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Effect of Alumina Dopant on Transparency of Tetragonal Zirconia
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Aiming to characterize the effect of alumina dopant on transparency, powders of yttria stabilized tetragonal zirconia doped with
alumina (TZ-3Y-E) are used as starting material to fabricate transparent tetragonal ZrO, by high-pressure spark plasma sintering
(HP-SPS). However, low transparency of the resultant TZ-3Y-E specimens does not suggest a beneficial effect of alumina dopant
although nanometric grains and high density have been achieved. The mechanism is analyzed by comparing with the results of

as-sintered yttria stabilized tetragonal zirconia without alumina dopant.

1. Introduction

Yttria stabilized tetragonal zirconia polycrystal (Y-TZP)
possesses many salient properties, such as high strength,
toughness, wear resistance, chemical resistance, and biocom-
patibility, which make it as a promising candidate for various
structural and biomedical applications [1]. As a hard-to-
sinter ceramic, polycrystalline Y-TZP usually is opaque even
after high-temperature sintering mainly because of the exis-
tence of residual pores. Such pores can significantly scatter
incident light and deteriorate optical properties. In addi-
tion, nanometric microstructure is crucial to achieve good
transparency for Y-TZP since this material has serious
birefringent scattering (one order of magnitude higher than
that of alumina) [2].

Very recently, Krell and coworkers propose a model
based on Mie theory to quantitatively describe the scattering
behavior in Y-TZP [2]. This model points out that the in-line
transmittance of 50% at the visible wavelength range is
expected as the grain size <40nm for a pore-free Y-TZP
with 1 mm thickness [2]. This can account for the previous
experimental results of the low transparency of Y-TZP [2-5],
since such fine grains are not attained. On the other
hand, this model reveals the weak birefringent scattering
in the infrared (IR) range as grain sizes less than 200 nm.

This prediction is verified by the experimental results
[2, 6]. Nanometric (115nm) and dense tetragonal ZrO,
was fabricated by Klimke et al. [2] using hot isotropic
pressing (HIP). The 0.5mm thickness specimen exhibited
the maximum theoretical value of in-line transmittance
(77%) in the IR region of 4-5ym. The present authors [6]
prepared nanograined (80 nm) and dense tetragonal zirconia
using high-pressure spark plasma sintering (HP-SPS). In-
line transmittance of a 1.5mm thick sample approached
81-87% of the theoretical value in the wavelength of 3-
5 ym. Meanwhile, tetragonal ZrO, showed the longest cutoff
wavelength for high-strength transparent ceramics. These
results highlight the great potential of this ceramic applied
for durable infrared windows [2, 6].

It has been well established the beneficial effect of
alumina dopant for sintering Y-TZP. The densification
behavior and microstructural evolution during sintering
of Y-TZP doped with alumina have been investigated by
several researchers [7-13]. For example, Matsui et al. [7]
found that the increase of alumina concentration could
enhance the densification rate of Y-TZP, which was due
to the improvement of apparent frequency-factor term in
rate constant. Consequently, Y-TZP doped with alumina is
highly expected as a superior raw material for fabricating
transparent tetragonal zirconia.



This speculation was tested in the present study. Nano-
powders of Y-TZP doped with alumina were used to
prepare transparent tetragonal zirconia by high-pressure
spark plasma sintering (HP-SPS). The effect of alumina
dopant on transparency was analyzed with the comparison
of that in pure Y-TZP nanopowders.

2. Experimental Procedure

2.1. Sample Preparation. The starting materials were com-
mercial 3mol% Y,0; stabilized ZrO, powders with
0.3mol% Al,O3; dopant (TZ-3Y-E, Tosoh Corporation,
Tokyo, Japan) and 3 mol% Y,03; doped ZrO, powders (TZ-
3Y, Tosoh Corporation, Tokyo, Japan). These two commer-
cial powders were consolidated directly using a spark plasma
sintering machine (SPS-1050, SPS Syntex Inc., Kawasaki,
Japan) in vacuum (1073 Torr) to obtain dense bulk speci-
mens. The applied pressure was 400 MPa [6] and the heating
rate was 10°C/min. Sintering resulted in disk samples of
10mm diameter and 1.3mm thickness. The as-sintered
samples were annealed at 900°C for 4 hours in air.

2.2. Optical Characterization. For measuring optical prop-
erties, both surfaces of the as-prepared disks were mirror-
polished using diamond slurry. The total forward trans-
mittance, in-line transmittance, and reflection were mea-
sured with a double-beam spectrophotometer (SolidSpec-
3700DUYV, Shimazu Co. Ltd., Kyoto, Japan) equipped with an
integrating sphere. The distance between the sample and the
detector was about 55 cm. For in-line transmittance measur-
ements, a 3 mm pinhole was placed in front of the detector
selecting only the in-line transmitted portion of the incident
light (5 mm diameter). This setup allowed us to measure the
“real in-line transmittance” [14].

The measured total forward transmittance (T) and in-
line transmittance (I) could be expressed as the following
formulas [15, 16]:

T = (1 —-R)exp(—at), (1)
= (- Ryexp[—(a+p)t] = Texp(-Br),  (2)

where R is the measured reflection, « is the absorption
coefficient, t is the sample thickness, and f is the scattering
coefficient. The absorption coefficient and scattering coeffi-
cient could be calculated from (1) and (2), respectively.

2.3. Microstructure Observation. For transmission electron
microscope (TEM) observations, a 500 ym thick slab was
cut by a low-speed diamond cutter, mechanically polished
down to 100 ym, and further thinned with an Ar ion-milling
machine. The TEM observations were performed using
a JEOL-2010F microscope (JEOL Ltd., Akishima, Tokyo,
Japan) operated at 200 kV. The grain size was measured by
evaluating the average cross-sectional area per grain under
the assumption of spherical grains. Because the samples
had small pores and low porosity, grain boundary grooving
caused by etching would distort the SEM images. Therefore,
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FiGure 1: Typical total forward transmittance and in-line transmit-
tance spectra of the yttria stabilized tetragonal zirconia without (3Y)
and with alumina dopant (3YE). These two specimens were sintered
for 10 min at 1050°C under the pressure of 400 MPa by means of
SPS. The post-SPS annealing was conducted at 900°C for 4 hours
in air. The samples analyzed in Figures 2 to 5 were fabricated at the
same conditions. The thickness of these two samples was 1 mm.

the porosity was measured by TEM, as an average value over
five images.

3. Results and Discussion

It is possible to fabricate low translucent tetragonal zirconias
using the TZ-3Y-E powders by means of high-pressure spark
plasma sintering (HP-SPS) under the pressure of 400 MPa.
The study of high pressure SPS of transparent TZ-3Y can
be found elsewhere [6]. The optimum sintering temperature
presents at 1050°C for TZ-3Y-E specimens fabricated at 1000
to 1200°C, thus we restrict our measurements and discussion
to this sample in the following. The appearance of this
sample is dark (not shown here). The dark appearance is
usually attributed to color centers (oxygen vacancies with
trapped electrons) [4-6, 16, 17], which are easily produced
in zirconia under thermal reduction or electroreduction
conditions [4-6, 16, 17]. The SPS process actually provides
both conditions because high-temperatures vacuum and
graphite dies yield thermal reduction, and electric current
may result in electroreduction. We have observed the similar
phenomenon in the study of transparent TZ-3Y [6]. After
SPS processing, annealing is conducted at 900°C for 4 hours
in air to reduce color centers of the TZ-3Y-E and TZ-3Y
samples.

Figure 1 shows typical in-line transmittance and total
forward transmittance spectra of TZ-3Y-E and TZ-3Y speci-
mens. It can be observed that, in contrast to the expectation,
the addition of alumina dopant actually results in worse
optical properties of total forward transmittance and in-
line transmittance. In addition, since the total forward
transmittance contains the in-line transmittance and the
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FIGURE 2: Dependence of the measured reflection of the yttria
stabilized tetragonal zirconia without (3Y) and with alumina
dopant (3YE). The thickness of these two samples was 1 mm.

forward scattering light, the increase of the total forward
transmittance implies the existence of light scattering in the
present samples. This scattering effect originates from resid-
ual pores and birefringence due to a tetragonal structure.

The dependence of light reflection on wavelength is
represented in Figure 2. The reflection becomes more
pronounced by the addition of alumina dopant. Here, the
measured value consists of the intrinsic reflection losses at
the front and back surfaces of the sample and back scat-
tering from residual pores and birefringence. The intrinsic
reflection should be independent of adding extremely low
concentration of alumina dopant; therefore, only the increase
of back scattering enhances the reflection of the TZ-3Y-E
sample. It should be noted that grain boundary reflection,
that is contribution from birefringence to back scattering,
cannot be neglected in tetragonal zirconia because of its high
birefringence. The maximum reflectivity Rm.x by m grain
boundaries is given by [18]

Rpax = 1 — (1 - Rl)m) (3)

where R, is the reflectivity for perpendicular incidence. R,
can be calculated using

_ An?
(m + n2)2 ’

R, (4)
where #n; and n, are the refractive indexes of two neighboring
grains, and An is the refractive index difference [18]. For a
I mm thick zirconia sample with grain size of 80 nm (see
Figure 3), a light beam passes 1250 grain boundaries assum-
ing that 10% grain boundaries are perpendicular to this
beam. From (3), the reflectivity can be approximately esti-
mated as 6% using An = 0.03, n; = 2.16, and n, = 2.19 [19].
Therefore, the contribution from the reflection at grain
boundaries to back scattering of incident light cannot be
omitted in tetragonal zirconia.

Figure 3 represents typical bright field TEM images
for the microstructure of annealed TZ-3Y-E and TZ-3Y
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FIGURE 3: Bright-field TEM images of the yttria stabilized tetragonal
zirconia without (a) and with alumina dopant (b).

60

50

3YE

40

30

20

10

Absorption coefficient (cm™!)

e b b b b b

0 T T T T T T
400 500 600 700 800 900

Wavelength (nm)

FIGURE 4: Absorption coefficients of the yttria stabilized tetragonal
zirconia without (3Y) and with alumina dopant (3YE).

specimens. Fine intergranular pores are very rarely observed
in TEM, indicating the extremely high density of the
resultant specimens. It is hard to distinguish the difference
of porosity between these two samples, and the porosity is
estimated to be less than 0.05%. Meanwhile, similar mean
grain size of about 80 nm is achieved for both specimens.
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FIGURE 5: Scattering coefficients of the yttria stabilized tetragonal
zirconia without (3Y) and with alumina dopant (3YE).

Figure 4 is the variation of the absorption coefficient on
wavelength. It can be seen that the absorption coefficient of
the TZ-3Y-E sample is slightly stronger than that of the TZ-
3Y sample. This result indicates that more color centers are
produced in the TZ-3Y-E sample. In fact, the dissolution of
alumina dopant in zirconia promotes the production of color
centers, and the defect reaction is written as the following [7]:

ALOs +27r%, + O 22 2A1,, + Vi +27:0,. (5

Meanwhile, alumina dopant just promotes the limited
formation of color centers because of its low dissolution
in zirconia [7]. Nevertheless, color centers cannot account
for the low transmittance of the TZ-3Y-E sample because
difference of absorption coefficients only occurs in short
wavelength.

Figure 5 shows the dependence of the scattering coef-
ficient on wavelength. Much higher scattering coefficient
presented in the TZ-3Y-E sample obviously deteriorates the
transparency. In the present zirconia samples, light scattering
is induced by residual pores and birefringence. The similar
porosity (Figure 3) implies that the difference in scattering
coefficient only results from the different birefringence of
these two samples. On the other hand, the similar grain size
(Figure 3) cannot cause different birefringence of these two
samples.

In fact, it is well known that most of alumina dopants
distribute along grain boundaries of zirconia because of the
very limited solubility, which has been clearly observed by
Matsui et al. using STEM combined with nanoprobe electron
dispersive X-ray spectroscopy [20]. This distribution results
in the tremendous difference (0.43) of refractive index
between alumina (1.76) and zirconia (2.19). Based on the
theoretical calculation [2], only the difference of 0.09 in
refractive index will lead to significant light scattering and
seriously deteriorate the transparency of tetragonal zirconia.
Therefore, we conclude that the strong birefringent scattering
induced by the distribution of alumina dopant along grain
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boundaries causes the low transparency of the TZ-3Y-E
sample.

4. Conclusions

The effect of alumina dopant on the transparency of
tetragonal zirconia has been investigated in this work. Pow-
ders of 3% mol yttria stabilized tetragonal zirconia doped
with alumina (TZ-3Y-E) are used as starting material to
prepare transparent tetragonal ZrO, by high-pressure spark
plasma sintering (HP-SPS). The result shows that the
addition of alumina dopant deteriorates the transparency
although nanometric grains and high density have been
achieved in TZ-3Y-E samples. By comparing with the results
of tetragonal zirconia without alumina dopant, the low
transparency of the TZ-3Y-E samples is induced by the strong
birefringent scattering, which is attributed to the distribution
of alumina dopant along the grain boundaries of zirconia.
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