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Abstract

This paper describes a precipitation process for synthesizing nanocrystalline yttria powder and sintering transparent yttria ceramics.
Hydroxide precursor of Y,05 with an approximate composition of Y,(OH)sNOj; - H,O was synthesized by using ammonia water as pre-
cipitant and yttrium nitrate as the starting salt. Employing appropriate striking method and optimum synthetic conditions, yttrium
hydroxide with a card-house or spherical structure can be formed. It was found that normal striking derived powders have higher sin-
terability than reverse striking derived powders. The addition of a small amount of ammonia sulfate in the yttrium nitrate solution
reduces the agglomeration and particle size of the produced yttria powders. Nanocrystalline yttria powders (60 nm in average size)
was obtained by calcining the precursor at 1100 °C for 4 h. Transparent yttria ceramics were fabricated from the nano Y,03 powders
by vacuum sintering at 1700 °C for 4 h. In the wavelength of 1000 nm, the in-line transmittance reaches 52%.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Yttria finds potential application because of its high cor-
rosion resistivity, thermal stability and transparency over a
wide wavelength region, i.e., from violet to infrared light
[1]. Moreover, yttria material can also act as a laser host
material [2,3]. This material is mainly manufactured by
using powder technology, i.c., sintering. The typical sinter-
ing temperature for producing transparent Y,0Oj3 are about
2000 °C under normal pressure for long periods [4,5] or at
about 1500 °C under high pressure [6,7], and some sinter-
ing aids were used to enhance the densification, such as
ThO, [2,5], La,O5 [8], HfO, [3], and LiF [7]. In recent years,
some fabrication methods have been successfully used to
produce well-sinterable yttria powders. Saito et al. reported
a carbonate precipitation method for synthesizing highly
sinterable yttria powder [1]. By controlling the precipitate
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temperature and doping with sulfate ions, Ikegami et al.
synthesized thin flakes of yttrium hydroxide that have a
card-house structure. Well-sinterable Y,O; nanopowders
of high-purity have been obtained by calcining the hydrox-
ide precursor at 1100 °C for 4 h and the sintered body
showed transparency [9].

In this paper, we have used ammonia water as the pre-
cipitant to synthesize yttrium hydroxide precursor. The
effect of the precipitation process on morphology, size,
and sinterability of the precursor and resultant yttria pow-
ders are investigated. The sintering and optical properties
of the transparent yttria ceramics have also been studied.

2. Experimental

Yttria powder (99.99%, Changchun, China) was dis-
solved in high-purity nitric acid, and then was diluted with
deionized water to the concentration of 0.26 M. To investi-
gate the effect of ammonia sulfate for some specimens, 0.9 g
ammonia sulfate was added to a 500 ml yttrium nitrate
solution. Ammonia water (2 M, reagent grade) was used
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as the precipitant. During precipitation process, reverse
striking means the addition of the solution containing the
precursor metal ions to the precipitating agent, and the
opposite is called normal striking. In the present work,
both striking methods were used and the slow addition rate
of 5ml/min was chosen. Then, the precipitate slurry was
aged for 3h with mild agitation by a magnetic stirrer.
The precipitate slurry was filtrated and washed with deion-
ized water for four times to remove the NH4NO; by-prod-
uct. After washing, the precipitate slurry was dried at 60 °C
for 24 h. The dried cake was crushed in an alumina mortar
and pestle, and subsequently was calcined at selected tem-
peratures under flowing oxygen to obtain yttria powder.
For sintering, powders were first dry pressed manually
(~20 MPa pressure) into small cylinders with a diameter
of 13 mm and a thickness of 3 mm in a steel die and then
isostatically compacted at a pressure of 200 MPa. The pel-
lets were sintered at 1700 °C for 4 h under vacuum of
1.3x 1072 Pa in a furnace with molybdenum heating ele-
ment (VSF-7, Shenyang, China). Phase identification was
performed via X-ray diffractometry (XRD) (Model
D/MAX-RB, Japan), using nickel-filtered CuK, radiation
and a scanning speed of 20 = 8°/min. A transmission elec-
tron microscope (TEM, Philips EM420) was used to
observe the morphologies of the precipitate precursor and
the Y,0O; powders. Relative density of the sintered speci-
mens was measured by the Archimedes method, which used
water as the immersion medium. The sintered specimens
were thermally etched at 1500 °C for 2 h in air. Microstruc-
tures of the polished surface of the specimens were
observed using scanning electron microscopy (SEM,
EPM-810Q). Specimens for transmittance measurement
were cut into 1.5-mm-thick slices and both surfaces were
mirror-polished. Transmittance of the transparent yttria
ceramics was measured over the wavelength region from
200 to 1200 nm using a spectrometer (DMR-22, Germany).

3. Results and discussion
3.1. Morphology of the precursor

For different striking methods, pH variation of the reac-
tion system is obvious. The relation between pH and
ammonia water or Y(NQOj3); solution added as reactant is
shown in Fig. 1. If the Y(NOs); solution is added to the
AW (ammonia water) solution (reverse striking), because
the original concentration of the AW solution is much
higher than that of the Y(INOj3); solution, in such a mixed
method, Y reacts immediately with OH™ to produce pre-
cipitate precursor and the pH value of the system drops
gradually. For normal striking method, the initial pH value
of the mother salt solution is about 5.0. The plateau, which
begins at a pH of about 6.7, indicates that the precipitate is
formed and the OH ™ depleted. When the pH is above
about 8.0, the precipitation is completed, and the rapid
increase in the pH of the curve is a result of simply adding
excess ammonia water to the system.
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Fig. 1. Relationship between pH and amount of NH; - H,O or Y(NO;);
during different striking methods: (a) normal striking and (b) reverse
striking method.

The morphology of precursor formed during precipita-
tion is strongly influenced by the precipitation condi-
tions, such as the final pH value and striking methods.
TEM observation indicates that the precursor precipi-
tate has a platelet-like structure in a manner similar to a
house of cards (Fig. 2(a)) at low pH value during normal
striking method. When the precipitates are formed at a
higher pH, as shown in Fig. 2(b), it becomes more equi-
axed, and the card-house structure of the precursor are
more likely to collapsed. The morphology of the yttrium
hydroxide precursor and variation of pH value during
striking process were consistent with the work of Voigt
[10].

Fig. 3 is the morphology of the precipitate obtained by
reverse striking method at different pH values. It can be
seen that the aggregates became dense, and the card-house
structure disappeared.

According to Voigt [10], variation of precipitate mor-
phology can attribute to the difference of supersaturation
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Fig. 3. TEM morphology of the precursor produced by the reverse striking method: (a) pH = 7.92 and (b) pH = 10.0.

levels during different striking conditions. In precipitation,
very high levels of supersaturation are created and homo-
geneous nucleation predominates. Derived from classical
nucleation theory, the rate of homogeneous nucleation
can be expressed as
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where ¢ is the interfacial energy between crystal surface
and liquid, M is the molecular weight of the solid, p is
the density of the solid, N° is Avogadro’s number, S is
supersaturation ratio, k is Boltzmann’s constant, 7 is the
absolute temperature, and K is a function of temperature
and supersaturation. It can be seen that the nucleation rate
increases as the supersaturation increases. The supersatura-
tion ratio, S, is the ratio of the solute concentration, ¢, in
the solution to the total solute concentration, ¢, at equilib-
rium. James Alan Voigt calculated estimated values of the
supersaturation, S = ¢/c,, as shown in Fig. 4.

For reverse striking method or high pH conditions of
normal striking, supersaturation levels are much higher
than that of low pH condition or normal striking.

Yttrium hydroxynitrate tend to assume a platelet-like
morphology. Prior to us, the work on hydrothermally
prepared trivalent lanthanide (including yttrium) hy-
droxynitrates via precipitation method was conducted by
Voigt [10] and Haschke and coworkers [11,12]. According
to their work, such phenomena can be inferred from
the crystal structure of yttrium hydroxynitrates. Perfect
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Fig. 4. Relationship between supersaturation ratio and pH value.

yttrium hydroxynitrates are layered structures composed
of alternating layers of hydroxide-coordinated metal ions
and ions. The rapidly growing faces are perpendicular to
the planes of the layers. Growth by addition of new layers
is slower than growth at the edges of the layers. So this
hydroxide precursor is mainly up of irregularly shaped par-
ticles, and tends to form a platelet-like morphology. But
when supersaturation levels increased, more rapid crystal
growth will occur. This rapid crystal growth tends to
decrease the preferential growth of the crystallites. Thus,
higher supersaturation conditions generally form more
equiaxed crystallites and platelet morphology of the pre-
cursor disappeared [10].
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3.2. Morphology of the products

Fig. 5 shows TEM morphologies of the Y,03; powders
obtained by calcining four typical kinds of precipitates at
1100 °C for 2h. A common feature of the precipitation
derived powders is that they all have some agglomerates.
However, different synthetic conditions caused some differ-
ences in the dispersivity of these powders. Compared with
powder a (Fig. 5(a)), powder b-d, were more severely
agglomerated. Although powder a still has some agglomer-
ation, the powder shows the highest dispersivity of all these
powders. It is mainly composed of round shaped particles
rather than irregularly large particles with sharp edges, like
b—d.

3.3. Composition of the precursor

The present work showed that both the appropriate
striking method and low final pH value at the end of the
precipitation process are essential to the fabrication of
highly sinterable yttria powders and transparent ceramics,
as was shown below. So, the composition of this kind of
precipitate precursor was determined by XRD, the final
pH value of the precipitation process of normal striking
is about 7.92. If ammonia water is added to a rare earth salt
solution, the rare earth hydroxide precipitates, and the
ratio of OH /Re*" changes from 2.5 to 3.0 depending on
the cation. Thus, the composition of the precursor will be
Y,(OH)5(NO3) - H,O and this is proved by the XRD anal-
yses (Fig. 6). After calcining at temperatures =700 °C for
2 h, the precursor transforms to the yttria phase (Fig. 6).

200nm

3.4. Effect of SOf[ on the morphology of Y>03; powders

According to Ikegami et al. [9,13], nanocrystalline Y,O;
powders can by synthesized by calcining SO?[ doped
yttrium hydroxide precursor. Ikegami et al. also demon-
strated that both the aging of yttrium hydroxide at temper-
atures lower than room temperature and doping with
sulfate ions are essential to the fabrication of highly sinter-
able yttria powders [9,13].

In this paper, we found that both striking methods and
pH value at the end of the precipitation process has a sig-
nificant effect on the sinterability of the resultant yttria
powders. So, for the fabrication of transparent yttria
ceramics, optimum synthetic conditions of striking meth-
ods was used, and at the same time, lower temperature
aging of hydroxide and SOi* doped techniques were also
employed.

Fig. 7 shows the morphology of yttria powders obtained
by SO?[ doped Y,(OH)s(NOs3) - H>O. The precursor was
calcined at 1100 °C for 4 h. It can be seen that the sulfate
doped yttria powder is well dispersed and has a smaller
particle diameter (about 60 nm).

Y,(OH)5(NO3) - H,O has a positive { potential in aque-
ous solution [10], hence SOi’ can adsorb onto the surface
of Y,(OH)s5(NO3) - H,O particles due to the electrostatic
force. The SOf[ has a higher decomposition temperature
than hydroxides and its existence at comparatively high
temperature may reduce the element diffusion between par-
ticles, resulting in a smaller particle size. Its decomposition
at high temperatures is also beneficial for the dispersion of
powder [14].

Fig. 5. TEM morphology of the Y,O3 powders: (a) normal striking method, pH = 7.92; (b) normal striking method, pH = 10; (c) reverse striking method,

pH = 7.92 and (d) reverse striking method, pH = 10.
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Fig. 6. XRD spectra of the precursor and the calcined powders.

Fig. 7. TEM morphology of the Y,0; powder made by doping with
sulfate ions.

3.5. Sintering of the Y>,O03 powder

Powders for sintering were synthesized via the normal
and reverse striking method. To compare sinterability of
the yttria powders obtained by different striking methods,
all the hydroxide precursor was calcined at 1100 °C for
1 h under flowing oxygen to yield yttria powders. Fig. 8
illustrates the relationship between the relative density of
the sintered samples and pH value.

It can be seen that normal striking derived powders
exhibit higher sinterability than reverse striking derived
powders. For the normal striking method, low-pH derived
powders show the highest sinterability, the relative density
is about 96.2%. Large particle sizes and severe agglomera-
tion are responsible for lower sintering reactivity of the
other yttria powders. The yttria powder synthesized from
the normal striking method at low pH value has the least
tendency of agglomeration and somewhat smaller particle
size, resulting in the highest density of the sintered body.
Although the powder from this method reached almost
theoretical density, for fabrication of transparent ceramics
with theoretical density is not enough. In the present work,
it was found that SOi‘ doped Y,(OH)s5(NOj3) - H,O
derived powders can be densified to nearly full density by
vacuum sintering at 1700 °C for 4 h and the sintered body
showed transparency. Fig. 9 shows the sintered yttria
ceramics, of which the precursor were normal striking
derived Y,(OH);5(NO3) - H,O, SOi_ doped Y,(OH)s-
(NO3) - H,O, aging at 50 °C, and SOﬁ’ doped Y,(OH)s-
(NO3) - H,O, aging at 0 °C, respectively. Each pellet is
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Fig. 8. Relationship between relative density and final pH (a) normal
striking and (b) reverse striking method.

Fig. 9. Photograph of Y,0;3 ceramics (a) striking at 0 °C (b) striking at
50 °C and (c) SOi’ undoped.
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~10.5 mm in diameter and ~1.5 mm thick. It can be seen
that low aging temperature and SO;~ doped can lead the
powders sintered to transparency, whereas those precursor
precipitated at higher temperature is opaque. The present
results were consistent with the work of Ikegami et al.
[9]. Conventional techniques using for synthesizing trans-
parent or translucent yttria ceramics need high temperature
or some sintering aids to prevent grain-boundary break-
away. In the present work, the green compact is homoge-
neous, since the SO?[ doped precursor derived powder is
well dispersed and exhibit a narrow particle size distribu-
tion, and hence abnormal grain growth did not occur.
Pores which remain at grain boundaries can be eliminated
easily, and thus the sintering temperature is about 300 °C
lower than conventional pressureless sintering techniques.

Fig. 10 shows the microstructure of the polished and
etched yttria specimen sintered at 1700 °C. The sintered
body has a homogeneous microstructure with an average
grain size about 20 pm.

Light transmittance is a main parameter in elevating the
optical properties of the transparent ceramics. Fig. 11

Fig. 10. SEM photograph showing the microstructure of polished surface
of the specimen sintered at 1700 °C (small white dots are due to alumina
from the abrasive paper used for polishing media).
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Fig. 11. Optical transmission spectra of a Y,O; single crystal and
transparent Y,O3 ceramics (a) single crystal [1] and (b) transparent yttria
ceramics.

shows the in-line transmittance spectra in the wave-
length region from 200 to 1200 nm for the specimens sin-
tered at 1700 °C for 5 h. The data of a single-crystal are
also shown.

In the measured wavelength region, the highest optical
transmittance is about 52%. The in-line transmittance
increases with increasing wavelength. This can be attrib-
uted to the difference between a single crystal and polycrys-
talline ceramics. There are some scattering centers in the
ceramics. When the optical scattering center is significantly
smaller than the wavelengths, the scattering intensity can
be determined by Rayleigh’s equation, i.e., the scattering
intensity increases proportionally with /=%, where A is the
wavelength. Thus, the scattering intensity increases with
decreasing wavelength [15].

4. Conclusions

1. Hydroxide precipitation, employing Y(NOs); as the
starting salts and ammonia water as the precipitant, have
been used to synthesize yttria powders. Chemical precip-
itation process was optimized. It was found that both
striking methods and pH value at the end of precipita-
tion process influences the morphology of yttrium
hydroxide precursor, which in turn significantly affects
sinterability of the resultant yttria powders.

2. For normal striking method, the hydroxide precursor
produced at low final pH value has a platelet-like struc-
ture in a manner similar to a house of cards. When the
precipitates are synthesized at high pH conditions or by
reverse striking method, platelet-like morphology of the
precursor tend to disappear.

3. Normal striking derived powders have higher sinterabil-
ity than reverse striking derived powders. For normal
striking method, low pH derived powders show the
highest sinterability, while the maximum relative density
reaches 96.2%.

4. The addition of a small amount of ammonia sulfate to
the yttrium nitrate solution can yield highly reactive
yttria powders. The resultant yttria powders is fine
(60 nm in average primary particle size), narrow in size
distribution and loosely agglomerated.

5. Using such Y,03 powders, after vacuum sintering at
1700 °C for 4 h, transparent yttria ceramics have been
fabricated. In the wavelength of 1000 nm, the in-line
transmittance reaches 52%.
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