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1. Introduction 

A ceramic is an inorganic, non-metallic, polycrystalline material. Traditionally ceramics are 

produced by firing clays at high temperature to obtain stoneware or porcelain. 

Conversely, advanced ceramic materials are generally produced starting from synthetic 

powders, and have properties not commonly associated with traditional ceramics, like: electrical 

and thermal conductivity [1]–[4], magnetic properties [5]–[7], catalytic activity [8]–[10], and 

transparency in the electromagnetic spectrum [11]–[14]. 

This PhD thesis focuses on the study and production of transparent ceramics. All the work was 

conducted at the Institute of Science, Technology, and Sustainability for the Development of 

Ceramics (ISSMC) (former ISTEC, Institute of Science and Technology for Ceramics) of Faenza, 

specialized in production of ceramic materials. 
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1.1. Transparent ceramics 

How come that a ceramic can be transparent? A legitimate question since it is, probably, the last 

characteristic one could expect from such materials. Transparency is a property commonly 

associated with glasses or plastics. 

A ceramic can be transparent if the following requirements are met [15], [16]: 

• single phase, 

• isotropic crystal lattice, 

• absence of defects. 

The material must be single phase because other phases with different refractive indexes work 

as scattering centres, thus decreasing the optical quality. 

In a ceramic, grains have random orientation of the crystal lattice. An isotropic (cubic) crystal 

lattice ensures that the refractive index is the same for every orientation of the lattice, allowing 

the light beam to pass unaltered through the grains. Non-isotropic crystal lattices have refractive 

indices that depend on the orientation (birefringence). Repeated light scattering at grain 

boundaries makes the material translucent at best. An example is alumina (aluminium oxide), in 

its single crystal form it is transparent (corundum, sapphire, ruby). However, the alumina crystal 

lattice is not isotropic, making alumina birefringent. Therefore, ceramic alumina is translucent, 

and the optical quality rapidly deteriorates with increasing thickness. A ceramic with isotropic 

lattice, can be transparent independently of its thickness, in the absence of defects. A 

transparent material allows to clearly see through it an object at an arbitrary distance [17]; in a 

translucent material the ability to see the object decreases as the distance increases. 

Defects are any inhomogeneity present in the material: secondary phases, pores, and phase 

segregation at grain boundary. These entities have different refractive indices, acting as 

scattering centres decreasing the optical quality. Another decrease of optical quality can be 

caused by high roughness of the surface, for example from a sub-optimal polishing process. 

The importance of having defect free microstructures, is crucial in the case of transparent 

ceramics for LASERs. During lasing operation photons are scattered on defects generating heat, 

and, since the photon flux is high, this makes the scattering centres to become hotspots. 

Localized temperature gradients deform the material (by thermal expansion) generating the 

effect called “lensing”, causing photons to exit the LASER cavity, thus decreasing the LASER 

efficiency [18]–[26]. 

1.1.1. Transparent ceramics for optical and LASER application 

Transparent ceramics are often used to replace glasses when superior mechanical, chemical or 

functional properties are needed. They can replace glass due to their enhanced toughness, 

thermal and corrosion resistance [14], [27]–[31]. The first application of transparent ceramics 

was for (translucent) alumina as envelope in sodium lamp [32]. Other examples are heat 

resistant windows for blast furnaces or bulletproof ceramic windows. 

Transparent ceramics are used also in many other optical applications. In the case of solid-state 

LASER (SSL), they can replace single crystals as gain media. In alternative they can be used as 

light converter, scintillator, and filter or absorber [11], [13], [15], [16], [33]. 
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SSLs have wide range of applications in the industry, for cutting and welding of metals, or in the 

medical field, for eye and skin surgery. SSLs can generate short pulses of high intensity and are 

used also in LASER peening or as initiator in nuclear fusion reactors [16], [34]–[37]. 

1.1.2. Conventional materials for SSL gain media 

In the commercially available solid-state LASERs, the gain medium is a single crystal or a glass. 

Single crystals are the “golden standard” as of today, they reach high LASER efficiency and can be 

produced in large quantity. Single crystals are grown from the melt (as in Czochralski method), 

requiring very high temperature. For example, yttrium aluminium garnet (YAG), a typical host 

material for LASER, melts at 1970 °C. The growth rate is very slow, few millimetres per hour 

[38]–[40]. The process allows to grow crystals only with uniform compositions. 

An alternative to single crystals are doped glasses that are easy to produce, with reduced time 

and energy input compared to single crystals. They are mainly used in fibre LASERs. 

However, the amorphous structure of glass generates propagation losses and does not allow to 

efficiently dissipate heat, making glasses not suitable for high-power applications [41], [42]. The 

active element is randomly dispersed in the amorphous phase, causing the broadening in 

absorption and emission band due to different surroundings for the active element [41], [43]. 

A ceramic has advantages over both glasses and single crystals. 

The ceramic production process requires lower temperature (1750 °C for YAG) and shorter 

duration compared to the growth process. The thermomechanical and optical properties of 

ceramics are equal or higher compared to single crystals [44]–[46] and consistently higher than 

glasses. The flexibility of the ceramic process allows to easily produce material with non-

uniform composition, thus increasing the thermomechanical properties and LASER efficiency 

[20], [26], [47], [48]. 
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1.2. Yttrium aluminium garnet 

One of the most used and studied material as LASER host is yttrium aluminium garnet (YAG). 

YAG is a synthetic garnet with chemical formula Y3Al5O12. It is transparent from 300 nm to 6 µm, 

covering the whole visible spectrum and part of the IR spectrum [16], [49], [50]. The theoretical 

transmittance of YAG is 84 % at 600 nm and it has density of 4.56 g/cm3 (4.76 g/cm3 for 10 at.% 

Yb:YAG) [16]. 

YAG is a widely used host for rare-earth ions, due to the similar ionic radii of yttrium and rare 

earth ions. The substitution of yttrium with rare earth generally does not cause large 

deformations to the lattice Table 1-1 [51]–[53]. 

 
Ionic radius 

[pm] 

Y3+ 104 

Yb3+ 100.8 

Nd3+ 112.3 

Ho3+ 104.1 

Er3+ 103 

Table 1-1 Ionic radii of some rare earth ions [54]. 

YAG is the material studied in this thesis, the doping metals selected are ytterbium, and 

chromium. Ytterbium is the LASER-active element because, in proper setting, it can produce 

coherent radiation. Chromium is used to absorb the parasitic radiation that generate during 

LASER operation. 

1.2.1. Production of transparent YAG ceramic 

The production of advanced ceramics starts from the mixing of the powders, followed by the 

shaping and sintering steps. This sequence of steps is called "ceramic process". 

Transparent YAG-based ceramics are generally produced using two main routes: sintering of 

YAG powders or solid-state reactive sintering of single oxides. 

The first route starts from the YAG powder, that after the shaping process is sintered in high 

vacuum. Commercial YAG powders are difficult to find with the desired stoichiometry, so, this 

approach usually foresees the synthesis the powders by precipitating a solution of yttrium, 

aluminium, and dopant salts [55]–[57]. The precipitated powders are calcinated in air to form 

the YAG phase and sintered in vacuum. 

The advantage of this approach is that the powder has the desired stoichiometry [58]. The main 

drawbacks are the low yield of the synthesis and long duration of the precipitation process [59]. 

The other route, solid-state reactive sintering, relies on forming the YAG phase during sintering. 

It is the route used in this thesis. During sintering alumina and yttria reacts to produce the 

garnet phase according to the equation: 

3 𝑌2𝑂3 + 5 𝐴𝑙2𝑂3  →  2 𝑌3𝐴𝑙5𝑂12 

  



Chapter 1 Introduction 

15 
 

The process takes place in three steps [60], [61]: 

   2 𝑌2𝑂3 + 𝐴𝑙2𝑂3  →   𝑌4𝐴𝑙2𝑂9  YAM (monoclinic) 

   𝑌4𝐴𝑙2𝑂9 + 𝐴𝑙2𝑂3  → 4 𝑌𝐴𝑙𝑂3  YAP (perovskite) 

   3 𝑌𝐴𝑙𝑂3 + 𝐴𝑙2𝑂3  → 𝑌3𝐴𝑙5𝑂12  YAG (garnet) 

Yttria reacts completely in the first step, while alumina is present as reactant in all the reactions. 

To obtain only the YAG phase the reactions must complete without leaving residual phases. 

Thus, the stoichiometric ratio of yttria and alumina must be precisely 3 to 5. Small deviations 

from the stoichiometric ratio could lead to the formation of residual phases, lowering the optical 

quality [62]–[64]. 

These are solid state reactions, so, they are governed by the interdiffusion rate of ions. Yttrium 

ions do not diffuse in alumina [65], so the reaction kinetics is limited to the diffusivity of 

aluminium ions in yttrium oxide. The particle size of the starting powder plays an important role 

on the kinetics. As observed by Kupp et al. [61] the use of alumina and yttria powders with small 

particle size increases the reaction kinetics, by reducing the diffusion path for aluminium ions. 

The production of YAG with the second route starts by mixing commercially available powders 

of yttrium, aluminium, and dopant oxides. Then, the mixed powders are pressed and sintered in 

high vacuum. 

The advantages of solid-state reactive sintering rely on the availability of commercial powder of 

high purity and wide range of morphology and on the possibility to prepare large batches of 

powders. 

On the other hand, the homogeneous mixing can be difficult to obtain, and impurities may be 

introduced during the mixing phase. 

After the powders are mixed and shaped, the material needs to be sintered. Generally sintering 

is performed through two main routes: pressure-less sintering in high vacuum or double 

sintering. 

Pressure-less sintering is the main route used in this thesis. The sample is sintered in a high 

vacuum (pressure <10-3 Pa or <10-8 bar) furnace with heating elements in W-Mo alloy. These 

furnaces are called “clean” because they have no graphite element. It is a pressure-less process 

because no external force is applied to the sample. During sintering three phenomena happen: 

YAG phase forms, particles sinter closing the porosity, and grains grow. High vacuum favours the 

pore closure. Pores close due to the decrease in free energy on the ceramic surface [66], 

however also the relative size between pore and grain matters. Large pores with a size similar to 

the size of the grains are thermodynamically stable, thus they are harder to close during 

pressure-less sintering [67], [68]. 

Double sintering is a combination of sintering and pressure-assisted densification. Sintering, the 

first step, has the function of forming the YAG phase and of closing the interconnected porosity. 

This first step is a pressure-less vacuum sintering with reduced duration to avoid grain growth. 

Densification, the second step, uses techniques like hot isostatic pressing (HIP) or hot press 

(HP); both have in common the combined used of heat and pressure to densify the material by 

closing the residual pores. HIP is the most common for YAG ceramics and it uses a gas as 

pressure medium [56], [69]–[71]. HP is a uniaxial press that works at high temperature, the 
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material is pressed in a die while heated. The HP die is made of graphite, so actions to prevent 

the penetration of carbon in the material are required [72]–[79]. 

Another technique that was tested for the first time in this thesis to produce transparent YAG, is 

field assisted sintering technique (FAST or SPS). FAST is similar to HP, the pressure is applied 

uniaxially through a graphite die, but the heating comes from high electric currents that flow 

through the die. Carbon contamination is a concern since the die is made of graphite. 

HP and FAST can also be used to produce transparent ceramics starting from lose powders, 

instead of using a pre-sintering in vacuum [72], [76], [80]. 

1.2.2. Doping elements 

The dopants used in this thesis are ytterbium, as LASER-active element, and chromium, as 

optical absorber element. 

Yb:YAG can replace the more common Nd:YAG in SSL due to the similar lasing wavelength, 1030 

nm for Yb:YAG and 1064 nm for Nd:YAG [33], [44], [53]. The advantages of Yb:YAG, compared to 

Nd:YAG, are: 

• simpler electronic level structure, as shown in Figure 1-1; 

• higher quantum efficiency, thus smaller thermal load at same output, due to the smaller 

difference in pumping wavelength and lasing wavelength; 

• longer lifetime of the excited state, this enhances the chances of obtaining stimulated 

emission; 

• higher doping level, 10 at.% Yb:YAG is a common doping level, while for Nd:YAG is 1 

at.%. 

Cr4+:YAG is used to quench the parasitic radiation of Yb:YAG. In SSL the parasitic radiation are 

photons that reduce the LASER efficiency because they have a direction not parallel to the 

optical cavity. Cr4+:YAG can suppress parasitic radiation because it has strong absorption at the 

lasing wavelength of Yb:YAG, 1030 nm [81]–[83]. 

Cr4+:YAG can also be used as saturable absorbed in Q-switched SSL to produce LASER pulses of 

short duration and high energy [82], [84]–[87]. 

 

Figure 1-1 Energy level structure of Nd3+ (left) and Yb3+ (right). 
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1.2.3. Sintering aids 

The use of sintering aids is required to obtain transparent YAG. They fasten the sintering process 

and prevent an excessive grain growth [88]–[90]. 

The most common sintering aid is silica (SiO2). While it has been used and studied for nearly 30 

years [53], [88], there is no agreement on its sintering mechanism. The research group of 

Boulesteix found inclusion of a silica-rich phase at grain boundary when 0.3 wt.% of silica was 

used, supporting the theory that silica forms a liquid phase with YAG at low temperature [89]–

[92]. 

The other mechanism, proposed by Stevenson et al., is the formation of a solid solution where 

Si4+ replaces Al3+ in the lattice, and the densification advances by solute drag effect [93], [94]. In 

a more recent work, Boulesteix et al. proposed that the mechanism depends on the 

concentration of silica used [95]. The use of concentrations above silica solubility in YAG (900 

ppm [96]) led to the formation of a liquid phase, while below this limit the mechanism is the 

solid solution proposed by Stevenson et al [93] [57]. The typical concentration of silica is 0.14 

wt.%, a concentration below the solubility limit. TEOS (tetraethyl orthosilicate) is commonly 

used instead of silica at a concentration of 0.5 wt.%, that correspond to 0.144 wt.% of silica [97]. 

While it is the mostly used, silica is not the only available sintering aid for YAG. Among those 

reported by Hostaša et al. in a recent review [97], the sintering aids of interest are magnesium 

oxide (MgO) [98], [99], calcium oxide (CaO) [99]–[105], or in combination [87], [99], [106]–

[111]. 

Magnesium ions substitute aluminium in the YAG lattice [112]. Grain growth is inhibited by 

solute drag effect, the mobility of grain boundaries is lower when magnesium is used, compared 

to silicon [113]. 

Also calcium oxide is effective in limiting the grain growth when used in low concentration (< 

0.3 at.%). At high concentration (1 at.%) CaO forms a liquid phase, causing an increase in grain 

growth and a decrease in optical quality [102], [105], [114]. 

The choice of the sintering aid is not limited to its effect on the microstructure. It can also affect 

other properties of the final material, for example the oxidation state of the elements, as in the 

cases of chromium [101], [110], [115] and cerium [116] ions. 

In addition, in the case of Cr:YAG, silica cannot be used as sintering aid to obtain the formation of 

Cr4+ ions, since silica will inhibit the oxidation of chromium ions [107], [115]. If silica is used in 

combination with MgO and CaO, oxidation of Cr is observed, but it is lower compared to the use 

of divalent aids alone [87], [110], [115]. 
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1.3. Motivation 

The motivation of this thesis is to obtain transparent ceramics based on YAG of high optical 

quality. Ceramics of high optical quality can replace the single crystal in LASER applications, 

potentially outperforming the latter while reducing the production costs. 

The aim is clear and simple, but it is not the same for the path to follow. A transparent ceramic 

comparable to a single crystal must have no defects: no pores nor secondary phases. Only if the 

material is just YAG phase the light can pass through without scattering. 

To obtain a fully dense flawless transparent YAG ceramic is not an easy task. Before sintering the 

pressed sample has a density that is around 50 % of the theoretical density, in other words it is 

half powder and half pores. During sintering all the pores must be eliminated. To help the 

densification process the sintering is performed in high-vacuum and sintering aids are used. 

Sintering aids moderate the grain growth, limiting the formation of intragranular pores. In the 

case of the process used in this thesis, also the  reactions between alumina and yttria occurs 

during sintering. Therefore, particular care must be placed in the precise weighing of the 

starting powders to avoid residual secondary phases. 

I selected, for this work, two dopants: ytterbium and chromium. 

Ytterbium because it provides superior LASER performances over the more conventional 

neodymium in SSLs. Chromium because it has strong absorption at Yb lasing wavelength and can 

be used to suppress parasitic radiations. 

Chapter 2 explains the experimental procedures used. 

In chapter 3 the powders selected are summarized together with their characterization. 

Chapter 4 reports the different approaches and results obtained with Yb:YAG. 

To reduce the presence of defects, four different approaches were tested and described in 

chapters 4.1-4.4. In the first approach, described in chapter 4.1, alumina and yttria powders with 

different morphology and particle size were combined and the obtained results were compared.  

The second approach, described in chapter 4.2, focused on the ceramic process. Residual pores 

can result from local inhomogeneities in the pressed sample, that in turn can come from residual 

aggregates in the starting powders. The ceramic process was modified to increase the 

disaggregation of the starting powder. 

This section also describes a new methodology to compare the optical quality of the samples. 

With increasing optical quality of the ceramics, the use of SEM is not enough to characterize the 

material. For this reason, a systematic characterization using optical microscope was developed 

to determine the residual porosity in the samples. 

The third approach, described in chapter 4.3, played on the type of sintering aid. TEOS has been 

the only sintering aid used in the former approaches. In this section magnesium oxide was used 

as sintering aid, alone or in combination with TEOS. MgO was selected for its ability to limit the 

grain size and, consequently, to increase the thermo-mechanical properties. 

The fourth approach, described in chapter 4.4, makes use of pressure-assisted densification 

techniques to force the closure of residual pores. This approach generally yields higher optical 

quality compared to vacuum sintering alone. The techniques used were hot isostatic pressing, 

the golden standard for the purpose, and field assisted sintering technique, with a set-up that 
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has never been used before. 

The last section of chapter 4 (4.5 LASER) presents the results of LASER tests performed on a set 

of selected samples. 

The results on Cr:YAG are reported in chapter 5. 

The focus in the case of Cr:YAG was the optimization of the concentration of sintering aids. The 

necessity to oxidize chromium to Cr4+ does not allow to use silica as sintering aid. Divalent 

metals were used instead, namely calcium and magnesium oxides. 

Chapter 5.1 describes the results obtained using hot isostatic press. 

Chapter 5.2 reports the result of annealing cycles, aimed to oxidize chromium ions. 

Chapter 6 summarizes the results and presents the conclusions. 
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1.4. Acronym used 

SSA Specific Surface Area 

PSD Particle Size Distribution 

SEM Scanning Electron Microscope 

BSE Back-Scattered Electron 

SE2 Secondary electron 

Secondary phases rich in Y: phases of YAM and YAP 

YAG Yttrium Aluminium Garnet 

YAM Yttrium Aluminium Perovskite 

YAP Yttrium Aluminium Monoclinic 

TEOS TetraEthOxySilane or Tetra Ethyl OrthoSilicate 

MgO Magnesium oxide 

CaO Calcium oxide 

HIP Hot Isostatic Press 

HP Hot Press 

FAST Field Assisted Sintering Technique 

SPS Spark Plasma Sintering 

SSL Solid-State LASER 

LASER Light Emission by Stimulated Emission of Radiation 
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2. Experimental 

In this chapter, the experimental procedures used for the production and the characterisation of 

powders and samples are described. 



Chapter 2 Experimental 

22 
 

2.1. Characterization techniques 

2.1.1. Powder characterization 

The properties of the starting powders are of paramount importance to obtain transparent YAG. 

Manufacturers provide some specifics of the powder, like purity, specific surface area, and 

average particle size or D50, however the specific surface area and particle size distribution were 

also performed internally, and, in some cases, differences were found with the declaration of the 

manufacturer. 

All powders were observed with a scanning electron microscope (SEM) and their weight loss 

measured. 

2.1.1.1. Specific surface area 

The specific surface area (SSA) is measured using the Brunauer–Emmett–Teller (BET) theory of 

gas molecules absorption on a solid surface, the powder. The instrument (Surfer 11510300, 

Thermo Fisher Scientific, USA) calculates the SSA (in m2/g) from the amount of absorbed gas and 

the mass of the sample. 

A sample of powder is weighted and inserted in the sample tube. The powder is treated at 140 °C 

for 2 h in vacuum to remove gas and volatile species. The tube is moved in the instrument where 

is kept under vacuum and submerged in liquid N2. The measurement starts by adding small 

amount of gas (N2), that is absorbed by the powder causing a drop in pressure. The addition 

continues up to when the sample absorbs the gas, when the pressure sensor does not detect a 

drop in pressure the addition of gas stops. The SSA is calculated from the amount of gas (N2) 

added and the mass of the sample. 

2.1.1.2. Particle size distribution 

Particle size distribution (PSD) is calculated by measuring the turbidity of the suspension 

through time. By knowing the particle density, the particle size is calculated through Stokes’ law 

as equivalent spherical diameter. Turbidity is measured as the attenuation of X-ray radiation in 

the instrument (SediGraph III Plus, Micromeritics Instrument Corporation, USA). To speed up 

the analysis the sample cell moves down to get information about the finer particles that would 

require longer times to settle. The instrument can detect suspended particles up to 180 nm of 

equivalent spherical diameter. 

Sodium hexametaphosphate is used as dispersant, a 0.5 % solution in water is prepared and 

measured to obtain the baseline absorption. The powder is dispersed in the solution of sodium 

hexametaphosphate with the aid of an ultrasonic probe and transferred to the measurement cell 

in the instrument. The instrument outputs directly the particle size distribution. 

2.1.1.3. Morphological analysis 

Powder morphology is analysed by scanning electronic microscope (SEM) (ΣIGMA, Carl Zeiss 

microscopy GmbH, Germany and Quanta 200, FEI Company, USA), it is used to gather 

information about the particles shape and size, presence of aggregates and their “hardness”, as 

explained below. 
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The as received powder is dusted on carbon adhesive tape on a SEM stub, the excess powder is 

removed by shaking. The powder is observed without coating. 

Fine powders are usually highly aggregated, and this analysis may not give sufficient 

information on the real morphology. A second analysis is therefore necessary, that is carried out 

after dispersing a very small amount of powder in ethanol, sonicating and spraying it on a silicon 

wafer. In this way, the powder is mildly disaggregated, it is possible to observe the dimension of 

the single particles as well as evaluate presence and dimension of residual hard aggregates. 

2.1.1.4. Weight losses 

Powders tend to absorb water from the environment, especially if they have a high specific 

surface area (SSA) and a small particle size. In addition, residues of organic additives used in the 

production process may have remained in the powder. Since the stoichiometric ratio between 

the oxides of Al, Y, Yb, and Cr must be as precise as possible, the amount of these impurities must 

be known. 

Single powders are pressed into pellet and weighed (masspre), the pellets are heated in a furnace 

at 1000 °C for 1 h. To avoid re-adsorption of water from the samples during cooling, samples are 

moved to a desiccator when the furnace temperature is around 150 °C. When cool, they are 

weighed again (masspost), and the weight loss is calculated as: 

𝑤𝑙 =
𝑚𝑎𝑠𝑠𝑝𝑟𝑒 − 𝑚𝑎𝑠𝑠𝑝𝑜𝑠𝑡

𝑚𝑎𝑠𝑠𝑝𝑟𝑒
 

2.1.2. Sample characterization 

Each sample is characterized in different ways, starting by measuring the pellet after pressing to 

microstructural and optical analysis after polishing, and, for samples with great quality, LASER 

characterization. The characterization before sintering is useful to calculate the linear shrinkage 

and density of the pellet. After sintering the samples undergo polishing, then the microstructure 

can be analysed by SEM and the transmittance by UV-Vis-NIR spectrometer. 

2.1.2.1. Measures 

The term "measuring the sample" means measuring the sample's diameter, thickness, and mass. 

The pressed pellet is measured before and after sintering, and after polishing. After sintering the 

sample is weighed in a special scale (Figure 2-1, E-42, Gibertini, Italy) that allows to calculate the 

density with Archimedes' method. 

By the Archimedes' principle the sample volume can be calculated as the difference of its mass in 

air and its mass when submerged in water, for simplicity water density is taken as 1 g/mL. This 

method is used for dense samples since it is more precise than calculating the geometric density 

Conversely, the latter must be used for samples before sintering since they are porous and with 

the Archimedes’ method water can infiltrate in pores and falsify the measurement. 
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The diameter is measured with a calliper (Absolute coolant-proof, Mitutoyo corporation, Japan). 

The thickness before sintering is measured with a calliper, while after sintering and polishing a 

micrometer screw gauge (Digimatic micrometer APB-2D, Mitutoyo corporation, Japan) is used 

because samples may bend during sintering. The mass is measured with an analytical scale 

(Quintix 224 or ED224S, Sartorius Lab Instruments GmbH, Germany). 

2.1.2.2. Polishing 

Samples need to be polished to be characterized by SEM, optical microscope and by UV-Vis-NIR 

spectroscopy. 

Samples are polished with an automated polishing machine (Tegramin 25, Struers, Denmark) 

from coarse grinding plate to mirror polish with diamond paste down to 0.25 µm. Samples are 

polished on both faces. 

2.1.2.3. Transmittance 

The in-line transmittance is measured with a dual beam UV-Vis-NIR spectrometer (Lambda 750, 

PerkinElmer Inc., USA) with dual light source and dual detector. A deuterium lamp is used for UV 

radiation and a W filament lamp for visible and NIR. The detectors are a photomultiplier for UV-

Vis and a PbS for NIR. A bump in transmittance may occur around 860 nm when detectors are 

switched, because the two faces of the sample are not perfectly parallel. 

The wavelength range measured is 200 - 1500 nm, and 1100 nm is selected as reference to 

compare samples, since it is a wavelength with no absorption and it is near the lasing 

wavelength of Yb:YAG. 

2.1.2.4. Microstructural analysis 

The microstructure and composition are investigated by scanning electron microscope with an 

EDS probe. The instruments used are a FE-SEM (ΣIGMA, Carl Zeiss microscopy GmbH, Germany) 

equipped with EDS probe (INCA Energy 300, Oxford Instruments plc, UK), and an ESEM (Quanta 

Figure 2-1 Scale used to measure the density by Archimedes' method. 
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200, FEI Company, USA). SEM is a surface analysis that allows to detect the presence of defects 

and with EDS microanalysis to identify their nature, like the type of secondary phases. 

Samples are not electrically conductive, thus are coated with carbon before SEM analysis, with a 

sputter coater (Q150T ES, Quorum Technologies ltd, UK). 

Secondary phases are detected using the detector for back-scattered electrons (BSE), they 

appear as darker or brighter spots. These phases have different density, respect to YAG, and 

higher density means higher quantity of electrons that are backscattered. The typical secondary 

phases observed in the samples are: alumina (Al2O3, as dark spots), YAP (YAlO3, as bright spot), 

and YAM (Y4Al2O9, as bright spot). 

The EDX analysis confirmed the composition of the secondary phases. 

2.1.2.5. Analysis of residual porosity 

The residual porosity is an important parameter for transparent ceramics, as it affects the 

transparency and the LASER performance. It is not possible to quantify it by SEM analysis since 

the technique is limited to the surface. In addition, samples with high optical quality show little 

residual porosity, making difficult to compare them. 

In the frame of this thesis, a method to quantify the residual porosity was developed  by using a 

using a digital optical microscope (RH-2000, Hirox, Japan) and an image analysis software 

(ImageJ). The elaborated data were used to compare samples. 

Only samples with high optical quality were analysed, defined as sample with transmittance 

equal or greater than 75 % at 1100 nm. 

With transparent materials the optical microscope allows to investigate the inner part of the 

material at lower magnification than SEM. Thus, SEM and optical microscope are used as 

complementary analysis. 

The analysis exploits the microscope's automated focus stacking mode, it takes many pictures at 

increasing depth of focus and stack them keeping, for each picture, only the pixels in focus. Since 

the sample is transparent, increasing the depth of focus means that the instrument is moving 

through the material, thus the resulting image is the sum of the defects in a portion of volume of 

the sample. Since the sample analysed with this technique are of high optical quality and with 

Figure 2-2 Examples of alumina (left, dark spot) and YAP (right, bright spot) residual phases in YAG samples observed 
with BSE detector. 
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little or no secondary phases (from SEM analysis), all the defects detected with the optical 

microscope are considered pores. 

The depth of travel can be set in the software and for the present study it is fixed to 250 µm, the 

area (after cropping) analysed is ~300 × 300 µm. For each sample at least 3 images were 

captured and analysed. 

ImageJ is used to analyse the images; it is a free and advanced software for image analysis. 

ImageJ to work need a black and white image, black spots (the pores in the sample) on a white 

background, thus the image obtained from the microscope (Figure 2-3) needs to be heavily 

modified, without losing detail. The workflow starts with the captured image (Figure 2-3). 

The brightness is not even in the photo, so the darker edges are cropped as reported in Figure 

2-4. 

  

Figure 2-3 Captured stacked image from the microscope. 
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The brightness and contrast of the image are tuned to obtain a monochrome high contrast 

image, then it is imported in ImageJ and adjusted with “Image>Adjust>Threshold...” to obtain an 

image like Figure 2-5. Each black dot is a defect in the original image. The cropped image (Figure 

2-5) represent square with sides 300 µm long.  

Figure 2-4 Areas of uneven brightness that are cropped out. 

Figure 2-5 Black and white image ready to be analysed. 
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Figure 2-5 is ready to be analysed in ImageJ, with the function “Analyze particles...” using the 

option as in Figure 2-6. The software offers to set the scale of the image to give the result directly 

in “µm” instead of “pixels”, the scale used is 2.55 pixel/µm.  

The software will output three windows as in Figure 2-7, two text files [Figure 2-7b, c] and an 

image [Figure 2-7a]. The image contains all the identified pores on the input image, highlighted 

and numbered. One of the text files [Figure 2-7b] contains a summary of all the pores identified, 

with their total area, and the percentage of the area they cover with respect to the analysed area. 

The other text file [Figure 2-7c] lists all the pores and the relative area. Both the text files are 

imported in Origin Pro and in a spreadsheet to elaborate the data. Pores are assumed as 

spherical to convert the area to radius and volume. 

In Origin it is possible to obtain the size distribution of the pores, as in Graph 2-1. 

The last two parameters calculated are the average pore size and the residual porosity, as the 

sum of the volume of pores over the whole volume analysed. For this sample, these values are 

reported in Table 2-1. 

𝑟𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑝𝑜𝑟𝑜𝑠𝑖𝑡𝑦 =
∑ 𝑉𝑝𝑜𝑟𝑒𝑖

𝑛
𝑖=1

𝑉𝑎𝑛𝑎𝑙𝑦𝑧𝑒𝑑
 

 

 
Mean pore size 

[µm] 

Residual porosity 

[ppm] 

Sample 1.95 ± 0.72 45.6 

Table 2-1 Example of results of the optical analysis. 

  

Figure 2-6 Settings used in ImageJ. 
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Figure 2-7 ImageJ output files, a picture (a) and two text files (b and c). 
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Graph 2-1 Example of pore size distribution obtained from image analysis. 
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2.1.2.6. LASER characterization 

LASER characterization is performed in collaboration with the National Institute of Optics (CNR 

INO). LASER is the acronym for Light Amplification by Stimulated Emission of Radiation. 

Stimulated emission takes place when a photon interacts with an exited species, if the photon 

has energy equal to an allowed transition in the species, then the excited state decays emitting a 

photon identical to the incident one in terms of frequency, direction, and phase. This allows 

LASERs to produce coherent beam of light of very high intensity, unobtainable with other light 

sources. A strong beam is obtained by making the photons pass through the material many 

times. In Yb:YAG the excited species is Yb3+ and it is excited by an external diode LASER at 930 

nm. 

The LASER emission tests were performed in a longitudinal pumped cavity using a fibre-coupled 

diode LASER emitting at 930 nm, with a maximum power of about 30 W as pumping source. 

The sample were tested under quasi-continuous (quasi-CW) pump conditions, with rectangular 

pump pulses with a duration of 200 ms and a repetition rate of 1 Hz. Transmittance of the output 

mirror (OC) was fixed at 18.9 %. The emission wavelength was measured with a fibre-coupled 

spectrometer. The LASER cavity diagram is shown in Figure 2-8.  

The mirrors have dichroic coatings with high transmissivity at the pumping wavelength but high 

reflectivity at the lasing wavelength. OC has controlled reflectivity at the lasing wavelength to 

allow portion of the LASER beam to exit the cavity. The cavity is designed as single pass 

pumping, so that the non-absorbed radiation from the sample exit the cavity through SM. Both 

the LASER output and the non-absorbed pumping radiation are measured with a thermal 

detector. The sample is glued with indium on a water-cooled copper holder. 

Figure 2-8 Schematic of the LASER cavity used for Yb:YAG sample tests. The components are as follows: EM -
injection mirror (end mirror); SM - spherical mirror; OC - mirror output (output coupler). C: ceramic sample 
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2.2. Production process of YAG ceramics 

For ceramic production process we mean all the steps needed to transform the starting powder 

into a dense ceramic material. In the case of transparent ceramics made by reactive sintering the 

typical steps are reported in Figure 2-9, those in red are additional steps. Every step must be 

carried out carefully to avoid contamination as impurities may lead to the formation of defects in 

the final material. 
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Figure 2-9 Workflow of the production process. 
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2.2.1. Weighing 

The first practical step is to weigh the powders according to the desired composition. The 

sintering aids amount is generally reported in wt.% (weight percentage). On the contrary, the 

dopant amount is generally reported in at.% (atomic percentage), since it indicates the 

percentage of Al or Y atoms that are replaced in the lattice. Which atom the dopant will replace 

depends on its ionic radius [Table 2-2]: Yb3+ replaces Y3+ [117], while Cr3+ replaces Al3+ [118]. 

 
Ionic radius in YAG 

[pm] 

Y3+ 101.9 

Al3+ 53 

Yb3+ 98.5 

Cr3+ 62 

Table 2-2 Ionic radii in YAG of the selected metals [86], [117], [118]. 

The chemical formula is obtained as reported in the following: 

𝑥 𝑎𝑡. % 𝑌𝑏: 𝑌𝐴𝐺 → 𝑌𝑏3𝑥𝑌(1−𝑥)3𝐴𝑙5𝑂12 

𝑦 𝑎𝑡. % 𝐶𝑟: 𝑌𝐴𝐺 → 𝐶𝑟5𝑦𝑌3𝐴𝑙(1−𝑦)5𝑂12 

For example:  10 𝑎𝑡. % 𝑌𝑏: 𝑌𝐴𝐺 → 𝑥 = 0.1 → 𝑌𝑏0.3𝑌2.7𝐴𝑙5𝑂12 

Concerning the sintering aids, wt.% means a percentage on top of the whole mass of powder 

weighed. For example, for 100 g of oxides (of Al, Y, and dopant) with 2 wt.% of sintering aid, the 

total mass is 102 g. 

To obtain the quantity to weigh the first step is to define the composition and the mass. For 

example, to prepare 30 g of 10 at.% Yb:YAG with 0.5 wt.% of TEOS the steps are the following.  

The first step is to obtain the molar mass of the doped YAG. 

𝟐 𝑌𝑏0.3𝑌2.7𝐴𝑙5𝑂12 = 0.3 × 𝑌𝑏2𝑂3 + 2.7 × 𝑌2𝑂3 + 5 × 𝐴𝑙2𝑂3 

𝑌𝑏0.3𝑌2.7𝐴𝑙5𝑂12 =   
0.3 × 394.08 

𝑔
𝑚𝑜𝑙

+ 2.7 × 225.81 
𝑔

𝑚𝑜𝑙
+ 5 × 101.94 

𝑔
𝑚𝑜𝑙

2
= 618.8055 

𝑔
𝑚𝑜𝑙⁄  

Then the number of moles is calculated as: 

𝑚𝑜𝑙 =
𝑚𝑎𝑠𝑠

𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠
=

30 𝑔

618.8055
𝑔

𝑚𝑜𝑙

= 0.0484805 𝑚𝑜𝑙 

The mass of the oxides is the product of number of moles, stoichiometric coefficient, and the 

oxide molar mass. A “2” at denominator is used because sesquioxides have 2 atoms of metals per 

each mole. 

𝑚𝑎𝑠𝑠𝑛𝑒𝑡  𝐴𝑙2𝑂3 =
𝑚𝑜𝑙 × 𝑠. 𝑐.× 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

2
=

0.0484805 𝑚𝑜𝑙 × 5 × 101.94 
𝑔

𝑚𝑜𝑙⁄

2
=

= 12.3552 𝑔 
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𝑚𝑎𝑠𝑠𝑛𝑒𝑡 𝑌2𝑂3 =
𝑚𝑜𝑙 × 𝑠. 𝑐.× 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

2
=

0.0484805 𝑚𝑜𝑙 × 2.7 × 225.81 
𝑔

𝑚𝑜𝑙⁄

2
=

= 14.7790 𝑔 

𝑚𝑎𝑠𝑠𝑛𝑒𝑡  𝑌𝑏2𝑂3 =
𝑚𝑜𝑙 × 𝑠. 𝑐.× 𝑚𝑜𝑙𝑎𝑟 𝑚𝑎𝑠𝑠

2
=

00484805 𝑚𝑜𝑙 × 0.3 × 394.08 
𝑔

𝑚𝑜𝑙⁄

2
=

= 2.8658 𝑔 

The sum is:   12.3552 𝑔 + 14.7790 𝑔 + 2.8658 𝑔 = 30.0000 𝑔 

Then, the net mass is corrected for the weight loss to obtain the final quantity to weigh. 

𝑚𝑎𝑠𝑠𝑔𝑟𝑜𝑠𝑠  𝐴𝑙2𝑂3 =
𝑚𝑎𝑠𝑠𝑛𝑒𝑡  𝐴𝑙2𝑂3

(1 − 𝑤𝑙)
=

12.3553

(1 − 0.00583)
= 12.4278 𝑔 

𝑚𝑎𝑠𝑠𝑔𝑟𝑜𝑠𝑠  𝑌2𝑂3 =
𝑚𝑎𝑠𝑠𝑛𝑒𝑡𝑌2𝑂3

(1 − 𝑤𝑙)
=

14.7790

(1 − 0.01674)
= 15.0305 𝑔 

𝑚𝑎𝑠𝑠𝑔𝑟𝑜𝑠𝑠  𝑌𝑏2𝑂3 =
𝑚𝑎𝑠𝑠𝑛𝑒𝑡𝑌𝑏2𝑂3

(1 − 𝑤𝑙)
=

2.8658

(1 − 0.00931)
= 2.8927 𝑔 

Finally, the sintering aids must also be considered. TEOS is a volatile liquid, so it has no weight 

loss. The amount to be added is: 

𝑚𝑎𝑠𝑠 𝑇𝐸𝑂𝑆 = 𝑚𝑎𝑠𝑠𝑡𝑜𝑡𝑎𝑙 × 𝑤𝑡. % = 30 𝑔 × 0.5 % = 0.1500 𝑔 

Two analytical scales were used to weigh the materials (Quintix 224 and ED224S, Sartorius Lab 

Instruments GmbH, Germany). 

2.2.2. Ball milling 

Ball milling is the main mixing step, where the powders are mixed by the movement of milling 

media. The used milling media are ceramic spheres of dense alumina with diameter between 0.5 

and 1 cm. Ideally, milling media of YAG would be preferred because during the milling action 

some fragment may detach from the spheres, and if these are made of YAG there would be no 

change in the final stoichiometry. But YAG spheres are not commercially available. 

The purpose of the mixing step is to disaggregate and mix the powders without grinding, since 

this may introduce undesired impurities or change the stoichiometry. For this reason, plastic 

bottles and low speed of the roller are preferred. 

The ratio powder to ethanol is 1 : 2, the same as powder to milling media (1 : 2). The powders 

and the milling media are put in a plastic bottle with absolute ethanol. The bottle is positioned 

on a roller set at 100 rpm for 48 hours. 

If a dispersant is used, it is added to the ethanol and fully dissolved before adding the powders. 

The dispersant conventionally used is MFO (blown menhaden fish oil) in a ratio of 2 wt.%. 

“Blown” indicates a process where the oil is heated in air to increase its viscosity, due to 

polymerization. 
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2.2.3. Ultrasonication 

This is an additional mixing step that uses an ultrasonic probe to favour the disaggregation of 

the powders. The ultrasonic waves create pressure waves in the liquid that form microscopic 

bubbles which expand and collapse violently creating shock waves in the liquid. The 

phenomenon is called cavitation. Since during the process the energy transferred to the 

suspension has high intensity and is dispersed as heat, to avoid a heat build-up the probe has 

cyclic off period and the suspension is cooled by an ice bath. The wave frequency is 20 kHz. 

Ultrasonication comes after ball milling, the milling media are removed, and the suspension is 

poured in a tall beaker. The probe is cleaned thoroughly and submerged into the suspension 

with the tip in the middle of the volume of the suspension. No magnetic stirrer is used. 

The ultrasonic probe (Sonics GEX500, Sonics & Materials, inc., USA) settings used were: cycle of 

10 sec on and 2 sec off, amplitude of 35%. Total duration of 18'. 

2.2.4. Desiccation 

During this step the solvent is removed with the help of heat or by reducing the pressure. The 

milling media are filtered out and cleaned. The suspension is poured in the proper container 

based on the method selected. The tested desiccation methods are described in the following. 

2.2.4.1. Rotavapor 

Rotavapor is the desiccation process mostly used at ISSMC to produce transparent ceramics. The 

continuous rotation of the suspension during desiccation should avoid the re-aggregation of the 

powders and their selective sedimentation. Vacuum and heat facilitate the removal of the 

solvent. 

The rotavapor (Rotavapor R-124 and Waterbath B-480, Büchi, Switserland) bath temperature is 

set to 70 °C. Once most of the ethanol evaporated and the powder sticks to the flask’s walls, the 

flask is removed and put in an oven at 75 °C for 24 h to complete the evaporation of ethanol. 

2.2.4.2. Oven drying 

Oven drying is the most common desiccation step reported in literature. The suspension is 

poured in a crystallizer, covered with filter paper, and put in an oven at 75 °C for 24 h. 

2.2.4.3. Spray drying 

This process t produces a granulated powder. As the name suggests, the suspension is sprayed in 

a hot chamber where the droplets desiccate rapidly leaving granules of powder that are 

collected at the bottom of the cyclone. These granules are soft and spherical, with diameter of 

tens of µm, as in Figure 2-10. Since the suspension is continuously mixed each droplet has a 

homogeneous composition, and this should reduce the formation of inhomogeneities during 

pressing [119]–[121]. 
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The suspension is poured in a flask under magnetic stirring, a peristaltic pump moves it to a 

nozzle where it is sprayed by a flux of nitrogen. The spray enters the desiccation chamber with a 

fast flux of hot air (70 °C) that desiccates the droplets. Then the granules fly to a cyclone where 

they are separated from the air and collected. The air flux is cooled, and the solvent is condensed 

and collected. 

There are four parameters that can be tuned: pump speed, nitrogen flux, air temperature and 

flux. Pump speed and nitrogen flux influence the average dimension of the droplets and thus of 

the granules. Air temperature and flux influence the kinetic of evaporation and the permanence 

time in the desiccation chamber. If the flux is high and the temperature is low, the granules can 

reach the cyclone before a complete desiccation, with the risk of obtaining a poorly granulated 

powder. 

The machine used is a Mini Spray Dryer B-290, Büchi, Switzerland. 

2.2.5. Sieving 

This step is required when the desiccation is made by rotavapor or oven drying. After removing 

the solvent, powders form lumps. The sieving is required to obtain a fine, homogeneous, and 

lump-free powder that can be easily pressed. 

A plastic sieve is used and the filter is a net that is changed every time to avoid contaminations. 

The aperture of the net is 90 µm. Large lumps of powder are crushed by hand and sieved 

without forcing the powder through the net. 

2.2.6. Pressing 

The powders are shaped in the form of pellets by double pressing: uniaxial pressing (UP) and 

cold isostatic pressing (CIP). During UP the powder is poured inside a metallic die and pressed 

to form a pellet. The sample is calcinated and isostatically cold-pressed. In CIP the force is 

Figure 2-10 Example of spray dried alumina and yttria powders. 
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transferred not through a die, like in UP, but through a liquid, that presses the samples in all the 

directions. After CIP the sample is ready for sintering, it has density around 50 % of the full 

density of YAG. 

For UP the pressure used is 80 MPa, the dies used have diameter of 15 or 25 mm, and the 

thickness of the samples ranges between 3 and 5 mm. For CIP the samples are enclosed in 

hermetic envelopes and submerged in the liquid, the pressure applied is 250 MPa. 

2.2.7. Calcination 

This short thermal treatment is performed to remove residual organic compounds and adsorbed 

water in the sample. It is performed on the pellets between UP and CIP. The calcination 

temperature is not high enough to promote the solid-state reaction between alumina and yttria, 

but it is enough to remove the organic compounds and the absorbed water. 

The calcination cycle is generally performed at 800 °C for 1 h. 

2.2.8. Sintering 

Sintering is the crucial step in the production of transparent YAG. During sintering the three 

solid state reaction  take place and the YAG phase forms (see chapter 1.2.1). To obtain full 

transparency, the material must be formed solely by the YAG phase and the porosity has to be 

fully closed. For this reason, sintering is generally performed in high vacuum, since vacuum 

facilitates the closure of the porosity [44]. Some samples were also sintered in air to investigate 

the microstructure evolution. 

During sintering the particles coalesce together and the aluminium ions diffuse in the yttrium 

oxide particles where the reactions take place and YAM, YAP and YAG form [60]. The average 

size of the particles influences the kinetic of the reactions, especially the dimension of yttrium 

oxide (a small dimension would decrease the diffusion distance for the aluminium ions, thus 

fastening the reaction) [61]. Another parameter that influences the reaction is temperature. The 

three reactions occur in the temperature range 1000 °C - 1300 °C [61][122], [123], so in this 

range the heating rate must be slowed down to promote the YAG phase formation. Then the 

temperature is increased to 1750 °C with a permanence time of 16 to 32 h, and in this time 

frame the grains of YAG grow and the porosity closes. The permanence time is a compromise 

between the need of having a dense material and a small grain size, because as the permanence 

time increase the density increases slowly while the grain size increases rapidly. 

2.2.8.1. High vacuum sintering 

The furnace used to perform the vacuum sintering (Cristal, LPA industrie, France) has heating 

elements in tungsten – molybdenum, with a diffusion pump to reach high vacuum (10-3 Pa). 

2.2.8.2. Air sintering 

For some samples a sintering in air was performed. In this case the maximum temperature was 

1650 °C for 4 h. Air sintering was used to investigate microstructure evolution, not to obtain 

transparent samples. 
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2.2.8.3. Hot isostatic pressing 

It is a technique widely used to densify transparent ceramics by means of heat and pressure 

[56], [70], [71]. The medium that transfers pressure and heat to the samples is an inert gas 

(usually Ar or N2). Samples are closed in a hermetic chamber where pressure and heat are 

increased simultaneously. The combined action of pressure and heat pushes the grains, 

favouring the closure of the residual porosity. To obtain the complete closure of the porosity, the 

material must have closed porosity and only the desired phase before the HIP treatment [69]. 

For YAG transparent ceramics this means that a pre-sintering cycle in vacuum must be 

performed, and it must be long enough to provide fully YAG phase samples, but short enough to 

have uniform distribution of small, closed pores and a small grain size. 

The pre-sintering cycle has a maximum temperature between 1600 and 1750 °C, and a duration 

of 4 h (compared to 16 - 32 h for vacuum sintering only). The HIP cycle maximum temperature is 

1650 - 1750 °C with permanence time of 1 - 4 h. The samples are put in a tungsten crucible and 

covered with a tungsten sheet. 

2.2.8.4. Field assisted sintering technique 

FAST is a sintering technique also known as spark plasma sintering (SPS). It uses heat and 

pressure to sinter the material. The sample is put in an electrically conductive die, usually 

graphite, and the die s placed in a press. The press pistons also act as electrodes, and transfer 

both pressure and electrical current to the sample. The heat comes from Joule’s effect, the 

current flowing in the die is high in ampere and low in voltage. This allows high temperature 

rates and short sintering time. For transparent ceramics the main drawback is the 

contamination from carbon, that will penetrate the lattice darkening the sample. 

The approach used for YAG is similar to the one of HIP, using pre-sintered sample with only 

closed porosity, a dense microstructure can help to minimize the carbon infiltration. This 

approach is a novelty, usually transparent ceramics are obtained by SPS from loose powder 

[73]–[79]. The machine works in low vacuum or in inert gas atmosphere to avoid carbon 

oxidation. 

Pre-sintered samples have been machined down to a diameter of 13 mm, wrapped in graphite 

paper, and placed in the graphite die. The die is inserted in the FAST machine and the hatch 

closed. The die is rapidly heated under vacuum to 600 °C and kept for 5 min. Temperature is 

measured with a pyrometer with lower detection limit around 600 °C. Then the temperature is 

increased by 50 °C/min. Reached Tmax the pressure was applied at a rate of 20 MPa/min. Total 

time at Tmax was 60 min. Pressure and temperature are, then, decreased simultaneously. 

Maximum pressure was 60 and 130 MPa, maximum temperature was between 1450 and 

1600 °C. An example of a cycle at 1500 °C and 60 MPa is reported in Graph 2-2. The black line is 

the "displacement", how much the pistons displaced during the process, it is used to obtain track 

how the density of the material increase during the process.  
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2.2.9. Annealing 

Annealing is a thermal treatment performed after sintering with the aim of oxidizing certain 

species in the sample. 

In Yb:YAG it is used to oxidize the Yb ions that during sintering under vacuum reduce from Yb3+ 

to Yb2+ . Vacuum favours the removal of some of the oxygen atoms as molecular oxygen, leaving 

oxygen vacancies, thus positive charges in the lattice. To buffer the oxygen vacancies, Yb ions 

reduce from Yb3+ to Yb2+. The oxidation process can be followed by eye, since Yb2+ has a strong 

green coloration while Yb3+ is colourless, thus it can be considered completed when the sample 

becomes colourless. The completion of the process is confirmed via spectroscopy by the absence 

of absorption in the visible leaving only Yb3+ absorption around 850 - 1000 nm, see Graph 2-3 

below. 

In case of Cr:YAG annealing is performed to oxidize Cr3+ to Cr4+. Cr4+ has strong absorption 

around 1030 nm, as described in chapter 1.2.2 (Doping elements). The evolution of the spectrum 

is shown in Graph 2-4. 

The temperature range of the annealing cycle is 1100 °C to 1400 °C for many hours. The 

duration depends on the sample dimension, composition, and type of sintering aid. Increasing 

the temperature speeds up the process but may lead also to the formation of undesired 

secondary phases.  

Graph 2-2 Example of temperature and pressure profile for a FAST cycle. 
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Graph 2-3 Transmittance spectrum of Yb:YAG before and after annealing. 
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Graph 2-4 Transmittance spectrum of Cr:YAG before and after annealing. 
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3. Selection and characterization of commercial ceramic 

powders 

The single oxide commercial ceramic powders for producing transparent YAG based ceramics 

have been selected based on the following parameters:  

• type and quality of impurities 

• mean particle size 

• particles morphology 

• particle size distribution 

• powder aggregation 

The purity level needs to be at least 99.99% (or 4 N) because the presence of impurities may 

decrease the overall performances of transparent YAG. During the sintering process it may lead 

to the formation of secondary phases with a different refractive index compared to YAG, and 

consequently to the decrease of the transmittance. Also, the type of impurity is important, some 

may not form secondary phases but cause undesired absorption of light [97], [124]. Or 

impurities from Si, Ca, and Mg can significantly increase the overall amount of sintering aids. 

The mean particle size, the particle size distribution and the powder morphology are important, 

because they affect the particle packing during the shaping process [61], [125], as explained in 

chapter 1.2.1 Production of transparent YAG and observed in chapter 4.1 Combination of 

commercial powders. 

Finally, the presence of aggregates should be avoided because, if they remain after shaping, 

aggregates create portion of volume where the stoichiometry is not the required one and 

characterized by a higher porosity than the surroundings. These inhomogeneities during 

sintering lead to formation of secondary phases or large pores, defects that reduce the optical 

quality. 

Based on the aforementioned parameters, six alumina powders from three producers and three 

yttria powder from three producers were selected among several powders investigated. The 

properties of each selected powder are reported below. The powder morphology has been 

investigated by Scanning Electron Microscopy. For some of the powders also the specific surface 

area was measured. The properties provided by the producers are reported. 

For the sintering aids and dopants, it was not always possible to find powders with the required 

purity. 
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3.1. Alumina 

The properties of the selected six alumina powders are reported in Table 3-1. 

The powders can be divided into two categories based on their morphology: 

• fine particle size with wide particle size distribution; 

• powders with spherical or quasi-spherical shape and narrow particle size 

distribution. 

Alumina (Al2O3) Purity 
D50 

[µm] 
SSA 

[m²/g] 
Si 

[ppm] 
Others 
[ppm] 

Taimei TM-DAR ≥99.99 0.20 17.2 3 12 

Sumitomo AKP-50 ≥99.99 0.20 13.9 10 7 

Baikalox BMA15 ≥99.99 0.12 14.9 8 32 

Sumitomo AA-04 ≥99.99 0.42 6.0 5 3 

Sumitomo AA-1.5 ≥99.99 1.70 1.8 7 5 

Baikalox CMA-S050 ≥99.99 0.77 4.4 16 34 
Table 3-1 Properties of the selected alumina powders. 

TM-DAR from Taimei was selected as reference based on the previous results obtained at 

ISSMC[121], [126]. The powder is aggregated, but the ultimate particle size is nanometric, as 

shown by the SEM investigation in Figure 3-1 after an ultrasonication treatment [as described in 

2.1.1.3 Morphological analysis]. Internal PSD revealed that 80% of the particles are smaller than 

250 nm (the lower limit of the instrument), in accordance with the D50 value stated by the 

manufacturer. 

AKP-50 and BMA15 were selected because they have SSA, size and PSD similar to TM-DAR 

[Table 3-1]. 

AKP-50, even after ultrasonication, retains hard aggregates with greater size compared to TM-

DAR (1 µm vs. 0.2 µm, respectively) [Figure 3-2]. This is in accordance with the internal PSD 

analysis that revealed that the size of 75% of the particles is below 250 nm, as shown by the PSD 

analysis in Graph 3-1. 

BMA15 after ultrasonication retains some sub-micrometric aggregates, similarly to TM-DAR 

[Figure 3-3]. 

AA-04 [Figure 3-4], AA-1.5 [Figure 3-5], and CMAS-050 [Figure 3-6] have extremely regular 

crystals in shape and dimension, and very low SSA values [Table 3-1]. Ultrasonication is effective 

on most of the aggregates. According to McGeary combining a powder with large particle size 

(alumina, in this case) with a powder with smaller particle size (yttria, in this case)increase the 

particle packing during pressing [127], [128].  
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Figure 3-2 SEM images of AKP-50 powder as received (left) and after dispersion by sonication (right). 

Figure 3-3 SEM images of BMA15 powder as received (left) and after dispersion by sonication (right). 

Figure 3-1 SEM images of TM-DAR powder as received (left) and after dispersion by sonication (right). 
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Figure 3-4 SEM images of AA-04 powder as received (left) and after dispersion by sonication (right). 

Figure 3-5 SEM images of AA-1.5 powder as received (left) and after dispersion by sonication (right). 

Figure 3-6 SEM images of CMA S-050 powder as received (left) and after dispersion by sonication (right). 
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Graph 3-1 PSD of aluminas TM-DAR and AKP-50 from internal analysis. 
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3.2. Yttria 

The properties of the selected three yttria powders are reported in Table 3-2. 

The powder can be divided in two categories: 

• large particle size, or micrometric; 

• small particle size, or nanometric. 

Yttria (Y2O3) Purity 
D50 

[µm] 
SSA 

[m²/g] 
Si 

[ppm] 
Others 
[ppm] 

Alfa 
Aesar 

REacton ≥99.99 5.10 7.6 170 100 

Solvay 
Superamic 

39UF 
>99.9% 0.43 20.1 - 4.5 

NYC YT4CP ≥99.99 1.07 20.4 - - 
Table 3-2 Properties of the selected yttria powders. 

The powder with large particle size is the Alfa Aesar REacton. This powder is not aggregated, 

and the particle shape is irregular, as shown in Figure 3-7. The average particle size is 5.1 µm. 

The two powders Solvay Superamic 39UF [Figure 3-8] and NYC YT4CP [Figure 3-9] are 

characterized by a small particle size. Those powders are highly aggregated, but an ultrasonic 

treatment is sufficient to disaggregate the particles. According to the data provided by the 

producer, the Solvay powder has a D50 of 0.43 µm. 

NYC states a D50 of 1 µm for YT4CP but our internal PSD analysis revealed a D50 of 0.2 µm, this 

difference can be due to the ultrasonication step performed prior the analysis that reduces the 

size of the aggregates. The complete PSD graph is reported. in Graph 3-2. 

  

Figure 3-7 SEM images of REacton powder as received. 



Chapter 3 Selection and characterization of commercial ceramic powders 

47 
 

 

 

 

Figure 3-8 SEM images of Superamic 39UF powder as received (left) and after dispersion by sonication (right). 

Figure 3-9 SEM images of YT4CP powder as received (left) and after dispersion by sonication (right). 
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Graph 3-2 PSD of YT4CP yttria from manufacturer and internal analysis. 
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3.3. Dopants and additives 

 Purity 
D50 

[µm] 

SSA 

[m²/g] 

Si 

[ppm] 

Others 

[ppm] 

Sigma Aldrich Yb2O3 ≥99.999 - - 20 81 

NYC YB3CP (Yb2O3) ≥99.9 0.52 8.6 - - 

Sigma Aldrich Cr2O3 98% - - - 6692 

Sigma Aldrich CaO ≥99.9 - - - 150 

Baikalox M30CR (MgO) ≥99.99 1.35 28.0 13 56 

Sigma Aldrich TEOS ≥99.999 N/A N/A N/A 2.1 

Table 3-3 Properties of the selected dopants and sintering aids powders. 

 

3.3.1. Ytterbium oxide 

The properties of the selected two ytterbium oxide powders are reported in Table 3-3. 

Even in this case the categories are two: 

• large particle size, or micrometric; 

• small particle size, or nanometric. 

Sigma Aldrich is a micrometric powder, it is not aggregated and the particles have an irregular 

shape [Figure 3-10]. The producer did not provide the average particle size value, however from 

the SEM image it can be estimated around 5-10 µm. 

The YB3CP is nanometric; it is aggregated, but after ultrasonic treatment the particles 

disaggregate easily [Figure 3-11]. NYC states a D50 of 0.52 µm but our internal PSD analysis 

revealed a D50 of 0.3 µm, this difference can be due to the ultrasonication step performed prior 

the analysis that reduces the size of the aggregates. The complete PSD graph is reported in 

Graph 3-3Error! Reference source not found.. 

Figure 3-10 SEM images of Sigma Aldrich Yb2O3 powder as received. 



Chapter 3 Selection and characterization of commercial ceramic powders 

49 
 

 

 

  

Figure 3-11 SEM images of YB3CP powder as received (left) and after dispersion by sonication (right). 
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Graph 3-3 PSD of YB3CP Yb2O3 from manufacturer and internal analysis. 



Chapter 3 Selection and characterization of commercial ceramic powders 

50 
 

3.3.2. Chromium oxide 

The selected chromium oxide powder is produced by Sigma Aldrich and it is nanometric. Its 

particles have a size below 100 nm and form large structures that do not disaggregate after 

ultrasonication [Figure 3-12]. It has high level of impurities, as reported in Table 3-3. 

 

3.3.3. Magnesium oxide 

The selected magnesium oxide powder is M30CR from Baikalox. It is a fine powder with hard 

aggregates, that survive after ultrasonication [Figure 3-13]. 

 

3.3.4. TEOS 

TEOS (tetraethoxysilane) is a liquid silicon organic compound. It is used as a sintering aid. It 

decomposes into silicon oxide during calcination. It is frequently used in place of silicon oxide 

powder because it is liquid, and this eases a more thorough mixing with the powders. 

Figure 3-12 SEM images of Sigma Aldrich Cr2O3 nanometric powder as received (left) and after dispersion by sonication 
(right). 

Figure 3-13 SEM images of Baikalox M30CR powder as received (left) and after dispersion by sonication (right). 
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4. Yb:YAG production and results 

This chapter explains the activities and results obtained with Yb:YAG based ceramics. For all the 

test the composition was 10 at.% Yb:YAG. 

First, different combinations of commercial powders were tested, following the process in 

reported in Figure 2-9, and the obtained results are compared. The samples were sintered both 

in air and high vacuum. Air sintering is not meant to obtain transparent ceramics, but it is a 

faster and easier way, compared to vacuum sintering, to obtain information about how the 

microstructure evolves and to detect the presence of defects. All the combinations were also 

sintered in high vacuum to obtain transparent samples and compare the microstructure with air 

sintering. 

Then, the process was modified to better disaggregate the starting powders, using a dispersant 

and an ultrasonic probe. In addition, different desiccation method were tested and compared. 

Another object of this study is the use of magnesium oxide (MgO) as sintering aid, in place of 

TEOS. TEOS is a widely used sintering aid for transparent YAG, but it is less efficient than MgO in 

contrasting excessive grain growth. Small grains and homogeneous grain size are preferred to 

have better thermo-mechanical properties. MgO was tested both alone and in combination with 

TEOS. 

Finally, some mixture combinations were also treated with pressure-assisted sintering 

techniques to fully close the porosity. The techniques used were hot isostatic pressing (HIP) and 

field assisted sintering technique (FAST). Both the techniques are used to close the residual 

porosity in samples that are partially sintered in vacuum. HIP is commonly used to obtain 

transparent ceramics, while FAST on pre-sintered samples is a novel application.  

Few selected samples with very high optical quality were also characterized in terms of LASER 

emission. 
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4.1. Combination of commercial powders 

The selected powders were combined as reported in Table 4-1. 

 Al2O3 Y2O3 Yb2O3 

1 Taimei TM-DAR Alfa Aesar Sigma Aldrich micro 

2 Sumitomo AKP-50 Alfa Aesar Sigma Aldrich micro 

3 Sumitomo AA-04 Alfa Aesar Sigma Aldrich micro 

4 Sumitomo AA-1.5 NYC YT4CP NYC YB3CP 

5 Baikalox CMA S050 NYC YT4CP NYC YB3CP 

6 Taimei TM-DAR NYC YT4CP NYC YB3CP 

7 Baikalox BMA15 NYC YT4CP NYC YB3CP 

Table 4-1 Summary of combination of powders tested. 

For combination 1, 2, and 3 a coarse yttria powder was used, while in the others the yttria used 

is a fine one. The process used for all these combinations is the one reported in chapter 2.2 

Production process of YAG ceramics, using rotavapor as desiccation step and no ultrasonication. 

Two set of samples were prepared for each combination. One set of samples was sintered in air 

at 1650 °C for 4 h, and the other one in high vacuum at 1750 °C for 16 h. The air sintering is 

performed at lower temperature and for shorter time than the vacuum sintering to observe the 

microstructure mid-sintering, to better understand how the powders react. This allows to 

control what type of defects are present in the sample mid-sintering, information that cannot be 

obtained by vacuum sintering alone. Vacuum sintering aimed at obtaining transparent samples 

to investigate the effect of the powder combinations on the optical quality. 

4.1.1. Air sintering 

The data of samples after sintering in air at 1650 °C for 4 h are reported in Table 4-2. 

 LS bs LS as ρ bs ρ% bs ρ as ρ% as 

1a 2.8 % 10.1 % 2.83 59.6 % 4.44 93.3 % 

2a 2.7 % 8.0 % 2.85 59.9 % 4.22 88.7 % 

3a 3.4 % 9.3 % 2.82 59.3 % 4.39 92.1 % 

4a 4.9 % 18.5 % 2.85 60.0 % 4.67 98.1 % 

5a 5.5 % 20.3 % 2.73 57.3 % 4.69 98.4 % 

6a 5.1 % 22.8 % 2.46 51.7 % 4.68 98.2 % 

7a 5.1 % 24.0 % 2.35 49.4 % 4.74 99.7 % 

Table 4-2 Linear shrinkage (LS) and density (ρ), before (bs) and after (as) sintering, of air-sintered samples. Density after 
sintering is measured by Archimedes' method. 

The samples obtained after air sintering were all white and fully opaque. Samples density after 

CIP/before sintering is clearly higher when coarse yttria (~60 % for 1a, 2a, and 3a) or coarse 

alumina (57-60 % for 4a and 5a) are used, compared to combinations of fine alumina and yttria 

(49-52 % for 6a and 7a). The combination of large particles with smaller ones favours a denser 

packing after pressing. But this does not translate in higher densities after sintering. Density 
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after sintering is correlated with the type of yttria used. Coarse yttria led to low density (87-

93 % for 1a, 2a, and 3a), while finer yttria led to higher density (~98 % for 4a, 5a, and 6a) and, 

for 7a, to near full density (99.7 %).The reactions that lead to the formation of the YAG phase are 

driven by the diffusion of the aluminium ions into yttria. Hence, the smaller the yttria particles, 

the shorter the distance for the aluminium ions, thus fastening the reactions. 

The obtained samples can be divided in three categories on the basis of similar features 

resulting from the microstructure analysis. The similarities depend on the morphology of the 

starting powder, these are: same coarse yttria powder (1a, 2a, and 3a), monodisperse alumina 

powder (4a and 5a), or fine alumina and yttria powder (6a and 7a). 

Samples 1a [Figure 4-1], 2a [Figure 4-2], and 3a [Figure 4-3] have many residual pores and 

secondary phases, mainly formed by residual alumina. Despite these samples exhibit a higher 

density before sintering, their linear shrinkage during sintering was lower, leaving a high 

porosity. The low shrinkage during sintering indicates that the powders have low reactivity. 

Samples 4a [Figure 4-4]and 5a [Figure 4-5] were prepared with fine yttria and a monodisperse 

alumina powders and show a similar microstructure: aggregates of pores and residual alumina. 

Both have secondary phases rich in yttrium , circled in red. In sample 4a the large aggregates of 

phases rich in Y have several pores around them [Figure 4-4 right]. The Y-rich phases (YAM, 

YAP) are characterized by a higher density than YAG and for this reason we observe the 

formation of voids around. Sample 5a uses an alumina powder with a smaller particle size and 

shows smaller defects compared to sample 4a that uses an alumina with particles that are twice 

the size. 

Samples 6a [Figure 4-6] and 7a [Figure 4-7] combine fine alumina with fine yttria and led to the 

samples with the highest density of the trial. These combinations have the lowest density after 

CIP of all the tested samples, but during sintering the shrinkage is the highest [Table 4-2]. The 

same behaviour is observed for the density. Sample 7a nearly reached full density and had the 

lowest amount of residual alumina, no other secondary phases were observed. Few large 

alumina grains were detected across the whole section, an example is the dark spot in the 

middle of Figure 4-7 left. Sample 6a has more residual alumina of smaller size that tend to be 

aggregated [Figure 4-6 right].  

Figure 4-1 SEM images of the polished surface of 1a. 
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Figure 4-2 SEM images of the polished surface of 2a. 

Figure 4-3 SEM images of the polished surface of 3a. 

Figure 4-4 SEM images of the polished surface of 4a. 
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The results obtained during air sintering showed that the use of powders with small particle size 

led to sintered body with high density and few defects. The mixing of large and small particle 

size powders resulted in defects-rich samples, probably caused by the non-homogeneous 

distribution of alumina and yttria in the pellet after pressing. For example, fine yttria particles 

concentrate in the interstitial space between large alumina particles. The packing is denser but 

inhomogeneous in term of composition.  

Figure 4-5 SEM images of the polished surface of 5a. 

Figure 4-6 SEM images of the polished surface of 6a. 

Figure 4-7 SEM images of the polished surface of 7a. 
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4.1.2. Vacuum sintering 

The data of samples after sintering in high vacuum at 1750 °C for 16 h are reported in Table 4-3. 

 LS bs LS as ρ% bs ρ% as 
Transmittance 

at 1100 nm 

1v 3.2 % 16.2 % 60.0 % 97.1 % - 

2v 2.8 % 16.6 % 59.6 % 98.1 % - 

3v 3.2 % 16.6 % 59.3 % 95.2 % - 

4v 5.1 % 19.0 % 60.0 % 99.6 % 30 % 

5v 5.5 % 20.7 % 58.2 % 99.9 % 34 % 

6v 5.1 % 21.6 % 51.4 % 99.5 % 72 % 

7v 5.2 % 22.6 % 49.4 % 99.7 % 75 % 

Table 4-3 Linear shrinkage (LS), density (ρ), before (bs) and after (as) sintering, and transmittance of vacuum-sintered 
samples. Density after sintering is measured by Archimedes' method. Samples 1v, 2v, and 3v are opaque. 

Samples 1v, 2v, and 3v, that are prepared with a coarse yttria powder, have low density and 

linear shrinkage. Samples 4v, 5v, 6v, and 7v, that were prepared with a fine yttria, have higher 

shrinkage and densities near the theoretical value. The results are in line with those obtained 

from air sintering. 

After vacuum sintering at 1750 °C for 16 h all the samples are green [Figure 4-8]. The coloration 

is caused by the state of the ytterbium ions that under vacuum is reduced. Samples 1v, 2v, and 

3v are opaque, samples 4v and 5v are transparent but with several defects that translates in low 

transmittance. While samples 6v and 7v are highly transparent with no visible defects. 

  

Figure 4-8 Photographs of the samples, in order from left to right and top to bottom: 1v, 2v, 3v, 4v, 5v, 6v, and 7v. 
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For microstructural analysis the samples are divided in the same three categories as for air 

sintering: coarse yttria (1v, 2v, 3v), coarse alumina (4v, 5v), and fine yttria (6v, 7v). 

Sample 1v has large and frequent pores but no secondary phases [Figure 4-9]. 

Sample 2v has several secondary phase grains and residual porosity. Secondary phases are 

mainly aggregates of phases rich in Y [Figure 4-10]. 

Sample 3v has pores and aggregates of residual alumina surrounded by large pores [Figure 

4-11], like those observed in samples 4a and 5a obtained with air sintering [Figure 4-4, Figure 

4-5]. They all share the use of monodisperse alumina powder, that can be the cause of this type 

of defects. 

Figure 4-9 SEM images of the polished surface of 1v. 

Figure 4-10 SEM images of the polished surface of 2v. SE2 on the left and BSE on the right 

Figure 4-11 SEM images of the polished surface of 3v. 
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Samples 4v and 5v have several very large pores along with smaller ones [Figure 4-12, Figure 

4-13]. Residual alumina in sample 4v is abundant and it is found both in the aggregates and 

outside them [Figure 4-12]. 

In sample 5v less residual alumina is present and mainly in non-aggregated form. No phases rich 

in Y were observed [Figure 4-13]. 

Comparing these samples with the ones obtained after sintering in air [4a and 5a], we can 

conclude that probably the aggregates of phases rich in Y would eventually react after longer 

soaking times and form the YAG phase. Conversely, the large pores around them are too large to 

close, hence, they coalesce forming the large pores observed in Figure 4-12 and Figure 4-13. 

Samples 6v and 7v show few defects, mainly isolated pores [Figure 4-14, Figure 4-15]. Large 

portions of the material seem to be free of defects and no secondary phases were observed. This 

is in accordance with the good transmittance observed. Prolonging sintering made the residual 

alumina, observed in 6a and 7a, completely react and most of the pores close. 

Transmittance spectra of the transparent samples from 200 to 1500 nm are reported in Graph 

4-1. Samples 4v and 5v have low transmittance over all the range. Sample 6v has a constant 

transmittance between 1100 and 1500 nm, while sample 7v has a slightly decreasing 

transmittance in the same range.  

Figure 4-12 SEM images of the polished surface of 4v. 

Figure 4-13 SEM images of the polished surface of 5v. 
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Figure 4-14 SEM images of the polished surface of 6v. 

Figure 4-15 SEM images of the polished surface of 7v. 
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Graph 4-1 Transmittance spectra of samples 4v, 5v, 6v, and 7v. 
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From the results from air and vacuum sintering, it appears that the use of alumina and or yttria 

powders with large particle size does not lead to samples with proper microstructure, indeed, 

large pores and secondary phases were observed in samples of combination 1, 2, 3, 4, and 5 

after, both, air and vacuum sintering.  

On the contrary, the combinations of alumina and yttria with fine particle size led to samples 

with higher optical quality, higher density, and least amount of defects. In particular, both 6 and 

7 are combinations of alumina and yttria powders with fine particle size. However, the samples 

still present few defects, like residual pores, and the values of transmittance are far from the 

theoretical value. 

Since the pores observed in samples 6v and 7v may come from residual aggregates in the 

starting powders, the next chapter will describe the strategies implemented to reduce the 

occurrence of residual aggregates. 

These results were published in an article [125], attached in Appendix 7.2. 
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4.2. Optimization of the ceramic process 

According to the obtained results the most promising powder combination is combination 7. 

The pores observed may come from residual aggregates after ball milling that create local 

inhomogeneities, both in density and stoichiometry, in the pressed pellet. In a pressed pellet the 

amount of porosity inside a residual aggregate is larger than the surroundings, and during 

sintering this porosity can coalesce rather than close, forming a large pore [Figure 4-14 right]. 

The ceramic process is flexible enough to be easily tuned to increase the disaggregation and 

mixing of the powders, by adding or changing some steps. in the frame of this work the 

approaches tested to increase the disaggregation of the powder were: 

• use of a dispersant; 

• ultrasonication of the suspension. 

A dispersant favours the disaggregation of the powders. The ultrasonication is an additional 

mixing step aimed at destroying the aggregates that survive after ball milling. 

There were changes also for the desiccation step: the use of oven drying and spray drying were 

tested and compared with rotavapor. The ceramic process workflow with these modifications is 

reported in chapter 2.2 (Production process of YAG ceramics). 

The new experimental steps are indicated as follows: 

• MR - dispersant and rotavapor 

• UR - dispersant, ultrasonication, and rotavapor 

• MOV - dispersant and oven drying 

• UOV - dispersant, ultrasonication, and oven drying 

• USD - dispersant, ultrasonication, and spray drying 

To compare the modified process with the standard one (desiccation by rotavapor and no 

dispersant nor ultrasonication), the sample 7v is used as reference and it is renamed as R16. 

The data of samples after sintering in high vacuum at 1750 °C for 16 h are reported in Table 4-4. 

 LS bs LS as ρ% bs ρ% as 
Transmittance 

at 1100 nm 

R16 (7v) 5.2 % 22.6 % 49.4 % 99.7 % 75 %/1.7mm 

MR16 4.1 % 22.6 % 50.6 % 100.1 % 77 %/1.6mm 

UR16 4.2 % 23.0 % 50.7 % 99.5 % 79 %/1.9mm 

MOV16 4.2 % 22.3 % 50.2 % 100.6 % 77 %/1.7mm 

UOV16 3.2 % 22.7 % 49.1 % 100.1 % 79 %/3.0mm 

USD16 5.3 % 22.0 % 51.1 % 100.5 % 79 %/1.6mm 

Table 4-4 Linear shrinkage (LS), density (ρ), before (bs) and after (as) sintering, and transmittance of vacuum-sintered 
samples. Density after sintering is measured by Archimedes' method, the imprecision in the measurements can cause the 

value to be higher than 100 %. 
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As expected, there is little variability between the linear shrinkage and density among the 

samples, since the powder used are the same. No significant differences were observed between 

the desiccation step on the transmittance. Conversely, the use of the dispersant and the 

ultrasonication increased the transmittance. 

The three sample from rotavapor (R16, MR16, UR16) have similar microstructure, no 

secondary phases were detected [Figure 4-17, Figure 4-18, Figure 4-19]. In the two sample 

without ultrasonication, some pores were found. Sample UR16 shows no defects, justifying the 

higher transmittance. The three sample have similar and homogeneous grain size. 

  

Figure 4-16 Photographs of the samples, in order left to right and top to bottom: R16, MR16, UR16, MOV16, 
UOV16, and USD16. 

Figure 4-17 SEM images of the polished surface of R16 (7v). 
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Samples from oven drying and spray drying have similar microstructure [Figure 4-20, Figure 

4-21, Figure 4-22], few small pores were observed in MOV16 [Figure 4-20] and USD16 [Figure 

4-22], but not in UOV16 [Figure 4-21]. 

  

Figure 4-18 SEM images of the polished surface of MR16. 

Figure 4-19 SEM images of the polished surface of UR16. 

Figure 4-20 SEM images of the polished surface of MOV16. 
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Figure 4-21 SEM images of the polished surface of UOV16. 

Figure 4-22 SEM images of the polished surface of USD16. 

Graph 4-2 Transmittance spectra of the samples in Table 4-4. 
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The transmittance spectra of the samples reported in Graph 4-2. The three samples produced 

with ultrasonication have higher transmittance, in the IR range, than those obtained without 

ultrasonication. Independently of the desiccation step, the transmittance at 1100 nm is the same 

for the samples obtained with ultrasonication. Similar results were obtained with the samples 

prepared using only the dispersant. The sample obtained by the unmodified process has the 

lowest transmittance of the group. 

4.2.1. Analysis of the residual porosity 

The SEM analysis of these samples does not allow, alone, to understand the differences observed 

in the transmittance curves, nor to draw conclusions on which process leads to the least 

formation of defects. For this reason, the samples were also observed with the optical 

microscope, as described in chapter 2.1.2.5 (Analysis of residual porosity). The images resulting 

by stacking many pictures taken by the microscope between 250 and 500 µm below the surface 

of the sample, are reported in Figure 4-23. 

The images are then processed to obtain the information reported in Table 4-5 and in Graph 4-3. 

 Mean pore diameter 

[µm] 

Residual porosity 

[ppm] 

Transmittance  

@ 1100 nm 

Thickness 

[mm] 

R16 1.81 ± 1.09 66.7 75 % 1.7 

MR16 1.81 ± 1.21 25.4 77 % 1.6 

UR16 1.84 ± 1.09 27.4 79 % 1.9 

MOV16 1.52 ± 1.29 24.0 77 % 1.7 

UOV16 1.64 ± 1.13 21.0 79 % 3.0 

USD16 1.69 ± 0.92 69.5 79 % 1.6 

Table 4-5 Results of the analysis of residual porosity. 

Taking the rotavapor series as reference, it results that the addition of the dispersant helped in 

reducing the total residual porosity, but not the average pore size. The addition of 

ultrasonication did not decrease the residual porosity but had a positive effect on transmittance. 

Oven drying samples have smaller average pore dimension and less residual porosity than the 

analogues in the rotavapor series. In this case, adding the ultrasonication reduced the residual 

porosity and increased the transmittance. 

USD16 has similar residual porosity to R16, with slightly smaller pore size. USD16, regardless 

its high porosity, has high transmittance at 1100 nm, similar to the other samples that uses 

ultrasonication. 

R16 and USD16 are the samples with higher residual porosity [Table 4-5, Graph 4-3]. It is also 

possible to visually see the difference in the distribution of the porosity: for MR16 and UR16 the 

peak of the distribution occurs between 1.5 and 2.0 µm, while for MOV16 and UOV16 it occurs 

at lower values, between 0.5 and 1.5 µm [Graph 4-3].  
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Figure 4-23 Example of the images captured with the optical microscope used for the analysis. Samples are, in 
order from left to right and top to bottom: R16, USD16, MR16, UR16, MOV16, and UOV16. 

Graph 4-3 Pore size distribution of the samples in Table 4-5. 
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4.2.2. Influence of the sintering duration 

Following the obtained results, it was decided to produce another set of samples, sintered 

always at 1750 °C but with a permanence time of 24 h instead of 16 h, to increase the optical 

quality. 

 LS bs LS as ρ% bs ρ% as 
Transmittance 

at 1100 nm 

MR24 3.4 % 22.8 % 48.2 % 99.9 % 69 % 

UR24 3.3 % 22.6 % 49.2 % 100.1 % 80 % 

MOV24 3.0 % 22.7 % 48.5 % 100.2 % 79 % 

UOV24 3.3 % 22.9 % 49.0 % 100.4 % 82 % 

USD24 6.4 % 25.6 % 48.9 % 100.1 % 80 % 

Table 4-6 Linear shrinkage (LS), density (ρ), before (bs) and after (as) sintering, and transmittance of samples sintered 
for 24 h. Density after sintering is measured by Archimedes' method, the imprecision in the measurements can cause the 

value to be higher than 100 %. 

All samples are fully dense and transparent [Table 4-6]. The measured linear shrinkage is 

consistent among all samples, except for sample USD24 that shrank more due to lower pressure 

applied during linear pressing. Increasing the sintering time led to a general increase in 

transmittance, except for sample MR24. Sample MR24 has several small defects that form a sort 

of fog. The dark (reddish) area in sample MOV24 could be a contamination of zirconium due the 

use of a contaminated support during sintering. For this reason, all the characterizations were 

carried out on the non-contaminated part of the sample. 

Figure 4-24 Photographs of the samples, in order left to right and top to bottom: MR24, UR24, 
MOV24, UOV24, and USD24. 
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From SEM analysis all samples show no secondary phases. Few isolated pores are found in 

samples MR24, UR24, and USD24. In samples MR24 and UR24 the grain size is small and 

inhomogeneous, there are larger grains surrounded by grains 2-3 times smaller. In USD24 the 

grain size is way larger but the size is more uniform. 

 

 

Figure 4-25 SEM images of the polished surface of MR24. 

Figure 4-26 SEM images of the polished surface of UR24. 

Figure 4-27 SEM images of the polished surface of USD24. 
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In MOV24 and UOV24 no pores were observed. The grain size is different between the samples, 

MOV24 has small and inhomogeneous grain size, like MR24 and UR24, while UOV24 has larger 

and homogeneous grain size. 

 

 

  

Figure 4-28 SEM images of the polished surface of MOV24. 

Figure 4-29 SEM images of the polished surface of UOV24. 

Graph 4-4 Transmittance spectra of the samples in Table 4-6. 
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The transmittance spectra, reported in Graph 4-4, show that UOV24 has the highest 

transmittance over the whole spectrum, while the other three samples have similar value in the 

IR region. Sample MR24 has the lowest results and was not further characterized. 

Even in this case the SEM analysis was not enough to find significant differences between the 

samples. 

4.2.2.1. Analysis of residual porosity 

Samples were analysed with optical microscope to determine the residual porosity. 

 Mean pore diameter 

[µm] 

Residual porosity 

[ppm] 

Transmittance  

@ 1100 nm 

Thickness 

[mm] 

UR24 1.56 ± 1.13 24.0 80 % 2.4 

MOV24 1.18 ± 0.68 24.1 79 % 2.8 

UOV24 1.50 ± 0.99 28.9 82 % 1.7 

USD24 1.33 ± 1.06 22.2 80 % 3.0 

Table 4-7 Results of the analysis of residual porosity of samples sintered for 24h. 

The results in Table 4-7 show little difference in terms of residual porosity among the samples. 

Differences were observed on the average pore size, sample MOV24 has the smallest pores, 

while samples UR24 and UOV24 have larger pores, on average. Sample MOV24 has also a lower 

standard deviation than the other. Comparing samples MOV24 and UOV24 we could expect that 

MOV24, that has smaller pores and lower residual porosity, had a higher transmittance than 

UOV24. However, by calculating the residual porosity in terms of number of pores over volume, 

we found that it is 8.41 ppm for MOV24 and 5.02 ppm for UOV24. Therefore, the lower total 

number of pores, even if larger, can justify the higher transmittance of UOV24. 

Residual porosity did not change significantly between samples sintered for 24 h and 16 h, 

except for the sample treated by ultrasonication and then spray dried, for which the residual 

porosity passed from 69.5 ppm (USD16) to 22.2 ppm (USD24). The major changes were 

observed on the average pore diameter, that decreased with longer sintering, indicating that 

prolonging sintering duration promote the pore closure rather than their coalescence. 

Increasing the sintering duration was effective in increasing the transmittance of the samples 

and reduced the average pore size. However, it was not effective in reducing the residual 

porosity. Oven drying was selected as the preferred process, not only for the high-quality of the 

obtained samples, but also for its simplicity. It will be the only process used in the following 

chapters, where the effect of the sintering aids will be studied. 
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4.3. Optimization of the sintering additives 

In the previous chapters the investigation focussed on the optimisation of some of the 

experimental steps of the process. In this chapter the focus is on the optimization of the sintering 

aids. Up to here, the sintering aid used has been TEOS. 

While silica is the most common sintering aid for YAG, it is not the only one. Divalent cations, like 

calcium and magnesium, can be successfully used as sintering aids. They lower grain boundary 

mobility resulting in a smaller grain size compared to TEOS, as discussed in chapter 1.2.3 

(Sintering aids) [113]. In addition, by inserting a divalent cation in the YAG lattice, made of 

trivalent metals, the sintering aid can compensate the oxygen vacancies that form during 

sintering in high vacuum, thus reducing or eliminating the amount of Yb ions that reduce to Yb2+.  

The use of divalent cations as sintering aid brings a double advantage, the first is the reduction 

of the grain size, and the other is the possibility to avoid the annealing step, or to reduce its 

duration. Among calcium and magnesium, the latter was selected due to the results obtained 

with Cr:YAG, shown in chapter 5 (Cr:YAG production and results). 

Magnesium oxide (MgO), the chosen source of magnesium ions, was tested both alone and in 

combination with TEOS. The combination tested are reported in Table 4-8. Higher concentration 

of MgO was used when in combination with TEOS. Since magnesium decrease the grain 

boundary mobility, it also slows down the reactions that form YAG, therefore, the duration of the 

sintering was increased up to 32 hours. The only desiccation step adopted was oven drying. 

 TEOS 

[wt.%] 

MgO 

[wt.%] 
Process 

T 0.5 - UOV (TU) 

TMg4 0.5 0.04 MOV (TMg4M) 

TMg8 0.5 0.08 MOV (TMg8M), UOV (TMg8U) 

TMg10 0.5 0.10 UOV (TMg10U) 

Mg1.5 - 0.015 UOV (Mg1.5U) 

Mg2.5 - 0.025 UOV (Mg2.5U) 

Table 4-8 Summary of the concentration of TEOS and MgO tested. 

Two samples using only TEOS were also prepared for comparison and, for the sake of this 

chapter, the sample UOV24 has been renamed to TU24. 
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 LS bs LS as ρ% bs ρ% as 
Transmittance 

at 1100 nm 

Sintering 

[h] 

TU24 3.3 % 22.9 % 49.0 % 100.3 % 82 %/1.7 mm 24 

TU32 5.6 % 23.3 % 48.0 % 100.0 % 83 %/1.4 mm 32 

TMg4M16 3.0 % 22.6 % 49.0 % 99.7 % 18 %/2.4 mm 16 

TMg4M24 3.2 % 22.8 % 48.5 % 99.5 % 27 %/2.6 mm 24 

TMg8M16 3.2 % 23.0 % 49.1 % 100.1 % 62 %/2.6 mm 16 

TMg8M24 7.3 % 26.1 % 48.9 % 100.1 % 83 %/3.0 mm 24 

TMg8U24 3.8 % 23.1 % 49.3 % 100.1 % 78 %/2.0 mm 24 

TMg8U32    99.8 % 82 %/3.5 mm 32 

TMg10U24 4.2 % 23.7 % 49.5 % 100.1 % 71 %/2.1 mm 24 

Mg1.5U32    99.7 % 19 %/3.3 mm 32 

Mg2.5U24 3.6 % 23.3 % 49.1 % 100.0 % 77 %/1.7 mm 24 

Mg2.5U32    99.9 % 48 %/3.3 mm 32 

Table 4-9 Linear shrinkage (LS), density (ρ), before (bs) and after (as) sintering, and transmittance of samples. Density 
after sintering is measured by Archimedes' method, the imprecision in the measurements can cause the value to be higher 

than 100 %. 

All the samples obtained reached full density, but some have poor optical quality [Table 

4-9].Compared to samples obtained with TEOS only, the use of MgO was challenging. Of all the 

tested combinations, only TMg8 exhibited results comparable or better than using only TEOS. 

The samples that use both TEOS and MgO show an increase in transmittance when the sintering 

duration is increased, especially for the samples TMg8M16 and TMg8M24 with an increase of 

nearly 20 points, reaching a transmittance near the theoretical value (84.5 %) at 1100 nm. 

From the observation of the photographs of the samples, the cause of the poor optical quality of 

some of the samples is the presence of many defects. Even samples with high optical quality, like 

TMg8U24 and TMg8U32, have small black inclusions that could be impurities introduced 

during the powders processing. Samples produced with only magnesium have low optical 

quality, Mg1.5U24 and Mg2.5U32 have many defects that lead to low transmittance. Sample 

Mg2.5U24 has a high transmittance, but it is rich of large defects that are visible even by naked 

eye. 

Samples TMg10U24, Mg1.5U24, Mg2.5U24, and Mg2.5U32 are colourless, which means that 

the concentration of magnesium was high enough to compensate the oxygen vacancies and 

prevent the reduction of Yb ions. This effect is observed also in sample TMg10U24, that has 

both MgO and TEOS. To confirm that no ytterbium ions were reduced, the transmittance spectra 

for the four samples were measured [Graph 4-5], showing that there is no absorption in the 

visible range. 

The samples TMg4M16, TMg4M24, Mg1.5U32, Mg2.5U24, and Mg2.5U32 have all low optical 

quality. Even Mg2.5U24, that has a high transmittance, is full of macroscopic defects visible by 

naked eye [Figure 4-30]. 
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Graph 4-5 Transmittance of some of the samples in Table 4-9 after vacuum sintering. 
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Figure 4-30 Photographs of the samples, in order left to right and top to bottom: TU24, TU32, TMg4M16, TMg4M24, 
TMg8M16, TMg8M24, TMg8U24, TMg8U32, TMg10U24, Mg1.5U24, Mg2.5U24, and Mg2.5U32. 
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Sample TMg4M16 has many residual alumina grains that do not disappear even by increasing 

the sintering duration, as in TMg4M24 [Figure 4-31]. The samples with only magnesium have a 

high residual porosity, mainly consisting of large pores [Figure 4-32 and Figure 4-33]. Regarding 

the grain size, MgO alone is effective in keeping the grains small, compared to using both TEOS 

and MgO. The high porosity of the samples with only MgO could be caused by the fact that pores 

larger than the grains are harder to close, and, therefore, the rather small pores of these samples 

do not close. 

 

  

Figure 4-31 SEM images of the polished surface of TMg4M16 (left) and TMg4M24 (right). 

Figure 4-32 SEM images of the polished surface of Mg1.5U32, SE2 (left) and BSE (right). 

Figure 4-33 SEM images of the polished surface of Mg2.5U24 (left) and Mg2.5U32 (right). 
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Sample TMg8M16 has no pores but some residual alumina. When the sintering duration was 

increased to 24 hours (TMg8M24), no secondary phases nor pores were observed [Figure 4-34]. 

In samples TMg8U24 and TMg8U32 few pores were observed, but no secondary phases [Figure 

4-35]. These four samples have small grain size, compared to using only TEOS (TU24), and a 

homogeneous grain size distribution. As expected, the grain size is larger compared to the 

samples with only MgO. No significant increase in grain size was observed with composition 

TMg8 when increasing sintering duration from 24 to 32 hours. In TMg10U24 large pores were 

observed, but no secondary phases [Figure 4-36 left]. 

Figure 4-34 SEM images of the polished surface of TMg8M16 (left) and TMg8M24 (right). 

Figure 4-35 SEM images of the polished surface of TMg8U24 (left) and TMg8U32 (right). 

Figure 4-36 SEM images of the polished surface of TMg10U24 (left) and TU24 (right). 
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4.3.1. Analysis of residual porosity 

 Mean pore diameter 

[µm] 

Residual porosity 

[ppm] 

Transmittance  

@ 1100 nm 

Thickness 

[mm] 

TU24 1.50 ± 0.99 28.9 (5.02) 82 % 1.7 

TU32 1.97 ± 1.36 35.6 (2.43) 83 % 1.4 

TMg8M24 2.25 ± 1.69 13.6 (0.58) 83 % 3.0 

Table 4-10 Results of the analysis of residual porosity. The value in brackets is the residual porosity calculated as number 
of pores over total volume analysed, instead of sum of pore volume over total volume analysed. 

From the samples analysed, it appears that the use of both TEOS and MgO reduced the residual 

porosity both in terms of total volume of the pores and total number [Graph 4-6Table 4-10]. The 

main drawback is that the average size of the pores increased greatly. Looking at the samples 

with only TEOS, the increase in sintering duration increased the size of the pores, but halved the 

number of pores that resulted in an increased transmittance. The transmittance spectra of the 

sample are reported in Graph 4-7. 
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Graph 4-6 Pore size distribution of samples in Table 4-10. 
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Graph 4-7 Transmittance spectra of the samples in Table 4-9. 
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4.4. Pressure assisted densification 

This section shows the results obtained during my stay in the research group of professor Rémy 

Boulesteix, at the IRCER UMR CNRS in Limoges. The project idea was to compare HIP and FAST 

when producing YAG by double sintering. HIP is the typical technique and it is able to yield a 

material with optical quality comparable to the single crystal [56], [69], [70]. FAST is typically 

used as sintering technique to produce transparent ceramics [73], [74], [76]–[79], [129] starting 

from loose powders. In the following the first results obtained using FAST as densification step 

on pre-sintered YAG material are presented. 

The compositions used are reported in Table 4-11. 

 Yb 

[at.%] 

MgO 

[wt.%] 

TEOS 

[wt.%] 

Mg1.5 10 0.015 - 

Mg2.5 10 0.025 - 

Table 4-11 Composition used for double sintering with HIP or FAST. 

The samples were pre-sintered in high vacuum at 1700 °C or 1750 °C for 4 h. The microstructure 

of sample after pre-sintering is reported in Figure 4-41, Figure 4-42, Figure 4-43, and Figure 

4-44. 

 

Figure 4-37 SEM images of the fracture surface of Mg1.5 after pre-sintering at 1700 °C for 4 h. 

Figure 4-38 SEM images of the fracture surface of Mg2.5 after pre-sintering at 1700 °C for 4 h. Alumina grains are 
highlighted with a red circle. 
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All samples have closed porosity [Figure 4-37, Figure 4-38, Figure 4-39, Figure 4-40]. In samples 

of Mg2.5 grains of alumina were detected [Figure 4-40, inside red circles in Figure 4-38]. 

  

Figure 4-39 SEM images of the fracture surface of Mg1.5 after pre-sintering at 1750 °C for 4 h. 

Figure 4-40 SEM images of the fracture surface of Mg2.5 after pre-sintering at 1750 °C for 4 h. 
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4.4.1. HIP 

One sample for each composition was treated in HIP at 1650 °C and 130 MPa for 1 h. 

 ρ% pre-HIP ρ% post-HIP 
Transmittance 

at 1100 nm 

Mg1.5H1700 96.9 % 100.0 % 82 % 

Mg1.5H1750 98.9 % 100.0 % 82 % 

Mg2.5H1700 97.2 % 100.1 % 51 % 

Mg2.5H1750 99.5 % 100.2 % 57 % 

Table 4-12 Density (ρ) and transmittance of samples treated by HIP. Density is measured by Archimedes' method, the 
imprecision in the measurements can cause the value to be higher than 100 %. 

After HIP samples of Mg1.5 have higher transmittance than those of Mg2.5, where residual 

alumina was observed(Mg2.5H1700 and Mg2.5H1750 [Figure 4-43, Figure 4-44]). When 

alumina was present before HIP [Figure 4-38, Figure 4-40], the treatment was effective in 

closing pores but not in removing the secondary phase grains. Samples Mg1.5H1700 and 

Mg1.5H1750 have a homogeneous microstructure. Small pores were detected in Mg1.5H1700 

[Figure 4-41 right]. No pores were observed in Mg1.5H1750 [Figure 4-42]. 

 

 

Figure 4-41 SEM images of the fracture surface of Mg1.5H1700. A pore in the right image is highlighted. 

Figure 4-42 SEM images of the fracture surface of Mg1.5H1750. 
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The transmittance spectra of the samples are reported in Graph 4-8. Samples Mg1.5H1700 and 

Mg1.5H1750 have high optical quality, whereas samples Mg2.5H1700 and Mg2.5H1750 have 

lower optical quality, due to high quantity of secondary phases. 

In all samples no absorption was measured in the visible range because the use of MgO as 

sintering aid prevented the reduction of ytterbium ions, as already observed in chapter 4.3 

Optimization of the sintering additives. 

 

  

Figure 4-43 SEM images of the fracture surface of Mg2.5H1700. 

Figure 4-44 SEM images of the fracture surface of Mg2.5H1750. 

Graph 4-8 Transmittance spectra of samples densified by HIP. 
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4.4.2. FAST 

Only samples of composition Mg2.5 were treated with FAST, the process parameters  and the 

results are reported in Table 4-13. 

 Temperature 
[°C] 

Pressure 
[MPa] 

ρ% pre-
FAST 

ρ% post-
FAST 

Transmittance 
at 1100 nm 

F1 1450 130 97.7 % 100.1 % 51 % 

F2 1500 130 97.7 % 100.0 % 45 % 

F3 1500 60 97.9 % 100.0 % 43 % 

F4 1550 130 98.0 % 100.3 % 44 % 

F5 1600 130 98.1 % 99.8 % 37 % 

Table 4-13 Process parameters, density (ρ) and transmittance of samples treated by FAST. Density is measured by 
Archimedes' method, the imprecision in the measurements can cause the value to be higher than 100 %. 

All samples have similar density before densification by FAST [Table 4-13], as expected since the 

composition and pre-sintering treatment were the same. After FAST treatment all samples 

reached full density. In chapter 2.2.8.4 (Field assisted sintering technique) it is described how to 

plot the densification curve from the displacement of the pistons during the process. This 

displacement was calculated for sample F1, the result is reported in Graph 4-9. A value of 

density of 108 % is non-sensical, the reason may be that the sample has a high starting density, 

thus the displacement it too low to be measured precisely by the machine.  

All samples after treatment appeared dark, as shown in Figure 4-45, due to penetration of 

carbon. The higher the temperature the darker the sample, thus the higher the concentration of 

carbon penetrated. From samples F2 and F3 it seems that also the pressure influences the 

penetration of carbon, since lower pressure applied led to a less dark sample (F3). 

The samples were annealed at 1100 °C for 20 h in air. In this case the aim was not to oxidize 

ytterbium ions, but to oxidise the carbon that penetrated the samples. The treatment was 

successful, the samples in Figure 4-46 are less dark compared to Figure 4-45. Though, the short 

treatment was not enough to oxidize all the carbon. 

Graph 4-9 Densification curve for sample F1. 
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The transmittance of the samples was recorded after annealing, the spectra are reported in 

Graph 4-10. The optical quality is generally low, it decreases with the increase of temperature, 

probably due to the increasing concentration of residual carbon. 

The main cause of the low optical quality is the presence of residual alumina, it was observed in 

all samples by SEM [Figure 4-47, Figure 4-48, Figure 4-49, Figure 4-50, Figure 4-51]. No pores 

were observed by SEM. 

FAST proved to be effective in closing the residual pores, even in the sample treated at half the 

pressure (F3) no pores were observed. However, FAST was not able to remove the secondary 

phases. This result is in line with the one obtained by HIP: the densification process is not able to 

remove secondary phases. 

These results are the object of the poster in Appendix 7.3. 

  

Graph 4-10 Transmittance spectra of the samples densified by FAST. 
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Figure 4-45 Photographs of the samples obtained from FAST, in order from left to right: F1, F2, F3, F4, F5. 

Figure 4-46 Photographs of the samples obtained from FAST, after annealing 1100 °C for 20h.  
In order from left to right: F1, F2, F3, F4, F5. 
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Figure 4-47 SEM images of F1, fracture surface on left and polished surface on right. 

Figure 4-48 SEM images of the polished surface of F2. 

Figure 4-49 SEM images of the polished surface of F3. 
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Figure 4-50 SEM images of the polished surface of F4. 

Figure 4-51 SEM images of the polished surface of F5. 
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4.5. LASER 

The focus of the thesis is the production of transparent YAG and its characterization in term of 

microstructure. The optical characterization consisted in the analysis of residual porosity and 

measurement of transmittance, techniques available at ISSMC. 

Four samples were selected for LASER characterization, they all have high optical quality and 

are obtained with different sintering aids and sintering techniques, as reported in Table 4-14. 

The LASER performance was measured at CNR INO. The aim of this test was to demonstrate that 

the produced samples can lase and, where possible, correlate the LASER performance with the 

process used. 

The samples were pumped with a diode LASER at 930 nm in quasi-continuous mode, with duty 

factor of 20 % and repetition rate of 1 Hz. Maximum pump power of 30 W was used to avoid 

excessive heat build-up. The results are shown in Table 4-14 and Graph 4-11. 

 Sintering 
technique 

Sintering 
aids 

Transmittance 
at 1100 nm 

Slope 
efficiency 

TU24 vacuum sintering TEOS 82 % 52.4 % 

TU32 vacuum sintering TEOS 83 % 55.6 % 

TMg8H1750 HIP TEOS + MgO 84 % 43.9 % 

Mg1.5H1750 HIP MgO 82 % 27.7 % 

Table 4-14 Results of LASER characterization. 

Before commenting the results, a clarification is necessary: due to lack of time, the samples were 

not polished to LASER grade nor coated, as it would be necessary for these tests. LASER-grade 

polishing means that the faces of the samples are polished to be flat and as parallel as possible. 

In this way, the passing beam is not deflected outside the LASER cavity. In addition, samples 

were not coated to reduce the reflection on the surfaces, another operation that can increase the 

measured efficiency. 
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Graph 4-11 Plot of absorbed power against output power of LASER tests. 
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According to the preliminary results obtained by the LASER tests, the best performing samples 

are those with only TEOS as sintering aid, with little differences observed between TU24 and 

TU32. 

The samples obtained by HIP have lower efficiency. This result is in contrast with the optimal 

optical quality of these samples and the most plausible reason is that the sample faces have low 

parallelism. 

The most important conclusion is that the samples tested lased. Further tests with proper 

sample polishing are required to compare the samples. 
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5. Cr:YAG production and results 

This chapter presents the results obtained with Cr:YAG. 

Cr4+:YAG is interesting for its strong absorption at 1030 nm. It can be used as normal absorber 

for parasite LASER radiation and as saturable absorber in Q-switched solid-state LASERs [19], 

[84]–[87]. 

Chromium ion is added as chromium (III) oxide. Both aluminium and yttrium ions have 

oxidation number +3; therefore, if an ion with lower oxidation number is inserted in the lattice it 

generates a lack of positive charge. Chromium can oxidize to +4 to compensate the lack of 

positive charge [84], [99], [100], [109], [110], [130]. 

Therefore, divalent metals like calcium and magnesium oxides are used in Cr:YAG instead of 

silica, silicon has oxidation number +4 so it will hinder the oxidation of chromium ions. 

A preliminary work was done to evaluate the effect of calcium and magnesium, alone or in 

combination, as sintering aids for Cr:YAG. The use of calcium, alone or combined with 

magnesium, led to samples with low relative density (< 95 %). Therefore, the use of calcium has 

been excluded. Early samples with only magnesium were translucent, so the effort was focused 

on using only magnesium oxide. An example are samples of 0.3 at.% Cr:YAG is reported in Figure 

5-1, on the left a sample with calcium oxide and on the right one with magnesium oxide., both 

after sintering in vacuum. 

Following the results obtained with Yb:YAG (chapter 4.2 Optimization of the ceramic process), 

oven drying (OV) was selected as the desiccation step. Another preliminary test was performed 

to evaluate the effect of the ultrasonication step, keeping all the other process parameters 

constant. The tested composition is 0.5 at.% Cr:YAG with 0.015 wt.% of MgO. The two samples 

obtained are largely different (Figure 5-2): the sample without ultrasonication (Figure 5-2 left) 

has so many defects that is not transparent, while the use of ultrasonication (Figure 5-2 right) 

led to a transparent sample. The ultrasonication step was used in all the following tests. 

Figure 5-1 Photographs of sample with CaO (left) and MgO (right) as 
sintering aids after vacuum-sintering. 
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Six concentrations of magnesium oxide were tested, as reported in Table 5-1. 

 at.% Cr2O3 wt.% MgO 

0.3Cr15Mg 0.3 0.150 

0.3Cr7.5Mg 0.3 0.075 

0.5Cr5Mg 0.5 0.050 

0.5Cr2.5Mg 0.5 0.025 

0.5Cr1.5Mg 0.5 0.015 

1Cr1.5Mg 1.0 0.015 

0.5Cr1Mg 0.5 0.010 

Table 5-1 Concentration of chromium and magnesium tested. 

 

 LS bs LS as ρ% bs ρ% as 
Transmittance 

at 1100 nm 

Sintering 

[h] 

0.3Cr15Mg16 5.3 % 25.1 % 48.2 % 99.8 % 4.8 % 16 

0.3Cr15Mg24 5.3 % 25.5 % 47.7 % 98.9 % 7.2 % 24 

0.3Cr7.5Mg16 5.5 % 24.2 % 50.8 % 99.7 % 13.4 % 16 

0.3Cr7.5Mg24 5.4 % 24.4 % 50.1 % 98.9 % 18.2 % 24 

0.5Cr5Mg16 6.2 % 24.7 % 51.1 % 99.7 % 30.0 % 16 

0.5Cr5Mg24 5.9 % 24.7 % 50.7 % 99.7 % 29.2 % 24 

0.5Cr2.5Mg24 0.77% 21.0 % 49.3 % 99.4 % 69.6 % 24 

0.5Cr2.5Mg32 1.5 % 22.1 % 47.7 % 99.8 % 80.0 % 32 

0.5Cr1.5Mg24 3.1 % 22.8 % 49.1 % 99.7 % 51.5 % 24 

1Cr1.5Mg24 2.8 % 22.5 % 49.1 % 99.6 % 57.3 % 24 

1Cr1.5Mg32 3.9 % 22.9 % 50.4 % 100.0 % - 32 

0.5Cr1Mg24 2.0 % 21.7 % 49.1 % 99.6 % - 24 

Table 5-2 Linear shrinkage (LS), density (ρ), before (bs) and after (as) sintering, and transmittance of vacuum-sintered 
samples of Cr:YAG. Density after sintering is measured by Archimedes' method. The last two samples have too many 

defects, so the transmittance was not measured. 

Figure 5-2 Photographs of polished sample without (left) and with (right) 
ultrasonication. 
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The results, reported in Table 5-2, show that increasing the sintering duration, without changing 

any other parameter, has a positive effect on the transmittance. Compared to the Yb:YAG 

samples described in chapter 4, in the case of Cr:YAG longer time seems to be necessary to form 

the YAG phase. A possible reason is the lower grain boundary mobility caused by magnesium, 

compared to silicon. 

Another trend in the table is the increase of the transmittance when the concentration of 

magnesium decreases, with the highest transmittance obtained with 0.025 wt.% of MgO. Further 

decrease in magnesium content decreased the optical quality to the level of non-transparent 

samples with 0.010 wt.% of MgO. 

Samples with 0.150 to 0.050 wt.% of MgO have many defects evenly distributed in the sample, 

that make the samples look “foggy” [Figure 5-3]. 

The SEM investigation shows that 0.3Cr15Mg16 and 0.3Cr7.5Mg16 both have many defects, as 

shown in Figure 5-4 and Figure 5-5. 0.3Cr15Mg16 has residual alumina, either as isolated 

grains and larger agglomerates, and pores that are small and isolated. Sample 0.3Cr7.5Mg16 

has many large aggregates of secondary phases rich in yttrium (the brighter spots), along with 

pores and residual alumina similarly to sample 0.3Cr15Mg16. The analogous samples sintered 

for 24 h were not analysed with SEM since their appearance is similar. Transmittance spectra of 

Figure 5-3 Photographs of the samples, in order from left to right and top to bottom: 0.3Cr15Mg16, 0.3Cr15Mg24, 
0.3Cr7.5Mg16, 0.3Cr7.5Mg24, 0.5Cr5Mg16, 0.5Cr5Mg24, 0.5Cr2.5Mg24, 0.5Cr2.5Mg32, 0.5Cr1.5Mg24, 1Cr1.5Mg24, 

1Cr1.5Mg32, and 0.5Cr1Mg24. 
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the samples are reported for reference in Graph 5-1. The constant decrease in transmittance in 

the near IR is caused by the large amount of defects. 

 

 

  

200 400 600 800 1000 1200 1400

0

10

20

30

0

10

20

30

T
ra

n
sm

it
ta

n
ce

 [
%

]

Wavelength [nm]

 0.3Cr15Mg16
 0.3Cr15Mg24
 0.3Cr7.5Mg16
 0.3Cr7.5Mg24

Graph 5-1 Transmittance spectra of sample of 0.3 at.% Cr:YAG. 

Figure 5-4 SEM images of the polished surface of 0.3Cr15Mg16, on the same area with SE2 (left) and BSE (right) 

Figure 5-5 SEM images of the polished surface of 0.3Cr7.5Mg16. 
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Decreasing the concentration of MgO to 0.05 wt.% (0.5Cr5Mg24, Figure 5-6) was effective in 

eliminating the secondary phases rich in yttrium (compared to sample 0.5Cr7.5Mg16, Figure 

5-5), but residual alumina and pores are still present. 

In sample 0.5Cr2.5Mg24 [Figure 5-7 left] no secondary phases were detected; the only defects 

observed are small pores. Pores that almost disappear when the sintering is prolonged to 32 h 

(0.5Cr2.5Mg32, Figure 5-7 right). Further reduction in concentration of the sintering aid was 

not beneficial to the microstructure: a slight increase in pore number was observed in 

1Cr1.5Mg24 [Figure 5-8 left] and it increased greatly reducing further the concentration of MgO 

(0.5Cr1Mg24, Figure 5-8 right). 

The transmittance spectra in Graph 5-2have a flat profile in the near IR region, compared to the 

samples in Graph 5-1, and these samples have higher optical quality. 

 

 

Figure 5-7 SEM images of the polished surface of 0.5Cr2.5Mg24 (left) and 0.5Cr2.5Mg32 (right). 

Figure 5-6 SEM images of the polished surface of 0.5Cr5Mg24. 
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Figure 5-8 SEM images of the polished surface of 1Cr1.5Mg24 (left) and 0.5Cr1Mg24 (right). 
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Graph 5-2 Transmittance spectra of 0.5 at.% and 1 at.% Cr:YAG. 
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5.1. HIP 

Presence of residual porosity is a common defect that was observed in all the Cr:YAG samples 

produced. Even in the samples with high optical quality there are some residual pores 

(0.5Cr2.5Mg32, Figure 5-7 right). A technique that can help in closing the residual porosity is 

hot isostatic pressing (HIP). HIP uses heat and pressure to densify the material. In the case of 

YAG ceramics HIP is performed on pre-sintered samples. Pre-sintering is performed in high 

vacuum to obtain a fully YAG phase material with closed pores (not interconnected). This 

process is also called double sintering since the sintering process is split in a short sintering in 

vacuum and the final densification under pressure. 

Two compositions were used in double sintering tests: 0.5Cr1.5Mg and 1Cr1.5Mg. 

Two sets of samples, one for each composition, were pre-sintered in vacuum at 1700 °C and 

1750 °C for 4 hours, respectively. The short sintering duration helps in keeping the grain size 

small. The selected parameters of pre-sintering were effective in obtaining the desired 

microstructure. In all samples no secondary phases were observed and the pores are not 

interconnected Figure 5-9, Figure 5-10, Figure 5-11, and Figure 5-12. 

 

  

Figure 5-9 SEM images of the polished surface of 0.5Cr1.5Mg1750, on the same area with SE2 (left) and BSE (right). 

Figure 5-10 SEM images of the polished surface of 0.5Cr1.5Mg1700, on the same area with SE2 (left) and BSE (right). 
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The two set of samples were treated in HIP at 1650 °C and 200 MPa for 4 hours. 

 ρ% pre-HIP ρ% post-HIP trans 1100 nm  

0.5Cr1.5Mg1750H 98.8 % 100.3 % 83 % 1.8 mm  

0.5Cr1.5Mg1700H 96.5 % 99.6 % 80 % 1.8 mm  

1Cr1.5Mg1750H 98.0 % 100.2 % 80 % 1.7 mm  

1Cr1.5Mg1700H 95.6 % 99.7 % 80 % 1.5 mm  

Table 5-3 Density(ρ) before and after HIP and transmittance of the samples. 

Samples pre-sintered at lower temperature have a white edge [Figure 5-13] but the central part 

of the sample is not affected. 

All the double-sintered samples have high optical quality, with transmittance of 83 % at 1100 

nm for 0.5Cr1.5Mg1750H and 80 % for the others [Graph 5-3]. 

  

Figure 5-11 SEM images of the polished surface of 1Cr1.5Mg1750, on the same area with SE2 (left) and BSE (right). 

Figure 5-12 SEM images of the polished surface of 1Cr1.5Mg1700, on the same area with SE2 (left) and BSE (right). 
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The microstructure after HIP is perfect, no defects were observed on the surface. The grain size 

of the different samples after HIP is similar, while before HIP the samples sintered at lower 

temperature had smaller grains. 

  

Figure 5-13 Photograph of the samples obtained by HIP, from left to right: 0.5Cr1.5Mg1750H, 0.5Cr1.5Mg1700H, 
1Cr1.5Mg1750H, and 1Cr1.5Mg1700H. 
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Graph 5-3 Transmittance of Cr:YAG samples densified by HIP. 

Figure 5-14 SEM images of the polished surface of 0.5Cr1.5Mg1700H (left)and 0.5Cr1750H (right). 
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The microstructure after HIP is perfect, no defects were observed on the surface [Figure 5-14 

and Figure 5-15]. The grain size of the different samples after HIP is similar, while before HIP the 

samples sintered at lower temperature had smaller grains. 

The samples were analysed with optical microscope, but no pores were observed. As example in 

Figure 5-16 are reported two images obtained with the sample 0.5Cr1.5Mg1750H. 

 

 

Figure 5-16 Optical microscope images of 0.5Cr1.5Mg1750H. 

Figure 5-15 SEM images of the polished surface of 1Cr1.5Mg1700H (left)and 1Cr1750H (right). 
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5.2. Air oxidation 

To obtain a transparent Cr:YAG sample is half of the job for its application. The sintered material 

needs to be oxidized to be used as absorbing material. The oxidation process, also called 

annealing, is conducted in a standard furnace (in presence of air) at temperatures well below the 

sintering temperature. The sample change coloration from green to dark orange since the Cr4+ 

ions does not only absorb in the IR but also in the visible range with strong specific absorption. 

The main parameters of an annealing treatment in air are temperature and soaking time: higher 

temperature and longer soaking times increase the oxidation rate [109]. An excessively high 

temperature can, however, damage the optical quality of the material by forming scattering 

centres.  

To determine at what temperature the material starts to deteriorate, three annealing cycles have 

been performed on one sample: 1300, 1350, and 1400 °C for 10 hours each. After the first two 

cycles the sample optical quality remained the same. After the third cycle (1400 °C) many spots 

appeared in the material, that were not present before; a surface analysis with SEM showed the 

presence of large crystals of alumina, ruining the surface microstructure around them [Figure 

5-17]. Another undesirable effect of high temperature treatment can be the growth of the grains, 

that according to the SEM images in [Figure 5-17], it was not observed . 

To avoid the degradation in optical quality, the maximum temperature of annealing was set at 

1350 °C. 

To determine the ideal combination of temperature and duration the samples underwent many 

consequent annealing cycles. After each cycle a transmittance spectrum was measured. The 

selected samples were 0.5Cr1.5Mg1700H and 1Cr1.5Mg1700H for their high optical quality 

and lack of defects. The sequence of thermal treatments is reported in Table 5-4, together with 

the transmittance at 1030 nm after each oxidation cycle. The wavelength of 1030 nm is chosen 

since it is the peak of the absorption band of Cr4+. 

In contrast with the samples presented in the previous chapters, in the case of Cr:YAG the 

wavelength of 1100 nm cannot be used to evaluate the optical quality after annealing, since it 

falls in the absorption region [Graph 5-6]. The selected wavelength for the purpose is, therefore, 

1400 nm since it is free from absorption. 

Figure 5-17 Defects on the surface of a sample of Cr:YAG annealed at 1400 °C for 10 h. 
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For sample 0.5Cr1.5Mg1700H the transmittance at 1400 nm after the first cycle increased from 

80.5 % to 84 % and remained constant in whole test. In sample 1Cr1.5Mg1700H the 

transmittance increased through the test from 81.5 % to 83 %. In both cases the transmittance 

did not decrease during the test, nor visible spots formed in the material. 

Cycle 

no. 

Temperature 

[°C] 

Duration 

[h] 

0.5Cr1.5Mg1700H 1Cr1.5Mg1700H 

Transmittance 

at 1030 nm 

Transmittance 

at 1400 nm 

Transmittance 

at 1030 nm 

Transmittance 

at 1400 nm 

- - - 79.7 % 80.6 % 79.6 % 81.6 % 

1 1150 100 67.3 % 84.0 % 64.5 % 81.0 % 

2 1150 100 65.5 % 83.7 % 62.8 % 81.5 % 

3 1200 50 64.3 % 84.1 % 60.2 % 82.5 % 

4 1200 50 64.5 % 84.0 % 60.1 % 83.2 % 

5 1250 50 60.0 % 83.9 % 57.6 % 83.2 % 

6 1300 50 57.8 % 83.9 % 54.5 % 83.0 % 

7 1300 50 57.3 % 83.4 % 54.1 % 82.6 % 

8 1350 10 55.7 % 83.7 % 52.9 % 82.9 % 

Table 5-4 List of annealing cycles performed and transmittance after each cycle. 

The full transmittance spectra are reported in Graph 5-4 and Graph 5-5 to illustrate the 

evolution of the absorption in the near IR. Both samples followed a similar path through the 

cycles. The main factor that increased the absorption at 1030 nm was the increase in 

temperature, except for cycle 1 and 2. The recorded spectra after cycle 3 and 4 overlap each 

other over the whole range measured, meaning that the additional 50 h at 1200 °C had no effect 

on the oxidation of chromium. The same occurred with cycles 6 and 7. 

The sample doped with 1 at.% Cr:YAG (1Cr1.5Mg1700H) after the first cycle has constantly 

lower transmittance than sample 0.5Cr1.5Mg1700H, that has half the quantity of chromium. An 

increase in concentration of chromium in the material led to a slight increase in absorption at 

1030 nm. Both the samples have the same concentration of magnesium oxide. 

The combination of 1350 °C for 10 h was found as effective in generating absorption at 1030 nm, 

while not degrading the optical quality in the material. However, the obtained absorption is not 

enough for the application as absorber for parasitic radiation. 

A strategy for increasing the conversion is to anneal samples with higher concentration of MgO, 

since magnesium ions stabilize Cr4+. Sample 0.5Cr2.5Mg32, obtained by vacuum sintering alone, 

was selected because it has optical quality, comparable to the samples obtained by HIP 

described before (0.5Cr1.5Mg1700H and 1Cr1.5Mg1700H) and has higher concentration of 

MgO. The annealing cycle performed was 1350 °C for 10 h. The results are reported in Table 5-5 

and Graph 5-6. 
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Transmittance 

at 1030 nm 

Transmittance 

at 1400 nm 

sintered 79.2 % 80.0 % 

annealed 26.1 % 79.3 % 

Table 5-5 Annealing results for sample 0.5Cr2.5Mg32. 

The decrease in transmittance at 1030 nm is higher than in sampled obtained by HIP [Table 5-4 

and Table 5-5]. No degradation in optical quality occurred, as deducted from the constant value 

at 1400 nm. As expected, the increase in MgO concentration led to higher oxidation of chromium.  
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Graph 5-4 Evolution of Cr oxidation in 0.5Cr1.5Mg1700H. 
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Graph 5-5 Evolution of Cr oxidation in 1Cr1.5Mg1700H. 
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In conclusion, samples of Cr:YAG with high optical quality were obtained using magnesium oxide 

as sintering aid. Different concentrations of magnesium oxide were tested and the effect on the 

optical quality and microstructure was discussed. 

Two different approaches were used for the preparation of the samples: vacuum sintering and 

double sintering. For each of the approaches the optimal concentration of sintering aid resulted 

different. For vacuum sintering, it is 0.025 wt.% of magnesium oxide, that produced the samples 

with the highest transmittance. While, for HIP it was 0.015 wt.% leading to samples with nearly-

perfect optical quality, a reduction in sintering aid concentration when HIP is used was observed 

also by Lee et al. [70]. The use of HIP allowed to obtain samples with no pores both on the 

surface (by electron microscopy) and inside the material (by optical microscopy). However, the 

lower amount of sintering aid required by HIP means also a lower oxidation of chromium ions. 

The sample from vacuum sintering has higher absorption at 1030 nm after annealing, but it has 

also slightly lower optical quality when compared to samples from HIP. 

For the application as absorbing cladding the requirements for optical quality are not as strict as 

for the active medium. The paramount property is the ability to absorb as many photons as 

possible. The sample obtained by vacuum sintering proved to be better for the application since 

it can absorb nearly 75 % of the photons at 1030 nm, while the samples obtained by HIP absorb 

around 45 % of photons at the same wavelength. 
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6. Conclusions 

Ceramic YAG doped with ytterbium and chromium with high optical quality was obtained and, 

for Yb:YAG, LASER emission was measured. 

Thanks to the study conducted in the frame of this thesis it was possible to determine some of 

the factors that influence the optical quality of ceramic YAG. In addition, a new methodology to 

obtain the residual porosity in samples with high optical quality was developed overcoming the 

limit of SEM analysis, that is restricted to the surface of the sample. 

The obtained results showed that the main factors that influence the optical quality of 

transparent YAG-based ceramics are: the particle size of the starting powders, the type and 

amount of sintering aid, and the sintering technique. 

The particle size of the ceramic powders needs to be small. The samples obtained using fine 

powders have higher transmittance and the main type of defects were residual pores. 

Conversely, powders with large particle size led to samples with low transmittance or opaque, 

due to the presence of many large pores and secondary phases. 

On the other hand, fine powders tend to aggregate. To favour the disaggregation a dispersant 

and an ultrasonication step were added to the process, and they increased the optical quality, 

with transmittance reaching 82 %, against a theoretical transmittance of 84 %. 

The type and quantity of sintering aid that maximise the optical quality depend on the doping 

element and the sintering technique. It was shown that for Yb:YAG sintered in high vacuum, the 

use of 0.5 wt.% of TEOS or 0.08 wt.% MgO plus 0.5 wt.% TEOS were both effective to produce 

samples with transmittance up to 83 %. Despite the transmittance is similar on both cases, the 

combined action of MgO and TEOS reduced drastically the quantity of defects, whereas their 

average size increased, compared to just TEOS. 

For Cr:YAG sintered in high vacuum the highest transmittance was 80 % using 0.025 wt.% of 

MgO. When the same MgO quantity was used in Yb:YAG, the sample had significantly lower 

transmittance (71 %) and large pores were observed. 

The obtained results also showed that to produce YAG of high optical quality by HIP the use of 

0.015 wt.% of MgO is required, independently of the doping element. In the case of Cr:YAG it was 

possible to obtain perfect samples with no residual porosity observed at the optical microscope 

and transmittance of 83 %. In Yb:YAG no pores were observed with SEM and the transmittance 

reached 82 %. These values were obtained after a laboratory-scale polishing process. A LASER-

grade polishing would probably allow to reach the theoretical value. 

The densification of Yb:YAG with FAST gave promising results and demonstrated for the first 

time that this process is adequate to obtain transparent YAG, since no pores were observed after 

densification. However, the samples have low optical quality due to the massive presence of 

residual alumina and penetration of carbon. It was possible to remove part of the infiltrated 

carbon by annealing the samples in air. More research is needed to remove the secondary 

phases observed and to reduce the penetration of carbon. 

The oxidation of chromium ions was achieved by annealing samples at 1350 °C for 10 h without 

degrading the optical quality of the material. The concentration of Cr4+ after annealing and 

concentration of magnesium oxide are positively correlated. 
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The LASER tests showed that the efficiency Yb:YAG samples produced by vacuum sintering was 

comparable to the literature, while for samples obtained by HIP the efficiency obtained was 

lower. The results of the LASER tests, however, are preliminary. 
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7.1. (Article) Sintering aids, their role and behaviour in the 

production of transparent ceramics 
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7.2. (Article) A useful approach to understand the origin of 

defects in transparent ceramics 
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7.3. (Poster) FAST post-sintering densification of 

transparent YAG ceramics 
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