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Abstract Visible and IR windows require a combination of high optical transparency and superior thermal and mechanical
properties. Materials, fabrication and characterization of transparent ceramics for visible/IR windows are discussed in this review.
The transparent polycrystalline Y,0s3, Y,03-MgO nanocomposites and MgAl,O, spinel ceramics are fabricated by advanced
ceramic processing and the use of special sintering technologies. Ceramic processing conditions for achieveing fully densified
transparent ceramics are strongly dependent on the initial powder characteristics. In addition, appropriate use of sintering
technologies, including vacuum sintering, hot-pressing and spark plasama sintering methods, results in outstanding thermal and
mechanical properties as well as high optical transparency of the final products. Specifically, the elimination of light scattering
factors, including residual pores, second phases and grain boundaries, is a key technique for improving the characteristics of
the transparent ceramics. This paper discusses the current research issues related to synthesis methods and sintering processes

for yttria-based transparent ceramics and MgAl,O, spinel.
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1. Introduction

Conventional optical transparent materials including
glasses and polymers offer limited use in window appli-
cations requiring high thermal and mechanical properties.
Single crystals meet the requirements, but fabricating
large-scale single crystals is relatively difficult and time-
consuming. With the advancement of ceramic technologies,
transparent ceramics garnering interest for visible/IR
windows employed in harsh and extreme environments.'™

The theoretical transparency of ceramics is determined
by the inherent material refractive index(n), which is a
function of light wavelength. Optically transparent cer-
amics from the visible to IR wavelength range are
promising candidates for visible/IR window applications.*®
Transparent ceramics can be obtained theoretically by
eliminating the light scattering and absorption factors
considering the Beer-Lambert law.” Light scattering is an
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important factor as it decreases the transmittance of
ceramics exponentially, and can be separated into three
different origins: (1) grain boundary scattering, (2) pore
scattering and (3) impurity scattering. Light scattering at
the grain boundary, which does not exist in a cubic
crystal structure, can occur in polycrystalline ceramics
with a non-cubic structure.*” The impurity phase in the
transparent ceramics can cause light scattering depending
on the difference in the refractive index between the host
and impurity. The most significant scattering factor is
porosity, considering the refractive index of the air. Mie
scattering theory indicates that even a very small amount
of porosity in the microstructure significantly deteriorates
light transmittance, especially from the visible to IR
range.” In this regard, the strategy of pore elimination is
crucial for the fabrication of transparent ceramics.

The fabrication of transparent polycrystalline ceramics
is strongly dependent on ceramic processing and sintering
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technologies. Numerous studies on ceramic window can-
didates, Y,03, Y,03-MgO nanocomposites, and MgAl,O,
spinel, have been carried out. Ceramic processing of
powder preparation strategies, shaping and special
sintering processes has been demonstrated to overcome
the challenging issues. The pore elimination process
depends largely on microstructure control such as control
over the grain growth kinetics and pore characteristics.
Excessive grain growth during densification causes pore
trapping in the grains, and it is very difficult to remove
closed pores compared to open pores.'®'"

Sintering additives can control the grain growth behavior
and densification. The grain growth inhibitors operate as
chemical defects or ‘pinning effects’ to suppress grain
boundary migration. The doping of tetravalent ions causes
yttrium interstitial defects in Y,Os; ceramics, which
decrease the grain growth rate during sintering.'” Beyond
the solubility limit of MgO in Y,0;, the magnesia phase
effectively inhibits grain growth by pinning the grain
boundaries, thereby enabling the fabrication of fully
densified Y>05;-MgO nanocomposites.'” Several sintering
aids are used for liquid phase formation to allow
densification of MgAl,O, without excessive grain growth
at relatively low temperature.'*'® A small amount of co-
additives is known to reduce the intergranular pores in
transparent ceramics.

The use of special sintering technologies is required for
the processing of transparent ceramics. A vacuum sintering
process is preferred to extract the nitrogen gas from the
pellets. Hot-press(HP) and spark plasma sintering(SPS)
densify ceramics at relatively low temperature and short
time, inhibiting excessive grain growth. Fine grained
transparent ceramics can be obtained with the combination
of optimized pre-sintering and a subsequent hot isostatic
pressing(HIP) procedure. A post-annealing process refills
the oxygen vacancies, which are generated during sintering
in a reducing atmosphere, and eliminate the carbon
contamination in the final products.

In this paper, recent ceramic processing and characteri-
zation of visible/IR transparent ceramics is reviewed.
Detailed fabrication procedures are described focusing on
minimizing light scattering factors. The optical and
thermomechanical properties are also discussed for pro-
mising ceramic window candidates.

2. Ceramic Processing

2.1 Powder preparation and processing

The characteristics of starting powders affect the sintering
behavior and optical properties of transparent ceramics.
Ceramic powder should be prepared considering particle
size, uniformity, purity, calcinations, and proper additives
for sintering. Particle size and uniformity affect the

characteristics of green body homogeneity. The powder
purity has a critical influence on the optical absorption
loss of the final sintered body. Sintering additives are
used for pore elimination and densification during sintering
at high temperature.

High purity powder(> 99.99 %) is preferred for fabri-
cation of transparent ceramics. The commercial powder
can be further purified by various chemical methods to
obtain high quality transparent ceramics. Kim et al."'”"
at NRL fabricated exit window materials with a low
absorption coefficient in a high energy laser system by
using acid-washed powders. High-purity powder can also
be synthesized by a chemical synthesis route with high
purified precursors. The high-purity powders are also
synthesized by a co-precipitation method using high-
purity chlorides, nitrates or carbonates precursors.””** In
some cases, the powders are dissolved in hot acid followed
by recrystallization to obtain high purity precursors prior
to synthesis.'®*

The particle size and distribution can be controlled by
choosing relevant synthesis parameters such as pH,
temperature, time, and calcination.””*® It is known that
strong agglomerates of starting particles easily induce
intragranular pores due to an abnormal grain growth and
make it difficult to obtain zero porosity microstructure.
The particle size and distribution is optimized to achieve
the desired homogeneous microstructure and high sinter-
ability.””*® The effect of the calcination conditions on the
as-synthesized powders, the microstructure of sintered
body, and their optical transmittance have been re-
ported.”>” The calcination temperature and atmosphere
of the powders are related to particle agglomeration,
crystallite size, and particle density, which affect the pore
elimination procedure during sintering.

Sintering aids alleviate the severe sintering conditions
required to eliminate residual pores. By adding some
sintering aids into the powders, the inhibition of grain
growth is expected during a densification.'®*'>* The
grain growth kinetics strongly affects the pore elimination.
Therefore, grain growth inhibitors are generally used for
the fabrication of transparent ceramics. The influence of
various dopants on the grain growth of sesquioxides has
been systematically investigated.’'”>*® The defect mech-
anism and dopant effects have been studied, where
oxygen vacancies are known to promote grain growth.
Other sintering additives have been examined to form a
liquid phase for an accelerated densification. The fabri-
cation of transparent MgAl,O, by adding CaO, B,0s,
TiO,, SiO,, LiF, and various fluorides and chlorides for
liquid phase formation has been reported.'*'>*">? After
the liquid phase sintering, the residual secondary phase
can deteriorate optical transmittance.*”

The techniques for forming a green body can be
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classified into two types. One is a dry process and the
other is a wet process. The dry process includes powder
granulation, pelletizing by a uniaxial press under pre-
ssure, and cold isostatic press(CIP). The wet process
involves various consolidation methods such as freeze
granulation, gel-casting, slip-casting and tape-casting.******)
It is noteworthy that the slip can be contaminated by
molds such as Al,O; and gypsum. The contaminated slip
can change the sintering behavior and final microstruc-
ture and light transmittance of transparent ceramics.*”
The optimum granulation and compaction process influ-
enced the homogeneity of green body and microstructure
of the sintered body."**”

2.2 Sintering technologies

2.2.1 Vacuum sintering

The processing of transparent ceramics requires special
sintering technologies to obtain optical transparency.
Vacuum sintering can be employed to eliminate nitrogen
gas from the ceramics because nitrogen is difficult to be
extracted under atmospheric pressure.”® It has been
typically used for sintering of transparent sesquioxides
including Y,0;, Yb,0;, Sc,03, and Lu,Os ceramics.*>"
Fully dense polycrystalline sesquioxides are typically
obtained in a vacuum graphite furnace or a tungsten
mesh-heated vacuum furnace under 107 Torr at 1,800 °C.
Coarse average grain size from tens to hundreds of
micrometers is obtained after vacuum sintering. Excessive
grain growth during vacuum sintering can cause pore
trapping in the grains. For this reason, the addition of a
grain growth inhibitor is required in the powder pre-
paration step.

The vacuum atmosphere induces oxygen vacancies in
the sintered products, resulting in black colored specimens,
or so-called discoloration. A post-annealing procedure is
required to replenish the oxygen ion after vacuum
sintering.’>* As shown in Fig. 1, as-sintered 3.0 at. %
Yb:LuAG transparent ceramics has oxygen vacancies,
which induce broad absorption bands in visible region.
After annealing process in air condition, the oxygen
vacancy can be removed that the transmittance is
improved in the visible region, and the ceramics become
colorless. It is known that the post-annealing inevitably
induces pore development, and this decreases optical
transmittance. To solve this problem, a further hot
isostatic pressing(HIP) is used after post-annealing in air
for a long time.>>*®

2.2.2 Hot-press(HP)

A hot-press is an equipment to sinter by applying
pressure to make a powder mixture or a green body fully
dense at relatively low temperature. As illustrated in Fig.
2, the facility is composed of a graphite furnace and a
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Fig. 1. Transmittance spectra of 3 at. % Yb-doped LuAG trans-
parent ceramics. Inset shows the picture of (a) as-sintered in
vacuum and (b) annealed ceramics. Reproduced with permission
from Ref.,*® Copyright 2016. John Wiley & Sons.

Graphite push rod

Graphite mould

BN coating

(White) Graphite spacer

Ta foil Sample

(Blue)

Graphite spacer

Graphite sleeve

Graphite push rod

Fig. 2. Schematic diagram of the hot-pressing arrangement.
Reproduced with permission from Ref.,”” Copyright 2015, John
Wiley & Sons.

graphite uniaxial press die, and operates mainly in an
argon gas or vacuum atmosphere.’” A post-annealing
procedure is required to remove carbon contamination
and fulfill oxygen ion after application of the HP method.
A further HIP process can be used to increase the
transmittance very close to the theoretical value.”” The
optimization of sintering parameters, including temperature
and pressure schedule, is necessary.

In addition to grain boundary and volume diffusion, the
plastic deformation and creep process are also important
sintering mechanisms when applying high pressure. It is



554 Wook Ki Jung, Ho Jin Ma, Ha-Neul Kim and Do Kyung Kim

effective when the grain growth rate is faster than the
densification speed. Since the densification driving force
is increased, the sintering time can be shortened, which
further suppresses grain growth significantly. For this
reason, fully dense ceramics with effectively inhibited
grain size can be obtained. The transparent ceramics
including Y,0s, Y,0;-MgO nanocomposite, and MgAl,O,
spinel are sintered via the HP method.”**” It has been
reported that transparent Y,0O; ceramics can be fabricated
at the low temperatures(1,600 °C) and 20 MPa of pressure
under a vacuum of 9 x 10~ Pa.””*” Small grain size(~1
um) was obtained, and high transparency with full
density was reported. HP has also been reported to
produce Y,03-MgO nanocomposites with high mechanical
properties and infrared transmittance.””’ Hot-pressed Y,0s-
MgO nanocomposites were highly transparent in the
region of infrared wavelengths(1-9 um). The final small
grain size(~100 nm) resulted in a high mechanical strength
of the ceramics. Transparent MgAl,O4 spinel has also
been obtained at low temperature(1,600 °C) under pressure
(< 50 MPa) via HP.*>*)

2.2.3 Spark plasma sintering(SPS)

Spark plasma sintering(SPS) realizes fully dense trans-
parent ceramics with fine grains because of its low
temperature and short sintering time. It is also called the
field assisted sintering technique(FAST) or pulsed electric
current sintering(PECS).***> The SPS is a technique to
densify nanopowders with the aid of pulsed DC current
at a low temperature under pressure. Unlike the case of

the HP or conventional sintering equipment where heat is
generated from an external heating element, the pulsed
DC current of SPS directly passes through ceramic
powders in a graphite die, to generate a Joule heating in
the samples. Fast consolidation takes place through the
pulsed DC current for a short period of time(within
minutes), to limit grain growth, that is, a very small size.
The advantage of the inhibition of grain growth reduce
the grain size is to produce not only oxide ceramics of
the cubic structure but also non-cubic ceramics with a
transparency.'*®® Transparent ceramics fabricated by using
SPS including Y,0;, Y,03-MgO, and MgAl,O, have been
widely investigated.””’” The discoloration of MgAlLO,
spinel has been studied via the use of SPS. The dis-
coloration was found to be due to carbon contamination
and lattice defects depending on the SPS operating
conditions. Recently, Morita et al.””*® investigated the
discoloration phenomenon of SPS sintered MgAl,O4
spinel and reported that the heating rate influences the
discoloration originating from lattice defects as well as
pore generation. As shown in Fig. 3, The heating rate
and holding time are the most important sintering
parameters for the fabrication of transparent ceramics in
the case of SPS.”" Rapid densification of SPS generates
dislocations, which results in black colored sample. From
the analyses of Raman spectra and ERS, it appears that
the evaporated carbon from the graphite paper/die easily
enters the samples through open pore channels under a
rapid heating rate.
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Fig. 3. (a) Raman spectra of the MgAl,O, spinel sintered by SPS at 1,300 °C for 20 to 60 min with different heating rate between 10
and 100 °C/min. (b) Enlarged Raman spectra indicated by broken line(1,200-1,750 cm™) in (a). For comparison, the Raman spectra of the
starting powder, the carbon paper and graphite die, and the spinel at T=1,500 °C for 20 min with heating rate of 100 “C/min are also
shown. Reproduced with permission from Ref.,”" Copyright 2015, John Wiley & Sons.
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Fig. 4. Schematic of microstructure for pore elimination by hot
isostatic pressing. Reproduced with permission from Ref.,”®
Copyright 2008, John Wiley & Sons.

2.2.4 Hot isostatic pressing(HIP)

Hot isostatic pressing(HIP) is used to reduce residual
pores of transparent ceramics and to achieve a maximum
density. It is an important procedure to achieve high-end
optical transmitting ceramics. An isostatic gas pressure is
applied in the chamber during high temperature sintering.
Because the post-annealed samples still contain residual
pores, the HIP procedure is introduced at the last stage to
make a pore-free microstructure.””>” The residual pores
in pre-sintered ceramics can also be completely removed
through the use of HIP equipment. The pre-sintering and
following HIP procedure is advantageous for improving
mechanical strength owing to the fine microstructure with
the submicrometer grain size."">’® The optical transmit-
tance of hot isostatically pressed(HIPed) samples is
strongly affected by the pre-sintering temperature and
conditions. As shown in Fig. 4, it is known that the
intragranular pores generated by excessive grain growth
are difficult to remove in the HIP stage.""””’® Therefore,
it is important to densify the pre-sintered ceramics
without generating intragranular pores to make transparent
ceramics. Transparent Y,0O; and MgAl,O, spinel can be
fabricated by pre-sintering(vacuum sintering, pressureless
sintering, HP, SPS) and subsequent HIP,'>¢37747%-580)

3. Materials and Characterization

3.1 Y,0; optical ceramics

Yttria(Y,0s) ceramics exhibit superior optical properties,
such as long wavelength cut-off(> 5 um) and low IR
emissivity at a high temperature in comparison to those
of the other transparent ceramics.” Therefore, Y,O; ce-
ramics are an attractive candidate for practical applications,
especially for IR windows. The Y,0s transparent ceramic
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Fig. 5. Schematic of nucleation, nuclei growth, and relevant pores
of spherical Y,0; particles during crystallization (a) in air (b) and
under vacuum, respectively, Residual pores are trapped in a bigger
crystallite in an air atmosphere(A-III), Smaller crystallites and
intergranular pores remained in the vacuum atmosphere(B-III),
Reproduced with permission from Ref.,’” Copyright 2017, John
Wiley & Sons.

has a cubic crystal structure showing no birefringence in
the polycrystalline ceramics.®” The residual porosity is
the most significant cause of optical transmittance decay.
The ceramic processing and special sintering technologies
have been reported the effective pore elimination in Y,03
ceramics.®*)

Highly sinterable powder is favored to make transparent
Y,0; ceramics because it decreases the sintering tem-
perature for densification. Ikegami et al. synthesized low-
agglomerated powder from carbonates and fabricated
transparent Y,O; ceramics at a relatively low tempera-
ture.”” The low-agglomerated powder exhibits homo-
geneous microstructure, preventing an abnormal grain
growth. It was reported that the low temperature synthesis
of sulfate-doped Y,0;3 produced a well dispersed mor-
phology of the Y,05 powder.”**** The characteristics of
as-synthesized powder can be changed through the
calcination conditions such as temperature and atmos-
phere.”*” Jung et al. reported the influence of the
calcination atmosphere on the crystallite size of powders,
particle density, and the optical transmittance of sintered
Y,0; ceramics.*® The smaller crystallites of powder en-
hance the elimination of closed pores in the particles at
higher calcination temperature, resulting in a highly
densified powder, as represented in Fig. 5. A starting
powder with high density is advantageous for the pore
elimination step during the sintering procedure.

Sintering aids for liquid phase sintering of Y,O; have
been employed for low temperature sintering in past
decades. The formation of liquid phase is possible during
sintering by using LiF, BeO, HfO,, ThO,, and La,0;.*""”
The introduction of liquid phase to the microstructure is
disadvantageous for the optical properties. Recently, grain
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Fig. 6. (a) Optical image of the polished hot isostatically pressed(HIPed) Er-doped Y,O; ceramic, (b) Scanning electron microscopy
micrograph of the microstructure of the HIPed Er-doped Y-Oj; ceramic, Reproduced with permission from Ref.,*” Copyright 2010, John

Wiley & Sons.

growth inhibitors are mainly used as additives in order to
suppress pore trapping in the grains.’*°'>1%2)

The effect of ion doping on the grain growth kinetics
and microstructure to fabricate transparent Y,Os ceramics
in vacuum sintering or a reduction atmosphere has been
reported.”>*® The yttrium interstitial defect, [Y;°], is the
rate-controlling step for the grain boundary mobility of
pure Y,0s. Since the grain boundary mobility of Y,0;
increases in a reducing atmosphere, an additive that
inhibits the grain growth is needed to prevent the gener-
ation of closed pores induced by excessive grain growth.
Chen et al.'"® investigated the grain boundary mobility in
Y,0; ceramics in a reducing atmosphere on the basis of
the defect mechanism of divalent and tetravalent ions.
The tetravalent ion acts as a donor that generates yttrium
vacancy defects which restrain the grain growth. This is
delineated as follows:

10y

MO, 2M,+ 20, +0,,[0] oc[V;'] (1)
Jin et al. fabricated the Zr'" doped transparent Y,Os
ceramics via slip casting and vacuum sintering. They
studied the change of microstructure and optical transmit-
tance according to the concentration difference of ZrO,.>¥
It was reported that the optimum doping concentration is
less than 5 mol %, and exceeding 5 mol % causes
excessive grain growth due to lattice distortion.

The relatively low mechanical strength of transparent
Y,0; is a critical issue for applications in extreme en-
vironments.”” The fabrication procedure of transparent
Y,0;3 ceramics has been investigated to obtain high
optical and mechanical properties to overcome this
limitation. Reducing the grain size is one way to increase
the mechanical strength according to the Hall-Petch
relation. A two-step sintering approach and a subsequent
HIP process can drastically reduce grain growth while
achieving full density. Serivalsatit et al. reported highly
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Ref.,”” Copyright 2017, Elsevier.

transparent Y,0; ceramics with submicrometer-grain size
by optimizing the two-step sintering process.”” As shown
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in Fig. 6, they obtained average grain size of 300 nm,
which improved the microhardness and fracture toughness
of 1.39 MPa-m">.*” Kodo et al. reported the doping effect
of various divalent cations on the two-step sintering of
Y,0; ceramics.” The literature implies that a further
improvement of the mechanical properties is possible by
the addition of dopants and the control of the micro-
structure. The use of a HP, a pressure-assisted technique,
also has been introduced to reduce the grain size. Gan et
al. fabricated highly transparent ceramics with fine
microstructure via HP.>” Many studies to obtain trans-
parent monocrystalline Y,0O; specimens via the SPS
method were reported.”*"®

Post-annealing and a subsequent HIP process is required
to remove the oxygen vacancies and carbon contamination
generated during the sintering procedure in a vacuum or
HP and SPS. Another facile fabrication of transparent
Y,0; ceramics has been reported for commercialization.
Recently, a concept of wrapping the Y,O; green body
with tantalum foil was reported; this restricted the forma-
tion of oxygen vacancies as well as carbon contamination
from the graphite mold during hot-pressing.*” A facile
approach to prepare transparent Y,O; ceramics during
vacuum sintering by stabilizing oxygen defects, as shown
in Fig. 7, was reported.”” The pore evolution during
post-annealing of as-sintered Y,0O; ceramics was charac-
terized. In addition, the problem of pore evolution by
considering the thermodynamics and introducing Y,O;/
ZrO, dual powder bed was successfully solved.

3.2 Y,0;-MgO nanocomposite

Outstanding thermal and mechanical properties of
transparent ceramics are required for a reliable operation
of IR windows in harsh environments. As a represen-
tative infrared transparent material, Y,0; shows excellent
optical properties in the infrared wavelength region, but
has poor mechanical strength and thermal shock re-
sistance. To overcome the drawbacks of Y,Oj; transparent
ceramics, submicron-grain transparent ceramics were
studied by Raytheon in 2005.°® When appropriate ma-
terials, especially MgO, constitute the nanocomposite
with Y,0s phase, fine grain size can be achieved by the
Zener pinning effect at the grain boundaries. The
nanocomposite has a high melting temperature and a
stable state below the eutectic temperature with low
mutual solubility. The Y,03;-MgO nanocomposite has the
higher flexural strength and thermal shock resistance than
the other polycrystalline transparent ceramics such as
Y,0; and MgALO, spinel structure ceramics.'” Regardless
of the merits of this nanocomposite, applications are
strictly restricted in the mid-IR region. The large dif-
ference in the refractive index between cubic MgO and
Y,0; induces significant grain boundary scattering,
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with a thickness near 3.00 mm, (b) Predicted transmission of 3.00-
mm-thick M:Y as a function of grain size, Reproduced with
permission from Ref.,"” Copyright 2013, John Wiley & Sons.

which deteriorates the near-IR transmittance. It is notable
that the gran size of the nanocomposite should be limited
below the wavelength of light to minimize the grain
boundary scattering, as shown in Fig. 8. In this regards,
the Y,0;-MgO nanocomposite is sintered at low sintering
temperature by SPS,***'%0 HP**!%D and microwave
sintering methods.'*>'*

When the Y,03-MgO nanocomposite was introduced
as a potential candidate for IR transparent ceramics in
2005, it had optical transmittance of 55 % at the mid-
infrared region with average grain size of about 400
nm.”® Wang et al fabricated a highly dense Y,0;-MgO
nanocomposite using a high-temperature tube furnace at
1,400 °C, achieving high mid-infrared transparency of
about 80 %. However, high sintering temperature brought
about large grain size of 310 nm, which degraded the
transmittance of short wavelength at 3 um to 62 %.'"% It
is crucial to prohibit domain coarsening. Jiang et al.
synthesized the Y,03;-MgO nanoparticles via a sol-gel
method. The nanopowder was then consolidated by the
SPS technique.”” As shown in Fig. 9, although the
process is completed in an instant, the maximum trans-
mittance above 80 % can be achieved, which is close to
the theoretical transmittance at the mid-infrared region.
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Fig. 9. Infrared transmittance of Y,03;-MgO nanocomposite con-
solidated by spark plasma sintering at 1,200 °C for different time.
Influence of post-annealing is also represented. Reproduced with
permission from Ref.,*” Copyright 2010, John Wiley & Sons.

Huang et al. also studied the mechanical properties of
Y,05-MgO nanocomposite fabricated by the SPS method.””
They produced fine domains from 125 to 223 nm under
100 MPa. They ascribed the grain growth of the Y,0s-
MgO nanocomposite to grain boundary diffusion. In
addition, the relation between microhardness and grain
size followed the Hall-Petch equation.

Xu et al. fabricated a nanocomposite by glucose sol-gel
synthesis and a HP sintering method.’®*'®® HP was able
to restrict the grain growth by applying pressure to the
samples, similar to the SPS method. In this study, uniform
and fine particles of about 19 nm were achieved via sol-
gel combustion. The synthesized particles were consoli-
dated by hot-pressing with at different sintering tempera-
tures and the mid-IR transmittance reached 83.5 %, close
to the theoretical transmittance, when sintered at 1,350 °C
with 50 MPa. Ma et al. demonstrated the relationship
between the optical transmittance and microstructure of a
Y,0;-MgO nanocomposite with variations of the hot-

Long Wavelength
Short Wavelength

pressing temperature.'”” As shown in Fig. 10, it was
notable that a low sintering temperature resulted in
degraded infrared transmittance owing to residual pores,
which induced significant pore scattering. On the other
hand, with increasing sintering temperature, the density
and grain size of the Y,05;-MgO nanocomposite increased.
The high density improved the mid-IR transmittance. The
large grains increased the possibility of grain boundary
scattering, which could limit the passing of incident light
of short wavelength.

Sun et al. presented a kinetic analysis of Y,05;-MgO
nanocomposite fabricated by microwave sintering.'™
They conducted the densification process of a Y,0s-
MgO nanocomposite fabricated by both microwave and
conventional sintering process. High density could be
achieved with low grain growth activation energy when
the nanocomposite was sintered by microwave sintering.
Mathew et al. used a novel resistive coupled microwave
sintering method to obtain higher density and finer
domain size of a Y,0;-MgO nanocomposite than with
the conventional microwave sintering process.'”” The
sintered nanocomposite showed excellent infrared trans-
mittance of 82.8 % at 5 um of wavelength. In addition, it
had high thermal conductivity of 20.55Wm™ K" at
room temperature.

The synthesis of Y,03;-MgO nanoparticles is a decisive
factor to achieve outstanding optical properties. The size
and morphology of the synthesized particles closely
determine the sinterability of the transparent ceramics. In
this regard, many researchers have investigated the
synthesis methods of Y,0;-MgO nanopowder including a
flame pyrolysis technique'®® and sol-gel combustion
methods. >#10¢104105.107-112) The - combustion method, in
particular, is a novel technique to synthesize nanocom-
posite particles, where fine and high purity particles are
fabricated quickly through a single ignition reaction.
Notably, the size and morphology of the initial particles
can be well-controlled by changing the stoichiometry of
metal nitrate and fuel, including glycine, urea, and citric
acid. The ratio has an effect on the flame temperature,

I:] Y0,

- MgO

B ro-

Fig. 10. Scheme of scattering mechanism of Y,03;-MgO nanocomposite with (a) fine grain and full density, (b) fine grain with large pores,
(c) and large grain size with full density, Reproduced with permission from Ref.,'"" Copyright 2017, Elsevier.
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which impacts the nucleation rate and exothermic de-
composition reaction. The amount of evolved gases
during the decomposition process inhibits the agglomer-
ation of particles. Muoto et al. synthesized Y,05;-MgO
nanoparticles by sol-gel combustion with different ratios
of metal nitrate to ammonium acetate precursor."” They
found that the density of the sintered specimens differed
when using particles synthesized with different amounts
of ammonium acetate. Ma et al. synthesized nanocom-
posite particles by the glycine nitrate process(GNP) with
different stoichiometric ratios.'”” The synthesized particles
exhibited fine size of 10 nm in the fuel sufficient system
and showed the outstanding sinterability and optical
transmittance close to the theoretical value. In addition,
the hardness and thermal conductivity were also en-
hanced in the fuel rich system since the residual pores
and grain growth could be well-controlled during the HP
sintering process.

Severe agglomeration of the synthesized nanoparticles
has a negative effect on the sintering behavior of Y,O;-
MgO nanocomposite, there have been efforts to uni-
formly disperse the particles by an ultrasonic horn and
ethanol floatation.""” The treated particles form a
homogeneous distribution and fine domain size, resulting
in outstanding infrared transmittance after sintering.

Controlling the absorption peaks of Y,0;-MgO nano-
composite in the mid-infrared region is an important
issue. An intense peak at 7 um is assigned to intrinsic
phonon absorption of Y,0;-MgO ceramics. When there
are carbonate group residues after ceramic processing,
asymmetrical and symmetrical stretching vibration of the
carboxylate group affect this absorption peak signifi-
cantly."™ A weak absorption peak at 4.28 um is asso-
ciated with carbon dioxide in the atmosphere.""” Since
the MgO phase has a strong hydrophilic property, the
absorption peak at 3.25 um is ascribed to H,O in the
environment.*”

3.3 MgALO,

MgAlLO, spinel is a solid compound of MgO and
Al O3, and an inherently transparent material owing to its
cubic crystal structure. It is considered a protective dome
material for IR seeker, because of its good mechanical
durability and high theoretical transmittance in the IR
wavelength."'” The light transmittance at the wavelength
of interest is marginally superior to two competitive
materials, AION and sapphire. When the composition of
spinel material is expressed as MgO-nAl,Os, the n value
has a wide range of 0.6-7.7. It is known that mechanical
properties and light transmittance are influenced by the
compositional change.

Sutorik et al. reported a noticeable difference in
hardness values as the n value increases, that is, as the

Al,O; content increases.''” "' The hardness value of n=
1.0 was 10 % higher than the hardness value of n=2.5,
and a similar trend for hardness values was also reported
by Waetzig et al."* Krell et al. reported that the IR cut-
off wavelength decreased with increasing Al,Os content.'"
In the case of a low n value of what, the IR cut-off was
about 6.5 um, whereas for n=2.5, the cut-off was
observed at wavelengths lower than 6 pm. Therefore,
excessive Al,O; should be avoided since it lowers the
transmittance of infrared rays as well as hardness.

The improvements in mechanical properties such as
hardness and strength are important for the purposes of
transparent windows and solid protection of IR sensors.
Thus, there has been extensive researches to enhance
mechanical properties by means of suppressing grain
growth."”'? Recently, it has been reported that grain
size can be controlled to less than several tens of nano-
meters by an extreme low temperature sintering method.
Wollmershauser et al. used a multi-anvil device to
produce transparent MgAl,O, with 28 nm grain size at a
pressure of 2 GPa at 800 °C."*® The raw material particle
size can be maintained even after sintering, resulting in a
high hardness of 20 GPa, which is much higher than the
typical hardness of spinel in the range of 13-16 GPa.'*®
More recently, in 2016, Muche et al. produced a spinel
with a grain size of less than 10 nm through a deform-
able punch SPS process and achieved a very high
hardness of 28.4 GPa, and the hardness of the spinel was
entirely proportional to the square root of the grain
size.'*”)

In order to produce transparent MgAl,O, ceramics, the
characteristics of the raw material powder such as purity
and particle size distribution play a very important role.
There have been reports of various impurities affecting
the light transmittance of spinel. First, the formation of
point defects or secondary phase precipitation by carbon
deteriorates the light transmittance. Bernard-Granger et
al. reported that when using the SPS process, amorphous
carbon precipitates inside the MgAl,O,4 ceramic, resulting
in discoloration.'”® Goldstein reported that discoloration
appears when transparent spinel is sintered using a
graphite furnace, which is explained by the occurrence of
oxygen vacancies inside the lattice of MgAl,O4 by the
carbon reducing atmosphere.*” When a HP process is
used, a small amount of LiF sintering agent is usually
added to produce transparent MgAl,O,. However, if the
LiAlO, secondary phase generated during the sintering
process is not removed, it acts as a light-scattering
source, thereby significantly reducing the light transmit-
tance."” It has been reported that the light transmittance
varies depending on the purity of the initial powder, even
when an identical manufacturing process is applied, as
shown in Fig. 11. Reimanis et al. reported that the ultra-
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Fig. 11. Transparent MgAl,O, ceramics made from commercial
powder(left) and acid-purified powder(right), Reproduced with
permission from Ref.,"*> Copyright 2015, OSA publishing.

high-purity powder synthesized in the laboratory became
a highly transparent ceramic, whereas the sintered cer-
amics from commercial MgAl,O,; powder containing
impurities showed only translucency.”® Villalobos et al.
reported that significant enhancement of light transmit-
tance could be achieved by acid-purification of the
commercial spinel powder.'*"

The particle size and distribution of the initial powder
also affect the transparency of the sintered body.
Bonnefont et al. reported that SPS of three commercial
powders with different particle size resulted in the
transparency difference.””? It has been reported that the
particle size of the raw material influences the light
transmittance in the reaction sintering of MgO-Al,Os.
When the pore distribution of the green body is more
uniform, the sinterability becomes better when using fine
particles. However, the light transmittance showed the
opposite tendency. it is higher for coarser raw particles.'*”

There has been intensive researches and development
on two major applications for MgAl,0,"*? transparent
bulletproof windows and transparent IR domes. The
former is produced by Armorline, a US defense com-
pany, with a combined HP and HIP strategy. The
production process for transparent spinel flat plate having
a size of 1m or more in length and width was
developed. In the case of a transparent IR dome, TA&T
succeeded in developing dome-shaped transparent spinel
through a sinter-HIP process based on the Joint Common
Missile(JCM, 2004~2007) and Joint Air-to-Ground Missile
(JAGM, 2008~present) development program of the U.S.
Army. In addition, various potential applications are
under consideration, including spacecraft windows, multi-
purpose windows for vehicles, small lenses for UV
lithography, and so on."*"

4. Summary and Conclusions

With remarkable advances in ceramic processing and
sintering technologies, transparent polycrystalline cer-
amics for visible/IR windows have been developed. The
ceramic processing includes determination of the powder
size distribution, purity and sintering aids. The particle
size and distribution affect the microstructure of green
pellets. Among the light scattering sources, residual pores
in ceramics fatally hinder a optical transmittance. The
control of the grain growth kinetics is key technology to
eliminate pores sufficiently during the sintering process.
Achieving high mechanical strength is also an important
issue for visible/IR windows to be used in harsh
environments. Transparent ceramics with fine grain micro-
structure are desired to enhance the mechanical strength
and hardness. Yttria-based IR transparent ceramics and
MgAlL,O4 spinel are promising candidates for future
window applications.
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