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Materials development and potential applications of transparent ceramics: A review
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Transparent ceramics have various potential applications such as infrared (IR) windows/domes, lamp envelopes, opto-electric components/devices, composite armors, and screens for smartphones and they can be used as host materials for solid-state lasers. Transparent ceramics were initially developed to replace single crystals because of their simple processing route, variability in composition, high yield productivity, and shape control, among other factors. Optical transparency is one of the most important properties of transparent ceramics. In order to achieve transparency, ceramics must have highly symmetric crystal structures; therefore, the majority of the transparent ceramics have cubic structures, while tetragonal and hexagonal structures have also been reported in the open literature. Moreover, the optical transparency of ceramics is determined by their purity and density; the production of high-purity ceramics requires high-purity starting materials, and the production of high-density ceramics requires sophisticated sintering techniques and optimized sintering aids. Furthermore, specific mechanical properties are required for some applications, such as window materials and composite armor. This review aims to summarize recent progress in the fabrication and application of various transparent ceramics.

Introduction

Conventional transparent materials include glasses, polymers, and alkali hydrides, all of which are mechanically weak and chemically unstable [1]. Single crystals of some inorganic materials are also optically transparent, and these are much stronger and more stable than their conventional counterparts. However, the fabrication of single crystals is usually called "growth" as it is mainly controlled by thermodynamic processes that are relatively slow. Furthermore, growing large single crystals is often challenging, especially for oxide materials with extremely high melting points, and the as-grown single crystals cannot be directly used because their shapes are determined by the https://doi.org/10.1016/j.mser.2019.100518 Received 28 May 2019; Accepted 19 August 2019 growth process. Consequently, transparent ceramics have emerged as promising candidates to replace their single-crystal counterparts because of their outstanding advantages, which include low cost, largescale production, malleability, and high mechanical strength. Moreover, ceramic microstructures have more sources of light scattering than single crystals, such as pores, grain boundaries, impurities, and birefringence effects, which are schematically illustrated in Fig. 1 [2].

Of the factors that contribute to light scattering, scattering by pores is the main contributor to light attenuation in transparent ceramics. Near the surface of pores light is reflected and refracted by both trapped air and the ceramic material, which has different optical properties. Therefore, porous ceramics are not transparent, regardless of whether the pores are intergrained or intragrained. Of the two pore types, intragrained pores are more difficult to remove and their formation is closely related to the quality of the precursor powders, especially when using hard agglomerates.

Grains and grain boundaries in ceramics are likely to have different properties; thus, interfaces act as scattering sources. Because grains are the main phase of ceramics, the properties of grain boundaries play a significant role in determining the transparency of ceramics and thus controlling the quality of grain boundaries is an important strategy for achieving high optical transparency. Moreover, impurities are often located at grain boundaries, which increases the difference between the grains and boundaries and causes further light scattering. Therefore, precursor materials should have sufficiently high purities. However, when using sintering aids, there is a competitive effect between densification and the impurity concentration that should be optimized. Generally, the amount of sintering aids added to transparent ceramics is much lower than that added to ceramics for other applications with requisite mechanical and electrical properties.

Not all materials can be used to make transparent ceramics as the grains in ceramics with low symmetric structures are optically anisotropic, which causes light to scatter when it travels across the grain boundaries. Therefore, transparent ceramic materials must have highly symmetric crystal structures; the majority of transparent ceramics have a cubic structure [3][4][5], and some materials with tetragonal and hexagonal structures can also be made into transparent ceramics, although these are more difficult to process. Consequently, the development of transparent ceramics is an important and interesting research topic [6].

Ceramic processing involves three main steps: (i) powder preparation, (ii) green body formation, and (iii) sintering [START_REF] Rahaman | Ceramic Processing and Sintering[END_REF]. These steps are critical to transparent ceramics with high optical properties. If the ceramics are directly prepared from precursor powderssuch as oxides, hydroxides, carbonates, or other saltsthe process is considered to be a solid-state reaction method, which is the most popular method for industrial production [START_REF] Ikesue | [END_REF][9][10][11][12][13]. Alternatively, powders can be prepared by various chemical routes, including chemical precipitation (for single oxides) or coprecipitation (for complex oxides) [14][15][16][17][18][19][20][21][22], sol-gel processes [23,24], gel combustion [25][26][27][28], and hydrothermal reactions [29][30][31][32].

The solid-state reaction method is simple and scalable, which make it more cost-effective than other methods. However, sample homogeneity can be a serious issue for solid-state reactions because they use solid precursors. Conversely, while wet-chemical routes ensure high homogeneity and good sintering behavior, they are only suitable for laboratory studies because they are complicated, require expensive chemicals, and have low productivity. In solid-state laser applications, homogeneous distribution of active materials is critical to laser performance; therefore, hybrid processes are used to ensure homogeneous distribution of the dopants. For example, a combined solid-state and wet-chemical synthesis has been developed, wherein the main materials are solids and the dopants are incorporated through a wet-chemical process [33].

In most studies, cold isostatic pressing (CIP) is crucial in order to achieve high densification during the final sintering process as CIP can increase the densities of the green bodies by 5-10% [34,35]. While pressure-less sintering, such as vacuum sintering and microwave sintering, usually results in ceramics with large grain sizes (up to hundreds of micrometers), pressure sintering, including hot-pressing (HP), hot isostatic pressing (HIP), and spark plasma sintering (SPS), has been used to suppress the grain growth of transparent ceramics as finegrained ceramics have relatively high mechanical properties [36][37][38][39][40][41][42].

Initially, transparent ceramics were mainly used in solid-state lasers, but a recent survey has indicated that potential applications of transparent ceramics include solid-state lighting, scintillating applications, composite armors, optical components, electro-optical devices, and even biomedical materials. Although the development of transparent ceramics has progressed significantly and specific reviews have been published, a comprehensive and critical review of transparent ceramics is still lacking. For example, Johnson et al. published a condensed, 13page review of transparent ceramics in 2012 [43], Goldstein summarized the relationship between processing and the performance of transparent MgAl 2 O 4 ceramics in the same year [44], and du Merac et al. followed with a relatively detailed review of MgAl 2 O 4 in 2013 [45]. More recently, Goldstein and Krell provided a comprehensive review of various transparent ceramics developed in the last 50 years, but they did not include many of the new potential applications, such as scintillation, lighting, opto-electric devices, and non-oxide materials [46]. The authors of this review published a review of transparent ceramics nearly six years ago; however, the earlier review did not cover non-oxide transparent ceramics or discuss the applications of transparent ceramics in sufficient detail [1]. More importantly, significant advances in transparent ceramics have been made in the last five years. Therefore, this review aims to provide a comprehensive summary of recent progress in the development, characterization, and applications of transparent ceramics, with a focus on materials that have been reported in the open literature over the last decade.

Transparent ceramic materials

Metal oxides

Oxides form the largest group of transparent ceramics. The majority of studies have focused on oxide-based transparent ceramics because they are mechanically stronger than fluorides, more chemically stable than non-oxides, and easier to synthesize than non-oxides such as ALON and Si 3 N 4 . Representative oxides that have been used to develop transparent ceramics are listed in Table 1, which includes basic crystal lattice parameters and physical properties.

Alumina (Al 2 O 3 )

Alumina (Al 2 O 3 ), also known as corundum, has potential applications as high-pressure metal halide lamp envelopes, electromagnetic domes, and transparent armors, and transparent Al 2 O 3 ceramics can be used to replace sapphires [47,48]. Some applications require specific mechanical properties (e.g. transparent armors), and the mechanical properties of Al 2 O 3 ceramics can be optimized by controlling grain size [49][50][51][START_REF]Window and Dome Technologies VIII[END_REF][START_REF] Krell | The effects of load, grain size, and grain boundaries on the hardness of alumina[END_REF]. Transparent Al 2 O 3 ceramics can be fabricated by different methods, which have different effects on grain size. During the early stage of development, only translucent Al 2 O 3 ceramics could be fabricated, and these were used as lamp envelopes. Because the early methods required very high sintering temperatures (≥ 1900 °C), the grain sizes of the ceramics were on the scale of tens of micrometers and the in-line transmittance was only approximately 10% [START_REF] Mizuta | [END_REF]. In order to increase the transmittance of these ceramics to 15-20%, the sintering temperature would need to be increased, which would consequently form grains as large as 200 μm. Moreover, mechanical strength was tremendously weakened by increasing the sintering temperature. In order to reduce the sintering temperature, ceramic synthesis must use more advanced sintering techniques, optimize the concentration of sintering aids, and adopt new processing strategies as these promote densification and prohibit grain growth.

Representative examples of the fabrication of transparent Al 2 O 3 ceramics are listed in Table 2. Hot isostatic pressing (HIP) has been widely acknowledged as an effective technique; for example, Mizuta et al. developed fine-grained translucent Al 2 O 3 ceramics with in-line transmittance up to 46% and mechanical strength of 600-800 MPa using HIP combined with a vacuum-pressure slip-casting process [START_REF] Mizuta | [END_REF]. The green bodies were presintered in air at 1240 °C for 2 h, with heating and cooling rates of 40 °C/min and 5 °C/min, respectively. The sintered samples were further treated with HIP: 1050-1400 °C for 1 h at 150 MPa. During HIP, the heating rates were 30 °C/min to 500 °C, 20 °C/min to 1050 °C, and 10 °C/min to the final sintering temperature, and the pressure was increased at a rate of 3.4 MPa/min above 500 °C. Samples typically demonstrated maximum transparency after sintering at 1350 °C, reaching 46%.

Experimental results have shown that high sintering temperatures form transparent Al 2 O 3 ceramics with very large grains, which impair mechanical strength. Moreover, large grains cause birefringence and thus reduce the optical transparency of the ceramics [55]. Therefore, if both high transmittance and high mechanical strength are required, the grain growth of ceramics must be controlled during the sintering process [49,50,[START_REF] Mizuta | [END_REF][55][56][57][58].

Petit et al. reported a strategy for fabricating Al 2 O 3 ceramics using HIP combined with a colloidal dispersion casting step and pre-sintering process [59]. The optical transmittance of these Al 2 O 3 ceramics reached 60% for 1-mm thick samples, while the average grain size was only approximately 600 nm. The precursor used by Petit et al. was a commercial Al 2 O 3 suspension, in which the Al 2 O 3 particles were high purity α-alumina and ranged from 100 to 150 nm. The green bodies were prepared by vacuum filtration through nylon filters with 0.2 μm diameter pores. After vacuum drying at 65 °C for 15 h and subsequent calcination at 600 °C for 0.5 h, the green bodies were sintered at 1200 °C for 2-17 h under 10 -6 mbar. The presintered samples had relative densities greater than 90% and finally underwent HIP in Ar at 1200 °C and 170 MPa for 3-5 h. This is a promising strategy for developing Al 2 O 3 ceramics with fine grains in order to achieve high mechanical strength.

Trunec et al. developed a process for fabricating transparent Al 2 O 3 ceramics by combining HIP with a gel-casting process and pressure-less calcination [60]. This process yielded highly transparent Al 2 O 3 ceramics when zirconia and spinel nanoparticles were used as the sintering aids; the optimal doping concentrations were 0.3 wt% zirconia and 0.175 wt% spinel. The grain size of the transparent Al 2 O 3 ceramics was effectively controlled by the dual-dopant and the increased densification of the powder improved the in-line transmittance. Under the optimal processing conditions, the resultant Al 2 O 3 ceramics possessed a maximum in-line transmittance of 70.4% at 632.8 nm for samples that were 0.8-mm thick, and the IR transmittance between 2000 and 4000 nm reached theoretical levels. Moreover, this process was comparable to near-net shape and thus has potential for large-scale production and industrial applications.

Drdlíková et al. prepared transparent Al 2 O 3 ceramics for visible light photoluminescence applications by doping the ceramics with 0.1-0.17 at% Er 3+ and using HIP combined with a wet shaping method [61]. These samples demonstrated real in-line transmittance ranging from 28 to 56%. The starting material was high-purity commercial Al 2 O 3 powder with 150 nm particles and a specific surface area of 13.7 m 2 /g, and aqueous suspensions with 45 vol% Al 2 O 3 were prepared using high purity deionized (DI) water and a commercial dispersant. Two Er 2 O 3 nanopowders were used as the dopant; one was derived from a commercially available large-grained Er 2 O 3 powder by dissolving in HNO 3 and precipitating with citric acid, and the other was a commercially available high purity Er 2 O 3 nanopowder with 20-30 nm particles. The Er 2 O 3 powders were added to the Al 2 O 3 suspensions before drying under ambient conditions and subsequent drying at 80 °C for 5 h. All green bodies were presintered by one of two processessingle-step presintering (SSP) or two-step presintering (TSP)to obtain 95-96% relative density with only closed pores [61]. The SSP process consisted of heating the samples to 1480 °C at 20 °C/min without dwelling, and then cooling at the same rate. For TSP, the samples were first heated to 1430-1440 °C (T1) without dwelling in order to reach 88-90% relative density, and were then cooled to 1280 °C (T2) at 20 °C/ min; the T2 sintering step was 10 h, followed by HIP in Ar at 1280 °C and 200 MPa for 3 h. The TSP process was determined to yield high transparency Al 2 O 3 ceramics more effectively than the SSP process. Representative scanning electron microscopy (SEM) and transmission electron microscopy (TEM) results of the transparent Al 2 O 3 ceramics are shown in Figs. 2 and3, and their high quality optical performance is depicted in the Fig. 4.

Transparent Al 2 O 3 ceramics have also been developed using spark plasma sintering (SPS) [62][63][64][65][66]; for example, Suarez et al. attempted to manipulate the grain size of transparent Al 2 O 3 ceramics using SPS and a self-doping method [62]. Moreover, Schehl et colloidal process [67]. In this process, a precursor solution of aluminum ethoxide dissolved in anhydrous ethanol under Ar was added to a suspension of Al 2 O 3 in ethanol to form slurries, which were predried at 60-70 °C with magnetic stirring and dried at 120 °C in air to completely remove the ethanol. The dried samples were calcined at 800 °C for 2 h and pellet samples were made from the powders at a uniaxial pressure of 30 MPa. The pellet samples were sintered at 1100-1400 °C for 0-0.5 h; the heating rate, pressure, and vacuum were 100 °C/min, 80 MPa, and 0.1 mbar, respectively. Schehl et al. demonstrated that doping altered the mechanism of atomic diffusion during the SPS process as a transition from volume diffusion to grain boundary diffusion occurred; therefore, the microstructure and grain size of the resultant Al 2 O 3 ceramics could be controlled. Furthermore, the activation energy of SPS Al 2 O 3 was approximately 50% less than that of conventional sintering.

The doped powders synthesized by Schehl et al. began to shrink at lower temperatures than their pure counterparts because the applied pressure induced rearrangement of the Al 2 O 3 grains without sintering. Without dwelling during sintering, the pure and doped samples possessed similar microstructures; however, after sintering at 1100 °C for 30 min, significant differences were observed as the pure samples were highly densified with visible grain growth whereas almost no grain growth was visible in the self-doped samples. In the doped samples, the Al 2 O 3 nanoparticles were attached to the surface of the large particles and consequently separated, which modified the sintering behavior. The densification of the doped powders did not approach completion until the temperature reached 1340 °C, which was approximately 50 °C higher than that of the pure samples because self-doping increased the energy barrier for atomic diffusion. Grain reorientation during the initial stage of sintering was hindered by the nucleated particles present in the doped samples before ions began diffusing through the grain boundaries. The doped samples sintered at 1300 °C possessed larger grains than the undoped samples; this suggests that the dopant hindered the grain growth of Al 2 O 3 , which may be explained in terms of the stages of sintering as sintering is governed by grain rearrangement during the initial stage [68,69]. Therefore, dopants are very useful for controlling the grain growth of transparent ceramics.

Grasso et al. used high-pressure (> 400 MPa) SPS to fabricate highly transparent alumina ceramics with 65.4% optical transmittance and an average grain size of 200 nm [70]. One of the important conclusions of this study was that low-cost carbon fiber composite (CFC) Reused from [61]. Copyright © 2017, Elsevier.

can be used for the pressing punches. In this study, 0.6 g of high-purity commercial Al 2 O 3 powder was heated to 1000 °C at 10 °C/min and the pressure was gradually raised when the temperature was 800-1000 °C at 10 °C/min. After reaching 1000 °C, the displacements of the samples with CFC and tungsten carbide (WC) punches were 5.7 mm and 2.7 mm, respectively; the sample with CFC punches shrank much more than the sample with WC punches because the pressure-induced strain on the CFC punches was greater than that on the WC punches. As the pressure was removed, the strain on the CFC configurations recovered slightly. The optical transmittances of 0.8-mm thick samples sintered at 400 MPa (CFC) and 500 MPa (WC) were comparable: 61.3% and 63.0% at 645 nm, respectively. Nishiyama et al. reported an extremely high pressure (7.7 GPa) and low temperature (800 °C) SPS process to develop transparent Al 2 O 3 ceramics with nanocrystalline grains [71]. The average grain size of the final samples was 0.15 μm while the maximum in-line transmission was 71% at 640 nm for 0.8-mm thick samples. More importantly, the transparent Al 2 O 3 ceramics demonstrated strong mechanical characteristics, with microhardness and fracture toughness of 25.5 ± 0.3 GPa and 2.9 ± 0.3 MPa‧m 1/2 , respectively. After sintering at 400 °C, the sample sintered was already opaque; however, it was fragile after thermal annealing. After sintering at 600, 700, and 800 °C, all samples were highly transparent and the sample sintered at 800 °C for 30 min exhibited the highest in-line transmittance. When the sintering temperature exceeded 1000 °C, the samples became translucent and the grain size increased significantly. Cross-sectional surface SEM images revealed that the sample sintered at 800 °C had prominent intergranular fractures and grains on the scale of nanometers with random orientation.

Recently, Ghanizadeh et al. used nanocrystalline Al 2 O 3 powder with ≤ 50 nm grains to prepare transparent Al 2 O 3 ceramics using both SPS and HP for comparison [72]. The authors reported that both the SPS and hot pressed samples derived from the as-synthesized powder had large grain sizes as the result of excessive grain growth, which could not be prevented by granulation using spray freeze drying. However, excessive grain growth was able to be prevented using slip casting with a relative green body density of 53%. When SPS was conducted at 1200 °C and 500 MPa for 20 min, the average grain size of the resultant Al 2 O 3 ceramics was 0.32 μm, the in-line transmittance was as high as 80%, and the microhardness was 22 GPa. Fig. 3. TEM image and EDS profiles (Al, Er, O) of the 0.1 at% Er 3+ -doped Al 2 O 3 grain boundary. Reused from [61]. Copyright © 2017, Elsevier. Fig. 4. Photographs of transparent Er 3+ -doped Al 2 O 3 ceramics with an approximate diameter of 3 cm, positioned 1 cm above the text. Reused from [61]. Copyright © 2017, Elsevier.

For the SPS process used by Ghanizadeh et al., Al 2 O 3 ceramics were prepared by dispersing Al 2 O 3 powder in DI water at a loading level of 60 wt% with an anionic polyelectrolyte as the dispersant. After slip casting, the green bodies were dried first at room temperature and 50% relative humidity for 72 h and then at 60 °C in an oven. Granulated powders were also prepared from the slurry by spraying and freeze drying. The binders were completely removed before sample density was measured. For the hot pressed samples, the Al 2 O 3 powder was directly heated to 900 °C at 10 °C/min, first under vacuum and then in Ar, and sintering was conducted at 1400-1700 °C for 5 h. During the sintering process, 40 MPa of pressure was applied to both ends of the die with graphite plungers.

For the SPS experiment, two sample sizes were studied; 20 mm diameter samples were sintered at 70 MPa and 5 mm diameter samples were densified at either 500 or 1000 MPa. In both cases, the temperature was increased at 100 °C/min to an intermediate temperature (700 °C), at which point pressure was applied; the samples were sintered for 30 min and 20 min at 70 MPa and 500/1000 MPa, respectively. The SPS samples reached 70% in-line transmittance at 645 nm. Photographs and SEM images of representative HP and SPS samples are shown in Figs. 5 and6, respectively.

Crystallographic orientation is an effective way to improve the transparency of birefringent ceramics such as Al 2 O 3 because birefringence at grain boundaries can be suppressed when the optical axes are aligned [73]. Ashikaga et al. fabricated high-transparency Al 2 O 3 with an oriented c-axis and fine microstructure using slip casting under a strong magnetic field, followed by SPS at 1150 °C for 20 min. The real in-line transmittance of the textured Al 2 O 3 was 70% at 640 nm for 0.80-mm thick samples, which was higher than that of randomlyoriented alumina because the c-axis orientation reduced the actual difference of the refractive index and remarkably suppressed the birefringence.

Ashikaga et al. used commercial Al 2 O 3 powder with an average grain size of 0.39 μm and a Brunauer-Emmett-Teller (BET) specific surface area of 4.5 m 2 /g as the precursor. The Al 2 O 3 powder was suspended in distilled water with a dispersant to promote dispersion by mutual electrosteric repulsion, and suspensions with 30 vol% solid loading were used for slip casting. During the consolidation process, a 12 T strong magnetic field parallel to the orientation and pressing directions was applied at room temperature to align the green bodies. The aligned green bodies were further compacted by CIP at 392 MPa for 10 min without changing the particle orientation. After CIP, the samples were thermally treated at 500 °C for 60 min in air to remove organic compounds, followed by SPS at 1150 °C and 100 MPa. During SPS, the temperature was rapidly increased to 600 °C, and then increased to 1150 °C at either 5 °C/min or 2 °C/min; the samples were sintered for 10 min and 20 min after heating at 5 °C/min and 2 °C/min, respectively. All the as-sintered samples were annealed at 1000 °C for 10 min. Fig. 7 shows the X-ray diffraction (XRD) spectra of the planes perpendicular and parallel to the magnetic field in samples sintered at 1150 °C for 20 min after heating at 2 °C/min. On the surface that was perpendicular to the magnetic field, i.e. the T plane, both the (006) peak and (1010) peak, which belongs to the (00 l) plane, were present and the (1010) peak was stronger. For comparison, the XRD spectrum of the surfaces parallel to the magnetic field, i.e. the S planes, exhibited stronger (hk0) peak intensities than the T plane. These results suggest that the Al 2 O 3 ceramics had a crystalline structure wherein the c-axis was parallel to the applied magnetic field, which confirms that alignment was retained during the sintering process. Similar results have been reported by other studies [74,75].

Powder processing is also an important strategy for developing Reused from [72]. Copyright © 2017, Elsevier.

transparent Al 2 O 3 ceramics. As an example, Godinski reported a float packing process that increases the packing density of the precursor powder in order to obtain transparent Al 2 O 3 ceramics with submicron grains [76]. In this study, Al 2 O 3 powder was dispersed in water to form aqueous suspensions, which were de-aired and subsequently transferred to a specially designed mold wherein the particles precipitated under well-controlled conditions. Because of the electrostatic and electrosteric repulsion forces, large particles precipitated at the bottom of the mold and a stable floating suspension of small particles with uniform size was formed. The large and agglomerate particles were removed from the fine ones, and the suspension was concentrated and dried by controlling the temperature and humidity in the chamber. The resultant green bodies were uniform, homogenous, and free of defects because the large particles had been removed and the fine particles were in a quasiequilibrium state as the consolidation process was sufficiently slow. As a result of the fine grains, the transparent ceramics had a uniform microstructure and high optical properties comparable to those of sapphire and some commercial products (RB92), which have relative large grains size (e.g. 15 μm). Therefore, transparent Al 2 O 3 ceramics synthesized using this method are expected to have greater mechanical strength than the commercial products. Tape-casting has been widely used to fabricate transparent Al 2 O 3 ceramics that are both large and thin [77][78][79]. Yang and Wu used an aqueous tape-casting slurry composed of environmentally friendly copolymers, isobutylene, and maleic anhydride to prepare transparent alumina ceramic wafers [77]. By optimizing the plasticizer content, the mechanical properties of the dried tapes (240-740 μm thick) could be controlled. For debinding and presintering, the green sheets were calcined at 1000 °C for 3-5 h after heating at 3-5 °C/min. The sheets were then sintered at 1750-1850 °C under 10 -5 -10 -6 Pa for 5 h, after heating at 10 °C/min. After sintering, the Al 2 O 3 ceramic sheets were 150-660 μm thick. Unpolished, 660 μm thick transparent wafers exhibited 26% in-line transmittance at 600 nm; thus there is still room to improve the optical transparency of these ceramics.

Translucent Al 2 O 3 ceramics have also produced by aqueous tapecasting and vacuum sintering [78]. In this study, Zhou et al. studied the influence of the binder content on the rheological behavior of the slurries, the microstructures of the green tapes, and the microstructures and optical performance of the Al 2 O 3 ceramics. The rheological characterization indicated that the slurries used in the study had promising shear-thinning behavior. After a series of processing steps, the laminated Al 2 O 3 green bodies were treated with CIP at 200 MPa for 2 min and then sintered at 1810 °C under 10 -3 Pa for 5 h. The samples derived from the slurries with 10 vol% polyvinyl alcohol (PVA) displayed the highest transparency as they had perfect microstructures and high-quality grain boundaries with typical triple junctions and without pores or secondary phases, as shown in Fig. 8b. Conversely, the crosssectional SEM image of the Al 2 O 3 ceramics obtained from the slurries containing 8 vol% PVA, which had a mean grain size of 20 μm, shows pores in the grains and at the grain boundaries (Fig. 8a). When the PVA content was increased to 12 vol%, the number and size of pores increased and abnormal grain growth occurred, as shown in Fig. 8c. Therefore, the PVA content must be optimized in order to obtain Al 2 O 3 ceramics with high optical transparency.

More recently, Feng et al. reported a method that uses nonaqueous tape casting and vacuum sintering to prepare transparent Al 2 O 3 ceramic sheets without deformation and cracking [79]. This study employed several laminating methods to obtain green bodies, including cold pressing, CIP, warm pressing, and combined warm pressing and CIP. Of these methods, the warm pressing pretreatment demonstrated a positive effect on microstructure and hence densification of the green tapes; the resultant transparent Al 2 O 3 ceramic wafers were 500 μm thick. This study used menhaden fish oil as the dispersing agent, a mixture of absolute ethyl alcohol and xylenes as the solvent, 2.5 wt% butyl benzyl phthalate and 3.5 wt% polyethylene glycol (PEG) as plasticizers to prevent adsorption, and 6 wt% polyvinyl butyral (PVB) as the binder. The Al 2 O 3 powder and 0.05 wt% MgO sintering aid were thoroughly mixed with the solvent by ball milling. The green bodies were sintered under vacuum according to the following temperature program: heat to 1200 °C at 5 °C/min, heat to 1500 °C at 2 °C/min, hold at 1500 °C for 5 h, heat to 1700 °C at 1 °C/min, and hold for 10 h.

Photographs of the samples treated with different pressing techniques and presintered with different heating rates are illustrated in Fig. 9 to demonstrate the relationship between processing and physical properties. In Fig. 10a,a O 3with an average particle size of 80 nm. The micro-and nanopowders were combined at a 17:3 weight ratio; the sintering mixtures were ultrasonicated to disperse the nanoparticles, and subsequently mixed mechanically with a tumbling mixer. The mixtures were dried under vacuum at ∼1.5 × 10 -3 Pa and 800 °C to remove gas molecules before they were pressed into pellets at 300 MPa to obtain 80% relative density. High-pressure (5.0 GPa) and high-temperature (500-1200 °C) sintering treatments were performed using a cubic presser. The application of high pressure triggered plastic deformation of the spherical particles, during which the Al 2 O 3 nanoparticles filled the cracks, acting as a binder and promoting densification. The nanoparticles also served to strengthen the grain boundaries of the Al 2 O 3 ceramics, which increased microhardness without compromising optical performance.

Photographs and SEM images of the samples with and without nanopowder are shown in Fig. 12. After the high-pressure treatment, the samples without nanoparticles exhibited Y-shaped grain boundaries (Fig. 12a), which were caused by the plastic deformation of the spherical particles. Although many of the pores were removed after sintering at a modest temperature (Fig. 12b), the pores could not be completely eliminated and non-uniform crystallites formed at the grain boundaries of samples sintered at high temperatures (Fig. 12c). Therefore, in terms of optical transmittance, the optimal sintering temperature was 900 °C when the sintering mixture did not contain Al 2 O 3 nanopowder. The addition of Al 2 O 3 nanopowder modified the microstructure of the ceramic, as illustrated in Fig. 12d-f. After sintering at 700 °C, continuous grain boundaries were formed in the samples with nanopowder (Fig. 12d) whereas particle interfaces were clearly visible in the sample without the nanopowder (Fig. 12a); this suggests that the large spherical particles were bound together by the small nanoparticles. By forming continuous grain boundaries, the light scattering and absorption at grain boundaries were reduced and thus optical transparency improved. Moreover, increasing the sintering temperature to 900 and 1100 °C did not significantly affect the optical performance of the ceramics with nanopowder.

In summary, although transparent Al 2 O 3 ceramics have been extensively studied, it is challenging to develop high quality products using simple and cost-effective methods because Al 2 O 3 has a non-cubic crystal structure. For example, the sizes and shapes of ceramic samples processed with HP, HIP, and SPS are restricted by the crystal facets, and those that use sintering aids could have poor optical and mechanical properties. While magnetic alignment is an interesting strategy for enhancing the transparency of Al 2 O 3 ceramics, the required magnetic field is too high for practical applications. Therefore, future studies should focus on developing high quality precursors in order to reduce sintering temperatures and thus increase sinterability.

Magnesia (MgO)

Magnesia (MgO) has also been extensively studied for transparent ceramics, and nearly all of the techniques discussed for Al 2 O 3 can be used to fabricate transparent MgO ceramics. Promoting densification of MgO-based ceramics to achieve near theoretical density has long been attempted [82,83]; for example, in 1974, Ikegami et al. reported a multiple-step process to obtain transparent MgO ceramics by vacuum sintering, with high purity MgO or Mg(OH) 2 powder as the precursor and LiF as the sintering aid [83]. The halide employed as sintering aids were introduced via two methods: (i) wet-mixing with MgF and/or MgCl in an organic solvent (e.g., benzene or ethyl alcohol), and (ii) adding small amounts of HF and/or HCl solution to the organic solvent used to suspend the MgO powder. The suspensions were dried at 70 °C, calcined in N 2 at 600-1200 °C for 3 h, and sintered at 1600 °C for 1 h. The transparency of the final MgO ceramics was influenced by several factors, including the F -ion concentration, the calcination parameters, and the particle size of the precursor powders. A low concentration of F -, 0.02 wt%, was sufficient to ensure the densification of MgO; however, sinterability gradually increased with increasing F -content, which was accompanied by increased weight loss during the sintering process. While Cl -ions were unable to significantly enhance densification, co-doping with Cl -and F -ions worked very well. Furthermore, the calcination temperature was carefully optimized to ensure a high sinterability and small precursor particles were shown to promote densification; when the particles were larger than 0.15 μm, F -ions were unable to enhance the densification of MgO.

Chen et al. developed a simple pressure-less sintering process for fabricating transparent MgO ceramics [84]. The authors synthesized the Mg(NO 3 ) 2 •6H 2 O precursor powder by chemical precipitation with a mixture of NH 4 HCO 3 and NH 4 OH (28.0%) as the precipitation agent. After drying, the precipitate was thermally treated for 2 h at different temperatures; the optimal calcination temperature was determined to be 700 °C, but samples had the highest relative density, 98.1%, after sintering at 1400 °C for 2 h. The average grain size was 6 μm and the average hardness was 6.8 GPa, but the optical transparency required further improvement.

Fang et al. obtained translucent MgO ceramics by hot pressing with LiF as the sintering aid and high-purity commercial MgO nanopowder with large surface area, small grain size, and a low degree of agglomeration as the starting material [85]. The LiF sintering aid was first dispersed in 2-propanol and then added to the MgO powder to reach 2-4 wt%. The hot-pressing experiments were conducted with a graphite die at 45 MPa in Ar and heating rates of either 3 °C/min or 10 °C/min. While optical transmittance was not reported, the sintered samples were said to be transparent. Similar results have been reported by other studies [86][87][88]. The presence of LiF is believed to cause the formation of a liquid phase that lubricates the MgO particles during the initial sintering stage and thus enhances the densification process.

Studies have shown that when advanced sintering technologies are used, sintering aids can be avoided. For instance, transparent MgO ceramics have been fabricated without sintering aids by using the HIP technique [89]. Itatani et al. synthesized transparent MgO ceramics using > 99.98% commercial MgO powder with a specific surface area of 34.3 m 2 /g and an average particle size of 57 nm as the starting material. The green bodies were formed under 36 MPa of uniaxial pressure, followed by CIP at 50 MPa and pressure-less presintering in air for 5 h at 1600 °C after heating at 10 °C/min. Subsequent HIP was conducted in Ar at 195 MPa by heating at 10 °C/min to 1500-1600 °C for 0.5 h. After presintering, the sample had a relative density of 96.7% and an average grain size of 10.7 μm, which increased to 99.9% and 132-199 μm, respectively, after HIP between 1500 and 1600 °C. The inline transmission of the MgO ceramic after HIP at 1600 °C for 0.5 h was 55% at 500-900 nm, which is approximately 65% of that of MgO single crystals.

Spark plasma sintering is another technique for fabricating transparent MgO ceramics without the use of a sintering aid [90,91]. In one study, a graphite die with an inner diameter of 12 mm was filled with commercial MgO, pre-pressed under 150 MPa, and heated under 10 MPa until the desired sintering temperature was approached, at which point the pressure was rapidly increased to 100 MPa in as little as 20 s [90]. If a high pressure of 150 MPa was used, the sintering temperature and sintering time could both be reduced. The optical transmittance of the fully densified MgO ceramics was approximately 60% of that of their single crystal counterpart.

Jiang et al. employed SPS to prepare transparent MgO ceramics from commercial MgO powder and LiF, which was added to promote densification [91]. In this study, 0.3 μm LiF powder was added to highpurity commercial MgO powder with an average particle size of 100 nm; the powders were mixed by ball milling with acetone, followed by drying and granulation. The SPS experiments were conducted at 800-1100 °C for 5 min after heating at 10-300 °C/min, and the pressure was maintained at 30 MPa throughout the sintering process. The authors found that LiF promoted grain growth and densification of MgO such that densification could be readily achieved at moderate temperature and relatively low pressure. Furthermore, the microstructure and thus transparency of the MgO ceramics exhibited a strong dependence on the heating rate and sintering temperature; when MgO powder with 1 wt% LiF was heated at 100 °C/min and sintered at 900 °C for 5 min, the average in-line transmittance of the resultant ceramic was 85% at wavelengths between 3 and 5 μm.

Fig. 13 shows fractured surface SEM images of the MgO ceramics with different concentrations of LiF, which demonstrate the significant impact of the LiF content on the microstructure and optical performance of the MgO ceramics. While the pure MgO sample had a whiskerlike morphology with open pores (Fig. 13a), the grains were clearly connected in the samples with LiF. The sample with 1 wt% LiF had a homogeneous microstructure and the sample with 2 wt% LiF exhibited transgranular fractures (Fig. 13c), which were closely related to the presence of the large grains caused by excessive LiF. Therefore, 1 wt% LiF was the optimal content of sintering aid in order to achieve high optical transparency.

Fig. 14 shows cross-sectional SEM images of MgO ceramics with 1 wt% LiF sintered at different temperatures. Residual pores were present in the sample after sintering at 800 °C (Fig. 14a), and the number of pores decreased when the sintering temperature was increased to 850 °C (Fig. 14b). Once the sintering temperature was ≥ 900 °C, all samples exhibited a nearly pore-free microstructure, as demonstrated in Fig. 14(c-e). The average grain sizes of the samples were 0.41, 0.59, 0.70, 0.84, and 1.44 μm, after sintering at 800, 850, 900, 950, and 1000 °C, respectively. Moreover, the relative density increased from 93.5% to 99.3% when the sintering temperature increased from 800 to 900 °C, and decreased slightly when the temperature reached 1000 °C; therefore, 900 °C yielded the highest optical transmittance. While these results demonstrate the relationships between sintering temperature, grain size, relative density, and ultimately optical transmittance, the optical performance of these MgO ceramics can still be improved.

Although MgO has a cubic crystal structure, fully transparent MgO ceramics are difficult to fabricate because MgO has a high vapor pressure at elevated temperatures. Currently, the optical properties of MgO ceramics reported in the open literature are still considerably lower than those of their single-crystal counterparts. Future work should focus on systematic studies of MgO ceramics in order to establish the interrelationships among the precursor properties, processing parameters, sintering technique, sintering aids, microstructure, and optical performance, and identify the key factors that determine the optical qualities of the resultant ceramics.

Zirconia (ZrO 2 )

Zirconia (ZrO 2 ) ceramics have excellent mechanical and functional properties, including high toughness, low thermal conductivity, and high oxygen conductivity; therefore, transparent ZrO 2 ceramics are of great interest to the research community. Yttria (Y 2 O 3 ) is often used to stabilize the cubic and tetragonal crystal structures of ZrO 2 , which generates oxygen vacancies, and transparent ZrO 2 ceramics with a Y 2 O 3 -stabilized cubic crystalline structure (8 mol% Y 2 O 3 :ZrO 2 , abbreviated as c-YSZ) have both high mechanical strength and good optical performance [92][93][94][95][96][97][98][99][100][101][102]. Cubic ZrO 2 has a refractive index of 2.2 and has consequently attracted more interest than optical glasses and other oxides. Therefore, transparent YSZ ceramics with high optical transparency, a high refractive index, and a high dielectric constant have potential applications as optical components [98,103,104].

Translucent cubic ZrO 2 ceramics have been obtained using a high- In another study, translucent cubic ZrO 2 ceramics with 6 mol% Y 2 O 3 were prepared using the conventional sintering technique [93]. The mixed oxide precursor powder was obtained from the decomposition of yttrium and zirconium alkoxides, and had high surface reactivity and submicron particle sizes. The mixed oxide powder was compacted and calcined at 1000 °C for 0.5 h and the 6 mol% Y 2 O 3 :ZrO 2 ceramics prepared by sintering at 1450 °C exhibited full densification and stabilization.

Similarly, translucent 3 mol% Er 2 O 3 :ZrO 2 with a tetragonal crystal structure was prepared by the conventional sintering of powders synthesized by the hydrolysis of alkoxides [95]. The powders were sintered in air at 800-1500 °C for 1 min to 20 h, and the heating and cooling rates were both 5 °C/min. Both the properties of the precursor powders and the sintering conditions were found to have a strong impact on the microstructural properties and optical performance of the final ZrO 2 ceramics. Fully dense, translucent samples were obtained after sintering below 1400 °C.

Tsukuma et al. adapted an HIP process to prepare highly transparent 8 mol% Y 2 O 3 :ZrO 2 (8YSZ) ceramics with an in-line transmittance close to that of single crystals [103]. The green bodies were made from commercial 8YSZ powder by dry pressing at 50 MPa and CIP at 200 MPa, and were presintered in air for 2 h at 1300 °C, 1500 °C, and 1650 °C after heating at 100 °C/h. The HIP process was performed in Ar at 1350-1750 °C and 150 MPa for 1 h after heating at 500 °C/h. The grain sizes of the samples presintered at 1350 °C were 3 μm, 6 μm, and 20 μm after HIP at 1300 °C, 1500 °C, and 1650 °C, respectively. Optical performance was very sensitive to the microstructure of the presintered samples as the microstructural characteristics of the fine grains and small intergranular pores were found to be crucial to optical transparency. For example, after HIP at 1300 °C and 1500 °C, submicron pores in the samples caused the optical transmittance to be relatively low. Moreover, optical transparency decreased as the presintering temperature increased, which may be qualitatively attributed to decreased sinterability.

Peuchert et al. developed transparent c-YSZ ceramics for optical lenses by HIP with TiO 2 as a sintering aid [100]. The transparent ceramics were made by sintering c-ZrO 2 powder at 1650 °C and 1 × 10 -3 Pa for 3 h, followed by HIP in Ar at 1750 °C and 196 MPa for 1 h and thermal annealing at 1000 °C for decolorization. The incorporation of TiO 2 boosted grain growth and eliminated pores; thus, the optical transmittance of the c-YSZ ceramics was similar to that of single crystals with the same composition. Moreover, the optical properties of the c-YSZ ceramics were also highly dependent on the microstructural profiles of the presintered samples.

Transparent ZrO 2 ceramics can also be developed using SPS; for example, Zhang et al. employed high-pressure SPS to prepare cubic ZrO 2 ceramics at 1000-1200 °C using commercial 8 mol% Y 2 O 3 :ZrO 2 powder as the precursor [104]. They performed SPS at 400 MPa with a 10 -3 Torr vacuum and 10 °C/min heating rate, and the as-sintered samples were annealed at 900 °C in air for 4 h in order to compare the optical properties before and after thermal annealing. The sample sintered at 1000 °C was opaque because of insufficient densification while the samples sintered at 1075 °C were somewhat transparent, although they had a yellowish-brown color, and the sample sintered at 1100 °C exhibited the highest transparency. As the sintering temperature was increased beyond 1100 °C, the samples gradually became darker. The yellowish-brown color was attributed to oxygen vacancies with trapped electrons, which were due to the Y 2 O 3 dopant. These color centers were formed by the thermal reduction environment created by graphite dies under vacuum, and could be eliminated by thermal annealing. Lei et al. have also used SPS to fabricate transparent ZrO 2 ceramics [105]. They prepared 8YSZ nanopowder with a cubic crystal structure using a glycine-nitrate wet-chemical approach followed by high-energy ball milling. After calcination at 900 °C, which was determined to be the optimal temperature, the 8YSZ nanopowder had spherical particles with an average size of 50 nm. The powder was densified by SPS at 1200-1350 °C for 5 min and exhibited promising densification behavior. After sintering at 1300 °C, pores had been removed from grain boundaries and transferred to intragranular ones; thus, transparent 8YSZ ceramics were obtained at this temperature.

A similar SPS approach has also been reported by Casolco et al. whereby partially stabilized (3 mol% Y 2 O 3 :ZrO 2 ) and fully stabilized (8 mol% Y 2 O 3 :ZrO 2 ) nanopowders were processed to obtain transparent ZrO 2 ceramics [99]. The final products had an average grain size of 55 nm, and while the partially stabilized 3YSZ ceramics were translucent, the fully stabilized 8YSZ ceramics were optically transparent. Moreover, the color of the transparent 8YSZ ceramics could be changed from ruby to amber by simply varying the sintering time.

Because the dopant concentration and thus composition of YSZ can be varied, the interrelationship between composition and optical properties must be understood. Although other dopants, such as CaO and MgO, could be used to stabilize ZrO (YAG), Y 2 O 3 is more promising as a scintillator because of its high effective atomic number and high density [107]. Furthermore, Y 2 O 3 is more suitable for high-power solid-state laser applications than YAG because it has higher thermal conductivity and a lower thermal expansion coefficient [108]. Potential applications of transparent Y 2 O 3 ceramics also include IR domes, gas nozzles, refractory materials, semiconductor components, and NIR-visible upconverters [109][110][111]. Representative transparent Y 2 O 3 ceramics are listed in Table 3. Transparent Y 2 O 3 ceramics were first reported 50 years ago [112]. These initial samples were obtained by hot-pressing under vacuum at 950 °C and 10,000-12,000 psi for 2 days. Lithium fluoride was used as the sintering aid to ensure full densification of the ceramics, and was eliminated during the sintering process. The optical transmittance of the HP-derived transparent Y 2 O 3 ceramics was very close to that of single crystals.

More recently, transparent Y 2 O 3 ceramics have been fabricated by pressure-less sintering in a vacuum or H 2 atmosphere [21,41,[113][114][115][116][117][118][119][120]. For example, Saito et al. developed a simple method to synthesize Y 2 O 3 powder with high sinterability, from which transparent ceramics could be obtained without the use of sintering aids [115]. This highly reactive Y 2 O 3 powder was derived from fine, needle-shaped yttrium carbonate, which had been synthesized by the precipitation of yttrium nitrate. After yttrium carbonate was calcined at 1100 °C, the resultant Y 2 O 3 powder had an average particle size of 0.1 μm and a small agglomeration size of 0.3 μm. Transparent samples were obtained by sintering at ≥ 1600 °C and while abnormal grain growth was not present, the optical transparency was still much lower than that of single crystals.

Ikegami et al. prepared thin, flake-shaped yttrium hydroxide that yielded fine Y 2 O 3 powder after calcination at > 800 °C, and this powder was used to fabricate transparent Y 2 O 3 ceramics [21]. As expected, the particle size of the calcined powder gradually increased with increasing calcination temperature; skeleton Y 2 O 3 particles with poor sinterability were formed by calcination at temperatures < 1000 °C whereas monodispersed particles were obtained by calcination at > 1000 °C. The undoped and sulfate-doped Y 2 O 3 powders possessed similar densification behaviors for similar particle sizes; however, the sulfatedoped Y 2 O 3 particles had round edges, independent of calcination temperature, while the undoped Y 2 O 3 particles had sharp edges. Sulfate-doping and calcining at 1100 °C were determined to be the optimal conditions for obtaining transparent ceramics.

Jin et al. prepared transparent ZrO 2 -doped Y 2 O 3 ceramics from commercial powder by combining vacuum sintering with an aqueous slip-casting technique [118]. After ball milling the commercial powder in alcohol for 12 h, the average particle size was reduced from 2 μm to 0.34 μm, which promoted densification of the powder. Transparent Y 2 O 3 ceramics doped with ZrO 2 at > 2 mol% could be fabricated by sintering at 1860 °C for 8 h, and based on optical transmittance, the optimal concentration of ZrO 2 was 5 mol%.

Hou et al. reported the fabrication and characterization of transparent Y 2 O 3 ceramics by vacuum sintering [121]. High purity Y 2 O 3 and Nd 2 O 3 powders were used as the precursors, and 1.0 mol% ZrO 2 was added as the sintering aid. The three powders were thoroughly mixed such that the composition was (Nd x Y 0.99-x Zr 0.01 ) 2 O 3 (x = 0.001-0.07). After drying, pellets were made for CIP at 200 MPa. The Nd:Y 2 O 3 samples were highly transparent after sintering at 1800 °C for 20 h under a vacuum of approximately 1.0 × 10 -3 Pa.

Transparent Y 2 O 3 ceramics have also been fabricated using advanced sintering technologies, such as HP [122,123], HIP [124][125][126][127][128][129][130][131], and SPS [132][133][134][135][136][137][138][139][140][141][142]. For example, transparent Eu 3+ -doped Y 2 O 3 ceramics were developed without the use of sintering aids by HP at 40 MPa and 1580 °C, which was determined to be the optimal sintering temperature [122]. While no sintering aid was added, the Eu dopant served as a sintering aid by controlling the ionic diffusivity and thus promoting the densification of Y 2 O 3 . As the concentration of Eu was increased from 0 to 5 at%, the optical attenuation and optical transmittance gradually decreased and increased, respectively.

Recently, Gan et al. conducted a systematic study of the effects of temperature and pressure on the microstructure and optical properties of ZrO 2 -doped Y 2 O 3 ceramics fabricated using a HP method [123]. Commercial Y 2 O 3 and ZrO(CH 2 COO) 2 were used as the starting materials and mixed by ball milling in alcohol. The mixtures were dried and then calcined at 800 °C for 4 h to burn off the organic substances. After calcination, the powders were compacted into square disks at 5 MPa, followed by CIP at 20 MPa. Hot pressing was performed at 1600-1700 °C and 20-40 MPa for 3 h under a vacuum of approximately 9 × 10 -3 Pa. The hot-pressed samples were annealed in air at 1200 °C for 2 h. The XRD spectra did not show ZrO 2 as there was only a small quantity in the samples.

Fig. 15 shows in-line transmittance curves of 2-mm thick samples of ZrO 2 -doped Y 2 O 3 ceramics. While the undoped sample had a relatively low transmittance (< 15%) between 400 and 800 nm, the in-line transmittance of the sample doped with 1 at% ZrO 2 was 74.4% at 400 nm and 81.1% at 1100 nm, the latter of which nearly reached the theoretical transmittance of Y 2 O 3 : 81.93% at 1100 nm [118]. Increasing the ZrO 2 content above 1 at% corresponded to reduced optical transmittance; therefore, the optimal ZrO 2 content was 1 at%. If the ZrO 2 content was to be increased to 3 at%, both the sintering temperature and pressure would need to be increased to maintain the desired optical performance; however, Y 3+ would be reduced if the pressure was too high, which would decrease the optical transmittance of the ceramics.

Changes in the optical properties of the ZrO 2 -doped Y 2 O 3 ceramics were closely associated with the ZrO 2 content and resultant ceramic microstructures. Fig. 16 shows SEM images of Y 2 O 3 ceramics doped with different amounts of ZrO 2 , which exhibited apparent grain growth with respect to the starting powder. Without the addition of ZrO 2 , both intergranular pores and a small number of intragranular pores were present in the ceramic (Fig. 16a); therefore, this sample had the lowest transmittance. While the sample doped with 1 at% ZrO 2 had very few pores and a relatively homogeneous microstructure compared to that of the undoped sample, the samples with 3 and 5 at% ZrO 2 had more intergranular pores and less homogeneous microstructures. Moreover, average grain size and size distribution analysis of the samples demonstrated that the average grain size decreased continuously from 1.22 to 0.44 μm as the ZrO 2 concentration increased from 0 to 5 at% and the full width at half maximum (FWHM) of the grain size distribution curves narrowed as the ZrO 2 content increased.

The low transmittance of the samples with 0, 3, and 5 at% ZrO 2 were ascribed to the presence of residual pores while 1 at% ZrO 2 promoted the densification of Y 2 O 3 and thus enhanced the optical transmittance of Y 2 O 3 . The addition of ZrO 2 also reduced the grain boundary mobility of Y 2 O 3 , which restricted grain growth and prevented the formation of intragranular pores. Compared with vacuum sintering, which requires very high sintering temperatures (> 1800 °C), HP can promote densification at relatively low temperatures by applying mechanical pressures. While the high grain boundary mobility of pure Y 2 O 3 at elevated temperatures resulted in large grain sizes and numerous pores, the presence of 1 at% ZrO 2 significantly reduced the grain boundary mobility of Y 2 O 3 and increased densification; thus, 1 at % ZrO 2 :Y 2 O 3 had a homogeneous and dense microstructure with excellent optical transparency. However, when the ZrO 2 content was too high, grain boundary mobility was suppressed and grain growth was prohibited such that the densification of Y 2 O 3 was impaired, especially as the sintering temperature was not sufficiently high, and intergranular pores were formed. Therefore, a suitable grain growth rate must be maintained and the formation of both the intergranular and intragranular pores should be prevented.

Gan et al. also demonstrated that when the HP temperature was increased from 1600 °C to 1700 °C, the size of the large grains was almost unchanged whereas the size of small grains increased substantially; hence, the average grain size increased. Moreover, the homogeneity of the ceramic microstructure improved as a result of the synergistic effect of accelerated mass transport and diffusion, which enhanced the uniform distribution of Zr and effectively prevented abnormal grain growth of Y 2 O 3 . The optical transparency of the ZrO 2 :Y 2 O 3 ceramics was able to be increased further by increasing the mechanical pressure from 20 to 30 MPa. While increasing the applied pressure beyond 30 MPa caused the in-line transmittance to decrease because dark color centers were formed by the reduction of Y 2 O 3 , this issue could be easily addressed by thermal annealing after sintering, which would allow higher pressures to be used.

Mouzon et al. combined vacuum sintering with HIP to obtain transparent Y 2 O 3 ceramics from a commercial powder with a high degree of agglomeration [125]. The HIP process was intended to eliminate the pores formed by vacuum sintering; therefore, the presintering process was designed to restrict pores to the intergranular sites so that they could be easily removed by HIP. Thus, an agglomerated powder with closely packed particles was used as the precursor in order to trap the majority of pores in the intergranular areas. The optimal processing temperatures for presintering and HIP were 1600 °C and 1500 °C, respectively. If the HIP temperature was too high temperatures, e.g., 1625 °C, the samples were opaque because Ar molecules had diffused into the capsule.

More recently, Zhu et al. reported that highly transparent Y 2 O 3 ceramics with a mean grain size of 0.6 μm can be fabricated using a combination of HP and HIP with a commercial Y 2 O 3 powder and ZrO 2 as the sintering aid [143]. The HP conditions were 1300-1550 °C at 20 MPa for 3 h, and the HIP conditions were 1450 °C at 180 MPa of Ar for 5 h. The optimal HP parameters were 1400 °C for 3 h, which yielded ceramics with 83.4% and 78.3% in-line transmittance at 1100 nm and 400 nm, respectively. Fig. 17 shows photographs of Y 2 O 3 ceramic samples that were hot-pressed at different temperatures.

Fig. 18 shows fractured surface SEM images of hot-pressed Y 2 O 3 samples doped with 1 at% ZrO 2 . After hot pressing at 1300 °C, numerous interconnected intergranular pores were present. These pores had a pinning effect on the mobility of the grain boundaries and thus prevented grain growth. There were also isolated pores along the grain edges, which suggests that sintering was inconsistent during the intermediate stage and final stage at 1300 °C. When the hot-pressing temperature was increased to 1350 °C, the number of intergranular pores reduced tremendously and the residual pores became isolated, which indicates that sintering reached completion at 1350 °C. When the hotpressing temperature was increased beyond 1350 °C, both porosity and pore size were reduced, as indicated in Fig. 18(d-f); for example, nanopores outnumbered micropores after hot-pressing at 1450 °C (Fig. 18d).

Li et al. used HIP to obtain highly transparent Y 2 O 3 ceramics doped with ZrO 2 and the effects of the ZrO 2 concentration on the sintering characteristics, optical properties, grain size, size distribution, and Vickers hardness of the final Y 2 O 3 ceramics were systematically studied [131]. The optimal ZrO 2 content in terms of the optical transmittance, red-shifted IR cutoff wavelength, thermal conductivity, and Vickers hardness was determined to be 0.50 at%. For this ZrO 2 content, the presintering temperature ranged from 1650 to 1750 °C, and the average grain size was 3.35 μm after sintering at 1750 °C. The maximum in-line transmittance achieved by these Y 2 O 3 ceramics was approximately 75% at 500 nm; however, the optical performance was much better at IR wavelengths. Yoshida et al. prepared nanocrystalline Y 2 O 3 ceramics without sintering aids using SPS with relatively low sintering temperatures (850-1050 °C) and low heating rates (2-50 °C/min) [132]. After heating at 2 °C/min and sintering at 950 °C, the resultant Y 2 O 3 sample had 99% relative density with an average grain size of 190 nm. The ceramics heated at 2 °C/min and sintered at either 950 or 1050 °C for 1 h demonstrated promising optical propertiestheir in-line transmittance ranged from 6% to 46% between 400 and 800 nmas a result of the absence of an amorphous grain boundary layer and impurity contamination. Densification of the Y 2 O 3 nanopowder was promoted by SPS because grain-boundary mobility and diffusion-induced defect reactions were enhanced.

The transparent Y 2 O 3 ceramics fabricated by An et al. were used to study the effects of SPS temperature on densification, microstructure development, optical performance, and mechanical strength [133]. Full densification was achieved by sintering at 1200-1600 °C. The grain size was 0.24-0.32 μm after sintering at 1200-1300 °C, and 1.97 μm after sintering at 1600 °C. The Y 2 O 3 ceramics sintered at 1300 °C and annealed at 1050 °C had the highest optical properties; their in-line transmittance was 81.7% at 2000 nm, which was 99% of the theoretical value.

Zhang et al. used high-pressure SPS (HP-SPS) to further decrease the sintering temperature required to process transparent Y 2 O 3 ceramics [144]. They demonstrated that the sintering temperature could be as low as 1050 °C when the sample was under high pressure (300 MPa). Although oxygen vacancies were formed in the as-sintered samples, they could be eliminated by annealing at 900 °C for 3 h. The in-line transmittance of 1-mm thick samples was 68% at 700 nm, and the optical performance was close to that of single crystals in the near-IR (NIR). More importantly, these transparent Y 2 O 3 ceramics had nanograins with an average value of 400 nm, which is an advantageous for the development of transparent ceramics with high mechanical strength.

Several other attempts have been made to develop Y 2 O 3 ceramics with small grain sizes without compromising optical transparency. These strategies have included the use of highly sinterable starting powders, adoption of appropriate sintering aids, and manipulation of sintering processes. For example, wet chemical routes such as chemical coprecipitation, sol-gel processes, and thermal combustion have been widely employed to prepare highly sinterable Y 2 O 3 nanopowders with or without dopants [145,146].

Wen et al. synthesized ultrafine Y 2 O 3 powder with an average grain size of 60 nm using the chemical precipitation method with Y 2 (OH) 5 NO 3 •H 2 O as the precursor and an aqueous solution of ammonia as the precipitant [145]. High-purity commercial Y 2 O 3 powder was dissolved in concentrated nitric acid to form the precursor solution of Y 2 (OH) 5 NO 3 •H 2 O, which was diluted to 0.26 M with DI water, and ammonia sulfate was added to some samples. Precipitation was conducted by two methods: (i) normal striking (precipitant added to precursor solution), and (ii) reverse striking (precursor solution added to precipitant solution). According to striking method and synthetic parameters, Y(OH) 3 had either a card-house or spherical morphology and the powders obtained by normal striking were more reactive than those obtained by reverse striking. Furthermore, the agglomeration and particle size of the precipitated Y 2 O 3 powders could be reduced by adding a small quantity of (NH 4 ) 2 SO 4 to the precursor solution. For these ultrafine powders, calcination at 1100 °C for 4 h was determined to be optimal, and the in-line transmittance of the resultant transparent Y 2 O 3 ceramics was 52% at 1000 nm after vacuum sintering at 1700 °C for 4 h.

A Pechini sol-gel process was used to synthesize high-purity Y 2 O 3 nanopowder with citric acid and ethylene glycol as the chelating agent and Y 3+ complexant, respectively [136]. The nanopowder was densified by SPS at 1100 °C for 5 min under 100 MPa of uniaxial pressure. The final Y 2 O 3 ceramics had an average grain size of 40 μm and an inline transmittance of 60% at 700 nm.

Compounds such as ThO 2 [113], La 2 O 3 [114,147], HfO 2 [34], LiF [148], and ZrO 2 [147,149] have been employed as dopants or sintering aids to develop transparent Y 2 O 3 ceramics. Furthermore, combinations of these dopants have been shown to be more effective than individual dopants [150][151][152]. One advantage of sintering aids is that they allow the sintering temperature to be reduced, which results in Y 2 O 3 ceramics with smaller grain sizes. Moreover, the effect sintering aids can be maximized when sintering aids are combined with other process technologies, such as slip casting, vacuum sintering [118], and sintering in an O 2 atmosphere [153].

Zhu et al. prepared highly transparent Er:Y 2 O 3 ceramics by vacuum sintering with two sintering aids: ZrO 2 and La 2 O 3 [147]. Commercial oxide powders, Y 2 O 3 (99.99%) and Er 2 O 3 (99.99%), were used as the precursors, while La 2 O 3 (99.99%) and ZrO(CH 3 COO) 2 (98%) were added as sintering aids; the ceramic compositions were (Y 0.87-x Er x La 0.1 Zr 0.03 ) 2 O 3 with x = 0, 0.01, 0.03, 0.05, and 0.1. The powders were thoroughly mixed, calcined at 1200 °C for 4 h, and uniaxially pressed into pellets at 5 MPa before CIP at 200 MPa. Vacuum sintering was conducted at 1800 °C for 16 h under 1.0 × 10 -3 Pa, and the sintered samples were annealed in air at 1400 °C for 4 h. The in-line transmittance of the resultant ceramics was 83% at 1100 nm and 81% at 600 nm. When the Er concentration was increased, the thermal conductivity decreased gradually from 5.55 to 4.89 W/m•K while the average grain size, microhardness, and fractural toughness did not change.

By combining two-step presintering and vacuum sintering, Huang et al. successfully obtained transparent La-doped Y 2 O 3 ceramics [117]. The first presintering step was performed at an intermediate temperature (T 1 = 1450 °C) in air, after which the temperature was rapidly decreased (T 2 = 900-1100 °C) and held for 20 h to ensure that the desired densification was obtained while grain growth was effectively controlled. The samples had a high relative density and nanometersized grains after the first presintering step, and after the second step, the relative density exceeded 90% and the grain size had only increased slightly. The samples were vacuum-sintered at a higher temperature (T 3 = 1700 °C), and the average grain size and optical transmittance of the resultant transparent Y 2 O 3 ceramics were 25 μm and 77% at 580 nm, respectively. Yoshida et al. doped Y 2 O 3 powder with 1 mol% Zn 2+ by SPS and systematically studied the influence of experimental parameters such as the heating rate, sintering temperature, holding time, and loading stress [142]. The optimal conditions for obtaining transparent Zn 2+ -doped Y 2 O 3 ceramics were heating at 2 °C/min, sintering at 890 °C, holding for 0.5 h, and applying 150-170 MPa of pressure. The transmittance of these Zn 2+ :Y 2 O 3 ceramics reached 65% at 600 nm, as shown in Fig. 19.

When using a solid-state reaction method to develop transparent Ho:Y 2 O 3 ceramics from commercial oxide powders, Wang et al. found that one of the ball milling parameters, slurry concentration (C S ), was a critical factor influencing densification, microstructure evolution, and thus transmittance of the final products [154]. In this study, Ho:Y 2 O 3 powders were ball milled with slurry concentrations ranging from 33.2 to 17.4 vol% and the processed powders were compacted and vacuumsintered at 1400-1850 °C. As the C S decreased from 33.2 to 18.4 vol%, the densification, grain growth, and optical transparency of the Ho:Y 2 O 3 ceramics gradually increased. At 18.4 vol%, the Ho:Y 2 O 3 powder exhibited optimal densification behavior as there was minimal agglomeration and the ceramics fabricated from this powder had the highest optical transmittance, as shown in Fig. 20. This observation implies that optical transmittance is as sensitive to processing as other ceramic properties (e.g., electrical, dielectric, and mechanical properties).

Although transparent Y 2 O 3 ceramics have various advantages in terms of thermal and optical properties, the cost of the materials is a potential issue if large-scale applications are to be considered. Furthermore, the effects of sintering aids have not been well-studied. Therefore, future work should focus on the sintering mechanisms of transparent Y 2 O 3 ceramics when different sintering aids are used.

2.1.4.2. Scandia (Sc 2 O 3 ). Scandia (Sc 2 O 3 ) has outstanding optical performance and thermal properties for applications such as damageresistant, highly reflective materials in light emitting diodes (LEDs) and high-power pulsed ultraviolet (UV) lasers [155][156][157]. Other applications of Sc 2 O 3 include IR transmitting devices, high-power solid-state lasers with ultra-short pulses, and optical windows with heat-resistant capability [22,[158][159][160][161][162][START_REF] Longuet | Rare-Earth Doping of Advanced Materials for Photonic Applications[END_REF]. Vacuum sintering is the most popular method for fabricating transparent Sc 2 O 3 ceramics [22,158,159,[162][START_REF] Longuet | Rare-Earth Doping of Advanced Materials for Photonic Applications[END_REF][START_REF] Li | [END_REF][165], and the synthesis of Sc 2 O 3 nanopowders is of great interest as nanopowders are highly sinterable and yield high quality final products. Two examples of Sc 2 O 3 ceramics are included in Table 3.

Wang et al. reported a homogeneous precipitation method for synthesizing nanocrystalline Sc 2 O 3 powder, which they used to fabricate transparent ceramics [165]. High-purity commercial Sc 2 O 3 powder was dissolved in an excess of nitric acid at 95-110 °C to form a scandium nitrate solution, to which an aqueous ammonia solution was added in order to trigger the precipitation of scandium hydroxide. After thorough washing and drying, the precipitate was dissolved in sulfuric acid to form a scandium sulfate solution, which was mixed with a urea solution and heated to 95 °C. The pH of the mixed solution was adjusted by adding ammonia solution. After aging for 24 h under constant stirring, the precipitate was washed and dried, followed by calcination at different temperatures to obtain Sc 2 O 3 nanopowders, which were compacted and preheated in air at 1100 °C for 2 h to remove organic components. The nanopowder samples were vacuum-sintered (10 -3 Pa) at 1700 °C for 5 h after heating at 200 °C/h. Between 190-1100 nm, the in-line transmittance of the resultant ceramics was approximately 60%, which was ∼80% of that of single crystals.

Li et al. synthesized Sc 2 O 3 nanopowder by pyrolysis of a basic sulfate precursor, Sc(OH) 2.6 (SO 4 ) 0.2 •H 2 O, which was precipitated from a scandium sulfate solution using hexamethylenetetramine [158]. The optimal calcination temperature was 1100 °C, which yielded Sc 2 O 3 powder with an average particle size of 85 nm and a narrow size distribution. After vacuum sintering this powder at 1700 °C for 4 h, the resultant transparent Sc 2 O 3 ceramics had an average grain size of 9 μm and an in-line transmittance of 60-62%.

More recently, a modified coprecipitation method was developed to synthesize Yb:Sc 2 O 3 nanopowders that can be used to fabricate transparent ceramics for laser applications [156,157,166]. The Yb:Sc 2 O 3 nanopowders were synthesized by separately dissolving commercial powders -Sc 2 O 3 (99.99%) and Yb 2 O 3 (99.99%)in nitric acid at 80 °C and mixing the solutions to obtain a solution of 5 at% Yb:Sc 2 O 3 . Ammonium sulfate, (NH 4 ) 2 SO 4 , was added to the 5 at% solution as a dispersing agent to reach a 1:1 M ratio of M 3+ (Sc 3+ +Yb 3+ ) to (NH 4 ) 2 SO 4 , and NH 4 HCO 3 was then added as the precipitation agent. The suspension was thoroughly washed with distilled water and absolute alcohol, and the precipitate was collected by centrifugation. The precipitate was dried at 70 °C for two days, and then calcined at 600-1200 °C for 5 h. After calcination, the Yb:Sc 2 O 3 powders were dry-pressed into pellets with a diameter of 20 mm and treated with CIP at 250 MPa. The samples were then vacuum-sintered at 1600-1850 °C for 10 h under a 5 × 10 -4 Pa vacuumthe heating and cooling rates were 2 °C/min and 10 °C/min, respectivelyand the vacuum-sintered samples were annealed in air at 1450 °C for 10 h.

Calcination at 1100 °C for 5 h formed ultrafine, low-agglomerated 5 at% Yb:Sc 2 O 3 powders with an average particle size of 65 nm, and vacuum sintering these powders at 1825 °C for 10 h yielded transparent 5 at%Yb:Sc 2 O 3 ceramics with 71.1% in-line transmittance at 1100 nm. Because high sintering temperatures were used, the average grain size of the 5 at% Yb-Sc 2 O 3 ceramics was relatively large: 145 μm. Quasi-CW laser oscillation was obtained by the Yb:Sc 2 O 3 ceramics at 1040.6 nm, and the maximum output power (2.44 W) corresponded to a 35% slope.

The in-line transmittance of the Yb:Sc 2 O 3 ceramics increased monotonically as the calcination temperature was increased from 600 °C to 1100 °C because the residual content of carbonate and sulfate decreased. However, as the calcination temperature increased to 1200 °C, the optical performance dropped abruptly as agglomerated particles were formed and the powder became less sinterable; for example, the Yb-:Sc 2 O 3 sample sintered from the 1200 °C-calcined powder had the smallest grain size, 27 μm. Sintering temperature was also a critical factor influencing the optical performance of the transparent ceramics, and the sample sintered at 1850 °C exhibited the highest transmittance.

Fig. 21 shows SEM images of thermally etched and freshly fractured surfaces of the transparent 5 at% Yb:Sc 2 O 3 ceramics sintered at 1650 °C and 1850 °C. These images illustrate that grain size was closely related to the sintering temperature. The sample sintered at 1650 °C had an average grain size of 34 μm and a large number of pores were present at the grain boundaries, which resulted in relatively low optical transmittance. Conversely, the sample sintered at 1850 °C exhibited a dense microstructure with an average grain size of 183 μm and very few pores. Moreover, the fracture mode was transgranular. Increasing the sintering temperature beyond 1850 °C is a challenge; therefore, optimization of other processing parameters should be a focus of future Sintering technologies that apply pressure are effective strategies for developing transparent Sc 2 O 3 ceramics with relatively small grains. For example, transparent Er-doped Sc 2 O 3 ceramics fabricated by HIP have been reported to have an average grain size as small as 0.3 μm when solution-derived nanopowders were presintered by a two-step sintering (TSS) process [40]. The presintering was conducted at 1300-1600 °C under a vacuum < 10 -3 Pa, and the heating rate was 10 °C/min. For TSS, the samples were heated to T 1 at 10 °C/min and then the temperature was decreased to T 2 (T 2 < T 1 ) at 50 °C/min. The samples were held at T 2 for 20 h. The transparent Sc 2 O 3 ceramics obtained from the TSS presintered samples had > 98% relative density after HIP in Ar at 1300 °C and 206 MPa for 3 h (HIP-TSS).

The relatively low transmittance of HIP-TSS3, as shown in the figure, can be explained by considering the effect of T 1 . For TSS3, T 1 = 1550 °C and at this temperature, rapid grain growth eliminated pores at the grain boundaries, which caused intragranular pores to form. Such pores were difficult to remove during the TSS and HIP processes; thus, they remained and acted as scattering centers, which reduced the transparency of the TSS3 samples. For comparison, the TSS6 and TSS9 samples had T 1 = 1500 and 1450 °C, respectively, and the grain growth rates at these temperatures were sufficiently low to allow pores to remain at the grain boundaries and triple grain junctions. These intergranular pores could easily escape during TSS and HIP; thus, the resultant ceramics were more transparent. Based on these results, T 1 was a critical parameter for achieving ceramics with high transparency.

2.1.4.3. Lutetia (Lu 2 O 3 ). Lutetia (Lu 2 O 3 ) is a potential host material for various activators because of its wide bandgap and unique chemical and physical properties, which include high phase stability, low thermal expansion, and high chemical inertness. Moreover, Lu 2 O 3 can be doped with high concentrations of Yb 3+ without compromising its thermal conductivity because Lu 3+ and Yb 3+ have similar atomic masses and ionic radii [167]. As compared with Y 2 O 3 , Lu 2 O 3 is much denser (9.42 g•cm -3 ) and has a much higher stopping power for ionizing radiation as Lu has a high Z number, 71. Either Nd-or Ybdoped Lu 2 O 3 ceramics are promising candidates for high-power solidstate lasers, and Er 3+ -doped Lu 2 O 3 scintillators could be useful for digital X-ray imaging because of their high stopping powers, their very high efficiency for converting X-rays to visible light, and their ability to couple visible emissions with silicon-based CCD spectral responses [168,169]. Representative transparent Lu 2 O 3 ceramics are also included in Table 3.

Vacuum sintering has been widely used to develop Lu 2 O 3 -based transparent ceramics [170][171][172]. For example, Ma et al. prepared mono-dispersed, spherical 5 mol% Eu:Lu 2 O 3 powders using a ureabased, homogeneous precipitation process and used these powders to fabricate transparent ceramics [171]. The Eu 3+ dopant decreased the particle size of the precipitate, and the sequential precipitation of Lu 3+ and Eu 3+ created a compositional gradient in the individual spheres. Fig. 22 shows representative SEM images of the spherical particles, and the spherical morphology was retained during calcination at 600-1000 °C for 4 h. The optimal calcination temperature was determined to be 600 °C, and vacuum sintering at 1700 °C for 5 h formed transparent ceramics with ∼55% in-line transmittance at 600 nm.

Wang et al. combined a solid-state reaction with vacuum sintering to prepare transparent Er 3+ :Lu 2 O 3 ceramics using commercial Lu 2 O 3 and Er 2 O 3 powders as the precursors and tetraethyl orthosilicate (TEOS) as a sintering aid [173]. The Lu 2 O 3 and Er 2 O 3 powders were mixed to obtain Lu 1.96 Er 0.04 O 3 , and TEOS was added to 0.5 wt%; the samples were mixed by ball-milling in alcohol with zirconia balls for 24 h. The mixed powder was calcined at 1100 °C for 2 h and compacted at 30 MPa, followed by CIP at 200 MPa. The samples were then vacuum-sintered at 1850 °C for 10-12 h. The typical transmittance of the resultant ceramics was 67% in the visible to NIR range. Under excitation at 980 nm by a laser diode (LD), the ceramics demonstrated a Hot isostatic pressing is also an effective technique for developing transparent Lu 2 O 3 ceramics [175][176][177][178], and Seeley et al. coupled HIP with vacuum sintering to develop transparent ceramics with high optical properties [179]. These authors used a commercial Eu:Lu 2 O 3 nanopowder that had been synthesized by flame spray pyrolysis. The nanopowder was dispersed in an aqueous solution of polyethylene glycol (PEG) and ammonium polymethacrylate using strong ultrasonication, and was spray dried at 210 °C in flowing N 2 . The dried powder was sieved (< 50 μm) to obtain uniform agglomerates and drycompacted at 50 MPa to obtain green bodies with 35% relative density, which were calcined at 900 °C to eliminate organic substances. Vacuum sintering was conducted under a high vacuum, < 2 × 10 -6 Torr, at 1575-1850 °C and 200 MPa in Ar to reach 94-99% relative density. The vacuum-sintered samples were treated with HIP, which formed highly transparent ceramics without post-annealing.

Transparent Yb:Lu 2 O 3 ceramics have been prepared from nanopowders synthesized by laser ablation [177]. These ceramics were presintered under a vacuum and treated with HIP. The Yb:Lu 2 O 3 nanopowders were uniaxially pressed and presintered at 1550 °C with a conventional temperature program: slow heating at 3 °C/min followed by subsequent holding (CRH) and rate-controlled sintering (RCS) regime, which reduced the rate of densification. While the relative density was similar for all presintered samples, approximately 97%, the RCS regime yielded samples with an average grain size that had been reduced by > 30%. After HIP processing, transparent Yb:Lu 2 O 3 ceramics with high optical properties were readily obtained.

Transparent Yb:Lu 2 O 3 ceramics have also been prepared from powders synthesized by coprecipitation by combining vacuum sintering and HIP [180]. Calcination temperature was found to have a significant influence on the composition and morphology of the powders; the optimal calcination conditions, 1100 °C for 4 h, yielded Yb:Lu 2 O 3 nanopowders with an average particle size of 67 nm. The 5 at% Yb:Lu 2 O 3 ceramics presintered at 1500 °C for 2 h and HIP-treated at 1700 °C for 8 h had an average grain size of 2.6 μm and exhibited 78.2% in-line transmittance, which is promising.

The same group reported Eu:Lu 2 O 3 nanopowders synthesized by coprecipitation from europium and lutetium nitrates, with ammonium hydrogen carbonate (AHC) as the precipitation agent [181]. Again, the optimal calcination conditions were 1100 °C for 4 h, and these conditions yielded powders with fine particles, 68 nm, and a low degree of agglomeration. Transparent Eu:Lu 2 O 3 ceramics with an average grain size of 46 μm were obtained by vacuum sintering at 1650 °C for 30 h, and the maximum in-line transmittance of these ceramics was 66.3% at 611 nm.

There have been several reports of Lu 2 O 3 -based transparent ceramics fabricated by SPS with and without sintering aids [171,[182][183][184][185][186][187][188]]. An et al. used SPS to prepare transparent Lu 2 O 3 ceramics from commercial powders, and conducted a systematic study of the effects of sintering parametersi.e., sintering temperature, sintering time, and applied pressureon the densification, microstructure, and optical performance of the final ceramics [167,189]. Moreover, they increased the transparency of the Lu 2 O 3 ceramics by using a two-step pressure strategy and slow heating process [167]. The processing conditions were optimized over the range of pre-load pressures and heating rates: 10-100 MPa and 0.03-1.67 K/s, respectively. The optical performance of the ceramics processed at 30 MPa and heated at 0.17 K/s was optimal, with 60% and 79% in-line transmittance at 550 nm and 2000 nm, respectively.

Prakasam et al. employed SPS to produce 10% Yb-doped Lu 2 O 3 transparent ceramics [190]. Commercial oxides were used to prepare nanopowder by chemical coprecipitation from nitric acid solutions. Fully-compacted samples were obtained by SPS at 1250 °C, and the average grain size increased from several nanometers to 5 μm after sintering at 1700 °C; however, excessively high sintering temperatures triggered abnormal grain growth. The optical transparency of the assintered samples was improved by thermal annealing at 1200 °C. The ceramics sintered at 1700 °C for 5 min, after heating at 50 °C/min, exhibited the maximum transmittance: 55% at 2 μm for 2-mm thick Xu et al. used SPS to fabricate Nd:Lu 2 O 3 ceramics for efficient laser operation [188]. The transparent Nd:Lu 2 O 3 ceramics were doped with 0.2 at% LiF as the sintering aid. Based on the 4 F 3/2 to 4 I 11/2 transition, the maximum output of the ceramic laser at 4.15 W absorbed pump power was 1.25 W, with 38% slope efficiency and simultaneous oscillation of two spectral lines, 1076.7 nm and 1080.8 nm. At this transition, the laser could be operated at 1359.7 nm with a maximum output of 200 mW at 2.7 W absorbed pump power.

As with Y 2 O 3 , the cost of sesquioxide-based transparent ceramics will restrict their industrial applications unless their properties are superior to those of cheaper materials.

2.1.5. Complex oxides 2.1.5.1. Garnet. Yttrium aluminate (Y 3 Al 5 O 12 ), also known as yttrium aluminum garnet (YAG), is one of the most important materials in the garnet family as YAG has a centrosymmetric cubic structure and thus is isotropic [191]. The main applications of YAG are in solid-state lasers, but transparent YAG ceramics also have potential applications in hightemperature structural materials and fluorescent host materials because YAG has high thermal stability, high chemical stability, and homogenous optical properties [35,192]. Transparent Nd:YAG ceramics were first reported as media for solid-state lasers in the mid-1990s, after which they were extensively studied in the open literature [193]. This solid-state application also triggered interest in other transparent ceramics, as evidenced by this review. Representative YAG-based transparent ceramics are listed in Table 4.

Solid-state reaction methods are the most widely adopted process for fabricating transparent YAG ceramics from commercial or synthesized precursors of oxides or other compounds [11,[194][195][196][197][198][199][200][201][202][203][204]. In 1995, Ikesue et al. used the solid-state reaction method to fabricate YAG and Nd:YAG transparent ceramics from Al 2 O 3 , Y 2 O 3 , and Nd 2 O 3 synthesized by alkoxide hydrolysis, thermal pyrolysis, and oxalate precipitation, respectively [192]. The mixed powders were compacted and sintered at 1600-1850 °C for 5 h under a 1.3 × 10 -3 Pa vacuum. The optical properties and laser performance of these transparent ceramics were comparable to those of single crystals.

Li et al. have systemically studied the synthesis, densification, microstructure, and optical properties of YAG powders prepared by chemical coprecipitation from mixed solutions of aluminum and yttrium nitrates, using ammonia or ammonium hydrogen carbonate as the precipitant [205][206][207]. Wen et al. synthesized Y 2 O 3 nanopowder by chemical precipitation from a solution of Y(NO 3 ) 3 ammonia, and combined this powder with commercial Al 2 O 3 powder to prepare YAG ceramics [208]. Tachiwaki et al. reported a sol-gel method for synthesizing YAG nanopowder that can be used to fabricate transparent YAG ceramics [209]. Liu et al. used a solid-state reaction method to fabricate transparent YAG ceramics from a mixture of commercial α-Al 2 O 3 and Y 2 O 3 powders, using TEOS and MgO as sintering aids; the average grain size and in-line transmittance of these ceramics were 22 μm and 82.8%, respectively [210].

More recently, Liu et al. studied the effects of stoichiometry on the microstructure and optical properties of transparent YAG ceramics synthesized from commercial powders with 0.08 wt% MgO and 0.8 wt% TEOS added as sintering aids [211]. The conventional solid-state reaction method was used to prepare samples of Y 3(1+x) Al 5 O 12 , wherein the value of x varied from -4.3 mol% to 4.7 mol%. After combining the precursors and sintering aids, the powder mixtures were calcined at 600 °C for 4 h, followed by uniaxial pressing into pellets and CIP at 250 MPa. The green bodies were sintered at 1500-1750 °C under 10 -3 Pa for 50 h, and the heating and cooling rates were 5 °C/min and 10 °C/ min, respectively. After sintering, all samples were annealed in air at 1450 °C for 10 h in order to eliminate oxygen vacancies.

Both the transmittance and average grain size decreased when the samples had excessive Al 2 O 3 because Al 2 O 3 was present as a secondary phase. When the samples had excessive Y 2 O 3 and x ≤ 0.7 mol%, the transmittance only slightly decreased while the average grain size increased, and when the non-stoichiometry was x > 0.7 mol%, the optical properties and average grain size were similar to those of the samples with excessive Al 2 O 3 because of the secondary phase effect. After sintering at the optimal conditions, the maximum transmittance of the samples with stoichiometric composition was 83.1% at 1064 nm and 80.2% at 400 nm. Photographs and transmittance curves of non-stoichiometric Y 3(1+x) Al 5 O 12 ceramics sintered at 1760 °C for 10 h are shown in Figs. 23 and24, respectively.

Zych and Brecher used commercial Y 2 O 3 and Al 2 O 3 powders to fabricate transparent YAG ceramics using HP [212]. Stoichiometric mixtures of the two oxides were milled in methanol for 20 h. After milling, the slurry was dried and pressed into pellets. Hot pressing was conducted at 1750 °C and 300 MPa for 4 h using graphite punches and dies. The as-sintered samples had a dark color because of the highly reducing atmosphere of the HP process; however, transparency could be readily recovered by thermal annealing in air at 1400 °C for 4 h.

Wang et al. recently attempted to elucidate the sintering mechanism of YAG nanoceramics at high pressures [213]. They reported that highpressure sintering of YAG nanoceramics involved three stages:(i) plastic densification caused by the applied pressure; (ii) viscous sliding of grain boundaries; and (iii) viscous sliding of grain boundaries transitioned to grain boundary diffusion. This sintering mechanism is a useful reference when developing transparent YAG ceramics with high mechanical properties.

Studies have also reported fabricating YAG or YAG-based transparent ceramics using HIP as a post-treatment process in order to further improve optical transparency [214][215][216][217][218]. For example, Li et al.

reported a process for developing transparent Nd:YAG ceramics from Nd:YAG nanopowders, prepared by reverse precipitation, using vacuum sintering and HIP [218]. The Nd:YAG precursor was mixed with 0.5 wt % TEOS as a sintering aid and heated at 1100 °C for 4 h. The Nd:YAG nanopowders were compacted and vacuum-sintered at 1500-1800 °C for 10 h, followed by HIP in Ar at 1600 °C and 200 MPa for 3 h. After HIP, the samples that had been vacuum-sintered at 1800 °C exhibited 81.2% in-line transmittance at 1064 nm. Fig. 25 shows the in-line transmittance curves of the Nd:YAG ceramics produced by different conditions.

Transparent YAG-based ceramics have also been produced using SPS, although SPS is not as popular for YAG ceramics as it is for other transparent ceramics [219][220][221][222][223][224]. Wang et al. used SPS to transform the metastable hexagonal YAlO 3 (YAH) phase of YAG to a transparent ceramic [222]. The transformation of the YAH phase YAG at approximately 920 °C was accompanied by particle rearrangement, which provided an additional densification mechanism. Furthermore, the applied pressure also played an important role in promoting the phase transformation. At 920 °C and 80 MPa, the in-line transmittance was 44% and 66% at 680 nm and 1000 nm, respectively. More importantly, the average grain size was as small as 380 nm. Generally, the transparent YAG ceramics that have been fabricated using SPS have had relatively low optical transparency because of the contamination introduced by the direct contact between the samples and the dies; this contamination must be prevented in order to further utilize the SPS technique. Various multiple-step sintering processes have been found to be effective for boosting the optical performance of transparent ceramics for different sintering techniques [11,[225][226][227].

When transparent ceramics are used for solid-state lasers, active componentsmost often rare earth elementsare added to the ceramic in order to achieve the desired wavelength. As mentioned earlier, the concentration of dopants in transparent ceramics is not limited by solubility. For example, transparent Er:YAG ceramics with 1-90% Er 3+ have been readily obtained using the solid-state reaction method and vacuum-sintering technique [228]. The in-line transmittance of these Er:YAG ceramics was as high as 84% at 1100 nm, which is comparable to that of single crystals. Various sintering aids have been employed to promote densification and achieve high optical transparency in YAG ceramics [199,203,204,[229][230][231][232][233][234][235]. Silica has been the most frequently used sintering aid for transparent YAG ceramics and Boulesteix et al. recently conducted a systematic study of SiO 2 behavior during sintering using microstructural, chemical, dilatometric, and thermogravimetric analyses [234]. The authors found that, if the SiO 2 content exceeded the solubility limit in YAG, an intergranular transient liquid phase of mixed Y-Al-Si-O was formed, and that this liquid phase vaporized very quickly when the temperature was higher than 1350 °C. Therefore, the SiO 2 content of the final products was always less than the solubility limit, i.e., < 900 ppm. Fumed SiO 2 (> 98%) that contained up to 0.3 wt% Si, i.e., 1400 ppm, was used as the sintering aid. The samples were sintered under vacuum, ≤ 10 -2 Pa, at 1000-1800 °C for different durations, and the heating and cooling rates were 5 °C/min and 15 °C/min, respectively. A high cooling rate was used to prevent the exsolution of silica at the grain boundaries during cooling.

Fig. 26 shows SEM images of the samples sintered at 1700 °C with different amounts of SiO 2 . Intergranular pores were present in the sample without any sintering aid(Fig. 26A) while the sample with 0.05 wt% SiO 2 had a homogeneous microstructure with uniform grain size and was free of pores (Fig. 26B). However, as the SiO 2 content was increased to 0.3 wt%, the Nd:YAG sample displayed residual inter-and intra-granular pores as well as small grains of secondary phases, which had a dark anisotropic morphology because of Al 2 O 3 precipitation (Fig. 26C). The average grain size was 2.15, 4.62, and 5.20 μm for samples with 0, 0.05, and 0.3 wt% SiO 2 , respectively. Fig. 26D shows a SEM image of the undoped sample that was positioned near doped samples during the sintering process; compared to Fig. 26A, the microstructure of this sample was highly dense and homogeneous, and the grains were much larger, which suggests that the vaporization of SiO 2 or its derivatives affected this sample.

Magnesia is the second most effective sintering aid for transparent Nd:YAG ceramics [236]. Zhou et al. conducted a systematic study to examine the effect of MgO on the densification and optical properties of YAG ceramics and found that by adding 0.03 wt% MgO to powders sintered at 1820 °C for 8 h, transparent YAG ceramics could achieve 84.5% in-line transmittance at 1064 nm [204]. The addition of MgO largely enhanced the grain growth of the YAG ceramics sintered at 1540-1660 °C; however, excessive MgO resulted in the formation of a Mg-rich secondary phase and intragranular pores, which impaired the optical transparency of the YAG ceramics.

Small quantities of CaO have also been used to increase the density and control the microstructure of YAG ceramics [203]. As expected, high-quality transparent YAG ceramics were obtained using the reactive vacuum sintering process, and after the YAG sample was annealed at 1820 °C for 8 h, its in-line transmittance was 84.4% at 1064 nm. For 0.045 wt% CaO, the average grain size was 2.7 μm. Zhang et al. concluded that the addition of CaO enhanced both the densification and grain growth of YAG ceramics when the temperature was below 1660 °C, but significantly suppressed grain growth at higher temperatures. Co-doping is considered to be more effective than single-doping; for example, Li et al. have reported that the combination of SiO 2 and MgO improves the densification and optical transparency of YAG ceramics [237]. Another study by Yang et al. went on to use SEM to demonstrate that SiO 2 removed pores and secondary phases whereas MgO promoted the formation of a homogeneous microstructure [231]. They found that the Nd:YAG ceramics demonstrated maximum transparency and homogeneity with 0.145 wt% SiO 2 and 0.1 wt% MgO; after sintering at 1780 °C, the average grain size and in-line transmittance of this sample were 10 μm and 82% at 400 nm, respectively. Moreover, the densification and optical performance of the final ceramics were strongly associated with the properties of the starting powders, such as particle size, size distribution, morphology, and degree of agglomeration [238][239][240].

The effects of ball-milling parameters on the densification of Yb:YAG powder and optical properties of the resultant transparent ceramics have been studied by Chen et al. [241]. These authors synthesized Yb:YAG powder using chemical coprecipitation and ball milled the powder in ethanol with TEOS, added as a sintering aid, for 0-20 h to obtain 7.8-38.5 wt% slurries. The compacted samples were sintered at 1350-1800 °C. The effects of ball-milling time and slurry concentration on the densification, microstructure, and optical transmittance of the Yb:YAG ceramics were ultimately controlled by the quality of the powders. Ball milling for 12 h was determined to be optimal for achieving high optical transparency as the resultant ceramics achieved 81% in-line transmittance at 1100 nm, which was attributed to the absence of a sintering neck in the milled powder. Furthermore, the densification behavior of the powders and the optical transmittance of the final Yb:YAG ceramics gradually improved as the slurry concentration decreased from 38.5% to 20.3%. The Yb:YAG powders that were ball-milled for 12 h to 20.3 wt% slurry had the most homogeneous particle size distribution and highest densification rate; thus, the ceramics obtained by vacuum sintering this powder at 1750 °C for 15 h had the highest optical transmittance: 82% in the visible range and 83.5% at 1100 nm,.

Various technologies have been used to further improve the sintering of the powders to form transparent YAG ceramics, such as spray drying [242][243][244][245][246][247][248][249] and freeze-drying [250][251][252]; for example, Jing et al. developed a spray method to treat Nd:YAG nanopowders synthesized by chemical coprecipitation [249]. By controlling the spray speed (10-40 mL/min) and optimizing the solution concentration (0.1-0.4 M), single-phase YAG powder was readily obtained after calcination at 850 °C. High-quality transparent Nd:YAG ceramics with 80.2% and 83.1% in-line transmittance at 400 nm and 1064 nm, respectively, were obtained from gel-cast green bodies after HIP; the transmittance curve as well as surface and cross-sectional SEM images of the Nd:YAG ceramic sample sintered at 1700 °C are shown in Fig. 27. This highly transparent Nd:YAG ceramic had clean grain boundaries, no pores were observed, and no secondary phases were present at either the grain boundaries or inside the grains. When tested for solid-state laser applications, these transparent Nd:YAG ceramics exhibited a maximum laser output of 7.015 W with an oscillation threshold of 0.235 W and 59.4% slope efficiency.

Besides YAG, various other garnets such as Lu [272]. The powders were thoroughly mixed and compacted, followed by CIP at 250 MPa and vacuum sintering at 1800 °C for 10 h. Selected samples were post-annealed in air at 1450 °C for 10 h; Fig. 28 shows photographs of the transparent (Ce, Mg):LuAG ceramics with and without thermal annealing. Both the as-sintered and annealed samples demonstrated high optical transparency; however, the color of the annealed samples was lighter than that of the as-sintered ceramics.

Hu et al. fabricated transparent DyAG ceramics using a solid-state reaction method to combine commercial Dy 2 O 3 and Al 2 O 3 powders [261]. The starting powders were mixed with sintering aids, 0.5 wt% TEOS and 0.05 wt% MgO, and dried prior to compaction and CIP at approximately 200 MPa. The pellet samples were vacuum-sintered at 1760-1830 °C for 6 h under approximately 10 -3 Pa, and then annealed in air at 1400 °C for 5 h to eliminate the oxygen vacancies produced during vacuum sintering. The optimal sintering temperature for producing high-quality transparent DyAG ceramics was determined to be 1820 °C; the samples sintered at this temperature had an average grain size < 10 μm and 80% in-line transmittance in the visible light region. Fig. 29 shows photographs of representative transparent DyAG ceramics sintered at different temperatures.

2.1.5.2. Spinel (MgAl 2 O 4 ). Magnesium aluminate (MgAl 2 O 4 ) has a spinel crystal structure and is transparent to electromagnetic radiation between 0.2 (UV) to 5.5 (mid-IR) μm [44,273,274]. Spinel has outstanding optical properties and high mechanical strength; thus, MgAl 2 O 4 is one of the most important transparent ceramics. Because of their hardness, high chemical resistance, and high transparency across the UV-vis and mid-IR ranges, transparent MgAl 2 O 4 ceramics are promising candidates for optical components and defense applications, such as optical lenses, windows for aircraft/vehicles, submarine IR sensors, and missile domes [START_REF] Sepulveda | Window and Dome Technologies and Materials XII[END_REF].

In 1974, Bratton used vacuum sintering to obtain translucent MgAl 2 O 4 ceramics from ultrafine, coprecipitated spinel powder doped with 0.25 wt% CaO as sintering aid [START_REF] Bratton | [END_REF]. The fabrication of transparent MgAl 2 O 4 ceramics using conventional pressure-less sintering technologies is challenging [START_REF] Bratton | [END_REF][277][278][279]; therefore, sophisticated sintering strategies such as HP, HIP, and SPS are generally employed to develop these ceramics [280][281][282][283][284][285][286][287][288]. Moreover, high-quality precursor powders and optimized concentrations of sintering aids, such as CaO [START_REF] Bratton | [END_REF], B 2 O 3 [289] and LiF [290], are required to achieve MgAl 2 O 4 ceramics with high optical transparency.

Esposito et al. used HP to produce transparent MgAl 2 O 4 ceramics from commercial oxides, with the goal of large-scale production [291,292]; for example, they produced highly transparent, low-cost MgAl 2 O 4 ceramics directly from a stoichiometric mixture of Al 2 O 3 -MgO with ultra-pure LiF added as the sintering aid [292]. The resultant ceramics reached 78% transmittance in the visible range and the authors identified a thermodynamic mechanism for the formation of the spinel phase that directly influenced the optical transparency of the final ceramics. Balabanov et al. also employed HP to fabricate transparent MgAl 2 O 4 ceramics [293]. These ceramics were prepared using MgAl 2 O 4 nanopowders derived from the hydrolysis of magnesium aluminum double isopropoxide, MgAl 2 (OPr i ) 8 , at 900-1200 °C. After hot pressing at 1600 °C and 50 MPa, the MgAl 2 O 4 ceramics doped with 3 wt% LiF exhibited 83.7% in-line transmittance at 1100 nm, which is approximately 96% of that of MgAl 2 O 4 single crystal (87% at 1100 nm), as shown in Fig. 30.

Hot isostatic pressing has been used as an effective post-treatment strategy for the fabrication of transparent MgAl 2 O 4 ceramics [289,[294][295][296][297][298][299][300]. For example, Luo et al. used HIP to develop transparent Co:MgAl 2 O 4 ceramics to be used for passive Q-switching of solid-state lasers operating at an eye-safe wavelength, 1.5 μm [299]. The Co:M-gAl 2 O 4 ceramics obtained after vacuum sintering at 1500 °C for 5 h and HIP post-treatment at 1650 °C for 3 h exhibited > 80% in-line transmittance at 2500 nm. The 0.02 at% Co:MgAl 2 O 4 sample had a ground state absorption cross section of 3.35 × 10 -19 cm 2 at 1540 nm; thus, it was suitable for NIR solid-state lasers with passive Q-switching.

Gojdowski et al. fabricated transparent MgAl 2 O 4 ceramics from commercial submicron powder using a combination of vacuum sintering and HIP [298]. Commercial MgAl 2 O 4 powder with an average grain size of 0.43 μm and a low impurity content was compacted under uniaxial pressure, followed by CIP at 300 MPa. The samples were vacuum-sintered at 1500 °C for 2 h and then post-treated with HIP in Ar at 190 MPa; the HIP temperatures were 1500 °C and 1800 °C, and were held for 1 h and 10 h. The samples were opaque after vacuum sintering, which indicated the presence of pores. Highly transparent MgAl 2 O 4 ceramics were obtained after post-HIP treatment at 1800 °C for 10 h. The in-line transmittance of 2-mm thick samples was 81% at 400 nm and 86% between 950 and 3000 nm, which corresponds to 98.8% of the theoretical transmittance. Boulesteix et al. reported a two-step SPS process to obtain transparent Nd 3+ :MgAl 2 O 4 ceramics with up to 0.2 at% Nd [304]. Commercial MgAl 2 O 4 nanopowder was used as the precursor, Nd-doped samples were prepared by soaking the powders in aqueous solutions of Nd(NO 3 ) 3 ‧6H 2 O, and the mixtures were compacted into pellets with CIP at 200 MPa. The two-step SPS process consisted of (i) heating to 1100 °C at 100 °C/min and holding for 3 min without pressure, and (ii) slowly heating to 1300 °C at 20 °C/min and holding for 15 min under 130 MPa uniaxial pressure. The in-line transmittance of the undoped samples was 70% while that of the Nd-doped samples was 50%. Moreover, the cut-off wavelength of the Nd-doped ceramics was shifted to a higher UV wavelength than the undoped ceramics. However, the Nd 3+ content of the transparent MgAl 2 O 4 ceramics was much higher than that of single crystals, which illustrates that SPS is advantageous for developing transparent ceramics with non-equilibrium compositions.

Shahbazi et al. have produced transparent MgAl 2 O 4 ceramics by combing colloidal gel casting with SPS [305]. The starting powder had an average particle size of 90 nm and was combined with an additive, isobutylene-maleic anhydride (ISOBAM), which acted as both the dispersant and gelation agent. The rheological behavior of the suspension could be optimized and the optimal conditions were determined to be 85 wt% solid loading, 0.7 wt% additive content, and approximately 6 min of gelation time. The resultant green bodies had a relative density of 65% and a mechanical strength of 14.48 MPa. After SPS, these samples exhibited 86.7% in-line transmittance at 1100 nm.

Contamination is an important issue for pressure sintering and SPS techniques because the samples are in direct contact with the sintering molds. For example, graphite contamination inevitably accompanies the fabrication of transparent MgAl 2 O 4 ceramics by SPS [306]. The densification, microstructure, and performance of ceramics are wellknown to be highly dependent on the properties of their precursor powders, and this is also true for transparent ceramics. Moreover, optical properties are much more sensitive than other properties, such as mechanical strength and even electrical conductivity; therefore, the synthesis of high-quality starting powders is critical to the production of highly transparent MgAl 2 O 4 ceramics and is an important research topic [START_REF] Kleebe | Processing and microstructure characterization of transparent spinel monoliths[END_REF][START_REF] Goldstein | [END_REF][309][310].

The addition of sintering aids is another effective strategy for promoting densification of the precursor and enhancing the optical properties of transparent MgAl 2 O 4 ceramics. Lithium fluoride is currently the most popular sintering aid [311][312][313][314][315][316], and Goldstein et al. recently revisited the host-additive interaction mechanism of transparent MgAl 2 O 4 ceramics doped with LiF and prepared using a HP technique [316]. This study drew several important conclusions. Firstly, when the MgAl 2 O 4 ceramics were hot-pressed at pressures ≤ 50 MPa, LiF was necessary in order to achieve high transparency and the sintering temperature had to be sufficiently high, i.e., ≥ 1600 °C. Without LiF, the pressure had to be as high as 400 MPa Secondly, when the concentration of LiF was < 5%, LiF did not react with MgAl and2.0 [280]. The samples in this study were made from commercial powders of MgO and Al 2 O 3 using a combination of HP and HIP. The authors found that the stoichiometric ceramics (n = 1.0) exhibited relatively low transparency, 20-40% in-line transmittance in the visible range, which was attributed to the presence of microcracked grain boundaries that scattered light travelling through the samples. The Al 2 O 3 -rich samples exhibited 40-60% in-line transmittance. More importantly, the mechanical properties of the final ceramics were also dependent on the composition; for example, the ceramics with n = 2.0 demonstrated the highest mechanical strength, with a fracture toughness of 2.02 MPa‧m 1/2 . Therefore, non-stoichiometric MgAl 2 O 4 is more suitable than stoichiometric MgAl 2 O 4 for applications that require high mechanical strength.

Sutorik et al. reported the fabrication of transparent MgO•1.2Al 2 O 3 ceramics using a similar HP + HIP process [318]. The optimal processing parameters included HP at 1600 °C and 20 MPa for 5 h, and HIP in Ar at 1850 °C and 200 MPa for 5 h. These samples had outstanding optical transparency, with 84.8% in-line transmittance at 550 nm and an average transmittance > 82% across the entire visible spectrum. The final ceramics had 300-1000 μm grains and exhibited promising mechanical properties, including flexural strengths of 176.8 ± 46.2 MPa, hardness of 12.3 ± 0.2 GPa, and elastic modulus of 292.9 ± 7.5 GPa. This study further confirmed that non-stoichiometric spinel (especially Al-rich) ceramics with high optical transparency could be readily obtained by optimizing the processing parameters.

Waetzig and Krell studied the transmittance and hardness of Al-rich spinel ceramics(1 < n ≤ 2.5) [296]. The samples were prepared from commercial Al 2 O 3 and MgO powders with different grain sizes using a solid-state reaction and HIP. Different compositions required different presintering temperatures. For the samples with n = 1-1.5, a singlephase spinel was formed and the extra Al 2 O 3 dissolved to form solid solutions. The as-calcined samples with n > 1.5 were biphasic, consisting of stoichiometric MgAl 2 O 4 and Al 2 O 3 ; however, after HIP at 1750 °C, the extra Al 2 O 3 also dissolved into the spinel matrix to form solid solutions. The samples produced using the optimized conditions exhibited promising optical transparency, with 85% in-line transmittance in the visible range and 63% at 200 nm; therefore, this study successfully fabricated single-phase, highly transparent, non-stoichiometric spinel ceramics with 1 < n ≤ 2.5.

The hardness (HV1) of the transparent MgO•nAl 2 O 3 ceramics fabricated by Waetzig and Krell decreased slightly as n increased above 1. Furthermore, the samples derived from fine-grained powders exhibited higher hardness than the samples derived from coarse powders; the fine-grained powders formed a bimodal microstructure with fine grains (≤ 2 μm) homogeneously distributed throughout the matrix of coarse grains (≤ 156 μm) whereas the samples derived from coarse powders formed a monomodal microstructure with extremely large grains (≤ 622 μm) because high sintering temperatures were required for full densification. Fig. 31 

Transparent ferroelectric ceramics

Transparent ferroelectric ceramics are perovskite-type materials with ABO 3 structures. Lanthanum-doped lead zirconate titanate ceramics, Pb 1-x La x (Zr y Ti 1-y ) 1-x/4 O 3 (PLZT), are typical transparent ferroelectric ceramics that have superior electro-optical properties, with electro-optic coefficients higher than that of LiNbO 3 single crystals, and are more transparent than other ferroelectric materials. Therefore, PLZT ceramics are potential candidates for applications as digital light modulators and large-aperture light shutters [321][322][323][324].

The optical performance of transparent PLZT ceramics is highly dependent on the quality of the starting powder [325]. Hence, various wet chemistry-based methods, including chemical coprecipitation, solgel synthesis, and hydrothermal treatment, have been used to synthesize high-quality PLZT powders that are ultrafine and free of agglomeration. High-energy mechanical activation is a dry method that has been demonstrated to effectively produce PLZT powders and could be used in the preparation of transparent PLZT ceramics. Furthermore, controlling the atmosphere of advanced sintering techniques, such as HP, HIP, and SPS, could allow transparent PLZT ceramics to be fabricated at relatively low temperatures with shorter sintering times than those typically used.

Because of the relatively high volatility of lead oxide (PbO), controlling the sintering atmosphere is critical when fabricating PLZT ceramics. Sun et al. reported a strategy for fabricating high-quality PLZT (7/60/40) ceramics, in which x = 0.07 and y = 0.60, by controlling the oxygen partial pressure during sintering [326]. Kong et al. developed a simple method for obtaining transparent PLZT ceramics from nanopowders that were directly synthesized from oxide precursors using high-energy mechanical milling without the calcination step [327,328]. For example, PLZT (9/65/35) nanopowder was first synthesized from commercial oxide powders by using high-energy ball milling at room temperature [328]. Oxide mixtures have also been drymilled in WC containers with WC balls to produce phase-pure PLZT nanopowders [329][330][331][332]. Transparent PLZT ceramics were then fabricated from these nanopowders by annealing samples that were presintered at 1125 °C for 6 h; annealing under ambient conditions at 1200 °C for 4 h was repeated four times.

Nie et al. used HP to prepare PLZT (x/70/30) ceramics with x = 7.45, 7.51, 7.57, and 7.63 in order to study the effect of anisotropy on their ferroelectric, optical, and electro-optical properties [333]. The ceramics were prepared by the conventional ceramic process; cylindrical samples were sintered in O 2 under ∼160 kg/cm 2 of axial pressure at 1240 °C for 16 h ∼160 kg/cm 2 . All samples exhibited approximately 70% in-line transmittance between 500 nm to the NIR region. Furthermore, the authors found that both the transparency and light scattering contrast ratio were higher in the normal direction than in the parallel direction. The PLZT (7.63/70/30) ceramics were determined to be optimal as they exhibited the most stable electrical behavior in the parallel direction and had a high contrast ratio, 1.37, in the normal direction.

Wu et al. employed SPS to prepare transparent PLZT (8/65/35) ceramics [334]. The PLZT powder was derived from a wet-dry combination process whereby ZrOCl 2 •8H 2 O and TiCl 4 were dissolved in water and mixed to obtain the desired ratio of Zr 4+ and Ti 4+ , which were then coprecipitated using aqueous ammonia. The precipitate was thermally treated at 800 °C for 1 h to form ZrTiO 4 and ZrO 2 , and PbO and La 2 O 2 were added to the oxide mixture before calcination at 600-1000 °C for 2 h. The calcined powders were sintered at 700-950 °C and 29 MPa for 10 min under a 6 Pa vacuum; samples were first heated to the temperature 100 °C below the final sintering temperature at 100 °C/min, then heated to the final sintering temperature at 33 °C/ min. After sintering, the samples were annealed at 700-1000 °C for 1 h. The in-line transmittance of 0.5-mm thick samples of the ceramic sintered at 900 °C and annealed at 800 °C was 31% at 700 nm.

Microwave sintering has also been demonstrated to be an effective technique for developing transparent PLZT ceramics [335]. Huang et al. synthesized PLZT 9/65/35 powder using the conventional solid-state reaction, a hydrothermal process, or a partial coprecipitation process. For the hydrothermal process, Zr(NO 3 ) 4 , La 2 (NO 3 ) 3 , Pb(NO 3 ) 2 , C 16 H 36 O 4 Ti, and KOH (4 M) were mixed to form a precursor solution that was hydrothermally treated at 200 °C for 2 h. For the partial coprecipitation process, Zr(NO 3 ) 4 •5H 2 O and TiCl 4 were dissolved in water and coprecipitated using aqueous ammonia (pH 10) to obtain white Zr 0.65 Ti 0.35 (OH) 4 . The precipitate was calcined at 1200 °C for 3 h and then mixed with PbO and La 2 O 3 according to the desired compositions; a 10% excess of PbO was added to compensate for the loss of Pb at high temperatures. The sintering temperatures of the conventional and microwave methods were 1200 °C to 1000 °C, respectively, while the sintering times were 180 min to 20 min, respectively. These PLZT ceramics achieved a maximum in-line transmittance of 53.8% at 850 nm. Fig. 32 shows the in-line transmittance curves of the PLZT ceramics prepared by conventional sintering and microwave sintering.

A simple method for preparing transparent PLZT (9/65/35) fibers using an extrusion process was reported by Chen et al. [336]. Commercial powders of PbO, La 2 O 3 , ZrO 2 , and TiO 2 were mixed according to the composition of PLZT 9/65/35, and the mixture was calcined at 900 °C for 1 h. Following calcination, the powder was ball milled in alcohol for one day, mixed with 2.0 wt% stearic acid, and then blended with low density polyethylene (LDPE) at 150 °C to obtain a paste with 60 vol% solid content. The paste was used to fabricate fibers that were approximately 500 μm in diameter by extrusion at 120 °C. The as-extruded PLZT fibers were sintered in O 2 at 1250 °C for 24 h to obtain highly transparent fibers, as illustrated in Fig. 33.

Perovskite-structured Pb(Mg 1/3 Nb 2/3 )O 3 (PMN) is a typical relaxor ferroelectric material with promising dielectric properties [337]. The Curie temperature (T C ) of PMN is below room temperature and thus it is difficult to directly synthesize PMN using the solid-state reaction process. Ferroelectric PbTiO 3 (PT), which has a T C of 490 °C, has previously been used to produce solid solutions with PMN (PMN-PT) so that ferroelectric behavior can be obtained above room temperature [338][339][340][341][342][343]. The electro-optic coefficient of PMN-PT is higher than that of PLZT by a factor of ∼20 and PMN-PT has a strong photorefractive effect [344]; therefore, transparent PMN-PT ceramics have applications across the entire visible and mid-IR region.

Fujii et al. fabricated transparent PMN-0.10 P T ceramics using the conventional solid-state reaction method [345] balls with diameters of 3, 1, 0.5, 0.3, 0.1, and 0.05 mm were used for the milling experiments; when zirconia balls with diameters < 0.3 mm were used, there was 10 wt% 3-mm diameter zirconia balls. Green bodies were prepared from the milled powders under 70 MPa of uniaxial pressure, followed by CIP at 200 MPa. The samples were finally sintered at 1280 °C for 4 h and 15 h; the sintering atmosphere was either N 2 /O 2 (80/20 by volume) or O 2 introduced at 80 mL/min. The optical transparency of the PMN-PT ceramics increased as the size of the calcined powder decreased, which was controlled the size of the zirconia balls, and could be further increased by substituting 3 mol% La for Pb, as illustrated in Fig. 34.

A two-step sintering method for fabricating transparent La-doped PMN-0.25 P T ceramics from commercial powders was reported by Ruan et al. [346]. The ceramics prepared under the optimized conditions exhibited 65% in-line transmittance in the IR region, and had a relatively high quadratic electro-optic coefficient of 66 × 10 -16 (m/ v) 2 . Wei et al. used a similar approach to develop transparent Er 3+doped PMN-0.25 P T ceramics and found that the optical transparency of these ceramics was enhanced by doping with 0.5-2.0 mol% Er 3+ [347].

More recently, Ji et al. studied the effect of sintering environment on the optical properties of transparent La-doped PMN-0.25 P T ceramics prepared by HP [348]. A modified HP process was developed to effectively promote densification, and this method consisted of four steps: (i) sintering at 800 °C for 2 h, first under vacuum and then in pure O Zhang et al. prepared transparent La-doped PMN-0.25 P T ceramics using three methods: (i) uniaxial HP, (ii) O 2 atmosphere sintering, and (iii) two-stage sintering [349]. For the uniaxial HP method, the samples were sintered at 1200-1240 °C for 3-5 h under 100 MPa of uniaxial pressure. For O 2 sintering, the samples were sintered in O 2 at 1220-1260 °C for 3-5 h. For two-stage sintering, the samples were first sintered in O 2 at 1200-1250 °C for 3-5 h, and then sintered at 1200-1240 °C for 3-5 h under 60 MPa of uniaxial pressure. For the three methods, 3, 5, and 8 mol% of excess PbO was added to compensate for the loss of Pb during the sintering process, respectively. The two-stage sintering method was determined to be the most promising as the optical transmittance of the resultant ceramics was 70% at 900 nm, which was nearly the same as the theoretical value of 71%.

Transparent ferroelectric ceramics, 0.88Pb(Mg 1/3 Nb 2/3 )O 3 -0.12PbTiO 3 (0.88PMN-0.12 P T), doped with different concentrations of La (0.5, 1.0, 1.5, and 2.0 mol%) have been prepared by combining the conventional solid-state reaction method with a two-stage sintering [350]. The La content strongly influenced the microstructural, electrical, and optical properties of the resultant ceramics and the 1.0 mol% La-0.88PMN-0.12 P T samples exhibited the highest optical transparency, with 65% in-line transmittance at 600 nm.

Single crystals of Pb(Zn 1/3 Nb 2/3 )O 3 (PZN) have excellent dielectric and electrostrictive properties, as well as a very high electro-optic coefficient [351][START_REF] Wan | Characterization of PZN Single Crystals[END_REF][353][354]. Unfortunately, phase-pure PZN ceramics cannot be produced because of their thermodynamic instability at room temperature. Therefore, other perovskite phases, such as PMN and PLZT, are combined with PZN to form solid solutions with the advantages of PZN. For example, transparent PZN-0.70PLZT (3/54/46) ferroelectric ceramics have been fabricated by HP sintering in O 2 , using powders synthesized by the conventional solid-state reaction method as the precursors [355]. These PZN-PLZT ceramics had up to 60% in-line transmittance at 550 nm and exhibited very high optical transparency from the near-UV to IR regions. [357]. The ceramics obtained under the optimal conditions of this study had 40% in-line transmittance from the visible region to the near-IR. Lead-free transparent ferroelectric ceramics have also been reported in the open literature [358][359][360][361][362]. For example, Lin et al. prepared transparent NaNbO 3 ceramics using the conventional solid-state reaction method [362]. These ceramics had a mixed state, consisting of both antiferroelectric Pbcm and ferroelectric R3c phases, and SEM results indicated that they were fully densified with a homogeneous microstructure. The samples were highly transparent, with 95% transmittance for UV light and as high as 97% transmittance for visible light > 450 nm. Li et al. developed transparent ceramics of bismuthmodified potassium sodium niobate, K 0.48 Na 0.52 Nb 1-x Bi x O 3 (x = 0.05-0.15), using HP [360], and a similar method was used to prepare transparent (K 0.5 Na 0.5 ) 1-x Li x Nb 1-x Bi x O 3 ceramics [361].

Furthermore, Wu et al. developed transparent Er 3+ -doped (K 0.5 Na 0.5 ) 1-x Li x Nb 1-x Bi x O 3 (0.05 ≤ x ≤ 0.08) ceramics in order to study their photoluminescence (PL), electro-optic response, and piezoelectric properties [363]. These ceramics exhibited high transparency, 50% and 75% in the NIR and mid-IR regions, respectively, and green and red up-conversion PL emissions of Er 3+ were clearly observed. Strong electro-optic (EO) effects were evidenced by high effective linear EO coefficients of 128-184 pm/V. Moreover, the ceramics possessed fairly large piezoelectric coefficients, 70-90 pC/N, a relatively high dielectric constant, 1400, and a relatively low dielectric loss, 0.03; thus, these ceramics have potential applications as visible displays, mid-IR solid lasers, and optical attenuators.

Using a pressure-less sintering process, Yang et al. fabricated transparent ferroelectric ceramics of (1-x)(K 0.37 Na 0.63 )NbO 3 -xCa (Sc 0.5 Nb 0.5 )O 3 with x = 0.050, 0.070, 0.090, 0.095, and 0.100 [364]. Commercial powders of Na 2 CO 3 , K 2 CO 3 , CaCO 3 , Nb 2 O 5 , and Sc 2 O 3 were thoroughly mixed and calcined at 950 °C for 5 h. The calcined powders were compacted and sintered in sealed alumina crucibles at 1220 °C for 4 h in order to embed the samples during the sintering process. As the Ca(Sc 0.5 Nb 0.5 )O 3 content was increased, the phase of the materials changed first from an orthorhombic to tetragonal structure, and then to a pseudo-cubic structure. The 0.91(K 0.37 Na 0.63 )NbO 3 -0.09Ca(Sc 0.5 Nb 0.5 )O 3 ceramics had 60% in-line transmittance in the near-IR region.

Tanaka et al. prepared transparent Sr 0.6 Ba 0.4 Nb 2 O 6 (SBN60) ceramics with anisotropic structures by combining a colloidal process at high magnetic fields with vacuum sintering and HIP [365]. The SBN60 ceramics had c-axis orientation wherein the degree of orientation was approximately 1.0 when expressed as the Lotgering factor. The in-line transmittance of the crystal-oriented SBN60 ceramics was 50% at 1500 nm, and optical phase modulation was observed, which confirms the presence of an electro-optic effect.

Mullite

Mullite is an aluminum silicate, 3Al 2 O 3 ·2SiO 2 or Al 6 Si 2 O 13 , and is one of the most popular engineering ceramics because it has sufficiently high strength at high temperatures, strong resistance to thermal shock, and relatively low dielectric constants [366]. Since mullite has high temperature stability, it can be used as window materials for high temperature applications in the mid-IR range. Fully dense, translucent mullite was achieved nearly fifty years ago by HP at 1500-1650 °C and 30-50 MPa [367]. Phase-pure oxide powders were synthesized by the hydrolytic decomposition of mixed metal alkoxides, and mullite powder was formed by calcining at 1200 °C. The optimal HP parameters were determined to be 5 kpsi and 1500 °C for 0.5 h.

Prochazka and Plug prepared IR-transparent mullite ceramics with 72 wt% and 76 wt% Al 2 O 3 using HP and HIP at 1630 and 1650 °C, respectively [368]. To prepare mullite powders, A1 isopropoxide and ethylsilicate were dissolved separately in cyclohexane to form 1 M solutions, these solutions were mixed to obtain the desired Al 2 O 3 -SiO 2 compositions, and t-butylalcohol was added to form thin gels. After ageing and filtration, the solvent was evaporated from the gels at room temperature. The residue was dried at 120 °C, which produced white fluffy powders that were calcined at the appropriate temperatures to obtain mullite powders. Hot pressing was performed at 55 MPa and 1550-1750 °C while HIP was performed in Ar at 175 MPa and 1650 °C for 80 min. A similar HIP process was used by Schneider to prepare translucent mullite ceramics from a commercial fused-mullite precursor [369]. The samples were presintered at 1700 °C for 4 h, followed by HIP at 120 MPa and 1650 °C for 30 min. The final mullite ceramics had uniform microstructures with grain sizes in the range of 5-10 μm, and their in-line transmittance was 40% in the visible range and as high as 80% in the NIR range. These optically translucent mullite ceramics are good candidates for optical windows in the visible-NIR range.

Fang et al. utilized microwave sintering to fabricate transparent mullite ceramics from a diphasic aerogel-derived powder, and they compared these to ceramics prepared by conventional sintering at 1320 °C [370]. To prepare the diphasic aerogel, boehmite (AlOOH) was dispersed in DI water at room temperature, the pH was adjusted to 2.0 by adding concentrated HNO 3 solution, and the mixture was refluxed overnight at 95 °C to achieve hydrolysis. The boehmite sol was then mixed with an ammonium-stabilized colloidal silica sol at room temperature to obtain an Al/Si molar ratio of 3:2. The sol mixture was heated at 60 °C to remove water and thus the diphasic mullite gel was obtained. The diphasic gels were converted to xerogels by further drying at 110 °C, followed by denitration at 550 °C. Microwave sintering was conducted in a microwave furnace set to 2.45 GHz and 900 W. The samples were rapidly heated from room temperature to 1300 °C and held at temperature for 10 min. While the conventionallysintered samples were still amorphous, the mullite phase was readily formed by the microwave sintering process.

Mullite ceramics that are IR-transparent and translucent to visible light were fabricated by Ohashi et al. by vacuum sintering at 1750 °C [371]. Commercial mullite powders were calcined at 1250 °C for 1 h and then compacted by CIP at 200 MPa. The compacted samples were sintered at 1600-1800 °C for up to 8 h under a 10 -3 -10 -4 Pa vacuum, and the samples were heated and cooled at 10 and 20 °C/min, respectively. Samples were prepared with one of three compositions -71.8, 75.2, and 76.5 wt% Al 2 O 3and of these, the samples with 75.2 wt% Al 2 O 3 had the highest optical transmittance after sintering at 1750 °C for 1 h.

Spark plasma sintering has also been used to develop transparent mullite ceramics from monophasic gels synthesized with aluminum nitrate nanohydrate (ANN) and TEOS [372,373]. The gels were dried at 110 °C and calcined at 800-1400 °C for 2 h. The samples were then sintered at 1450-1600 °C for 5-20 min; the SPS heating rate was 100 °C/min under vacuum and 30 MPa. The in-line transmittance of the samples processed at optimum conditions was 75-82% at 2.5-4.3 μm. [START_REF] An | Advanced Engineering Ceramics and Composites[END_REF][START_REF] An | [END_REF], Y 2 Ti 2 O 7 [384], Y 2 Hf 2 O 7 [385], LaGdZr 2 O 7 [386,387], LaYZr 2 O 7 [388], Lu 3 NbO 7 [389,390], and Ga 3 TaO 7 [391], have been obtained by SPS and vacuum-sintering techniques. For example, transparent lanthanum silicate oxyapatite (La 9.33 Si 6 O 26 ), which is ion-conductive, was prepared using SPS [392], and translucent Sr 2 Y 8 (SiO 4 ) 6 O 2 oxyapatite ceramics were made from highpurity powder using SPS and ball milling [393]. However, it is necessary to mention that these transparent ceramics cannot be prepared by normal processing methods. 4 , and Eu 2 O 3 in concentrated HNO 3 to obtain Gd(NO 3 ) 3 , Hf (NO 3 ) 4 , and Eu(NO 3 ) 3 solutions. Mixtures of the nitrate solutions were prepared according to the composition of La 0.8 Gd 1.2 Hf 2 O 7 with 1-10 at % Eu 3+ , and glycine was added to the mixtures. Dilute aqueous ammonia solution was also added to the mixed solutions to maintain pH ∼ 4. When the solutions were heated on a hot plate, sol-gel transition occurred as the water was evaporated, and eventual combustion yielded white fluffy powders. After calcining at 800 °C for 2 h and ballmilling for 20 h, the powders were compacted and treated with CIP at 200 MPa. The samples were then presintered in air at 1000 °C for 3 h, vacuum-sintered at 1830 °C for 6 h, and finally post-annealed at 1500 °C for 5 h in the ambient environment. Fig. 35 shows optical photos of the transparent Eu 3+ -doped La 0.8 Gd 1.2 Hf 2 O 7 ceramics before and after the final thermal annealing process, and the in-line transmittance profiles are illustrated in Fig. 36.

Qi et al. reported a SPS process for fabricating submircon transparent Gd 2 Zr 2 O 7 ceramics from nanocrystalline powders that were synthesized by a combination of coprecipitation and solvothermal treatment [395]. Because high heating and cooling rates (50 °C/min) and high pressures (up to 70 MPa) were used, the transparent Gd 2 Zr 2 O 7 ceramics had an average grain size of approximately 0.205 μm after sintering at 1400 °C for 5 min. The optimal transmittance of these ceramics was approximately 70% at 2000 nm.

Gui et al. also adopted a combined coprepication-solvothermal method to synthesize high-quality LaGdZr 2 O 7 powders, which they used to produce transparent LaGdZr 2 O 7 ceramics by vacuum sintering [387]. In this synthesis, the calcination temperature had a strong effect on the cation distribution and morphology of the LaGdZr 2 O 7 powders, which indirectly influenced the microstructure and optical quality of the final LaGdZr 2 O 7 ceramics. As the thermal treatment temperature was increased from 1000 to 1300 °C, both the domain and particle sizes increased while the ordering degree of the cations [(La 1/2 Gd 1/2 ) 3+ -Zr 4+ ] was enhanced. The LaGdZr 2 O 7 powders calcined at 1150-1200 °C exhibited the lowest agglomeration and thus the highest sinterability, which resulted in ceramics with optimal optical properties. After vacuum sintering at 1800 °C for 10 h, the LaGdZr 2 O 7 ceramics had 73-75% in-line transmittance at 1200 nm. Photographs and in-line transmittance curves of selected samples are shown in Fig. 37. This method was further applied to Sr 1+x/2 Al 2+x Si 2-x O 8 with x = 0-0.4 [398]. Glasses were formed by mixing SrCO 3 , Al 2 O 3 , and SiO 2 powders in rhodium/platinum crucibles and melting the mixtures in an electric furnace. The samples were heated to 1700 °C, held for 10 min, heated to 1750 °C, held for 10 min, and then returned to 1700 °C and held for 30 min. After melting, the samples were removed from the furnace and rapidly cooled in the ambient environment, which produced glass samples that were annealed in air at 1020 °C for 3 h to obtain transparent ceramics.

Transparent Eu-doped Sr 1-x/2 Al 2-x Si x O 4 (x = 0.2, 0.4, and 0.5) ceramics were recently developed by Fernandez-Carrion et al. [399]. In this study, glasses were prepared using aerodynamic levitation and a laser-heating method. The Sr 1-x/2 Al 2-x Si x O 4 glass samples were thermally annealed in air at 930 °C (6 h), 985 °C (7 h), and 1010 °C (7 h) in order to obtain ceramics with x = 0.2, 0.4, and 0.5, respectively; the heating and cooling rates were both 5 °C/min for all ceramics. After thermal annealing, the resultant ceramics were highly transparent to visible light, as shown in Fig. 38.

More recently, Boyer et al. reported a group of non-stoichiometric Ln 1+x Sr 1-x Ga 3 O 7+δ (Ln = Eu, Gd, and Tb) melilite ceramics produced by crystallizing glasses [400]. The glasses were made from high-purity powders of SrCO 3 , Ln 2 O 3 , and Ga 2 O 3 by combining the aerodynamic levitator method with CO 2 laser heating, which allowed the samples to be cooled from the glass forming temperature (approximately 1650 °C) at approximately 300 °C/s by turning off the laser. The glass beads were crystallized to ceramics by annealing in air at 720 °C for 2 h. As shown in Fig. 39, the glass transition of the samples occurred near 760 °C, and a crystallization peak was observed at approximately 790 °C. The presence of a single peak confirmed that the congruent crystallization process produced dense and phase-pure melilite ceramics, and the resultant ceramics retained relatively high transparency after crystallization. Furthermore, these transparent ceramics were the first to exhibit a bulk oxygen ionic conductivity of > 0.02 S cm -1 at 500 °C. Aluminum oxynitride (AlON) -Al (64+x)/3 O 32-x N x (2 ≤ x ≤5)has a defective cubic spinel structure as the rhombohedral structure of Al 2 O 3 is altered by the incorporation of a small fraction of nitrogen. The optical transmittance of ALON is ≥ 80% from the near-UV region to the NIR region, and AlON also exhibits promising mechanical strength. Therefore, the fabrication of transparent AlON ceramics has a long history [401], and various synthetic strategies have been developed [402,403].

As with the oxide ceramics discussed in Section 2.1.8.1, AlON ceramics have also been produced by several advanced sintering technologies, such as pressure-less sintering [404][405][406], microwave processing [407], HP [408], HIP [404,[409][410][411], and SPS [412]. Firstly, the fabrication of transparent AlON ceramics requires AlON powder. Several methods have been used to synthesize AlON powders, including Al 2 O 3 -AlN chemical reaction, Al 2 O 3 carbothermal reduction, solidstate reactions, the plasma arc method, and high temperature rapid selfpropagating combustion [413]. Carbothermal reduction and solid-state reactions are more popular than other methods because they are costeffective and relatively simple; nevertheless, the synthesis of phase-pure AlON powders is still a challenge [414]. Once AlON powder has been obtained, sintering should be conducted in N 2 at temperatures > 1850 °C for at least 20 h.

A two-step approach to preparing transparent AlON ceramics using Al 2 O 3 and AlN nanopowders as the precursors was adopted by Qi et al. Yuan et al. also reported using a hybrid method, combining carbothermal reduction and solid-state reaction, to synthesize high-quality γ-AlON powders [417]. In this study, organic sucrose was used as the reducing agent rather than carbon black. Sucrose was dissolved in DI water, γ-Al 2 O 3 nanopowder was added to the solution, and the suspension was dried at 70 °C for a whole day prior to being thermally treated. During thermal treatment, the temperature was raised to 900 °C at 10 °C/min and held for 1 h while the pressure was held at 0.1 MPa and the N 2 flow rate was 0.5 L/min. The solid-state reaction was then conducted at 1500 °C and 0.1 MPa for 4 h in N 2 (2 L/min), and the resultant powder was calcined at 700 °C for 6 h to remove excess carbon.

Direct nitridation has been identified as one of the most effective strategies for synthesizing AlON powders for transparent AlON ceramics [418][419][420][421]. Jin et al. developed a two-step carbothermal nitridation process to obtain high-quality AlON powder, which they used to fabricate transparent AlON ceramics by pressure-less sintering [418]. The precursor powders were derived from a mixture of core-shell structured Al 2 O 3 /C, which was prepared by the pyrolysis of an Al 2 O 3 / urea-formaldehyde-resin nanocomposite. A layer of amorphous carbon on the surface of the Al 2 O 3 particles effectively prevented agglomeration and grain growth during the carbothermal nitridation process, and the resultant AlON powder had a bimodal particle size distribution centered at 0.2 and 0.7 μm, with a maximum particle size < 0.9 μm. At optimal conditions, the final AlON samples had 80% in-line transmittance from the visible to IR regions.

Su et al. reported a similar synthesis route for producing AlON powder from commercial powders of Al 2 O 3 and Al [419]. The homogeneously mixed powders were thermally nitridized at 1750 °C for 3 h in N 2 , which yielded AlON powder. Then, MgO (0.10 wt%), Y 2 O 3 (0.08 wt%), and La 2 O 3 (0.025 wt%) were added to the powder to promote densification. After sintering in N 2 at 1950 °C for 12 h, the in-line transmittance of 2-mm thick samples of AlON ceramics was 77.1% and 80.6% at 400 nm and 1100 nm, respectively.

Alternatively, Liu et al. synthesized AlON powder using commercial powders of γ-Al 2 O 3 and carbon black, fabricated transparent AlON ceramics by pressure-less sintering with 0.25 wt% MgO and 0.04 wt% Y 2 O 3 as sintering aids [420]. Phase-pure AlON powder was readily derived from γ-Al 2 O 3 /C mixture after calcination at 1550 °C for 1 h and thermal treatment at 1750 °C for 2 h. The ball milling parameters controlled the morphology and particle size of the AlON powders, which influenced the microstructure and optical transmittance of the final transparent AlON ceramics. Fig. 40 shows photographs and in-line transmittance curves of AlON ceramics sintered at 1850 °C for 6 h; the ceramic sample fabricated from powder that was ball milled for 12 h was foggy whereas the sample from powder that was ball milled for 24 h exhibited 79.4% and 83.3% in-line transmittance at 600 nm and 2000 nm, respectively.

More recently, transparent MgAlON ceramics were obtained using a similar synthetic route and sintering technique [421]. The MgAlON powder was prepared from a mixture of black carbon, γ-Al 2 O 3 , and MgO nanopowders, and the mixture was ball milled with absolute alcohol at 120 rpm for 24 h. The milled sample was calcined in N 2 (2 L/ min) at 1500-1600 °C and 1 MPa for 2 h. Pellet samples were prepared by uniaxial pressing and treated with CIP at 250 MPa, followed by calcination under vacuum (700 °C and < 5 × 10 -3 Pa for 2 h) in order to eliminate excess organic substances. Sintering was conducted in static N 2 at 1850 °C and 0.1 MPa for 20 h. The resultant ceramic sample had 86.59% and 82.37% in-line transmittance at 3700 nm and 600 nm, respectively.

Zheng et al. combined vacuum sintering and HIP to fabricate transparent MgAlON ceramics that had an average grain size of 10 μm and displayed high mechanical strength and high optical transparency [422]. These transparent MgAlON ceramics were derived from mixtures of MgO, AlN, and Al 2 O 3 powders, which were reactively sintered at 1650 °C for 15 h and HIP-treated at 1670 °C and 180 MPa for 5 h; the temperatures used in this study were lower than those reported for similar materials by 150-200 °C. The densification of the mixed powder was mainly attributed to the solute drag effect of Al 2 O 3 before the solid solution was entirely formed at 1650 °C, which effectively suppressed grain growth. The in-line transmittance and flexural strength of the optimal samples were 86.1% at 3.7 μm and 386 MPa, respectively. The mechanical strength of the transparent MgAlON ceramics was higher than previously reported by approximately 40%, which was attributed to the synergistic effect of the Hall-Petch effect (finer grains) and the twin lamella strengthening mechanism. These transparent MgAlON ceramics could be promising candidates for high-performance IR domes, and may be an alternative to AlON ceramics and sapphires.

Cheng et al. attempted to use microwave sintering to fabricate transparent AlON ceramics [407]. The AlON powder was synthesized from α-Al 2 O 3 and AlN powders, and a small quantity of Y 2 O 3 (0.5 wt%) was added to promote densification of the AlON powder and enhance optical performance of the final ceramics. The mixed powder was compacted, treated with CIP at 250 MPa for 5 min, and sintered in a microwave set to 2.45 GHz, single mode, in a flowing N 2 atmosphere at ambient pressure. The temperature was increased at approximately 100 °C/min by controlling the power of the incident microwaves. After sintering at 1800 °C for 1 h, the resultant AlON ceramics had an average in-line transmittance of 60% for 0.6-mm thick samples.

Jiang et al. used pressure-less presintering and HIP to obtain AlON ceramics with high optical transparency [411]. The AlON powder was uniaxially compacted and further pressed by CIP at 200 MPa. The samples were presintered in high-purity N 2 at 1775-1875 °C and 0.1 MPa for 360 min, followed by HIP post-treatment in Ar at 1825 °C and 200 MPa for 180 min. After HIP, the AlON ceramics presintered at 1800 °C had an average grain size of 47.9 μm and an in-line transmittance of 84.8% at 600 nm and 86.1% at 2000 nm. For comparison, the in-line transmittance of the as-presintered samples was 63.6% and 75.4% at 600 nm and 2000 nm, respectively.

Zhang et al. developed highly transparent LiAlON ceramics (Φ57 × 6 mm) from commercial powders of AlN, Al 2 O 3 , and LiAl 5 O 8 by reactive sintering at 1750 °C for 20 h and HIP post-treatment at 1850 °C and 180 MPa for 3 h [423]. By studying the sintering mechanisms, the authors reached three conclusions: (i) LiAl 5 O 8 promoted the reaction that formed LiAlON at relatively high temperatures, (ii) Al 2 O 3 enhanced densification before it was eliminated as the result of the solid solubility, and (iii) all residual pores were eliminated after HIP. By completely eliminating the Al 2 O 3 secondary phase and residual pores, the samples were transparent across the visible and mid-IR regions, with a maximum in-line transmittance of 85.5%. Moreover, the flexural strength and Vickers hardness of these LiAlON ceramics were 303 MPa and 15.0 GPa, respectively.

Aluminum nitride can be stable in inert atmospheres at extremely high temperatures (> 2000 °C) and its high thermal conductivity, as compared to those of other ceramics, is an important property. Therefore, transparent AlN ceramics may have unique applications in optics, lighting, electronics, and renewable energy. However, the fabrication of highly transparent AlN ceramics remains a challenge; currently, only translucent or low-transmittance transparent AlN ceramics have been reported [424][425][426]. Recently, Xiang et al. used HP to prepare highly transparent AlN ceramics from nanopowders that were prepared using a hydrothermal method [427]. First, Al(NO 3 ) 3 •9H 2 O, urea, and sucrose were used to obtain the Al 2 O 3 /C precursor, which was then converted to AlN by calcining at 1500 °C for 4 h through the carbothermal nitridation method; the as-obtained powder was thermally treated at 700 °C for 60 min to eliminate excess carbon. Hot pressing was performed in flowing N 2 at 1800 °C and 30 MPa for 180 min, and the heating rate was 5 °C/min.

Sialon and Silicon Nitride (Si 3 N 4 )

While Sialon ceramics were named for their silicon (Si), aluminum (Al), oxygen (O), and nitrogen (N) contents, they are actually solid solutions of silicon nitride (Si 3 N 4 ). Sialon ceramics are important engineering ceramics because of their high strength over a wide range of temperatures, high thermal shock resistance, and relatively high chemical stability, and advanced sintering technologies have been used to fabricate translucent and even transparent Sialon ceramics [428][429][430][431][432][433][434][435][436].

Li et al. used HP to fabricate transparent Er 3+ -doped α-Sialon ceramics in order to study their up-conversion (UC) luminescence properties [437]. The samples were Me m/v Si 12-(m+n) Al m+n O n N 16-n with Me = Er, m = n = 0.9, m = n = 1, and m = n = 1.1. Powders of α-Si 3 N 4 , Al 2 O 3 , AlN, Er 2 O 3 , and Yb 2 O 3 were thoroughly mixed by wet milling in absolute ethanol for 24 h and then dry milling for half a day; the mixtures contained 9.03, 10.00, and 10.92 wt% Er 2 O 3 , and Yb 2 O 3 was added as a stabilizer. The powders were transferred to graphite moulds that were 2-mm thick and had an inner diameter of 50 mm, which were then subject to HP in a flow of N 2 at 1900 °C and 30 MPa for 120 min. During hot pressing, the samples were heated to 1050 °C at 20 °C/min, and then heated to the desired sintering temperature at 10 °C/min. After hot pressing, the samples were cooled from 1900 °C to 1050 °C at 10 °C/min, and then left to naturally cool to room temperature. The optimal transparency of these ceramics was approximately 60% in the visible light region.

Joshi et al. fabricated transparent yellow phosphor Sialon ceramics doped with Eu 2 O 3 by HP [438]. The starting powders were ball milled in ethanol for 24 h using high-purity Si 3 N 4 balls. Hot pressing was conducted at 1850 °C and 30 MPa of uniaxial pressure for 1 h in N 2 at 0.1 MPa. The samples consisted of a α-Sialon major phase and β-Sialon minor phase, with an average grain size < 500 nm. Moreover, AlN polytypoids were also observed as a minor phase. When excited by light in the UV to blue range, the Eu 2+ -doped Sialon ceramics displayed yellow luminescence at approximately 570 nm, and white light was generated when the Sialon ceramic was coupled with a blue LED (455 nm). Furthermore, the samples doped with a small amount of Y 2 O 3 exhibited substantially higher luminescence intensities than the samples that were only doped with Eu 2 O 3 .

Similarly, translucent Si 3 N 4 ceramic samples have been produced by SPS [439] More recently, Nishiyama et al. developed highly transparent cubic silicon nitride (c-Si 3 N 4 ) ceramics by sintering at extremely high pressures [440]. Commercial α-Si 3 N 4 powder (> 95 wt%) was vacuumdried at 8 Pa and 200 °C for 12 h and then enclosed in a sample capsule consisting of a Pt sleeve and disks that were embedded in an outer MgO sleeve with MgO lids; before the sample was loaded into the crucible, the platinum-MgO parts were heated at 1000 °C for approximately 10 min. Once the sample was loaded, the whole sample capsule was vacuum-dried at 150 °C for another 2 h. The apparatus used to conduct the high-pressure and high-temperature experiments could apply a maximum force of 1000 tons, and its second stage anvils were made of WC cubes with a truncated edge length of 7 mm. The pressure transmitting medium was an octahedron of MgO doped with Cr 2 O 3 that had an edge length of 14 mm, and a cylindrical LaCrO 3 furnace was used to heat the sample capsule.

After being heated to 1800 °C, the sample had a transparent pale gray appearance, as shown in Fig. 41a. The in-line transmission curve shows that the sample had 18-38% transmittance over 400-800 nm (Fig. 41b). A representative bright-field TEM image of the sintered c-Si 3 N 4 ceramics shows that they had an equigranular texture and an average grain size of 143 ± 59 nm (Fig. 42a). No residual pores or triple pockets were observed at the multi-grain junctions, as illustrated in Fig. 42b, which confirms that the ceramics were fully densified. Moreover, the grain boundaries were mostly straight without dislocations. As shown in Fig. 42c, a very thin (< 1 nm thick) disordered/ amorphous intergranular layer was observed, and electron energy-loss spectroscopy (EELS) of the intergranular film and grains indicated the segregation of oxygen (Fig. 42d). Because the high temperature metastability of c-Si 3 N 4 in air is more advantageous than those of diamond and cubic BN, transparent c-Si 3 N 4 ceramics could be used as window materials when there are harsh conditions.

Fluorides

Fluoride-based transparent ceramics have various advantages over oxide ceramics, including wide optical transmittance windows at wavelengths up to 7 μm, low phonon frequency cut-offs, low linear and non-linear refractive indices, as well as relatively low processing temperatures. The development of transparent CaF 2 ceramics has a long history as the first example, Dy 2+ :CaF 2 , was fabricated by HP in 1964 for solid laser applications [441]. Since then, this group of transparent ceramics has been extensively studied.

Samuel et al. studied the spectroscopic performance of transparent Eu-doped CaF 2 ceramics derived from hydrothermal powders and processed with pressure-less presintering and HIP [442]. Aubry et al. synthesized Yb-doped CaF 2 nanopowders for the fabrication of transparent ceramics using three methods: (i) mechanical alloying, (ii) reverse micelle reaction, and (iii) chemical coprecipitation [443]. The powder produced by mechanical alloying had an average particle size of 20 nm, whereas those produced by reverse micelle reaction and coprecipitation required calcination in order to eliminate the impurities adsorbed to the particle surfaces. The co-precipitation powder was used to fabricate transparent Yb:CaF 2 ceramics by combining vacuum presintering with HIP post-treatment.

For mechanical alloying, commercial powders of CaF 2 and YbF 3 were thoroughly mixed to obtain a 20 g mixture with a 9:1 M ratio. The mixture was high-energy ball milled using a FRITSCH Pulverisette 6 machine with 30 ZrO 2 balls (10 mm diameter) as the milling media; the powder was milled under Ar at 600 rpm for 17 h in an 80 mL container. For the wet-chemical, reverse micelle reaction, high-purity hydrated calcium nitrate and hydrated ytterbium nitrate were used as the precursors, and 40 wt% HF was used as the fluorine source. An Igepal/ cyclohexane/water system was prepared for the reverse micelle reaction by dissolving Igepal (CO-520) in cyclohexane to form microemulsions. After the mixtures were homogenized, an aqueous cationic salt solution was slowly added to the mixture, followed by ethanol, which acted as a co-surfactant; fluoride microemulsions were formed as the aqueous cationic salt solution was replaced with the HF solution. The mixtures were centrifuged at 13,000 rpm for 1 h in order to collect the nanopowders, which were then calcined in Ar at 400 °C for 4 h.

In the coprecipitation synthesis, the nitrate salts were dissolved in DI water to form cationic precursor solutions, and HF solution was added dropwise with constant stirring. The resultant Yb:CaF 2 nanopowders were collected by high-speed centrifugation at 13,000 rpm for 30 min, washed, dried at 110 °C, and thermally annealed in Ar at 400 °C for 4 h. All powders were compacted by uniaxial molding and CIP treatment. The pellet samples were presintered under a 0.1 Pa vacuum at 900 °C for 1 h, followed by HIP in Ar at 950 °C and 160 MPa for 40 min. The resultant ceramics had an average grain size of 24 μm and an optimal IR-transmittance of 55% at 1.2 μm. Lyberis et al. also prepared Yb 3+ :CaF 2 nanopowder using a similar coprecipitation method, and used the powder to fabricate transparent ceramics by HP; their objective was to study the origin of light scattering when these ceramics were used for solid laser applications [444].

When doping with lanthanide ions, HP is the most popular sintering technology for fabricating transparent CaF 2 ceramics [445][446][447][448][449][450][451][452][453][454][455][456][457][458][459]. For example, Liu et al. synthesized CaF 2 nanopowder doped with different concentrations of Er 3+ using a coprecipitation method and fabricated highly transparent ceramics by hot pressing in a vacuum [449]. The CaF 2 nanopowders were prepared by dissolving commercial chemicals calcium nitrate (0.5 M Ca 2+ ), erbium nitrate (0.5 M Er 3+ ), and KF•2H 2 O (1.2 M F -)in DI water to form solutions. To facilitate the coprecipitation reaction, the cationic solutions were added to the anionic solution in order to obtain Ca 1-x Er x F 2+x with x = 1, 5, 7, and 10 mol%. The mixed solutions were stirred for 30 min to complete the reaction, kept at room temperature for 24 h, and centrifuged at 11,000 rpm for 20 min to recover the precipitates. The recovered powders were then thoroughly washed with DI water, dried at 80 °C for 24 h, and HP at 30 MPa. Both the size and morphology of the CaF 2 powder were dependent on the Er 3+ concentration while the microstructure and thus optical performance of the transparent Er:CaF 2 ceramics were dependent on the Er 3+ concentration and sintering temperature. The sample that was doped with 5 mol% Er 3+ and hotpressed at 800 °C exhibited optimal optical properties; the 2-mm thick sample had 90% in-line transmittance in the near-IR region. Photographs and in-line transmittance curves of the transparent Er:CaF 2 ceramics are shown in Fig. 43.

Li et al. used HP to fabricate high-quality transparent 2 at% Ho:CaF 2 ceramics, which exhibited a strong emission peak at approximately 2030 nm when excited with 640 nm light [460]. The Ho:CaF 2 ceramics by sintering nanopowder at 800 °C for 1 h had an average grain size of 0.5 μm and an in-line transmittance of 89% at 1300 nm; the transmittance decreased in the NIR range because of the residual pores in the ceramics.

Transparent CaF 2 ceramics have also been fabricated using SPS technology [461][462][463]. Li et al. used SPS at relatively low temperatures to obtain transparent Yb 3+ :CaF 2 ceramics from nanopowders with an average particle size of 50 nm, which were synthesized by chemical coprecipitation [461]. The samples were treated with SPS at 600 °C for 5 min, and the heating and cooling rates were 100 °C/min and 10 °C/ min, respectively. The resultant Yb 3+ :CaF 2 ceramics had 83% in-line transmittance at 1200 nm, which is only slightly lower than that of the samples processed with HP.

Wang et al. found that the contamination of transparent CaF 2 ceramics processed by the SPS graphite die could be avoided by using Mo foil to prevent direct contact between samples and the dies [462]. By using Mo foils, discoloration of the ceramics was effectively prevented and the transmittance was increased from 8% to 54% and 63% to 86% at 300 nm and 1100 nm, respectively. The Mo foils substantially enhanced the grain growth of the final CaF 2 ceramics which was responsible for the improved optical performance; after sintering at 1100 °C, the average grain size of the samples processed with a graphite sheet was 16 μm while the samples processed with Mo foil had grains as large as 260 μm.

Fluorides of other alkaline earth metals (Mg, Sr, and Ba) could also be used to fabricate transparent ceramics, although only limited information about these ceramics is available in the open literature. Nakamura et al. reported a series of studies on MgF 2 -based transparent ceramics, which investigated SPS methods, their optical properties, and potential applications in scintillation, thermally-stimulated luminescence (TSL), optically-stimulated luminescence (OSL), and radio-photoluminescence (RPL) [464][465][466][467]. High-purity commercial MgF 2 powder was used as the starting material, and SPS was performed at the desired uniaxial pressures [466]. Both the temperature and pressure were used to control the microstructure and properties of the MgF 2 ceramics. In most cases, the temperature was increased to 500 °C at 100 °C/min and 6 MPa, held at 500 °C for 10 min, increased to 650 °C at 10 °C/min while the pressure was increased to 70 MPa, and held at 650 °C for 15 min. However, the optical transparency of these MgF 2 ceramics was still much lower than that of their single-crystal counterparts.

There have also been reports of SrF 2 -based transparent ceramics [468][469][470]. For example, Li et al. prepared transparent Yb:SrF 2 ceramics from nanopowders synthesized by chemical co-precipitation [469].The authors employed high-speed centrifugation to remove the large agglomerated particles and retain the fine particles with high sintering activity; the suspensions were centrifuged at 11,000 rpm for 20 min, and after thorough washing, the precipitates at the bottom and top of the centrifugal tube were collected separately. Both precipitates were used to fabricate Yb:SrF 2 ceramics by HP at 800 °C and 40 MPa for 1 h. The samples obtained from the fine powders exhibited 77% in-line transmittance at 1200 nm, which was much higher than that of the samples obtained from the agglomerated powders collected from the bottom of the tubes.

Similar studies have investigated transparent BaF 2 ceramics [471][472][473]. For example, Luo et al. prepared transparent Ce:BaF 2 ceramics with luminescence and scintillation properties. Barium nitrate and KF were separately dissolved in DI water to form solutions, Ce (NO 3 ) 3 •6H 2 O and PEG2000 were dissolved in the Ba(NO 3 ) 2 solution, and then the KF solution was slowly added; the final composition of the solution corresponded to Ce 0.001 Ba 0.999 F 2.001 . The precipitates were collected, thoroughly washed, and dried at 100 °C overnight. The dried powders were compacted under 200 MPa of uniaxial pressure and further densified by CIP at 200 MPa for 3 min. The green bodies were sintered under a 10 -3 Pa vacuum; the temperature was held at 1000 °C and 1300 °C for 2 h and 6 h, respectively, and the heating rate was 10 °C/min. The resultant transparent Ce:BaF 2 ceramics displayed promising luminescence and scintillation properties.

A solid solution of SrF 2 -CaF 2 was prepared by Zhu et al. from CaF 2 -SrF 2 -NdF 3 nanopowders [474]. The nanopowders were obtained by chemical co-precipitation, which yielded a single phase with an average particle size of 20 nm, and the transparent CaF 2 -SrF 2 -NdF 3 ceramics were obtained by HP at 800 °C and 30 MPa. The transparent ceramics were fully densified with an average grain size of 0.5 μm, and 2-mm thick samples had an in-line transmittance of 86% at 250-1400 nm.

Potential applications

3.1. Applications in solid-state lasers 3.1.1. Conventional ceramic solid-state lasers 3.1.1.1. Nd 3+ -doped ceramic lasers. The Nd 3+ ion has very interesting spectroscopic and emission dynamic characteristics, and it has been used as a lasing material because its emissions cover a relatively wide range of temporal regimes, from continuous wave (CW) to very short pulses less than a picosecond. Moreover, Nd 3+ has transitions from the two Stark levels of the 4 F 3/2 manifold to the Stark levels of the 4 I 9/2 , 4 I 11/2 , and 4 I 13/2 manifolds, which have emissions with large crosssections near 0.9 μm, 1.0 μm, and 1.3 μm, respectively. Transparent ceramics with a cubic crystal structure, such as garnets and sesquioxides, are suitable to host the laser emission of Nd 3+ , and thus are dominant ceramic laser materials that have been extensively studied in the open literature. The structure of this section is illustrated in Fig. 44.

Solid-state lasers based on transparent Nd 3+ -doped garnet ceramics have five emission types: (i) 1.0 μm laser emissions, (ii) 1.3 μm laser emissions, (iii) 0.9 μm laser emissions, (iv) laser emissions at multiple wavelengths, and (v) CW laser emissions with sensitization. Transparent Nd:YAG ceramics have multiple lines with emission crosssections that are sufficiently large for laser applications, especially the 4 F 3/2 (R i ) → 4 I 11/2 (Y j ) transition at room temperature [475]. Ikesue et al. were the first to report Nd:YAG ceramic lasers with CW laser emissions; these 1.1 at% Nd-doped YAG ceramics were fabricated using a solid-state reaction process [35]. The efficiency of these lasers was comparable to that of single-crystal lasers, and their performance could be further improved if the Nd 3+ concentration was increased by using starting powders synthesized by other chemical processing routes [14,476,477]. For example, Lu et al. created 1.5 kW CW lasers by diode laser pumping with garnet ceramic rods that were sufficiently large and had fine grains [478]. Overall, the lasing performance of Nd:YAG ceramics has been comparable to that of single crystals [479][480][481][482][483].

Quasi-continuous wave (QCW) lasers have been constructed with composite ceramic rods that had a Nd:YAG core coated with Sm:YAG [484]. The lasing behavior of these lasers was largely enhanced compared to rods that have a uniform distribution of dopants and rods clad with pure YAG. A 100 kW Nd:YAG laser array with seven coherently coupled master oscillator power amplifiers (MOPA) has also been reported [START_REF] Mcnaught | kW Coherently Combined Sab MOPAs[END_REF], as well as a system with low-duty regime, which had six modules paired and connected to thin Nd:YAG ceramic plates in a single-aperture power oscillator [START_REF] Mandl | Textron's J-HPSSL 100 kW ThinZag (R) Laser Program[END_REF]. In the latter, the laser beam path had a zig-zag shape; thus, the concept was called thin ZAG. A burstmode high aperture heat capacity laser that emits 67 kW of power has also been constructed using Nd:YAG [START_REF] Yamamoto | Laser Source Technology for Defense and Security III[END_REF].

A 1.02-kW QCW (1 kHz) laser was assembled with three 1 at% Nd:YAG rods in a 808.5-nm transverse diode-pumped MOPA structure and the Nd:YAG ceramics were directly pumped with Ti:sapphire or diode lasers at 885 nm [START_REF] Li | [END_REF]. Other studies have demonstrated that lasing characteristics were improved when the laser rods were not clad [489][490][491]. Furthermore, if the ceramic quality was enhanced and an anti-reflection (AR) coating was added, the lasing performance could approach the quantum defect limit. Improvements to CW laser performance have been ascribed to reduced heat generation and improved beam quality; for example, Frede et al. fabricated an efficient 250-W laser pumped with a diode laser [492].

Yagi et al. constructed a 1064-nm flash-lamp-pumped Nd:YAG ceramic laser that operated in the QCW free-generation regime [493]. When the Xe lamp was used, the pulse excitation of this laser was 5 ms at 20 Hz. The Nd:YAG ceramic rod was ϕ8.3 × 152 mm and contained 1.1 at% Nb 3+ . A Sm-doped flow glass tube was used to filter the UV radiation. The average power of this laser was 387 Wand the lasing performance was superior to similar single-crystal lasers. Wang et al. went on to build a 1064-nm diode-side-pumped QCW laser using two Nd:YAG ceramic rods, which were arranged to form a symmetrical Fig. 44. Structure of the discussion of Nd-doped ceramic lasers. convex-convex cavity [494]. The output power of this laser was as high as 961 W and the optical-to-optical conversion efficiency was 38.3% while the slope efficiency was 45.3%.

The Nd:YAG emission transition near 1.0 μm can be harnessed once competing transitions are reduced by wavelength selecting optics to levels below the laser threshold. For example, the emission and repetition rates of a high-efficiency QCW laser constructed in this way were 180 μs and 1.1 kHz, respectively, and the optical slope efficiency was 24.7% at 1123 nm [495][496][497][498]. Pumping was achieved using a 1000-W diode laser and the competitive transitions were suppressed using coating technology. A similar 1052-nm Nd:YAG ceramic laser has been described in the open literature [499].

Neodymium-YAG ceramic lasers with emissions at 1.3 μm and 0.9 μm have been widely reported. Lu (5) transition, and the laser performance was similar to that of single-crystal lasers [501].

Laser emissions at multiple discrete wavelengths can be achieved using broad-band optics or multiple dichroic resonator mirrors once the pumping transitions reach the threshold. For example, Guo et al. obtained simultaneous emission at 1319 nm and 1338 nm with a Nd:YAG ceramic-based laser [502]. Duan et al. compared the dual-wavelength operation of Nd:YAG ceramic-based and single-crystal lasers at 1319 and 1338 nm; they found that the single-crystal lasers worked better at 1319 nm, but the ceramic-based lasers oscillated at 1338 nm, which implies that the 4 F 3/2 -4 I 13/2 transition of Nd 3+ was different in the two media [503]. Furthermore, tri-wavelength laser emission at 1064, 1319, and 1338 nm was reported by Chen et al. [504]. Such multiwavelength lasers can be used in non-linear processes, such as mixing and frequency multiplication, in order to generate radiation from visible to terahertz bands.

High-performance lamp-pumped Nd:YAG ceramic lasers have been developed by multi-component doping; for example, (Cr 3+ , Nd 3+ ):YAG ceramics are widely available and thus have been widely reported [505][506][507][508][509][510]. When a 4 m 2 Fresnel lens collector was used with solar pumping, the doped Nd:YAG ceramic lasers reached 80 W of CW laser emission, which corresponds to 4.3% solar-laser power conversion efficiency [511][512][513]. Moreover, Dinh et al. demonstrated a 120-W CW solar-pumped laser that was assembled with (Cr, Nd):YAG rods and a liquid light-guided lens [514]. Based on these studies, (Cr, Nd):YAG ceramics are promising materials for highly efficient lamp-pumped and solar-pumped lasers.

The optimized sensitizing effect of (Ce, Cr, Nd):YAG ceramics has been evaluated for solar-pumped solid-state laser applications [515]. The YAG-based powders used to fabricate these ceramics were synthesized by a sol-gel process. Based on a parameter mapping survey of the sensitizing effects of Ce 3+ and Cr 3+ when Nd:YAG is exposed to sunlight, the optimal composition of the (Ce, Cr, Nd):YAG ceramics was determined to be 0.9 at% Ce 3+ , 8.0 at% Cr 3+ , and 1.0 at% Nd 3+ . In this study, the sensitizing effect of the (Ce, Cr, Nd):YAG ceramics was four times greater than that of the (Cr, Nd):YAG ceramics; therefore, Ce 3+ was an effective sensitizer for Nd 3+ . Multi-dopant approaches could produce YAG-based ceramics for lasers that have applications in space solar power systems.

The efficiency of Nd-doped oxide ceramic lasers is closely related to their residual losses [113,516,517]. Oxide-based ceramics other than Nd:YAG have also been used to construct high-efficiency lasers; for example, high-performance 1-μm CW lasers under pumping with diode lasers have been developed from Nd:Y 2 O 3 [518] and Nd:Lu 2 O 3 [519] ceramics with fine microstructures. The large crystal-field splitting of these ceramics was due to the energy of the lowest Stark component at room temperature; therefore, the emission cross-sections of these transitions were larger than those of Nd:YAG. Furthermore, the strongest transitions of these ceramics terminated at the two lowest Stark components of the 4 I 11/2 manifold, which have a difference of approximately 35 cm -1 but have similar emission cross-sections. Thus, both ceramics exhibited dual CW laser emissions: 1074.6 and 1078.6 nm for Y 2 O 3 and 1075.9 and 1080 nm for Lu 2 O 3 .

Transparent 0.4 at% Nd 3+ :Y 2 O 3 ceramics have been used to construct dual-wavelength solid-state lasers with emissions at 946 and 1074 nm [520]. The fluorescence and radiative lifetimes of the 4 F 3/2 manifold were 283 and 328 μs, respectively. With the laser diode pumping at 808 nm, the laser performance was measured using a planoconcave resonating cavity. At 1074 nm, the maximum output power was 3.5 W for an absorbed power of 13.0 W, and the optical-optical efficiency and slope efficiency were 26.9% and 31.1%, respectively. At 946 nm, the maximum output power was 1.0 W for an absorbed power of 13.0 W, and the optical-optical efficiency and slope efficiency were 7.9% and 12.4%, respectively.

If disordered Nd-doped ceramics are used for lasers, both the absorption and emission bands will be very broad; therefore, these ceramics could have various useful applications, such as tunable emissions, multi-wavelength emissions, and ultra-short pulse generation. For example, a laser made from transparent Ba(Zr,Mg,Ta)O 3 ceramics, which have a disordered cubic perovskite structure [521]. Similarly, lead lanthanum zirconate titanate (Pb 1-x La x Zr 1-y Ti y O 3 ) has also been used for solid-state laser applications. For example, CW laser emission at 1064.4 nm was reported for PLZT 10/65/35 ceramics doped with 1 at% Nd pumped with a 100-ms pulsed CW diode laser at 805 nm [522,523].

Transition metal (TM) ions are generally used for the passive Qswitching of IR solid-state lasers; for example, Cr 4+ , V 3+ , and Co 2+ have been used for 1.3-1.6 μm, 0.940-1.100 μm, and 1.30-1.35 μm, respectively. These ions can be incorporated in ceramics with a cubic crystal structure; however, only Cr 4+ :YAG ceramics have been reported as ceramic saturable absorber (SA) Q-switches to date [511,[524][525][526]. Because the laser and Q-switch components have the same host ceramic e.g., Nd:YAG lasers passively Q-switched by Cr 4+ :YAGthe two items should have comparable refractive indices in order to minimize reflections at the interface.

According to both theoretical predictions and experimental results, SAs are used for passive Q-switching in solid-state lasers, they should have low initial transmittance in order to enhance the lasing energy and reduce the pulse duration. Furthermore, the transmission of the outcoupling mirror should be increased and the laser resonator should be shortened [527][528][529][530][531][532]. For example, Kalisky et al. studied a passively Qswitched diode-pumped Yb:YAG laser with Cr 4+ :YAG, Cr 4+ :LuAG, and Cr 4+ :GSGG saturable absorbers in order to check the repetitive modulation in the kilohertz frequency domain [531]; the experimental results were very close to the numerical model predictions.

Repetition rate is significantly affected by pumping intensity, which has a minimal effect on the energy and duration of the pulses. The Nddoped ceramic lasers with Cr 4+ :YAG SA passive Q-switches that have been reported are mainly CW diode-pumped lasers. For example, the most popular 808-nm diode lasers and Q-switched 1064-nm Nd:YAG ceramic lasers with Cr 4+ :YAG SAs have pulse energies on the scale of millijoules, with peak powers up to tens of kilowatts; however, their durations are on the scale of tens of nanoseconds [533][534][535][536]. Feng et al. reported passively Q-switched Nd:YAG ceramic lasers with Cr 4+ :YAG SAs [536]. When these lasers were pumped by a 1-W CW laser diode, the optical-optical efficiency could reach 22% if the Cr 4+ :YAG had an initial transmittance of 79-94%; this performance is similar to that of devices based on single crystals.

Huss et al. found that if end-pumped Nd:YAG ceramic lasers were clad with a layer of Sm:YAG ceramics, the stability of passive Cr 4+ :YAG Q-switched emissions could be increased [484]. Moreover, the peak power of efficient, passively Q-switched Nd:YAG ceramic lasers with Cr 4+ :YAG SAs could be > 20 kW at 1052 and 1064 nm, and the pulse energies could approach tens of millijoules with pulsed pumping at 1.0 μm [493,537]. For example, as a YAG ceramic rod with 1 at% Nd 3+ was doped with 0.1 at% Cr 3+ , the absorption was enhanced and the passively Q-switched YAG ceramic lasers exhibited flash-lamp pumping at 5 Hz [538].

Hybrid active-passive Q-switching for single-crystal lasers has also been adopted for ceramic lasers, and has been used to obtain giant pulses for flash-lamp-pumped (Cr, Nd):YAG ceramic lasers. For example, Pavel et al. reported 2.4-mJ pulse emission, 2.8-MW peak power, and repetition rates of 5-100 Hz under the pumping of an 807nm QCW diode laser [539]. Omatsu et al. achieved passive Q-switching of a 1.3-μm Nd:YAG ceramic bounce laser with a V 3+ :YAG SA [540]. The ground-state absorption cross-section of this laser was 7.2 × 10 -18 cm 2 , but the excited state absorption was nearly negligible. Similar diode end-pumped lasers have reported 128-ns pulses at a repetition rate of 230 kHz, with 9% slope efficiency [541,542]. The self-Q-switching properties of single-crystal lasers, such as (Cr 4+ , Nd/ Yb):YAG crystals, have been used to fabricate single-mode microchip lasers [543,544], and this function can be extended to ceramic lasers, such as (Cr 4+ , Nd):YAG ceramics [545,546].

Mode-locking can be applied in three ways: (i) passive saturable absorptions, (ii) effective saturable absorptions, and (iii) controlled mirror reflections. The pulse duration of solid-state lasers can be effectively reduced using either passive or active mode-locking techniques; for example, acousto-optic modulators are used for active modelocking. Moreover, losses in resonators with real or effective SAs could be controlled by the intra-cavity intensity while the reflectivity of mirrors could be modified by non-linear processes, both of which are representative passive approaches. However, using active mode-locking to generate stable regular trains with picosecond pulses is more successful in CW pumped Nd-doped single-crystal lasers than in Nd-doped ceramic lasers [547][548][549][550]; therefore, more research should investigate mode-locking in ceramic lasers.

Nanocarbon materials with semiconducting behavior, such as semiconducting single-walled carbon nanotubes (SWCNTs) [551] and graphene nanosheets [552], have been employed as SAs for modelocking in ceramic lasers. For example, a single-layer graphene nanosheet has been demonstrated to absorb 2.3% of incident light [552]. Graphene is insensitive to the wavelength of light, recovers quickly, and graphene films can be prepared to have different transparencies; therefore, mode-locking SAs made of graphene can be readily manipulated.

Certain modifying methods have been used to achieve mode-locking by controlling the reflectivity of the rear mirror in lasers; semiconductor saturable absorption mirrors (SESAMs) are used for this type of mode-locking [553,[START_REF] Wisdom | Optical Components and Materials IV[END_REF]. Furthermore, Q-switching stability can be increased by adjusting the modulation depth of the SESAM and controlling the length of the laser resonators; this has been demonstrated in SESAM mode-locked Nd:YAG ceramic lasers [START_REF] Martin-Rodriguez | [END_REF].

Compositional inhomogeneity usually occurs in solid solution ceramics and garnet ceramics that have an intrinsically disordered ion distribution; thus, these ceramics have emission lines that exhibit broadening behavior. When this line broadening is used for modelocking, pulses can be effectively shortened [556]; for example, a subpicosecond solid-state laser was constructed with solid solutions of GSAG-YSGG doped with Nd 3+ , and achieved a 5.3-nm linewidth [557]. Because the bandwidth was much broader than that of Nd:YAG, the duration of the mode-locked pulses was on the scale of sub-picoseconds.

Neodymium:LuAG ceramics doped with 0.8 at% Nd 3+ exhibited photoluminescence at 1063.5 nm and the fluorescence lifetime of this 4 F 3/2 transition was 240 μs [558]. When the pumping-beam diameter was 300 μm and the reflectivity of the output coupler was 25%, the slope efficiency and optical-optical efficiency of the laser were 43.45% and 39.3%, respectively. As the pumping power was increased, an annulus isogyre pattern was observed instead of a four leaf-like pattern.

Moreover, 2 at% Nd:LuAG ceramics have been used to develop solid-state lasers with CW lasing at 1064 nm, under diode-laser pumping at 808 nm [559]. Both the fluorescence lifetime and radiative lifetime of the 4 F 3/2 manifold were measured, the inter-Stark energy levels of the 4I J' manifolds were derived, and the peak emission crosssections of the 4 F 3/2 → 4I J' intermanifold transitions were obtained; the total emission cross-sections of the 4 F 3/2 → 4 I 9/2 , 4 F 3/2 → 4 I 11/2 , and 4 F 3/2 → 4 I 13/2 transitions were determined to be 7.41 × 10 -20 cm 2 , 29.83 × 10 -20 cm 2 , and 10.53 × 10 -20 cm 2 , respectively. Based on the results, the quantum efficiency was estimated to be 80.4%.

Short pulse generation and passive mode-locking have been demonstrated by Nd 3+ -doped calcium niobium gallium garnet (CNGG) ceramic lasers with a SESAM [560,561]. These lasers have achieved 101-mW output power, 2.0-ps pulse duration, 1.2-nm spectral bandwidth, and 88.4-MHz repetition rate. Similarly, a passively modelocked hybrid laser was constructed with composite Nd:CNGG/Nd: calcium lithium niobium gallium garnet (CLNGG) crystals [562]; the pulse width was 534 fs and the effective FWHM was 2.2 nm.

3.1.1.2. Ho-doped ceramic lasers. The 5 I 7 manifold of the Ho 3+ ion has a quasi-three-level emission at 2.0 μm under direct pumping, which can be used for efficient CW lasing. Zhang et al. studied a Ho:YAG ceramic laser, doped with 1 at% Ho, that had a 2.09 μm laser emission under 1.91 μm pumping with a Tm:YLF laser [196]. The slope efficiency of this laser was 44.2% and the threshold was approximately 2.3 W. A maximum laser output power of 1.95 W was achieved when the Tm:YLF pump power was 6.7 W, and there is still room to improve the laser performance to be comparable to that of single crystals.

Chen et al. used 1.5 at% Ho:YAG ceramics to assemble a ceramic laser with 2097-nm CW radiation [563]. This laser exhibited a power of 21 W, a slope efficiency of 63.3%, and an optical efficiency of 61% when it was pumped with a 1907-nm Tm fiber laser. Zhao et al. studied the laser behavior of Ho:YAG ceramics with different Ho 3+ concentrations [564]. The 0.8 at% Ho:YAG ceramic laser with 15.1-W pump power at 1907 nm had an output coupler with 6% transmission, an output power of 9.4 W at 2097 nm, and a slope efficiency of 64.0%.

Holmium:YAG ceramics have also been used for an IR lasers [565]. These Ho:YAG ceramics were derived from nanopowders, 1 at% Ho:Y 2 O 3 and Al 2 O 3 , which were synthesized by laser ablation processing. The optical transmittance of the resultant ceramics was approximately 82% in the IR region. The Ho:YAG samples contained scattering centers (30 ppm vol.), which were distributed in the depth direction; the number of defects was estimated by collinear two-photon interband photoexcitation and by directly counting the defects shown in optical microscopy images. The laser was constructed with 1-mm thick Ho:YAG ceramics and intra-cavity pumping was used to determine its slope efficiency: 40% at 1.85 μm.

Yuan et al. developed a high-power dual-end-pumped passively Qswitched Ho:YAG ceramic laser with a Cr 2+ :ZnS SA [566]. The performance of the Q-switched laser was influenced by the beam diameter passing through the SA, which was placed far away from the laser beam waist. The maximum pulse energy of the laser was 0.94 mJ, the peak power was 33.5 kW, the pulse width was 28 ns, and the pulse repetition frequency was 28.8 kHz. Moreover, the average output power of the CW Ho:YAG ceramic laser was 30.3 W and the maximum output power was 40.4 W. Fig. 45 shows a schematic diagram of the experimental setup.

Duan et al. reported a CW mode-locked Ho:YAG ceramic laser that used an acousto-optic modulator [567]. The 1 at% Ho:YAG ceramics in the laser were 40 × 6 × 1.5 mm 3 , and the pump source was a 1.91-μm Tm-fiber laser. With an incident pump power of 11.4 W, the maximum output power approached 1.84 W at 2122.1 nm in the CW mode-locked regime. A short-duration pulse of 241.5 ps was observed at a repetition rate of 82.15 MHz, with a beam quality factor (M 2 ) of 1.2 and a maximum single-pulse energy of 22.4 nJ.

A passively mode-locked Ho:YAG ceramic laser at 2.1 μm was constructed using a GaSb-based near-surface SESAM as the SA [568]. Stable self-starting mode-locked operation was achieved across the entire tuning range, 2059-2121 nm, the oscillator was operated at a repetition rate of 82 MHz, and the maximum output power was 230 mW at 2121 nm. The shortest pulse was 2.1 ps, which was observed at 2064 nm. The 1 at% Ho:YAG ceramics were fabricated using a solidstate reaction and vacuum sintering method with high-purity, commercially available oxide powders.

Yttrium aluminum garnet ceramics doped with Ho 3+ , Cr 3+ , and Tm 3+ were used to assemble IR solid-state lasers [569]. Laser emission at 2.09 μm was obtained by excitation at 430 nm, which corresponds to a transition from Cr 3+ to Ho 3+ with Tm 3+ as the intermediate media.

The efficiency ratio of the 3 F 4 → 5 I 7 (Tm 3+ → Ho 3+ ) transfer and backtransfer was 7.87, which is very close to those observed for YAG single crystals and YLF ceramics.

A Q-switched Ho:LuAG ceramic laser with a polycrystalline Cr 2+ :ZnS SA was developed by Zhang et al. [570]. A diode-pumped Tm:YLF laser emitting at 1907.5 nm was employed as the pump source, and the laser was operated in both CW mode and passive Q-switching (PQS) mode. The maximum PQS output power was 2.67 W and the slope efficiency of 26.4%. As the absorbed pump power was increased from 4.78 W to 10.8 W, the pulse width of the T = 2%, T = 10%, and T = 25% output couplers decreased from 102.9 ns to 89.2 ns, 147.1 ns to 127.6 ns, and 173 ns to 150 ns while the repetition frequency increased from 10.2 kHz to 20.1 kHz, 9.3 kHz to 18.3 kHz, and 8.45 kHz to 16.66 kHz, respectively. The central wavelength was maintained at 2100.64 nm as the output couplers and operation modes were varied. Moreover, beam quality factor of the output laser was M 2 = 1.1.

Zhao et al. reported a high-power Ho:Y 2 O 3 ceramic laser in-band pumped with a Tm-doped all-fiber MOPA at 1941 nm [571]. The Ho:Y 2 O 3 ceramics were fabricated by vacuum sintering and HIP. The inband pumping approach resulted in a 2117-nm laser with 24.6 W of output power, which was higher than those of other ceramics by nearly an order of magnitude. Therefore, Ho-doped sesquioxide ceramics are promising candidates for high-power solid-state lasers.

Spectroscopic profiles of Ho:(Lu,Sc) 2 O 3 ceramics with 1.4 at% and 3 at% Ho 3+ were evaluated according to Judd-Ofelt theory, which yielded intensity parameters of Ω 2 = 7.863, Ω 4 = 1.843, and Ω 6 = 0.531 × 10 -20 cm 2 [572]. The 5 I 7 state had a radiative lifetime of 10.63 ms, and the maximum emission cross-section (σ SE ) at > 2 μm was 3.41 × 10 -21 cm 2 , which corresponded to 2.101 μm. Under GaSb diode-pumping at 1.929 μm, the 1.4 at% Ho:(Lu,Sc) 2 O 3 ceramic laser exhibited a 187-mW QCW output at 2.114-2.135 μm with 7.6% slope efficiency. When pumped with a 1.946-μm Tm 3+ laser, 20.5-mW CW output power and 25% slope efficiency could be achieved. These Ho: (Lu,Sc) 2 O 3 ceramics could be used to fabricate 2.1-μm lasers with broadband tunability and ultra-short pulses.

Transparent 2 at% Ho:CaF 2 ceramics exhibited five distinct absorption peaks at 448 nm, 536 nm, 642 nm, 1152 nm, and 1940 nm, which correspond to transitions from the 5 I 8 ground state to the 5 G 5 , 5 S 2 , 5 F 5 , 5 I 6 , and 5 I 7 excited states, respectively [460]. According to the emission spectrum at 640 nm, the 5 I 7 → 5 I 8 transition is responsible for the major Ho 3+ emission band at 2.03 μm, which was within the absorption bands between 1800 nm to 2100 nm. These transparent Ho:CaF 2 ceramics had a self-absorption process and thus could be used for 2.0-μm solid-state lasers. (3) at 1532.3 nm. Laser emission at 1647 nm with 7 W of output power was obtained using Er:YAG composite ceramic rods under QCW fiber-laser pumping at 1532 nm [573]. The device was constructed with three segments, which had 0 at%, 0.25 at%, and 0.5 at % Er 3+ . The slope efficiency was 56.9% while the pulse width was 10 ms and the duty cycle was 5%. Shen et al. developed a similar solidstate laser with 1 at% Er:YAG ceramic rods; their device produced 1645 nm radiation with 13.8 W of output power and a slope efficiency of 54.5% [574]. Zhang et al. reported a 0.5 at% Er:YAG ceramic laser that exhibited CW emission at 1617 nm and had a slope efficiency of 51.7% [575].

A tunable Er:YAG ceramic laser was built using a volume Bragg grating with a relatively wide tuning range that covered three sections: (i) 1614.2 nm-1621.5 nm, (ii) 1629.3 nm-1635.1 nm, and (iii) 1639.2 nm-1649.2 nm [576]. A resonantly pumped eye-safe laser has also been made with transparent 0.5 at% Er:YAG ceramics, which were prepared using a combined SPS + HIP process [577]. The maximum slope efficiency of this laser was 31% and the optical-optical efficiency was 20%.

Dai et al. presented actively Q-switched CW Er:YAG ceramic lasers, which were resonantly dual-end-pumped by a 1532-nm fiber-coupled laser diode [578]. The maximum CW output power at 1645.3 nm was 1.48 W, the absorbed pump power was 12.72 W, and the slope efficiency was 19.2%. The device exhibited a maximum pulse energy of 0.84 mJ in the Q-switching regime when the pulse repetition rate was 100 Hz, the pulse duration was 48.03 ns, and the absorbed pump power was 10.51 W.

Huang et al. reported a fiber laser resonantly pumped Q-switched mode-locked Er:YAG ceramic laser with a graphene SA, which emitted 1645 nm [579]. The lasing parameters included mode-locked pulses with an average output power of 320 mW, Q-switching envelope temporal width of 10 μs, and mode-locking repetition rate of 83 MHz. The same authors also developed a Er:YAG ceramic laser that was passively Q-switched using a Cr:ZnSe crystal as the SA [580]. This laser produced 28.8-ns pulses at 1617 nm when the initial transmission of the SA was 80% and the laser was pumped with a 1532-nm Er,Yb-doped fiber laser with a maximum power of 12.4 W. The maximum power of the Er:YAG ceramic laser was 11.3 kW when the repetition rate was 2.17 kHz.

Transparent Er:Y 2 O 3 ceramics have been used to develop a passively Q-switched 2.7-μm laser [581]. The average output power could reach 0.88 W when the absorbed pump power was 9.5 W, and the pulse energy, pulse duration, and pulse peak power were 17.4 μJ, 63 ns, and 0.27 kW, respectively. When a SESAM with a modulation depth of 2.4% was used, the ceramic laser could generate 63-ns-wide pulses, which approached the limit imposed by the cavity length. As the modulation depth of the SESAM was increased, the pulse duration could be shortened to 29 ns. This was the first report of sub-100 ns pulses for continuously pumped 3-μm passively Q-switched lasers.

Wang et al. reported highly stable self-pulsed operation of a 2.74μm Er:Lu 2 O 3 ceramic laser pumped with a wavelength-locked narrow bandwidth laser diode at 976 nm [582]. Based on the pump power, the operating pulse repetition rate could be continuously tuned over the range of 126-270 kHz; when the absorbed diode pump power was 12.3 W, the repetition rate was 270 kHz for 183-ns pulses and the average output power approached 820 mW. The pulse-to-pulse amplitude fluctuation was maintained at < 0.7%. In the CW mode, the laser displayed an output power of > 1.3 W, and the slope efficiency was 11.9% with respect to the pump power at 976 nm.

In a separate study, Wang et al. demonstrated that 2.7-μm CW Er:Lu 2 O 3 and Er:Y 2 O 3 ceramic lasers with diode end-pumping can operate at room temperature [583]. These lasers exhibited maximum output powers of 320 mW and 611 mW, and slope efficiencies of 6.5% and 7.6%, respectively. The ceramic lasers displayed a red-shift in lasing wavelength. Under laser-diode pumping at 967 and 976 nm, the performance of the 15 at% Er:Lu 2 O 3 ceramics was better than that of the Y 2 O 3 ceramics.

A highly efficient 2.8-μm CW laser was also assembled with transparent Er:Lu 2 O 3 ceramics [584]; the Er 3+ concentration of these ceramics was 11 at% Er 3+ . As this laser was pumped at 2.3 W, the slope efficiency was 29% and the output power was 2.3 W; this is the best performance that has been reported for 2.8-μm Er:Lu 2 O 3 ceramic lasers to date. Furthermore, a passively Q-switched solid-state laser at 2.7 μm was constructed with Er:Lu 2 O 3 ceramics [585] This study used a semiconductor saturable mirror based on a low non-saturable loss Bragg-reflector to achieve Q-switching. Pulses with a pulse-width of 70 ns could be generated and the average power was 692 mW, which corresponded to a pulse energy of approximately 9.8 μJ. The pulsewidth could be shortened to 32 ns if the resonator design was modified to decrease the round-trip time.

3.1.1.4. Tm-doped ceramic lasers. The lasing emission of Tm 3+ is in the range of 2.0 μm, when the host is YAG. Lasing can be achieved by pumping with a Ti:sapphire or diode laser, and is the result of the downconversion from ( 3 H 4 , 3 H 6 ) to ( 3 F 4 , 3 F 4 ). To ensure efficient downconversion energy transfer, the concentration of Tm 3+ should be at least 6 at%. While the intrinsic quantum defect of this excitation process will damage the performance of the Tm:YAG ceramic lasers, the down-conversion efficiency and quasi-three-level scheme of the laser emission are critical factors for lasing performance. Nevertheless, slope efficiencies in the range from 20% to 42% have been achieved by CW Tm:YAG ceramic lasers at 2012 and 2015 nm [586][587][588].

A CW actively Q-switched laser was constructed with Tm:YAG ceramics [589]. When pumped with a fiber-coupled laser diode at 792 nm, the maximum output power of the device was 5.21 W with a slope efficiency of 46.1%, which was due to the improved beam quality. The pulse width was very short (107 ns), the pulse repetition frequency (PRF) was 0.5 kHz, the pulse energy was 1.44 mJ, and the peak power was 13.42 kW. Similarly, resonant pumping of 4 at% and 6 at% Tm:YAG ceramics with a 1617-nm Er:YAG laser generated CW emission at 2015 nm [590].

Transparent ceramics of (Y 3-x Tm x )Al 5 O 12 solid solutions were examined for laser applications [197]; specifically, a 5 × 5 × 3.5 mm 3 sample of (Y 2.82 Tm 0.18 )Al 5 O 12 , which corresponds to 6 at% Tm, was tested. When the sample was end-pumped by a 785-nm Ti:sapphire laser, the maximum output power of the material was 725 mW at 2012 nm. Moreover, 36.2% slope efficiency and 19.9% optical-to-optical efficiency were observed.

Han et al. reported a passively mode-locked laser based on 6 at% Tm:YAG ceramics that were 2.7 mm long [591]. Stable mode-locked pulses were observed at a 109-MHz repetition rate when a semiconductor SA was used. The maximum output power was 116.5 mW at 2007 nm, the central wavelength, and the pulse duration was 55 ps. These experimental results suggest that Tm:YAG ceramics could be promising candidates for ultrafast lasers with high power densities and high efficiency outputs.

Liu et al. used 4 at% Tm:YAG ceramics to develop a high-efficiency narrow-band 2000-nm ceramic laser that combined the advantages of in-band pumping at 1617 nm and using a volume Bragg grating for wavelength selection [592]. When an output coupler with 10% transmission was used, the maximum output power was 1.64 W at 1999.9 nm with an incident pump power of 4.56 W, which corresponded to a slope efficiency of 50%; this is the highest slope efficiency that has been reported for 2000 nm Tm:YAG lasers to date.

Highly controllable optical bistability was observed in a x at% Tm:YAG ceramic laser, and was attributed to thermal-induced variation in the stability of the resonator [593]. The width of the bistable region could be altered over 0.8-6.3 W. With a nearly semi-confocal cavity configuration, the bistable region had a second lasing emission with a modulated shape and a broadened laser spectrum. The performance of the bistable laser was dependent on temperature.

Zhu et al. assembled an efficient diode-end-pumped CW Tm:YAG ceramic laser at 1962 nm by using a compact two-mirror cavity [594]. The laser oscillated at 1962 nm when the cavity loss was increased at 2016 nm, so as to limit the oscillation with the strongest laser gain. The study compared two output couplers by constructing single-wavelength lasers at 1962 and 2016 nm. At 6.59 W of absorbed pump power, the laser could achieve 2.06 W of output power at 1962 nm when it was kept at 15 °C; however, the maximum output power at 2016 nm was only 3.47 W. Furthermore, the 1962-nm laser had a slope efficiency of 37.8% and a conversion efficiency of 31.3%. The authors concluded that the 1962-nm laser could be a promising candidate for the applications measuring CO 2 and HBr gaseous molecules.

A diode-pumped CW (Tm, Ho):YAG ceramic laser reported by Liu et al. had dual-wavelength emission at 2090 and 2096 nm [595]. They achieved a maximum output power of ∼1.2 W and a beam quality factor M 2 = 1.19 by using YAG ceramics doped with 3 at% Tm and 0.5 at% Ho. Moreover, the corresponding slope efficiency was 16.7% with respect to the absorbed pump power. When the absorbed pump power and transmittance of the output coupler were increased, the ceramic laser exhibited a gradual blue-shift in the emission wavelengths.

Transparent 2 at% Tm:Lu 2 O 3 ceramics with fine grains (550 nm diameter) have been used for solid-state ceramic lasers [596], and Saarinen et al. studied a 1.97-μm ceramic disk laser based on 2 at% Tm:Lu 2 O 3 ceramics [597]. The 2 at% Tm:Lu 2 O 3 ceramic disk was a commercial product with a diameter of 3 mm and a thickness of 260 μm. The thinness of the gain disk resulted in inefficient pump light absorption. This issue has previously been addressed by using a complex multi-pass pump configuration, but Saarinen et al. tackled the problem by intracavity pumping with a 1.2-μm semiconductor disk laser. The proposed disk laser concept led to enhanced pump absorption and fully utilized the wide wavelength coverage of the semiconductor disk laser; however, the output power at 1.97 μm only reached 250 mW because of the heat spreader-less mounting scheme of the ceramic gain disk.

Wang et al. demonstrated a diode-pumped Q-switched Tm:Y 2 O 3 ceramic laser with CW emission at 2050 nm and compared the lasing performance of Tm:Y 2 O 3 ceramics doped with 1 at%, 2 at%, and 3 at% Tm 3+ [598]. The ceramic lasers had optimal properties when the Tm 3+ concentration was 2 at%. The maximum output power of the optimal laser was 7.25 W, the slope efficiency was 40% for CW operation, and the shortest pulse width was 115 ns at a 1-kHz repetition rate.

Jing et al. synthesized transparent "mixed" sesquioxide ceramics -(Lu 2/3 Sc 1/3 ) 2 O 3 doped with 4.76 at% Tmand used them to develop ceramic lasers [599]. The maximum stimulated emission cross-section of the 3 F 4 → 3 H 6 transition at 1951 nm was 7.15 × 10 -21 cm 2 , and the 3 F 4 state had a radiative lifetime of 4.01 ms. Under diode pumping at 802 nm, the microchip Tm:(Lu,Sc) 2 O 3 ceramic laser created 1 W of power at 2100 nm with a slope efficiency of 24%. The spectroscopic and laser properties of the Tm:(Lu,Sc) 2 O 3 ceramics were compared to those of a Tm:LuScO 3 single crystal; the ceramics displayed much broader and flatter gain cross sections than the single crystal, which makes them more suitable for generating ultrashort pulses.

The same authors used "mixed" Tm:(Lu 2/3 Sc 1/3 ) 2 O 3 to develop a ceramic laser that was mode-locked at approximately 2 μm using an InGaAsSb quantum-well semiconductor SA and chirped mirrors to compensate the dispersion [600]. A maximum average output power of 175 mW was observed for a 230-fs pulse and a 78.9-MHz repetition rate, with an output coupler of 3%. If a 0.2% output coupler was applied, 63-fs pulses could be generated at 2057 nm.

3.1.1.5. Yb-doped ceramic lasers. The spectroscopic properties of Yb 3+doped ceramics ensure roughly pure four-level emissions by the 2 F 5/ 2 (1) → 2 F 7/2 (4) transition and quasi-three-level emissions by the very intense 2 F 5/2 (1) → 2 F 7/2 (3) transition. The laser emissions based on these transitions can be readily manipulated by controlling either the surrounding temperature or the temperature inside the pumped laser media, i.e., controlling the amount of heat that can be generated. Heat generation depends on the absorbed pump power and the transmission of the output mirror, which also influenced the intracavity intensity. For example, when the temperature is sufficiently low, the f t (3) coefficient can be decreased to the level generated by the four-level transition of 2 F 5/2 (1) → 2 F 7/2 (3).

Generally, Yb 3+ -doped ceramic lasers with diode-laser pumping suffer from small absorption cross-sections in the broad 2 F 7/2 (1) → 2 F 5/ 2 (2) absorption band near 940 nm. The absorption line of 2 F 7/2 (1) → 2 F 5/2 (1) has a strong peak with a large cross-section, which could generate a low quantum defect laser emission. If the Yb 3+ -doped ceramics are highly ordered, the absorption line would be very sharp and low temperatures would cause the absorption line to narrow. Therefore, diode-laser pumping is difficult; however, with the advancement of stabilized diode lasers, pumping this transition is possible at room temperature for many ceramic lasers made of transparent Yb 3+ -doped ceramics. The small absorption cross-sections of Yb 3+doped ceramic lasers can be enlarged by using ceramics with high concentrations of Yb 3+ and/or increasing the path of pump radiation inside the laser media. Spectroscopic studies have revealed that the 2 F 7/ 2 (1) → 2 F 5/2 (1) absorption line can be broadened by adopting highly disordered transparent ceramics; however, this would inevitably decrease the peak absorption cross-section.

Because the electronic structure of Yb 3+ is not complicated, lasers based on Yb 3+ -doped ceramics have minimal issues with de-excitation. However, these lasers could potentially suffer from a reduction in emission lifetime and emission quantum efficiency. Moreover, the interaction between two excited Yb 3+ ions may lead to cooperative processes if the ion concentration is sufficiently high. Such parasitic deexcitation processes generate extra heat, which could be substantially higher than the heat generated by quantum defects [601].

The first diode-end-pumped Yb:YAG ceramic laser was reported by Takaichi et al. [602]. The transparent Yb:YAG ceramics were prepared using vacuum sintering. The ceramic laser exhibited a CW output power of 345 mW with a slope efficiency of 26%. These results confirmed that transparent Yb:YAG ceramics could be used as highly efficient highpower diode-pumped solid-state lasers. The efficiency of these ceramic lasers could be further enhanced by optimizing the concentration of Yb 3+ , the thickness of the gain medium, and the output coupling efficiency of the devices. Dong et al. demonstrated a low-threshold highly efficient CW solidstate laser that was assembled with transparent Yb:YAG ceramics, and the beam quality of this laser approached the diffraction limit at room temperature [603]. Dual-wavelength operation at 1030 and 1049 nm with 5% transmission of the output coupler was obtained by varying the pump power intensity. Under CW laser-diode pumping, the 1-mm thick plate of 9.8 at% Yb:YAG had slope efficiencies of 79% and 67% at 1030 and 1049 nm, respectively. This study also evaluated the effect of pump power on the emission spectra of the lasing device under dual-wavelength operation. The outstanding performance of the laser suggested that Yb:YAG ceramics are potential candidates for high-power solidstate lasers.

Nakamura et al. assembled an efficient Yb:YAG ceramic laser with high power at room temperature [604]. The Yb 3+ concentration of the Yb:YAG ceramic was 9.8 at% and a 1-mm thick sample was used as the gain medium. The ceramic laser had a pumping power of 13.8 W, an output coupler of T = 10%, and a cavity length of 20 mm; with these parameters, the CW output power was 6.8 W and the slope efficiency was 72%. This Yb:YAG ceramic laser was the first tunable solid-state laser based on transparent Yb:YAG ceramics to be reported; it was continuously tunable over 1020.1-1083.6 nm, with 63.5-nm spectral tunability for T = 1% at a maximum output power of 1.6 W.

A high-power CW laser based on transparent Yb:YAG ceramics was also developed by Hao et al. [605]. This laser was pumped at 968 nm by a fiber-pigtailed laser diode with a fiber core diameter of 400 μm. The transparent Yb:YAG ceramics were prepared by a solid-state reaction at 1780 °C and vacuum sintering, using commercial powders of Al 2 O 3 , Y 2 O 3 , and Yb 2 O 3 as the precursors and adding MgO and TEOS as sintering aids. The performance of different Yb 3+ concentrations was evaluated using a conventional end-pump laser cavity that consisted of two flat mirrors with output couplers of different transmissions. The optimal Yb 3+ concentration was determined to be 5 at%; the laser based on this ceramic achieved a CW laser output with an average power of 40 W and an M 2 factor of 5.8 at an incident pump power of 120 W.

Zhou et al. proposed a highly efficient diode-end-pumped femtosecond laser based on transparent Yb:YAG ceramics [606]. When this device was pumped with a 968-nm fiber-coupled diode laser, a 1.9-W mode-locked output power was achieved at a 64.27-MHz repetition rate and an absorbed pump power of 3.5 W, which corresponded to a slope efficiency of 76%. Furthermore, a 418-fs pulse was observed at the central wavelength, 1048 nm.

Pirri et al. studied the lasing performance of two solid-state Yb:YAG lasers (10 at% and 20 at% Yb 3+ ) under QCW laser pumping [607]. The laser behavior was closely related to the density of Yb 3+ at the excited level, and both the maximum output power and efficiency were nearly independent of the Yb 3+ concentration at the low population inversion density. The device based on the 20 at% Yb:YAG ceramics exhibited a high output power, 8.9 W, which corresponded to a slope efficiency of 52% relative to the incident pump power. However, at high population inversion density, the laser output of the 20 at% device abruptly decreased with increasing pump power, which was ascribed to the onset of a nonlinear loss mechanism. The experimental observations were analyzed using numerical simulations to elucidate the inversion density and temperature distribution profile. Luo et al. went on to achieve CW lasing at 1030 nm using Yb:YAG ceramics by pumping with a 940-nm fiber-coupled laser diode; the slope efficiency of this laser was relatively high, 62.7% [608].

Agnesi et al. compared the spectroscopic properties and laser performance of transparent Yb:YAG ceramics (5 at% and 10 at% Yb 3+ ) and single crystals (6 at% Yb 3+ ) [609]. The Yb:YAG ceramics had similar laser performance to the single crystals. Pumped with a fiber-coupled diode at 940 nm and 15.5-W absorbed power, the Yb:YAG ceramic laser offered a maximum output power of 5.1 W, which corresponded to 44.3% slope efficiency in CW operation. When using passive Qswitching with a Cr:YAG SA, 7-ns pulses with 4.4 W of power and a 48-kHz repetition rate could be generated.

The effects of temperature and dopant concentration on the thermal properties and laser performance of transparent Yb:YAG ceramics were studied by Tang et al. [610]. In terms of optical properties, the absorption edge experienced a gradual red-shift while both the absorption coefficient of Yb 3+ and fluorescence lifetime increased as the Yb 3+ concentration was increased. For the samples with 5 at% Yb 3+ , the fluorescence intensity decreased and the peaks broadened as the temperature was increased from 100 K to room temperature. At room temperature, the thermal conductivity of the 5 at% sample was 10.7 W/ m•K, and thermal conductivity decreased as the dopant concentration was increased. Both the 5 at% and 10 at% ceramics exhibited optimum emission at 1030 nm. When pumped with a 940-nm diode laser, the slope efficiency of the 5 at% Yb:YAG ceramic laser was as high as 49%, which was 41% of the efficiency of the 10 at% Yb:YAG ceramic.

Zhu et al. presented a diode-pumped (Er, Yb):YAG ceramic laser with 1.6-μm eye-safe emission and evaluated the effects of ceramic length, co-doping concentration, and operating temperature on the performance of the ceramic lasers [611]. At optimized conditions, the device exhibited a maximum output power of 222 mW when the absorbed pump power was 8.1 W; thus, the conversion efficiency was 2.74%. Moreover, the relationship between the laser emission at 1.05 μm and the transition of the Yb 3+ ion was also examined, and the results suggested that there was resonant energy transfer from Yb 3+ to Er 3+ .

Luo et al. were the first to synthesize Yb 3+ -doped yttrium gadolinium aluminum garnet (Yb:GdYAG) laser ceramics, which they obtained using solid-state reactive vacuum sintering [612]. The output power of the CW 5 at% Yb:GdYAG ceramic laser was 4.27 W, with a slope efficiency of 26.7%. Passive mode-locking was attempted by using a SESAM, and stable mode-locked pulses with a 4.4-ps pulses and a maximum output power of 3.75 W at 1030.4 nm were effectively produced. Xu et al. went on to use the these Yb:GdYAG ceramics to achieve passive mode-locking of diode-pumped ceramic lasers with a near isotropic cavity [613]. Mode-locking was observed in the two orthogonal principal polarization directions of the cavity, and mode-locked pulses exhibited similar characteristics for both polarization directions. Moreover, the pulses were temporally synchronized in a near-perfect manner.

Xu et al. developed Yb:LuAG ceramic lasers [614]. Lasers with uncoated Yb:LuAG ceramics had a maximum output power of 7 W for 13 W of absorbed pump power, which corresponded to 63% slope efficiency. Because the thermal conductivity of Yb:LuAG is higher than that of Yb:YAG, Yb:LuAG ceramics could be promising candidates for laser gain media in high-power solid-state lasers. The same authors also studied the effect of Yb 3+ concentration on the laser performance of devices made of similar Yb:LuAG ceramics [256]. These ceramics had a large emission cross-section, 2.7 × 10 -20 cm 2 at 1030 nm, and CW laser operation exhibited an output power of 7.2 W with a slope efficiency of 65%.

Zhu et al. further explored the applications of transparent Yb:LuAG (2.5 at% and 15 at% Yb 3+ ) ceramics for solid-state lasers [615]. With diode-pumping, the maximum output power of the CW lasers was 1.86 W, which corresponded to 53.6% slope efficiency. The CW laser emission could be tuned between 1030-1096 nm by inserting a prism in the cavity. With the aid of a SESAM, passive mode-locking was achieved and generated sub-picosecond pulses (933 fs) with an average power of 532 mW at a 90.35-MHz repetition rate.

Pirri et al. characterized the spectroscopic characteristics and laser behavior of transparent Yb:LuAG ceramics doped with 5 at%, 10 at%, and 20 at% Yb 3+ [616]. The optimal Yb 3+ concentration was 10 at%, which had a maximum output power of 8.7 W at 1029 nm. Furthermore, the 10 at% Yb:LuAG ceramic laser achieved 90.1% slope efficiency and demonstrated relatively large tunability. Conversely, the 20 at% Yb:LuAG ceramic laser could only deliver a maximum output power of 7.2 W at 1047.6 nm, and the slope efficiency was merely 47.4%. The reduced output power of the high Yb 3+ ceramics was attributed to its high pump power, which was mainly caused by a nonlinear loss mechanism.

The optical properties and laser characteristics of transparent Yb:YAG and Yb:LuAG ceramics prepared by vacuum sintering have been compared by Ma et al. [617]. Comparing the optical transmittance spectra of the as-sintered samples, absorption peaks of the Yb:LuAG ceramics were blue-shifted in the visible region relative to those of the Yb:YAG ceramics. The emission intensity gradually decreased as temperature was increased. According to the fitting results of fluorescence decay curves, the Yb 3+ lifetimes of the Yb:YAG and Yb:LuAG samples were 1.23 and 1.50 ms at 1030 nm, respectively. When pumped with a 970-nm diode laser, the slope efficiency of the 5.0 at% Yb:LuAG ceramic laser was 33% as the maximum laser output was 881 mW for 3.3 W of absorbed pump power. Comparatively, the 5.0 at% Yb:YAG device exhibited a relatively low slope efficiency of 24%. This result confirmed the above statements.

Ma et al. employed transparent Yb:Y 3 ScAl 4 O 12 (Yb:YSAG) ceramics to assemble a solid-state laser that could generate sub-100-fs pulses by using diode-pumped passive mode-locking [618]. Specifically, the laser device had a maximum output power of 51 mW and delivered stable mode-locked pulses that were 96 fs at the central wavelength, 1052 nm, with a 102-MHz repetition rate; these are the shortest pulses reported for mode-locked ceramic lasers to date.

More recently, Pirri et al. published a comprehensive study of the microstructure, spectroscopic properties, and laser performance of 10 at % Yb 3+ -doped YSAG (Yb:Y 3 Sc x Al 5-x O 12 , x = 1.5) ceramics [619]. The authors demonstrated that the absorption and emission bands of Yb 3+ were broader in YSAG than in YAG; thus, Yb:YSAG is a superior material for solid-state lasers because it offers more flexible tunability and is capable of ultrafast pulse generation. Specifically, when pumped in a QCW regime at 936 nm, the Yb:YSAG ceramic laser exhibited a maximum output power of 6.3 W, which corresponded to 67.8% slope efficiency; in a CW regime, the maximum output power approached 5 W and the slope efficiency was 52.7%. With the given output coupler transmissions, the laser emission wavelengths were 1051 and 1031 nm in a free-running regime. Furthermore, laser emission was available between 991.5-1073 nm in a tunable cavity; this 81.5-nm range is the broadest tuning range ever reported for this material to the best of our knowledge.

Kong et al. reported a diode-pumped Yb:Y 2 O 3 ceramic laser in 2003 [620]. This laser offered a CW lasing output of 0.75 W at 1078 nm when pumped with 11 W at 937 nm. The laser threshold was 4.7 W and the slope efficiency was 12.6% when using an output coupler of R = 98%. Furthermore, a diode-end-pumped passively mode-locked solid-state laser based on Yb:Y 2 O 3 ceramics has also been reported [621]. This laser achieved stable CW mode-locking, using GaAs wafers as both the SA and output coupler. The pulse width was 1.0 ps at a repetition rate of 125 MHz, and the average output power was 1.14 W at a pump power of 17.7 W.

Room temperature CW laser oscillations in the TEM 00 mode at 1030 and 1075 nm were achieved by Yb:Y 2 O 3 ceramic lasers with laser-diode pumping [622]. The maximum extraction efficiencies at 1030 and 1075 nm were 45% and 72%, respectively. Kong et al. also constructed a high-efficiency diode-end-pumped Yb:Y 2 O 3 ceramic laser [623]. When this device was pumped with a 976-nm laser diode bar at 2.8 W of absorbed pump power, the CW output power was 0.73 and 1.74 W at 1040 and 1078 nm, respectively, which corresponded to slope efficiencies of 57.1% and 82.4%.

A similar solid-state laser made of 2.5 at% Yb:Sc 2 O 3 ceramics fabricated by vacuum sintering was reported by Lu et al. [624]. Continuous-wave laser oscillations were observed at 1041 and 1094 nm, which corresponded to relatively broadband absorption. The combination of this broad absorption and the fluorescence spectra make Yb:Sc 2 O 3 a promising candidate for short pulse generation using a laserdiode pump source.

Transparent Yb:CaF 2 ceramics have also been used to develop solidstate lasers [445]. The slope efficiency of the devices made with Ca 0.95 Yb 0.05 F 2.05 was 35% in the pulsed mode of laser operation and as the concentration of Yb 3+ was reduced to 3 at%, the thermal conductivity increased to 4.5 W/m•K while the decrease in slope efficiency could be neglected. This study was the first to demonstrate that hotpressed Yb:CaF 2 ceramics could be used for solid-state lasers. Aballea et al. went on to examine the laser performance of solid-state lasers based on Yb:CaF 2 ceramics that were fabricated by a simple green synthetic route [625]. When the 4 at% Yb:CaF 2 ceramic laser was diode-pumped, the output power was 1.6 W, the optical-to-optical efficiency reached 25%, the slope efficiency was 43%, the gain was 1.4, and could be tuned between 1015-1060 nm.

Composite ceramic lasers

Conventional technologies are unable to further improve the performance of ceramic lasers; hence, composite ceramic lasers have been proposed. The performance and functionality of reported composite lasers are superior to those of conventional single-element lasers [539,544,[626][627][628][629][630][631][632][633]. Composite lasers were initially fabricated by bonding single crystals with different compositions, and diffusion bonding is the most popular method. However, this approach can only bond components with flat surfaces and the resultant bonded structure is not sufficiently strong for some applications. Polycrystalline ceramics offer more flexibility when designing composite lasers because they are fabricated from powders, which allows their composition can be easily adjusted [2].

There are five categories of composite ceramic lasers: layered structures, cylindrical structures, waveguide types, core-shell fibers, and gradient types [634]. Layered structures and waveguide types have flat interfaces, which can be bonded in a similar fashion as conventional crystal composite lasers. The three other groups do not have flat bonding interfaces; therefore, lasers with these structures must be developed using new strategies. This section will discuss various composite ceramic lasers.

Liu et al. fabricated composite ceramic slabs of YAG/1.0 at% Nd:YAG/YAG using a solid-state reaction and vacuum sintering [635]. High-purity commercial powders of Al 2 O 3 , Y 2 O 3 , and Nd 2 O 3 were used as the precursors and TEOS and La 2 O 3 were added as sintering aids. At optimal conditions, the YAG and 1.0 at% Nd:YAG ceramics could be fully densified at the same temperature, which allowed the composite ceramics to be obtained directly without a bonding step. To fabricate the composite ceramics through one-step sintering, the Nd:YAG section was doped with 0.8 wt% TEOS whereas the pure YAG section was doped with 1.0 wt% TEOS and 0.8 wt% La 2 O 3 . The resultant composite sample had a uniform microstructure and there was a continuous transition region between the pure YAG and Nd:YAG whereas an interface is always present in single-crystal composites obtained by the conventional diffusing bonding method. After sintering at 1750 °C for 50 h, the composite ceramic samples had an average grain size of 10 μm and > 81% in-line transmittance at 400 nm. The composite ceramic rod (Ø3 mm × 82 mm) achieved an output power of 20.3 W for a pump power of 201 W, which corresponded to an optical-to-optical conversion efficiency of 10.1%.

Ma et al. produced Nd:YAG-based sandwich composite ceramics that demonstrated planar waveguide laser output [636]. These composite ceramics were prepared by tape casting and vacuum sintering; the fabrication process is illustrated in Fig. 46. The core layer was 2 at% Nd:YAG that was 0.1-mm thick, and the samples were highly transparent: > 80% in-line transmittance at 632 nm. Near-perfect bonding between the YAG and Nd:YAG layers was achieved by using a sintering aid to control the sintering behavior of the two components, as shown in Fig. 47. By using the quasi-monolithic Fabry-Perot cavity configuration, the composite ceramic laser achieved a maximum slope efficiency of 63% in the CW operation mode; the maximum output power and threshold absorbed pump power were 804 mW and 0.16 W, respectively.

Jia et al. constructed a diode-pumped composite ceramic disk laser from a YAG/Nd:YAG disk with 4-mm thick YAG layers on a 2-mm thick 1.0 at% Nd:YAG layer [637]. The maximum slope efficiency of the composite ceramic disk laser was 36.6%, which corresponded to a maximum optical-to-optical efficiency of 29.2%. Moreover, the device could deliver an average power output of 340 W at the absorbed pump power of 1.29 kW.

Li et al. reported both the theoretical design and experiment validation of YAG/Nd:YAG/YAG composite ceramic slab laser amplifiers [638]. Numerical analysis results were used as a reference to design the YAG/Nd:YAG/YAG composite ceramic slabs with two doping concentrations. The composite ceramic slab laser amplifier exhibited a double-pass extracted power of 7.08 kW and a high optical-to-optical conversion efficiency, 39.2%, at a total diode pump power of 18.06 kW. At the double-pass extracted power of 7.08 kW, depolarization of single-pass transmission was 3.2% and the peak and valley of the transmission wave-front distortion in the center 26.1-mm region were both less than 0.5 μm in the width direction of the laser slab.

Fu et al. fabricated sandwich structured YAG/Nd:YAG/YAG ceramics by dry pressing and vacuum sintering a mixture of oxide powders [558]. The Nd 3+ -doped core components were either 1-mm or 5-mm long, and the doping concentrations were either 1 or 2 at%. The 5-mm long, 2 at% Nd:YAG sample had the smallest average grain size of the prepared ceramics. The optimal transmissions of the output coupler were 10% and 19% for the 1-mm and 5-mm long samples, respectively. The slope efficiencies were 12.9% and 24.4% when the 1-mm long samples were doped with 1 at% and 2 at% Nd 3+ , respectively, and the slope efficiencies of the 5-mm long samples were 31.5% and 36.2% for 1 at% and 2 at%. Moreover, the devices with longer cores were subject to the thermal lens effect, which substantially reduced the beam quality. The length effect also manifested as thermally induced depolarization of the beam pattern.

Tsunekane and Taira developed a diode edge-pumped composite Yb:YAG microchip laser with high-power operation [639]. The composite microchip, which had a diameter of 5 mm and thickness of 0.3 mm, consisted of a single crystal Yb:YAG core covered with an undoped transparent ceramic pump light-guide with the same thickness. The high-reflection coated face of the microchip was bonded to a water-cooled heat sink with a thermally conductive glue to ensure efficient heat dissipation, and the pump light from a four-fold diode stack was directly coupled to the light-guide. When the input pump power was 866 W, the maximum output powers obtained at room temperature were 410 W (peak) and 285 W, which correspond to QCW (10 ms at 10 Hz) and CW operations, respectively.

Wang et al. designed a diode-pumped passively mode-locked laser using YAG/Yb:YAG composite ceramics [640]. Theoretical calculations predicted that the thermal effect problem could be reduced by the composite structure. When using a SESAM mode-locked laser at room temperature, 1.35-ps pulses with a maximum output power of 475 mW were generated. Moreover, a maximum laser output power of 240 W was achieved by a master oscillator power amplifier system that used the mode-locked YAG/Yb:YAG ceramic laser as the seeding oscillator.

Similarly, Esposito et al. synthesized two multi-layered YAG/ Yb:YAG composite ceramics: YAG/10 at% Yb:YAG or YAG/10 at% Yb:YAG/YAG [641]. These compositions were selected in order to eliminate deformation and stresses in the composite structures, and thus reduce the thermal lensing effect of the final ceramic lasers. The samples were assembled using a linear lamination method, and were then treated with CIP and co-sintered under vacuum. Diffusion of Yb 3+ ions across the interface of the doped and undoped sections was observed, which negatively affected the output power of the composite ceramic lasers; however, this was not quantitatively examined. The inline transmittance of the composite approached 96% of the theoretical value, and the composite ceramic lasers exhibited a maximum output power of 5 W with a slope efficiency as high as 74.3%.

Tang et al. developed a composite ceramic laser with fifteen layers of YAG/Yb:YAG/YAG, which were prepared by tape casting and vacuum sintering [642]. The authors concluded that the optical transmittance of the multi-layered ceramics was improved by thermally annealing in O 2 , which eliminated the lattice distortion. The composite ceramic laser had a threshold pump power of 5.5 W, an output coupler transmission of 6%, and a slope efficiency of 12%. When the absorbed pump power was 10 W, the maximum output power was 0.53 W.

Efficient laser-diode pumped picosecond self-Q-switched all-ceramic composite Yb:YAG/Cr 4+ :YAG microchip lasers with 720-kW peak power have been developed by Dong et al. [643]. These composite ceramic lasers oscillated at stable single-and multi-longitudinal-modes with nearly diffraction-limited beam quality (M 2 < 1.09) because of the combined etalon effects in the Yb:YAG and Cr 4+ :YAG components. The gain medium was a plane-parallel coated Yb:YAG/Cr 4+ :YAG composite ceramic, and the Yb:YAG and Cr 4+ :YAG layers were 1.2-mm and 1.5mm thick, respectively.

Liu et al. designed and fabricated slabs of Yb:YAG ceramics clad with Cr 4+ :YAG layers at the edges [644]. During fabrication of the composite ceramics, CaO was added as a charge compensator and the Cr:Ca molar ratio was 1:3; however, the addition of CaO resulted in abnormal grain growth and the formation of residual pores. The resultant ceramic had a lasing wavelength at 1030 nm, which was within the broad absorption of Cr 4+ over 900-1100 nm, and the intensity of the Cr 4+ absorption peak increased almost monotonically with the concentration of Cr 4+ ; the optimal concentration of Cr 4+ was 0.35 at%. The composite ceramics had no interfacial issues and their optical transparency was comparable to that of their single-crystal counterparts.

Tang et al. also used tape casting to fabricate composite ceramics, YAG/RE:YAG/YAG (RE = Yb or Nd), for laser applications [642,645]. The composition of these composite ceramics could be easily adjusted and (RE x Y 1-x ) 3 Al 5 O 12 (x = 0.02 for RE = Nd and x = 0.2 for RE = Yb) was determined to be the optimal composition. All starting materials were commercial powders, which were made into casting slurries. The lasing emission of the YAG/Yb:YAG/YAG composite ceramic lasers was 1030 nm; the threshold absorbed pump power was 4.33 W, which corresponded to 12% slope efficiency and an output coupler transmission of 2.3%. The lasing emission of the YAG/Nd:YAG/YAG composite ceramic laser was 1064 nm. Compared to YAG/Yb:YAG/YAG, the YAG/ Nd:YAG/YAG composite had a higher slope efficiency and output coupler transmission: 38% and 10%, respectively.

A colloidal co-casting process was developed by Kupp et al. to prepare multi-segment composite ceramic lasers [646]. A three-segment transparent composite rod (6.2-cm long with a diameter of 0.3 cm) was composed of (i) YAG, (ii) 0.25 at% Er:YAG, and (iii) 0.5 at % Er:YAG. At the segment-segment interfaces, the Er 3+ concentration profile was sharp and the Er 3+ concentration within the individual segment was not compromised. The in-line transmittance of the composite ceramic rod was 84% at the lasing wavelength, 1645 nm, which corresponded to a scattering loss as low as 0.4% cm -1 . The lasing performance of this Er:YAG composite ceramic rod was comparable to that of the Er:YAG single crystal rod.

Yao et al. observed efficient guided laser action of a diode-pumped YAG/Tm:YAG/YAG ceramic planar waveguide, which was prepared by nonaqueous tape casting and solid-state reactive sintering [647]. The maximum output power of the waveguide device was 173 mW at the center wavelength, 2013.76 nm, when the incident pump power was 10.3 W; thus, the slope efficiency was 3.0%. The beam quality measured in the horizontal direction at the highest output power was M 2 = 1.5.

Zhang et al. examined the spatial distribution of ions near the bonding interface of transparent YAG/Nd:LuAG composite ceramics obtained using a thermal bonding process [648]. The Lu 3+ and Y 3+ ions were substituted in the place of the other in dodecahedral symmetry sites near the bonding interface. According to X-ray photoelectron spectroscopy (XPS) and energy dispersive spectroscopy (EDS), the diffusion distance of Y 3+ into the LuAG segment was approximately 35 μm, while that of Lu 3+ into the YAG segment was approximately 5 μm; therefore, the diffusion coefficients of Y 3+ and Lu 3+ at 1750 °C (the sintering temperature) were estimated to be D Y = 2.43 × 10 -10 cm 2 /s and D Lu = 0.56 × 10 -10 cm 2 /s, respectively. Furthermore, a solid solution of Y x Lu 3-x Al 5 O 12 formed in the bonded area, which confirms coherent strong bonding between LuAG and YAG. Moreover, there was no obvious Nd 3+ diffusion in the composite ceramics. However, this study did not investigate laser performance. A more detailed study of transparent YAG/Nd:LuAG/YAG composite ceramics with a sandwich structure, prepared by tape casting and vacuum sintering, was conducted by Ma et al. [649]. The CW laser behavior was evaluated under both perpendicular and longitudinal diode-laser pumping at 808 nm. When using perpendicular pumping, the maximum output power was 1.13 W for the 17-W incident pump power, and the optical-to-optical efficiency was 6.6%. For longitudinal pumping, the CW laser output power increased linearly with the incident pump power, while the optical-to-optical efficiency was approximately 0.4%. Therefore, this planar ceramic waveguide could be a promising candidate for high-power scaling when using longitudinal pumping.

Ma et al. also developed a transparent YAG/15 at% Yb:LuAG/YAG composite ceramic planar waveguide [650]. Under 970-nm diode-laser pumping, the absorption efficiency of the waveguide was 85.4%. Moreover, the waveguide exhibited efficient CW laser operation at 1030.7 nm, with high beam quality and a Gaussian spatial profile. The maximum output power of the waveguide was 288 mW at the pump power of 4.69 W, and the slope efficiency and optical-to-optical conversion efficiencies were 9% and 5%, respectively. Based on these results, composite ceramic lasers are expected to be designed and fabricated combining and optimizing various transparent ceramics.

Lighting applications

Brief introduction

Transparent ceramics have found applications as envelopes in focused-beam short-arc lamps that use fillers because of their unique thermal and mechanical characteristics. Working temperatures are continuously increasing and conventional quartz cannot withstand these high temperatures; thus, transparent ceramics are promising candidates to replace quartz in this special application. Initially, coarsegrain translucent polycrystalline alumina (PCA) ceramics were used as envelopes in discharge lamps [651][652][653], and translucent PCA ceramics doped with MgO have been used by the lighting industry since the 1960s [START_REF]The High-Pressure Sodium Lamp[END_REF][START_REF] Brown | [END_REF]. The translucent alumina ceramics used in metal-halide lamps are typically cylindrical or spherical-like tubes [656,[START_REF]Light Sources 2004[END_REF]. As discussed in Section 2.1.1, transparent PCA ceramics with fine grains can be obtained using the HIP sintering technique; thus, the illumination performance of PCA ceramics has significantly improved [49,651,652,[START_REF] Hayashi | [END_REF]. Furthermore, transparent ceramics based on other materials have also been used for lighting applications, such as AlON, YAG, Y 2 O 3 , and Dy 2 O 3 [659][660][START_REF]Light Sources 2004[END_REF][START_REF] Wei | [END_REF]; these ceramics will be described in the upcoming sections.

Polycrystalline alumina ceramics could be transferred to single crystals (i.e., sapphire) using solid-state crystal conversion (SSCC) technology [663,664]. At sufficiently high temperatures, PCA samples doped with a certain concentration of MgO would undergo a microstructural transition from polycrystalline (multiple grains) to a single crystal (single grain), and thus from translucent to transparent. However, the residual pores in sapphires converted from PCA cannot be entirely removed; therefore, the conversion of PCA ceramics to sapphires that are of comparable quality to those grown from melts is still a technical difficulty that requires further research.

Fine-grained transparent Al 2 O 3 ceramics

Polycrystalline alumina ceramics with submicron grain sizes and sufficiently high optical transparencies have been used in metal halide lamps [START_REF]Atomic Processes in Plasmas[END_REF]. The visible transparency of such PCA ceramics is approximately 70% of that of single crystal sapphire because of physical limitations [START_REF] Hayashi | [END_REF]; however, the mechanical properties of these PCA ceramics are comparable to those of sapphires and PCA ceramics have high toughness because of their fine grains [49]. Moreover, PCA ceramics can adopt various shapes that cannot be obtained using sapphires; hence, PCA ceramics will eventually replace sapphires in lamp envelopes.

For lamp envelopes, the basic requirement of transparent ceramics is to possess high total and high in-line transmittances. While total transmittance is dependent on the absorption of the arc tubes, which is critical to the total lumen output, in-line transmittance is mainly determined by the scattering of the materials, which directly influences the luminance or brightness of the arcs. Therefore, a device could suffer from low total transmittance even if the in-line transmittance of the transparent ceramics is sufficiently high [START_REF]Improved Ceramics Through New Measurements, Processing, and Standards[END_REF]. The total transmittance is usually characterized by placing a small light pipe inside the body of the lamp and recording the total integrated flux of light travelling through the tube walls.

Discharge vessels made of HIP-sintered Al 2 O 3 ceramics with submicron grain sizes can have a total transmittance as high as 77.7%. This transmittance is much lower than that of the samples sintered with conventional techniques, which had an average grain size of 15 μm and a total transmittance of 99%. Nevertheless, the total transmittance of the HIP-sintered Al 2 O 3 ceramics can be enhanced by post-annealing; for example, the total transmittance of HIP-sintered ceramic vessels was increased to 90.5% when the samples were thermally annealed in air at 1025-1150 °C for up to 4 h.

AlON ceramics

Aluminum oxynitride ceramics with high optical transparencies have been widely reported in the open literature [416,[START_REF][END_REF][START_REF] Goldman | Window and Dome Technologies and Materials VII[END_REF][START_REF] Goldman | [END_REF][671][START_REF] Jiang | Chinese Ceramics Communications[END_REF][START_REF] Qi | [END_REF][674]. These AlON ceramics have similar mechanical and thermal properties to PCA ceramics and their in-line transmittance in the visible region is comparable to that of single crystal sapphire [675]; thus, AlON ceramics are also suitable for applications in metal halide lamps. Unfortunately, the stability region of the AlON phase relative to the N 2 partial pressure is very narrow above 1640 °C, which limits the viability of AlON ceramics for these applications. However, this issue can be mitigated by doping with MgO, which stabilizes the AlON phase [676][677][678]. In order to use AlON ceramics in projection lamps, the oxidation of AlON in air at temperatures ≥ 1200 °C should be addressed [677].

YAG ceramics

Transparent YAG ceramics have advantages for applications in lamp envelopes, such as outstanding optical transparency and high mechanical strengths [659,660]. However, YAG ceramics have lower corrosion resistance to the rare earth halide fillers than PCA ceramics; for example, YAG may react with rare earth halides (ReI 3 ), such as TmI 3 , after prolonged use. Once YI 3 is formed, there would be emission lines of yttrium and there would be a color shift and voltage drop in the lamps. Therefore, less corrosive fillers must be available if transparent YAG ceramics are to be used in arc lamps.

Rare earth oxide (Re 2 O 3 ) ceramics

Transparent rare earth oxide ceramics have potential as tube materials for beamer lamps; for example, Dy 2 O 3 is much less reactive with metal halide fillers than YAG ceramics, they are highly transparent, and they have high mechanical strength as well as high thermal stability [START_REF] Wei | [END_REF]. Compared with PCA ceramics, Dy 2 O 3 has relatively low emissivity and high efficacy because of its long infrared cutoff; the intrinsic absorption bands of Dy 2 O 3 are between 275-450 nm. Since Dy 2 O 3 has a similar free energy of formation as Tm 2 O 3 , Dy 2 O 3 is relatively stable when in contact with molten salts.

Solid-state phosphors

Inorganic materials that emit red light were first discovered more than 50 years ago and a large number of color sources have been developed since [679]. The first bright blue light-emitting diode (LED) was invented in 1993 by Nakamura, who became a Nobel Prize laureate in Physics in 2014. When a blue LED based on gallium nitride (GaN) is covered with a yellow phosphor, white light is emitted; this combination is similar to UV-emitting fluorescent tubes and compact fluorescent lamps that are coated with a phosphor, which generates white light.

Such white LEDs can last for as long as 100 kilo-hours, and the best white LEDs have an efficiency of 30% and an efficacy of 100 Lm/W. The market value of GaN-based LEDs was over $4 billion in 2014 and is expected to continue increasing [680].

However, non-thermal efficiency "droop" occurs when the LED current density is continuously increased. This efficiency droop limits the output power per unit area, which has become a challenging issue for solid-state white lighting applications. Because high efficiency operation requires low current densities, there must be a large number of device dies in order for the high-power white light illumination systems to operate at peak efficiency. In contrast to LEDs, the efficiency of laser diodes (LDs) does not suffer from non-thermal droop above a certain current density threshold. Therefore, LDs can achieve high efficiencies at very high current densities, which results in very high output power per unit area [681]. Thus, LD white lighting is widely acknowledged to be the next generation of lighting technology, although it is still at its infant stage.

As the power density of LD excitation is increased, the lighting device will generate more and more heat. Conventional powder phosphors cannot be used in this case because of their low thermal conductivities and the reduction in internal quantum efficiency that results from the increase in temperature. Complex cooling strategies can be used to limit the temperature; however, this limits the power of the LDs. Furthermore, non-oxide-based powder phosphors irreversibly degrade as the temperature is increased, which limits their practical applications in many areas [682].

Bulk phosphors have been used to address these temperature problems because of their superior temperature behavior. Firstly, bulk phosphors have high thermal conductivity, which promotes cooling efficiency, prevents overheating, and thus enables size shrinkage and cost reduction. Furthermore, the "droop" in quantum efficiency caused by the rise in temperature is avoided; the efficiency of LDs with bulk phosphors can exceed 0.9 up to 300 °C. Therefore, bulk transparent phosphors offer much brighter and more powerful lighting sources compared to conventional powdery phosphors, and are expected to be the next generation of white-light phosphors. Two types of bulk transparent phosphors are candidates for white-light devices: (i) single crystals and (ii) transparent ceramics. As discussed throughout this review, ceramics offer many advantages over single crystals.

Nishiura et al. studied the properties of transparent Ce:YAG ceramics for use as phosphors for white LEDs [683]. The Ce 0.003 Y 2.997 Al 5 O 12 phosphors were derived from powder that was synthesized by chemical coprecipitation, and the in-line transmittance of these Ce:YAG ceramics was 70-87% at 800 nm. The samples exhibited a broad emission band centered at 530 nm, which was ascribed to the 5d → 4f transition of Ce 3+ , and both the absorption coefficient and emission intensity of Ce 3+ increased with increasing thickness of the Ce:YAG ceramics. As the sample thickness was gradually increased, the Ce:YAG ceramic phosphors experienced a color shift from blue to yellow under 465-nm LED excitation; thus, their emissions crossed the theoretical white point in the chromaticity diagram. White light was produced by Ce:YAG samples what were 0.4-0.6 mm thick, and the luminous efficacy of the white LED device reached 73.5 Lm/W when complemented with the blue light emitted by InGaN LEDs. The performance of this device was similar to that of commercial white LEDs.

Wei et al. used transparent (Y 1-x Ce x ) 3 Al 5 O 12 (x = 0.0005-0.0020) ceramics to generate white light through excitation with commercial blue LEDs [684]. The photoluminescence properties and color emission of the ceramic phosphors were strongly dependent on the Ce 3+ concentration. and the color emission also depended on the thickness of the ceramic phosphor. At optimal conditions, the maximum luminous efficacy exceeded 93 Lm/W at a low correlated color temperature (CCT) of 4600 K. This luminous efficacy was superior to that of devices fabricated with commercial phosphor powders, which demonstrates that transparent ceramics have a bright future as solid-state phosphors for lighting applications.

The influences of Ce 3+ concentration and sample thickness on the white-LED performance of transparent Ce:YAG ceramics were evaluated by Hu et al. [685]. Both factors can be used to tailor the CIE color coordinates of LED devices in order to obtain white light. The color rendering index (CRI) of the LED devices increased as the Ce 3+ concentration and sample thickness were reduced. Moreover, the effect of Ce 3+ concentration on CRI was more pronounced than that of sample thickness. This observation offered a useful reference for modifying the luminescence properties of transparent ceramic phosphors and improving the CRI of white LEDs.

Zheng et al. demonstrated that transparent (Dy 3+ , Ce 3+ ):YAG ceramics can also be used as white-light phosphors [686]. The transparent (Dy 3+ , Ce 3+ ):YAG ceramics -(Dy 0.03 Ce x Y 0.97-x ) 3 Al 5 O 12 , with x = 0, 0.0001, 0.001, and 0.01were prepared by vacuum sintering commercial oxide powders. A commercial UV-LED chip (365-370 nm) was used for electroluminescence characterization; the dimensions of the LED package were 10 × 10 × 2 mm 3 , and the LED module was mounted on a metal slug for heat dissipation. When the samples were directly excited with the UV-LED, they emitted light that could be tuned from pure white to slightly yellow by varying the Ce 3+ content.

The (Dy 0.03 Ce 0.0001 Y 0.9699 ) 3 Al 5 O 12 ceramics were pore-free microstructures with high optical transparency. The luminescence color of the transparent (Dy 0.03 Ce x Y 0.97-x ) 3 Al 5 O 12 ceramics was related to the spectral energy distribution of the emitted light; the CIE color coordinates calculated from the emission spectra are shown Fig. 48a andb. The results indicated that the color coordinates were dependent on both the Ce 3+ concentration and the excitation wavelength. As the Ce 3+ concentration was increased, the luminescence color shifted from white to yellow as the energy transfer between Dy 3+ and Ce 3+ became gradually increased. Photographs of the (Dy 0.03 Ce x Y 0.97-x ) 3 Al 5 O 12 phosphors on the UV-LED chips are shown in Fig. 48c (1-4), and photographs of the ceramics illuminated by the LED chip are shown in Fig. 48c (5-8). The photoluminescence quantum yields of the optimal (Dy 0.03 Ce 0.0001 Y 0.9699 ) 3 Al 5 O 12 samples were 32% for white light (x = 0.0001) and 62% for yellow light (x = 0.001). This study concluded that transparent (Dy 3+ , Ce 3+ ):YAG ceramics can be used to produce white-yellow light when combined with commercial UV-LEDs, and the color of the light can be controlled by the Ce 3+ content.

Feng et al. studied the spectroscopic properties of transparent Ce:YAG ceramics codoped with Pr 3+ and Cr 3+ , and evaluated their potential for white LED applications [687]. The Pr 3+ and Cr 3+ dopants were added to expand the spectrum of Ce:YAG and the resultant ceramics had a high CRI as the luminescence spectrum ranged from 500 to 750 nm, covering nearly the whole visible light region. Furthermore, the ceramics had a high luminous efficiency. By optimizing the concentrations of Ce 3+ , Pr 3+ , and Cr 3+ -YAG:Ce/Pr/Cr (Y 2.9865 Ce 0.006 Pr 0.0075 Al 4.9875 Cr 0.0125 O 12 )high-quality white light was generated when the ceramic phosphor was excited by commercial blue LED chips. Under 450-nm LED excitation, the color coordinates of the YAG:Ce/Pr/Cr ceramics varied from cold white light to warm white light, and the maximum luminous efficiency, 89.3 Lm/W, was achieved when the CRI approached 80. Energy transfers from Ce 3+ → Pr 3+ and Ce 3+ → Cr 3+ were observed in this triple-doped ceramic phosphor. The transparent luminescent ceramics developed in this study are promising for high-power white-LED applications.

Hu et al. studied the luminescence characteristics of transparent Ce 3+ -doped Gd 3+ -admixed YAG ceramics [688]. Samples of Ce 3+doped (Gd, Y) 3 Al 5 O 12 with 0-80 mol% Gd 3+ were prepared by combining the conventional solid-state reaction method with vacuum sintering. The introduction of Gd 3+ had a strong effect on the band structure of the crystals and the energy state of Ce 3+ in the ceramics. The ceramic phosphors with optimal Gd 3+ content exhibited outstanding color coordinates and CRI, which are promising for the generation of warm white light.

Zhang et al. prepared high-quality Ce:YAG ceramics by tape casting and vacuum sintering in order to enhance light extraction from high-power LED chips [689]. Several factors, including surface texture, sample thickness, and the assembly mode, affected the lighting performance of these ceramics. The ceramics were fully densified, with a pore-free microstructure and an average grain size of 5.4 μm. Surface texture was formed by convex and concave impressions, which enhanced the photoluminescence by approximately six times. The forward light extraction was enhanced by 22.5% as the result of the light trapping effect and the reduced total internal reflection (TIR) effect in the SP-Up mode assembled device. Using a 0.6-mm thick sample of the Ce:YAG ceramic, the resultant color coordinates were (0.3393, 0.3512), which were close to white light. High efficacy (93.0 Llm/W) and low CCT (4144 K) were achieved in the simple remote mode when the ceramic sample was 0.8-mm thick.

The extraction efficacy and emission color were improved by using planar transparent Ce:YAG ceramics with special surface texture and assembly mode, and the resultant ceramics exhibited great potential for large-scale industrial applications of high-power white LEDs. While the development of a simple approach to enhance the forward light extraction of optical devices is still a challenge, these planar transparent Ce:YAG ceramics could be promising candidates for the next generation of high-power white LEDs because of their excellent optical properties and high thermal conductivity.

Ueda et al. utilized transparent Ce 3+ /Cr 3+ -doped Y 3 Al 5-x Ga x O 12 (x = 2.5, 3.0, 3.5) ceramics as bright persistent phosphors with green luminescence (i.e., 5d → 4f of Ce 3+ ) under blue-light excitation [690]. After blue-light excitation for 5 min, the (Ce 3+ , Cr 3+ ):Y 3 Al 2 Ga 3 O 12 (YAGG) ceramics demonstrated persistent luminance that was approximately 3900 times stronger than that of their Ce 3+ :YAGG counterparts and even stronger than that reported for typical compact (Eu 2+, Dy 3+ ):SrAl 2 O 4 powders. The superior performance of these (Ce 3+ , Cr 3+ ):YAGG ceramic phosphors was readily attributed to the generation of efficient carrier traps and effective excitation of the interior material. Therefore, these garnet ceramics would be suitable persistent phosphors for solid-state lighting applications.

The photoionization threshold between the 5d 1 energy level of Ce 3+ and the bottom of the conduction band (CB) with photo-stimulation can be reduced by substituting the [B] and (C) sites of the < A > 3 [B] 2 (C) 3 O 12 garnet matrix with Ga 3+ , where < A > , [B], and (C) represent the cations in the dodecahedral, octahedral, and tetrahedral sites, respectively [691]. The Cr 3+ ions can serve as an electron trap with an ideal trap depth to facilitate persistent luminescence at room temperature. Moreover, the trap depth, i.e., the energy gap between the bottom of the CB and the electron trap, can be adjusted by controlling the concentration of Ga 3+ .

The same authors monitored the effect of ceramic thickness on the luminescence performance of transparent (Ce 3+ , Cr 3+ ):YAGG ceramics [692]. They confirmed that the transparent phosphors delivered much brighter persistent luminescence than their opaque counterparts because of the volumetric transparency effect of transparent materials. Specifically, the persistent luminescence intensity of the transparent (Ce 3+ , Cr 3+ ):YAGG ceramic phosphor approached 2 mcd/m 2 , which is almost two times that of the compacted pellet made of (Eu 2+ ,Dy 3+ ):SrAl 2 O 4 commercial powder.

Ueda et al. also synthesized transparent (Ce 3+ , Cr 3+ ):Gd 3 Al 2 Ga 3 O 12 ceramics from oxide powders using the conventional solid-state reaction, and these ceramics demonstrated yellow persistent phosphor performance [693]. The color coordinate of the persistent luminescence was (0.394, 0.557), which correspond to an authentic yellow color. This yellow persistent luminescence was attributed to the 5d → 4f transition of Ce 3+ under blue-light excitation at 460 nm and UV excitation, and the luminance intensities after blue excitation for 1, 5, and 30 min were 731, 63, and 8 mcd/m 2 , respectively. The persistent luminance of the transparent (Ce 3+ , Cr 3+ ):Gd 3 Al 2 Ga 3 O 12 ceramics was much stronger than that of opaque ceramics because the effective excitation of the phosphor interior was directly enabled by the high optical transparency.

The spectroscopic characteristics and energy resolution of transparent Ce:LuAG ceramics were studied by Ma et al. in order to determine whether they have potential as green-yellow LEDs [694]. The XPS spectra revealed the co-presence of Ce 3+ and Ce 4+ ions in the ceramics and energy level splitting of Ce 3+ in the LuAG host was monitored using the broad band emission over 500-700 nm, which is caused by electron transitions from 5d 1 excited levels ( 2 D) to the 4f ground state ( 2 F 5/2 , 2 F 7/2 ). The fluorescence lifetimes of these samples were 50-60 ns at 540 nm while the energy resolution was 12% at 22 Na (511 keV). When coupled with InGaN-GaN LED chips, a maximum CRI of 55.8 and a relatively high luminous efficacy of 223.4 lm/W could be achieved, which suggests that the transparent Ce:LuAG ceramics could be used for white LEDs.

Boyer et al. investigated transparent SrREGa 3 O 7 (RE = Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Y) melilite ceramics as potential phosphors for tunable solid-state lighting applications [695]. The transparent SrREGa 3 O 7 melilite ceramics were converted from glasses through congruent crystallization at an appropriate temperature. The transparent SrGdGa 3 O 7 ceramics doped with Dy 3+ or Tb 3+ /Eu 3+ demonstrated white light emission under UV excitation. The method developed in this study offers a new, cost-effective opportunity for obtaining transparent ceramics for phosphor applications.

Sun et al. prepared transparent (Pr x Y 0.9-x La 0.1 ) 2 O 3 (x = 0.005, 0.01, and 0.05) ceramics with potential applications as white LEDs as well as scintillators [696]. In this ceramic, the Pr 3+ ion was able to downconvert UV light to blue emissions, and the strong excitation band at 430-520 nm, which was accessed by emissions of InGaN blue chips with λ em = 450-470 nm, generated bright red emission at 630 nm. The overall luminescence characteristics suggested that the transparent (Pr x Y 0.9-x La 0.1 ) 2 O 3 ceramic phosphor with x = 0.005 was the most promising as UV-based InGaN blue chip white light-emitting diodes.

Wen et al. fabricated and characterized Pr 3+ -doped Ba (Sn,Zr,Mg,Ta)O 3 (Pr:BMT) transparent ceramic phosphor [697]. The obtained Pr:BMT ceramics had 59% in-line transmittance at 650 nm and emitted red light at 650 nm when excited with blue light at 447 nm. More importantly, the ceramic could still be used at 110 °C and the luminous intensity at this temperature was greater than 70% of its room temperature intensity, which indicates high thermal stability. The activation energy of this ceramic phosphor was 0.17 eV and its efficiency was two times that of its powder counterpart. These characteristics make Pr:BMT ceramics promising phosphors for white-LED applications.

Li et al. developed a transparent MgAlON ceramic phosphor activated with Mn 2+ for green emissions [698]. The ceramic composition was 3 at% Mn:Mg 0.21 Al 2.57 O 3.80 N 0.20 (Mn:MgAlON), which was derived from the precursor powder by combining pressure-less sintering and HIP treatment. The Mn 2+ ions were entirely incorporated into the spinel lattice by occupying the tetrahedral sites. The ceramics were highly transparent in the UV-vis region, their in-line transmittance was 82% at 800 nm, and they had a strong green emission at 513 nm under excitation at 445 nm. Moreover, this ceramic phosphor possessed higher green color purity, higher internal quantum efficiency (47%), and lower thermal quenching than its powder counterpart. Therefore, this unique green solid phosphor could be a potential candidate for high color rendering and high-power white light-emitting diodes.

Li et al. proposed a Al 2 O 3 -Ce:YAG ceramic phosphor in which yellow-emitting Ce:YAG particles were distributed in a non-luminescent Al 2 O 3 matrix with a relatively high thermal conductivity [699]. Because the thermal conductivity of the Al 2 O 3 matrix was 18.5 W/m•K, the ceramic phosphor had a fairly high thermal stability. Moreover, the highly crystallized Ce:YAG particles (5-20 μm) demonstrated a high external quantum efficiency of 76% under 460-nm excitation while the fine Al 2 O 3 grains (0.5-2 μm) minimized scattering related to birefringence and thus ensured a sufficiently high in-line transmittance of 55% at 800 nm. When the phosphor was excited with 445-nm blue laser diodes, no luminescence saturation was observed at power densities up to 50 W/mm 2 ; hence, these ceramic phosphors are suitable for highpower solid-state laser lighting applications.

Wieg et al. explored transparent Ce:AlN ceramics for potential solidstate laser lighting, taking the high thermal conductivity of AlN into account [700]. The Ce:AlN ceramics displayed overlapping photoluminescence emissions across the majority of the visible range, which resulted in white light emission under 375-nm excitation without color mixing. The photoluminescence was ascribed to the synergistic effect of intrinsic defect complexes in the AlN matrix and the electronic transitions of Ce 3+ . Furthermore, the peak intensity could be changed by controlling the Ce 3+ concentration as well as the processing parameters.

Scintillating applications

Scintillators are luminescent materials that are mainly used to detect radiation and thus have applications in high-energy physics research, astrophysics, spectrometers, medical imaging machines, industrial nondestructive detection facilities, oil-well logging, and land security monitoring, to name a few [701][702][703][704][705][706][707][708][709][710][711]. In these applications, scintillators act as primary radiation sensors as they emit visible light when they are excited by high-energy photons. Solid scintillators are reflectively coated to direct the emitted light onto photodiodes or photomultiplier tubes, wherein they are photoelectrically converted to electrical signals. In order for a material to be an efficient and effective scintillator, it must satisfy various requirements.

In terms of materials, there are six groups of scintillators: (i) singlecrystal scintillators [712][713][714][715][716][717][718], (ii) ceramic scintillators [719,720], (iii) glass scintillators [721][START_REF] Bueno | Nondestructive Evaluation of Aircraft Structures Using High-resolution Real-time Radiography[END_REF][START_REF] Chen | [END_REF][724], (iv) powdery scintillators [725][726][727][728], (v) polymeric plastic scintillators [729][730][731][732][733][734], and (vi) inert gaseous scintillators [735,736]. Scintillating materials should be selected based on the application. For example, ceramic scintillators such as Eu:

(Y,Gd) 2 O 3 , Lu 2 O 3 and Lu 3 Ga 5-x In x O 12 are mainly used as X-ray detectors in medical and industrial CT-scanning facilities. Ceramic scintillators are highly sensitive and their quantitative detection accuracy is less than 10 -3 . Ceramic scintillators can be fabricated by controlling the phosphor composition and doping with suitable additives [113,703,737]; for example, Pr 2 O 3 can be added as a dopant to decrease the X-ray-induced luminescent afterglow [703,[738][739][740][741].

The performance of ceramic scintillators is related to several factors when they are used for high-energy detection, including their (i) optical qualities, (ii) X-ray stopping capabilities, (iii) lighting output, (iv) primary speed and afterglow, and (v) radiation damage resistance. Firstly, a ceramic scintillator should have high optical transmittance so that the visible scintillation photon can be transferred to the photodetector as efficiently as possible. After reflection at the surface and scattering both at the surface and within the material, the isotropically emitted scintillation light is transported to the photodetector. Ideally, all incident Xrays should be directed onto and absorbed by the ceramic scintillator [738,[742][743][744].

Generally, the total energy level of the scintillated light is determined by the photoelectric absorption and Compton scattering; thus, the transmitted flux can be reduced by increasing the thickness of the ceramic scintillator. Moreover, the ceramic scintillator material should be as dense as possible; hence, transparent ceramics for scintillating applications should contain elements with high atomic weights. Various processes follow the photoelectric absorption of X-ray photons in order to leave luminescent centers for excited states, and the energy of mobile electrons is released through ionization and the generation of secondary [START_REF] Rodnyi | Scintillator and Phosphor Materials[END_REF][START_REF] Rodnyi | [END_REF][747][748]. Relative light output, which is characterized by the current that flows out of the diodes connected to the scintillator component, is not an intrinsic property of ceramic scintillators; however, energy quantum efficiency is an intrinsic property of all ceramic scintillators. Energy quantum efficiency is defined as the ratio of photon energy emitted from the luminescent sites to the total energy trapped at the sites [725][726][727][728].

The efficiency of an X-ray detector equipped with ceramic scintillators is closely related to the coupling between the scintillator and the photodiode, which should be taken into account by practical applications. A wide range of high-density ceramics can be used to alter the internal crystal fields of the activators in order to ensure that they emit at the desired wavelengths [749][750][751][752][753][754]. The 3d levels of transition element activators interact with the crystal fields in the surrounding region; for example, because Cr:Gd 3 Ga 5 O 12 has a weak crystal field, its 4 T 2 → 4 A 2 transitions emits at 730 nm, which matches the efficiency peak of Si-based photodiodes [START_REF] Ilmer | Studies of structural and luminescent properties of Gd 3 Ga 5 O 12 :Cr and corresponding solid solutions[END_REF][START_REF] Yamaji | [END_REF][757].

The primary speed is determined by the decay time, which is the reciprocal of the probability per unit time, as the activator undergoes a radiative transition from an excited state to the ground state; for example, the decay time of Ce 3+ ions in BaHfO 3 is 20 ns. The probability is dependent on the symmetry state and spin state of the activators, as well as the local crystal field [749,750,753]. Because activators can occupy multiple sites, the Eu 3+ ions in Eu:(Y,Gd) 2 O 3 can occupy both the symmetric S 6 site and the non-symmetric C 2 site [758][759][START_REF] Duclos | Scintillator and Phosphor Materials[END_REF].

When the intensity of the visible scintillator emissions are higher than the theoretical prediction, the emissions are called an afterglow. The duration of afterglow emissions can exceed the decay time by three orders of magnitude. When scintillators are used in an integrated format, the afterglow has a positive effect on the signal, which is true even if the detector encounters a sudden decrease in X-ray flux intensity [START_REF] Hsieh | Developments in X-Ray Tomography Iv[END_REF]. In photon-counting applications, afterglow can reduce the signal-to-noise ratio and thus increase the dead time of the detector [START_REF] Grassmann | [END_REF].

Afterglow occurs when mobile electrons or holes are trapped at the intrinsic and/or extrinsic defect sites in ceramic scintillator materials. The release of the electrons and holes back to the conduction and valence bands requires thermal energy corresponding to the binding energy of the trapping processes. Hence, if the process is assumed to be first order and both the trapping and releasing of charge carriers are due to a single defect before it is trapped by the emitting ions, the emission decay is strongly dependent on temperature. When the temperature is low, all traps are occupied and thus will contribute to afterglow emissions when the temperature reaches the required level; the traps are quickly emptied at this temperature, which results in a short decay time. The afterglow decay is the sum of all emissions from defect traps [START_REF] Duclos | Scintillator and Phosphor Materials[END_REF]; therefore, the afterglow can be readily addressed by controlling the doping ion distribution [737]. Nearly all applications require ceramic scintillators to be sufficiently stable and reproductive [START_REF] Grassmann | [END_REF].

Another advantage to using transparent ceramics as scintillators is that the concentration and homogeneity of their activators can be superior to those of single crystals. For example, Cherepy et al. developed a new gamma spectroscopy scintillator that exhibited relatively high light yields and outstanding phase stability using Ce 3+ -doped gadolinium garnet (Ce:GYGAG) ceramics, which demonstrated that the scintillation performance of Ce:GYGAG-based scintillators is comparable to that of single crystals [START_REF] Cherepy | Hard X-Ray[END_REF]. These authors also developed a radiography scintillator based on transparent Eu:Lu 2 O 3 ceramics [START_REF] Cherepy | Hard X-Ray[END_REF][START_REF] Cherepy | Hard X-Ray, Gamma-Ray, and Neutron Detector Physics X[END_REF]. Moreover, various other transparent ceramics, including Lu 2 O 3 [170,[START_REF] Lempicki | [END_REF][766][767][768], Ga 2 O 3 [769] Ce:YAG [770], and LuAG [708,[771][772][773], have been used as scintillators and discussed in the open literature.

Zych et al. compared the scintillation performance of Ce:YAG ceramics and single crystals [774]. When these ceramics and single crystals were excited with gamma radiation, their dominant decay times were both approximately 85 ns; however, the ceramic samples exhibited an additional fast component of 20 ns, which was not observed for the single crystals. Furthermore, the scintillation output of the ceramic scintillator was roughly half that of the single-crystal scintillator because the deformed lattice structure at the ceramic grain boundaries resulted in unusual loss, which diminished the scintillation effect. A phenomenological model was established to account for the lattice deformation, and this model satisfactorily explained the kinetic data.

Mihokova et al. demonstrated that both Ce:YAG ceramics and single crystals exhibited radio-luminescence with comparable intensity, which corresponded to the Ce 3+ band at 550 nm [775]. The ceramics did not exhibit the host band at 300-350 nm because they did not have the Y Al antisite defect, in which Y is present at the Al site; this antisite defect is the origin of the UV emission as it contains luminescence centers [776]. This defect is usually formed at high temperatures, but the ceramics were processed at a relatively low temperature; thus, Y Al antisite defects were not generated [478]. Based on their overall performance, the Ce:YAG ceramics could be used to replace high-quality industrial single crystals as scintillating materials.

Osipov et al. presented a systematic study of the optical and scintillation properties of transparent Ce:YAG ceramics [777]. The samples were prepared from mixtures of Ce 2x Y 2-2x O 3 (x = 0.001, 0.01, 0.03, and 0.05) and Al 2 O 3 nanopowders using solid-state reactive sintering, and the in-line transmittance of 2-mm thick samples was 72-82% at 550-900 nm. The transparent Ce:YAG ceramics exhibited intensive luminescence with a maximum at 525-545 nm, and the absolute light yields were 18-21 ph/MeV and 5 ph/MeV for samples with 1-5 at% and 0.1 at% Ce 3+ , respectively. The energy resolution of the 2-mm thick samples was 10-15% under excitation with 662-keV γ-rays. The scintillation decay curves had two decay components and the decay times depended on the Ce 3+ concentration; for example, the main fast component of the 5 at% Ce:YAG ceramics was characterized by a decay time of 26 ns. The scintillation performance of the Ce:YAG ceramics was comparable to that of commercial Ce:YAG and CsI:Tl single crystal scintillators. Moreover, a comprehensive discussion of the effect of Ce 3+ concentration on the optical, luminescence, and scintillation properties offered important guidance for the development of ceramic scintillators.

The scintillation behavior of Ce:LuAG ceramics has been intensively studied [9,10,20,778]. Li et al. fabricated Ce:LuAG ceramics with an average grain size of 6 μμm by calcining at 1000 °C for 2 h and vacuum sintering at 1800 °C for 10 h without sintering aids [20]. The resultant Ce:LuAG ceramics had 65% in-line transmittance in the visible light region and a broad band in their radioluminescence spectrum at 480-650 nm. The ceramics exhibited two emissions, which corresponded to Ce 3+ transitions from the lowest 5d excited state to the 4f ground state; these emissions were similar to those of the Ce:LuAG single crystals [708,779].

Liu et al. described the scintillation performance of 5 at% Ce:LuAG ceramics prepared by the conventional solid-state reaction method and vacuum sintering [772]. Post-sintering thermal annealing in air was used to improve the scintillation behavior of the ceramics and resulted in a steady-state scintillation efficiency under X-ray excitation that was much higher than that of the conventional Bi 4 Ge 3 O 12 (BGO) single crystal. Moreover, thermal annealing increased the light yield ( 137 Cs, 662 keV) of the ceramic by approximately two times. The radiation hardness of the Ce:LuAG ceramic scintillator was studied under a 2 × 10 5 Gy dose of 60 Co gamma radiation delivered at approximately 1 × 10 4 Gy/h and radiation-induced absorption was observed at approximately 380 nm and 610 nm. This absorption was separate from the Ce:LuAG emission band, which indicates that these ceramics are suitable for applications in high-energy physics.

Yanagida reported the scintillation properties of transparent 0.2-1.0 at% Pr:LuAG ceramics prepared by vacuum sintering [780]. The optical and scintillation properties of these Pr:LuAG ceramics were compared to those of single crystals grown by the Czochralski method. Although the overall performance of the ceramics was lacking compared to that of single crystals, the light yield of the sample with 0.25 at % Pr 3+ was higher than that of single crystals by approximately 20% under gamma radiation. Moreover, both the slow scintillation decay components and the defect-related host emission were absent in the Pr:LuAG ceramics. [781]. The light yield and energy resolution of the ceramic scintillator were closely related to the processing parameters of powder preparation, compaction, and sintering. Furthermore, the sublimation of Ga during vacuum sintering generated compositional gradients in the ceramic samples, which degraded the energy resolution. Although Ga sublimation could be prevented by sintering the Ce:GYGAG ceramics in an O 2 environment, sintering in O 2 altered the oxygen vacancy concentration of the ceramics and thus changed the distribution of the electron trap state, which reduced the afterglow, light yield, and energy resolution accordingly. Alternatively, a bed of coarse Ce:GYGAG powder was applied during vacuum sintering to create a relatively high Ga partial pressure, which ensured compositional homogeneity without compromising the trap state distribution and thus improved the scintillation performance. This study is a useful reference when using materials with similar limitations.

Mori et al. studied 0.8 at% Ce 3+ -doped (Y, Gd, Lu) 3 Al 2 Ga 3 O 12 (Ce:YAGG, Ce:GAGG, and Ce:LuAGG) transparent ceramics and compared their photoluminescence and scintillation properties [782]. These ceramics all had strong, broad photoluminescence over 470-600 nm because of the 5d → 4f transitions of the Ce 3+ ions. The photoluminescence curves had two components while the scintillation decay curves consisted of three exponential components; in both cases, the primary components were present between 35-43 ns. Furthermore, the features of the X-ray excited scintillation spectra were very similar to those of the photoluminescence spectra. Based on the X-ray induced afterglow results, Ce:LuAGG demonstrated the weakest afterglow intensity of the three ceramics. Photoabsorption peaks were clearly observed in the pulse height spectra of the ceramic samples. Furthermore, Ce:LuAGG displayed a scintillation light yield of 18,700 ph/MeV, which was the highest of the three samples.

In a separate study, Li et al. compared the optical properties and scintillation behavior of transparent Ce:LuAG and Ce:YAG ceramics that both contained 0.9 at% Ce 3+ [783]. The Ce:LuAG ceramics had higher light yield than the Ce:YAG ceramics under UV and X-ray excitation whereas the Ce:YAG ceramics had higher light yield under γ-ray excitation. The Ce:YAG ceramics also had better energy resolution, which was attributed to the fact that the Ce:LuAG ceramics contained more slow emissions (38.5%) and was less transparent. It is worth mentioning that results of comparison studies reported by other researchers could differ because ceramic processing involves several steps with various influential parameters; therefore, these results should only be used as a reference.

The scintillation performance of ceramic scintillators can be enhanced by co-doping. For example, co-doping with Ce 3+ effectively mitigated the afterglow of a (Cr, Ce):Gd 3 Ga 5 O 12 ceramic scintillator because the holes at the Ce 3+ ion sites were efficiently captured through the conversion of Ce 3+ → Ce 4+ [703,784]. Moreover, codoping Eu:(Y,Gd) 2 O 3 with Pr 3+ suppressed the nonradiative recombination of migrating electrons and/or temporary Eu 2+ centers. Furthermore, the trapping states in the forbidden gap related to the grain boundary interfaces could be removed or passivated by thermal annealing in controlled environments.

Theoretical predictions of the temporal dependence of X-ray excited scintillation in Eu:Lu 2 O 3 ceramics has been supported by experimental observations, which included the decay waveforms recorded between 100 ns and 5 min [766]. The kinetic data were in good agreement with the analytic model of the temporal behavior, which predicted that the trap depths had two overlapping Gaussian distributions, with values in the range of 0.58-1.0 eV, that could potentially cause afterglow. The ceramics were evaluated in terms of their scintillating performance and the thermoluminescence excited by heavy gamma irradiation, and the experimental thermoluminescence glow profile matched the theoretical model of afterglow [767]. Because the effect of carrier trapping on scintillation efficiency cannot be accurately evaluated using only the thermoluminescence data and the absolute light output cannot be quantitatively obtained, the effect of carrier trapping was characterized using the branching ratio of electron-hole pairs responsible for the thermoluminescence or scintillation performance [785,786]. In 2004, Nagarkar et al. developed (Eu 3+ , Tb 3+ ):Lu 2 O 3 ceramics as a new group of scintillating ceramics because the 4f → 4f transitions of rare earth ions are relatively slow [787]. The authors concluded that these ceramics could be used to produce large screens up to 16 × 16 cm 2 .

Retot et al. characterized the scintillation behavior of Eu:Lu 2 O 3 and Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 ceramics and determined that the optical transparency and light yield of the two ceramics were very similar [788]. However, the afterglow of Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 was approximately one order of magnitude less than that of Eu:Lu 2 O 3 in the range of 3-300 ms. The reduced afterglow was evidenced by the thermally stimulated luminescence peaks as the intensities of the Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 peaks were significantly less than those of the Eu:Lu 2 O 3 peaks, which suggests that the Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 ceramics contained much fewer charge trapping defects. Using low-temperature selective excitation of Eu 3+ , the location and behavior of the Eu 3+ ions at the C 2 and S 6 sites of the Lu 2 O 3 and (Lu 0.5 Gd 0.5 ) 2 O 3 crystal lattices were comprehensively examined. The 4f-4f lifetime of Eu 3+ at both sites was shorter in Eu: (Lu 0.5 Gd 0.5 ) 2 O 3 than Eu:Lu 2 O 3 while (Lu 0.5 Gd 0.5 ) 2 O 3 was more suitable for hosting Eu 3+ ions in the C 2 sites. The preferential occupation of the C 2 sites by Eu 3+ in Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 resulted in the relatively short decay times of Eu:(Lu 0.5 Gd 0.5 ) 2 O 3 (3-20 ms).

Yanagida et al. reported the scintillator performance of transparent (Yb x Lu 1-x ) 2 O 3 (x = 0.001-1.0) ceramics prepared by a wet-chemical method [170]. The in-line transmittance of the ceramics was 60-80% at > 240 nm, and absorption bands near 970 nm corresponded to the 4f → 4f transition of Yb 3+ . For photoluminescence and X-ray induced radioluminescence, the charge transfer luminescence of Yb 3+ was observed at 330 and 490 nm, and the photoluminescence and scintillation decay times of the charge transfer luminescence were in the range of 0.5-1.5 ns. The light yield of the fast component was obtained from the 137 Cs-excited pulse height spectrum and the sample with x = 0.003 displayed the maximum light yield: approximately 500 ph/MeV.

Yanagida et al. also demonstrated that Yb 3+ -doped RE 2 O 3 sesquioxide ceramics exhibited ultrafast scintillation behavior because of the special charge-transfer luminescence of Yb 3+ [789]. A series of Yb 3+doped transparent ceramics, including Y 2 O 3 , Sc 2 O 3 , Lu 2 O 3 , and Yb 2 O 3 , were fabricated by vacuum sintering. When the sesquioxide ceramics were irradiated with γ-rays and X-rays, the pulse height spectra exhibited a photoabsorption peak with an ultrafast scintillation decay of just 1 ns. The scintillation performance of these ceramics could be further enhanced by optimizing the fabrication process for ultrafast scintillator applications.

Futami et al. prepared transparent Sc 2 O 3 , Y 2 O 3 , and Lu 2 O 3 ceramics for scintillator applications using the SPS technique [768]. The optical transmittance of the as-prepared ceramics ranged from 10% to 40% at 500 nm. The X-ray induced emission spectra each exhibited a broad emission peak centered at 335 These ceramics exhibit in-line transmittances in the range of 50-70% in the visible light region. Specifically, Ba(ZrMgTa)O 3 and (LaSr)(AlTa)O 3 display strong emissions at 470 nm and 500 nm when excited by 284 nm and 324 nm photons, respectively, and the corresponding photoluminescence decay times are 14 and 16 μs. Moreover, the charge transfer transition of Yb 3+ has been demonstrated to trigger rapid and intensive emissions [791,792]. Experimental results have indicated that most ceramic scintillators could provide fast and strong emissions at room temperature now that the challenges posed by strong thermal quenching have been addressed [793][794][795].

Kato et al. reported a comparative study of the optical, scintillation, and dosimeter properties of transparent MgO ceramics and single crystals [796]. The transparent MgO ceramics were prepared using the SPS technique. Although the ceramics and single crystals had the same composition, the ceramics predominantly exhibited photoluminescence near 450 nm while the dominant single-crystal emissions were in the NIR region. The photoluminescence lifetime of the emission at 450 nm was approximately 10 ns, whereas it was typically 50 ns for emissions of the F + center in MgO. The scintillation spectra of the ceramics were similar to the photoluminescence spectra; however, the scintillation lifetimes were on the scale of microseconds. The thermally stimulated luminescence (TSL) glow curves of the MgO ceramics had a main peak at approximately 140 °C and broad emission bands at 300-400 nm, 600 nm, and 750 nm, which were in agreement with the scintillation spectra. Both the ceramics and single crystals exhibited a TSL response that was linear with respect to the irradiation dose over the dose range of 0.1-1000 mGy. Moreover, the dosimeter properties of the ceramics were evaluated for X-ray detection.

The effect of Mn 2+ on the photoluminescence, scintillation, and TSL dosimeter properties of the transparent MgO ceramics has also been studied [797]. The MgO ceramics doped with 0.001, 0.01, 0.1, and 1.0% Mn 2+ were prepared by SPS. Each of these ceramics displayed photoluminescence emission near 730 nm, and the emission intensity increased with the doping concentration. The photoluminescence decay-time constants were on the scale of milliseconds, which is typical for Mn 2+ . Moreover, the X-ray excited scintillation spectra exhibited additional emissions at 340, 620, and 760 nm. However, the TSL profiles and responses of the Mn 2+ -doped samples were similar to those of undoped MgO ceramics.

Nakamura et al. studied the scintillation, dosimeter, and photoluminescence properties of transparent Eu:CaF 2 ceramics doped with 0.01, 0.02, 0.05, and 0.10 at% Eu 2+ and fabricated by SPS [798]. Under X-ray irradiation, each ceramic exhibited emissions at 300 and 430 nm because of self-trapped excitons (STE) and the 5d → 4f transition of Eu 2+ , respectively. Furthermore, weak emissions related to the 4f → 4f transitions of Eu 3+ were observed at 570, 590, 615, and 625 nm for all samples. Under 137 Cs irradiation, the light yields of the samples doped with 0.01, 0.02, 0.05, and 0.10 at% Eu 2+ were approximately 16400, 15400, 17700, and 14,300 ph/MeV, respectively. The TSL glow curves of all samples had glow peaks at 100 and 180 °C, and their intensities increased linearly as the X-ray dose was increased from 0.1 to 1000 mGy. Moreover, the transparent Eu:CaF 2 ceramics also exhibited optically stimulated luminescence (OSL).

Transparent Nd:CaF 2 ceramics with different concentrations of Nd 3+ have been developed using a similar method in order to be used for scintillation and dosimeter applications [463]. As expected, these samples had absorption peaks in the visible and NIR regions because of the 4f → 4f transitions of Nd 3+ ; these peaks were present at 860 and 1064 nm under X-ray irradiation. Under 160-nm vacuum-UV excitation, photoluminescence was confirmed by emissions corresponding to the 5d → 4f transitions of Nd 3+ . Furthermore, the transparent Nd:CaF 2 ceramics exhibited TSL glow peaks at 100, 150, and 380 °C. The samples with 5 at% Nd 3+ had optimal sensitivity and could be used to measure radiation doses in the range of 0.1-1000 mGy as they have the desirable linear relationship between scintillation and radiation.

The same authors also developed transparent MgF 2 ceramics for scintillation and dosimeter applications, and compared their properties to those of single crystals [466]. Under X-ray irradiation, the transparent ceramics had broad scintillation emissions across 300-600 nm with decay times of 310 and 1940 μs, while no such emissions were produced by the single crystal. Moreover, the MgF 2 ceramics exhibited radio-photoluminescence (RPL) as a new luminescence center was produced by the ionizing radiation. This RPL was characterized by two emission bands centered near 415 and 700 nm when the ceramic was excited at 340 ± 40 nm. While measuring the RPL, the intensity of the emission band at 415 nm increased for > 50 s, which implies that the RPL was a "building-up" effect. Based on the photoluminescence characteristics and decay time, the authors deduced that the RPL peak at 415 nm corresponded to the M(C 2h ) center. Transparent MgF 2 ceramics doped with Eu 2+ and Gd 3+ have also been studied for scintillator applications [465,467].

Similarly, photoluminescence emission of transparent BaF 2 ceramics has been observed near 500 nm [473]. Under X-ray irradiation, emissions at 190 and 220 nm were caused by the auger-free luminescence (AFL) of the ceramics. The light yield of these transparent BaF 2 ceramics was approximately 6000 ph/MeV under irradiation with 137 Cs γrays. Moreover, the afterglow of the ceramics was lower than that of their single crystal counterpart. These ceramics also exhibited TSL glow peaks at 50, 105, 140, 205, 280, and 420 °C.

Electro-optic (EO) Ceramics and devices

Various devices have been designed using transparent EO ceramics, such as variable optical attenuation devices (VOA), polarization controllers (PC), sinusoidal filters, dynamic gain flattening filters, tunable optical filters, and Q-switches [START_REF] Jiang | Optoelectronic Devices and Integration, Pts 1 and 2[END_REF]. Light is an electromagnetic wave and thus has two field components: electric and magnetic components. These components are perpendicular to each other as well as the direction of propagation; hence, light has a polarized electromagnetic field. Since light is distinctively oriented in space and its propagation through a medium is influenced by the direction of polarization, the rate of transmission in dense wavelength division multiplexing (DWDM) systems is impeded; examples of impeded transmission include polarization dependent loss (PDL) and polarization mode dispersion (PMD). This issue could be solved by proper polarization management; for example, dynamic polarization controllers (PCs) could serve to compensate for polarization mode dispersion, scramble polarization, manipulate polarization multiplexing, and generate polarization [START_REF] Jiang | Optoelectronic Devices and Integration, Pts 1 and 2[END_REF].

Ferroelectric PLZT ceramics are representative EO ceramics as they have an intrinsic optical uniaxial anisotropy at the microscopic scale and an extrinsic optical uniaxial anisotropy at the macroscopic scale if they are polarized or activated by an external electric field. Ferroelectric transparent ceramics such as PLZT have a unique symmetry axis because the optic axis is colinear with the ferroelectric polarization vector and has optical properties that are different from those of the other two orthogonal axes. Therefore, light travels in the direction of the optic axis and vibrates in the perpendicular direction. This means that the index of refraction (n 0 ) of light with polarization perpendicular to the optic axisan ordinary rayis different from that of light with polarization perpendicular to the ordinary ray (n e ). The difference between these two indices is called birefringence: Δn = |n en 0 |. The birefringence, Δn, of as-prepared ferroelectric ceramics is zero. After poling, the material will have a non-zero Δn, which is dependent on the composition of the material and the degree of poling. Relaxor ferroelectric ceramics only have non-zero values of Δn when they are subject to external electric fields [START_REF] Jiang | Optoelectronic Devices and Integration, Pts 1 and 2[END_REF][START_REF] Song | [END_REF].

When linearly polarized white light is incident on electrically activated ceramics, it will be split into two components with orthogonal polarization. The polarization directions are determined by the crystallographic axes of the ceramic materials, and the axes are dependent on the direction of the applied electric fields. Because of the difference between n e and n 0 , the two light components have different propagation velocities as they travel through the ferroelectric ceramics, which results in a phase shift that is called optical retardation.

Qiao et al. published a systematic study of the EO properties of transparent PMN-PT EO ceramics [338]. The EO switch was polarization independent and constructed according to the structure of a fiber Sagnac interferometer (FSI). The polarization orientation of the incident light had a negative effect on the EO performance of the switch, but this could be effectively suppressed by incorporating an initial πshift into the Sagnac loop. The optical signal between the reflection and transmission ports could be switched using an electrically controllable PMNT phase retarder. The switching behavior of the devices, as well as their thermal characteristics and switching frequency response, were theoretically analyzed. The PMN-PT EO ceramics had a relatively high refractive index (n = 2.465); thus, that they are suitable for Fabry--Perot (FP) resonators, which can be used to measure electric hysteresis and thermo-optic coefficients.

Fernando et al. attempted to prepare (Pb 1-x La x )TiO 3 ceramics (0.18 ≤ x ≤0.23) using the solid-state reaction method [801]. The Pb 0.79 La 0.21 TiO 3 sample was optically transparent. Based on EO measurements, linear and quadratic EO behaviors were observed for the relationship between birefringence and electric field. At room temperature, the calculated quadratic (R) and the linear coefficients (r) at 632 nm were 0.5 × 10 -16 m 2 /V 2 and 1.9 × 10 -10 m/V, respectively. These ceramics showed potential for EO device applications.

Li and Kwok reported the EO effect of lead-free transparent ceramics, (K 0.5 Na 0.5 ) 0.9 Li 0.1 Nb 0.9 Bi 0.1 O 3 , obtained using pressure-less sintering [802]. The inclusion of Li and Bi resulted in ceramics with diffuse phase transition behavior, i.e., the ceramics exhibited relaxor-like characteristics because of the presence of polar nanoregions. The addition of excessive Bi 2 O 3 further modified the crystal structure and dielectric properties of the ceramics to be more cubic-like and more relaxor-like, respectively; thus, adding excessive Bi 2 O 3 increased the optical transparency. The in-line transmittance of samples with 4-6 mol % excessive Bi 2 O 3 was 60-70% in the NIR region. Moreover, these lead-free ceramics had effective EO coefficients in the range of 30-40 pm/V.

Zeng et al. investigated the EO properties of Dy:PLZT ceramics: Pb 0.9 (La 1-x Dy x ) 0.1 (Zr 0.65 Ti 0.35 ) 0.975 O 3 , with x = 0-0.06 [324]. The authors found that the coercive field of the PLZT ceramics was reduced by doping with Dy, which significantly improved the optical transparency and EO performance of the ceramics. Furthermore, the half-wave retardation voltage was effectively decreased by doping with Dy; thus, the working voltage of the EO devices was reduced.

The EO effects, microstructure, and optical transparency of Ladoped 0.75Pb(Mg 1/3 Nb 2/3 )O 3 -0.25PbTiO 3 (PLMNT) transparent ceramics were reported by Ji et al. [803]. These ceramics were prepared using the columbite precursor method and excessive PbO (10, 15, and 20 mol%). The phase composition of the samples was not influenced by the amount of excessive PbO whereas the average grain size increased with the PbO content and the optical transparency decreased with the PbO content. The sample with 10 mol% excess PbO had 62% in-line transmittance at 632.8 nm. The EO coefficients of the samples were derived from the birefringence and electric field; the EO coefficients increased with the concentration of excess PbO, and the maximum EO coefficient, 40.6 × 10 -16 (m/V) 2 , corresponded to the sample with 20 mol% excess PbO.

Optical lenses

With the rapid advancement of digital cameras and mobile phones, compact and miniaturized lens systems are in high demand. Transparent ceramics could play an important role in these systems because of their high refractive indices and high Abbe numbers. Generally, the refractive indices of glasses are in the range of n = 1.50-1.85, while the refractive indices of polycrystalline ceramics are usually > 2 [START_REF]Integrated Optics Devices V[END_REF][START_REF] Tatebayashi | [END_REF][806]. Moreover, ceramics exhibit much higher mechanical strengths than their glass counterparts, which is especially important when the materials need to be scratch-free and impact resistant [807].

Peuchert et al. studied transparent ZrO 2 ceramics obtained by combining a solid-state reaction process with vacuum sintering and HIP [100]. The refractive index (n d ) of these ZrO 2 opto-ceramics was 2.10-2.20 at 630 nm, and could be modulated by controlling the concentration of the sintering aid, TiO 2 . The presence of TiO 2 caused competition between optical transparency and uniformity. Transparent cubic ZrO 2 ceramics do not have anisotropic optical properties in any specific directions; however, if the sintering aid and/or stabilizing phases precipitate at the grain boundaries, the optical properties of the transparent ceramics will be inhomogenized and birefringence properties will emerge, as has been reported for the ZrO 2 -Y 2 O 3 -TiO 2 ceramics [100]. The application of transparent ceramics to optical lenses deserves further investigation and development as this application has yet to be comprehensively studied.

Transparent ceramic windows and domes

Transparent armors are used for personnel protection, such as face shields, visors, windows of military vehicles, and lookdown windows in aircrafts. The glass transparent windows that are currently available are very thick in order to resist multi-hit ballistic impact. In order to meet required weight limits without compromising the ballistic resistance, transparent ceramics have been increasingly considered for such applications. Moreover, some of the multimode weapon systems that are required to withstand harsh environment conditions also require relatively large windows and domes [808][809][810].

Strength and hardness are important properties in these applications, which significantly narrows the range of materials that can be used. For example, the mechanical strengths of the transparent fluoride ceramics that are typically used as laser windows are not sufficient for military applications [811,812]. Therefore, the potential candidates for these applications include single crystals (e.g., sapphire) [813] and transparent ceramics such as AlON [START_REF] Patterson | Window and Dome Technologies VIII[END_REF][START_REF] Borrero-Lopez | [END_REF][816][START_REF] Mroz | Window and Dome Technologies and Materials IX[END_REF][START_REF] Ramisetty | [END_REF] and MgAl 2 O 4 [294,[START_REF][END_REF][START_REF] Goldman | Window and Dome Technologies and Materials VII[END_REF][START_REF] Goldman | [END_REF][START_REF]Window and Dome Technologies and Materials VI[END_REF][START_REF] Krell | [END_REF][821][822]. Although windows based on transparent ceramics are still less popular than those based on single crystal sapphire [823][START_REF] Askinazi | Window and Dome Technologies and Materials[END_REF][START_REF]Tactical Infrared Systems[END_REF][START_REF] Askinazi | Passive Materials for Optical Elements II[END_REF][START_REF]Window and Dome Technologies and Materials V[END_REF][START_REF]Window and Dome Technologies and Materials V[END_REF][START_REF] Gentilman | Window and Dome Technologies[END_REF][START_REF] Gentilman | Window and Dome Technologies[END_REF][START_REF] Gentilman | Window and Dome Technologies and Materials VI[END_REF][START_REF] Mcguire | Window and Dome Technologies and Materials[END_REF], it is very likely that transparent ceramics will be the ideal materials because of the advantages discussed in this review.

Because of the relationship between polycrystallinity and toughness, some transparent ceramics are more suitable for armor applications than single crystals, such as MgAl 2 O 4 [START_REF] Patterson | Window and Dome Technologies VIII[END_REF][START_REF] Borrero-Lopez | [END_REF][816][START_REF] Mroz | Window and Dome Technologies and Materials IX[END_REF][START_REF] Ramisetty | [END_REF] and AlON [START_REF][END_REF][START_REF] Goldman | Window and Dome Technologies and Materials VII[END_REF][START_REF] Goldman | [END_REF][START_REF]Window and Dome Technologies and Materials VI[END_REF]. Spinel is highly transparent over the visible and mid-IR regions (0.25-5.5 μm); thus, it can be used as windows and domes in EO and IR sensors used by defense systems that work in extreme environments. The mechanical properties of ceramic materials are largely dependent on their grain size; generally, the smaller the grain size, the stronger the ceramics. Borrero-Lopez et al. studied the effect of grain size on the mechanical strengths of transparent MgAl 2 O 4 ceramics [START_REF] Borrero-Lopez | [END_REF], and Beyer et al. evaluated AlON ceramics as materials for canon windows [START_REF]Window and Dome Technologies and Materials VI[END_REF]. When using laser ignition in large caliber cannons, the window admitting the laser to the cannon chamber is a crucial component; therefore, this window must be able to withstand repeated impact by combustion products from the gun propellant at pressures as high as 440 MPa. Aluminum oxynitride ceramics have been intensively examined for such applications.

Conventional transparent armors consist of glasses and polycarbonate backers [START_REF] Sands | [END_REF], but transparent ceramics with higher mechanical strength have been acknowledged to be the next generation of armor materials. Since testing transparent ceramics is quite expensive, modeling and simulations are generally used to predict their mechanical performance and ballistic testing is conducted to evaluate armor designs. The protective strength of transparent ceramics has been studied using ballistic testing methods as well as visualization techniques, which can be used to understand the interaction mechanisms between the tested samples and the high speed projectiles [834]. The dynamic responses of some transparent ceramics have been characterized for armor applications [835]. Real ceramic armor is in fact an assembly of ceramic/polycarbonate laminates, and the failure probability of the ceramic portion can be simulated by considering the ceramic defects [836,837].

Salem conducted a systematic study of the mechanical properties of transparent AlON and MgAl 2 O 4 ceramics, and thoroughly evaluated whether they can be used for spacecraft windows [809]. The window materials used in spacecrafts (e.g., the NASA space shuttle) must be able to meet numerous requirements, including maintaining cabin pressure according to the design of the vehicle, withstanding the thermal shock caused by alternative rapid heating and cooling, resisting high impact at different velocities, retaining high optical performance in various harsh environments, in order to avoid catastrophic failures. Therefore, the optical, thermal, and mechanical properties of the window materials must be well-characterized to ensure that they satisfy the stringent requirements. A database for the design and characterization of transparent ceramics for such special applications should include the following characteristic parameters: (i) elastic constants, (ii) texture and grain sizes, (iii) fracture toughness, (iv) strength and slow crack growth, (v) failure sources, and (vi) residual stress [838].

Biomedical applications

Since normal bioceramic materials are opaque, the direct observation of cells with a light microscope in the transmission mode is not possible. To address this problem, John et al. used transparent hydroxyapatite (tHA) ceramics to directly observe living cells and complete time-lapse studies as the optical transparency of the tHA ceramics facilitated the visualization of cellular events under transmitted light [839]. This system was used to monitor the interactions of different types of bone cells with the tHA ceramics; for example, rat calvaria osteoblasts (RCO) were cultured on the transparent tHA ceramics using transmission light microscopy, which revealed the high cytocompatibility of the bioceramic materials. Furthermore, osteogenic-induced human bone marrow stromal cells (hBMSCs) were microscopically analyzed on the tHA ceramics and their lactate dehydrogenase (LDH) activities were quantitatively characterized at different times during the culture. The results of these analyses confirmed favorable proliferation as the enhanced alkaline phosphatase (ALP) activity demonstrated the differentiation of osteogenic-induced hBMSCs towards the osteoblastic lineage. Moreover, the differentiation of human monocytes from the osteoclast-like cells was observed on the tHA samples, and further confirmed by fluorescent microscopy imaging of the multinucleated cells on the transparent ceramics.

Bodhak et al. studied the potential biomedical applications of commercial MgAl 2 O 4 and AlON® transparent ceramics [840]. The biomedical evaluation tests investigated in-vitro cytotoxicity, material-cell interactions, and tribological behavior, all of which are important for implant applications. The hardness of the transparent ceramics was in the range of 1334-1543 HV and their in-vitro wear rates were 5.3-10 × 10 -6 mm 3 •Nm -1 against an Al 2 O 3 ball at a load of 20 N. An in-vitro biocompatibility experiment with hFOB cells indicated that the transparent ceramics have no toxicity, and material-cell interaction testing confirmed that both the MgAl 2 O 4 and AlON® transparent ceramics were even more biocompatible than the commercial CP-Ti product. The mechanical properties and material-cell interactions of the MgAl 2 O 4 ceramics were superior to those of the AlON® ceramics. The MgAl 2 O 4 ceramics also demonstrated stronger cellular adhesion and proliferation because the surface energy of their polar component had a positive effect on their mechanical characteristics.

Recently, the viability of transparent MgAl 2 O 4 ceramics as esthetic orthodontic brackets was evaluated [841]. The biomaterial-oral mucosa interface is generally used to characterize the biocompatibility of a new candidate for dental applications, and this study experimentally confirmed that transparent MgAl 2 O 4 ceramics have outstanding biocompatibility. Moreover, the physico-chemical, mechanical, and optical properties of MgAl 2 O 4 ceramics meet the requirements of orthodontic brackets, which face in-vivo biological attacks, chemical corrosion and thermal stress [842]. Nevertheless, the application of transparent ceramics in biomedical field is still in its infancy, and thus requires further investigation.

Conclusions and perspectives

Transparent ceramics are a new category of materials that can be used in the development of high temperature technologies. Various processing strategies have been developed to obtain transparent ceramics with a wide range of compositions and properties in order to satisfy the needs of different potential applications. Firstly, not all materials can be used to make transparent ceramics. According to intrinsic requirements of transparency, potential candidates for transparent ceramics should have highly symmetric crystal structures, i.e., cubic, tetragonal, and hexagonal.

Secondly, transparent ceramics cannot be obtained using the conventional ceramic process. The most popular strategy for fabricating transparent ceramics is vacuum sintering. High-pressure sintering, HP, and HIP are also important techniques for developing transparent ceramics. However, HIP requires expensive high-quality equipment while HP has issues with contamination because the die is usually made of graphite and is in direct contact with the sintered samples; therefore, diffusion of carbon into the samples is inevitable at high temperatures. Spark plasma sintering is a new sintering technique for fabricating transparent ceramics. One of the main advantages of SPS is that it requires relatively low sintering temperatures and shorter sintering times and HP or HIP because an electric field is applied during sintering. However, SPS has similar contamination issues to HP. Furthermore, neither HP nor SPS can be used to prepare large samples because of the limitations of the equipment. Microwave sintering also has short sintering times, like SPS, and can produce large samples, like vacuum sintering; however, information about preparing transparent ceramics by microwave sintering is still scarce in the open literature. Hence, microwave sintering should be an important topic in future studies.

Transparent ceramics were initially developed for solid-state lasers, which are still their primary application. However, various other applications are being investigated, including scintillation, lighting, optical lenses, electro-optical devices, transparent armors, windows, and biomaterials. Solid-state phosphors are expected to be the next generation of white lighting and thus a hot topic in the near future as there is a global research trend in new materials and new energies. Moreover, high-efficiency LEDs and LDs are set to become the main domestic and industrial lighting sources. The key requirement of these applications is the availability of high-quality solid-state phosphors, i.e., transparent ceramics doped with luminescent elements. Furthermore, low-cost transparent ceramics with strong mechanical properties have the potential to replace glasses as smartphone screens, which is a huge market given that the smartphone is an indispensable item in our daily life.

Transparent ceramics have recently been derived from glasses and Si 3 N 4 ceramics. If conventional glass technology can be applied to transparent ceramics with compositions that can be made into glasses, the production of transparent ceramics will be revolutionized. The advantages of the glass crystallization process can be readily incorporated into the production of these transparent ceramics and thus has substantially increased the scope of transparent ceramic materials. Although the processing conditions used to obtain transparent Si 3 N 4 ceramics are relatively stringent (extremely high temperature and high pressure), this achievement has inspired the investigation of transparent ceramics derived from materials with low-symmetry crystal structures. Moreover, this achievement will encourage manufacturers to design and create equipment that is more powerful than the equipment currently available in the market.

Transparent ceramics have higher thermal stability and stronger mechanical properties than other optical materials, such as glasses and polymers; thus, they can be used at higher temperatures and harsher conditions. Transparent ceramics also have advantages as scintillators. Transparent armors made from transparent ceramics are much thinner and lighter than those made from other materials, and transparent ceramics also exhibit potential for biomedical applications. However, the applications of transparent ceramics in areas other than solid-state lasers are still in their infancy, which implies that they are many opportunities in these areas, and more possible applications are expected to be explored. Therefore, transparent ceramic research is expected to have a bright future in materials science and engineering.

Ultimately, the detailed processes used to fabricate transparent ceramics must be characterized and monitored. For example, the slurry concentration of Y 2 O 3 powder during preparation could critically affect the optical transparency of the final ceramics; however, the differences in the properties of powders and slurries with different solid contents have not been elucidated. This indicates that the optical properties of ceramics are more sensitive to their microstructural characteristics than their other properties, such as mechanical strength, electrical conductivity, and dielectric constant. Therefore, the relationship between the microstructure, process parameters, and optical transparency of transparent ceramics requires further investigation. To this end, new methods and strategies should be developed to characterize transparent ceramics that have similar or even identical microstructures but significantly different optical transparencies.
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Fig. 1 .

 1 Fig. 1. Possible sources of light scattering in ceramics: (1) grain boundaries, (2) pores, (3) impurities, (4) double refraction, (5) secondary phase, and (6) surface roughness. Reused from [2], Copyright © 2008, Nature Publishing Group.
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Fig. 2 .

 2 Fig. 2. Representative SEM image of Er 3+ -doped Al 2 O 3 ceramics after HIP. Reused from [61]. Copyright © 2017, Elsevier.

Fig. 5 .

 5 Fig. 5. SEM images of Al 2 O 3 samples that were hot pressed for 5 h: (a) 1400 °C, (b) 1500 °C, (c) 1600 °C, and (d) 1700 °C. Insets show the respective photographs. Reused from [72]. Copyright © 2017, Elsevier.

Fig. 6 .

 6 Fig. 6. Photographs and SEM images of transparent Al 2 O 3 ceramics prepared under different SPS conditions: (a, c) SPS70-14, (b, d) SPS-500-12. Reused from [72]. Copyright © 2017, Elsevier.

Fig. 7 .

 7 Fig. 7. XRD spectra of the planes perpendicular and parallel to the magnetic field; the Al 2 O 3 samples were sintered at 1150 °C for 20 min after heating at 2 °C/min. Reused from [73]. Copyright © 2018, Elsevier.

Fig. 8 .

 8 Fig. 8. Cross-sectional SEM images (left) and photographs (right) of the Al 2 O 3 ceramics derived from slurries with different PVA contents after sintering at 1810 °C for 5 h: (a) 8 vol%, (b) 10 vol%, and (c) 12 vol%. Reused from [78]. Copyright © 2016, Elsevier.

Fig. 9 .

 9 Fig. 9. Side-view photographs of the sintered Al 2 O 3 tapes pretreated with different methods and debinded at different heating rates: (a) cold pressing at 30 MPa and heating at 1 °C/min; (b) CIP at 200 MPa and heating at 1 °C/min; (c) warm pressing at 30 MPa and heating at 1 °C/min; (d) warm pressing at 30 MPa, CIP at 200 MPa, and heating at 1 °C/min; (e) warm pressing at 30 MPa, CIP at 200 MPa, and heating at 5 °C/min; (f) warm pressing at 30 MPa, CIP at 200 MPa, and heating at 10 °C/ min. Reused from [79]. Copyright © 2018, Elsevier.

Fig. 10 .

 10 Fig. 10. Representative SEM images of the transparent Al 2 O 3 ceramic wafers: (a) fracture surface and (b) thermally etched polished surface. Reused from [79], Copyright © 2018, Elsevier.

Fig. 11 .

 11 Fig. 11. Transmittance curve of the transparent Al 2 O 3 ceramic wafers with a (a) side view photograph and (b) planetary view photograph. Reused from [79], Copyright © 2018, Elsevier.

Fig. 12 .

 12 Fig. 12. SEM images and photographs of the Al 2 O 3 samples sintered at 5.0 GPa and high temperature: (a-c) coarse powder, (d-f) mixture of coarse powder and nanopowder, (a, d) 5.0 GPa and 700 °C, (b, e) 5.0 GPa and 900 °C, and (c, f) 5.0 GPa and 1100 °C. Reused from [81], Copyright © 2016, Elsevier.

Fig. 13 .

 13 Fig. 13. Fractured surface SEM images of the sintered MgO ceramics with different LiF contents: (a) 0 wt%, (b) 1 wt%, and (c) 2 wt%. Reproduced from [91]. Copyright © 2017, Elsevier.

Fig. 14 .

 14 Fig. 14. Cross-sectional SEM images of the MgO ceramics doped with 1 wt% LiF and prepared by SPS at different temperatures: (a) 800 °C, (b) 850 °C, (c) 900 °C, (d) 950 °C, and (e) 1000 °C. Reproduced from [91]. Copyright © 2017, Elsevier.

Fig. 15 .

 15 Fig. 15. In-line transmittance curves of ZrO 2 -doped Y 2 O 3 ceramics after hotpressing at 1600 °C and 20 MPa for 3 h. Reproduced from [123]. Copyright © 2017, Elsevier.

Fig. 16 .

 16 Fig. 16. SEM images of the ZrO 2 -doped Y 2 O 3 ceramics after hot-pressing at 1600 °C and 20 MPa for 3 h: (a) 0 at% ZrO 2 , (b) 1 at% ZrO 2 , (c) 3 at% ZrO 2 , and (d) 5 at% ZrO 2 . Reproduced from [123]. Copyright © 2017, Elsevier.

Fig. 17 .

 17 Fig. 17. Photographs of 2-mm thick Y 2 O 3 ceramic samples after HIP and HP at different temperatures (from left to right): 1300 °C, 1350 °C, 1400 °C, 1450 °C, 1500 °C, and 1550 °C. Reused from [143]. Copyright © 2018, Elsevier.

Fig. 18 .

 18 Fig. 18. Cross-sectional SEM images of the Y 2 O 3 samples hot-pressed at different temperatures before HIP: (a) 1300 °C, (b) 1350 °C, (c) 1400 °C, (d) 1450 °C, (e) 1500 °C, and (f) 1550 °C. Reused from [143]. Copyright © 2018, Elsevier.

Fig. 19 .

 19 Fig. 19. In-line transmittance curves of the Y 2 O 3 ceramics sintered at 890 °C for 0.5 h under different loading stresses: (a) 130 MPa, (b) 170 MPa, (c) 200 MPa, and (d) 250 MPa. Literature transmittance data for undoped transparent Y 2 O 3 ceramics prepared by SPS at 1050 °C and 300 MPa [144] and 1300 °C and 100 MPa [843] are included for comparison. Reproduced from [142]. Copyright © 2018, Elsevier.

Fig. 20 .

 20 Fig. 20. In-line transmittance curves of 2.14-mm thick samples of the ZrO 2doped Ho:Y 2 O 3 ceramics derived from slurries with different concentrations. Reused from [154]. Copyright © 2015, Elsevier.

Fig. 21 .

 21 Fig. 21. SEM images of the (a, c) thermally etched and (b, d) freshly fractured surfaces of 5 at%Yb:Sc 2 O 3 ceramics sintered for 10 h at either (a, b) 1650 °C or (c, d) 1850 °C. Reused from [166]. Copyright © 2017, Elsevier.

Fig. 22 .

 22 Fig. 22. SEM images of (a) Lu(OH)CO 3 and (b) (Lu 0.95 Eu 0.05 )OHCO 3 precursor powders. Reused from [171]. Copyright © 2015, Elsevier.
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 3 , 0.5 wt% TEOS, coprecipitation Calcination: 1100 °C/4 h CIP: 250 MPa Vacuum sintering: 1500-1800 °C/10 h HIP: 1600 °C/3 h, 0.5 wt% TEOS Calcination: 1100 °C CIP: 200 MPa/13 min Vacuum sintering: 1700 °C/5 h Vacuum: 1.3 × 10 -(2 at%), co-precipitation, 0.25 wt% LiF SPS: 1100 °C/3 min (100 °C/min); 1250-1390 °C/20 min (10 °C/min) Pressure: 28 MPa 75% at 700 nm [223] 2016 20 YAG commercial powder, 5 wt% LiF SPS: 800-1450 °C/20 min Heating rate: 50 °C/min Pressure: 50 MPa / [224] 2017 21 Er:YAG (0.5 at%) commercial powder SPS: 1600 °C Heating rate: 50 °C/min Pressure: 30-70 MPa / [858] 2017

Fig. 23 .

 23 Fig. 23. Photographs of Φ16 mm × 1.5 mm samples of Y 3(1+x) Al 5 O 12 ceramics with different values of x after sintering at 1760 °C for 10 h. Reused from [211]. Copyright © 2015, Elsevier.

Fig. 24 .

 24 Fig. 24. In-line transmission curves of Φ16 mm × 1.5 mm samples of nonstoichiometric Y 3(1+x) Al 5 O 12 ceramics after sintering at 1760 °C for 10 h. Reused from [211]. Copyright © 2015, Elsevier.

Fig. 25 .

 25 Fig.25. In-line transmittance curves of the Nd-YAG ceramics: (a) vacuumsintered at 1800 °C without HIP, (b) vacuum-sintered at 1600 °C followed by HIP at 1600 °C for 3 h, (c) vacuum-sintered at 1700 °C followed by HIP at 1600 °C for 3 h, and (d) vacuum-sintered at 1800 °C followed by HIP at 1600 °C for 3 h. Reused from[218]. Copyright © 2017, Elsevier.

Fig. 26 .

 26 Fig. 26. SEM images of the Nd:YAG ceramics with different concentrations of silica after reactive vacuum sintering for 5 h at 1700 °C: (A) 0 wt%, (B) 0.05 wt%, and (C) 0.3 wt%. (D) SEM image of the undoped Nd:YAG sample that was close to the SiO 2 -doped Nd:YAG samples during sintering. Reproduced from [234]. Copyright © 2017, John Wiley & Sons.

3

 3 Al 5 O 12 (LuAG), Dy 3 Al 5 O 12 (DyAG), Tb 3 Al 5 O 12 (TbAG), and Tm 3 Al 5 O 12 (TmAG) have been reported in the open literature [9,10,253-271]. Chen et al. used a solid-state reaction process to prepare (Ce, Mg):LuAG scintillation ceramics with 0.025-0.3 at% Ce and 0.2 at% Mg and systematically studied the effects of the Ce concentration and annealing conditions on the microstructure, optical properties, and scintillation performance of the final ceramics

  Han et al. combined reactive sintering and HIP to fabricate transparent Al-rich spinel ceramics: MgO•nAl 2 O 3 with n = 1.05-2.5 [300]. Commercial MgO and γ-Al 2 O 3 powders were used as the starting materials. The addition of moderate Al 2 O 3 (n ≥ 1.1) was found to remove residual pores and suppress abnormal grain growth, and secondary phase could be effectively avoided by optimizing the HIP temperature. After HIP at 1550 °C, the final ceramics with n = 1.1-1.3 exhibited high optical transparency, with 84% in-line transmittance at 400 nm and fine grains < 5 μm. When the Al 2 O 3 content was too high (e.g., n = 1.5), needle-like spinel grains were formed, which deteriorated the microstructure and thus optical transparency of the ceramics. Dericioglu et al. developed a two-step process combining HP and HIP to fabricate transparent MgAl 2 O 4 ceramics using high-purity commercial powders of MgO and Al 2 O 3[278,280]. The powders were thoroughly mixed and compacted before the green bodies were hot-

Fig. 27 .

 27 Fig. 27. (a) In-line transmittance curve and both (b) surface and (c) cross-sectional SEM images of a representative Nd:YAG ceramics sintered at 1700 °C. Reproduced from [249]. Copyright © 2018, Elsevier.

Fig. 28 .

 28 Fig. 28. Photographs of 1-mm thick samples of the as-sintered and air-annealed (Ce, Mg):LuAG ceramics. Reused from [272]. Copyright © 2018, Elsevier.

Fig. 29 .

 29 Fig. 29. Photographs of polished DyAG ceramics, Φ16 mm × 1 mm, sintered at different temperatures. Reused from [261], Copyright © 2015, John Wiley & Sons.

Fig. 30 .

 30 Fig. 30. Experimental (1) and calculated (2) transmission spectra of 1-mm thick transparent MgAl 2 O 4 ceramics doped with 3 wt% LiF. Inset shows a photograph of the experimental sample. Reused from [293], Copyright © 2015, Elsevier.

  2 O 4 during HP. Because the addition of excessive LiF could cause evaporation, and consequently porosity and cracking, the LiF concentration should be optimized. At temperatures below 1350 °C, LiF would fill open pores in the samples, which prevented carbon contamination. The conclusions from this study are applicable to other sintering aids. Although MgAl 2 O 4 is the only compound in the MgO-Al 2 O 3 binary phase diagram, the spinel phase can exist for non-stoichiometric compositions. In other words, solid solutions can be formed and the Al 2 O 3 composition can be increase with increasing temperature. If MgO·nAl 2 O 3 is used to represent the spinel phase, n = 1.0 is stoichiometric MgAl 2 O 4 , 0.8 ≤ n < 1 corresponds to MgO-rich spinel composition, and 1 < n ≤ 3.5 corresponds to Al 2 O 3 -rich spinel compositions. Since Al-rich MgO·nAl 2 O 3 ceramics could have variable light transmission characteristics for IR wavelengths, they have attracted substantial interest in the research community [278,280,296,300,317-320]. Dericioglu et al. have conducted a systematic study of the optical and mechanical properties of MgO·nAl 2 O 3 ceramics with n = 1.0, 1.5,

Fig. 31 .

 31 Fig. 31. Photographs of representative transparent MgO·nAl 2 O 3 ceramics with different values of n. Reused from [296], Copyright © 2016, John Wiley & Sons.

Fig. 32 .

 32 Fig. 32. In-line transmittance curves of PLZT ceramics (0.3-mm thick samples) fabricated by conventional sintering at 1200 °C for 3 h and microwave sintering at 1000 °C for 20 min. Reused from [335], Copyright © 2017, Elsevier.

  2 ; (ii) sintering in pure O 2 at 1150-1270 °C and 40 MPa for 8 h; (iii) replacing O 2 with CO 2 for 5 h to remove the closed pores; and (iv) switching CO 2 back to pure O 2 for another 5 h to eliminate the oxygen vacancies generated during the preceding step. The in-line transmittance of 0.35-mm thick samples of the transparent PMN-PT ceramics produced under optimized conditions was 64% at 632.8 nm; the authors explained the enhanced optical transparency by considering the defect chemistry of different sintering environments.

Fig. 33 .

 33 Fig.33. Photographs of (a) the as-extruded PLZT green fibers and (b) a sintered transparent PLZT ceramic fiber. Reused from[336], ©Copyright 2016, Elsevier.

Fig. 34 .

 34 Fig. 34. Photographs of representative undoped (left) and 3 mol% La-doped (right) 0.9PMN-0.1 P T ceramics (1-mm thick). Reused from [345], ©Copyright 2013, John Wiley & Sons.
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 182 Transparent ceramics from glasses. Recent studies have indicated that transparent ceramics could be derived from glasses simply by thermal annealing at appropriate temperatures in air. Successful examples of such transparent ceramics include BaAl 4 O 7[396], Sr 3 Al 2 O 6[397], Sr 1+x/2 Al 2+x Si 2-x O 8 (0≤x≤0.4)[398,399], and Ln 1+x Sr 1-x Ga 3 O 7+δ (Ln = Eu, Gd, or Tb)[400]. As an early example, Allix et al. proved that transparent barium aluminate (BaAl 4 O 7 ) ceramics with micrometer-sized grains could be obtained from glass of the same composition[396]. The glass was made from high-purity BaCO 3 and Al 2 O 3 using an aerodynamic levitator and two CO 2 -lasers; glass beads were formed as the mixed powder pellets became molten at high temperature (2100 °C) and were then rapidly cooled. Transparent ceramics were obtained by annealing the glass beads in air at temperatures determined by differential scanning calorimetry (DSC).Similarly, Sr 3 Al 2 O 6 and Sr 3 Ga 2 O 6 ceramics were made from glasses of the same composition by thermal annealing at 840 °C for 5 h[397]. Both glasses were prepared by melting mixtures of high-purity SrCO 3 , Al 2 O 3 , and Ga 2 O 3 , and the transparent ceramics could be doped with Eu 3+ , Er 3+ , Ho 3+ , and Ce 3+ . The Eu 3+ :Sr 3 Al 2 O 6 and Er 3+ :Sr 3 Al 2 O 6 ceramics exhibited promising luminescence properties, with strong emissions in the visible and IR regions, while the Ce 3+ :Sr 3 Al 2 O 6 ceramics exhibited scintillation behavior after X-ray excitation.

Fig. 35 .

 35 Fig. 35. Photographs of the as-sintered (above) and thermally annealed (below) Eu 3+ -doped La 0.8 Gd 1.2 Hf 2 O 7 ceramics. Reused from [394], Copyright © 2017, Elsevier.

Fig. 36 .

 36 Fig. 36. In-line transmittance curves of 1-mm thick samples of the Eu 3+ -doped La 0.8 Gd 1.2 Hf 2 O 7 ceramics: (a) annealed (solid lines) and (b) unannealed (dash lines). Reused from [394], Copyright © 2017, Elsevier.

Fig. 37 .

 37 Fig. 37. Photographs and in-line transmittance curves of 1-mm thick samples of the LaGdZr 2 O 7 ceramics prepared from powders calcined at different temperatures and sintered at 1800 °C for 10 h. Reproduced from [387]. Copyright © 2018, Elsevier.

2. 2 .

 2 Non-oxide ceramics 2.2.1. Aluminum oxynitride (AlON) and aluminum nitride (AlN)

  [415]. Single-phase AlON powder was obtained from the direct reaction of Al 2 O 3 and AlN nanopowders at 1750 °C for 4 h in N 2 . After ball milling, the powder consisted of micron particles and demonstrated high densification behavior. Transparent AlON ceramics were produced by sintering in N 2 at 1880 °C for 20 h. While the IR-transmittance of the ceramics was promising, visible transmittance was not sufficiently high. Yuan et al. employed MgO and Y 2 O 3 as co-sintering aids to develop transparent AlON ceramics by reactive sintering [416]. The sintering aids and sintering time influenced the densification and allowed the optical performance of the AlON ceramics to be effectively optimized. Moreover, co-doping with MgO and Y 2 O 3 promoted densification more efficiently than single-doping with either MgO or Y 2 O 3 . After sintering in N 2 at 1950 °C for 12 h, 1-mm thick samples of the AlON ceramics doped with 1 wt% MgO and 0.08 wt% Y 2 O 3 exhibited 60% in-line transmittance at 600 nm.

Fig. 38 .Fig. 39 .

 3839 Fig. 38. Transmittance curves of 1.1-mm thick samples of the Eu-doped Sr 1-x/

Fig. 40 .

 40 Fig. 40. (a) Photographs and (b) in-line transmittance curves of 1-mm thick samples of the transparent AlON ceramics derived from powders milled for 12 h and 24 h and sintered at 1850 °C for 360 min. Reused from [420], Copyright © 2016, Elsevier.

  . In the study by Yang et al., Y 2 O 3 , MgO, and Al 2 O 3 were used as sintering aids in order to increase the densification of Si 3 N 4 . Commercial powders of Si 3 N 4 (> 95% α-phase, < 0.5 μm), MgO (10 nm), Y 2 O 3 (0.7 μm), and Al 2 O 3 (0.5 μm) were mixed by ball milling in alcohol for one day. The mixtures were then sintered by SPS with a pulse sequence of 12 on/2 off. The SPS was performed in N 2 at 1850 °C and 50 MPa for 5 min, and the heating and cooling rates were 100 °C/min and 350 °C/min, respectively. Fully dense ceramics were achieved when either Y 2 O 3 or MgO was added as a single dopant; Al 2 O 3 alone could not ensure full densification. The sintered samples consisted mainly of β-Si 3 N 4 , with grain sizes ranging from 0.29 μm to 0.37 μm, and the optical performance was closely related to the refractive indices of the additives and the thickness of the grain boundaries. The hardness and fracture toughness of the final translucent Si 3 N 4 ceramics ranged from 12.6 GPa to 15.5 GPa and 6.2 MPa m 1/2 to 7.2 MPa m 1/2 , respectively.

Fig. 41 .

 41 Fig. 41. (a) Photograph of the c-Si 3 N 4 ceramics fabricated at 15.6 GPa and 1800 °C; the division of the ruler is 1 mm and sample thickness is 0.464 mm. (b) Real inline transmittance curves of two representative c-Si 3 N 4 ceramic samples (red and blue lines). Reused from [440], Copyright © 2017, Nature Publishing Group (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

Fig. 42 .

 42 Fig. 42. (a) Representative bright-field TEM photographs of the c-Si 3 N 4 obtained at 15.6 GPa and 1800 °C, which had an average grain size of 143 nm and a maximum grain size of 400 nm; the inset is the electron diffraction pattern that confirms the random orientation of the grains. (b) Low-angle annular dark-field scanning transmission electron microscopy (LAADF-STEM) photograph of a triple junction showing no pores or triple pockets. (c) Annular bright-field scanning transmission electron microscopy (ABF-STEM) image of a disordered/amorphous intergranular film between two grains, with the left grain viewed along the [110] orientation. (d) EELS spectra at an intergranular film (top) and grain interior (bottom). Reused from [440], Copyright © 2017, Nature Publishing Group.

Fig. 43 .

 43 Fig. 43. Photograph and in-line transmittance curves of 2-mm thick samples of the transparent CaF 2 ceramics doped with different concentrations of Er and sintered at 800 °C for 2 h. Reused from [449], Copyright © 2015, Elsevier.

3. 1

 1 .1.3. Er-doped ceramic lasers. Transparent Er-doped ceramics have very low levels of quantum defects; thus, their laser behavior is due to the 4 I 13/2 → 4 I 15/2 and 4 I 11/2 → 4 I 13/2 IR transitions at 1.5 μm and 3 μm, respectively. For example, the strong absorption of Er:YAG at 1532.2 nm has been triggered by InP diode-laser pumping, which has adjacent hot-band transitions: 4 I 15/2 (2) → 4 I 13/2 (1) at 1532.1 nm and 4 I 15/2 (4) → 4 I 13/2

Fig. 45 .

 45 Fig. 45. Schematic diagram of the high-power dual-end-pumped passively Q-switched Ho:YAG ceramic laser experimental setup. Reused from [566], Copyright © 2015, Springer.

Fig. 46 .

 46 Fig. 46. Schematic diagram of the YAG/Nd:YAG/YAG fabrication process. Reused from [636], Copyright © 2015, Elsevier.

Fig. 47 .

 47 Fig. 47. Photographs of the Nd:YAG-based sandwich composite ceramic that demonstrated planar waveguide laser output: (a) top face and (b) side face. Reused from [636], Copyright © 2015, Elsevier.

Fig. 48 .

 48 Fig. 48. CIE chromaticity coordinates of the (Dy 0.03 Ce x Y 0.97-x ) 3 Al 5 O 12 ceramics under two excitation wavelengths: (a) λ ex = 327 nm and (b) λ ex = 367 nm. (c) Photographs of the transparent ceramic phosphors and resultant UV-LEDs. The marks and images labeled (1, 5), (2, 6), (3, 7), and (4, 8) represent the samples with x = 0, 0.0001, 0.001, and 0.01, respectively; the images labeled 5, 6, 7, and 8 depict the UV-excited samples (365-370 nm). Reused from Ref. [686]. Copyright © 2015, John Wiley & Sons.

  nm, and at this wavelength, the scintillation decay times of Y 2 O 3 and Sc 2 O 3 were 22 and 48 ns, respectively. The light yields of the Sc 2 O 3 , Y 2 O 3 , and Lu 2 O 3 ceramics derived from the α-ray induced pulse height spectra were 16200, 2600, and 200 ph/ 5.5 MeV-alpha, respectively. The γ-ray induced light yield of Sc 2 O 3 was 11,500 ph/MeV, which was approximately 1.4 times higher than that of the conventional BGO single crystal scintillator. This study was the first to report the light yield non-proportionality and energy resolution of Sc 2 O 3 ceramics. Transparent ceramics with perovskite structures have formed a new family of ceramic scintillators, which includes Ba(ZrMgTa)O 3 [Ba (Zr 0.25 Mg 0.25 Ta 0.5 )O 3 and Ba(Yb 0.1 Zr 0.2 Mg 0.2 Ta 0.5 )O 3 ] and (LaSr)(AlTa) O 3 [(La 0.5 Sr 0.5 )(Al 0.8 Ta 0.2 )O 3 and (Yb 0.1 La 0.5 Sr 0.4 )(Al 0.8 Ta 0.2 )O 3 ] [790].

  

  

  

Table 1

 1 al. doped high-purity commercial Al 2 O 3 nanopowder with aluminum ethoxide through a Representative transparent oxide ceramics and some of their basic physical properties.

	Chemical formula Crystal structure	Lattice constant	W m	Density (g/	T m (°C) T b (°C) Ref.
					cm 3 )			
	Al 2 O 3	Hexagonal	a =4.754 Å c =12.99 Å	101.69 3.60	2054	2980	[844,845]
	MgO	Cubic	a =4.217 Å	40.30	3.59	2852	3600	[846]
	ZrO 2	Monoclinic (RT) Tetragonal (> 1100 °C)	a =5.143 Å b =5.194 Å c =5.298 Å β = 99.218°a	123.22 5.85	2680	4300	[847,848]
		Cubic (> 1900 °C)	=5.094 Å b =5.174 Å a =5.105 Å					
	Y 2 O 3	Cubic	a =10.6 Å	225.81 5.01	2430	4300	[849]
	Sc 2 O 3	Cubic	a =9.84 Å	138.20 3.86	2403	/	[850]
	Lu 2 O 3	Cubic	a =10.393 Å	397.93 9.42	2510	/	[851]
	Y 3 Al 5 O 12	Cubic	a =12.02 Å	593.70 4.55	1950	/	[852]
	MgAl 2 O 4	Cubic	a =8.08 Å	142.26 3.60	2250	/	[853]
	3A1 2 O 3 •2SiO 2	Orthorhombic	a =7.540 Å b =7.680 Å c =2.885 Å	432.10 3.16	1840	/	[854]

Table 2

 2 Processing parameters and optical transmittance of transparent Al

	3 ceramics.	Sintering parameters
	2 O	
		No. Powder processing

3 Presintering: 1240 °C/2 h Heating rate: 40 °C/min Cooling rate: 5 °C/min HIP: 1050-1400 °C/1 h, 150 MPa

  2 

Table 3

 3 Processing parameters and optical transmittance of representative transparent sesquioxide ceramics.

	2 , there are very few reports of

Table 4

 4 Processing parameters and optical transmittance of representative transparent YAG ceramics.

	Sintering parameters
	No. Powder processing

Year 1 YAG, solid-state reaction CIP: 140 MPa Vacuum sintering: 1500-1850 °C/5 h Vacuum: 1.3 × 10 -3 Pa 82% at 600 nm [192] 1995 2 Nd:YAG (0-5 at%), 0.5 wt% TEOS, solid-state reaction Vacuum sintering: 1700-1850 °C/16 h Vacuum: 6 × 10 -6 x Al 5 O 12 (x = 0, 0.18, 0.9, 1.5, 3.0), 0.5-1.0 wt% TEOS, solidstate reaction CIP: 250 MPa Vacuum sintering: 1780 °C/20 h Vacuum: 10 -3 CIP: 250 MPa Vacuum sintering: 1500-1750 °C/50 h Vacuum: 10 -3 CIP: 210 MPa Vacuum sintering: 1820-1840 °C/8 h Vacuum: 10 -6 CIP: 200 MPa/5 min Vacuum sintering: 1820 °C/8 h 84.4% at 1064 nm [203] 2018 10 Nd:YAG, solid-state reaction Vacuum sintering: 1500 °C/3 h HIP: 1500-1700 °C/3 h, 9.8-196 MPa Vacuum sintering: 1750 °C/20 h 57% at 1000 nm [856] 1996 11 Nd:YAG, 0.02-0.14 wt% TEOS, solid-state reaction, tape casting CIP: 200 MPa Vacuum sintering: 1600-1700 °C/2 h Vacuum: 5 × 10 -3 12 Nd:YAG (0.2 at%), 0.5 wt% TEOS, coprecipitation Calcination: 1100 °C/24 h CIP: 200 MPa Vacuum sintering: 1450 °C/20 h Annealing: 1450 °C/20 h HIP: 1700 °C/2 h, 200 MPa Annealing: 1250-1450 °C/10 h

  Boulesteix et al. mixed commercial α-Al 2 O 3 (> 99.99%), Y 2 O 3 (> 99.99%), and Nd 2 O 3 (> 99.99%) powders to obtain Y 2.94 Nd 0.06 Al 5 O 12 , 2 at% Nd:YAG, using a normal ball milling process.

  . Commercial powders of MgO and Nb 2 O 5 were mixed and calcined at 1150 °C for 4 h to form MgNb 2 O 6 , and the MgNb 2 O 6 powder was mixed with La 2 O 3 , TiO 2 , and PbO (2 wt% excess). The mixtures were calcined at 880 °C for 4 h after heating at 200 °C/h. A planetary ball mill was used to mill the calcined powders at 500 rpm for 20 min in distilled water. Stabilized zirconia

  Chu et al. also used HP to produce transparent (Pb 0.97 La 0.02 )[(Zn 1/3 Nb 2/3 ) 0.3 (Zr 0.53 Ti 0.47 ) 0.7 ]O 3 (PLZnNZT) ceramics from oxide precursors, adding 2 wt% excess PbO[356]. The final PLZnNZT ceramics had a dense perovskite structure with a distorted cubic-like symmetry and large grains, and this structure exhibited normal ferroelectric-like dielectric behavior with slightly diffuse ferroelectric characteristics.

The maximum transmittance, 53%, was reached at 850 nm. In another study, Huang et al. used BaTiO 3 (BT) to stabilize PZN in a PZN-0.15BT solid solution

  2.1.8. Other oxide ceramics 2.1.8.1. Pyrochlore oxide ceramics. Recently, various other oxide ceramics have emerged in the open literature. For example, transparent ceramics of spinel without Mg, have been fabricated, e.g., zinc spinel (ZnAl 2 O 4 ) [374-378]. Complex oxide transparent ceramics with a pyrochlore crystal structure, such as Lu 2 Ti 2 O 7 [379-381], Lu 2 Zr 2 O 7

  Transparent Eu 3+ -doped La 0.8 Gd 1.2 Hf 2 O 7 ceramics with different Eu 3+ concentrations were fabricated by Wang et al. using vacuum sintering [394]. The Eu 3+ -doped La 0.8 Gd 1.2 Hf 2 O 7 powders were prepared from high-purity La(NO 3 ) 3 •6H 2 O, Gd 2 O 3 , Eu 2 O 3 , Hf(OH) 4 , and glycine precursor powders. First, aqueous solutions were prepared by dissolving La(NO 3 ) 3 •6H 2 O in DI water, and separately dissolving Gd 2 O 3 , Hf(OH)

  et al. developed a Nd:YAG ceramic laser at 1.3 μm [500]; the emission cross-section of the 4 F 3/2 (2) → 4 I 13/2 (1) transition at 1319 nm was approximately 0.8 × 10 -19 cm 2 at room temperature, and the slope efficiency was approximately 35%. Strohmaier et al. developed a CW Nd:YAG laser at 946 nm, which corresponds to the 4 F 3/2 (2) → 4 I 9/2

  Seeley et al. developed a Ce:GYGAG ceramic scintillator for gamma spectroscopy detectors: Gd 1.49 Y 1.49 Ce 0.02 Ga 2.2 Al 2.8 O 12

Z.Xiao, et al. 

Al 2-x Si x O 4 (x = 0.2, 0.4, and 0.5) ceramics. Reused from [399], Copyright © 2017, American Chemical Society.
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