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The fabrication particularities of optically transparent ceramic materials for different applications are exa-
mined. The technologies used for compacting and sintering transparent ceramics are described: cold pressing
followed by sintering in different media, hot pressing, hot isostatic pressing, spark plasma sintering, and slip

casting.
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Optical materials can be used in different aggregate
states: solid, liquid, and gaseous. Polycrystalline ceramics to-
gether with glasses are solid, optically transparent materials.
Glasses that are now widely used in different industries and
everyday life possess relatively low mechanical characteris-
tics, are chemically stable, and melt at low temperatures, and
they are characterized, as a rule, by strong absorption in the
infrared range. In connection with the increasing demand in
high-tech industries and the associated development of de-
vices operating under extreme conditions — high tempera-
tures and pressures and corrosive media — there is a need for
transparent ceramic materials [1, 2].

Ceramics which are transparent in different wavelength
ranges and possess a unique combination of properties
(high-temperature stability, hardness, fracture toughness, re-
fractoriness, and resistance to corrosive media) are in great
demand in high-tech industries, such as nanophotonics,
opto-electronics, (laser technology, radiative heat transfer),
aerospace engineering, and safety systems (transparent ar-
mor), and others.

The main advantages of ceramics over single-crystals
with a similar compositions are: low production costs, com-
positional flexibility, possibility of fabricating articles with
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different shapes (including complex geometries), and large
dimensional sizes. A striking example of the application of
ceramic materials is their use instead of single crystals as
bodies for pumping solid-state lasers. The power of such la-
sers reached only 0.5 kW by 2000 (Fig. 1), because power in-
creases were limited by the quality of single crystals with
complex compositions (yttrium-aluminum garnet and others).
Such single crystals cannot be grown to large sizes without
defects appearing, which makes it impossible to increase la-
ser power. Ceramics make it possible to vary the material
compositions over a wider range of concentrations of the ad-
ditive components (Nd, Yb, Gd, and others). This makes it
possible to generate laser radiation in a wide range of wave-
lengths [3].

Actually, all transparent ceramics in contrast to single
crystals possess different absorbing and scattering centers,
such as grain boundaries, impurity phases, in-grain and
grain-boundary porosity, oxygen vacancies, and birefrin-
gence for noncubic materials [4].

The most significant adverse factor influencing the trans-
parency of ceramics is porosity. The surface of pores is an in-
terface separating sharply differing refractive indices. The
pores can be inter- or intragrain. The elimination of the
intragrain pores is a more complicated and prolonged pro-
cess than the elimination of closed intergrain pores. The
presence of impurity or glassy phases (for example, on grain
boundaries) with refractive index differing from that of the
main phase likewise reduces the transparency as a result of
light scattering. The best crystal structure is one where there
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Fig. 1. Growth of the power of solid-state lasers up to 2000 (with
single crystal pumping bodies) and after 2000 (with polycrystalline,
optically transparent, nanostructural ceramic pumping bodies).

is no refractive index anisotropy along the optic axes. For
this reason most transparent materials belong to the cubic
system, where the refractive indices of crystals along the
axes are equal to one another. In the case of a noncubic sys-
tem the size of the crystals strongly affects the scattering of
light.

The transparency of a ceramic sample is affected by,
aside from internal factors, external factors such as the thick-
ness of the sample and the quality of the surface treatment. A
rough surface promotes significant scattering, so that a typi-
cal surface must be polished to class 11 — 13 purity. Ordi-
narily, the transparency decreases with increasing thickness.
The effect of the thickness on the transparency can be mini-
mized only if the material reaches its theoretical transmission.

An important factor, aside from the one indicated, influ-
encing the transparency of a single-phase ceramic is the re-
fractive index. The higher the refractive index of the ceramic
material is, the higher the reflectivity of an absolutely
smooth surface of transparent material with decreasing inci-
dent wavelength.

The strategy for the development of transparent ceramic
consists of eliminating all possible centers of absorption and
light scattering by attaining high density (> 99.9% of the the-
oretical value), obtaining pore sizes much smaller than the
wavelength of the light, and ensuring the absence of impurity
phases in the grain boundaries, the presence of small grains
(for noncubic materials), an isotropic lattice structure, and
high-quality treatment of the surface. In this connection ex-
isting technologies for synthesis of transparent ceramics are
constantly being improved and new ones are being deve-
loped.

The technology for fabricating transparent ceramic, just
as ordinary ceramic, includes the following basic stages: syn-
thesis of powders, compaction, sintering, and final treatment.
The technologies used for synthesis of high-quality powders
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for transparent ceramics differ very little from the synthesis
of powders with a different composition, while the compac-
tion and sintering largely determine the final properties of the
transparent ceramic. Thus, in the present review we shall fo-
cus only on the technologies used for compaction and
sintering of ceramic, including cold pressing followed by
sintering in different media, hot pressing (HP), hot isostatic
pressing (HIP), spark plasma sintering, and slip casting.

The ultimate objective in obtaining any transparent ce-
ramic material is that the ceramic material must be free of
scattering centers. The microstructure is regulated by ensur-
ing that the initial raw materials have the appropriate grain
composition and providing the appropriate types and
amounts of additives and the correct firing regimes, and con-
ditions. The method of fabrication of the ceramic is based
primarily on the shape and size dimensions of the articles,
and less often on the particularities of the nature of the mate-
rial and its behavior during firing.

Pressing with Subsequent Sintering. The primary
problems of compaction of the powders for subsequent
sintering are securing uniform density over the volume of the
compact and preventing the addition of impurities contami-
nating the final product.

The most commonly used method of molding powders is
cold pressing in closed press molds at room temperature. An
external pressing pressure is used to compact powder; pow-
der compaction occurs as a result of a reduction of the vo-
lume of the pores and increased the flow of the powder;
elasto-plastic deformation of the particles and their agglom-
erates at the contact surfaces occur. Cold pressing yields a
compact which in terms of the shape and dimensions corre-
sponds to the finished article with the allowances required
for subsequent operations [5].

Pressing regimes must be optimized in each specific
case. If the pressing pressure in too low, the required density
and strength of the pressed blank may not be attained, and if
the pressure is too high, the density distribution may be non-
uniform and different types of macroscopic defects can ap-
pear when the compact is removed from the press mold ca-
vity and during subsequent sintering [5].

Aside from the conventional methods used in powder
technology of cold uni- and bidirectional pressing in closed
press molds for fabricating transparent ceramics, methods of
ultrasonic and collector methods of pressing powders, which
give uniform compaction of the powders in the absence of
any plasticizers, are also used [6].

Dry compaction of powders under ultrasonic action (UA)
makes it possible to eliminate the use of plasticizers and
binders in order to ensure a uniform density in pressing and
to influence the crystal structure of the sintered ceramic in
order to mold a material with a cubic structure. For this rea-
son the method of dry compaction of nanopowders under ul-
trasonic action is promising for the fabrication of optically
transparent ceramic. The collector method of pressing also
makes it possible to increase the uniformity of the density
distribution and mechanical stresses over the volume of the
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pressed powder by redistributing the friction forces at the
wall [7].

Injection Molding. These methods include: casting from
water or thermoplastic slips or colloidal gels followed by
sintering; centrifugal molding; ribbon molding; calendar roll-
ing; casting with congealing in thin-wall molds; and, others.

Slip casting is one of the most commonly used methods
of molding ceramic materials. In this process ceramic blanks
are molded from powders suspended in a liquid (slips). The
volume content of the liquid in the slips is up to 80%.

The suspension of powder prepared by an appropriate
method with the required fluidity (sometimes under excess
pressure) is poured into a porous mold. After the liquid me-
dium is removed (by filtering and/or burning out) the part
obtained is sintered.

The main advantage of slip casting is the possibility of
fabricating articles of practically any (complex) shape. Many
different kinds of molding technologies have been developed
for this purpose: casting onto a substrate, gel casting, injec-
tion casting from water slips, centrifugal casting, electropho-
retic casting, and colloidal slip casting. In all cases the aim is
to obtain a more uniform blank in order to minimize defects
and residual materials.

The main drawback of the slip method is the large con-
tent of introduced impurities, which cannot always be re-
moved without the formation of defects in the form of voids
and products of decomposition.

Sintering of compacts or intermediate articles is con-
ducted at temperatures somewhat below the melting point of
the main component. Sintering in the solid phase starts when
the mobility of the ions upon heating significantly intensifies
diffusion and self-diffusion processes, promoting between
ions or simply displacement of ions (or vacancies) from one
position in the crystal lattice into another. Sintering occurs
mainly as a result of an increase in the contact areas between
the powder particles and convergence of their centers (mu-
tual coalescence), caused by the system striving to decrease
the free surface energy. At the final stage of sintering the
compaction of the body occurs as a result of a reduction in
the number and total volume of the pores isolated from one
another [5].

Sintering is conducted in different media depending on
the material of the compact. To prevent the compact from in-
teraction with sintering medium the heat-treatment is con-
ducted in vacuum, in inert gases, and in reducing atmo-
spheres.

Sintering in vacuum is accompanied by migration of the
gases out of the ceramic; the volume of the sample is heated
only by heat conduction of the material, while in a gas atmo-
sphere additional heat exchange occurs via the gas mole-
cules. The climb rate of the temperature during firing in vac-
uum must not exceed the rate of temperature equalization
over the volume of the sintered material. Otherwise, a high-
density surface layer is formed and impedes the migration of
gas inclusions from the interior of the sample onto its sur-
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face. Because there is no coolant firing in vacuum can lead to
nonuniform heating of the articles, deformation of the arti-
cles, and cracking. Sintering of ceramic in vacuum is usually
accompanied by firing in air.

As a rule, sintering in vacuum is used for fabrication of
Y;Al;04,, Y505, and Sc,0; [8]. Sintering of Y;Al;0,, in
vacuum is usually accompanied by firing in the atmospheric
air.

Hot Pressing. Ceramic articles are fabricated by pressing
powders while heating them at the same time to a high tem-
perature. Thus, this method combines two processes: press-
ing and sintering.

The sintering mechanism at high pressures differs sub-
stantially from the sintering mechanism at normal pressure.
In hot pressing the compaction of the pressed material occurs
as a result of plastic flow. Such high pressure can limit grain
growth and initiate plastic deformation. As a result of the
combined action of pressure and temperature the sintering
process is possible practically up to the theoretical density at
much lower temperatures than in ordinary sintering. An ad-
vantage of hot pressing over ordinary sintering is that the
sintered material is obtained in one stage. Significant draw-
backs of hot pressing are: low capacity, short press mold life-
time, and only articles with simple shapes and comparatively
small size can be fabricated.

Hot pressing is a universal and very flexible process,
with whose help it is possible to obtain transparent ceramic
with a very wide spectrum of compositions.

In [9] hot pressing was used to obtain MgAl,O, with
density close to 100% at temperature much lower than in or-
dinary sintering.

Graphite press molds make it possible to apply high
pressures of the order of 2 — 5 GPa and lower the sintering
temperature significantly to 500 — 700 and 300 — 500°C for
the ceramics MgAl,O, ad Y;Al;0,,, respectively.

Isostatic Pressing. Isostatic pressing in hydro/gasostats
— cold (CIP) and hot (HIP) — is widely used to fabricate
transparent ceramics.

Cold isostatic pressing is a method of molding where the
body in an elastic press mold is uniformly squeezed in all di-
rections by a liquid or gas under pressure. In HIP the press-
ing occurs at high temperatures.

In these methods of pressing the density differential is
due to layers of powder rubbing against one another. How-
ever, these effects are weak for most powders, and the
pressed blank exhibits a minimal density differential over the
volume. Isostatic pressing methods make it possible to obtain
blanks with any ratio of length to transverse section, but ad-
herence to the precise shape and dimensional ratios of the
parts remains problematic.

To reduce the production costs hot isostatic pressing is
often used at the final stage of the technology. For example,
high-transparency ceramic ZrO, — 8% Y,0; and MgAl,O,
was obtained in a two stage process [10, 11]. At the first
stage presintering was conducted at low temperature, which
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Fig. 2. Model of the microstructure for removing pores by hot iso-
static pressing.

was followed by hot isostatic pressing. The visible-light
transmission of the obtained ceramic was close to that of a
single crystal. A model for removing pores in hot isostatic
pressing was proposed (Fig. 2). At low presintering tempera-
ture small intergrain pores are surrounded by a small grain,
while at high presintering temperature the pores migrate into
grains. Probably, such intergrain pores can be easily removed
during HIP.

Spark Plasma Sintering. Electric-pulse methods, such as
spark plasma sintering (Spark Plasma Sintering (SPS) or
Field Assisted Sintering Technique (FAST)), hold promise
for consolidation of powders [12]. Their principle of opera-
tion consists in a short-time powerful electric discharge pass-
ing through the powder sample in combination with the ap-
plication of mechanical pressure. As a result of the passage
of the current, the powder in the action zone is heated to very
high temperatures right up to the plasma state. A characteris-
tic feature of these electric-pulse methods is the possibility of
consolidation of the powder in a short time interval, which
makes it possible to preserve the grain size at a level compa-
rable with that of the initial powder.

One limitation of spark plasma sintering for the fabrica-
tion of transparent ceramic is nonuniform temperature distri-
bution in the consolidated body. Modeling of the temperature
distribution by means of finite-elements for hot pressing,
spark plasma sintering, and hybrid sintering FAST/Hybrid
(developed by FCT Systeme GmbH) shows a significant ad-
vantage of hybrid sintering in terms of the temperature distri-
bution over the volume of a compact [12].

Spark plasma sintering is applicable to most ceramic ma-
terials. This method can be used to obtain high-transparency
ceramic, including from birefringent materials. For example,
transparent ceramic Al,O; was sintered at temperatures from
1300 to 1400°C at pressure 80 MPa, heating rate 100 K/min,
and soaking time 3 min [13, 14].
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Aluminum-magnesia spinel MgAl,O, is an artificial
material with cubic structure, which is especially interesting
because of its optical and mechanical properties. Spinel pos-
sesses high transparency in a range from ultraviolet to
mid-IR (0.2 — 5.5 um) and high hardness values. Moreover,
ceramic from MgAl,O, possesses high chemical and thermal
stability and can be used in high-temperature sources of light
and infrared emission devices as well as in protective win-
dows. A promising application of alumina-magnesia spinel is
in the defense industry, viz. the use of ceramic as transparent
armor [15, 16].

The production of transparent ceramic based on MgAl,O,
was first mentioned at the beginning of the 1960s. Spinel was
obtained conventionally by sintering for many hours, as a re-
sult of which grain growth occurs. At present transparent
spinel with high transparency is fabricated by spark plasma
sintering, atmospheric sintering, and hot pressing with subse-
quent hot isostatic pressing.

Hot prepressing at 1400°C followed by hot isostatic
pressing at 1900°C with 1 h soaking and pressure 190 MPa
made it possible to obtain spinel with transmission 60 and
70% for the UV and near-IR ranges, respectively [17].

Spark plasma sintering makes it possible to obtain
high-transmission ceramic at much lower temperatures and
more quickly [18]. Sintering of fine-grain spinel at 1300°C
and heating rate near 10 K/min was demonstrated in [19].

Aluminum Oxide. Among transparent ceramic materials
finding quite wide applications mention must be made of ce-
ramic based on aluminum oxide Al,O;, which possesses high
transmission in the range 0.2 — 5 pum. Aluminum oxide pos-
sesses high strength hardness, and excellent corrosion resis-
tance, but it is inferior to spinel in terms of the optical pro-
perties. These properties, together with low specific mass,
present advantages for application as light ballistic protec-
tion and as a material for the envelope of a high-temperature
sodium lamp. The optical properties of transparent Al,O5-si-
licon strongly depend on the grain size, which is due to the
birefringence in ceramic with noncubic structure.

Transparent ceramic is conventionally made from Al,O,
by sintering in hydrogen at temperatures near 1700°C. The
high sintering temperature and prolonged soaking promote
grain growth, which in turn results in substantial scattering of
light and lowers the strength of Al,O5 ceramic [20 —22]. The
additives MgO, La, 03, and Y,0; are used during sintering to
decrease porosity.

Fine-grain ceramic has demonstrated considerable im-
provement of the mechanical properties and optical transpar-
ency to 600 — 800 MPa and direct light transmission to 60%
[23].

Different methods for synthesizing ceramics are used to
reduce grain size and minimize residual porosity. When us-
ing HIP, HP, or SPS the Al,O; sintering temperature can be
lowered to 1200 — 1300°C with porosity reaching 0.05% and
grain size less than 1 um [24].
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Zirconium dioxide ZrO, possesses low thermal conduc-
tivity and high strength, refractive index (about 2.2), and
high chemical inertness: up to temperatures 2000°C it does
not interact with melts, solutions of caustic alkalis, and some
acids and in contact with carbon it can be used up to 1900°C.
In an oxidizing medium it does not undergo any chemical
transformations up to the highest temperatures. The complex
of properties determines its great prospects for use of zirco-
nium dioxide based transparent ceramics at high tempera-
tures and in corrosive media [25, 26].

The tetragonal and cubic modifications of zirconium di-
oxide exhibit optical transparency. Stabilizers which are
close in terms of the atomic radius are used to preserve this
property at room temperature (yttrium oxide is the most of-
ten used stabilizer).

The possibility of obtaining light-transmitting and trans-
parent ceramics based on tetragonal and cubic ZrO, has been
studied by different researchers since the second half of the
last century. As a result of these and subsequent investiga-
tions the processes involved in obtaining semi-transparent
ceramic from ZrO, by sintering for many hours (at least
16 h) at high temperatures and hot pressing with high pres-
sures have worked out. HIP at temperatures 1650 — 1750°C
and pressures to 196 MPa is used to remove residual pores
and increase the transparency of the sintered ceramic
[10, 27].

Recent investigations have shown that spark plasma
sintering is an effective method for obtaining completely
dense and transparent fine-grain ceramic [10, 14, 25]. Fine-
grain ceramic obtained by spark plasma sintering has exhi-
bited a higher refractive index compared with the existing
coarse-grain analogues.

Sesquioxides. Sesquioxides such as Y,0;, Sc,0;, and
Lu,O; are of great interest to researchers. These materials are
promising for use as the active medium of solid-state lasers;
they possess cubic structure; and, they are characterized by
high light-transmission in a wide range of the electromag-
netic spectrum, high refractivity and melting temperatures,
and good mechanical properties.

Conventionally, vacuum or hydrogen sintering of com-
pacts obtained by semidry or isostatic pressing from different
materials at high temperatures is used to fabricate transparent
ceramics from sesquioxides. However, it is practically im-
possible to sinter ceramics obtained from yttrium oxide to a
dense state by methods not requiring the application of exter-
nal actions without introducing sintering additives (ThO,,
La,0;, HfO,, LiF, and ZrO, ) [28]. Such additives form solid
solutions with the main oxide and, dissolving in the lattice,
decrease the surface energy of the boundaries of the crystals,
which diminishes diffusion between the boundaries and the
growth rate of grains, as a result of which complete over-
growth of the intercrystalline pores occurs [29]. Effective
methods for obtaining transparent ceramic from Y,0O; are hot
pressing [30], HIP [31], and SPS [32].

Hot isostatic sintering is used together with the widely
used sintering in vacuum in order to fabricate transparent ce-
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ramics from Sc,05 [8, 33]. As a result of using HIP at the fi-
nal stage it is possible to obtain from scandium oxide ceram-
ics with transmission coefficient of about 80% [34].

Two-stage sintering (vacuum sintering followed by HIP)
and spark plasma sintering are used to obtain ceramics from
Lu,0; with small grain size [35].

Yttrium-aluminum garnet Y;Al;0,, (YAG) is a mate-
rial with cubic crystalline structure; it is one of the most po-
pular materials for solid-state lasers [36]. Conventionally, ce-
ramics are obtained from yttrium-aluminum garnet by multi-
stage methods, including preliminary cold pressing and/or
cold isostatic pressing with subsequent sintering in vacuum,
at high temperatures and over a long period of time. In most
cases the initial material is a mixture of the oxides Al,Os,
Y,0;, and sintering additives. For practical applications in
lasers YAG is doped with different rare-earth ions, such as,
for example, Er, Nd, and so on.

The ceramic Nd*": YAG (yttrium-aluminum garnet acti-
vated by neodymium) with satisfactory laser results was first
obtained from a mixture of oxides in 1995 [37] by uniaxial
pressing followed by cold isostatic pressing and sintering at
1700°C in vacuum. In 1998 the Konoshima Company (Ja-
pan) used the slip casting method with sintering in vacuum at
1700°C to fabricated transparent ceramic [38].

Other methods of obtaining transparent YAG were stu-
died in subsequent years, and different sintering additives
were used to reduce the size of the grains and increase trans-
parency. Ceramic with transmission > 80% at wavelength
1000 nm was obtained from nanosize YAG powder with
0.25 wt.% LiF as the additive. Extensive research was done
in [40] on the process of structure formation of the ceramic
YAG by spark plasma sintering. Even though ceramic with
high porosity was obtained, its optical transparency was low,
viz. 15 —20%.

Aluminum oxynitride Al,;0,,N5 (ALON) is material
with cubic structure possessing high temperature stability up
to 1200°C and relatively low specific mass. ALON is opti-
cally transparent (= 80%) in the near-UYV, visible, and near-IR
ranges. Owing to the good optical and mechanical properties
ALON can be used as a material for rocket noses, transparent
armor, IR windows, laser windows, and windows of military
jets.

The conventional methods of production of transparent
ceramics ALON include compaction and sintering in a nitro-
gen atmosphere at high temperatures (> 1850°C) for a pro-
longed period of time (from 20 to 100 h) [41].

Similarly to another transparent ceramic the ceramic
ALON can also be fabricated by different methods, such as
microwave sintering, hot pressing, hot isostatic pressing, and
spark plasma sintering.

CONCLUSIONS

It has been shown that different synthesis technologies
are used for the fabrication of high-transparency ceramic:
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cold pressing followed by sintering in different media, hot
pressing (HP), hot isostatic pressing (HIP), spark plasma
sintering, and slip casting. These methods are all geared to
reduce the number of residual pores and inclusions to a level
below 100 ppm. Moreover, the grain size must be preserved
at the level of the dispersity of the initial powders in order to
obtain ceramics with high mechanical characteristics.

An understanding of the mechanisms for removing de-
fects in transparent ceramics with different compositions is
most important for picking the correct method of synthesis,
since a universal technology for fabricating does not exist.
No one method is suitable for the production of the entire
spectrum of ceramics, but rather it is reckoned for the pro-
duction of articles with clearly determined characteristics.
For this reason it is important to develop conventional and
new methods for synthesizing high-transparency of ceramic
materials.
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