Chapter 2
Transparent Ceramic Materials

2.1 Introduction

As stressed in previous chapter, to be transparent ceramics, materials should have
an isotropic lattice structure, i.e., cubic structure. Actually, there have been various
transparent ceramics with such a lattice structure, including simple oxides [1-9],
sesquioxides [10—19], complex oxides [20-26], and aluminum oxynitride [27-30].
However, various transparent ceramics that have noncubic lattice structures, such as
tetrahedral ferroelectric PLZT [31-33], orthorhombic mullite [34, 35], and hexag-
onal Al,O3 [36-51], emerged in recent years. To make these transparent ceramics,
various sintering techniques, including vacuum sintering, high pressure (HP) and
hot isostatic pressure (HIP), spark plasma sintering (SPS), and microwave sintering,
have been used for different materials. In order to improve the sintering behaviors
of the precursor powders, various synthesis methods, especially wet-chemical
routes, such as chemical co-precipitation, sol-gel and gel combustion, have been
employed to produce powders with ultrafine particle/grain sizes. In some cases,
special packing technologies, like tape casting, slip casting, or gel casting, have
been used to form green bodies of the transparent ceramics. For example, tape
casting is able to produce thin sheets with large sizes, while slip or gel casting
enables to form rod-like or specially shaped items. This chapter is aimed to cover
the ceramic materials that could be made to be transparent, which have been
reported in the open literature.

2.2 Simple Oxides
2.2.1 Alumina (Al,03)

The only thermodynamically stable crystallographic modification of alumina
(AlL,O3) is a-Al,O3, or known as corundum. Corundum has a hexagonal crystal
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lattice with cell parameters a = 4.754 A and ¢ = 12.99 A. The O*~ ions are arranged
in close hexagonal arrangement, with the cation AI** occupying two-thirds of the
octahedral interstitial positions [52]. It has a density of 3.95 g cm >, with melting
point of 2072 °C and boiling point of 2977 °C.

Alumina exhibits many interesting properties, such as high strength, high
hardness, and excellent corrosive resistance. This makes transparent Al,O3
ceramics a promising candidate for applications as electromagnetic windows,
transparent armor, and envelopes of HP metal halide lamps [53]. Sintered Al,O;
ceramics with submicron grain size are the hardest materials among all transparent
armors, even including sapphire. Therefore, transparent polycrystalline alumina is
believed to be a promising alternative for sapphire. Photographs of representative
Al,O5 transparent ceramics, which were processed by using SPS, are shown in
Fig. 2.1 [53].

Traditional transparent Al,O5 ceramics were prepared by sintering in hydrogen
at temperatures of generally above 1700 °C [54, 55]. The high sintering temperature
caused extensive grain growth, which in turn seriously affected mechanical strength
and hardness of the materials. Also, the large grain sizes of up to 410 um led to
significant light scattering caused by the birefringence of the coarse Al,O3 grains
[50]. Therefore, its in-line transmission was typically below 10 %. The low strength
and in-line transmission posed an almost insurmountable obstacle for their appli-
cations in fields where high transparence and good mechanical properties are
required.

Optical and mechanical properties of transparent Al,Osz ceramics are highly
dependent on their grain size and residual porosity. Various strategies have been
employed to control the grain sizes and minimize the residual porosity. For this
purpose, fine-grained transparent Al,O; ceramics have recently attracted much

Fig. 2.1 Photographs of
representative alumina
(Al,0O3) ceramics that were
spark plasma sintered at

a 1250 °C, b 1300 °C, and
c—d 1350 °C, using the
pretreated (a—c) and the
untreated Al,O3 powder (d).
Reproduced with permission
from [53]. Copyright © 2010,
John Wiley & Sons
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attention [45-51]. The fine-grained ceramics demonstrated a significant improvement
in mechanical strength and optical transparency. It has been reported that typical fine-
grained transparent Al,O5; ceramics had strength of up to 600-800 MPa and high
in-line transmission of up to 60 % [47, 49]. Various strategies and technologies have
been used to fabricate fine-grained transparent Al,O5 ceramics.

A multiple-step pressureless sintering has been used to obtain high quality
transparent Al,O5 ceramics [56]. Nanosized Al,O5 ceramics with an average grain
size of 70 nm and a relative density of 95 % were obtained by using a two-step
sintering. In this case, a-Al,0O; powders, with a mean particle size of about 10 nm
and a weak agglomeration, were synthesized by using an a-Al,O5; seeded poly-
acrylamide gel method. The densification and the suppression of the grain growth
are realized by exploiting the difference in kinetics between grain boundary dif-
fusion and grain boundary migration. The densification was promoted by the slower
grain boundary diffusion without promoting grain growth in second-step sintering.
Unfortunately, the nanosized Al,O3; ceramics were not optically transparent.

By float packing and sintering in air, transparent alumina with submicrometer
grains were obtained [57]. Commercial o-alumina powder with high purity, sub-
micrometer particle size, and narrow particle-size distribution was used as starting
material. The powder was dispersed and stabilized in a water-based suspension.
Controlled consolidation and drying by float packing led to homogeneous green
compacts, which could be densified without additives by sintering in air at 1275 °C
to transparency, while the mean grain size remained to be 0.4 pm. The in-line
transmittance at wavelengths of 300-450 nm was comparable to commercial
polycrystalline alumina tubes for lighting technologies, whose grain sizes are larger
by a factor of 40.

A method of combining injection molding and pressureless sintering in hydro-
gen was reported to manufacture transparent alumina ceramics [58]. Transparent
alumina components with small size and high precision were fabricated in such a
stable, efficient, and low-cost route. Excellent rheological properties of the feed-
stocks for injection molding were obtained through a method of powder pretreat-
ment with stearic acid induced by ball milling. The average grain size of the
sintered body was 30-50 mm, with no significant pores and abnormal grain growth
observed. The real in-line transmission was higher and more stable than those via
other forming technologies and pressureless sintering reported in the literatures.

A similar powder injection molding (PIM) was employed to produce translucent
alumina brackets [59]. For PIM, alumina precursor powders were mixed with a
binder consisting of a mixture of paraffin wax and polyethylene. After injection
molding, debinding was performed using the wicking method. Samples were sin-
tered in a vacuum at 1700 °C to achieve high density. Sintering aids, including
MgO, La;03, and Y,0;, were used to promote the densification and decrease the
porosity of the final ceramics. An improvement in translucency by promoting grain
growth during the pressureless sintering was observed. Vickers hardness, bending
strength, density, and transmittance of the fabricated items were found to be
comparable with those of the commercially available dental brackets.
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Solid loading is a critical factor to the fabrication of ceramic compacts with high
densities by using ceramic injection molding. Different from the traditional
approaches in which stearic acid (SA) was introduced just in the powder blending
process, a new strategy has been developed to prepare feedstock with a much higher
solid loading, which was up to 64 vol% by using a prior ball milling treatment of
the ceramic powders with a small amount of SA [60]. In this way, SA could be
coated homogeneously on the powder surfaces, due to the chemical reaction
induced by the ball milling treatment. Highly translucent Al,O; ceramics were
fabricated from the precursors.

Doping has been found to be an effective technique in fabricating transparent
ceramics. MgO doping, combined with pre-sintering heat treatment, was used
to accomplish a high translucency in polycrystalline Al,O3 ceramics sintered at
1700 °C in vacuum [61]. The concentrations of MgO were 140, 500, and
2500 ppm. A pre-sintering heat treatment was 800 °C for 50 h in air. It was found
that the pre-sintering heat treatment improved the sample transmittance in the
visible range (400-700 nm) significantly. This enhanced transmittance was
explained in terms of the removal of residual pores and the homogenization of the
microstructure, due to the lowering of the boundary mobility, as a result of the MgO
addition and the suppression of local densification through the pre-coarsening step.

Wet-chemical approaches have been used to fabricate transparent alumina
ceramics, which had higher homogeneous dopant distribution [62]. In this
approach, alumina powder was first mixed with metal nitrates and dispersed by
PEG-2000 as dispersant, and then the pH value was controlled by introducing the
NH;-H,0 into the suspension to favor the precipitation of Mg** and Y>* onto the
Al,O3 matrix. It is found that the dopants were smaller in size and more homo-
geneously dispersed through the chemical precipitation in the translucent alumina
sample as compared with those derived from conventional ball milling. The sam-
ples prepared by doping through chemical precipitation had much higher
transparency.

Translucent alumina ceramics were also obtained through incorporating
MgO/Y,05/La,05 additives using infiltration and gelling technique, combined with
sintering in H, atmosphere [63]. The improved microstructural homogeneity, finer
grain size, and enhanced transmission properties of infiltration processed samples
over those processed by conventional ball milling method were corroborated by
experimental results. Triple doping via infiltration appears to be significantly
beneficial for achieving enhanced transmission. The sample with a thickness of
0.75 mm exhibited a high transmittance of 36.3 % at wavelength of 800 nm.

Advanced powder compaction technologies have been widely adopted in fab-
rication of transparent alumina ceramics. For example, a slip casting method was
reported to create transparent alumina ceramics, with the addition of oligosaccha-
ride alcohol to the alumina slurry [64]. Transmittance of the Al,O3 ceramics pro-
duced by slip casting using the slurry with both NH4-PMA and oligosaccharide
alcohol was higher than that of the ceramics produced by using slip casting form the
slurry with NH4-PMA alone. The increased optical property of the ceramics was
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attributed to the low viscosity of the slurry, due to the addition of oligosaccharide
alcohol, at a high solid content.

Sintering techniques are equally important in reducing sintering temperature and
enhancing transparency of transparent ceramics. For instance, it was reported that
by HIP, the sintering temperature of Al,O5 could be reduced to 1200-1300 °C, at
which the porosity could be easily decreased to less than 0.05 % and the grain size
was suppressed to be less than 1 pum [47, 50]. Similarly, an effective method was
developed to fabricate Al,0O5; ceramics with almost 100 % relative density by using
HIP, which was combined with colloidal dispersion casting and a natural pre-
sintering step [65]. The Al,O5 ceramics prepared in this way had 60 % of relative
transparency for a 1 mm thick sample, which was enough to observe well-resolved
pictures at several kilometers through such windows. The transparent ceramics had
an average grain size of about 600 nm. The properties of transparent Al,O;
ceramics are also related to the characteristics of the starting Al,O; powders [64].

SPS has become a popular new technique to sinter alumina ceramics. A self-
doping approach, combined with SPS, was reported to prepare transparent alumina
ceramics with controlled grain growth [66]. Highly transparent Al,Os ceramics
were obtained by using SPS from both pure and aluminum ethoxide-doped pow-
ders. It was found that the porosity was reduced in the self-doped samples, when the
doping content is below 1 %. In this case, the improvement in in-line transmittance
of the ceramics could be explained by considering the grain and pore size
distributions.

A new trend in transparent ceramics is the presence of nanocomposite trans-
parent ceramics. For example, transparent alumina/ceria nanocomposites have been
developed by using SPS [67]. It was found that the ceria nanoparticles strongly
enhanced the transparency of the SPS sintered compacts, which was attributed to at
least two factors. On the one hand, the ceria nanoparticles served as powder
lubricant, increasing the initial density of the powder in the SPS die by about 15 %.
On the other hand, the ceria nanoparticles, have a very low solid solubility in the
alumina grains, so that they were located at grain boundaries, thus hindering
alumina grain growth through pinning effect. Therefore, densification could be
accomplished at 1430 °C and 80 MPa for 2 min. However, this effect was found to
be effective only at vacuum conditions.

Effects of the nature of the dopants, thermal pretreatment, and sintering tem-
perature on SPS of transparent alumina have been systematically investigated [68].
A slurry of 0-Al,O3 was doped with Mg, Zr, and La nitrates or chlorides, with
concentrations of 150-500 weight ppm and then freeze-dried to produce nanosized
doped powders (~ 150 nm). The powders were sintered by SPS to yield transparent
polycrystalline alumina ceramics. Transparency of the nanosized Al,O3 ceramics
was shown to depend mainly on the way the powder was prepared, as well as the
nature of the dopants. RIT values at 640 nm of the samples doped with ZrO,, MgO,
and La,O3 were 40.1, 44.1, and 48.1 %, as compared to 30.5 % for pure alumina.

A two-step pressing method was reported to be able to significantly improve the
optical properties of alumina ceramics with SPS at high heating rates [69]. In this
case, commercial alumina powder could be consolidated at 1150 °C at a heating
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rate of 100 °C min~'. The effects of the pressure application mode were examined,
in terms of microstructure, porosity, and optical transparency. Two ways of
application of pressure were compared. In the first case, a constant pressure of
80 MPa was applied for the entire duration of the sintering process, which was
called constant pressure. In the second case, an initial pressure of 35 MPa was
applied, which was subsequently increased to a higher level, in 3 min after the
beginning of dwelling time, i.e., two-step pressure. The application of two-step
pressure allowed for homogeneously densified translucent alumina ceramics at a
high heating rate.

The influences of SPS sintering pressure and temperature, as well as Mg, Y, and
La single or co-doping with concentrations of 75450 ppm, on the RIT and grain
size of Al,O5 ceramics, were systematically studied [70]. Using optimized sintering
parameters, RITs of >50 % could be obtained in the visible wavelength (640 nm)
for 0.8 mm thick samples for almost all the different methods. The optimized
doping was the triple dopant, showing a RIT of 57 % at a total dopant level of
450 ppm, which was the highest value among those processed by using SPS in the
open literature. It means that a combination of doping and SPS could produce
transparent Al,O5 ceramics with improved performances.

Microwave sintering is another new sintering technique that has been applied to
transparent Al,O5 ceramics [71]. With no holding at the sintering temperature,
microwave-sintered samples could reach 95 % density at 1350 °C, which was much
lower than the 1600 °C for conventionally heated samples. The microwave-sintered
sample was almost fully densified after sintering at 1400 °C, while the density of
the sample sintered through the conventional sintering was only about 50 %. It was
also found that grain growth behavior of alumina ceramics was not affected by the
way of sintering. Therefore, the enhancement in densification of Al,O; by the
microwave sintering was not attributed to the fast heating rate. However, the
microwave densification had an apparent activation energy of 85 + 10 kJ mol ",
which was much lower than the value of 520 + 14 kJ mol ™' for the conventional
sintering, implying that the densification mechanisms of the two sintering tech-
niques are different.

Mechanical strength of transparent Al,O; ceramics is closely related to their
grain size and size distribution [47, 51, 72-74]. Fine-grained transparent Al,O;
ceramics, with high optical and mechanical properties, can be developed by using
various methods and strategies, as discussed above. Mechanical strength is crucial
for certain applications, such as IR windows and armors.

Besides the applications for lighting and domes, transparent nanostructured
v-Al,O3 ceramics have various other applications, such as a humidity sensor
of y-AlLbO; [75]. Nanostructured vy-Al,O3 ceramics were prepared from
Al-Sec-Butoxide (C;,H,7AlO3) by using a sol—gel process. The sensors had a long
term stability of up to two years.



2.2 Simple Oxides 35

2.2.2 Zirconia (Zr0,)

Zirconia (ZrO,), with a density of 5.68 g cm73, melting point of 2715 °C, and

boiling point of 4300 °C, has been widely used because of its exceptional
mechanical and functional properties, such as high toughness, high oxygen diffu-
sivity, and low thermal conductivity. Based on these properties, transparent ZrO,
ceramics, especially yttria-stabilized zirconia or YSZ, have been extensively and
widely investigated. The introduction of yttria can stabilize the cubic or tetragonal
structure of zirconia with the presence oxygen vacancies, as shown in phase dia-
gram in Fig. 2.2 [76]. This improves ionic conductivity and makes stabilized ZrO,
appropriate for use as an electrolyte in solid oxide fuel cells.

Recently, polycrystalline transparent cubic yttria-stabilized zirconia (ZrO,-8 mol%
Y>03, ¢c-YSZ) ceramics have attracted increasing attention because of their unique
combination of mechanical and optical properties [77-87]. Cubic zirconia has a
refractive index of 2.2, which has never been attained in optical glasses and is higher
than other oxides. Therefore, high transparencies, together with large refractive indices
and high dielectric constants, make YSZ ceramics to be a new group of transparent
ceramics [78, 88, 89]. Figure 2.3 shows photographs of representative YZS transparent
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Fig. 2.3 Photographs of representative YZS transparent ceramics, which were made from
commercial powder with hot isostatic pressing sintering method. Reproduced with permission
from [88]. Copyright © 2008, John Wiley & Sons

ceramics, which were made from commercial powder by hot isostatic pressing sintering
method [88].

Translucent cubic zirconia (15 mol% Y,03;-ZrO,) was prepared by using a HP
hot pressing technique [80]. In this report, submicron particles of monoclinic ZrO,,
with and without stabilizing oxides of CaO or Y,03, were subjected to pressures
ranging from 0.5 to 30 kbars and sintered at temperatures ranging from 1300 to
1750 °C, at heating rates of 1000 °C h™" and cooling rates of 500 °C h™', so as to
translucent monoclinic and cubic stabilized ZrO,. Samples with near theoretical
density, including monoclinic ZrO, = 5.61 g cm >, 15 mol% CaO-stabilized cubic
Zr0, =554 ¢ cm >, and 15 mol% Y,0;-stabilized cubic ZrO, = g cm >, could be
achieved by using HP hot pressing. The samples had an average in-line light
transmittance of 12 %. An increase in grain size from 1 to 5 p was observed from
the center of the samples to their outer edge, due to the pressure gradients.

Translucent cubic zirconia (6 mol% Y,0;-ZrO,) was fabricated by using the
conventional sintering technique [81]. The precursor powder of high surface
activity with a grain size of less than 1 pm was synthesized through simultaneous
decomposition of yttrium and zirconium alkoxides. The mixed oxide powder was
consolidated by calcining at 1000 °C for 30 min. High density fully stabilized
6 mol% Y,03-ZrO, ceramics were obtained by sintering at 1450 °C. Translucent
tetragonal zirconia (3 mol% Er,O3-ZrO,) by the conventional sintering technique,
using powders synthesized through alkoxides hydrolysis method [82]. These
studies indicated that sintering process and sinterability of the starting powders are
critical parameters for translucency.

Transparent polycrystalline c-YSZ could be prepared by using hot isostatic
pressing (HIP) [79, 85]. It was found that TiO, was a good additive for developing
transparent c-YSZ by using HIP, as demonstrated by the in-line transmittance
curves of the ZrO, (10 % Y,0O;) ceramics doped with TiO, [79]. The transparent
ceramics were made from cubic stabilized ZrO, (c-ZrO,) powder by sintering at
vacuum of 1 x 107> Pa at 1650 °C for 3 h, followed by HIP treatment at 1750 °C
for 1 h at a pressure of 196 MPa. Post-thermal annealing at 1000 °C was conducted
to decolorize the as-sintered samples. The role of TiO, was regarded as a grain
growth promoter and a pore scavenger. The optical properties of these zirconia
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ceramics were comparable to those of their single crystal counterparts. In addition,
transmission performances of the ceramics were sensitive to the microstructure of
the pre-sintered compacts. Microstructural features, such as fine grains and small
intergranular pores, were critical to achieve high transparency. Therefore, high
sintering temperatures of HIP led to samples with large grains, which is not
desirable in terms of mechanical properties [79, 85].

SPS has been shown to be better than HIP in fabricating transparent c-YSZ
ceramics. For example, SPS has been used to process a nanosized cubic yttria-
stabilized zirconia (ZrO,-8 mol% Y,03) powder synthesized by using a glycine—
nitrate process combined with high-energy ball milling [76]. The powder could be
consolidated by using SPS at 1200-1350 °C for 5 min, while transparent ceramics
could be fabricated at 1300 °C. Another example was the use of HP SPS to
fabricate translucent cubic zirconia ceramics at 1000-1200 °C [89]. The total for-
ward transmittance and in-line transmittance of the SPS samples were mainly
affected by the color centers, with a limited contribution from residual pores,
whereas the changes in reflectance were only related to the porosity. Because the
number of color centers and the density of the residual pores increased with
increasing sintering temperature, the total forward and in-line transmittances of the
as-sintered zirconia ceramics were decreased.

A cost-effective technology has been reported for the development of larger
quantities of transparent cubic ZrO, ceramics [90]. The key strategy was the
application of a multistep sintering process. Yttrium-stabilized ZrO, powder was
treated by dry pressing, together with subsequent cold isostatic pressing. The
obtained ZrO, ceramics were reported to be comparable to perovskite ceramics, in
terms of optical performance. The in-line transmittance was related to thickness of
the samples. The real in-line transmissions of the unscattered transmitted light at a
wavelength of 640 nm were 57 % for 4 mm thickness, 59 % for 3 mm thickness,
and 65 % for 2 mm thickness, respectively. Due to the high refractive index of
ZrO,, the reflection losses are 12 % on both surfaces. Therefore, depending on the
sample thickness, the transmission of the 4 mm plate was 0.75 of the theoretical
maximum, while that of the 2 mm plate was 0.85. Hardness HV10 measured at a
testing load of 10 kg was up to 13 GPa, approaching the upper limit of ZrO,
ceramics. Average grain size of the ZrO, ceramics was about 5 um.

It was found that cubic ZrO, ceramic has relatively low mechanical strength,
which is <600 MPa. In contrast, tetragonal ZrO, ceramics have a strength of
>900 MPa. Also, nearly dense YSZ ceramics with a grain size of <100 nm can
exhibit a fracture toughness of about 8 MPa m'?, which is higher than a typical
cubic material with a toughness of 2.8 MPa m'?. Therefore, tetragonal ZrO,
ceramics deserve to be further developed, especially mechanical strength is an
important requirement [86, 91].

The influences of grain size and birefringence on transparency of partially Y,03-
stabilized tetragonal ZrO, (YSZ) ceramics have been systematically studied [92]. It
was confirmed that optical birefringence was the main factor that limited the
transparency of tetragonal pore-free ZrO, ceramics. The conditions to obtain
transparent tetragonal ZrO, ceramics (partially stabilized by yttria) have been
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predicted by comparing the experimental data for sintering of nanopowder with
scattering calculations. The simulations were validated well by experimental data
for tetragonal ZrO, (3 mol% Y,03) ceramics made from a powder with an initial
particle size of ~10 nm. The sintering was carried out in air and with
HIP. A maximum in-line transmission of about 77 % was observed at IR wave-
lengths of 3-5 pm in the samples.

It was found that tetragonal ZrO, ceramics with grain sizes of 50-55 nm could
be obtained by using SPS, which suppressed effectively the grain growth of the
nanosized powders [86]. These works further confirmed that dense tetragonal ZrO,
ceramics are less transparent than their cubic counterparts.

Munir et al. prepared transparent tetragonal (3 mol% yttria) and cubic (8 mol%
yttria) YSZ ceramics derived from nanosized powders using a pulsed electric
current sintering process [78]. Both the tetragonal and cubic ceramics had an
average grain size of about 50 nm. Consolidation pressure was found to show a
positive effect on the transparency of both samples. Transmittances of the samples
with 1 mm thickness in the near-infrared region were >60 % for the cubic 8 % YSZ
and >50 % for the tetragonal 3 % YSZ ceramics, representing between 70 and 80 %
of the theoretical values of the two materials. The samples had a yellowish-brown
color, which was attributed to the presence of color centers. Annealing in oxygen
improved the transmittance initially, but prolonged annealing resulted in translucent
samples.

By using powders with very fine particles, nanocrystalline 3YSZ ceramics with
grain sizes of 22-45 nm have been developed by using HIP [93]. Amorphous to
nanocrystalline ZrO,-3 wt% Y,05; powders were synthesized by using a chemical
precipitation method from mixed nitrate salt solutions. The powders were cold
pressed and pre-sintered in air for 2—6 h at temperatures of 1100-1300 °C. HIP was
carried out at 1150-1350 °C for 2-3 h at 150 MPa in argon. Fully dense pellets with
grain size of 2245 nm were formed by application of low pre-sintering tempera-
tures. However, these samples had a significant amount of monoclinic phase.

2.2.3 Sesquioxides

2.2.3.1 Yttria (Y203)

Y,03;, as a promising optical material, has excellent physical and chemical prop-
erties, such as high melting point (2430 °C), broad range of transparency (0.2—
8 um), and high corrosion resistance, with density of 5.01 g cm ™ and boiling point
of 4300 °C. Typical physical properties of Y,0O3 include thermal conductivity of
13.6 W m ! K™! at 300 K, refractive index of ~ 1.935, density of 5.04 g cm 2, and
effective atomic number of 36.7 [94]. Y,Oj3 has a cubic crystal structure with group
of Ia3, as shown in Figs. 2.4 and 2.5.

Due to its high effective atomic number and high density, i.e., 35 and
4.56 g cm 2, respectively, Y,0; could be a more effective scintillator than Yttrium
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Fig. 2.4 Crystal structure of Y,0;, which was created by using Electron Micsrocopy Software

(EMS) (version 3.3111U2008)
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aluminum garnet (YAG) [95]. Y,O5 possesses a higher thermal conductivity and a
lower thermal expansion coefficient than the widely used YAG, which is critical for
thermal management, because more heat will be generated, as laser powers continue
to increase. Other potential applications of Y,O5 transparent ceramics include
infrared domes, nozzles, refractories, components of semiconductor devices, and
efficient NIR-visible upconverter [96-98]. Due to its refractory characteristics,
Y,0j3 has been mainly developed in transparent ceramics rather than single crystals.
The first transparent yttria ceramic was reported about 50 years ago [99].

There have been quite a number of reports on Y,05 transparent ceramics by using
pressureless sintering in vacuum or in H, atmosphere [100—107]. One example is the
preparation of transparent ZrO,-doped Y,Oj3 ceramics through a combined pro-
cessing of vacuum sintering to fabricate from commercial power using aqueous slip
casting technique [103]. Figure 2.6 shows photographs of the ZrO,-doped Y,0;
ceramics with different contents of ZrO,, after sintering at 1860 °C for 8 h. The
samples with ZrO, of above 2 mol% were all highly transparent. The starting Y,0;
power had an average particle size of 2 um, which was reduced to about 0.34 pm after
ball milling in ethanol for 12 h. The powder with reduced particle size was beneficial
for densification. It was shown that 5 mol% ZrO, was the optimum concentration in
terms of in-line transmittance of the final ceramics. The optical properties of the
ceramics were attributed to the enhanced densification and suppressed grain growth
behaviors due to the presence of ZrO,.

Advanced sintering techniques, including HP [108, 109], HIP [110, 111], and
SPS [112-116], have all been employed to obtain transparent Y,O3 ceramics. For
example, transparent Y,O5 ceramics were fabricated by using HP at 1800 °C for
20 h [109]. Another example is the application of a uniaxial hot pressing to develop
Y,03 ceramics, at a maximum pressure of 40 MPa and a maximum temperature of
1580 °C [108]. Optical transparency could be optimized through a stepwise
application of pressure. The use of SPS could reduce the processing temperature of
Y,05 ceramics [116]. It was reported that the samples sintered at 1300 °C and
annealed at 1050 °C had a transmittance of 81.7 % at wavelength of 2000 nm. Due
to the low temperature, SPS is able to control the grain growth of yttria ceramics
[114]. The Y,03 specimen sintered at 1050 °C for 1 h exhibited an in-line trans-
mittance of 646 % in a wavelength range of 400-800 nm. Heating rate and
sintering temperature could be optimized to improve the optical properties of
SPS-processed Y,03 ceramics [117].

Fig. 2.6 Photographs of representative Y,O3 ceramics doped with different levels of ZrO,,
processed through the combination of slip casting and vacuum sintering. Reproduced with
permission from [103]. Copyright © 2010, Elsevier
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Various strategies, such as use of nanosized precursor powder, introduction of
sintering aids, and adoption of multiple-step sintering process, have been employed
to obtain Y,0; ceramics with relatively high density, small grain size, and high
transparency. Wet-chemical methods, such as chemical precipitation and co-pre-
cipitation, have been widely used to synthesize pure and doped Y,O5; nanopowders,
in order to achieve high sinterability [101, 118, 119].

An yttria nanopowder with an average particle size of 60 nm was synthesized by
using a chemical precipitation process [118]. Hydroxide precursor of Y,O3 with an
approximate composition of Y,(OH)sNO3;-H,O was obtained by using ammonia
water as precipitant and yttrium nitrate as the starting salt. By employing appro-
priate striking method and optimum synthetic conditions, yttrium hydroxide with a
card-house or spherical structure was formed. Normal striking-derived powders had
higher sinterability than the reverse striking-derived powders. The addition of a
small amount of ammonia sulfate in the yttrium nitrate solution could decrease the
agglomeration and particle size of the yttria powder. Nanocrystalline yttria powders
were obtained by calcining the precursor at 1100 °C for 4 h. Transparent yttria
ceramics were fabricated from the nano Y,O; powder by vacuum sintering at
1700 °C for 4 h, with optimized in-line transmittance of 52 % at wavelength of
1000 nm.

Various sintering aids, such as ThO, [105], La,O3 [106], HfO, [120], LiF [121],
and ZrO, [122], as well as their combinations [123], have been used to fabricate
transparent Y,O5 ceramics. The use of sintering aids led to Y,O5 ceramics with
small grain sizes due to the reduced sintering temperatures. Doping effect could be
enhanced, when combining with compaction and sintering techniques, such as slip
casting, vacuum sintering [103], and sintering in oxygen atmosphere [124]. With
the addition of zirconia and other additives to control the grain growth, pores could
be eliminated at a temperature of <1650 °C, deriving Y,Oj3 ceramics with an
average grain size of 1 pm [124].

Optical properties of Y,03 ceramics, doped with rare-earth ions, are of special
interest for some applications, such as solid-state lasers and scintillators [95].
Luminescence properties, such as upconversions, are also of special significance.
For instance, RE/Yb co-doped Y,0; transparent ceramics (RE = Er, Ho, Pr and
Tm), exhibited very efficient NIR-visible upconverters [96].

Through the combination of two-step sintering and vacuum sintering, trans-
parent lanthanum-doped yttrium oxide ceramics have been fabricated [100]. The
samples were first sintered at an intermediate temperature 77 (1450 °C) in air. Then,
the temperature was decreased quickly to a lower point 7, (900-1100 °C) in air and
held for more than 20 h in order to facilitate densification with limited grain growth.
Nanocrystalline yttria ceramics with a high relative density were then obtained,
which could be further densified at higher temperature 75 (1700 °C) in vacuum. The
final transparent yttria ceramics doped with 10 % lanthanum, with an average grain
size of about 25 pm, had a transmittance of 77 % at 580 nm. Microstructural
analysis results indicated that the mean particle size of the samples after the second
step was just slightly larger than that of those after the first step processing, but the
relative density was over 90 %. However, because the significant shrinkage was
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mainly observed in this step, pores were isolated by grains. Therefore, grain
boundary diffusion was thought to be the main matter transport mechanism.

A similar two-step sintering combined with HIP was reported to fabricate Y,0;
ceramics with submicron grain sizes [125]. Microhardness and fracture toughness
of the transparent yttria ceramics with an average grain size of 0.3 um made by
using the modified two-step sintering were higher than those of the ones fabricated
by using conventional sintering, by 25 and 70 %, respectively. The conventional
processing led to ceramics with an average grain size of ~300 pm. The submicron
transparent yttria ceramics exhibited a transparency of single crystals in the near-
infrared spectral region.

2.2.3.2 Scandia (Sc,05)

Sc,05 (scandia) belongs to the cubic space group IA3 [126]. Its unit cell contains
16 f.u., with 32 cations that form 24 sites of C, symmetry and 8 sites of Cy;
symmetry. The C; site is an eightfold cubic structure with two oxygen vacancies on
a face diagonal, while the Cj; site corresponds to a cube with two vacancies on a
body diagonal. The RE** dopants are assumed to occupy randomly both sites, but
the induced electric dipole transitions are allowed only for C, centers. The cationic
density (3.338 x 10?2 cm ™) is rather high compared to other oxides. Sc,03 has the
smallest lattice parameter of 0.986 nm, high melting point, high bulk refractive
index of ny = 2.0 at A = 300 nm, high band gap of 5.7 eV (corresponding to an
ultraviolet cutoff of 215 nm), high thermal conductivity of 17 W m~" K™, and high
chemical stability in alkali metal steam.

The combination of these excellent optical and thermal properties makes Sc,0;
attractive for applications as damage-resistant and high reflection materials in light-
emitting diodes and high power pulsed ultraviolet lasers. It is also very useful as
infrared transmitting devices, host materials for high power and ultrashort pulse
solid-state lasers, and heat-resistant optical windows [127-133]. Due to its high
melting point (2430 °C), it is difficult to fabricate Sc,O5 single crystal. Therefore,
transparent polycrystalline Sc,O; ceramics are expected to be more and more
important.

Vacuum sintering is the most widely used method to prepare transparent Sc,0;
ceramics, with nanosized precursor powders to provide additional benefit to ensure
high quality of the final products [127, 128, 131-135]. Various chemical routes
have been used to synthesize nanosized Sc,0O; powders. For example, a homoge-
neous precipitation method was used to synthesize nanocrystalline Sc,O; powder
[135]. A highly reactive Sc,0O5 powder was made through pyrolyzing a basic sulfate
precursor, (Sc(OH), (SO4)02-H50), at 1100 °C, which was precipitated from
scandium sulfate solution with (CH,)gN4 as the precipitant [127]. Similar reactive
Sc,05 powders were obtained through thermal pyrolysis of a scandium sulfate salt,
Sc2(S04)5°7.8H,0 [131]. The Sc,03 ceramics obtained by using vacuum sintering
have relatively large grain sizes, due to the significant grain growth during the final
stage of sintering [127, 128, 131-135].
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Fig. 2.7 Photographs of representative Er-doped Sc,O3 ceramics hot isostatic pressing two-step
sintered (HIP-TSS). Reproduced with permission from [136]. Copyright © 2010, John Wiley &
Sons

Pressure-assisted sintering techniques have been used to develop transparent
Sc,03 ceramics with smaller grain sizes. For example, HIP was used to fabricate
erbium-doped transparent Sc,O3 ceramics with an average grain size of 0.3 um,
from solution-derived nanoparticles, using a two-step sintering process [136]. The
two-step sintered ceramics showed a remarkable decrease in grain size with relative
density of over 98 % before HIP. After HIP, the Sc,O; ceramics became highly
transparent with negligible grain growth. The samples exhibited an optical trans-
mittance of about 80 %. Photographs of representative Sc,05 ceramics are shown in
Fig. 2.7.

Spectroscopic properties of Sc,Oz ceramics doped with various ions are
attractive for different applications. For instance, spectral characteristics of Ho>*:
Sc,05 transparent ceramics have been analyzed in detail [126]. Spectroscopic
parameters, including JO intensity parameters, oscillator strengths, radiative tran-
sitions probabilities radiative lifetimes and branching ratios, were obtained.
Intensity parameters of Tm>" doped transparent Sc,O5 ceramics as laser materials
have also been reported. They are potential candidates for applications in diode-
pumped solid-state laser, emitting at about 2 um [17]. Crystal field analysis of Er**
in Sc,0j3 transparent ceramics has been made, which was compared with rare-earth
ions in Y,05 [137].

2.2.3.3 Lutetia (Lu,03)

Lu,Oj3 (lutetia) has a cubic crystal structure, with a representative structure shown
in Fig. 2.8. It is an attractive host material for various activators because of its wide
band gap and favorable properties, such as phase stability, low thermal expansion,
and chemical stability. In particular, Lu,O5 is the one with the highest doping
concentration of Yb®*, while maintaining high heat conductivity, due to the
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Fig. 2.8 Crystal structure of Lu,O3, which was created by using Electron Micsrocopy Software
(EMS) (version 3.3111U2008)

comparable mass and ionic radius between Lu®* and Yb>* [138]. The superiority of
Lu,0j3 to Y,0s is its high density of ~9.42 g cm ™2, as well as the high Z number of
Lu (71), which makes Lu,O3 to have an exceptionally high stopping power for
ionizing radiation. Lu,O5 ceramics doped with Nd or Yb are promising high power
ceramic laser materials. Europium-doped Lu,O; ceramic scintillator can find
applications in digital X-ray imaging technology, due to its high density resulting in
high stopping power, efficient X-ray to visible light conversion of up to 90,000
photons MeV ™" [16], and visible emission at ~600 nm coupling well with the
silicon CCD spectral response [16, 139]. The use of an optically transparent
scintillator screen requires high transparent Lu,O3: Eu to avoid excess background
noise, loss of resolution, and scatter-induced ghosting.

A co-precipitation method was used to synthesize Lu,Oj3 ultrafine powder, which
could be used to fabricate transparent ceramics [12]. Eu-doped Lu,O53 powder was
prepared by using ammonium hydroxide (NH;'H,O) and ammonium hydrogen
carbonate (NH4HCO3) as mixed precipitant, from solutions of nitrate salts. The
precipitates were calcined at 1000 °C for 2 h, which was the optimized condition to
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Fig. 2.9 Representative photographs of mirror-polished 5 % Eu**-doped Lu,O5 ceramics sintered
at 1850 °C for 6 h, with thickness of 1 mm. Reproduced with permission from [12]. Copyright ©
2006, John Wiley & Sons

obtain precursor powder with high dispersity and desired sinterability. Highly
transparent polycrystalline Eu-doped Lu,O; ceramics with a relative density
of ~99.9 % were developed by using pressureless sintering in flowing H, at 1850 °C
for 6 h without any additives. The final ceramics with grain sizes of 50-60 um
exhibited optical transmittance in the visible light region of 600-800 nm with a
thickness of 1 mm reached 80.3 %. Figure 2.9 shows photographs of representative
Eu-doped Lu,0O3 ceramics.

HIP has been combined with vacuum sintering to fabricate Eu:Lu,0O3 ceramics
with high performances [15]. Nanosized precursor powder, synthesized by using a
co-precipitation method, was first uniaxially pressed and sintered under high vac-
uum at temperatures of 1575-1850 °C to reach relative densities of 94-99 %. The
sintered compacts were then subjected to reach full density by using HIP, which
resulted in highly transparent ceramics without the need of further air annealing.
The Eu:Lu,0; ceramics showed about four times higher light yield than com-
mercially used scintillating glass, indicating that transparent ceramics could be used
for high-energy radiography devices with improved performances. Vacuum sin-
tering above 1650 °C led to rapid grain growth prior to densification, so that the
pores were immobile. Sintering between 1600 and 1650 °C resulted in closed
porosity. Because the grains were fine, the pores were mobile during the subsequent
HIP step. As a result, fully dense Eu:Lu,0O5 transparent ceramics could be prepared
without the requirement of subsequent air annealing.

Transparent Lu,O3 ceramics have also been produced by using SPS from
commercial powders [138, 140]. Sintering conditions, such as sintering tempera-
ture, pressure, and holding time, all have effects on the density and optical prop-
erties of the final ceramics. It was found that transparency of the Lu,O5; ceramics
could be further improved by using a two-step pressure profile, combined with a
low heating rate [138]. The effects of preload pressures from 10 to 100 MPa and
heating rates from 0.03 to 1.67 K s~ on microstructures and optical properties of
the materials were investigated. The samples obtained at a preload pressure of
30 MPa at a heating rate of 0.17 K s™' had transmittances of 60 % at 550 nm and
79 % at 2000 nm, showing a significant improvement in optical properties.
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2.2.4 Magnesia (Mg0O)

MgO is has cubic crystal structure, as shown in Fig. 2.10. MgO ceramics have
excellent thermal and mechanical properties with a high melting point of 2850 °C
and low density of 3.58 g cm . It has an isotropic cubic crystal structure, which
meets one of the requirements to be transparent. Polycrystalline infrared-transparent
MgO is a potential substitute for sapphire IR windows and protectors for sensors.
Due to the high sintering temperature required for full densification of MgO, fab-
rication of transparent MgO ceramics is still a challenge. Almost all techniques
discussed above have been used to prepare transparent MgO ceramics [3].

LiF is a popular sintering aid for the fabrication of transparent MgO ceramics.
One example is the development of transparent MgO ceramics from commercial
powder [4]. The commercial MgO powder had very high purity, high surface area,
fine crystallites, and low aggregation. LiF suspended in 2-propanol was added to
the nano-MgO powder at content levels of 2 and 4 wt%. After compaction, the
pellets were burnout binder and then were loaded in a graphite die for hot pressing
carried out in Ar at 45 MPa, at heating rates of 3 or 10 °C min~". Figure 2.11 shows
photographs of representative samples of the transparent MgO ceramics.

The addition of LiF as sintering aid could reduce the sintering temperature of
MgO transparent ceramics [141, 142]. It has been acknowledged that densification

Fig. 2.10 Crystal structure of MgO, which was created by using Electron Micsrocopy Software
(EMS) (version 3.3111U2008)
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Fig. 2.11 Photographs of representative as-annealed MgO ceramics fabricated through hot pressing
of the nano-MgO powder containing 4 % LiF at 1100 °C for 1 h in Ar, with sizes of 12.7 mm in
diameter and 0.5 mm in thickness. Reproduced with permission from [4]. Copyright © 2004, Elsevier

of MgO with LiF was enhanced due to the formation of a liquid phase, which acted
initially as a lubricant for the rearrangement of the MgO particles and later as a
material transport medium to support pressure-enhanced liquid phase sintering
[143].

Although sintering aids can be used to reduce the sintering temperature of MgO,
they could have negative effects on the intrinsic properties of MgO. It was dem-
onstrated that transparent MgO ceramics could be at 1600 °C by a HIP technique,
without using sintering aids [144]. Before HIP, MgO compacts were obtained by
using pressureless sintering. A nonagglomerated MgO powder with an average
primary particle size of 57 nm was used as precursor. The relative density and
average grain size of MgO compact pressureless sintered at 1600 °C for 5 h were
96.7 % and 10.7 pm, respectively.

Transparent MgO ceramics have also been fabricated by using SPS [1].
As-received commercial powder was put into graphite die with an inner diameter of
12 mm, and prepressed to 150 MPa before heating. The pressure was then reduced
to 10 MPa during the heating procedure. The pressure was increased to 100 MPa
within 20 s upon reaching the final sintering temperature. The sintering was con-
ducted at that temperature for 5 min hold. Lower sintering temperatures were used,
when a high pressure of 150 MPa was applied for 3 and 5 min during the sintering.
With SPS, fully dense optically transparent MgO ceramics from nanocrystalline
powders could be produced at 800 °C and 150 MPa for 5 min.

A simple pressureless sintering was applied to MgO transparent ceramics [3].
The powder used in this study was synthesized by using a chemical precipitation
method. Magnesium nitrate hexahydrate (Mg(NO5),-6H,0, 98 % purity), ammo-
nium hydrogen carbonate (NH4HCOj3;), and ammonium hydroxide (NH4OH,
28.0 %) were used the precipitation. The precipitate was aged for 24 h, before
centrifugation, washing, and drying. The dried powder was then calcined at various
temperatures for 2 h. The powder calcined at 700 °C for 2 h was used to obtain
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MgO ceramics. The MgO green bodies were sintered at 1400 °C for 2 h in ambient
atmosphere. The as-sintered MgO ceramics had a relative density of 98.1 % with an
average grain size of 6 pm and an average hardness of 6.8 GPa [3].

2.3 Complex Oxides
2.3.1 Garnet

Yttrium aluminum garnet (Y;Als01, or YAG) is a crystalline material of the garnet
group. It is also one of the three phases of yttria—aluminum compounds, while the
other two are yttrium aluminum monoclinic (YAM) and yttrium aluminum
perovskite (YAP), as illustrated in the binary phase diagram of Y,O5 and Al,Oj3 in
Fig. 2.12. YAG has a cubic crystal structure and belongs to the isometric crystal
system [145]. Crystal structure of YAG with the three cationic sites, i.e., dodeca-
hedral, octahedral, and tetrahedral, is schematically shown in Fig. 2.13, while a
more comprehensive crystal structure is illustrated in Fig. 2.14.

Due to the centrosymmetric cubic crystalline structure, its optical properties are
isotropic. Owing to its high thermal stability, stable chemical properties, and unique
homogenous optical properties, transparent YAG ceramics are not only an impor-
tant high-temperature structural material, but also an excellent host material for
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Fig. 2.13 Crystal structure of
YAG with the three cationic
sites: dodecahedral,
octahedral, and tetrahedral
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fluorescence application and high power solid-state lasers [146]. Nd- and Er-doped
YAG ceramics are typical laser materials. Ce-doped YAG (Ce:YAGQG) is used as
phosphor in cathode ray tubes and white light-emitting diodes and as scintillator.
Since the first report on transparent polycrystalline Nd:YAG ceramics for laser
media by Ikesue et al. [147] in 1995, extensive attentions have been paid to the
development and fabrication of YAG ceramics [148].

Solid-state reaction (SSR) has been widely used to fabricate transparent poly-
crystalline YAG ceramics. The most cost-effective SSR is the use of commercial
oxide powders. For example, mixture of commercial a-Al,03 and Y,O5; powders,
together with tetraethoxysilane (TEOS) and MgO as sintering aids, was used as
precursors to prepare transparent YAG ceramics through SSR [149]. The mixture
was made by using ball milling. The milled mixture was dried and compacted.
Pressed samples were sintered from 1500 to 1750 °C in vacuum. Figure 2.15 shows
XRD patterns of the green body (YAG composition, Y:Al = 3:5) after vacuum
sintering at different temperatures for 10 h. As stated earlier, the Al,O3-Y,0;
system experienced three phases during the reaction or reactive sintering, i.e.,
monoclinic phase (YAM, Y4AL,Oy), perovskite phase (YAP, YAIO;), and cubic
phase (YAG, Y3Al50,). Phase compositions and formation temperature ranges for
each composition are described as follows:

2Y,0; + ALO3 — Y4ALOg(YAM) 900—1100°C (2.1)

Y4ALOy + ALO; — 4YAIO5(YAP)  1100—1300°C (2.2)
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Fig. 2.14 A schematic of crystal structure of YAG, which was created by using Electron
Micsrocopy Software (EMS) (version 3.3111U2008)

3YAIO; 4+ ALO; — Y3Als015(YAG)  1400—1600°C (2.3)

Undoped YAG transparent ceramics are usually prepared by using vacuum sin-
tering, HP, and SPS. A YAG precursor powder was synthesized through a
co-precipitation method using ammonium hydrogen carbonate as precipitant, which
could be used to develop transparent YAG ceramics by using vacuum sintering at
1700 °C for 1 h [150]. With the mixture of Y,03 and Al,O3; commercial powders,
YAG transparent ceramics could be obtained by using HP at 1750 °C for 4 h at a
pressure of about 300 atm [151]. SPS was applied to fabricate YAG transparent
ceramics at 1400 °C for 3 min starting from nanocrystalline YAG powders [23]. In
this case, fully dense and transparent polycrystalline cubic YAG ceramics with
micrometer grain sizes were obtained. Nanosized YAG transparent ceramics have
also been developed by using HP sintering process [152]. The nanostructured YAG
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Fig. 2.15 XRD patterns of the samples for the preparation of YAG sintered at temperatures of
1000-1500 °C for 10 h. Reproduced with permission from [149]. Copyright © 2014, Elsevier

compacts were prepared at high pressure and modest temperature, or HPMT,
2.0-5.0 GPa and 300-500 °C. Prior to sintering, pellets were also heat treated in
vacuum. After the samples were treated at 2.0-5.0 GPa and 300-500 °C for 30 min,
the pressure was reduced to ambient pressure, and then the samples were quenched
to room temperature at a cooling rate of ~ 15 °C min~'. The temperature was found
to be sufficiently low to prohibit the grain growth of the YAG ceramics, which is
beneficial for improvement in mechanical properties.

For practical laser applications, YAG ceramics should be doped with different
elements. For example, highly transparent polycrystalline Er**:Y;Al50,, (Er:YAG)
ceramics with concentrations of Er** jon from 1 to 90 % were prepared by the SSR
and the vacuum sintering technique [153]. In-line transmittances of mirror-polished
Er:YAG ceramics were all up to 84 % at 1100 nm wavelength, which were
attributed to high density of the samples.

A two-step sintering process was developed to synthesize Nd:YAG ceramics
[154]. In this two-step sintering process, the furnace temperature was first arisen to
a higher temperature 77 (1800 °C), at a heating rate of 10 °C minfl, and then
the temperature was rapidly decreased to a certain sintering temperature 7,
(1550-1750 °C) for 1-8 h in a vacuum graphite tube furnace at 1.0 x 107> Pa
during the holding process. The transparent ceramics prepared by using this method
exhibited pore-free and homogeneous microstructure, with transparency of up to
84.98 % at the visible and near-infrared band and 87 % in the mid-infrared
wavelength range. The absorption cross section of a 0.3 % Nd:YAG sample at
808 nm was 5.47 x 10°>° cmz, while the emission cross section at 1064 nm was
4.66 x 107" cm’.
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To achieve full density and highest transparency, YAG ceramics have also been
prepared by using sintering aids [155-159]. MgO is one of the most effective
sintering aids to produce Nd:YAG ceramics [160]. The addition of small amount of
MgO could reduce the degree of agglomeration and particle size of the Nd:YAG
precursor powders. The MgO doped Nd:YAG powders possessed better dispersion
characteristics as compared with the undoped powders. The sample with 0.01 wt%
MgO were of spherical particles of 100 nm in diameter. The well-dispersed pre-
cursor powders resulted in ceramics with homogenous microstructure. Optimized
ceramic samples exhibited transmission of 82.6 % at the wavelength of 1064 nm,
which was comparable to that of Nd:YAG single crystals. La,O3 is another
effective sintering aid for Nd:YAG ceramics [156]. The addition of 0.8 wt% La,0;
was at optimized concentration, which led to Nd:YAG transparent ceramics having
the highest transmittance in the wavelength region from 400 to 1100 nm.

Co-doping with MgO + SiO, has been found to be a promising technique to
improve the sinterability of YAGs [161, 162]. By optimizing the concentrations of
the dopants, transparent YAG ceramics with desired optical properties can be
readily achieved. For example, the Nd:YAG ceramic samples with 0.4 wt% TEOS
as the precursor of SiO, combined with 0.08 wt% MgO possessed the highest
transparency at 1064 nm [162]. It was also found that the function of SiO, was to
eliminate pores and remove secondary phases, while MgO contributed to homo-
geneous microstructure of the ceramics, which has been confirmed by scanning
electron microscopy (SEM) analysis results [157].

It is well known that the sinterability of a ceramic precursor powder is highly
dependent on various characteristics, such as particle size, size distribution, mor-
phology, and degree of agglomeration. This is also applicable to YAG transparent
ceramics [163, 164]. The effect of powder properties on the densification and
performance of YAG transparent ceramics has been systematically studied [165]. It
was observed that the YAG ceramics derived from nanosized powder exhibited
higher optical transparency, due to their smaller grain size and less residual pores.
The properties of precursor powders could be also modified by adjusting pH values
when using co-precipitation method [164]. pH values could affect the performance
of the final Nd:YAG ceramics by influencing the morphology as well as the
(Nd + Y):Al mole ratio of the powders. Optimized pH values were found in the
range of 7.9-8.2.

If the (Nd + Y):Al molar ratio was much lower than 0.6, superfluous Al,O3 was
present, while it was much higher than 0.6, superfluous Y,O3 was present which led
to intermediate phases (YAP and YAM). The powders prepared within the range of
pH value of 7.9-8.2 had (Nd + Y):Al molar ratio very close to 0.6 (0.598 and
0.603). In this case, no secondary phases were observed and fully dense Nd:YAG
ceramics with homogeneous microstructures were obtained. The conclusion was
further confirmed by the cross-sectional SEM analysis. The fracture styles of
samples with (Nd + Y):Al molar ratios of 0.576 and 0.648 are both intracrystalline,
because secondary phases and pores in them enhanced strength of the grain
boundaries. In contrast, the samples from the powders with ratios of 0.598 and
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0.603 possessed pore-free microstructure and clean grain boundaries, thus having
intergranular fracture behavior.

Other technologies used to further improve the quality of precursor powers of
transparent YAG ceramics include spray drying [166, 167] and freeze-drying
[168, 169]. High purity Al,O3, Y,03, and Nd,O; powder mixture was processed
using spray drying technology. Polyvinyl butyral (PVB) was used for granulation of
the powders and inhibition of the compositions segregation. The effect of the
addition of PVB (0, 1, 2, and 3 wt%) on the morphologies and compositions of the
spray-dried powders was evaluated. The powder with 2 wt% PVB after calcination
at 1000 °C for 2 h led to Nd:YAG transparent ceramics. Figure 2.16 shows pho-
tographs of representative samples of the Nd:YAG transparent ceramics [167].

It has been demonstrated that freeze-drying could play an important role in the
synthesis of high quality Nd:YAG nanosized powders [169]. Submicronic neo-
dymium-doped YAG (Y3Als0;,) powder was synthesized from freeze-dried pre-
cursors. The powder calcined at 1200 °C, with small crystallite size and the lowest
amount of organic residues, showed the highest sinterability. With these powder,
although color centers were detected by transmission, transparent ceramics were
obtained after a vacuum sintering at 1700 °C for 3 h and completed with a HIP
treatment at 1700 °C, 160 MPa of Ar for 90 min.

Optical properties of rare-earth doped YAG ceramics are important requirements
for practical applications, which has been a subject of numerous studied in the
literature [170-176]. For example, thermal annealing had a strong effect on optical
properties of Cr-doped YAG ceramics [170]. After annealing at high temperatures,
the absorption intensity was increased and the two peak wavelengths shifted from
430 to 600 nm to approximately 465 and 612 nm, respectively, which could be
attributed to valence changing from Cr’* to Cr**. The presence of Cr** ion was
confirmed by emission measurement.

The application of transparent Ce:YAG ceramic phosphors for white LED has
been reported widely. For instance, the Ce:YAG ceramics had a broad emission
band peaked at 530 nm due to the 5d-4f transition of Ce** [172]. The transmittances
of the samples were 70-87 % at 800 nm. The absorption coefficient and emission
intensity of Ce** were increased with increasing sample thickness. Under 465 nm
LED excitation, the color coordinates of the Ce:YAG ceramics shifted from blue
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Fig. 2.16 Photographs of representative samples of the Nd:YAG transparent ceramics.
Reproduced with permission from [167]. Copyright © 2012, Elsevier
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region to yellow region with increasing sample thickness, passing nearby the
theoretical white point in the chromaticity diagram. The highest value of luminous
efficacy of the ceramic white LED was 73.5 Im W™'. The LED’s current depen-
dence of luminous efficacy and luminous intensity for a 0.632 mm thick sample
under 465 nm LED excitation has been studied. The luminous efficacy was
decreased from 74 to 44 Im Wfl, while the luminous intensity was increased from
100 to 1550 mCd with increasing current.

When studying optical properties of transparent Eu® +:Y3A15(1,X)Sc5x012
ceramics, a reduced peak splitting of Eu’* for °Do~'F, and *Do—'F, was observed
when 10 at.% Al;, was substituted by Scs; [173]. The enhanced symmetry of the
Eu sites in YAG lattice, which resulted from the expanded YASG lattice due to the
Scs; doping, was the main reason for the reduced peak splitting.

Other garnets, such as LuzAl50;, (LuAG) and Tm3Al50O;, (TmAG), have
emerged as new members of transparent ceramics of garnet family [177-186]. Yb:
LuAG laser ceramics with different Yb** doping concentrations were fabricated by
using a solid-state reactive sintering method [182]. SEM results demonstrate that
the samples had a dense and pore-free microstructure. According to the spectro-
scopic studies, the ceramics exhibited a large emission cross section of
2.7 x 107° cm” at 1030 nm emission peak. CW laser operation of the samples
generated 7.2 W output power with 65 % slope efficiency.

2.3.2 Spinel (MgAl,0,)

The crystal structure of magnesium aluminate “spinel” (MgAl,O,) is based on an
FCC close-packed oxygen sublattice, in which a fraction of the octahedral and
tetrahedral sites is filled. It is characterized by magnesium ions tetrahedrally
coordinated with oxygen and aluminum octahedrally coordinated with oxygen. A
unit cell contains 32 oxygen ions, 16 octahedral cations, and 8 tetrahedral cations,
as shown schematically in Fig. 2.17. The polycrystalline structure of the magnesia
spinel is optically isotropic. Magnesia spinel undergoes no polymorphic transfor-
mations and hence is devoid of any thermally induced phase changes.

Spinel is transparent to electromagnetic radiation from the ultraviolet through the
mid-infrared (0.2-5.5 pm) [187—-189]. Spinel has a distinct transmission advantage
over sapphire and AION in the range of 4.5-5.5 um, a region of particular
importance for seeker and electro-optic imaging systems. The combination of
unique optical and mechanical properties makes spinel one of the most outstanding
optically transparent ceramics. Figure 2.18 shows photographs of two spinel
ceramics without and with sintering aid of LiF, which were processed by using
SPS [190].

Given its high strength and excellent transmittance properties up to the mid-IR
wavelength, spinel is a very attractive material to manufacture high performance
optical components, such as lenses, IR windows, and domes. Very good UV-VIS and
medium wavelength IR transparency coupled with high hardness and high resistance
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Fig. 2.17 Crystal structure of MgAl,Oy spinel, filled black circles—Mg site, filled gray circles—
Al site, and open circles—O site

(a)
Spmel Spinel Spmel Spmel L1F Spmel LiF

>p1n :
el Spinel L1F Spmel LiF

Spmel Spinel S

Fig. 2.18 SPS processed spinel ceramics: a undoped sample fabricated at sintering temperature of
1300 °C, at heating rate of 2 °C min~" for 30 min, applied pressure of 63 MPa, and thickness of
2 mm, b 1.0 wt% LiF-doped sample fabricated at sintering temperature of 1400 °C, with heating
rate of 15 °C min™", for 120 min, and thickness of 2 mm

to erosion make spinel an excellent material for protective windows for aircraft, ship,
and submarine IR sensors, as well as missile domes. Spinel is also very promising
for applications as windows or windshields for military vehicles such as large and
bulletproof windows, due to its mechanical and ballistic properties [191].

Since it was shown to be transparent in early 1960s, spinel has received con-
siderable worldwide attention [192, 193]. Transparent spinel is difficult to fabricate
directly from high purity precursor powders by using the conventional pressureless
sintering techniques [192-194]. Therefore, it is necessary to use HP, HIP, or SPS
[193, 195-202]. By the way, fine precursor powders, together with sintering aids,
such as B,0; [203], CaO [192], and LiF [204], have been shown to be very helpful
in developing transparent spinel ceramics.

It was reported that by using a combination process of pre-sintering and HIP,
fine-grained highly transparent spinel ceramics could be obtained from powders
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with a wide range of properties [205]. Clear transparent components with a
thickness of up to 20 mm and lateral dimensions up to 240 mm were manufactured
equally successfully from both the spinel powders with lower specific surface areas
and the nanosized powders. Recently, a similar process was developed to fabricate
spinel ceramics with large-scale production [206].

A similar two-step process, i.e., HP followed by HIP, has been used to prepare
optically transparent polycrystalline spinel ceramics [193, 195]. The effect of HP
temperature on optical properties of the final ceramics HIP sintered at 1900 °C for
1 h under a pressure of 189 MPa was studied. Three HP temperatures, 1400, 1450,
and 1500 °C in vacuum of 1072 Pa for 1 h at 50 MPa, were examined. The sample
HP pre-sintered at 1400 °C had the maximum transmittance of over 60 and 70 % in
the UV-visible and near-IR wavelength regions, respectively. The light transmit-
tance was well correlated with the microcracked grain boundary surface area per
unit volume of the samples.

Very recently, SPS has been proved to be an alternative technique for the fab-
rication of fine-grained transparent spinel. Several studies have been conducted for
enhancing the transparency by using additives [199], controlling heating rates [197,
202], or applying two-step pressure profile during sintering [196]. Although the
transparency of the spinel fabricated by SPS is lower than that by HIP at present, an
improvement for higher transmission can be made in SPS by controlling the sin-
tering parameters such as pressure, temperature, heating rate, atmosphere, and
powder preparation.

A commercial magnesium aluminate powder could be made into transparent
ceramics by using SPS, at the low heating rate of 10 °C min™~', with LiF as sintering
aid, [199]. The presence of 1 wt% LiF dopant affected dramatically the spinel
morphology, which caused the formation of large well-defined grains and thus
eliminated residual boundary phases. Therefore, relatively high levels of light
transmission could be achieved in this way.

In a separate study, the densification of a fine-grained high purity spinel was
realized for only 20 min at a low temperature of 1300 °C without any sintering aids.
For heating rates <10 °C-min~", the spinel exhibits an in-line transmission of 47 %
for a visible wavelength of 550 nm and a fracture strength of >500 MPa. The high
in-line transmission can be explained by lower residual porosity (<0.5 %) [197].

Preheating the precursor powder is a useful strategy to enhance the transparency
of spine ceramics processed by using SPS [201]. The commercial MgAl,O, spinel
powder had a purity of >99.97 % and an average particle size of 0.36 um. The
as-received powder was heated at 800—-1100 °C for 3 h in air and before subject to
SPS processing. Preheating at 1100 °C had almost no influence on final density of
the ceramics, while the particle growth during the preheating led only slight
increase in grain size, because of the large particle size of the starting powder.
Preheating at lower temperatures of <1000 °C had less effect on the microstructure,
and preheating at higher temperatures of 21200 °C made it impossible to obtain
transparent spinel with large grain sizes. Therefore, 1100 °C was the optimized
preheating temperature.
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Both the pressure sintering and SPS have the problem of contamination
[197, 199]. It has been shown that graphite contamination has a negative effect on
the optical properties of transparent spinel obtained by SPS [207]. They found that
residual porosities and second-phase graphite particles had a strong negative
influence on in-line transmittance of the ceramics. The carbon contamination was
proposed to be arisen from a CO-containing residual atmosphere during the SPS
experiments, because of the graphite configuration of the equipment. During SPS, a
rotary pump was used to generate vacuum in which the residual gases gave rise to
an atmosphere containing CO,. Such an atmosphere infiltrated the porous body at
the beginning of sintering and CO, was possibly reduced to CO at high pressure
within the shrinking pores, which was finally carbonized into particles. The pres-
ence of such carbon particles made the in-line transmittance to be less than theo-
retical value of single crystalline MgAl,O,. Therefore, special carefulness should be
taken when using pressure-aided techniques to fabricate transparent ceramics and
more systematic studies should be carried out on this important issue.

Because the performance of spinel windows is also very sensitive to the quality
of the precursor materials (both purity and morphology), there have been researches
that can be found in the open literature. To produce better spinel precursor powders,
various methods have been developed. For example, a new method has been used
to synthesize spinel powders from boehmite, in which Mg?* jon was metal
exchanged onto the surface of boehmite particles [208]. In this method, particle
size, size distribution, purity, and stoichiometry of the Mg-doped boehmite powders
could be well controlled. Such powders exhibited good sinterability and resulted in
spinel ceramics with desired optical properties.

Fine precursor powder has been synthesized by using flame spray pyrolysis to
prepare, in order to prepare high quality spinel transparent ceramics [209]. The
powder possessed excellent sinterability, allowing the attainment of very high
densification levels after the pre-sintering stage at 1400 °C. HIPing is necessary to
attain high transparency for thickness of >2 mm. The minimal HIPing conditions
(for a reasonable transparency are for specimens sintered at 1400 °C for 80 h).
A low-temperature HIP processing, 1500 °C, 3 h and 200 MPa, led to 2 mm thick
samples with a real in-line transmission of 63 % at 635 nm. The samples had an
average grain size of 2.2 pm and a hardness of 13.2 GPa.

An alternative method, by using Mg(OH),, y-Al,O5; and AIOOH, toward the
direct production of transparent MgAl,O, ceramics, was reported [210]. The
samples derived from the mixture of Mg(OH), and y-Al,O3 under optimized pro-
cessing conditions showed in-line transmittances of 84.2 + 1.0 % at 550 nm, with
thicknesses of 3.5-4 mm. Typical mechanical properties observed in the ceramics
included Knoop hardness of ~ 12 GPa, elastic modulus of ~280 GPa and biaxial
flexural strength of 85-136 MPa. There was a slight difference between y-Al,O;
and AIOOH as the precursor components.

A simple reactive method named self-heat-sustained (SHS) technique employing
metallic aluminum as one of the reactants to produce very high phase-purity
magnesium aluminate powder under rather mild experimental conditions was also
developed more recently [211]. Powders with small particle size and narrow
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particle size distribution were obtained, which could be used to fabricate spinel
ceramics with high optical performances.

Another strategy for developing transparent spinel ceramics is the use of
sintering aids. It was found that the addition of a small amount of boron oxide
(0.05-0.5 mass%) was very effective in promoting the sintering behavior of a fine
MgAl,0,4 powder processed by using HIP [203]. Experimental results indicated that
the presence of B,O5 not only reduced the sintering temperature of the precursor
powder, but also suppressed the grain growth of the ceramics which was important
to ensure high transparency. The optimal concentration of B,O3 was 0.15 wt%,
with which the samples could achieve a high optical transmittance of 80 % at 1 mm
thickness.

Besides B,03, LiF has also been widely used as a sintering aid for spinel
ceramics [212-216]. By using 1 wt% LiF, MgAl,O, transparent ceramics could be
obtained by using HP process at a temperature as low as 1550 °C for 2 h [213]. The
samples had an excellent visible transmittance of ~85 %. The effect of LiF on
sintering kinetics of MgAl,O,4 was also investigated [215]. Powders with 0, 0.5, and
1.0 wt% LiF were densified by using a vacuum HP under a range of unaxial
pressures. According to the sintering mechanisms derived from the experimental
studies, the vacuum HP processing schedule could be further optimized.

According to MgO-Al,O3 phase diagram, spinel is the only compound, as
shown in Fig. 2.19. However, the spine phase can act as a parent structure type of
solid solutions whose compositional range increases with increasing temperature.
The compositions can be expressed by the formulation of MgO'nAl,O5, with
n = 1.0 corresponding to the stoichiometry of MgAl,O,. At appropriate tempera-
tures, n can range from 0.8 (MgO-rich) to 3.5 (Al,Oj3-rich). Conceptually, as all
solid solution compositions share 1.0-spinel’s cubic crystal structure, they should
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all have the potential to be prepared as transparent, single-phase ceramics; however,
exsolution of excess alumina frequently undermines the formation of single-phase
MgO-nAl,O3 solid solution polycrystalline ceramics. It has been reported that
MgO-nAlL,O3 polycrystalline ceramics with Al-rich compositions (n > 1) possess
varied levels of light transmission at infrared wavelengths, although generally the
transmission in the visible spectrum is low. As a consequence, there has been
increasing interest in MgO'nAl,O3 ceramics with n > 1 [193, 217, 218].

Transparent spinel ceramics with a composition of MgO-1.2A1,05 have been
developed by using HP and HIP [218]. The processing consisted of HP at 1600 °C
for 5 h under vacuum and 20 MPa uniaxial load for pre-sintering and HIP at 1850 °C
for 5 h under 200 MPa in argon. The samples obtained exhibited an average in-line
transmission of 84.8 + 2.7 % at 550 nm and >82 % throughout the visible spectrum.
Final grain sizes of the ceramics ranged between 300 and 1000 um, with flexural
strength of 176.8 £ 46.2 MPa, hardness of 12.3 + 0.2 GPa, and elastic modulus of
292.9 £7.5 GPa.

A detailed study on the relationship between composition and mechanical
properties of spinel transparent ceramics has been reported [195]. In this study, HP
and HIP were also used, but with commercial MgO and Al,O; powders as the
precursor. Three compositions of MgO-nAl,O; were investigated, with n = 1:0, 1.5,
and 2.0. The spinel ceramic with MgO to Al,O3 molar ratio of 1:1 demonstrated the
highest scattering coefficient due to its highest amount of grain boundary micro-
cracking. Al,Os5 rich compositions possessed a specular transmission of 40—60 % in
the same wavelength range. The spinel ceramic with n = 2.0 exhibited the highest
fracture toughness with a mean value of ~2.02 MPa m'%. Based on their optical
and mechanical properties, the Al,O3-rich non-stoichiometric polycrystalline spinel
ceramics would be potential candidate for engineering applications requiring high
optical transparency and fracture toughness.

Other studies on spinel transparent ceramics include the effect of grain boundary
microcracking on optical performance [193], nanoporosity effect, and elimination
of precursor powders [219]. Light transmittance losses occurred when the sintered
MgAl,0,4 ceramics had microcracked grain boundaries which facilitated light
scattering [193]. It was recognized that the nanoscale pores of <100 nm could be
readily eliminated by using pressure-assisted reactive sintering of MgO—Al,O3
mixtures, starting with coarser powders with median particle sizes of 100-200 nm
instead of sintering pre-calcined raw spinel powders <100 nm [219].

Due to the special requirement in mechanical properties for some specific
applications, such as armor [220], a new direction of research on spinel transparent
ceramics appeared recently, which is nanocomposite transparent ceramics. This
concept was well demonstrated in a recent publication [221]. In this case, the
nanocomposites were MgAl,0O, spinel matrix dispersed with Si;N, nanoparticles.
The as-processed nanocomposites were found to have a high transparency of >70 %
in the critical infrared wavelength range of 3—4.5 pm and an acceptable transpar-
ency in the visible region. The optical properties of the nanocomposites remained
almost unchanged upon heat treatment at 1000 °C for 4 h in air, which, however,
resulted in a 29 % increase in the average strength, accompanied by almost
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doubling of the Weibull modulus, and an 85 % increment in the indentation
toughness. The improvements in mechanical properties after the heat treatment in
these nanocomposites were attributed to surface-oxidation-induced surface com-
pression and flaw healing.

TEM observation indicated that no residual porosity could be found in this
as-processed spinel/Siz;N4 nanocomposite. The spinel grain size is 300 nm and the
size of is about 100 nm. The nanosized SizN, particles were located both at grain
boundaries and within the spinel grains. The as-processed spinel/Siz;N, nanocom-
posite ceramics with a thickness of 2 mm showed good transparency in the visible
range, allowing to view distant objects through it. Therefore, this type of transparent
ceramics could be used for possible armor applications [221].

More recently, a nanocrystalline spinel ceramics with 50 % increase in hardness
was reported [222]. It is well known that mechanical strengthening by grain
refinement is a method, i.e., the strength and hardness of a material can be increased
by decreasing its grain size, as described by the empirical Hall-Petch relationship,
which provided a guidance to produce stronger materials. Base on this principle, an
integrated approach was developed by using nanosized spinel powder, combined
with HP and low-temperature sintering to fabricate fully dense and high purity
nanocrystalline ceramics with nanometersized grains. The Hall-Petch relationship
was confirmed by the hardness of the transparent spinel ceramics with grain sizes
down to 28 nm. As a result, the nanosized spinel ceramics exhibited a 50 % increase
in hardness without a decline in fracture resistance. More importantly, the nano-
crystalline spinel ceramics had near theoretical optical transparency. However, this
technique has a difficulty in making large-sized items.

2.4 Electro-optic Ferroelectric Ceramics

Opto-ceramics is a family of special transparent oxide materials. Their crystallog-
raphy structure is perovskite type with formulation of ABOj3, with unit cell shown
schematically in Fig. 2.20, which is tetragonal with ¢t > ar = bt. Due to its small
size, the center ion (B) could be displaced either upward or downward to form
spontaneous polarization, which is also the reason why the polarization can be
switched by the application of external electric fields. This behavior is known as
ferroelectricity.

The typical representatives of this family include Pb;_La.(ZryTii—y);-x403
(PLZT), Pb(Mg;3Nb;/3)03-PbTiO; (PMN-PT), and Pb(Zn,;Nb,;3)05-PbTiO3
(PZN-PT). The PLZT formula assumes that La substitutes for Pb>" in the A-site and
the B-site vacancies are created for electrical balance. To achieve highest trans-
parency and electro-optic coefficient, some elements, such as Ba and/or La, are
usually introduced into the solid solutions of PMN-PT and PZN-PT. Material
synthesis and properties of transparent electro-optic ceramics, including PLZT and
PMN-PT, have well been summarized and documented [223].
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Fig. 2.20 Unit cell of
perovskite ABO;, in which
the center ion (B) is displaced
upward to form a spontaneous
polarization. The center ion
can also be displaced
downward

2.4.1 PLZT Ceramics

PLZT ceramics possess much higher electro-optic coefficient than LiNbOj single
crystals. PLZT ceramics also have higher transparency than other ferroelectric
materials. Specifically, Pb(;—yLa(Zr,Ti,);-03, i.e., PLZT9/65/35, exhibits out-
standing electro-optic coefficients with little hysteresis and no remnant polarization.
Therefore, PLZT9/65/35 ceramics are potential candidates for applications in digital
light modulators and large aperture light shutters [31, 33].

Transparent PLZT ferroelectric ceramics were reported by Haertling in 1971
[32]. The quality of transparent PLZT ceramics is mainly determined by the
properties of the precursors. High quality powders should have small particle size,
narrow size distribution, and no hard agglomeration. Several wet chemistry-based
methods, such as chemical co-precipitation, sol-gel processing, and hydrothermal
processing, as well as dry method of high-energy ball milling, have been developed
to prepare PLZT powders. Moreover, special sintering techniques, such HP/HIP
and atmosphere-controlled sintering, are also very useful in fabricating high quality
transparent PLZT ceramics [32].

The sintering atmosphere is demonstrated to be important in determining the
final microstructure of the PLZT ceramic because of the volatility of lead oxide
(PbO). A controlled oxygen partial pressure sintering method was established to
obtain transparent (Pb, La)(Zr, Ti)O3 ceramics [224]. PLZT(7/60/40) ceramics with
large piezoelectric coefficients were prepared by using a two-step sintering process
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with controlled oxygen partial pressure. At the first step, the samples were sintered
under a low oxygen pressure (vacuum) at low temperature of 1150 °C, while they
were then processed under higher oxygen pressure of 0.22 MPa at higher tem-
perature (1250 °C), at the second step. Fully densified transparent PLZT ceramics
with an average grain size of 3 um could be readily fabricated in this way. The
samples possessed k, and dz3 of as high as 0.71 and 850 x 107'2 C/N, respectively.
The piezoceramics were transparent, with an optical transmittance of 15 %
(A = 610 nm), for a sample thickness of 1 mm.

Pressure sintering techniques have also been used to fabricate transparent
lanthanum-doped lead zirconate titanate (PLZT) ceramics in air and in oxygen-gas
atmosphere [31]. The microstructure of the sintered body was not uniform; it was
completely dense near the surface, but it was porous at the center. The thickness
of the dense layer increased with sintering time and oxygen-gas pressure in the
sintering atmosphere. Vaporization of PbO from the specimen surface and resultant
formation of lattice vacancies were attributed to this microstructural evolution.
Diffusion of the gas trapped in the pores was also important in determining the
thickness of the dense layer. When the PLZT specimen was sintered in air at 1200 °C
for 8 h, the thickness of the dense layer was 0.25 mm. Therefore, if the specimen
thickness was 0.5 mm, the whole specimen was dense and transparent. When the
specimen was sintered in an oxygen-gas atmosphere under the same conditions, the
specimen thickness increased markedly.

When a specimen with the same composition was sintered in argon, the thick-
ness of the dense layer decreased. Furthermore, it is apparent that the outer region
was not completely pore-free as was the case of the specimen sintered in air. On the
other hand, when the specimen was sintered in a 33 % oxygen-gas atmosphere, the
dense layer became thicker than the case of sintering in air. As the oxygen partial
pressure of the sintering atmosphere was further increased, the dense layer con-
tinued to grow until the whole specimen became dense in a pure oxygen
atmosphere.

A three-stage-atmosphere-sintering technique was used to obtain PLZT trans-
parent ceramics [225]. This technique consists of three stages: (i) sintering in an
oxygen atmosphere, (ii) elimination of pores in a carbon dioxide atmosphere, and
(iii) elimination of oxygen vacancies in an oxygen atmosphere. The experimental
results reveal that use of a carbon dioxide atmosphere effectively decreases residual
pores and improves optical transmittance. From commercially available raw pow-
ders, an optical transmittance of 51 % at wavelength of 550 nm can be achieved for
0.7 mm thick polished PLZT9/65/35 ceramics using a carbon dioxide atmosphere,
whereas the value is only 34 % without a carbon dioxide atmosphere. The
advantage of this technique is that PLZT ceramics having high optical quality can
be obtained using conventional sintering tools.

A simple and feasible repeated annealing process was available to obtain
transparent PLZT(9/65/35) ceramics [226]. The experiment was started from
nanosized powder of PLZT, which was synthesized directly from commercially
available constituent oxides by using a high-energy ball milling at near room
temperature. Transparent PLZT ceramics were obtained by annealing the samples



2.4  Electro-optic Ferroelectric Ceramics 63

pre-sintered at 1125 °C for 6 h, which was repeated for 4 times without using hot
pressing or oxygen flow. The annealing temperature was 1200 °C. The optical
properties together with the electrical characteristics of the PLZT ceramics pro-
duced in this way were comparable with the literature results. The most significant
aspect of this study is the low-cost large-scale fabrication of the PLZT nanosized
powders, which is not available by most of the wet-chemical synthesis routes.
SPS has been confirmed to be a viable technique to synthesize PLZT transparent
ceramics. An example is the preparation of PLZT(8/65/35) ceramics [227]. The
PLZT powder was synthesized by using a wet—dry combination method. Due to the
contamination of carbon from the graphite mold, the samples after the SPS sintering
should be annealed in air or oxygen. Optical properties of the samples were affected
by the SPS temperature, as well as the post-annealing temperature. It was found that
700 °C was the optimal sintering temperature when transmittance was considered.

2.4.2 Other Ferroelectric Ceramics

Pb(Mg,,3Nb,/3)03 (PMN) with perovskite structure is known as one of the best
representative relaxor ferroelectrics [228]. However, the Curie point (T¢) of PMN is
below room temperature and the synthesis of single PMN is always a challenge.
Another perovskite structure ferroelectric PbTiO5 (PT) has a high T of about 490 °C
and very phase stability. Incorporation of PT with PMN has been widely used to form
new solid solution PMN-PT, which has T of above room temperature and is easy to
be synthesized [229-234]. More importantly, PMN-PT has an isotropic minimum
energy stable structure and a higher electro-optic coefficient than PLZT (about
10-30 times). To the same index change (or phase shift), the applied voltage onto
PMN-PT could be much lower than that required when using PLZT. Moreover, the
electric hysteresis of PMN-PT can be readily minimized [229]. In addition, PMN-PT
is the most promising nonlinear optical materials because of its extremely high
electro-optic (EO) coefficient and strong photorefractive effect [235]. Its EO effect is
about 2-5 times higher than that of PLZT and nearly 100 times than that of LiNbO; at
room temperature. The remarkably good transparency over a wide wavelength range
of 500-7000 nm makes PMN-PT suitable for almost all the visible to mid-IR optical
applications.

Detailed investigation on the optical characteristics, including the electro-optic
phase modulation, electric hysteresis property, and thermo-optic coefficient,
of transparent PMN-PT electro-optic ceramics have been conducted [229].
A polarization independent PMNT electro-optic switch by using z-shifted fiber
Sagnac interferometer structure was constructed and analyzed experimentally.
Some switch performances, including thermal characteristic and different switching
frequency response, were also realized.

Preparation and characterization of transparent ceramics of La-doped PMN-
0.25PT by a two-stage sintering method from conventional raw materials were
reported in Ref. [236]. Optical characteristics of Er**-doped PMN-PT transparent
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ceramics have been investigated [237], with doping concentrations of 0.5, 1.0, 2.0,
and 5.0 mol%. Figure 2.21 shows photographs of the PMN-PT ceramics.

The presence of Er** over 0.5-2.0 mol% could enhance the optical transmittance
of the samples and modify the optical absorption near the band gap energy of the
materials. Transmittance of the undoped PMN-0.25PT in the visible region was
estimated to be 43.0 %. The transparent ceramics doped with Er’* levels of 0.5, 1.0,
and 2.0 mol% were 50, 53, and 57 %, respectively. However, the transmittance was
decreased to 28.0 % in the sample with Er** of 5.0 mol%, which was considered to
be closely related to the formation of a trace of pyrochlore phase. By the way, the
absorption edge shifted to higher energy as the doping concentrations were
<2.0 mol% and a redshift was observed in the samples with higher doping con-
centration (5.0 mol%). The observations were explained by considering the com-
bined effects of ion polarization and localized defect energy level.

Pb(Zn,;5Nb,/3)O5 (PZN) single crystal exhibits outstanding dielectric and elec-
trostrictive properties and also shows a very large electro-optic coefficient
[238-241]. However, single-phase PZN ceramics cannot be prepared due to the
thermodynamics inhibition. Therefore, it becomes a natural idea to combine PMN
and PLZT, aiming at creating new compounds with advantages of both materials,
such as excellent piezoelectric and dielectric properties, high optical transmittance
in a wide range of wavelength, and strong electro-optical effect. Transparent PZN-
PLZT ferroelectric ceramics have been prepared by using HP sintering in oxygen
atmosphere [242]. Uniform cylindrical samples with diameter as large as 50 mm
could be readily obtained. The product showed a pure perovskite phase, thin grain
boundaries, and homogeneous dense microstructures. The ceramics exhibited very
good transparency from near ultraviolet to infrared regions.

Besides ferroelectric transparent ceramics, there have also been reports on
antiferroelectric ceramics. For example, lead zirconate stannate titanate
(Pbg.o7L.ag.02(Zro.77Sn0.14Tig 09)O3, PLZSnT) ceramics by using SPS at 900-950 °C
[243]. The samples had nearly full density and fine grain size of about 300 nm.
Compared with samples made by using conventional sintering (CS), the SPS sin-
tered samples showed higher permittivity and lower dielectric loss tangent, as well
as special strain hysteresis loops similar to those of ferroelectric relaxors.
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Fig. 2.21 Photographs of the Er**-doped PMN-0.25PT transparent ceramics with a thickness of

1.5 mm. The numbers in the photographs are the Er** doping levels in mol%. Reproduced with
permission from [237]. Copyright © 2012, Elsevier
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Lead-free ferroelectric and some microwave dielectric ceramics have been made
to be transparent [244-248]. Bismuth-modified potassium sodium niobate,
Ko.48Nag 5oNb;_,Bi, 05 (x = 0.05-0.15), transparent ceramics were fabricated by a
hot pressing method [244]. Both hot pressing conditions, including pressure,
temperature, and duration, and Bi content had strong influences on densification,
optical transparency, electro-optical coefficient, and electrical properties of the
ceramics. Under the hot pressing conditions of 1060 °C for 5 h at 5.5 MPa, the
optimized Bi content was 7.5 at.%. These ceramics display good optical trans-
mission in the visible and especially in the infrared region. In visible region, the
highest transmission of a polished 0.5-mm thick plate was about 60 % at a
wavelength of 800 nm, while in infrared region, the transmission value could be
80 % at 4000 nm. The effective linear electro-optic coefficient of the ceramics was
42 pV m~". The dielectric permittivity and loss tangent of the KNNB (x = 0.075)
ceramics were 716 and 0.031 at room temperature. Representative photographs of
the ceramics are shown in Fig. 2.22.

Another group of lead-free transparent electro-optic ceramics, (KysNags)i—x
Li,Nb,_,Bi,0O3, has also been fabricated by using the similar process [245]. The co-
modification with Li and Bi was able to transfer the ceramics into a nearly cubic
structure with minimal optical anisotropy. At the same time, a diffuse phase
transformation was induced, making the ceramics to be more relaxor-like and
contain more polar nanoregions. These would reduce the light scattering by the
grains, at the grain boundaries and at the domain walls, thus leading to ceramics
with high optical transparency. For the ceramic modified with 5 mol% Li* and Bi**,
the optical transmittance reached as high as 60 % in the near-IR region. The
ceramics also exhibited a strong linear EO response, offering a large effective linear
EO coefficient of 120-200 ppm V™', Figure 2.23 shows photographs of repre-
sentative samples of the transparent ceramics.

b

Fig. 2.22 Photographs of the Kg4sNags,Nb;_,Bi,O; ceramics with different compositions:
ax=0.05,bx=0.075, ¢ x=0.10, and d x = 0.15, which were hot pressed at 1060 °C for 5 h at a
pressure of 6.1 MPa. Reproduced with permission from [244]. Copyright © 2011, Elsevier
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Fig. 2.23 Photographs of the KNNLB-x transparent ceramics: a x = 0.02, b x = 0.03, ¢ x = 0.05,
and d x = 0.07. Reproduced with permission from [245]. Copyright © 2013, Elsevier

2.5 Mullite

Mullite, a crystalline aluminum silicate phase, with a stoichiometric composition of
3A1,05°2Si0,, is a very interesting mineral constituting silicate ceramics. With an
orthorhombic crystal structure, its lattice parameters are a = 7.5785(6) A,
b =7.6817(7) A and ¢ = 2.8864(3) A. Depending on the real composition, mullite
ceramics have densities in the range of 3.11-3.26 g cm™>, with a melting point of
1840 °C. Figure 2.24 shows a binary phase diagram of SiO, and Al,Os;.

It is one of the most widely used ceramic materials because of its unique
properties, like high-temperature strength, thermal shock resistance, and low
dielectric constant [249]. It is also a good refractory material, due to its high melting
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point [250], low thermal expansion coefficient, low thermal conductivity, high
strength, and good creep resistance. Due to its low dielectric constant, ¢ = 6.7,
which is lower than 9.8 of Al,Oj;, it can be used as a promising candidate for
substrates in electronic packaging [251]. Because mullite has a coefficient of
thermal expansion (CTE) that is the closest to that of silicon (Si), it has been
acknowledged to be the most promising candidate as the substrates of Si thin film
solar cell [252-255]. Moreover, mullite can be employed as window materials,
especially at high temperatures, because it has a good transmission at high tem-
peratures in the middle infrared band. Low dielectric constant and optical trans-
mittance of fine-grained polycrystalline mullite could be a good host material of
solid-state laser activators [34].

Pore-free translucent mullite was reported in 1972 by using HP sintering at
1500-1650 °C and 30-50 MPa, and vacuum HP, with high purity submicron-mixed
oxide precursor powders derived from metal alkoxides [256]. Infrared-transparent
mullite ceramics with 72 wt% Al,O3 were obtained by using HP sintering at 1630 °C
and with 76 wt% Al,O3 by using HIP pressing at 1650 °C [257]. Visible spectrum
translucent and infrared-transparent mullite ceramics were prepared by using pres-
sureless sintering at 1750 °C [258]. Transparent mullite ceramics could also be
developed through a combination of HIP pressing and pressureless sintering using
commercial fused mullite precursor [259]. Both processing methods led to mullite
ceramics with fine-grained microstructures (mean grain size of 5-10 pum) with
equiaxed grains and a narrow grain size distribution. The pressureless sintered
mullite had a porosity of 5.5 % and a transmittance of 20 % in the VIS and NIR
ranges, while the HIP sintered mullite showed a porosity of 1 % and a transmittance
of 40 % in the VIS range and up to 80 % in NIR range. This optically translucent
mullite ceramics are suitable for optical windows in the VIS and NIR ranges [259].

Mullite ceramics, transparent in both mid-infrared and visible light regions, have
been reported by using SPS from monophasic precursors [35]. In this method, the
effects of calcination temperature, properties of precursor powders and sintering
parameters on microstructure, and optical performances of the mullite ceramics
were systematically investigated. The samples with a relative density of above
97.5 % exhibited an infrared transmittance of 75-82 % in wavelength of 2.5—
4.3 um. It was found that, as the precursor powders were calcined at temperatures of
below 1100 °C, the residual OH, H,O, and organic compound could not be com-
pletely eliminated, which in turn had negative effects on optical properties of the
final ceramics. However, if the calcination temperature was too high, the precursors
could not fully densified, due to the absence of viscous flow of amorphous phase.
At a given calcination temperature, optical transmittance of the mullite ceramics
was decreased with increasing sintering temperature above 1450 °C owing to the
elongated grain growth. In addition, microwave sintering provided a rapid heating,
accelerated mullitization, enhanced densification, and limited grain growth for
developing transparent mullite ceramics with diphasic gels [34].
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2.6 Other Oxide Ceramics

2.6.1 Newly Emerged Oxide Ceramics

Various transparent ceramics of complex oxides with pyrochlore structure,
including Lu,TiO; [260-262], Lu,Zr,O; [263, 264], LusNbO; [265, 266],
LaGdZr,0; [267], have been fabricated by using SPS. Nonmagnesium spinel
transparent ceramics, e.g., zinc spinel or ZnAl,O,4, have been reported [268-270].
Lanthanum silicate oxyapatite, with a formula of Lag33SisO6, ion-conducting
materials presenting a strong aversion against densification, has been prepared in
the form of dense transparent ceramics, by combining the beneficial use of freeze-
drying and SPS methods [271]. Another example is Sr,Yg(Si04)sO, oxyapatite
translucent ceramics, which were derived from pure powder by using SPS com-
bined with ball milling [272]. The microstructures and transmittances in the com-
pletely and incompletely densified ceramics were investigated. The ceramic sintered
at 1500 °C is translucent with 0.7 % porosity and its total forward light transmit-
tance can reach about 52 % in the infrared region. The transmittance was interpreted
based on the microstructures of the ceramic samples and the Mie scattering theory.
It was accepted previously that these ceramics cannot be processed to be transparent
by using the conventional sintering techniques.

A simple combustion method was used to synthesize LaGdZr,0O; powder, which
was then used to produce LaGdZr,O transparent ceramics by using vacuum sin-
tering at 1850 °C for 6 h [267]. The final transparent ceramics, with a density of
6.46 g cm >, had an in-line transmittance of 70.7 % at 1000 nm and a refractive
index of 2.08 at 632.8 nm. Figure 2.25 shows photographs of representative
samples of the transparent ceramics.

The starting materials were Zr(NOs5)4:3H,O, La(NO3);-6H,0, and glycine.
Gadolinium nitrate solution was prepared by dissolving Gd,O3 (99.99 %) in excess
nitric acid solution. Stoichiometric amounts of the reactants were mixed thoroughly
to form clear solutions. After that, ammonia solution was added into the solutions,
so that their pH value was about 4. The solutions were then heated to facilitate
gelation and finally trigger the combustion. The as-synthesized precursors were
calcined at 800 °C for 2 h to obtain oxide powders. The powders were ball-milled
with zirconia balls as grinding media 20 h. After drying, the powders were cold

Fig. 2.25 Photographs of the LaGdZr,O; ceramics vacuum sintered at 1850 °C for 6 h and
annealed at 1500 °C for 5 h in air, with a thickness of 1 mm. Reproduced with permission from
[267]. Copyright © 2013, Elsevier
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isostatically pressed into pellets (@20 mm x 2.5 mm) at 200 MPa for 2 min.
The green pellets were sintered at 1850 °C for 6 h in vacuum of 10 to 10™* Pa and
then annealed at 1500 °C for 5 h in air.

2.6.2 Transparent Ceramics Derived from Glasses

More recently, a new method to fabricate transparent ceramics was demonstrated, in
which glasses with certain compositions were prepared first and then converted to
transparent ceramics by using simple annealing at very low temperatures in air.
Such transparent ceramics include BaAl,0; [273], Sr3Al,O¢ [274], and Sty ,pAls,,
Si,—Og (0 < x < 0.4) [275], which will be discussed in the following part.

The first example is barium aluminate, BaAl,O,, which had two orthorhombic
polymorphs with micrometer grain size and both were optically transparent in the
visible region [273]. Starting precursor materials of BaCO; (>99.8 % purity) and
Al,O3 (>99.997 % purity) were weighed, mixed in a 1:2 molar ratio, and pressed
into pellets. Glasses with that composition were first prepared by using an aero-
dynamic levitator with a conical nozzle equipped with two CO, lasers. A single
glass bead was obtained by melting the mixed precursor pellet of ~0.1 g at 2100 °C,
followed by rapid quenching. The glassy beads were then crystallized into trans-
parent ceramics by annealing in air. Crystallization temperatures were selected
according to the differential scanning calorimetry (DSC) measurements. Figure 2.26
shows photographs of the glass and the two ceramic samples, together with the two
crystal structures and thermal analysis result of the glass sample.

The method was also applied to the conversion of SrzAl,O¢ and Sr3Ga,Og
glasses [274]. The Sr3Al,0¢ and Sr;Ga,Og glasses were first synthesized from high
purity SrCO3 (99.99 %), Al,03 (99.98 %), and Ga,03 (99.99 %) using the method
as discussed above. For doped samples, Eu,03, Er,O3, Ho,O5 and CeO, oxides
were used. The starting materials were made into pellets and then melted to form
glasses. Full glasses were finally annealed at 840 °C for 5 h in air to be converted
into transparent ceramics.

Figure 2.27 shows a photograph of the Sr;Al,O¢ polycrystalline ceramics
obtained by full crystallization from the glasses, together with transmission curve. It
was highly transparent in the visible region, covering a wide range from the visible
to infrared ranges, i.e., 300 nm—6 pm. The absorption below 300 nm was due to the
optical band gap absorption of the strontium aluminate, whereas the absorption
observed around 3 um corresponds to moisture in the sample, i.e., O—H bonds. The
difference between the measured transparency and the theoretical maximum value
of 87.4 £ 0.5 % for an average refractive index of 1.70 + 0.02 was very small in the
visible range and was negligible in the IR range, which implied that there were only
limited number of scattering centers within the polycrystalline ceramics.
Furthermore, luminescence of the Sr3Al,Og:Eu®* and Sr;AlL,O¢:Er’* ceramics, with
strong emissions in the visible and infrared ranges, was observed. The Sr3Al,Og:
Ce®* ceramics exhibited scintillation properties under X-ray excitation.
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Fig. 2.26 Top panel: dense ~1.5 mm thick disks of the BaAl,O; parent glass sample,
a-polymorph and B-polymorph transparent ceramics. Middle panel Crystal structures of the a- and
B-BaAl,O; polymorphs. The corner-sharing AlO, tetrahedra form channels occupied by barium.
The two polymorph frameworks are not structurally related, but both of them exhibit structural
anisotropy. The tricluster oxygen ions appear in green. Bottom panel Differential scanning
calorimetry measurement of the BaAl,O, glass showing the glass transition at 909 + 1 °C and a
strong exothermic peak corresponding to crystallization of the o phase at 958 £ 1 °C followed by a
broader second exothermic peak corresponding to the a- to B-BaAl,O; transition at 1080 + 1 °C.
Reproduced with permission from [273]. Copyright © 2012, John Wiley & Son

The latest development was to use normal glass technique to large size and flat
samples [275]. The five Sri,,»Al»,,Si,—,Og (x = 0, 0.1, 0.2, 0.3, and 0.4) poly-
crystalline ceramics were first prepared as glass materials from high purity SrCO5
(99.9 %), Al,03 (99.98 %), and SiO, (99.8 %) precursors. Stoichiometric ratios for
each composition were thoroughly mixed. The mixed powders were then placed in
rhodium/platinum crucibles and calcined at 1700 °C for 10 min in a preheated
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Fig. 2.27 Transmission spectra of the Sr;Al,O¢ transparent polycrystalline ceramic (obtained
from a 1.5 mm thick sample). The dotted black line corresponds to the theoretical maximum
transmission calculated as 87.4 % for an average refractive index of 1.70. A photograph of the
Sr3Al,O¢ material is also shown. Reproduced with permission from [274]. Copyright © 2013,
American Chemical Society

electric furnace first, and then heated to 1750 °C for 10 min and back to 1700 °C for
30 min. The samples were then cooled in air. The glasses were annealed at 1020 °C
for 3 h in air to form transparent ceramics. Representative samples and optical
properties of the transparent ceramics are shown in Fig. 2.28.

2.6.3 Multiphase Transparent Ceramics

An open question is whether binary or multicomponent systems that are from
different transparent ceramics are still transparent. Recent studies provided with
positive answers to the question [276, 277]. MgAl,O4/Ce:YAG transparent
ceramics have been fabricated by using hot pressing sintering and hot isostatic
pressing sintering techniques, with high purity yttrium aluminum garnet (YAG:Ce)
powder and MgAl,0O, powder [276]. The MgAl,0O4 powder was synthesized by
using a metal alkoxide method with magnesium, aluminum, and isopropanol as
precursors. The transparent ceramics contained both magnesium-aluminum spinel
(MgAl,04) and YAG, in which the YAG phase was dispersed uniformly in the
matrix of MgAl,O4. The grain size of YAG was about 8 um. The ceramics of 2 mm
in thickness had an in-line transmittance of >40 % at 530 nm. The main absorption
peak centered at 460 nm, indicates that the MgAl,O4/Ce:YAG transparent ceramics
could be promising fluorescent materials and have potential for application in white
LED.
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Fig. 2.28 Transparency of the Sri,,»Al,,Si,—Og (0 < x < 0.4) polycrystalline ceramics.
a Transmission spectrum measured on the sample with x = 0.2 (Sr; ;Al, ,Si; gOg) at a thickness of
1.5 mm. The n = 1.59 refractive index implies a 90.1 % maximum theoretical transparency (dashed
line). b Photograph of the same material illustrating the almost perfect 90 % transparency.
¢ Photograph of the Sry;,»Al,,Si>—,Og (x =0, 0.1, 0.2, 0.3, and 0.4) polycrystalline ceramics
showing transparency evolution along the reported solid solution. Reproduced with permission
from [275]. Copyright © 2015, American Chemical Society

2.7 Nonoxide Ceramics

2.7.1 AION

Aluminum oxynitride (AION) has a defect cubic spinel crystal structure with
chemical formula of Ala.3032—N; (2 < x <5). The addition of a small amount
of nitrogen converts the rhombohedral crystal structure of alumina into the cubic
spinel structure of AION. Nitrogen stabilizes the cubic spinel crystal structure over
a wide range of compositions. AION is optically transparent (=80 %) over the
region from near-ultra violet to visible and near-infrared wavelength of the elec-
tromagnetic spectrum. It is 4 times harder than fused silica glass, 85 % as hard as
sapphire, and nearly 15 % harder than MgAl,0, spinel. Furthermore, the cubic
structure of AION exhibits isotropic optical properties. Combined with its good
optical and mechanical properties, AION can be used in defence and commercial
applications, such as military aircraft and missile domes, transparent armors, IR
windows, hyper-hemispherical domes, laser windows, military aircraft lenses,
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semiconductor processing applications, and scanner windows. The history of
development of AION transparent ceramics has been well documented in the open
literature [278].

Over the years, several processing routes have been used to produce fully dense
transparent polycrystalline AION ceramics. Initial work was reported by McCauley
et al. [279] in 1979, using reactive sintering of Al,O3-AIN mixtures. Then the
reactive sintering technique was widely used by other researchers [280].

The conventional method for the fabrication of transparent AION ceramics
involves several steps, including synthesis of precursor AION powder, forming green
body with the powder, and then sintering in a nitrogen atmosphere at high temper-
atures (>1850 °C) for extended period (20—-100 h). AION precursor powders can be
synthesized by several methods, such as reaction of Al,O5; and AIN, carbothermal
reduction (CR) of Al,O3, SSR, plasma arc synthesis, and self-propagating high-
temperature synthesis (SHS) [281]. Among these methods, CR and SSR have been
the most widely used ones, because CR is very cost effective while SSR is extremely
simple. However, CR method has too many influencing factors, making it difficult to
synthesize pure AION powders without residual AIN or Al,O3 [282]. SSR method
requires high purity and fine AIN powders to ensure high sinterability. In this respect,
acombinational method of CR and SSR synthesis of y-AION powders was developed
[283]. Ultrafine, phase pure, and low-cost y-AION powders were easily synthesized
by using organic sucrose instead of carbon black as a reducing agent.

Highly transparent AION ceramics have been made with powders synthesized by
using direct nitridation method [284, 285]. As an example, the work of [285] is
presented here. Commercial available submicron Al,O3 (99.99 % purity) and Al
(99.95 % purity) were used as starting materials, while MgO, Y,0;3 and La,0O;
(99.99 % purity) were used as sintering additives. The reactants were dispersed in
alcohol and then vacuum dried at 80 C for 3 h. The homogeneous mixture was heated
a BN crucible to 1750 °C gradually for 3 h in flowing N,. The as-synthesized AION
powder was mixed homogeneously with 0.10 wt% MgO, 0.08 wt% Y,O; and
0.025 wt% La,05. The resulting powder was made into pellets at low pressure and
then cold isostatically pressed at 200 MPa. The green bodies were pressurelessly
sintered in a graphite furnace at 1950 °C for 12 h in nitrogen atmosphere. Figure 2.29
shows a photograph of the AION transparent ceramics sintered at 1950 °C for 12 h.

Similar to other transparent ceramics, AION ceramics have also been processed
by using various sintering techniques, such as pressureless sintering [286],
microwave sintering [27, 287], HP [288], HIP [286, 289, 290], and SPS [291]. For
example, a simple one-step pressureless sintering was proposed, using a-Al,O3 and
aluminum powder as starting material [286]. The starting material was first nitri-
dised into high activity AIN, from which Al,30,,Ns was then synthesized in situ by
reacting with a-Al,O3;. The optimal one-step pressureless sintering process was
observed to occur at 1750 °C for 2 h, which resulted in samples with flexural
strength of as high as 321 MPa.

A reactive SPS method has been developed to prepare AION transparent ceramics
[291]. Al,O3 and AIN powder mixtures were used as precursors. Reactive SPS was
conducted at temperatures between 1400 °C and 1650 °C for 15-45 min at 40 MPa
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Fig. 2.29 Photograph of the
AION transparent ceramics
sintered at 1950 °C for 12 h.
Reproduced with permission
from [285]. Copyright ©
2015, Elsevier

under N, gas flow. AION phase formation was initiated in the samples sintered above
1430 °C, according to the XRD analysis. The complete transformation from the
precursor phases (Al,O5; and AIN) to AION was observed at 1650 °C for 30 min at
40 MPa. High temperature and low heating rate were favorable to the formation of
AION. The highest value of hardness was recorded to be 16.7 GPa. The sample with
highest content of AION possessed a fracture toughness of 3.95 MPa m"~.

A two-step method to prepare AION ceramics was developed, with nanosized
Al,O3 and AIN as precursors [292]. Single-phase AION powder was obtained at
1750 °C for 4 h in flowing nitrogen atmosphere through direct reaction of the
nanosized Al,O3; and AIN. After ball milling, the powder had an average size of
several microns and showed quite high sintering activity. The high reactive AION
powder was used to fabricate transparent ceramics at 1880 °C.

By using MgO and Y,0; as sintering aids, transparent AION ceramics were
successfully prepared by solid-state reactive sintering [293]. The effects of sintering
aids and holding time on densification of AION ceramics were investigated. Co-
doping of MgO and Y,O3 was found to be more effective in enhancing the den-
sification of AION than the doping of either MgO or Y,Oj;. It was observed that, at
a given doping level of Y,0;, e.g., 0.08 wt%, transmission coefficient of the
ceramics increased with increasing concentration of MgO. A 1 mm thick sample,
co-doped with 0.08 wt% Y,03 and 1 wt% MgO, sintered at 1950 °C for 12 h in N,
atmosphere, had an in-line transmittance of 60 % at 600 nm.

The single-phase AION powder used in this experiment was obtained at rela-
tively low temperature by the solid-state reaction method with nanosized AIN
powder and nanosized alumina powder [292]. The obtained powder was ground by
ball milling and doped with Y,03. Then, it was shaped into pellets. Transparent
ceramics sintering was carried out at 2153 K (1880 °C) for 5, 10, and 20 h. Obtained
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samples for three sintering times were all transparent, while the light transmittance
of samples increased with increasing holding time at the sintering temperature. The
transmittance of the sample sintered for 20 h is 55 pct at near 5 um. X-ray diffraction
(XRD) measurement indicated that all samples were single-phase AION. The
fracture surfaces of samples from SEM analysis showed that, with increasing the
holding time, the grain size grew slightly, while the pore size and porosity decreased
rapidly, so that the transmittance increased. The pore size and the porosity were the
main factors affecting the light transmitting properties of samples.

2.7.2 Aluminum Nitride (AIN)

An effective processing method was studied to fabricate the translucent AIN
ceramics [294]. AIN ceramics with 80 mm diameter have been prepared, which
exhibited promising optical performances, e.g., transparent over wavelengths of
0.2-2.2 pm.

Transient liquid phase (TLP) sintering of CaF, additive on the densification
behaviors and microstructural development of AIN ceramics are investigated [295].
It is found that 1 wt% CaF, can effectively promote densification process.
Increasing content of CaF, results in finer grain size and slower densification during
intermediate sintering stage. XRD results show that grain boundary phase of
CaAl40O5 is formed at 1150 °C from reactions of AIN-CaF,—Al,05. With further
temperature increasing, the grain boundary phases of CA2 and CaAl;,0;g, which
were formed from the reaction between CaF, and oxide layers, experienced
transformations first into CaAl;O; above 1600 °C and into CaAl,O, at higher
temperatures. SEM and TEM results show that formed grain boundary phases can
evaporate from sintering bodies during further soaking, leaving clean grain
boundaries. The efficiency of TLP sintering mechanism is further manifested by the
preparation of transparent AIN ceramics with good combination properties.

Optical spectroscopy of Er’* doped into bulk AIN ceramics has been reported
[296]. The material was prepared by using hot press sintering of AIN with Er,O3
and (NH4)(ErF,), which yielded fully dense, translucent, hexagonal AIN. The Er**
concentration was a small fraction of a percent, and resided in multiple sites, with
one type of center dominant. A number of the energy levels of Er’* were identified
for this center. The temperature dependent fluorescence lifetime was probably
radiative, with which the stimulated emission and absorption cross section spectra
were derived for the *I;3, — “I;s/, transitions.

2.7.3 Sialon

SiAIONSs are ceramics based on the elements of silicon (Si), aluminum (Al), oxygen
(O), and nitrogen (N). They are solid solutions based on silicon nitride (SizN,4), with
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three basic forms. Each form is isostructural with one of the two common forms of
silicon nitride, i.e., B and a, and silicon oxynitride. Sialon ceramics are a special
class of high-temperature refractory materials, with high strength at both room
temperature and high temperatures, good thermal shock resistance, and exceptional
resistance to wetting or corrosion by molten nonferrous metals, compared to other
refractory materials such as, for example, alumina. Recently, with the advancement
in sintering techniques, translucent or transparent Sialon ceramics have emerged as
a new group of engineering ceramics with special optical properties.

A report is available on microstructure and properties of translucent Mg-sialon
ceramics prepared by SPS [297]. The translucent Mg-sialon ceramics were prepared
using SPS o-SizNy powders with 9 wt% AIN and 3 wt% MgO as sintering addi-
tives. Microstructural observations indicate that the optical and mechanical prop-
erties of Mg-sialon ceramics are affected by the density and o':f’-phase ratio in
sintered bodies, which are tailored by controlling the content of formed liquid phase
and optimizing the parameters of SPS in present study. The material is toughened
by the existence of a small amount of f'-sialon. The reason that the two-phase
composite does not greatly compromise optical property could be attributed to the
fine equiaxed microstructures and low content of ’-phase. Translucent Mg-sialon
ceramics achieving 66.4 % of maximum transmittance, 21.4 + 0.3 GPa hardness,
and 6.1 + 0.1 MPa m"? fracture toughness were prepared by SPS at 1850 °C for
5 min. Figure 2.30 shows photographs of representative samples of the Mg-sialon
ceramics.

Another example is (Mg, Y)-a/p-Sialon translucent ceramics processed by using
hot pressing [298-302]. Although MgO is a suitable sintering aid for the devel-
opment of translucent Mg-o/B-Sialon ceramics by using HP sintering, it is difficult
to achieve complete densification, because MgO has high viscosity and high
melting point. It has been acknowledged that Y,Oj is one of the promising sintering
aids to facilitate complete densification and provide good mechanical properties of
ceramics based on silicon nitride. Therefore, a combination of Y,O3 and MgO was
proposed to prepare Mg-a/B-Sialon ceramics [298]. It was found that the amount of
a-Sialon phase was increased with increasing content of Y,0O5; up to 1 wt%. Too
high content, e.g., 2 wt% Y,0;, B-Sialon phase was observed. Thermal
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Fig. 2.30 Photographs of the translucent Mg-sialon ceramic slices of 0.5 mm in thickness sintered
at different temperatures: a 1800 °C, b 1850 °C and, ¢ 1870 °C. Reproduced with permission from
[285]. Copyright © 2015, Elsevier
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conductivity and CTE values were increased with increasing amount of Y,Oj.
However, the presence of Y,O3 had a negative effect on transparency of the final
ceramics.

Very few works have been report on the processing and characterization of
SizNy transparent ceramics, because in principle they cannot be transparent. More
recently, a study indicated that Si;N, translucent ceramics could be obtained by
using SPS [303]. Sintering aids, including Y,03, MgO and Al,O3, were used to
promote the densification of SizN4. The density, crystal phase, microstructure,
transmittance, hardness, and fracture toughness of sintered Siz;N4 were investigated.
Highly densified sintered bodies were obtained in single Y,0; and MgO systems,
but not in single Al,O3 system. The XRD results indicated that sintered bodies were
composed of B-SizN4. The SEM images showed that all the sintered bodies had a
fine-grained microstructure with an average diameter of 0.29-0.37 Im. The thick-
ness of grain boundary was changed with additive content. The transmittance
(T) and the wavelength (1) followed the relationship of 7' & exp(—/l_zs) due to the
light scattering. The transmittance was mainly influenced by the refractive index of
additives and the thickness of grain boundary phase. The hardness and fracture
toughness of sintered ceramics were 12.6-15.5 GPa and 6.2-7.2 MPa m'?,
respectively.

2.8 Summary

Various transparent ceramics have been developed by using various sintering
technologies. Cubic crystal structure is one of the requirements for ceramics to be
transparent, which should be modified, because noncubic crystalline transparent
ceramics have been available. Furthermore, with the advancement of new sintering
technologies, especially SPS, some ceramics that cannot be made to be transparent
by using the conventional sintering methods, have emerged more recently.
Although transparent ceramics for solid-state laser applications still form the main
stream of these special materials, the number of transparent ceramics for other
applications is rapidly increasing. It is highly suggested to pay attention to the new
development of transparent ceramics, such as transparent ceramics derived from
glasses and multicomponent transparent ceramics, which are different from the
traditional transparent ceramics.
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