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Abstract

High optical quality Y,Oj3 transparent ceramics with fine grain size were successfully fabricated by air pre-sintering at various temperature
ranging from 1500 to 1600 °C combined with a post-hot-isostatic pressing (HIP) treatment using co-precipitated powders as the starting material.
The fully dense Y,0O; transparent ceramic with highest transparency was obtained by pre-sintered at 1550 °C for 4 h in air and post-HIPed at
1600 °C for 3 h (the pressure of HIP 200 MPa), and it had fine microstructure and the average grain size was 0.96 pm. In addition, the in-line
transmittance of the ceramic reached 81.7% at 1064 nm (1 mm thickness). By this approach, the transparent Y,O3 ceramics with fine grain size

(< 1.6 pm) were elaborated without any sintering aid.
© 2015 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Y,0;5 transparent ceramic has been widely used as laser host
materials, infrared domes, high temperature chemical-resistant
substrates and component of semiconductor equipment, due to
its excellent properties such as high melting point (2430 °C),
broad range of optical transparency (0.2—-8 pm), high physical
and chemical stabilities, and strong resistance properties for
fluorine-based plasmas [1,2].

To obtain high optical quality Y,O3 ceramics, H, gas sintering
or vacuum sintering techniques at 1750 °C or even high
temperature were generally necessary for completing the densi-
fication process [3]. In addition, various sintering aids such as
HfO,, ThO, and ZrO, were also used to suppress the abnormal
grain growth at the final densification process. Furthermore, in
these approaches, the heating elements such as tungsten mesh or
rod in the sintering furnace are very expensive. Recently, Ballato
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et al. [4,5], reported the Y,Oj; transparent ceramics with good
optical quality could be fabricated at a relatively lower sintering
temperature by two-step sintering process and followed by the
post-HIP treatment. Because of no adopted sintering aid, the
segregation of second phase at the grain boundary area was
maximally avoided at high sintering temperature. However, in
their experiment, the sintering of transparent ceramics still needed
the expensive vacuum furnace.

Huang et al. [6] also reported a novel sintering method for
Y,0; transparent ceramics. The ceramics were sintered in O,
atmosphere and the sintering temperature was as low as 1600—
1650 °C. In addition, the influence of ZrO, as the sintering aid on
the densification of Y,O3 ceramics was also investigated, and
0.5-2.0 at% ZrO, was added to obtain the high transparency.

Furthermore, the pre-sintering could promote the green body
to achieve a certain degree of densification before the post-HIP
treatment [7,8], but the air pre-sintering of Y,O3 ceramics is
always ignored easily due to the low efficiency on densifica-
tion compared with vacuum pre-sintering. Moreover, it is
different with vacuum pre-sintering, and that does not need the
expensive instrument and apparatus, which is an energy-saving
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Fig. 1. FESEM images of (a) precursors and (b) Y,O3 powders calcined at 1300 °C for 3 h and XRD patterns of (c) precursors and (d) Y,O3 powders calcined at

1300 °C for 3 h.
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Fig. 2. (a) Relative densities and (b) grain sizes of Y,0; under different air pre-sintering temperatures and 1600 °C HIP.

and effective process without further annealing to compensate
the oxygen vacancy that formed during the vacuum sintering
process. Currently, numerous studies about the fabrication of
transparent ceramic by vacuum pre-sintering and post-HIP
treatment had been carried out [9], but fewer investigation of
the preparation of Y,Os transparent ceramic by air pre-

sintering combined with the post-HIP treatment has been
systematically reported.

In present study, the nanocrystalline Y,0; powders were
synthesized by the co-precipitation method as the raw materi-
als. By using the powders, the Y,0O5 transparent ceramics were
fabricated by the combination of air pre-sintering and the post-



4240

HIP treatment. And the influence of the pre-sintering tempera-
ture on the microstructure and transparency of the ceramics
without any sintering aid was systematically investigated.

2. Materials and experimental details
2.1. Synthesis of nanocrystalline Y,03 powders

The Y(NOs); solution was prepared by dissolving yttria powders
(99.999%, Alfa Aesar, Ward Hill, MA) with proper amount of
nitric acid (analytical grades, Aladdin chemicals, Shanghai, China),
then the solution was diluted with distilled water to a concentration
of 0.15M with 28 mol% ammonium sulfate (AS) (analytical
grades, Aladdin chemicals, Shanghai, China). The mixed solution
of 1.5 M ammonium hydrogen carbonate (AHC) and 2 M ammo-
nia water (AW) (analytical grades, Aladdin chemicals, Shanghai,
China) was used as the precipitant. The precursors were prepared by
normal strike co-precipitation with 2 ml/min at 440 r/min, and then
they were calcined at 1300 °C for 3 h to obtain the nanocrystalline
Y,05 powders.

2.2. Compaction and sintering of Y,0j3 ceramic samples

The calcined Y,0; powders were sieved through 200-mesh and
then dry-pressed into @15 mm disk in a stainless steel mold at
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25 MPa, followed by cold isostatic pressed at 200 MPa for 5 min.
After removing the residue organics by calcined at 850 °C for 5 h,
the compacted green bodies were pre-sintered at 1500 °C,
1550 °C, 1575 °C and 1600 °C respectively for 4 h in air. Finally,
the pre-sintered samples were post-HIPed at 1600 °C for 3 h under
200 MPa in argon atmosphere. The Y,0O; transparent ceramics
were obtained after coarse grinded and optical polished.

2.3. Characterizations

The morphology of the precursor and the calcined powders
were performed by using a field emission scanning electron
microscopy (FESEM, S4800, Hitachi, Japan). The Phases of the
precursor and Y,O; powders were identified by the X-ray
diffraction (XRD, D2, Bruker, Germany). The relative densities
of ceramics were measured by the Archimedes method with the
theoretical density of Y,O; as 5.031 g/em®. Microstructural
investigation of the sintered ceramic specimens was carried out
by a scanning electron microscope (SEM, JSM-6510, JEOL,
Japan). The measurement of the in-line transmittance of the as-
prepared ceramics was obtained by using a UV-vis—NIR spectro-
photometer (Lambda 950, Perkin-Elmer, Waltham, MA) in the
wavelength range of 2001500 nm.

SEl  3.0kV WD12mm  $520 x10,000

SEI 3.0k  WD13mm $520 x10,000 Apm  —

Fig. 3. SEM images of the thermal etched surfaces of air pre-sintered Y,0O; ceramics at (a) 1500 °C; (b) 1550 °C; (c) 1575 °C and (d) 1600 °C for 4 h.
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Fig. 4. SEM images of the fracture surfaces of air pre-sintered Y,O3 ceramics at (a) 1500 °C; (b) 1550 °C; (c) 1575 °C and (d) 1600 °C all for 4 h.

3. Results and discussion
3.1. Characterization of Y,03 powders

To obtain fine grain size Y,0j3 ceramics with high density,
the dispersible nanocrystalline Y,O3; powders are necessary.
It was reported that the nanocrystalline Y,03; powders with
good sintering activity could be synthesized by the co-
precipitation method [10]. Fig. 1 shows the FESEM images
and XRD patterns of the precursors and as-prepared Y,O;3
powders. In Fig. I(c), the XRD pattern of precursors
indicates that a large amount of Y(NOj3);-6H,0, Y
(CO3)3 - 2H,0 and a little Y(OH); existed in the precursors.
In Fig. 1(a), the granular precursors were Y,(CO3);-2H,0,
but needle-like Y(OH); could not be found nearly, and
Y,(CO3); - 2H,0 was beneficial for high sintering activity of
calcined powders [11]. The mean particle size of calcined
Y,05; powders at 1300 °C was about 120 nm in Fig. 1(b),
but existing slight agglomeration was negative for the
sintering activity to a certain extent. Compared with the
standard card (PDF79-1257, Ia3), the powders presented
a single cubic Y,O; phase and no any impurity phases
could be observed at the calcined temperature of 1300 °C in
Fig. 1(d). The as-prepared nanocrystalline Y,O3; powders
provided the better basis to obtain high optical quality Y,0;
transparent ceramics with fine microstructure.

3.2. Effect of air pre-sintering and post-HIP treatment on
relative densities and grain sizes

Fig. 2(a) shows the relative densities of Y,05 ceramics after
air pre-sintering and post-HIP treatment, respectively. When
the pre-sintering was at 1500 °C, the relative density of the
sample was only 96.2%. However, it significantly increased to
99% at the pre-sintering temperature of 1550 °C. Furthermore,
it increased to 99.5% that was too dense when pre-sintering
was at 1600 °C. And the samples were quite compact and
slightly translucent. In addition, after the post-HIP treatment at
1600 °C in Fig. 2(a), all post-HIPed Y,O5 ceramics that pre-
sintered at the different temperatures had the similar high
relative densities. In particular, the relative density of the pre-
sintering Y,05 ceramic at 1550 °C with the post-HIP treatment
was highest that reached to 99.9%. Moreover, the grain growth
happened during the post-HIP treatment in Fig. 2(b), and the
extra 200 MPa of argon atmosphere supplied driven force for
the grain growth, which greatly enhanced the densification rate
of the Y,0O3 ceramics.

3.3. Effect of different pre-sintering temperatures on the
microstructure of Y,03 ceramics

Before the post-HIP treatment, the pre-sintering body should
reach the closed porosity. In addition, in order to obtain the
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Fig. 5. SEM images of the thermal etched surfaces of post-HIP treated Y,O; ceramics at 1600 °C for 3 h after pre-sintering at (a) 1500 °C; (b) 1550 °C; (¢) 1575 °C

and (d) 1600 °C all for 4 h.

high optical transparency, the pores trapped in the grains
should be maximally released during the pre-sintering process.
The SEM images of thermal-etched surfaces of the pre-sintered
Y,03 ceramics at different temperatures are shown in Fig. 3. A
large number of intergranular pores that connected together
were observed in the Y,O3; ceramic pre-sintered at 1500 °C
with relative density of 96.2% in Fig. 3(a). When the pre-
sintering temperature increased to 1550 °C, the number of
intergranular pores decreased dramatically. The pores tended
to be isolated and mainly existed nearby crystal grains in Fig. 3
(b). Fig. 3(c) presented the SEM picture of Y,O3 ceramic pre-
sintered at 1575 °C, and the size of the pores decreased sharply
with increasing the pre-sintering temperature. When the pre-
sintering temperature was 1600 °C (Fig. 3(d)), the intergranu-
lar pores emerged among the grain boundaries.

In addition, the average grain size of the pre-sintered Y,O;
ceramic at 1600 °C was about 1.22 pm in Fig. 2(b). With the
pre-sintering temperature increased from 1500 °C, 1550 °C to
1575 °C, the average grain sizes of Y,0; ceramics were from
0.73 pm, 0.88 pm to 0.94 pum, respectively. The previous study
demonstrated that the grain growth behavior of dense Y,Oj;
with grain size of 0.3~ 12.5 pm was described by the parabolic
law [12]:

d? —do? = 2My(t—ty) (1)

where dy/d is the grain size at time #y/t, respectively. y
represents the grain boundary energy, and M means the grain
boundary mobility. Therefore, at 1600 °C, the pre-sintered
ceramic has higher grain boundary energy and mobility.

Fig. 4 shows the SEM images of the fracture surfaces of
samples at different pre-sintering temperature. Obviously, the
pores were all on the grain boundaries in Fig. 4(a), and the size
of single pore was close to that of half grain. In addition, most
pores were connected with each other, which was consistent
with the results observed in the thermal etched surface shown
in Fig. 3(a). When pre-sintering temperature increased to
1600 °C, nearly no pores could be found and the microstruc-
ture was almost dense. And the grains also quickly grown up
with increasing the pre-sintering temperature on the fracture
surfaces.

3.4. Effect of the post-HIP treatment on microstructure of
Y,0;3 ceramics

To observe the microstructural changes of the Y,0O5 ceramics
after the post-HIP treatment, the thermal etched surfaces and
fracture surfaces of the as-prepared samples were characterized by
SEM. Fig. 5 shows the thermal etched surfaces of Y,O3 ceramics
that post-HIPed at 1600 °C after pre-sintered at various
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Fig. 6. SEM images of the fracture surfaces of post-HIP treated Y,O5 ceramics at 1600 °C for 3 h after pre-sintering at (a) 1500 °C; (b) 1550 °C; (c) 1575 °C and

(d) 1600 °C all for 4 h.
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Fig. 7. In-line transmittance of HIPed Y,0O; ceramics at 1600 °C that pre-
sintered at (a) 1500 °C, (b) 1550 °C, (c¢) 1575°C and (d) 1600 °C and
(e) theoretical transmittance (the picture of sample (b), 1 mm thickness).

temperatures. After the post-HIP treatment, the full dense Y,O3
ceramics were obtained and the average grain size of Y,0;
ceramic increased. And the average grain sizes of ceramics
increased from 0.82pm to 1.57 pm with the pre-sintering
temperature increased from 1500 °C to 1600 °C. Meanwhile, all
Y,05 ceramics became transparent which was a very crucial

achievement. For the fabrication of transparent ceramics, it is very
important to remove the residue pores completely. From the above
results, it can be found that the post-HIP treatment is very effective
for fabricating the transparent Y,Os ceramics, when proper pre-
sintering conditions are selected [13].

Fig. 6 shows the SEM pictures of the fracture surfaces of
Y,0; ceramics after the post-HIP treatment. Not any pore was
observed, and the dense microstructures presented. This was
consistent with the information shown in Fig. 5.

Although the topography and distribution of the porosity
was highly thermodynamically unfavorable, the post-HIP
treatment caused the intergranular porosity to disappear
effectively [14]. Sintering was advanced by the application
of the external pressure was known to increase densification in
comparison with coarsening through enhanced diffusion and
possibly by plastic deformation. An applied compressive stress
decreases the concentration of vacancies at grain boundaries
and hence increases mass transport by diffusion to the pores,
because of the vacancy concentration gradient [15].

In the case of HIP, where external press results in pore
shrinkage, the mobility for shrinkage is governed by the plastic
deformation of surrounding grains. The ability of plastic
deformation is significantly enhanced by a grain boundary
sliding. It is known that the sliding activity increases with
decreasing grain size [16]. Consequently, the pore shrinkage
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by HIP is promoted in the fine-grained microstructure. And the
fact that substantial grain growth took place during HIP can be
certainly attributed to the high temperature and long dwell
time, since there is no pinning effect exerted by pores to resist
grain growth after removal of these latter [17].

Therefore, it was found that the average grain size of the
sample pre-sintered and the post-HIPed all at 1600 °C was
1.57 pm that was larger than other three samples shown in
Figs. 2(b) and 5. When the pre-sintering temperature was
below 1600 °C, the samples were not impact with a large
number of intergranular pores that need more energy to be
consumed during the post-HIP treatment. In addition, in the
post-HIP treatment, a certain faulty degree of densification that
was achieved by pre-sintering prevented grains growing up in
a sense. Researches had shown that pre-sintering also plays a
very important role in the fabrication process while also having
significant effects on the transparency and microstructure of
transparent ceramics [18,19].

3.5. Effect of different air pre-sintering and post-HIP
treatment on optical properties

The Fig. 7 shows the in-line transmittance of Y,O; transparent
ceramics. And the in-line transmittance of the sample that pre-
sintered at 1550 °C and post-HIPed at 1600 °C was the highest,
which reached 81.7% at 1064 nm (in Fig. 7(b), | mm thickness).
Its photograph was posted in Fig. 7. And the theoretical
transmittance of the Y,O; transparent ceramic was presented in
Fig. 7(e). For all samples pre-sintered at various temperatures, there
was quite a drop of transparency at 250-800 nm compared with
the curve of theoretical transmittance because of the small amount
of residue tiny pores, which had obvious and important effects on
the transparency near ultraviolet.

Normally, after high temperature sintering in vacuum, or
hydrogen atmosphere, the black color of Y,0O3 ceramics would
be obtained, which have been extensively reported. The
oxygen vacancies and color centers, formed during the high
temperature sintering process, were considered to be the main
reasons of black color. In order to obtain the transparent Y,O3
ceramics, long time annealing in air are necessary. Fortunately,
in this work, the annealing in air to eliminate the vacancies and
color centers could be ignored, and the samples were pre-
sintered below 1600 °C in air and the post-HIP treatment
temperature as low as 1600 °C were applied. Both of the pre-
sintering temperature and post-HIP treatment temperature were
much lower than the temperature applied in the known
literature. Although more detail studies need to be carried
out in future, it is very clear that the approach adopted in this
work has the great potential.

4. Conclusions

In this paper, nanocrystalline Y,0; powders as the starting
materials by co-precipitation were used to prepare Y,O;
transparent ceramics by air pre-sintering and the post-HIP
treatment. A relatively low air pre-sintering temperature
effectively prevented the formation of intragranular pores that

resulted from the rapid grain growth. Therefore, appropriate
pre-sintering in air was important to achieve ultimate higher
optical quality of the samples followed by the post-HIP
treatment. In the air pre-sintering process, the grains grown
up to fine and appropriate size with the increase of tempera-
ture. However, after the same post-HIP treatment temperature
of 1600 °C, only the grain size of the sample pre-sintered at
1600 °C increased to 1.57 pm distinctly.

The combination of air pre-sintering at 1550 °C for 4 h and
post-HIP treatment at 1600 °C for 3 h resulted in the best high
optical quality transparent Y,0O5 ceramics in present study. The
average grain size of the as-prepared Y,0O; ceramic was
0.96 pm, and the best in-line transmittance reached 81.7% at
1064 nm (1 mm thickness).
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