  des a i ues poss da t les p op i t s i ost u tu ales et ph si ues vis es. L’effet de 
Ta2O5 comme inhibiteur de croissance des grains a été éprouvé sur la microstructure des 

céramiques élaborées. Les propriétés de transmittance ainsi que de luminescence, avant et après 

irradiation, des matériaux les plus prometteurs ont été mesurées et corrélées à leurs 

caractéristiques structurales. 

Mots-clés : synthèse de poudres nanométriques, frittage par courant pulsé, frittage réactif,  

microstructure finale, transparence optique, luminescence, alumine, spinelle 


