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Abstract: Color zirconia ceramics are widely used in electronics and decoration fields due to their bright colors, high
refractive index, wear resistance, corrosion resistance, and non-toxicity to the human body. Cubic cerium doped 8%
yttria mol percent stabilized zirconia (Ce-doped 8YSZ) nano-powder with average particle size of 15.9 nm was
synthesized by co-precipitation method. Using the powder calcined at 800 ‘C for 4 h as starting material, red zirconia
transparent ceramics with high optical transparency and high redness value were prepared by two-step sintering
method. Influences of pre-sintering temperature on microstructure, in-line transmittance and color performance of the
red Ce-doped 8YSZ ceramics were studied. As the pre-sintering temperature increases from 1200 C to 1300 C,
average grain size of the ceramics increases from 0.3 um to 2.2 pm and the relative density increases from 87.2% to
97.1%. The Ce-doped 8YSZ ceramics pre-sintered at 1275 ‘C for 2 h and hot isostatic pressed (HIP) at 1700 ‘C for
3 h show the best in-line transmittance of 47.6% at 700 nm and the highest redness of 52.0.
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In recent decades, the applications of zirconia material
extend to dental restoration materials, smart terminal
materials, color decoration materials and other potential
fields!'*!, which is attributed to its outstanding
mechanical properties, chemical inertness, optical properties
and biocompatibility’®”). In the past, the cubic yttria
stabilized zirconia single crystal is an interesting material
for an application as diamond imitation because of its
high refractive index of 2.2 and high hardness®'.
However, there are some drawbacks for the single crystals,
such as high fabrication temperature (2750 °C), shape
limitation and high cost!'*!. In addition, the melting point
of the colorants are much lower than that of the zirconia
single crystal, causing serious volatilization of the coloring
ions and making it difficult to achieve the desired colors.
Investigations have demonstrated that zirconia transparent
ceramics have many advantages compared with the
zirconia single crystalst'*'®!. For example, the preparation
temperature of zirconia ceramics is low, which can avoid

the volatilization of colorants.

In 1986, the first report on transparent c-ZrO,
ceramics was published by Tsukumal'¥.
polycrystalline c-ZrO, transparent ceramics have been
widely investigated!>'*). On one hand, ¢-ZrO, transparent
ceramics were fabricated using commercially available
yttria stabilized zirconia powders as starting materials.

Peuchert, et al'" fabricated polycrystalline c-ZrO,

Since then,

transparent ceramics after sintering at 1650 ‘C for 3 h
followed by HIP treatment at 1750 ‘C for 1 h using high
purity cubic yttria stabilized zirconia powder (Tosoh
Corporation, Tokyo, Japan), and the in-line transmittance
of 5.6 mm thick samples reached 68% at 600 nm. On the
other hand, co-precipitation method is an effective route
to synthesize yttria stabilized zirconia nano-powders with

(7181 "and it is also
[19-21]

good dispersity and high sinterability
widely used to prepare various transparent ceramics
because of its simple and economical process. Chen, et al.'*?
prepared yttria-stabilized zirconia transparent ceramics
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after sintering at 1350 °C for 2 h and HIP treatment at
1800 C for 3 h from the co-precipitated nano-powder,
and the in-line transmittance of the ceramics with the
thickness of 1.0 mm was 67.8% at 800 nm. Currently,
there are also some investigations on zirconia ceramics
with various colors®*¥],

By doping transition metals or rare earths, various
colors can be observed in zirconia ceramics. Compared
with other rare earth ions that exist mostly in a trivalent
state, cerium exists in the form of Ce*" and Ce*" in the
zirconia. Ce*" can exhibits a strong absorption band at
about 400 nm caused by 4f-5d transition, while Ce*" does
not show any absorption band in the visible range®*!. In
order to obtain a red zirconia ceramic with high redness
value, Lv et al. * fabricated Ce-doped red zirconia
ceramics by a high-temperature reduction method, and the
absorption band was in the range from 480 to 500 nm
and the maximum redness value of the ceramics was 32.
Additionally, iron oxide was widely used as a red
colorant for the preparation of red ceramics®**). Results
showed that Fe,O; had poor color rendering and the
samples were orange-red. At present, the redness value of
zirconia ceramics was low and few studies were conducted
on transparent zirconia ceramics with red color which
can broaden the application of zirconia ceramics in filters,
signal lampshades and other fields.

In order to obtain red zirconia ceramics with high
transparency and large redness value, two-step sintering
method was used. In this work, the Ce-doped 8YSZ
nano-powder used as the starting material was synthesized
by a reverse co-precipitation method. Red Ce-doped 8YSZ
transparent ceramics were prepared by air pre-sintering
combined with HIP post-treatment. The influences of
pre-sintering temperatures on microstructure, in-line
transmittance and color parameters of Ce-doped 8YSZ
ceramics were studied.

1 Experimental

ZrOCl,-8H,0 (99.5%, Zhongkai New Materials Co.,
Ltd., Jining, China) was dissolved in deionized water to
obtain the solution containing Zr*". Ce(NOs); and Y(NOs);
solutions were prepared by dissolving CeO, (99.995%,
Golden Dragon Rare-earth Co., Ltd., Fujian, China) and
Y,0; (99.999%, Golden Dragon Rare-earth Co., Ltd.,
Fujian, China) into the high-purity hot nitric acid. The
solutions were mixed in stoichiometrical proportions of
Ce’":Zr*":Y*"=0.01:0.91:0.16. Ammonium hydroxide
(25.0%-28.0%, Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China) solution was used as precipitant solution
and PEG4000 (Aladdin Industrial Co., Ltd., Shanghai,
China) was added as dispersant. The mixed salt solution

was dropped into the precipitant solution at a rate of
20 mL/min under stirring and the terminal pH was 9.0.
After aging for 1 h at room temperature, the resultant
slurry was washed for 4 times with deionized water and
twice with anhydrous ethanol. After drying at 70 ‘C for
30 h, the precursor was seived through a 75 pum
(200-mesh) screen. Then the precursor was calcined at
800 C for 4 h to obtain the Ce-doped 8YSZ powder.
After that, the powder was uniaxially dry-pressed into
pellets at 40 MPa, and then cold isostatically pressed at
250 MPa to get the ceramic green bodies. The green
pellets were pre-sintered at 1200-1300 “C for 2 h in air
and HIP treated at 1700 C for 3 h under 176 MPa in Ar
atmosphere. The ceramic samples were then polished to
1 mm thickness for subsequent testing. The pre-sintered
and HIP post-treated ceramics were thermally etched at
1100 and 1450 ‘C for 3 h, respectively.

Thermogravimetry and differential thermal analysis
(TG-DTA, Thermo Plus Evo II, Rigaku, Japan) were
used to test the thermal behavior of precursor in air at a
heating rate of 10 ‘C/min. X-ray diffraction (XRD,
Model D/MAX2200 PC, Rigaku, Japan) was used to
analyze the phase of the nano-powder and the ceramics
in the range of 26=20°-80°, which was excited by a Cu K,
radiation. Norcross ASAP 2010 micromeritics was used
to determine the specific surface area of the nano-
powder with the nitrogen adsorption isothermal at 77 K.
Field emission scanning electron microscope (FESEM,
SU9000, Hitachi, Japan) was used to analyze the
morphologies of precursor and calcined powder. The
microstructures and energy-dispersive X-ray spectrometry
(EDS) mapping of sintered ceramics were observed by
field emission scanning electron microscope (FESEM,
SU8220, Hitachi, Japan). UV-VIS-NIR spectrophotometer
(Model Cary-5000, Varian, USA) was used to measure
the in-line transmittance, absorption spectrum and the
CIE value with the Color software. The L'xa'xb"
colorimetry method recommended by the International
Commission on Illumination (CIE 15-2004) was used.
And the normal/normal geometry (0°:0°) for transmission
measurements was used. For the color measurement
system, L" is the lightness axis 0 (black) — 100 (white), a”
is the red (+) — green () axis, and b is the yellow (+) —
blue (-) axis.

2 Resultsand discussion

The TG-DTA curves of the Ce-doped 8YSZ precursor
are shown in Fig. 1. The total weight loss of the
precursor is 30.0% in the heating process from room
temperature to 1200 ‘C. The weight loss of 24.4% below
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280 C is mainly caused by the removal of absorbed
water, hydrate water and residual ethanol and the
decomposition of hydroxides, accompanied with a large
endothermic peak at 115 ‘C!""!. The exothermic peak at
290 C is due to the decomposition of PEG4000. The

related to the
[30]

exothermic peak at 461 C s
crystallization of Ce-doped 8YSZ phase

Fig. 2 shows the XRD patterns of the as-synthesized
Ce-doped 8YSZ precursor and the powder calcined at
800 C for 4 h. The result shows that the precursor is
amorphous. After calcined at 800 C, the specimen shows
good crystallinity and the peaks are consistent with the
c-ZrO, phase (JCPDS 49-1642). The average crystallite
size (Dxrp) of the Ce-doped 8YSZ powder is 11.5 nm
calculated by Scherrer’s formula using the full width at
half maximum (FWHM) of XRD pattern.

Fig. 3 shows the FESEM micrographs of the Ce-doped
8YSZ precursor and the powder calcined at 800 C for
4 h. It can be seen from Fig. 3(a) that the precursor is
heavily aggregated. The reason for the agglomeration is
the hydrogen bond between the hydroxides and the
dispersant (PEG4000) covered on the surface of the
precursor''”. The powder exhibits good homogeneity and
dispersity after calcination and the shape of the powder is
quasi-spherical. The specific surface area (Sggr) of the
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Fig. 1 TG-DTA curves of the Ce-doped 8YSZ precursor
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Fig. 2 XRD patterns of (a) Ce-doped 8YSZ precursor and (b)
the powder calcined at 800 ‘C for4 h

Fig. 3 FESEM micrographs of (a) Ce-doped 8YSZ precursor
and (b) the powder calcined at 800 ‘C for4 h

Ce-doped 8YSZ powder is 63.3 m%/g and the average
particle size (Dggr) is 15.9 nm.

Fig. 4 shows the FESEM micrographs of the thermally
etched surfaces of Ce-doped 8YSZ ceramics pre-sintered
at different temperatures in air for 2 h. The relative
densities and the average grain size of corresponding
ceramics are show in Fig. 5. It is noted that quite a few
connected pores are located at the grain boundary of the
ceramics sintered at 1200 ‘C. The relative density of the
ceramics is 87.2% and the average grain size is 0.3 pm.
With the increase of pre-sintering temperature, the pores
of the ceramics are gradually removed and the grain size
gradually increases. As the sintering temperature increases
to 1275 °C, the residual pores are largely eliminated and
the connected pores are transformed into isolated pores.
Meanwhile, the relative density increases to 95.7%, and
the average grain size increases to 1.1 um. When the
temperature further increases to 1300 “C, some intragranular
pores emerge, which are difficult to be removed by HIP
post-treatment. The reason for this phenomenon is that

Fig. 4 FESEM micrographs of the thermally etched surfaces
of Ce-doped 8YSZ ceramics pre-sintered at different
temperatures in air for 2 h

(2) 1200 C; (b) 1230 C; (c) 1250 C;(d) 1275 C; (e) 1300 C
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Fig. 5 Relative densities and average grain size of the

Ce-doped 8YSZ ceramics pre-sintered at 1200-1300 °C in air
for2 h

the rate of grain boundary migration is faster than the
rate of pores removal during the sintering process'’. The
average grain size and relative density rapidly increase to
2.2 um and 97.1%, respectively, when the pre-sintering
temperature reaches 1300 C.

Fig. 6(a-e) show the FESEM micrographs of the
thermally etched surfaces of Ce-doped 8YSZ ceramics
pre-sintered at 1200-1300 °C in air for 2 h combined
with HIP post-treatment at 1700 ‘C for 3 h. It can be
seen that the grain size and porosity of the ceramics after
HIP post-treatment have changed significantly compared
with the pre-sintered ceramics. The average grain size of
the ceramics pre-sintered at 1200 ‘C increases to 4.7 pm
after HIP treatment. The relative density of the ceramics
only increases to 91.3%, and it can be noticed from
Fig. 6(a) that there are still a lot of pores in the ceramics
after HIP post-treatment. The reason for this phenomenon
is that there are many open pores in the pre-sintered
ceramics, which result in the infiltration of argon and
elimination of the driving force of pore migration®*!. For
1230 and 1250 C
combined with HIP post treated at 1700 ‘C, most of the
pores are eliminated and the average grain sizes are 83

the ceramics pre-sintered at

and 104 pm, respectively. Meanwhile some intragranular
pores are formed because the migration rate of grain
boundaries is faster than the remove rate of pores during
the HIP post-treatment®', After HIP treatment, the
ceramics pre-sintered at 1275 ‘C have a nearly pore-free
microstructure due to the effective removal of
intergranular pores and the average gain size is 110 pm.
For the HIP-treated ceramics pre-sintered at 1300 °C, the
intragranular pores are still in the ceramics after HIP
post-treatment. Fig. 6(f-i) show the EDS elemental
mapping of the Ce-doped 8YSZ ceramics. The doped
element of Ce is homogeneously distributed in the grains
of the ceramics.

Fig. 7 shows the XRD patterns of the pre-sintered and

Fig. 6 (a-e) FESEM micrographs of the thermally etched
surfaces of Ce-doped 8YSZ ceramics pre-sintered at 1200—
1300 ‘C for 2 h and HIP post-treatment at 1700 C for 3 h;
(f-i) EDS element mapping of the Ce-doped 8YSZ ceramics
pre-sintered at 1275 C

(a) 1200 °C; (b) 1230 °C; (c) 1250 C; (d) 1275 C; (e) 1300 C
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Fig. 7 XRD patterns of the (a) pre-sintering and (b)
HIP-treatment ceramics

the HIP post-treated ceramics. The splitting peaks at high
angles are caused by CuKa,. The result shows that the
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crystal structures of the ceramics before and after HIP
treatment are both cubic fluorite type, which does not
exhibit the birefringence effect at the grain boundaries.
Fig. 8 shows the photograph and the in-line transmittance
of the Ce-doped 8YSZ ceramics with 1 mm thickness. It
can be seen that the ceramics show a bright red due to the
absorption of trivalent cerium that forms during the HIP

post-treatrnentm’zs]

. The in-line transmittance is nearly
zero in the visible light range below 550 nm, and the
light between 550 and 780 nm can pass through the
ceramics®”). The pre-sintering temperature has a great
effect on the optical quality of ceramics. The ceramics
pre-sintered at 1200 °‘C are opaque after the HIP post-
treatment, and the result corresponds to the microstructure
as shown in Fig. 6(a). The ceramics are transparent after
pre-sintering at 1230-1300 ‘C and HIP post-treating at
1700 °C, and the words in the picture can be clearly seen
With the
pre-sintering temperature, the in-line transmittance of the

through the ceramics. increase of the
ceramics firstly increases and then decreases. After HIP
treatment, the ceramics pre-sintered at 1275 “C have the
highest transparency and the in-line transmittance of
Ce-doped 8YSZ ceramics is 47.6% at 700 nm. When the
sintering temperature increases to 1300 ‘C, the in-line
transmittance of the ceramics decreases after HIP treatment
due to the existence of intragranular pores formed during
the pre-sintering. It can be seen in Fig. 8(b) that the
in-line transmittance of the ceramics decreases with the
decrease of the wavelength which is mainly due to the
scattering center in the ceramics®*.

Fig. 9 shows the absorption spectra of the ceramics
pre-sintered at different temperatures and HIP post-treated

at 1700 ‘C. The Ce-doped 8YSZ ceramics show a broad

@, vc e e @sc  @c
i
4 5 6 7 8 9 10 1" 12 13
60

® —1200°C
50 | —1230°C
° — 1250 C
Sl —usT
“é — 1300 C
g %0f
g
§ 20 |
|l
10
0 1 1 1
200 400 600 800 1000
Wavelength / nm

Fig. 8 (a) Photograph and (b) in-line transmittance of the
Ce-doped 8YSZ ceramics (1 mm thick) pre-sintered at
1200-1300 °C in air for 2 h and HIP post-treatment at 1700 ‘C
for 3 h under 176 MPa in Ar atmosphere

— 1230 °C
— 1275 °C
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Fig. 9 Absorption spectra of the ceramics pre-sintered at

different temperatures and HIP post-treatment at 1700 C

Tablel CIE valueof Ce-doped 8Y SZ ceramicspre-
sintered at 1230-1300 C for 2h and HIP
post-treatment at 1700 C for 3 h

Pre-sintering Value of CIE

temperature/ C L a b
1230 31.8 42.5 54.7
1250 37.4 48.6 64.3
1275 42.4 52.0 72.9
1300 37.7 48.9 64.8

and strong absorption band in the visible light range
within 400-550 nm, corresponding to the 4f-5d transition
of Ce*", so the ceramics is red™!. Table 1 shows the CIE
value (L"xa"xb") of Ce-doped 8YSZ ceramics. It can be
seen that the ceramics have high redness values, and the
maximum redness value is 52.0. With the increase of the
pre-sintering temperature, the color parameters of the
ceramics firstly increase and then decrease. Compared
with the ceramics pre-sintered at 1230 °C, the ceramic
samples pre-sintered at 1275 ‘C shows stronger absorption
for blue-violet light around 400-500 nm and less
absorption for orange-red light around 600-780 nm, so
their L"xa"xb" values are larger, and the lightness value
L", redness value ¢  and yellowness value b  of the
ceramics are 42.4, 52.0 and 72.9, respectively.

3 Conclusions

In this work, Ce-doped 8YSZ transparent ceramics
were prepared by air pre-sintering at 1200-1300 C for
2 h combined with HIP post-treatment at 1700 “C for 3 h
using the nano-powder synthesized via a co-precipitation
method. By doping with cerium ions, the 8YSZ ceramics
show a bright red color. The pre-sintering temperatures
have a great influence on microstructure and optical
performance. The ceramics pre-sintered at 1275 ‘C for
2 h combined with HIP post-treatment at 1700 C for 3 h
show the highest in-line transmittance of 47.6% at
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700 nm and the biggest redness value of 52.0. The

preparation temperature of zirconia ceramics is lower

than the single crystals, which can effectively avoid the
volatilization of colorants. Red Ce-doped 8YSZ transparent
ceramics have wide application prospects in filter

materials, signal lamp materials and other fields.
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