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Abstract

Transparent nanoceramics are attracting more and more interests recently, while it is practically difficult to prepare by conventional sintering
process because of undesirable grain growth. In this study a new method of amorphous sintering followed by controlled crystallization (ASCC)
was developed, and transparent LaAlO3/t-ZrO, nanoceramics were prepared as examples. Glass powders from Al,03;-La,03—ZrO, (ALZ) were
synthesized, sintered, and then converted to nanoceramics by post-heat-treatment. The processes of hot pressing and controlled crystallization were
investigated in detail. The heat-treatment performed at 1200 °C for 2 h produced a transparent LaAlO3/t-ZrO, nanoceramic with an average grain
size of 40 nm. Due to the nanoscale microstructure, the composite showed a transparency up to 55% at 800 nm (1 mm thick), Vickers hardness of
19.05 GPa, and fracture toughness of 2.64 MPam'?, respectively. It is expected to be a promising candidate for window materials.

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Transparent ceramics, such as yttrium aluminum gar-
net (YAG), alumina (Al»O3) and alumina-magnesia spinel
(MgAl,04), have attracted increasing attentions because of their
excellent mechanical strength (resistance to wear and bending),
chemical and thermal stability (corrosion resistance), and optical
properties (high refractive index), which provide wide appli-
cations ranging from high-pressure sodium and metal-halide
lamps,l’2 armor,’> wave ﬁlter,4 window materials> to lasers.”

Recently, most researches on transparent ceramics are focus-
ing on tailoring the microstructure, e.g. the elimination of pores
and refinement of grain size, in order to reduce light scatter-
ing and increase laser excitation efficiency.? It is significantly
important for non-cubic systems because their optical properties
are highly dependent on the grain size, such as a-Al,O3 with
high anisotropic lattice (c/a=2.72).° Fortunately, encouraging
advance in optical performance of non-cubic transparent ceram-
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ics caused by the refinement of grain size has been well reported.
For example, the in-line transmittance of Al,O3 ceramic greatly
increases when the grain size is reduced into submicron scale,
which makes translucent sample become transparent.'? Based
on the Rayleigh—-Gans—Debye light-scattering theory, Apetz
et al. developed a model to describe the light transmission
properties of fine-grained fully dense ceramics.!! This model
explains the noteworthy transparency of the submicron-grained
ceramics, and suggests that the light transmission of transparent
ceramics will remarkably increase with the reduction of grain
size. Furthermore, if the grain size can be reduced to nano-scale,
the light transmission of transparent ceramics will be greatly
improved.

While in conventional sintering of ceramic powders, the high
temperature required for densification also promotes extensive
grain growth, which makes it very difficult to prepare fully dense
nanoceramics.'? Hence, for preparing transparent nanoceram-
ics, the key problem is to separate densification from grain
growth. To do this, a possible approach is to make densifica-
tion and grain growth take place through different mechanisms,
which can offer the opportunity to control two processes
separately. Recent researches indicate that coherent, dense,
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amorphous bulk alloys and glasses can be successfully densi-
fied from amorphous powders by viscous flow within the kinetic
window AT =T, — T, where Ty is the glass transition tempera-
ture and Ty is the starting crystallization temperature.'>!* Based
on these work, we develop a new method of amorphous sin-
tering followed by controlled crystallization (ASCC), in which
the amorphous powders were prepared, sintered via viscous
flow, and then converted to transparent nanoceramics by heat-
treatment.

Concentrated rare earth aluminates, RA103, as well as R3*ion
as adopantin YAIO3 host lattice have roused interest as potential
laser materials. Recently, LaAlO3 powder has been synthesized
via various methods,>-10 while the transparent bulk material has
not been reported except for single crystal because of the high
birefringence of this extremely anisotropic lattice (c/a =2.44). In
the present work, transparent LaAlO3-based nanoceramic was
prepared by the ASCC method for the first time. The glass
powder from Al,O3-Lay03-ZrO, was prepared, sintered and
converted into transparent LaAlO3/t-ZrO, nanoceramic via a
controlled crystallization process. ZrO, was adopted to form a
ternary system with high glass-forming ability,!” and serviced
as a nucleation agent. The feasibility of this method for other
rare-earth-aluminate systems had also been demonstrated.

2. Experimental procedure

Raw materials used in this study included: Al,Os3
(purity >99.99%, Dyso=200nm, Dalian Luming Nanometer
Material Co., Ltd.), La;O3 (purity > 99.99%, Dysp =509 nm,
China Minmetals (Beijing) Research Institute) and m-ZrO,
(purity > 99.8, Dyso =46 nm, Dongguan SG Ceramics Technol-
ogy Co., Ltd.).

The experimental process was illustrated in Fig. 1.

The powder mixtures with a molar composition of
53%Al,03-20%Lay03-27%m-ZrO, (named hereafter
~
A|2°3, La2°3 and Zr°2 ———————
[ spray granulation }
: ~3200C

flame spray-
water quenching

——

ALZ glass powder

5 ~900°C, 20min
[ hot pressing ]

ALZ bulk glass 900-1300°C, 2h

—

[ heat treatment

ALZ nanoceramics

Fig. 1. Illustration of the studied experimental process. The right inset shows
the temperature (7) and dwell time (¢) used in each step. The T and ¢ for hot
pressing is relatively lower compared with conventional ceramic sintering.

as ALZ) were dispersed as an aqueous suspension with
1.5wt% polyvinyl alcohol (PVA, molecular weight 1700,
purity > 99.0%, Beijing Chemical Works) as binder, and spray
dried into spherical particles. Spray dried agglomerates were
feed into a CoH,/O; flame at a rate of 20 g/min, and then
sprayed into water to prepare the ALZ glass microspheres,
where the CoH; flow rate was 20 1/min and the O, flow rate
was 151/min. The flame was vertical to the water surface,
and produced a combustion temperature up to 3200 °C. The
particles were heated, melted and quenched into water to obtain
a cooling rate of ~10° °C/s. The glass micropheres deposited at
the bottom of a steel container were collected, dried and sieved.
For hot-pressing, 5.0 g glass powder passed through 500 mesh
was loaded into a graphite die (920 mm), the internal surface
of which was covered with a graphite sheet to avoid direct
contact between the powder compact and the graphite die. The
sintering temperature was elevated from room temperature to
the final sintering temperature (about 900 °C) at 10 °C/min,
and dwelled for several minutes to achieve the densification
with the aid of a pressure exerted before the dwell. After
cooled down, the obtained glasses were heat-treated at different
temperatures (ranging from 900 to 1300°C) to prepare the
transparent nanoceramics.

The glass transition temperature () and starting crystalliza-
tion temperature (7) of the glass microspheres were determined
by a differential thermal analysis (DTA, NETZSCH STA 449C,
Germany). Phase assemblage was identified by X-ray diffrac-
tion (XRD, D8 Focus, Bruker, Germany) using Cu K« radiation.
Microstructure was thoroughly characterized by scanning elec-
tron microscopy (SEM, Hitachi S-4300, Japan) and transmission
electron microscopy (TEM, JEOL JEM 2100F, Japan). For the
TEM observation, a thin sheet was mechanically polished to a
thickness of 100 wm and further thinned by an Ar ion-milling
machine. The in-line transmittance spectras were obtained using
an UV-vis—NIR Spectrophotometer (Cary 5000, Varian, Amer-
ica) for 175-2000 nm and a Fourier Transform Infrared Spectra
(FTIR; Excalibur 3100, Varian, America) for 2000 nm to 25 pm.
All the samples were polished down to 1 mm thick. According
to the mixture rule, the refractive index (n) of the ALZ glass is
given by!®

n = ¢in| + ¢anz + P3n3 ()

where n1, np and n3 are the refractive indexes of Al,O3, LayO3
and ZrO,, respectively, @1, @> and @3 are the volume frac-
tions of the respective components described above. Therefore,
the n is 2.00. Based on these results, the theoretical transmit-
tance (Ty) of the ALZ glass was calculated as 80% using the
relations given in the literature.!! The sample density was mea-
sured by Archimedes method, and the theoretical density can be

calculated to be 4.56 g/cm? by an empirical equation'®
M - x:
> (Vi xp)

where M; is molar weight (kg/mol), x; is molar fraction (mol%),
and V; is paking density parameter (m>/mol) for an oxide MxOy.
Based on the density variation, the degree of crystallization
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Fig.2. (a) ALZ glass powders under an optical microscopy, (b) ALZ transparent glass and (c) LaAlO3/t-ZrO; transparent nanoceramic prepared through crystallization
at 1200 °C for 2 h. Both samples (b) and (c) are 1 mm thick and 0.6 cm above the text.

(o) of the heated sample was evaluated as reported in the
literature.2® Microhardness (Hy) and fracture toughness (Kic)
were measured using a microhardness machine (HXD-1000TM,
Shanghai), and by application of 500gf (4.9 N) load on polished
surface for 15s.

3. Results and discussion
3.1. Preparation of ALZ glass powders by flame spray

For rare-earth-aluminate system, without including any glass
forming oxides such as SiO;, B,O3 and P05, both the high
melt temperature and the required ultra-high cooling rate are
serious obstacles for forming large bulk glass even by a laser-
assisted melt-casting process.?! In this study, the melting point of
the ALZ system reached 1665 °C.?? Although the flame spray
process provided a high temperature up to 3200 °C, only the
smaller particles could be heated to a temperature above the
melting point during the supersonic spray process. As shown
in Fig. 2(a), the ALZ glass powder with a particle size below
38.5 wm (—500 mesh) were fully spherical and transparent under
an optical microscope because of the higher degree of melting
and quenching. Differential Thermal Analysis (DTA) in Fig. 3
shows that the kinetic window (AT) of the ALZ amorphous
microspheres was 816—-895 °C. According to the empirical rule,
the sintering temperature is generally chosen to be 20 °C lower
than T, so as to avoid devitrification.?® Therefore, the optimal
sintering temperature for the ALZ system was 875 °C, which is
well located in the kinetic window for sintering.

3.2. Preparation of ALZ transparent glass by sintering

It is generally considered that the sintering of glass frit into
bulk forms is realized by viscous flow within the kinetic win-
dow, while the densification rates are positively proportional to
the applied pressure P according to the dp/dt=3P(1 — p)/4n,
where 7 is the viscosity.?* Thus, during the sintering process
conducted at 875°C, a pressure ranging from 30 to 90 MPa
was applied to achieve full densification as soon as possible.
The shrinkage behaviors are shown in Fig. 4. It is observed
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Fig. 3. DTA curve of ALZ glass powders at heating rate 10 °C/min.

that the shrinkage process consisted of three stages, including
accelerating shrinkage, rapid shrinkage and shrinkage stagna-
tion. The rapid shrinkage stage made a largest contribution up
to 90% to the densification. Meanwhile, the applied pressure
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Fig. 4. Shrinkage behaviors of ALZ glass powders sintered at different pressures
30, 60 and 90 MPa. The inset shows the dependence of shrinkage time on applied
pressure.
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Fig. 5. SEM micrographs of the fracture surfaces of ALZ glass (a) and ceramics produced at 1200 °C (b) and 1300 °C (c) for 2 h. (d) TEM image of b.

accelerated the shrinkage rate dramatically. When the pressure
reached 90 MPa, the time for full densification decreased from
1350 to 5255, as observed in the inset of Fig. 4. The shorter
dwell time is well benefic for avoiding the surface devitrifica-
tion of glass microspheres, so as to aid the elimination of residual
pores.

The ALZ glass sample sintered at 90 MPa is shown in
Fig. 1(b). The density was measured as 4.55g/cm®, which
reached 99.8% of the theoretical value. As shown in Fig. 5(a),
the sintered bulk glass sample exhibited conchoidal fracture,
and no obvious pores were found on the fracture surface. Mean-
while, the sample seemed to be a whole bulk, indicating that
the interfaces of glass microspheres had disappeared by viscous
flow. This is very different from the polycrystalline ceramics
sintered at high temperatures. These results suggest that the
higher pressure instead of temperature is essential to sinter the
transparent glass. Fig. 6 shows that the ALZ glass had a trans-
parency in a wide wavelength range of 265nm to 6.54 pm,
covering visible, near infrared and middle infrared regions.
The transmittance of this sample reached 68% at 800 nm, and
reached the maximum value of 75% in the range of 2.4—4.4 pm.
Compared with the theoretical transmittance (80%), the loss
should be attributed to the light scattering caused by residual
pores, minor translucent and opaque glass microspheres. X-ray
diffraction analysis (XRD) in Fig. 7 indicates that the sintered
sample remained full amorphous, which is beneficial for the fol-
lowed crystallization treatment to achieve desirable nano-sized
grains.

T, for ALZ glass

70 o
60 .~ ceramic,1200°C/2h
50 |-
a0l

3|

Transmittance (%)

20} |
10|

oLk

]

T ' T T T T T T T = T
3 4 5 6 7 8
Wavelength (um)

-
n

Fig. 6. Transmittance spectrums of ALZ glass (a) and LaAlO3/t-ZrO; nanoce-
ramic prepared through crystallization at 1200°C for 2h (b). The sample
thickness is 1 mm.

3.3. Preparation of ALZ transparent nanoceramics by
crystallization

Controlling the crystallization kinetics of amorphous bulk
is of critical importance to obtain nano-sized ceramics, by
optimizing the post heat-treatment conditions, such as heat-
ing temperature and time.!* Therefore, the heat-treatment for
the ALZ bulk glass was conducted in the temperature range of
900-1300°C for 2h, and the influences of the heat-treatment



L. Mei et al. / Journal of the European Ceramic Society 31 (2011) 1603—-1609 1607

|o LaAlO, tZrO, 4 LaAl O wulaZr0,
b
+1300°C ’ | R
____J."______Q___:‘._WA_J"\,_.“_7____V‘i‘___’____ _’ !Q,,,,t - ,J’-‘_
4
+ 1200°C |
1 ) S +
P I CUEN . TR Jo M 2 e
S
. +
L] o I
£ g t100C o | § " . "
B el s fle By M A
@ 4 1000°C
LA\
N et D G S S U
= 900°C :
|
A n
Glass
MAMM L St vy W

20 25 30 35 40 45 50 55 60
20 (deg.)

Fig. 7. XRD patterns of ALZ samples after heat-treatment at various tempera-
tures. Indexed according to JCPDS cards: 85-848 (LaAlO3), 80-965 (t-ZrO,),
34-0467 (LaAl;10;g) and 71-2363 (LayZr,07).

temperature on crystallization behavior were thoroughly inves-
tigated.

Fig. 7 presented the XRD patterns of ALZ specimens after
heat-treatment. It is noted that the sample treated at 900 °C
precipitated a crystalline phase La;Zr,O7. This should be
attributed to the nucleation effect of ZrO,.2> The amount of
ZrO7 in this composition was considerably more than what is
commonly used in glass—ceramic technology as a nucleation
agent. The precipitation of plenty of fine compound La;Zr,O7
renders heterogenenous nucleation sites and improves nano-
crystallization. At 1000 °C, the diffraction peak of LayZr,Oy
almost disappeared, and the following crystalline phases pre-
cipitated: LaAlO3 and t-ZrO;. As for the sample treated at 1100
and 1200°C, except LaAlO3 and t-ZrO», no new crystalline
phase was detected. When the temperature increased to 1300 °C,
minor LaAl;;O;g appeared. However, the diffraction intensities
of LaAlO3 and t-ZrO; only increased slightly. This indicates
that the crystallization process is almost complete.

Fig. 8 shows that both the density (p) and crystallization
degree (@) of the samples increased dramatically with an increase
in heat-treatment temperature. A complete crystallization was
achieved at 1300 °C for 2 h, accompanied by a density increase
from 4.55 to 5.34 g/cm>. Notably, when the treatment was per-
formed at 1200 °C for 2 h, the crystallization degree had reached
95.2 wt%, which suggests that the transition from glass to crys-
talline ceramic had been realized. XRD patterns in Fig. 7 also
show that the sample heated at 1200 °C for 2 h mainly consisted
of LaAlO3 and t-ZrO; crystallines, and no amorphous charac-
teristic was observed. Thus, the LaAlO3/t-ZrO, nanoceramic
was successfully prepared in this study. However, for traditional
silicate system, only some nanophase glass—ceramics have been
prepared by the crystallization method, that is, it is difficult to
achieve a high degree of crystallization because of the different
crystallization abilities of the multi-component systems.
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Fig. 8. Effects of heating temperature on density p and crystallization degree o
(a), grain size D and transmittance 7 (b), and Vickers hardness Hy and fracture
toughness Kic (c).

Scanning electron microscopy (SEM) and Transmission elec-
tron microscopy (TEM) observations on fracture surface also
provide good insight into the processes occurring during crys-
tallization, as shown in Fig. 5(b—d). The LaAlO3/t-ZrO; ceramic
obtained at 1200 °C exhibited a compact surface, suggesting that
almost no residual glass phase remained in the matrix. TEM
image in Fig. 5(d) shows that no obvious pores were observed
despite a great volume shrinkage took place during the controlled
crystallization process. When the heating temperature was ele-
vated to 1300 °C, the fracture surface of the sample appears to
be intergranular, which directly indicated that the sample had
been completely crystallized. This is well consistent with the
analysis results above.

Controlled grain growth was also achieved by controlled crys-
tallization via modifying the heating temperature from 900 to
1300°C. As shown in Fig. 8(b), the average grain size (D)
remained below 40 nm until the heating temperature was ele-
vated to 1200°C, leading to a slight transparency loss due
to the neglectable light scattering from grain boundaries. So
the LaAlO3/t-ZrO; ceramic obtained at 1200°C (Fig. 1(c))
showed a transparency up to 70% in the infrared region, which
is almost the same as that of the parent glass, while in the
visible region the transmittance at 800nm decreased from
68% to 55% because of the presence of nanocrystals (Fig. 6).
When the heating temperature was 1300 °C, the grain grew
quickly to 300 nm, and the sample became opaque. According
to the Rayleigh—-Gans—Debye light-scattering theory, the opti-
cal properties of non-cubic systems are highly dependent on the
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grain size because of the light scattering from birefringence.!!

For example, if the grain size is in micrometer scale, the
Al,O3 ceramics (c/a=2.72) are translucent. While if the grain
size can be reduced to nano-scale, the transmittance will be
improved to the theoretical value. In this study, the trans-
mittance of LaAlO3/t-ZrO, nanoceramic exhibited a similar
dependence on the grain size as described above. Meanwhile,
the shrinkage-induced pores and cracks are liable to form during
crystallization, although these defects were not detected by SEM
and TEM analysis. This could be one more reason for the opacity
of the completely crystallized samples obtained at 1300 °C.

In addition, the heat-treated ALZ samples exhibited enhanced
Vickers hardness (Hy) and fracture toughness (Kic) (Fig. 8(c)).
Compared with the sintered basic glass, the transparent
LaAlO3/t-ZrO, nanoceramic obtained at 1200 °C had an almost
doubled Vickers hardness of 19.05 GPa and fracture toughness
of 2.64 MPam!/?, respectively. This remarkable improvement
should be attributed to the increased density and crystallization
degree, and the nanoscale microstructure.

It is well known that optical sapphire (Al,O3), spinel
(MgAl1;04) and AION (Alr3—1/3x0274xN5_x, 0.429 < x < 2) have
widely been used as window materials because of their excellent
combined properties.”® Of these, AION transparent polycrys-
talline ceramic is an extremely durable material with mechanical
and optical properties similar to sapphire, for example, a Vickers
hardness of 16.00 GPa and fracture toughness of 2.40 MPa m!2,
respectively.?’ In this work, the prepared transparent LaAlO3/t-
ZrO, nanocomposite exhibited more attractive mechanical
properties, which suggest a potential application in window
materials. However, more efforts should be made to improve the
optical properties of LaAlO3/t-ZrO; nanocomposite by optimiz-
ing the new developed process.

4. Conclusions

Transparent LaAlO3/t-ZrO; nanoceramics were successfully
prepared by the new developed method of amorphous sinter-
ing followed by controlled crystallization. Glass powders from
Al,O3-Lay03-ZrO; were synthesized, sintered by viscous flow,
and then converted to transparent LaAlO3/t-ZrO, nanoceramics
by post-heat-treatment. In the densification of glass powders,
the higher pressure instead of temperature was essential to
sinter transparent glass. The increased heat-treatment temper-
ature led to a remarkable increase in density, crystallization
degree, grain size and mechanical properties, while a decrease
in transparency. The heat-treatment performed at 1200 °C for
2 h produced transparent LaAlO3/t-ZrO, nanoceramic with an
average grain size of 40 nm. Due to the reduced light scattering
from birefringence, the transmittance of LaAlO3/t-ZrO; nanoce-
ramic (1.0 mm thick) was up to 55% at 800 nm. Meanwhile,
the transparent LaAlO3/t-ZrO, nanoceramic exhibited a Vickers
hardness of 19.05 GPa, and fracture toughness of 2.64 MPa m!Z2,
respectively.

Compared with conventional sintering process, this technique
provides a new route to prepare transparent nanoceramics by
separating the densification stage from grain growth, in which

the grain size is easily controlled by modifying the crystal-
lization temperature. Hence the method is also applicable to
other rare-earth-aluminate systems which can provide amor-
phous powders with a wider kinetic window for densification.
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