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Abstract: Fine grained 8 mol% yttria-stabilized zirconia (8YSZ) transparent ceramics with high
optical and mechanical properties were fabricated by air pre-sintering and hot isostatic pressing (HIP)
using commercial 8YSZ powders as the raw material. The pre-sintered ceramics with fine grains and
appropriate relative density play a key role to achieve high transparency and suppressed grain size
after HIP post-treatment at relatively low temperatures. With the increase of HIP temperature from
1350 to 1550 °C, the in-line transmittance of 8YSZ ceramics at 600 nm increases from 56.9% to
71.5% (2.5 mm in thickness), and the average grain size increases from 2.4 to 16.3 um. The

corresponding bending strength of 8YSZ transparent ceramics decreases from 328+20 to 289+19 MPa,
the hardness (H) decreases from 12.9+0.1 to 12.5+0.2 GPa, and the fracture toughness (Kjc) decreases
from 1.30+0.02 to 1.26+0.03 MPa-m"?. Systematical investigations were carried out to study the
combination of high optical transparency and excellent mechanical properties in 8YSZ ceramics.

Keywords: yttria-stabilized zirconia (8YSZ) transparent ceramics; hot isostatic pressing (HIP);

microstructure; optical transparency; mechanical properties

1 Introduction

The addition of Y,0; can stabilize the tetragonal and
cubic crystal structure of ZrO, due to the presence of
oxygen vacancies [1,2]. Yttria-stabilized ZrO, ceramics
show many mechanical and functional advantages,
such as high hardness (), high chemical stability, low
thermal conductivity, high oxygen diffusivity, and well-

* Corresponding author.

E-mail: lijiang@mail.sic.ac.cn

proven biocompatibility [3-5]. Cubic yttria-stabilized
ZrO, (8 mol% yttria-stabilized zirconia (8YSZ))
transparent ceramics have a high refractive index (n) of
~2.2 [6,7], which is higher than those of most optical
glasses and most oxide crystals. Based on these advantages,
8YSZ transparent ceramics are expected to serve as the
multifunctional material [8—11], in particular, as optical
lenses [12], windows [2], and biomedical prostheses
[5,13].

The microstructure with full density or extremely
low porosity is basically required to obtain highly
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transparent polycrystalline ceramics, because the micro-
pores can work as optical scattering centers to decrease
the in-line transmission [10,14—-16]. Highly transparent
8YSZ ceramics can be realized only when the porosity
is less than 100 ppm, even though the radius of
residual pores is smaller than 50 nm [17]. During the
pressureless sintering, the driving force (p) for the
closure of isolated pores can be calculated from Eq. (1)
[18,19]:

p=2ta ()
r

where y,, is the pore surface energy and r is the
curvature radius of the pores. If y,, is assumed as ~1 J/m’
and the average pore radius is ~0.2 um for the pre-
sintered 8YSZ ceramics in this case, then p is
calculated to be 10 MPa. The typical pressure during
hot isostatic pressing (HIP) is 150200 MPa, which
provides 15-20 times driving force for densification
greater than that of the normal pressureless sintering.
As a consequence, pressureless pre-sintering combined
with HIP post-treatment method is frequently employed
to fabricate transparent ceramics, because more driving
force can be provided during HIP post-treatment to
eliminate micro-pores and promote the densification
[16,18,20-22]. In 1986, Tsukuma [23] firstly fabricated
8YSZ transparent ceramics by oxygen pre-sintering
and HIP post-treatment at 1500 ‘C using commercial
8YSZ powders and 10 mol% TiO; as sintering aid. The
ceramic sample showed an in-line transmittance of
~60% at 600 nm (0.73 mm in thickness) and the large
grain size (> 100 um). In 2008, Tsukuma et al. [17]
then obtained 8YSZ transparent ceramics by air
pre-sintering and HIP post-treatment at 1650 C using
commercial 8YSZ powders. It was indicated that the
pre-sintering temperatures had a great influence on the
optical transmittance of the HIP post-treated ceramics.
In-line transmittance of the 8YSZ ceramic sample was
comparable to the single crystals at the wavelength
above 600 nm (1 mm in thickness). Nonetheless, the
grain size was larger than 50 um. In 2009, Peuchert ef al.
[12] prepared 10YSZ transparent ceramics by vacuum
pre-sintering and HIP post-treatment at 1750 C using
commercial 10YSZ powders and 5 wt% TiO, as sintering
aid. The ceramic sample showed an in-line transmittance
of 68% at 600 nm (5.6 mm in thickness) without
reporting grain size. In our previous studies [24-26],
Yo.16Z10.8401 9, transparent ceramics were fabricated by
air pre-sintering and HIP post-treatment at 1750-1800 C

from the nano-powders synthesized by the co-precipitation
method. High in-line transmittance (about 70.0% at
600 nm, 1.0 mm in thickness) and large grain size (>
50 um) were obtained. Owing to the introduction of
sintering aid (TiO,) or high sintering temperatures
during HIP post-treatment, the 8YSZ transparent
ceramics were characterized by large grain size, and no
mechanical properties were reported. It has been shown
that the reduced grain size will increase the mechanical
properties of ceramics. Spark plasma sintering (SPS)
technique is an effective method to obtain nano-grained
transparent ceramics due to the relatively low sintering
temperatures and short sintering time [1,5,10,27-32].
In 2010-2021, 8YSZ transparent ceramics were
fabricated by SPS at the temperature range of 1100—
1400 ‘C using commercial 8YSZ powders, as reported
in Refs. [1,5,6,10,11]. The average grain size of 8YSZ
transparent ceramics was approximately 100 nm;
however, the in-line transmittance rapidly decreased in
the visible region and was only about 40% at 600 nm
(1.0 mm in thickness). Whereas, only simple H or
fracture toughness (Kjc) of the 8YSZ ceramics was
reported. Although the SPS technique can be used to
suppress the grain growth, the pores of ceramics
cannot be eliminated effectively.

It is reported that the pre-sintered 8YSZ ceramics
with fine grains and appropriate relative density can
provide higher optical transmittance for the HIP
post-treated ceramics [17]. During the stage of solid-
state pressure densification, the densification rate
( d(Ap/p)

dr
Herring or Coble creep from Eq.(2) [18,19]:

d(Aplp) Q ( né‘Db)
—==315——(1- D 2

where Ap is the relative density difference, ¢ is the time,
Q is the molar volume, & is the Boltzmann constant, T
is the absolute temperature, G is the average grain size,
p is the relative density, D, is the volume diffusion
coefficient, ¢ is the boundary thickness, Dy is the
boundary diffusion coefficient, and o, is the applied
stress. According to Eq. (2), the densification rate of
ceramics during HIP post-treatment can be enhanced
effectually by minimizing the grain size of pre-sintered
samples. Due to the large plastic deformation of fine
grains and the rapid migration of small intergranular
pores, the HIP temperature can be further decreased
[16,33]. Air pre-sintering followed by HIP post-

) can be estimated by either Nabarro—
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treatment is an excellent method to achieve 8YSZ
transparent ceramics with suppressed grain under
relatively low sintering temperatures. In the patent
published in 2018, Masahiro et al. [34] fabricated
8YSZ transparent ceramics by air pre-sintering and
HIP post-treatment at relatively low temperature using
commercial 8YSZ powders. For the 8YSZ ceramics
HIP post-treated at 1300-1500 °C, the in-line transmittance
at 600 nm increased from 57% to 70% (1.0 mm in
thickness), G increased from 0.7 to 5.0 um, and the
bending strength decreased from 432 to 376 MPa.
However, to the best of our knowledge, no systematical
investigations were carried out to study the combination
of high optical and mechanical properties in 8YSZ
ceramics so far. Importantly, the reported 8—10YSZ
transparent ceramics are all small in size, which cannot
meet the requirements for the potential applications.

In this work, we successfully prepared the 8YSZ
transparent ceramics possessing high optical transparency
and excellent mechanical properties using commercial
8YSZ powders without any sintering additive. The
influences of pre-sintering and HIP post-treatment
temperature on the microstructure, optical transparency,
and mechanical properties of 8YSZ ceramics were
systematically studied.

2 Experimental

Commercial 8YSZ granulated powders (grade TZ-8Y,
Tosoh Corporation, Japan) were used as the starting
materials. The specific surface area of granulated
powders is 16+3 m*/g, and the purity of 8YSZ powders
is ZrO,+HfO,+Y,05 > 99.7 wt%. The powders were
uniaxially dry-pressed into ¢18 mm and 50 mm x 50
mm disks. After that, the pellets were cold isostatically
pressed at 250 MPa. The green bodies were firstly air
pre-sintered at 1250-1325 C for 4 h in a muffle
furnace. The heating rate was 400 C/h from room
temperature to 1100 ‘C and maintained at a slow value
to the peak temperature. Then, the pre-sintered 8YSZ
ceramics were HIP post-treated at 1350-1550 'C for
3 hunder an Ar atmosphere of 176 MPa.

The crystalline phases of 8YSZ powders were
determined by an X-ray diffractometer (D8 Advance,
Bruker, Germany) using nickel filtered Cu Ka radiation
in the 26 range of 20°-80°. The morphologies of 8YSZ
powders were investigated by a field emission scanning
electron microscope (FESEM; SU9000, Hitachi, Japan).

The relative densities of the sintered ceramics were
measured by the Archimedes method in deionized
water, and the theoretical density of 8YSZ ceramics
was considered as 5.98 g/cm’. The microstructures of
the thermally-etched surfaces of 8YSZ ceramics were
observed by an FESEM (SUS8220, Hitachi, Japan). G
of sintered ceramics were calculated by the line-
intercept method using Eq. (3):

G=1.56L 3)
where L is the average linear intercept distance. The
in-line transmission spectra of 8YSZ transparent
ceramics were measured by an ultraviolet—visible—near
infrared (UV—-Vis—NIR) spectrophotometer (Cray-5000,
Varian, USA) in the wavelength range of 200—-850 nm.

The bending strength of 8YSZ transparent ceramics
was determined by the three-point loading method using a
universal testing machine (Instron-5566, Instron, USA).
The test bars with the dimensions of 3 mm X 4 mm X
36 mm were prepared from the 8YSZ transparent
ceramics. The Vickers hardness was assessed on polished
8YSZ ceramic surfaces by the indentation method using a
hardness testing machine (Tukon-2100B, Instron, USA).
H was determined as

H =n(P/d?) “4)

where P is the load on the indenter (9.806 N); d is the
indentation diagonal; and » is the coefficient dependent
on the indenter shape, which is 1.891 in this case. Kjc
was expressed as

1/2
E P
Ky = 0.016(Ej (—ij )

where E is the Young’s modulus, which is considered
to be 220 GPa [2]; and C is the linear dimensions of
the radial cracks.

3 Results and discussion

Figure 1 shows the X-ray diffraction (XRD) pattern of
the commercial 8YSZ powders. The characteristic
diffraction peaks of 8YSZ powders are well indexed as
the reference pattern of 8YSZ phase (PDF#30-1468).
The small peak at 20 = 28.2° is related to the
monoclinic ZrO, phase. The average crystalline size
(Dxrp) of the 8YSZ powders can be calculated by the
Scherrer’s formula:

0.894
= 6
Dyrp B-cos (6)
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Fig. 1 XRD pattern of the commercial 8YSZ powders.

where / is the wavelength of X-ray (1 = 1.542 A), f is
the full width at half-maximum (FWHM) of diffraction
peak, and 6 is the Bragg angle. The Dxgp of the 8YSZ

powders is calculated to be 21.6 nm.

Figure 2(a) presents the micrograph of the 8YSZ
granulated powders. It can be seen that the granulated
powders have homogeneous and mono-dispersed spherical
particles, whose particle size ranges from few to 60 um.
Figure 2(b) presents the micrograph of the enlarged
surface of spherical particles, and Fig. 2(c) shows the
particle size distribution of 8YSZ powders. The particle
size distribution of the 8YSZ powders ranges from 20
to 300 nm with the maximum proportion in the range
of 50-75 nm.

Figure 3 depicts the thermally-etched surfaces of the
8YSZ ceramics pre-sintered at 1250, 1275, 1280, 1290,
1300, and 1325 °C for 4 h in air. To expose the grain
boundaries, the pre-sintered ceramics were thermally
etched at 1100 °C for 3 h in a muffle furnace. The
relative densities and average grain sizes of 8YSZ

—
(¢)

Relative frequency (%)

150 200 250
Particle size (nm)

Fig. 2 FESEM micrographs of (a) the granulated 8YSZ powders and (b) the enlarged surface of spherical particles; and (c) the

particle size distribution of 8YSZ powders.

Fig. 3 FESEM micrographs of the thermally-etched surfaces of 8YSZ ceramics pre-sintered at (a) 1250 C, (b) 1275 C,
(c) 1280 C, (d) 1290 C, (e) 1300 °C, and (f) 1325 ‘C for 4 h in air.
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ceramics as functions of the pre-sintering temperatures
are shown in Fig. 4, and the densification behavior can
be divided into three stages in the temperature range of
1250-1275, 1275-1290, and 1290-1325 “C. In the first
stage (1250-1275 C), which is masked as the blue
area in Fig. 4, the relative densities of pre-sintered
8YSZ ceramics are less than 90%, and the average
grain size increases slightly from 0.41 to 0.52 pm. As
shown in Figs. 3(a) and 3(b), many interconnected
sub-micropores as well as some closed pores can be
observed. The connections between interconnected sub-
micropores tend to be broken away with the further
increase of temperature, leading to pore isolation [33].
In the second stage (1275-1290 ‘C) which is masked
in orange, the relative density increases obviously from
89.0% to 93.9%, and the average grain size increases
from 0.52 to 0.61 um when the pre-sintering temperature
increases from 1275 to 1280 “C. For the 8YSZ ceramic
sample pre-sintered at 1280 °C, the number of residual
pores decreases, and only some isolated intergranular
sub-micropores are observed in Fig. 3(c). The isolated
pores have less pinning effect than the interconnected
pores which can efficiently suppress the grain growth
[33]. Compared with the ceramic sample pre-sintered
at 1275 °C, only part grains significantly grow in the
1280 C pre-sintered ceramic sample, while many grains
remain small size. The 8YSZ ceramic sample pre-
sintered at 1280 C provides the optimum microstructure
for HIP post-treatment. When the pre-sintering temperature
increases to 1290 ‘C, slight growth occurs for the small
grains, and the residual pores are gradually removed
(Fig. 3(d)). In the third stage (1290-1325 "C) which is

100 1.4
98 - L1.3
96 - l12 —~
— =
X 944 L1141 2
> N
£ 921 r1.0 3
& 90 L0.9 £
° 5
g 88 - r0.8 o
5 861 L0.7 8
X 84 06 Z
82 L0.5
80 0.4

1260 1280 1300 1320
Temperature (°C)

Fig. 4 Relative densities and average grain sizes as
functions of air pre-sintering temperature for 8YSZ ceramics
(holding time = 4 h).

masked in green, the relative densities exceed 97%,
and the average grain size shows a rapid increase from
0.63 to 1.28 um. As shown in Figs. 3(e) and 3(f), the
residual micro-pores are further eliminated.

Figure 5 exhibits the photographs of the double-side
polished 8YSZ ceramics (2.5 mm in thickness) pre-
sintered at 1250-1325 C for 4 h and further HIP
post-treated at 1350, 1450, and 1550 'C for 3 h. The
transparency of these ceramic samples is strongly
influenced by the temperatures of pre-sintering and
HIP post-treatment. All the ceramic samples pre-
sintered at 1250 and 1275 ‘C are opaque. All the
ceramic samples pre-sintered at 1280-1300 ‘C exhibit
high transparency and the letters behind these samples
can be clearly observed. Inversely, translucency arises
in the 8YSZ ceramic samples pre-sintered at 1325 C
and HIP post-treated at 1350 and 1450 °C. Furthermore,
the letters under the ceramics become clear gradually
as the HIP temperature increases from 1350 to 1550 C.
Notably, the dark appearance of 8YSZ transparent
ceramics is related to the absorption of incident light
by oxygen vacancies. During the HIP treatment, the
inert atmosphere and graphite heater at high temperatures
create a reducing environment with a certain degree,
which leads to the formation of oxygen vacancies.
Annealing in oxidizing atmosphere can reduce the
oxygen vacancies of 8YSZ transparent ceramics and
increase the brightness. However, the compressed
pores produced by HIP treatment may expand after
annealing and reduce the optical transparency at short-
wave [35]. Further researches are needed in the future
to study the influence of annealing on the HIP post-
treated 8YSZ ceramics.

Figure 6 illustrates the in-line transmission curves of
the 8YSZ ceramics (2.5 mm in thickness) pre-sintered

1250 °C 1275°C 1280°C 1290°C 1300°C 1325°C

HIP Sz, AVS2) VS ’
pecc\_ \o O Q7 @

mvvﬁfﬁb
1;0])@\/ - @ % @

R

1em 2

Fig. 5 Photographs of the 8YSZ ceramics (2.5 mm in
thickness) pre-sintered at 1250—1325 “C for 4 h in air and
then HIP post-treated at 1350, 1450, and 1550 ‘C for 3 h
under 176 MPa Ar.
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Fig. 6 In-line transmission curves of the 8YSZ ceramics (2.5 mm in thickness) pre-sintered at 1250, 1275, 1280, 1290, 1300,
and 1325 ‘C for 4 h and then HIP post-treated at different temperatures for 3 h under 176 MPa in Ar at (a) 1350 ‘C, (b) 1450 C,

and (¢) 1550 C.

at different temperatures for 4 h and HIP post-treated at
1350, 1450, and 1550 ‘C for 3 h. The in-line transmittances
of HIP post-treated ceramics pre-sintered at 1250 and
1275 °C are very low due to the opaqueness of the
samples. The in-line transmittance reaches the maximum
when the pre-sintering temperature is 1280 C and
gradually decreases with the increase of pre-sintering
temperature. As the HIP temperature increases from
1350 to 1550 °C, the in-line transmittances of 8YSZ
transparent ceramics have a remarkable improvement.
The absorption band around 350 nm is caused by the
oxygen vacancy defects produced during HIP post-
treatment. With the increase of HIP post-treatment
temperature from 1350 to 1550 ‘C, the concentration
of oxygen vacancy increases and the absorption band
is more obvious. For the 8YSZ ceramics pre-sintered at

3pm

s |

Fig. 7 FESEM micrographs of the thermally-etched surfaces of 8YSZ ceramics pre-sintered at different temperatures for 4 h in

1280 C and then HIP post-treated at 1350, 1450, and
1550 C, the in-line transmittances at 600 nm are
56.9%, 64.7%, and 71.5%, respectively. The theoretical
transmittance (Tineory) Of transparent ceramics can be
calculated from Eq. (7) [36]:

Ttheory = 2n/(nz +1) (7)

where n of transparent 10YSZ ceramics is 2.161 at 633
nm [12], and the corresponding Tieory is calculated to
be 76.2%, which is close to that of 8YSZ transparent
ceramics. Additionally, the in-line transmittances of the
8YSZ transparent ceramics gradually decrease with
decreasing the wavelength, which can be attributed to
the residual micro-pores in the ceramic samples and
the oxygen vacancy defects [37].

Figure 7 gives the thermally-etched surfaces of the

air and HIP post-treated at 1450 ‘C for 3 h under 176 MPa Ar at: (a) 1250 C, (b) 1275 °C, (¢) 1280 C, (d) 1290 C, (e) 1300 C,

and (f) 1325 C.
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Fig. 8 Relative densities and average grain sizes of the
8YSZ ceramics after HIP post-treatment at 1450 ‘C for 3 h
as functions of air pre-sintering temperature.

8YSZ ceramics pre-sintered at different temperatures
for 4 h in air and subsequently HIP post-treated at
1450 °C for 3 h under 176 MPa Ar. To expose the
grain boundaries, the HIP post-treated ceramics were
thermally etched at 1200 C for 3 h in a muffle furnace.
The relative densities and average grain sizes of HIP
post-treated 8YSZ ceramic samples as functions of the
pre-sintering temperature are shown in Fig. 8. As
shown in Figs. 7(a) and 7(b), a mass of interconnected
pores still exist in the 8YSZ ceramic samples pre-
sintered at 1250 and 1275 “C, which is attributed to the
penetration of argon through open pores during HIP
post-treatment. These remaining pores act as the optical
scattering centers, resulting in the opaque and low
optical transmittance of 8YSZ ceramics, as shown in
Figs. 5 and 6, respectively. The slight grain growth
during HIP treatment is ascribed to the pinning effect
from those interconnected pores. When the pre-sintering
temperature increases to 1280 and 1290 C, the HIP
post-treated 8YSZ ceramics show almost fully dense
structures (relative density > 99.9%), and no visible

pores can be observed in Figs. 7(c) and 7(d). The
intergranular isolated pores found in the pre-sintered
ceramic samples (Figs. 3(c) and 3(d)) were eliminated
during HIP post-treatment. In the HIP post-treated
8YSZ ceramic samples pre-sintered at 1300 and 1325 C,
intragranular pores appear and result in the lower
optical transmittance (Fig. 6). As discussed in Eq. (2),
the densification rate of ceramics and driving force for
closure of isolated pores during HIP post-treatment can
be influenced by the grain size of pre-sintered ceramics:
The smaller the grain size, the higher driving force for
closure of isolated pores is. As can be seen from Figs.
3(e) and 3(f), the 8YSZ ceramic samples pre-sintered
at 1300 and 1325 °C have larger grain size, which results
that some micro-pores are remained in the HIP post-
treated ceramics pre-sintered at higher temperatures. For
the HIP post-treated 8YSZ ceramics pre-sintered at 1250,
1275, 1280, 1290, 1300, and 1325 °C, the average grain
sizes are 1.6, 1.6, 5.5, 5.6, 5.8, and 5.7 um, respectively.

Figure 9 demonstrates the thermally-etched surfaces
of the 8YSZ ceramics pre-sintered at 1280 ‘C followed
by HIP post-treatment at 1350, 1450, and 1550 ‘C for
3 hunder 176 MPa Ar. The higher HIP temperature can
provide larger driving force to remove pores and
promote grain growth. For the 8YSZ ceramics HIP
post-treated at 1350 C, a few residual pores locate at
triple junctions (Fig. 9(a)), which is consistent with
their lower optical transmittance shown in Fig. 6(a).
The 8YSZ ceramic samples HIP post-treated at 1450
and 1550 'C show almost fully dense structures, and
no visible pores can be found. With the HIP temperatures
increasing from 1350 1450, to 1550 ‘C, the average
grain size of 8YSZ ceramics increases from 2.4, 5.5 to
16.3 um.

Figure 10(a) shows the photographs of the 8YSZ
transparent ceramics with an increased dimension
(36.0 mm in length and 4.0 mm in thickness) pre-
sintered at 1280, 1290, and 1300 ‘C and HIP post-

Fig. 9 FESEM micrographs of the thermally-etched surfaces of 8YSZ ceramics pre-sintered at 1280 ‘C for 4 h in air and HIP
post-treated at (a) 1350 C, (b) 1450 “C, and (c) 1550 ‘C for 3 h under 176 MPa Ar.
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Fig. 10 (a) Photographs of the 8YSZ transparent ceramics (4.0 mm in thickness) pre-sintered at 1280, 1290, and 1300 C for 4 h
and HIP post-treated at 1550 ‘C for 3 h, (b) picture of the 8YSZ transparent ceramics (4.0 mm in thickness) pre-sintered at
1280 C (the sample is 100 mm positioned above the background), and (c) in-line transmission curve of the 8YSZ transparent

ceramics shown in (b).

treated at 1550 °C for 3 h. These large-scaled 8YSZ
ceramics still have high optical transparency compared
with the smaller ceramics shown in Fig. 5. Meanwhile,
Fig. 10(b) shows the picture of the 8YSZ transparent
ceramics (4.0 mm in thickness) pre-sintered at 1280 C.
The letters behind the 8YSZ ceramics can be clearly
seen even the sample is 100 mm positioned above the
background. Figure 10(c) illustrates the in-line
transmission curve of the 8YSZ transparent ceramics
shown in Fig. 10(b), and its in-line transmittance at
600 nm reaches 65.9%.

Table 1 summarizes the HIP temperatures, in-line
transmittances, average grain sizes, bending strengths,
H, and Kjc of the 8YSZ transparent ceramics pre-
sintered at 1280 ‘C for 4 h and HIP post-treated at
1350, 1450, and 1550 °C for 3 h under 176 MPa Ar.
The 8YSZ transparent ceramics with the thickness of
2.5 mm were characterized to give the in-line transmittance,
and the 8YSZ transparent ceramic bars with the
dimensions of 3 mm x 4 mm x 36 mm were characterized
to give the mechanical properties. The indentation on
the surface of 8YSZ transparent ceramics pre-sintered
at 1280 'C and HIP post-treated at 1350 'C is shown
in Fig. 11. It is commonly acknowledged that the residual
stress exists in HIP post-treated ceramics [38]. Residual
stress can cause a decline in the mechanical properties
of ceramics, especially when the dimension of ceramics
is larger [39]. All the 8YSZ ceramic bars with the

dimensions of 3 mm % 4 mm x 36 mm were annealed
at 900 'C for 10 h in air prior to testing mechanical
properties in order to alleviate the residual stress. With
the increase of HIP temperature from 1350 to 1550 C,
the bending strength of 8YSZ transparent ceramics
decreases from 328+20 to 289+19 MPa, H decreases
from 12.9+0.1 to 12.5+0.2 GPa, and Kjc decreases from
1.30+0.02 to 1.26+0.03 MPa-m"?. It is generally accepted
that H decreases with the increase of grain size because
of the phenomenon that the grain boundaries can block
the dislocations generated by the indenter [30,33,40].
For the 8YSZ transparent ceramics (1 mm in thickness)
HIP post-treated at the high-temperature range of
1650-1800 C [17,23-26,41], the in-line transmittance
at 600 nm was in the range of 72%—75%, the grain size
was larger than 50 pm, and no mechanical properties
were reported. For the 8YSZ transparent ceramics (1 mm
in thickness) sintered by SPS at the low-temperature
range of 1100-1400 C [1,5,6,10,11], the in-line
transmittance at 600 nm was in the range of 40%—50%,
the average grain size was in the range of 0.2—0.5 pm,
and only simple H or Kjc was reported. For the 8YSZ
transparent ceramics (1.0 mm in thickness) reported in
Ref. [34], with the increase of HIP temperature from
1300 to 1500 C, the in-line transmittance at 600 nm
increased from 57% to 70%, the average grain size
increased from 0.7 to 5.0 um, and the bending strength
decreased from 432 to 376 MPa. The in-line transmittance

Table 1 HIP temperatures, in-line transmittances (2.5 mm in thickness), average grain sizes, bending strengths, H, and K;c
of the 8YSZ transparent ceramics pre-sintered at 1280 °C for 4 h and HIP post-treated at 1350, 1450, and 1550 ‘C for3 h

HIP temperature ('C) In-line transmittance at 600 nm (%) Average grain size (um) Bending strength (MPa) H (GPa) Kic (MPa-m'?)
1350 56.9 24 328+20 12.9+0.1 1.30+0.02
1450 64.7 5.5 314+£18 12.7+0.1 1.29+0.02
1550 71.5 16.3 289£19 12.5+0.2 1.26+0.03
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Fig. 11 Indentation on the surface of 8YSZ transparent
ceramics pre-sintered at 1280 C for 4 h and HIP post-
treated at 1350 ‘C for 3 h.

of the large-sized 8YSZ transparent ceramics prepared
in this work is better than that have been reported in
Ref. [34].

4 Conclusions

Using the commercial 8YSZ powders as raw material
without any sintering additive, 8YSZ transparent
ceramics were fabricated by air pre-sintering (1250-
1325 'C) and HIP post-treatment (1350-1550 C),
which showed high optical and mechanical properties.
It is found that the pre-sintering and HIP post-treatment
temperatures have great influence on the microstructure,
optical transparency, and mechanical properties of
8YSZ ceramics. The 8YSZ ceramic samples pre-sintered
at 1280 ‘C have the average grain size of 0.61 pm and
the relative density of 93.9%, which provides the
optimum microstructure for HIP post-treatment. With
the increase of HIP temperature from 1350 to 1550 C,
the in-line transmittance of 8YSZ ceramics at 600 nm
increases from 56.9% to 71.5% (2.5 mm in thickness),
and the average grain size increases from 2.4 to 16.3 pum.
The corresponding bending strength of 8YSZ transparent
ceramics decreases from 328420 to 289+19 MPa, H
decreases from 12.9+0.1 to 12.5+0.2 GPa, and Kic
decreases from 1.300.02 to 1.26+0.03 MPa'm"?. Finally,
8YSZ transparent ceramics with a larger dimension
(36.0 mm in length and 4.0 mm in thickness) were
successfully fabricated as well.
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