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bstract

ommercially available nanophase yttria powder was used to fabricate a transparent ceramic and its optical transmittance and hardness were

easured. The nanophase yttria powder was dry-pressed without the use of any binders. Subsequently, the green body was sintered in air, hot-

sostatically pressed, and polished, resulting in an IR-transparent ceramic. Scanning electron microscopy revealed a grain size of 21.5 ± 11.1 �m.
ptical transmittance reached about 60% at 1 �m, and hardness measurements showed 792 HK100 g, 704 HK500 g, and 767 HV100 g.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

Transparent poly-crystalline ceramics have found increased
nterest over the last few years.1–15 This interest is fueled
y potential applications such as windows and domes,16–18

ransparent armor,19 light bulb envelopes,20 scintillators,21 and
olid-state laser materials.22–32 Advantages of poly-crystalline
eramics over single crystals include that they can be formed into
variety of shapes, can usually be produced in larger sizes more
heaply, and have enhanced mechanical and thermo-mechanical
roperties.

Our research focuses on transparent ceramics for applica-
ions as infrared windows. This application requires that the

aterial is mechanically strong, optically transparent over a
ide range of wavelengths, and has a low optical emissivity

t elevated temperatures. A review of available infrared window
aterials concluded that the most durable materials, sapphire

Al2O3), AlON (9Al2O3·5AlN), and Spinel (MgAl2O4), all emit
oo much light at elevated temperatures, and that without the

vailability of completely new materials, existing materials will
ave to be engineered by possibly using nanophase starting
aterials, to meet the optical and mechanical requirements.18
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ecreasing the grain size of a ceramic increases the mechanical
trength and thus the resistance to thermal shock—an important
onsideration for applications such as missile domes and lasers.

One of the materials of interest for transparent windows and
omes is poly-crystalline yttria (Y2O3).1,33,34 This material has
much lower emissivity at high temperatures than sapphire,

pinel, and AlON.16 However, its mechanical properties such
s hardness are worse than those of sapphire, Spinel, and AlON.
he hardness of a ceramic is inversely proportional to the square

oot of the grain size.16 As such, it is expected that the hardness
f Y2O3 could be enhanced by reducing the grain size.

A reduction in grain size of Y2O3 was accomplished by
odoping with La2O3.16 However, this codoping negatively
ffected the specific heat capacity and thus the resistance to ther-
al shock of this material. The other option to keep the grain

ize small is to start with nanophase starting material and to
imit the overall grain growth. Several researchers have reported
n the sinterability of nanophase yttria. Willingham et al. con-
rmed the superior sinterability of nanophase yttria as compared

o conventional yttria powder.17 Chen and Wang reported on a
wo-stage sintering process of nanocrystalline ceramics without
nal-stage grain growth.35 Merkert et al. reported on grain coars-

ning and high porosity due to agglomerates in the nanophase
tarting powder.36

As early as 1969, Dutta and Gazza reported on the fab-
ication of transparent yttria ceramics.37 These authors used
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Table 1
Impurities in commercial nanophase yttria powder (from Certificate of Analysis,
Inframat Advanced Materials, Farmington, CT)

Element Maximum impurities (ppm)

CaO 50
CuO 10
Fe2O3 30
NiO 10
PbO 10
SiO2 100
ZnO 10
CeO2 20
Dy2O3 20
Er2O3 20
Gd2O3 20
Ho2O3 20
La2O3 20
Nd2O3 20
Pr2O3 20
Sm2O3 20
Tb O 20
Y
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ommercially available yttria powder and vacuum hot-pressing
o prepare ceramics with an average grain size of 0.5–1 �m, a
elative density of above 99.6%, an IR transmittance above 80%
for wavelengths longer than 2 �m), and a Knoop hardness of
00 with a load of 100 g. No transmittance data below 2 �m is
iven. According to these authors, the most important process-
ng parameters are: temperature at which the initial pressure
s applied, the heating rate, and the use of non-reactive spacer

aterials.
Saito et al. have reported on the fabrication of transparent

ttria ceramics at low temperature using carbonate-derived yttria
owder.1 These authors used vacuum sintering and were able to
each almost full density at temperatures as low as 1500 ◦C.
amples sintered at 1600 ◦C and 1700 ◦C reached transmittance
alues of about 20% and 25–30% at 500 nm, respectively.

Ikegami et al., reported on the fabrication of transparent
ttria ceramics using yttrium hydroxide.38 Doping with sulfate
ons and calcination at temperatures above 1000 ◦C resulted in
onodispersed particles which led to transparent ceramics when

acuum sintered at 1700 ◦C for 1 h.
Recently, Mouzon and Odén reported on the fabrication of

ransparent Yb:Y2O3 ceramics.39 These authors prepared their
wn yttria starting material and then used vacuum sintering
ollowed by hot-isostatic pressing (HIP). Depending on how
he authors prepared their starting material, they were able to

easure transmittances of up to 45% at 500 nm. However, no
ransmittance data above 850 nm are presented. The authors
oint out that silicon and aluminum impurities most likely
eacted with yttria, forming a liquid phase which influenced the
nal sintering stages.

We are particularly interested in yttria ceramics with small
rain sizes, because of their expected increased mechanical
trength and resistance to thermal shock.16 In order to keep
he grain size as small as possible, we chose nanophase start-
ng materials. Our goal was to determine the most promising
arameters for a simple and cost-effective fabrication method for
ttria ceramics, and we report here on the investigated powder
rocessing, sintering, and characterization of these ceramics.

. Experimental procedures

.1. Fabrication of ceramics

Commercially available nanophase yttria powder was pur-
hased from Inframat Advanced Materials, Farmington, CT.
he material is 99.95% pure Y2O3 (product #39N-0802) with
manufacturer-determined particle size of 30–50 nm (from

ET and TEM) and a BET multi-point specific surface area of
0–50 m2/g. Table 1 lists the impurities from the manufacturer’s
ertificate of Analysis. The main, non-rare-earth impurities are
i, Ca, and Fe. No additional additives or dopants were added

o the yttria powder so as not to negatively affected the specific
eat capacity and thus the resistance to thermal shock of this

aterial.16

To break up any potential agglomerates in the starting powder,
ome powder samples were ball-milled using zirconia pellets.
ome samples were ball-milled dry, while others were ball-

w
h
s
b

2 3

b2O3 20

illed wet using deionized water. Typically, about 10 g of yttria
ere mixed with 200 ml of water and the zirconia pellets took
p about 20% of the volume for the wet balling. After the ball-
illing was complete, the pellets were removed and the slurry
as dried for several hours, either on a hot-plate or in a furnace

t temperatures between 80 ◦C and 150 ◦C. No measurements
f the residual humidity were performed.

Green bodies were pressed from as-received and wet (Y2O3
nd deionized H2O in a ratio of 2:1) powders using a uniax-
al press and stainless steel dies. After drying, the powders
ere uniaxially pressed into pellets using pressures ranging

rom 44 MPa to 3.37 GPa, with most samples pressed at about
00 MPa for 15 min. The green bodies were round disks with
ither 25.4 mm diameter and 3–4 mm thickness, or 12.7 mm
iameter and 1–2 mm thickness. No binders were used in
he preparation of the ceramics. Typically, wet green bod-
es were dried in a furnace for 48 h at 150 ◦C before further
rocessing.

Sintering was performed in a Lindberg/Blue box furnace.
amples were placed inside alumina (99.8% purity) crucibles
ith lids and placed inside the furnace. For most of the ceramics,

he green body was covered in yttria powder during sintering.
amples were either single-stage or two-stage sintered in air.
n the single-stage sintering process, the sample was heated in
ir from room temperature to the desired sintering temperature.
he sample soaked for the desired period of time before cool-

ng to room temperature. In the two-stage sintering process, the
ample was heated in air from room temperature to an initial
eak sintering temperature. The temperature was then immedi-
tely reduced to a lower sintering temperature and the sample
oaked for the desired period of time. Subsequently, the sample
as cooled to room temperature. Unless otherwise noted, typical

eating and cooling rates range from 100 ◦C/h to 400 ◦C/h. Some
amples were subsequently hot-isostatically pressed (HIPped)
y Raytheon Corp. HIPping of the ceramics was typically per-



Ceramic Society 27 (2007) 4711–4717 4713

f
s

2

p
d
s
o
p
m
g
d
a

a
w
s
t

t
t
f
g
u
m
u
m
m
L

3

n
fi
t

Fig. 2. SEM images of ceramics made from powder A. The sample on the
l
f

t
d
T
c
b
(

c
n
f
s
h
c

H. Eilers / Journal of the European

ormed at 1650 ◦C in an Ar pressure of 203 MPa for 6 h. Only
amples that had at least a relative density of 98% were hipped.

.2. Evaluation

Density measurements were performed using Archimedes
rinciple. Throughout this paper we use relative densities,
efined as the ratio of actual measured density to theoretical den-
ity (the theoretical density for Y2O3 is 5.01 g/cm3). An analysis
f the density measurements from nine identically prepared sam-
les yielded a standard deviation of 1.3% for the relative density
easurements. For the green-body densities we also used the

eometric density and compared the results with the Archimedes
ensity. This comparison provides us with information of the
mount of closed porosity in the green bodies.

X-ray diffraction (XRD) was performed on the powder using
Siemens D-500 X-ray powder diffractometer. Powder particles
ere dispersed in alcohol and then ultrasonicated. The disper-

ion was then dropped onto a quartz zero background plate and
he alcohol allowed to evaporate.

Promising samples were lapped and polished and their optical
ransmittance measured using a Varian Cary 50 UV–vis spec-
rophotometer. Some ceramics were etched in 20% aqueous HCl
or 3 min to expose grain boundaries and coated with a thin
old layer. Scanning electron microscopy (SEM) was performed
sing an electron microscope (Hitachi S-570) to investigate the
icrostructure. Grain sizes were determined from SEM images

sing the linear intercept method. The apparent grain size was
ultiplied by 1.56 to yield the actual grain size.7,40 Hardness
easurements were performed using a micro-indenter (LECO
M247AT).

. Results and discussion
Fig. 1 shows the X-ray diffraction data for the commercial
anophase yttria powder, indicating good crystallinity and con-
rming the cubic phase of the yttria material. The cubic phase of

he yttria powder is required for further successful processing, as

Fig. 1. X-ray diffraction scan of commercial nanophase yttria powder.
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eft was fabricated from as-is nanopowder, while the sample on the right was
abricated from ball-milled nanopowder.

he sintering of green bodies made from monoclinic yttria pow-
er leads to the destruction of the samples during sintering.41

o investigate the potential presence of agglomerates in the
ommercial yttria powder, we compared ceramics made from
all-milled powder with ceramics made from non-ball-milled
as-received) powder.

Fig. 2 shows a montage of SEM images, comparing these two
eramics. Fig. 2(a) shows a sample prepared from as-received
anophase yttria powder, and Fig. 2(b) shows a sample prepared
rom ball-milled (4 h) nanophase yttria powder. Fig. 2(c) and (d)
how magnified images of these two samples. Both samples were
eated to 1500 ◦C within 1 h, soaked for 12 h and then allowed to
ool to room temperature before they were heated up to 1600 ◦C
ithin 1 h, soaked for 12 h, and then allowed to cool again to

oom temperature.
Relative densities of these two samples were measured to

e 98.5% (as-received nanopowder) and 98.2% (ball-milled
anopowder), indicating that ball-milling does not result in
ny significant density improvements. Nevertheless, the ceramic
repared from the ball-milled powder appears to have a finer
rain structure, compare Fig. 2(c) and (d). Facetted and roughly
quiaxed grains are clearly visible in both samples. It appears
hat ball-milling reduces the size of the particles, which in turn
eeps the final grain size of the sintered ceramics smaller. How-
ver, the almost identical relative densities of the as-received
nd the ball-milled samples leads us to conclude that either no
ignificant amount of agglomerates is present in the as-received
aterial, or that ball-milling is not able to break up existing

gglomerates.
Next, we investigated the compressibility of the nanophase

ttria powder by measuring the density of wet-pressed green
odies. The green bodies were prepared by mixing yttria
anopowder with water, drying the powder, and pressing it into

ellets. The sample densities were determined by geometric
easurements (weight/volume) and by the Archimedes method

nd are listed in Table 2. The geometric results are obviously
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Table 2
Green-body densities

Sample Pressure (MPa) Geometric density Archimedes

1 211 56.2% 87.6%
2 175 55.6% 88.1%
3 140 54.3% 88.0%
4
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105 52.5% 88.1%
70 50.0% 88.0%

maller since the samples contain a certain amount of open
orosity and this technique includes these voids in its results. The
easurement also reflects the increasing density with increas-

ng pressure. The Archimedes method, which does not average
ver the open voids, shows a relatively high, but constant den-
ity of about 88%. Closed pores cannot fill with water, resulting
n the 88% relative density. These densities are comparable to
hat Kaygorodov et al. reported for green bodies prepared from
nagglomerated monoclinic yttria powder.41 Fig. 3 shows the
EM image of a green body. The relative density of this sam-
le was measured to be about 80% (measured by Archimedes).
he Archimedes data in Table 2 do not change with pressure,

ndicating that the green bodies have a certain fixed amount of
losed porosity which is most likely due to agglomerates in the
tarting powder.42

Various sintering protocols for the preparation of transpar-
nt ceramics have been reported in the literature.1,17,35–39 We

intered yttria green bodies at various temperatures and soak-
ng times. Fig. 4 shows a summary of the relative densities of
eramics sintered at various temperatures and soaking times.
o dependence of the density on these specific sintering con-

ig. 3. SEM image of a green body, prepared from a mixture of yttria nanopar-
icles and water. This sample has a relative density of about 80%.
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ig. 4. Relative densities of ceramics, made from powder A for various sintering
emperatures and soaking times. All of these samples were single-stage sintered.

itions is apparent, indicating again the potential presence of
gglomerate-induced pores.42 Fig. 5 shows two SEM images
f air-sintered ceramics. The sample on the left was sintered at
600 ◦C for 8 h, while the sample on the right was two-stage
intered (ramped to 1700 ◦C for 1 min and then soaked for 2 h
t 1600 ◦C). Both of the samples show similar grain sizes and
ensities, 99.8% and 98.5%, respectively.

To fabricate IR-transparent ceramics we used hot-isostatic
ressing (HIP) to take the ceramics to a state of full density and
R-transparency. Nanophase yttria powder was dry-pressed in
stainless steel die under 632 MPa for 30 min, resulting in a

2.7 mm diameter and about 2 mm thick green body. The green
ody was subsequently sintered at 1600 ◦C for 2 h in air in a
indberg/Blue box furnace, resulting in a translucent ceramic
ith a relative density of about 99.4%. Fig. 6(a) shows an image
f the yttria ceramic after lapping and polishing. The unpolished
eramic was about 11 mm in diameter, 1.5 mm thick, and translu-
ent enough to distinguish letters. After lapping and polishing
he thickness decreased to about 0.5 mm. The sample flatness
as tested with λ/20 optical flats and showed flatness within
ne to three fringes, with only slight rounding near the outer
dge of each face. While letters are visible through the ceramic,
he transmittance in the visible wavelength range is limited and
e did not take photos with a spacing between the ceramic and
ackground. Apetz and van Bruggen explain the significance of
uch a spacing in more detail.20

Fig. 6(b) shows the transmittance of the 0.5 mm thick
olished ceramic yttria sample. Yttria has a theoretical transmit-
ance of just over 80% over the visible and infrared wavelength
ange. Transmittance spectra of single-crystal yttria and poly-
rystalline yttria can be found elsewhere.16 Optical scattering,

articularly in the visible wavelength range, limits the trans-
arency of most ceramics.1,34

Fig. 7 shows an SEM image of a transparent ceramic after
t was etched to expose grain boundaries. Linear intercept and
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Fig. 5. SEM images of air-sintered yttria ceramics. The sample on the left was sintere
then soaked for 2 h at 1600 ◦C.

Fig. 6. Image of yttria ceramic after it was lapped and polished (a). Transmit-
tance of polished ceramic yttria sample (b).
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d for 8 h at 1600 ◦C, while the sample on the right was ramped to 1700 ◦C and

ultiplication with a factor of 1.56 yielded an average grain size
f 21.5 ± 11.1 �m. Large pores are visible, further indicating
hat the less than ideal transparency is due to optical scattering.

The measured grain size of 21.5 �m is significantly larger
han the grain size reported by Dutta and Gazza.37 These authors
lso reported the use of commercially available nanophase yttria
owder and did not use any additional additives. However, they
sed vacuum hot-pressing at temperatures in the 1300–1500 ◦C
ange which is several hundred degrees lower than our sintering
nd HIPping temperature.

Knoop hardness and Vickers hardness measurements were

erformed on the polished and etched sample. Measure-
ents showed hardnesses of 792 HK100 g, 704 HK500 g, and

67 HV100 g, in good agreement with published data.16

ig. 7. SEM image of transparent yttria sample. The straight lines were caused
y the polishing process.
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. Conclusion

While earlier reports on transparent yttria ceramics have
ocused on using vacuum sintering in combination with HIP-
ing, our results show that sintering in air in combination with
IPping can also be used to prepare transparent yttria ceram-

cs. Commercially available nanophase yttria powder can easily
e processed into green bodies with high densities. The density
f the resulting air-sintered ceramics varies very little for pro-
essing conditions between 2 h at 1400 ◦C and 24 h at 1650 ◦C,
ndicating that sintering in air limits densities to about 98–99%.
IPping is required to take the ceramics to full density. While

he demonstration of IR-transparent ceramics was achieved, the
rain size of the ceramics is larger than was hoped. We will
urther explore the processing conditions of nanophase yttria
tarting powders with the goal to reduce the ceramic grain size.
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