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Abstract

The microstructures, Y2O3 content and phases of 3 mol% yttria-doped tetragonal zirconia polycrystals (TZPs) were quantita-
tively investigated. Five yttria-doped zirconia samples were observed by scanning electron microscopy (SEM) equipped with energy
dispersive spectroscopy (EDS) or electron probe microanalyzer (EPMA) equipped with wavelength dispersive spectroscopy (WDS).

The amount of phase transformation was determined by X-ray diffractometry (XRD). Operating conditions of EDS or WDS were
controlled based on the needs of statistical analysis. The Student’s t distribution in a confident interval of 99% was adopted and
applied to reveal the level of homogeneity of Y2O3 content in five TZP samples. Based on the results and analytical methods, the
quality, including sintered density, the fraction of large grains, the transformation capability, and the homogeneity of Y2O3 content

of TZP can be distinctly verified. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Zirconia has widely attracted attention because of
phase transformation toughening phenomena.1�3 Its
unique features such as high strength, high toughness,
chemical stability, high melting temperature, ionic,
electrical and optical properties make the zirconia a
promising engineering material. The applications of zir-
conia include wear-resistant components, solid state
electrolyte, and gemstone, etc. Pure zirconia material
has been of limited use as advanced structural ceramics
due to its spontaneous tetragonal to monoclinic phase
transformation when cooled to room temperature from
fabrication temperature, causing about 4.5% volume
expansion and thus catastrophic fracture.
In order to overcome this problem, a series of phase
stabilizers are added to retain the high temperature cubic
or tetragonal phase. These typical stabilizers include cal-
cia, magnesia, yttria, ceria and other rare earth oxides.
The zirconia materials fabricated by adding phase sta-
bilizers contain highly metastable tetragonal (t-ZrO2)
phases, which may transform to monoclinic phase as the

stress intensity is greater than a critical value. In the
vicinity of a crack the metastable t-phase grains trans-
form, resulting in a volume increase; therefore, the crack
propagation is retarded by the compressive stress
caused by the transformation. This phenomenon is so-
called phase transformation toughening and it helps
improve the fracture behavior of zirconia materials.
According to the microstructures obtained by using
different heat treatments and stabilizer content, zirconia
materials can be divided into three basic types, includ-
ing fully stabilized zirconia (FSZ), partially stabilized
zirconia (PSZ), and tetragonal zirconia polycrystal
(TZP). TZP has better mechanical properties than PSZ
due to small grain size and better grain boundary
coherency. It is reported4,5 that the amount of Y2O3
affects the grain size, the Martensitic phase transforma-
tion temperature, strength and degradation behavior of
TZP, especially in humid environment. In this research,
five different sources of 3Y-TZP powders were com-
pared to provide the basis for choosing the better pow-
der. Therefore, a fully quantitative analysis of Y2O3 was
made to realize the spatial and quantitative variation of
Y2O3 content. Besides, the average grain size, the frac-
tion of large grains, the transformed phases were quan-
tified in order to compare the relationship of the
distribution of Y2O3 content.
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2. Experimental procedures

Colloidal processing developed by previous work6

was adopted to fabricate four testing samples, including
TZYS (Tosoh, Japan), HSY-3.0 (Daiichi, Japan),
HWAZY3P (Hanwha, Australia) and CH9910-Y
(NTHU, Mainland China). These four ZrO2 slurries
were prepared based on 28 vol.% solid loading, milled
for 24 h and then casted at a gas pressure of 10 kg/cm2.
The fifth sample PL-D was die-pressed due to the high
surface area of the powder, which was non-dispersive.
Five different Y-TZP green bodies were sintered at
1480�C for 1 h.
The green and sintered densities of five samples were
measured by Archimedes’ method. The mean grain size
of the samples was determined from the SEM micro-
graphs by linear intercept technique.7 More than 200
grains were counted on the micrographs. For those
grains which are larger than 1 mm1 are defined as big
grains. The quantitative analyses of yttria content in
various zirconia samples were determined either by a
SEM (XL30, Philips Co., The Netherlands) equipped
with EDS (DX-4, EDAX Co., USA) or an EPMA
(JXA-8600SX, Jeol Co., Japan) equipped with WDS. A
sintered Tosoh TZYS was used as the standard speci-
men which contains 5.07 mass% Y2O3, corresponding
to 2.83 mol%. The operating conditions such as mag-
nification (2000�), spot size (60 mm), probe current
(1�10�7A), working distance (10 mm), tilting angle
(15�) and take-off angle (45.3�) of two microscopes were
all kept constant. The detailed calibration procedures
used for quantitative analysis were referred to a user’s
manual for EDS8 and EPMA.9

These five samples were ground against 800 mesh
metal-bonded diamond wheel so as to test the trans-
formability. The speed of the wheel was 2400 rpm and
the table speed of the surface grinder was 2.1 m/min. The
ground samples were then annealed at 1200�C without
soaking and cooled to room temperature both at a ramp
of 10�C/min. The change of t-to-m phase content of Y-
TZP samples either ground or annealed was quantita-
tively determined by an X-ray diffractometer (XRD,
PW 1710, Philips Instrument, The Netherlands) using
Cu Ka radiation according to the procedures given by
Toraya et al.10 and Garvie et al.11

3. Statistical analysis of spectroscopic study

3.1. Description of background measurement

In order to obtain a better microstructural image, the
samples were gold coated because the atomic number of

gold was higher, causing higher secondary electron inten-
sity. However, for quantitative analyses of Y2O3 content,
it is necessary to deposit carbon instead of gold to avoid
the overlapping of Au and Zr spectra when analyzed by
using SEM equipped with EDS. Due to the overlapping
of Zr La and Y La, the higher accelerated voltage of
electron beam was chosen and the Zr Ka and Y Ka was
used as the basis of quantitative measurement. More-
over, for quantitative analyses of Y2O3 content deter-
mined by using EPMA equipped with WDS, the energy
spectra of Zr La and Y La can be resolved, therefore the
first strongest peak of Zr and Y was used as the basis of
quantitative measurement. Besides, the thickness of the
samples was kept the same so as to obtain higher accu-
racy of Y2O3 content measurement.

3.2. Consideration of X-ray counts

It is well known that the X-ray production is statis-
tical in nature. As the electron beams bombard the
sample, the X-rays are generated and interact with the
EDS or WDS detectors. One can find that the intensity
of X-ray is completely random but has a fixed mean
value, also called arithmetic mean. The relationship
between the distribution of X-ray counts and the inte-
grated intensity of X-ray in a given time may be expres-
sed and approximated by a continuous normal/Gaussian
distribution. Let us designate the mean number of X-ray
counts produced for a given sample as N and standard
deviation of the X-ray intensity measurement as Sc. The
standard deviation of the intensity measurement for
small sampling n < 30ð Þ is defined as:12�15

Sc ¼
Xn
i¼1

Ni �N
� �2
n� 1

" #1=2
ð1Þ

Also the mean value of the number of X-ray counts
can be calculated and expressed as:

N ¼

Pn
i¼1

Ni

n
ð2Þ

Yakowitz et al.16 proposed a simplified criterion for the
homogeneity of a second component. If all of the data
points fall within the N� 3N1=2 limits, then the phase or
the sample is said to be homogeneous. The variation of
the component or element of interest in the sample repre-
sents the level of homogeneity and is expressed as:

Var N
� �

¼
�3N1=2

N
ð3Þ

Usually, a level of homogeneity of 4�1.0% is
desired and therefore 90,000 X-ray counts have to be
accumulated. In other words, the total counting time of
50–100 s is necessary for precise measurement of Y2O3

1 All reported grain sizes in this study have been corrected with a

factor, 1.56.
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content in ZrO2 matrix if the detected rate of X-ray
spectra is in the range of 2000–3000 counts per second.

3.3. Confidence of small sampling

Goldstein et al.17 proposed a more exact determina-
tion of the range (wt.%) and level (%) of homogeneity
of the element of interest in sample. That involves the
use of the standard deviation (Sc) of the measured
values, and the degree of statistical confidence in the
determination of N. Therefore, the level of homogeneity
for a given confident coefficient, 1� �, is given by

�
W1��

C
¼ �

t�=2n�1
n1=2

 !
Sc

N
ð4Þ

where C is the true mass fraction of the element of
interest, n is the number of measurements, and t�=2n�1 is
the Student’s t distribution for a �=2 confident coeffi-
cient and for n�1 degrees of freedom. The probability
(P) of random sampling points to be outside the con-
fident level is expressed as:

P �t �=2n�1 < t < t
�=2
n�1

	 

¼ 1� � ð5Þ

The 1�� confident level for population mean �ð Þ on
the basis of a sample mean X

� �
for small sampling is

given by:

X� t �=2n�1
S

n1=2
< � < Xþ t �=2n�1

S

n1=2
ð6Þ

It has been shown12,14 that if the number of measure-
ment is less than 4, the value of Student’s t distribution,
t�=2n�1 will deviate largely from the real situation. In
other words, under the things being equal the confident
coefficient will become too low. Therefore, the number
of measurement of Y2O3 content for small sample

(n<30) is suggested to be at least 4 during the quanti-
tative analysis.

4. Results and discussion

4.1. Densification

The physical properties of five ZrO2 powders are lis-
ted in Table 1. These Y-TZP powders were formed
through the colloidal processing except for sample PL-
D. The green density and sintered density are listed in
Table 2. The Tosoh TZYS samples have the highest
green and sintered density, corresponding to 56.4 and
99.8% theoretical density (T.D.), respectively. The den-
sities of other samples are expressed in sequence from
higher to lower value: i.e. Daiichi HSY-3.0 (99.1%
T.D.), HWA–ZY3P (98.5% T.D.), CH9910-Y (98.5%
T.D.) and PL-D (95.9% T.D.). It is doubted that the
adopted die-pressing process may cause the lower den-
sity of PL-D sample. However, our previous results6,18

show the density variation of Tosoh TZYS sample
either formed by colloidal processing or die pressing is
�0.2% if sintered above l480�C/1 h, Therefore, it is
concluded that the density of PL-D sample is inferior to
others mentioned above in spite of different shape-
forming method.

4.2. Microstructures

The microstructures of five different sintered bodies
are shown in Figs. 1–3. In order to have a precise grain
size measurement, the thermal etching condition among
five samples is a little different. For Tosoh TZYS and
PL-D samples, the etching conditions are 1280�C for 15
mm while the others are 1280�C for 20 min.
Fig. 1 shows the microstructures of Tosoh TZYS
sample. It has a sintered density of 99.8% and a mean

Table 1

The physical properties and purity of ZrO2 powders used in this research

Source

Properties Tosoha TZYS Daiichia HSY-3.0 PL-Db HWA-ZY3Pa CH9910-Yb

(Tosoh, Japan) (Daiichi, Japan) (Russia) (Hanwha, Australia) (Mainland China)

Specific surface area (m2/g) 15.7 4–10 NAc 14 NA

Particle size, d50 (mm) 0.3 0.4–0.7 NA 0.4 NA

Composition (mass%)

Y2O3 5.07 5.40 5.13 5.2 5.40

Al2O3 <0.005 0.25 0.24 0.02 0.25

SiO2 <0.002 0.15 0.00 0.04 0.00

Fe2O3 <0.002 <0.01 1.24 0.03 <0.01
Na2O 0.023 0.03 0.14 0.06

a Data sheet supplied by vendors.
b Supplied and measured by ICP in NTU.
c Not available.
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grain size of 0.41 mm. Occasionally, the residual pores in
range of 1–3 mm caused by hard agglomerates were
found and might be responsible for fracture origins.
Similar residual pores due to a poor inherent property
of hard agglomeration can be found in the other four
samples. Fig. 2 shows typical large grains and hard
agglomerate found in PL-D sample. Moreover, the large
grains, which are defined as larger than 1 mm, are easily
found in the vicinity of residual pores, as shown in
Fig. 2(a). The amount of large grains is about 2.9 vol.%
and may have relation to the content of Y2O3 in the
grains.

The grain size and amount of large grains of the other
samples are listed in Table 2. The grain size of Daiichi
HSY-3.0 and CH9910-Y is the smallest (0.40 mm),
shown in Fig. 3(a) and (b). The density of Daiichi HSY-
3.0 and CH9910-Y is a little lower than that of Tosoh
TZYS, but has almost the same grain size. The grain
size of HWA-ZY3P is in the range of 0.47 mm, as shown
in Fig. 3(c).
The Tosoh TZYS sintered sample which contains an
average Y2O3 content of 5.07 mass% Y2O3, corre-
sponding to 2.83 mol% was used as the base of com-
parison. The amount of Y2O3 content, mean value X

� �
,

Table 2

The densities, average grain size, and the fraction of big grain of different sintered TZPs

Tosoh TZYS Daiichi HSY-3.0 HWA-ZY3P CH9910-Ya PL-Db

Green density (g/cm3) 3.40 3.15 3.11 2.58 2.38

(56.4% T.D.)c (52.2% T.D.) (51.6% T.D.) 42.8% T.D.) (40.9% T.D.)

Sintered density (g/cm3) 6.02 5.98 5.94 5.94 5.78

(99.8% T.D.) (99.1% T.D.) (98.5% T.D.) (98.5% T.D.) (95.9% T.D.)

Average grain size (mm) 0.41 0.40 0.47 0.40 0.45

Big graind (%) <0.1 1.2 1.5 3.5 2.9

a Prepared slurry with 20 vol.% solid loading.
b Prepared by die-pressing.
c Theoretical density (T.D.)=6.03 g/cm3.
d The grain size is larger than 1 mm.

Fig. 2. SEM micrographs of thermal-etched PL-D (a) big grain and

(b) hard agglomerate. The average grain size is 0.45 mm. The thermal
etching conditions for the sample were 1280�C for 15 min.

Fig. 1. SEM micrographs of (a) thermal-etched Tosoh TZYS, (b) the

remanent hole after sintering. The average grain size is 0.41 mm.
Thermal etching conditions for the sample were 1280�C for 15 min.
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standard deviation (S), level of homogeneity �W1��=ð

CÞ and confident interval (l < � < u, where l and u
stand for lower and upper limits of confident level of
99%) of five different Y-TZP samples determined by
EDS are listed in Table 3. it is found that Daiichi HSY-
3.0 has an average of 5.34 mass% (2.99 mol%) and is
the highest among these TZP samples. Sample PL-D
shows the lowest amount of Y2O3 and has an average
of 4.92 mass%. The distribution of Y2O3 content for
Tosoh TZYS, Daiichi HSY-3.0 and HWA-ZY3P is
good compared to that of PL-D and CH99 1 0-Y.
Due to the lower intensity of Ka in EDS spectra, it
may lead to higher error when using the intensity of Ka

as the measurement basis. For the measurement of
Y2O3 content by EPMA, the spectrum of Zr La and Y

La can be separated in the WDS, therefore the La peaks
of Zr and Y which show a higher intensity were also
examined. The EPMA results are also shown in Table 3.
The Y2O3 content of these five TZPs samples is close to
that measured by EDS.
The level of homogeneity of Y2O3 content and con-
fident interval for these five TZPs samples calculated
according to Eqs. (4) and (6) are listed in Table 3. The
results show that the level of homogeneity of Y2O3
content for CH9910-Y and PL-D is 12.3 and 5.58%,
respectively, implying the level of homogeneity is quite
poor compared to the other three TZPs when analyzed
by SEM-EDS. Even though the level of homogeneity of
Y2O3 content for CH9910-Y and PL-D is inferior to the
three samples, all of the sampling data points are still in
the range of confident interval.
When analyzing by EPMA, one can find samples
Daiichi HSY-3.0 and CH9910-Y have a higher amount
of Y2O3 content when compared to the other three TZP
samples. Moreover, the EPMA results show that sample
Tosoh TZYS has the best level of homogeneity of Y2O3
content. The level of homogeneity of the other four
TZPs samples is from 5.37 to 8.81%, and relatively poor
compared to the sample Tosoh TZYS.
After the measurement of Y2O3 content quantified
either by EDS or WDS, one can find the best level of
homogeneity of Y2O3 in five ZrO2 matrix is in the fol-
lowing sequence: Tosoh TZYS, Daiichi HSY-3.0,
HWA-ZY3P, PL-D and CH9910-Y for EDS results;
Tosoh TZYS, Daiichi HSY-3.0, HWA-ZY3P, CH9910-
Y and PL-D for WDS results. It can be found that
samples Tosoh TZYS, Daiichi HSY-3.0 and HWA-
ZY3P have similar level of homogeneity of Y2O3 con-
tent while samples PL-D and CR9910-Y show a
relatively poor distribution of Y2O3 content. The above
results have shown that both two techniques provide
reliable data. However, WDS measurement is a time-
consuming task due to longer collection time compared
with EDS. The latter technique is a more convenient
tool for the estimation of the homogeneity of Y2O3
content in ZrO2 matrix.
Besides, the amount of big grains of Y2O3 content is
also plotted in Fig. 4. The evidence appears that sample
Tosoh TZYS, which shows the best level of homo-
geneity of Y2O3 content also has the least amount of big
grains while samples PL-D and CH9910-Y, showing a
relatively poorer level of homogeneity of Y2O3 content
have higher probability of finding big grains. Lange4,19

reported that the density of zirconia sintered bodies and
the amount of Y2O3 content affects the crystalline phase
and grain size of zirconia sintered bodies. The dense the
matrix, the higher the amount of tetragonal phase.
Because the density of sintered body is higher, a con-
fined force makes grains more difficult for the sponta-
neous transformation of t-to-m phase during the
cooling step from sintering temperature.

Fig. 3. SEM microstructure of(a) Daiichi HSY-3.0, (b) CH9910-Y

and (c) HWA-ZY3P. The average grain sizes for Daiichi HSY-3.0,

CH9910-Y and HWA-ZY3P are 0.40, 0.40 and 0.47 mm, respectively.
The thermal etching conditions for the samples were 1280�C for 20

min.
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It is believed4,19 that the variation of Y2O3 content in
matrix may locally affect pore formation and exaggerate
the grain growth. The large grains in the vicinity of
residual pores can be found easily, as shown in Figs. 1(b)
and 2(a). The situation is the worst in the case of PL-D
sample. It is suspected that the Y2O3 content in this area
may be different from other areas. The analysis by EDS
reveals that the Y2O3 content is 3.99 mass% and sig-
nificantly lower than the average value of 4.92 mass%.
Besides, the measurement is also done by EPMA on the
large grain indicated as marks A and B, as shown in
Fig. 2(a). The amount of Y2O3 content is 4.67 mass% in
A region (a large grain) and 5.21 mass% in B region
(matrix grains), it is speculated that the formation of
large grains has the relation to the lower Y2O3 content.
The result is consistent with the literature reported by
Lange4 who proposed the size of tetragonal phase can
be controlled by cubic phase. He reported that the grain
size was governed by Y2O3 content. ZrO2 with 1.5–4.5
mol% Y2O3 content that falls in the t+c phase region
has the smallest grain size. Analyses of selected area
electron diffraction have shown that the larger grains
distributed among the smaller grains have the cubic
structure, whereas the smaller grains are tetragonal. But
based on our observation, it is hard to make conclusive
remark on the relationship between the amount of cubic
grains and the growth of tetragonal grains.

Moreover, it is possible that the exaggerated grain
growth may be due to the difference in local packing
densities of these five TZP samples. However, Tosoh
TZYS, Daiichi HSY-3.0, HWA-ZY3P, and CH9910-Y
were formed by colloidal processing under the same
pressure casting conditions, but had different green
densities. Therefore, it may be concluded that powder
properties such as particle size and shape, etc., as indi-
cated in Table 1, may play an important role in the
formation of large grains. Under these variables being

Fig. 4. The Y2O3 content and amount of big grains of different TZPs

analyzed by SEM-EDS or EPMA.

Table 3

Quantitative results of the Y2O3 content in TZP analyzed by SEM-EDS or EPMA

Sample EDS*a EPMA**a

Y2O3 content

(mass%)

X

(mass%)

S

(mass%)

� W1��

C

(%)

l < � < u
(mass%)

Y2O3
content

(mass%)

X

(mass%)

S

(mass%)

� W1��

C

(%)

l < � < u
(mass%)

Tosoh TZYS 5.07 5.11 0.045 2.57 4.98–5.24 5.054 5.05 0.051 2.95 4.90–5.20

5.08 4.983

5.17 5.102

5.11 5.072

Daiichi HSY-3.0 5.31 5.34 0.049 2.68 5.20–5.48 5.425 5.38 0.099 5.37 5.09–5.67

5.38 5.495

5.29 5.353

5.39 5.263

CH9910-Y 5.21 5.33 0.224 12.3 4.68–5.98 5.345 5.39 0.152 8.24 4.95–5.83

5.09 5.190

5.56 5.482

5.49 5.525

HWA-ZY3P 5.00 5.01 0.051 2.97 4.86–5.16 4.887 5.00 0.097 5.67 4.72–5.28

5.08 5.088

4.96 4.950

4.99 5.071

PL-D 4.83 4.92 0.094 5.58 4.65–5.19 5.007 4.94 0.149 8.81 4.50–5.38

4.90 4.792

4.89 4.846

5.05 5.118

a Test conditions. *Mag. 2000�; working distance=10 mm; take-off angle=45.3�, ZrO2 CPS=2400–2700; Y2O3 CPS=180–200. **Mag 2000�;

ZrO2 CPS=7300–7400; Y2O3 CPS=370–410.
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nearly equal, the poor distribution of Y2O3 content may
be the major reasons responsible for the abnormal grain
growth.
From the statistical review, it is suggested that the
minimum measurement number for quantitative analysis
should be at least 4. Otherwise, it may cause errors during
small sampling. Of course, the probability of measuring
Y-content just using 4microprobe analyses is rather small.
As indicated in Table 2, the percentage of large grains
found in these five TZPs samples is from 0.1 to 3.5%.
Our results show that the large grains have relation with
the level of homogeneity of Y2O3 content. Therefore,
the elemental analysis on the specific grains and this
technique can be used for what it is intended for.
Furthermore, Fig. 5 shows the statistics of Y2O3 con-
tent of sample Daiichi HSY-3.0 in ZrO2 matrix. The
results of 30 measurements show the Y2O3 content is in
the range of 4.63–5.47 mass%. The average Y2O3 con-
tent is 5.11 mass% which is lower than that for small
sampling (n=4). The result shows that the probability
of finding inhomogeneous distribution of Y2O3 content
also increases as the sampling number increases. The
Y2O3 content can be as low as 4.63 mass%. As it shows,
the distribution of Y2O3 content tends toward Gaussian
distribution as the testing number is larger than 30.

4.3. The effect of machining on crystallinity and
microstructure

The crystallinity changes due to t-to-m phase trans-
formation during the surface grinding.20 Therefore, the
amount of monoclinic phase of four as-sintered, ground
and annealed Y-TZP samples was determined by Q-
XRD. Fig. 6 shows the spectra illustrating the changes
of TZYS in crystallinity in various stages. The amount

of m-phase of as-sintered samples Xmð Þ is almost 0%. In
other words, the as-sintered samples consist of 100%
tetragonal phase. But the amount of m-phase of the
ground samples is 2.6%. In additional to t-to-m phase
transformation, the asymmetrical broadening phenom-
ena of t-phase (111) plane is also observed. This is due
to the formation of r-phase.21,22 The angle of 111ð Þr
2� ¼ 29:57�ð Þ and 111ð Þt 2� ¼ 30:17

�ð Þ are pretty close.
After thermal annealing at 1200�C for 0 h, the amount
of m-phase decreases to 0% and the asymmetrical
broadening effect is also eliminated.
Moreover, the surface treatment also affects the ratio
of I002=I200 The ratio of I002=I200 of the as-sintered sam-
ples is 0.74 and increases to 1.69 and 2.34 for ground
samples and annealed samples, respectively. The chan-
ges in the ratio of I002=I200 is caused by the domain
reorientation. Lankford et al.23 proposed that as grains
were under compressive stress, the domains of c-axis
parallel to stress axis re-orientated, making the neigh-
boring domain boundaries move toward the reverse
direction. That makes the domains of the c-axis parallel
to stress axis disappear. At the same time, the grains
along [010] direction or [100] direction elongate slightly.
This is so-called ferroelastic domain switching phenom-
ena.24

Fig. 5. The distribution of Y2O3 content of sample Daiichi HSY-3.0 in

ZrO2 matrix. The Y2O3 content is in the range of 4.63–5.47 mass%. As

central limit theorem states the distribution of Y2O3 content tends

toward the Gaussian distribution as the measurement number is larger

than 30.

Fig. 6. The phase change of as-sintered, ground, and annealed Tosoh

TZYS dense samples.
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Besides Tosoh TZYS, the other three Y-TZP samples
have the same phenomena. The amount of m-phase of
ground and annealed samples is summarized in Table 4.
Among four Y-TZP samples, Daiichi HSY-3.0 has the
maximum amount of m-phase (3.8%) while Tosoh
TZYS has the minimum as ground by specified condi-
tions. The amount of m-phase of all samples decreases
to 0% after the annealing treatment.
In addition to m-phase occurrence and peak broad-
ening, the machining also affects the microstructure.
The ground morphology of ground Tosoh TZYS after
heat treatment (1200�C/0h) is shown in Fig. 7, illustrat-
ing a refinement of grains after annealing. The grain size

decreases from 0.41 mm to 0.20 mm. The grain size
refinement may improve the low temperature degrada-
tion behavior of Y-TZP.21 Among the Y-TZP samples,
Daiichi HSY-3.0 has the smallest grain size (0.17 mm)
after the annealing treatment.

5. Conclusion

The densities, micro structures, Y2O3 content and
phase transformation of 3 mol% yttria-doped TZPs
were investigated. We use the statistical inference to
help evaluate the variation of Y2O3 content. The con-
clusions of this research are as follows:
1. The sintered density of four TZPs samples is high
which is in the range of 98.5%–99.8% except the PL-D
sample. The average grain size of all TZPs is in the range
of 0.40–0.47 mm. Sample Tosoh TZYS has the highest
sintered density (99.8%) and smaller grain size (0.41 mm).
It can be attributed to easy dispersion, free agglomerate,
well compaction in green stage and good sinterability.
Moreover, Tosoh TZYS sample has the least amounts
of large grains (<0.1%) compared to other four TZPs.
The grain size decreases from 0.41 to 0.20 mm after sur-
face grinding and heat treatment.
2. The amount of Y2O3 content of all TZPs is in the
range of 5.00–5.38 mass%, corresponding to 2.80–3.01
mol%. The large grains in the vicinity of residual pores
have a lower Y2O3 content and the most worst case is
found in the sample PL-D and CH9910-Y. That implies
the formation of large grains has the relation to a lower
Y2O3 content.
3. The measurements of Y2O3 content quantified
either by EDS or WDS are fairly consistent. Tosoh
TZYS sample has the best homogeneity of Y2O3 con-
tent analyzed by SEM-EDS and EPMA. Moreover, it
can be found that the samples Tosoh TZYS, Daiichi
HSY-3.0 and HWA-ZY3P have similar level of homo-
geneity of Y2O3 content, while the samples PL-D and
CH9910-Y show a relatively poor distribution.
4. If a level of homogeneity of 4�1.0% is desired,
several measurement parameters have to be considered,
including sample preparation, calibration procedures,
accumulated time, and intensity etc. for precise
measurement of Y2O3 content.
5. From the results obtained by EDS or WDS, both
these two techniques provide reliable data. However,
WDS measurement is a time-consuming task due to
longer collection time compared with EDS.
6. For small sampling if the number of measurement is
less than 4, the value of Student’s t distribution, t�=2n�1 will
deviate largely from the real situation. In other words,
under the things being equal the confidence coefficient
will become too low. Therefore, the number of measure-
ment of Y2O3 content for small sample (<30) is sug-
gested to be at least 4 during the quantitative analysis.

Table 4

The t-phase change and average grain size of as-sintered, ground, and

annealed of different TZPs

m-Phase content Tosoh

TZYS

Daiichi

HSY-3.0

HWA-ZY3P CH9910-Y

As-sintered 0% 0% 0% 0%

Ground — 5 mm/pass 2.6 3.1 2.7 3.0

Ground — 5 mm/pass
then sliding 10 times

3.1 3.8 3.3 3.6

Annealed 0% 0% 0% 0%

Average grain size

as-sintered (mm)
0.41 0.40 0.47 0.40

Average grain

size annealed (mm)
0.20 0.17 0.23 0.18

Fig. 7. (a) lower and (b) high magnification of the ground and

annealed Tosoh TZYS.
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7. The grinding by diamond wheel (800 mesh) affects
the crystallinity and microstructures of TZP surface. The
machining induces t-to-m phase transformation and
asymmetrical broadening of (111) peak. The amount of
m-phase can increase to 3.1–3.8% after grinding and
then decrease to 0% through heat treatment. Besides,
the grain size refinement can be achieved through an
appropriate heat treatment.
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