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Abstract

Microstructure development during sintering in 3 mol% Y,Os-stabilized tetragonal zirconia polycrystal doped with a small amount of Al,O3 was
investigated in the isothermal sintering conditions of 1300-1500 °C. At the low sintering temperature at 1300 °C, although the density was relatively
high, the grain-growth rate was much slow. In the specimen sintered at 1300 °C for 50h, Y>* and AI** ions segregated along grain boundaries
within the widths of about 10 and 6 nm, respectively. In grain interiors, the cubic-phase regions were formed by not only a grain-boundary
segregation-induced phase-transformation mechanism but also by spinodal decomposition. The grain-growth behavior was kinetically analyzed
using the grain-size data in 1300-1500 °C, which indicated that the grain-growth rate was enhanced by Al,O3-doping. These phase-transformation
and grain-growth behaviors are reasonably explained by the diffusion-enhanced effect of Al,O3-doping.
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1. Introduction

Y,Os3-stabilized tetragonal ZrO, polycrystal (Y-TZP) doped
with a small amount of Al,O3 is excellent not only in mechanical
properties, such as high fracture strength, toughness, and hard-
ness but also in the resistance performance of low-temperature
degradation that is given as an indication of reliability because
the starting raw powder can be sintered at a low temperature. '
These properties strongly depend on the microstructure in
Y-TZP doped with a small amount of Al,O3, which is con-
trolled by the sintering condition. Therefore, clarification of the
microstructure-development mechanism during sintering in Y-
TZP doped with a small amount of Al;O3 is important to further
improve the properties in Y-TZP ceramics.

So far, the densification behavior and microstructure devel-
opment during sintering in Y-TZP doped with Al,O3 have
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been investigated by several researchers.””'! Matsui et al.
have kinetically analyzed the densification behavior at the ini-
tial sintering stage in 3mol% Y-TZP powder compacts with
0—1mass% Al>03.2 According to their results, the densifica-
tion rate increased with increasing Al O3 concentration, which
is explained by the increase in apparent frequency-factor term
in the rate constant. Sakka et al.> have reported that the grain
growth in 3 mol% Y-TZP is controlled by cation diffusion, which
is enhanced by adding Al;O03. Guo and Waser have investigated
the effects of Al,O3 on grain-boundary electrical properties in
Y-TZP:* In previous papers, we have analyzed the microstruc-
ture in 3 mol% Y-TZPs doped with 0.3 mol% Al,Oj3 sintered at
various temperatures for 2 h, and reported that the tetragonal-to-
cubic (T — C) phase-transformation mechanism is reasonably
explained using a grain-boundary segregation-induced phase-
transformation (GBSIPT) model.>® Furthermore, our results
showed that Al3* jons segregated at grain boundaries directly
relate to acceleration of the densification rate and these segre-
gated AIP* ions clearly enhance T— C phase transformation
and grain growth at sintering temperatures above 1500 °C.°

It is important to examine the 7— C phase-transformation
behavior at a low sintering temperature to understand the
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relationships between microstructure and properties (i.e.,
mechanical and degradation-resistance performances) in Y-
TZP doped with a small amount of Al,O3 because the
starting raw powder can be sintered at the low sintering
temperature by the densification-acceleration effect of Al,O3-
doping. However, the T— C phase-transformation behavior
at such a low temperature has not been reported previously.
On the other hand, the isothermal sintering measurement
has an advantageous as an experimental method that can
separate T — C phase-transformation and grain-growth behav-
iors, and the T— C phase-transformation behavior without
grain growth can be examined by selecting the low sintering
temperature.'? Furthermore, the grain-growth mechanism can
be discussed by kinetically analyzing the grain-size change
during isothermal sintering. Therefore, the microstructural
analysis at isothermal sintering is needed to quantitatively
understand the 7— C phase-transformation mechanism at the
low sintering temperature and the grain-growth mechanism
during sintering in Y-TZP doped with a small amount of
Al O3.

In the present study, we investigated microstructure devel-
opment under the isothermal conditions of 1300-1500°C for
0-50hin order to verify the T — C phase-transformation behav-
ior at the low sintering temperature and clarify the grain-growth
mechanism in 3mol% Y-TZP doped with 0.3mol% Al,Os.
The T— C phase-transformation behavior at the low sinter-
ing temperature was analyzed at 1300°C. The grain-growth
behavior was kinetically analyzed using the grain-size data in
1300-1500°C. The T— C phase-transformation behavior at
1300°C and the grain-growth mechanism in 3 mol% Y-TZP
doped with 0.3 mol% Al, O3 were discussed based on the present
results.

2. Experimental procedure
2.1. Specimen preparation

3mol% (5.2mass%) Y-TZP powder with 0.3 mol%
(0.25mass%) Al,O3 and a 15 m2/g specific surface area
(TZ-3Y-E grade, Tosoh, Tokyo, Japan), manufactured by the
hydrolysis process, was used as a starting raw material. This
powder was pressed uniaxially into a disk under 70 MPa
pressure. Isothermal sintering was conducted for the powder
compacts as follows: the temperature of the specimens in air
was raised at a constant rate of 100 °C/h to the set temperature
that was the range of 1300-1500 °C, and held in the range of
0-50h. The specimens of the resulting Y-TZPs doped with
Al,O3 are termed 3YE.

In previous papers, we did not report the analytical
result for grain-boundary energy in 3mol% Y-TZP (without
Al,O3-doping).'>"!* Therefore, 3mol% Y-TZP specimens for
grain-boundary energy measurement were prepared by the same
pressing and sintering conditions as those described above, using
the 3mol% (5.2mass%) Y-TZP powder without Al,O3 and
a 15m?/g specific surface area (TZ-3Y grade, Tosoh, Tokyo,
Japan). The specimens are termed 3Y.

2.2. Density and grain-size measurements

The density of sintered specimens was measured by the
Archimedes method. Scanning electron microscopy (SEM;
Model S-4500, Hitachi, Tokyo, Japan) was used to measure
the average grain sizes of the sintered specimens. SEM spec-
imens were polished with a diamond paste of 3 wm and then
thermally etched for 1h at a temperature that was 50°C
lower than the sintering temperature of each specimen in
air. The average grain size was measured by the Planimetric
method. !

2.3. XRD measurements

X-ray diffraction (XRD) profiles were measured in the
diffraction-angle (20) range of 20-90° and at room temperature
using a powder diffractometer system (Model MXP?, MAC Sci-
ence Co. Ltd., Tokyo, Japan) and recorded using CuK« radiation,
under 40 kV and 30 mA, at a slit width of 1°. Using RIETANO4!6
as the analytical program, the mass fraction of cubic phase (f;) in
the sintered bodies was determined by the Rietveld method.!”
According to the Rietveld analysis, the mass fraction of each
phase in a mixture of multiphase can be estimated from the
scale factors determined precisely.'® The analysis was dealt
with as the dual-phase mixture which comprised of tetrago-
nal and cubic phases because the reflections assigned to the
monoclinic phase were not observed. The Rietveld calcula-
tion was conducted in the same manner reported by Ohmichi
et al.!?

2.4. Estimation of grain-boundary energy

The grain-boundary energy of sintered specimens was esti-
mated by a conventional thermal grooving technique.?%-?!
The grain-boundary energy (ygp) is given by the following

equation??:

Yeb = 2ys cos (ﬁ) (1)

where y; is the surface energy and ¢ is the dihedral angle on
the thermally grooved grain boundary. The ¢s were directly
measured from the groove profiles obtained by atomic force
microscopy (AFM; SPM-9500J2, Shimadzu Co., Kyoto, Japan).
AFM specimens were polished and then thermally etched in the
same condition as SEM-specimen preparation described above.
The ¢ was measured at 120 different points for each grain bound-
ary. The yg, cannot directly determined using Eq. (1) because
both values of y; in 3mol% Y-TZPs doped with and without
Al;O3 have not been reported previously. Therefore, the y,gp
was estimated as the normalized grain-boundary energy that is
defined by Kuwabara et al.”® Using Eq. (1), the Yngb 18 defined
by the following equation:

Vigh = % =2 cos (g) 2)

N
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2.5. TEM and nanoprobe EDS measurements

The microstructures were examined using a field emission
transmission electron microscope (TEM; Model 002BF, Top-
con, Tokyo, Japan). Specimens for TEM observations were
mechanically ground to a thickness of ~0.1 mm, further dim-
pled to a thickness of ~10 wm, and then ion-milled for electron
transparency. High-resolution transmission electron microscopy
(HRTEM) observations were conducted to examine the grain-
boundary structures, using the TEM with a point-to-point
resolution of 0.17 nm. Nanoprobe X-ray energy-dispersive spec-
troscopy (EDS) measurements were performed to quantitatively
examine the segregation of Y>* and AI** ions at grain bound-
aries, using a Noran Voyager System in the TEM with a probe
size of about 0.5 nm. Four to five edge-on grain boundaries were
analyzed in one specimen. STEM-nanoprobe EDS element map-
pings were also performed to examine the Y>* and AI** ion
distributions within grains, using the Noran Voyager System in
the TEM.

3. Results and discussion

3.1. Densification and grain-growth behaviors at

1300-1500°C

Fig. 1(a) shows the plots of relative density in 3YEs as a func-
tion of holding time at sintering temperatures of 1300—1500 °C.
In the 3YE sintered at 1300°C for Oh, the relative density
attained 91.5%. The relative density increased with increasing
holding time, and attained 99.4% at 1300 °C for 50 h. The den-
sification rate enhanced with increasing sintering temperature.
The grain-growth behavior at each sintering temperature was
shown in Fig. 1(b). Here, each curve of grain-growth behavior
is that calculated using the rate equation of grain growth that is
derived in Section 3.4. At 1300 °C, the grain growth was very
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limited, while the grain size significantly increased at the sinter-
ing temperature more than 1400 °C. As an instance, SEM images
in 3YEs sintered at (a) 1300°C and (b) 1500 °C for 50 h were
shown in Fig. 2.

3.2. Microstructure development at 1300°C

3.2.1. Formation behavior of the cubic phase

Fig. 3(a) shows XRD profiles in 3YEs sintered at 1300 °C for
2 and 50 h. The profiles were enlarged in the 26 range of 72-76°
because the range can visually distinguish reflection peaks of
tetragonal from cubic phases (Fig. 3(b)). In the 3YE sintered for
2h, (004); and (22 0), reflection peaks that are assigned to the
tetragonal phase were observed. In the 3YE sintered for 50 h,
however, the (4 0 0). reflection peak that is assigned to the cubic
phase clearly appeared. This result indicates that the cubic phase
forms during isothermal sintering even at 1300 °C. Therefore,
using the XRD profiles measured in the 26 range of 20-90°, the
Rietveld calculation was conducted to quantitatively determine
the formed amount of the cubic phase. The reliability factors
(Rywp) obtained were in the range of 6.5-7.2, which correspond
nearly to the analytical results (R,,, = 5.3-6.8) in 3 mol% Y-TZP
reported by Ohmichi et al.' Fig. 4 shows the plot of £, against
holding time in 3YE sintered at 1300 °C. The cubic phase was
observed at 0 h and the f,. was estimated to be 11 mass%. The f.
increased with increasing holding time, and attained 15 mass%
at 50 h. This behavior is interpreted by the increase in cubic
phase formed by the 7 — C phase transformation.

3.2.2. Grain-boundary segregation

Fig. 5 shows the typical conventional bright-filed TEM image
in 3YE sintered at 1300 °C for 50 h. The grain-boundary faces
were straight and their grain corners were angular. Fig. 6 shows
the typical HRTEM image of the grain boundary in 3YE sin-
tered at 1300 °C for 50 h. The HRTEM image was taken with
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Fig. 1. Plots of (a) relative density and (b) average grain size in 3YEs as a function of holding time at sintering temperatures of 1300-1500°C: (@) 1300 °C, (O)
1350°C, (A) 1400°C, (¢) 1450 °C, and () 1500 °C. Solid lines in (b) indicate the calculated curves.
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Fig. 2. SEM images in 3YEs sintered at (a) 1300°C and (b) 1500 °C for 50 h.
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Fig. 4. Plots of cubic-phase fraction in 3YEs as a function of holding time at
1300°C.

the boundary at the edge-on condition to directly observe the
grain-boundary structure. In the HRTEM image, no amorphous
or second phase was observed along the grain-boundary faces.
Electron-diffraction patterns showed that the both grains were
assigned to the tetragonal phase. This observation agrees with
previous data in 3YE sintered at 1300 °C for 2 h.>-°

Fig. 7(a) and (b) shows two types of typical Y-concentration
profile across the grain boundary in 3YE sintered at 1300 °C for
50h. In Fig. 7(a), the Y, O3 concentrations in grain interior were
in a range of 1.8-2.2 mol%, which is consistent with that in the
tetragonal phase. The Y,0O3 concentration is significantly high
in the vicinity of the grain boundary, and the Y-concentration is
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Fig. 3. XRD profiles in 3YEs sintered at 1300 °C for 2 and 50 h: (a) all measured regions and (b) enlargement of the 26 range of 72-76°.
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Fig. 5. Conventional bright-field TEM image in 3YE sintered at 1300 °C for
50h.

4.3 mol% just on the grain boundary. This fact indicates that Y3*
ions segregated at the grain boundaries over a width below about
10nm in all grain boundaries between tetragonal and tetrag-
onal phases (7-T grain boundaries). This result is consistent
with the 7-T grain boundary shown in Fig. 6. The different Y-
concentration profile (Fig. 7(b)) was also observed in the present
specimen; in Fig. 7(b), the Y-concentration in the left side is
around 1.9 mol%, but steeply increases near the grain bound-
ary. The Y-concentration in the right side is about 7.3 mol%,
which is close to that of cubic rather than tetragonal phases.
In previous papers, we reported that no grain with a high Y-
concentration was observed in the 3YE sintered at 1300 °C for
2h.>% Taking into account our previous result, this grain of the
high Y-concentration is the cubic grain formed during the hold-
ing time of 50 h. Therefore, this phase interface is concluded to
the grain boundary between cubic and tetragonal phases (C-T
grain boundary).

Fig. 6. HRTEM image of the grain boundary in 3YE sintered at 1300 °C for 50 h.
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Fig. 7. Y- and Al-concentration profiles across the grain boundaries in 3YEs at 1300 °C for 50 h: (a) 7-T and (b) C-T grain boundaries.

Al-concentration profiles across grain boundaries were also
plotted in Fig. 7(a) and (b). AI** ions segregate at both 7-T and
C-T grain boundaries over a width of about 6 nm. This result
also agreed with previous data in 3YE sintered at 1300 °C for
2h36

3.2.3. Grain-interior microstructure

Fig. 8 shows (a) STEM, (b) Zr-Ko mapping, (¢) Y-Ko map-
ping, and (d) Al-Ka mapping images in 3YE sintered at 1300 °C
for 50h. The Y-Ko mapping image (Fig. 8(c)) clearly shows
the grain-boundary segregation of Y>* ions, which is consistent

Fig. 8. STEM image, and Zr-Ke, Y-Ka, and Al-Ko mapping images by STEM-nanoprobe EDS method, in 3YE sintered at 1300 °C for 50 h: (a) STEM image, (b)
Zr-Ka mapping image, (c) Y-Ka mapping image, and (d) Al-Ka mapping image. Bright parts in the Y-Ko and Al-Ko mapping images correspond to regions with

high Y3* and AI?* ion concentrations, respectively.
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with that in Fig. 7(a). In the grain interiors, the regions with
high Y3* ion concentrations were formed adjacent to the grain
boundary, which seem to be started to form from the grain bound-
aries and/or triple junctions. Furthermore, the modulated pattern
with high Y3* ion concentration was observed inside grains,
which is likely to be the modulated structure formed by spinodal
decomposition.23~2® According to the report in Sakuma et al.,?*
spinodal decomposition occurs in 2.5-6 mol% Y,Oz3-stabilized
ZrO3 under the isothermal annealing condition of 1300 °C. Shi-
bata et al.>® have showed that the modulated structure formed
by spinodal decomposition in 6 mol% Y,Os3-stabilized ZrO, is
the lamellate constituted from two 7—C regions and the about
15 nm wavelength. The present result is also observed in the
similar modulated structure at the isothermal sintering process.
Therefore, the modulated structure in Y-Ko mapping image
is formed by spinodal decomposition accompanied by 7— C
phase transformation.

In previous papers, we reported the microstructure in 3YE
sintered at 1300°C for 2h, as described below.>® The distri-
bution of Y3* ions in grain interiors was almost homogeneous,
which indicated that the interiors of most grains were the tetrag-
onal phase. On the other hand, most of the grain boundaries
where Y3* ions segregate transformed from tetragonal-to-cubic
phases.® As shown in Fig. 4, in the isothermal sintering process
at 1300 °C, the f, increased with increasing holding time. There-
fore, both high Y>* ion concentration regions that are adjacent
to grain boundaries and that are formed by spinodal decom-
position in the grain interiors should be the cubic phase that
was formed by T— C phase transformation. According to the
result in Fig. 7(b), it is reasonable that the cubic-phase region
that is adjacent to the grain boundaries was formed from grain
boundaries.

The Al-Ko mapping measurement was also performed
because a small amount of Al,O3 was doped to 3YE. As shown
in the Al-Ka map (d), AI** ions were also observed to segre-
gate along grain boundaries. This result is consistent with that in
Fig. 7. The phase diagram of the ZrO,—Al; O3 system has been
reported previously,27 though that of the ZrO,-Y,03-Al,03
system is not known. According to the phase diagram reported,
ZrO;, and Al>Oj3 exhibit very limited mutual solubility, and
the solubility of Al,O3 in ZrO; increases with increasing tem-
perature. Hodgson et al. have estimated that the solubility
of Al,O3 is about 0.1% at 1300°C.% Therefore, taking into
account the results in Figs. 7 and 8(d), a small amount of Al,O3
doped in 3YE is almost present in the grain-boundary vicini-
ties and slightly present in the grain interiors during isothermal
sintering.

3.3. T— C phase-transformation and grain-growth
behaviors at 1300°C

In previous papers, we proposed the GBSIPT model as the
T — C phase-transformation mechanism in Y-TZP, as described
below.!2714 According to the phase diagram for the ZrO,—Y,03
system, the crystal phases in Y-TZP exit as the tetragonal—cubic
(T-C) dual-phase at equilibrium temperatures above about
600 °C, and the mole fraction of cubic phase increases with

increasing equilibrium temperature.”® The segregation of Y3*
ions in Y-TZP is caused by the driving force for 7-C dual-phase
partitioning. The amount of segregated Y>* ions increases with
increasing sintering temperature. When the sintering tempera-
ture at which the cubic phase is thermodynamically stable is
attained, the cubic phase starts to form from grain boundaries
and/or triple junctions in which Y>* ions segregate because the
segregation regions of Y>* ions have a strong tendency to cause
T — C phase transformation. Further, when the sintering tem-
perature increases, the cubic-phase regions are formed in grain
interiors adjacent to the grain boundaries with grain growth.
Therefore, the diffusion of Y>* ions for forming the cubic-phase
regions is also caused by the driving force for 7-C dual-phase
partitioning. The T — C phase-transformation behavior in 3YEs
sintered at various temperatures for 2 h is also explained by the
GBSIPT model.>

On the other hand, the T— C phase-transformation behav-
ior in 3YE during isothermal sintering at 1300 °C is discussed
as follows. In the 3YE sintered at 1300 °C for 2 h, the Y3* ion
distribution in grain interiors was nearly homogeneous, but Y3*
and AIP* ions segregated at grain boundaries over the widths
below about 10 and 6 nm, respectively,i6 and the vicinity of the
grain boundaries transforms from tetragonal-to-cubic phases.°
When the holding time increases from 2 to 50h at the con-
stant temperature of 1300 °C, the grain growth is very limited
(negligible), but Y3* ions in the grain-interior region near to
the grain-boundary vicinity diffuse to grain boundaries and/or
triple junctions to form the cubic-phase region, and then cubic-
phase regions are formed in grain interiors adjacent to the grain
boundaries (i.e., the GBSIPT mechanism). Ii et al. have ana-
lyzed the interphase boundary between cubic and tetragonal
phases co-existed into a single grain formed during sintering in
3mol% Y-TZP.?° They showed that misfit dislocations caused
by the difference in tetragonal- and cubic-lattice parameters are
present at the interphase boundary, and the Y>* ion concentra-
tion changes sharply at the interphase boundary with a transition
width of about 10nm. This indicates that misfit dislocations
are generated at the interphase boundary between cubic-phase
and tetragonal-phase regions in grain interiors formed by the
GBSIPT mechanism.

Furthermore, in this isothermal sintering condition, the mod-
ulated structure of the cubic phase is also generated in the
grain-interior region away from the grain-boundary vicinity by
spinodal decomposition. Spinodal decomposition in the 7-C
dual-phase region are thermodynamically understand by a con-
cept of the free energy—composition diagram (G—x diagram)
proposed by Sakuma et al.?* According to their concept, in
the 7-C dual-phase region at a certain temperature, tetrago-
nal and cubic phases are given as the single continuous G—x
curve, and spinodal decomposition occurs in the composition
range between two inflection points (i.e., 3G*/dx* = 0) in the G—x
curve. The composition range at 1300 °C is estimated to that of
2.5-6mol% Y,03 inside the 7—-C dual-phase region.?* There-
fore, spinodal decomposition in 3YE spontaneously progresses
during isothermal sintering at 1300 °C because the composition
is 3mol% Y»03, and the modulated structure is formed by the
up-hill diffusion of Y3* ions that is caused by the driving force
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Fig. 9. Scheme of the 7-C phase-transformation mechanism in 3YE during isothermal sintering at 1300 °C: (a) 2 h and (b) 50 h. The gray parts of the grain boundary
indicate segregation of Y3+ and AI>* ions. The white and gray regions of grain interior represent the tetragonal and cubic phases, respectively. GB is grain boundary.

for 7-C dual-phase partitioning. The movement of the grain
boundary in which Y3* ions segregate disintegrates the modu-
lated structure that is generated in the grain interior. Therefore,
in the 3YE sintered at 1300 °C for 50 h, the modulated structure
of the cubic phase is considered to be formed in grain interiors
because of the very limited grain growth.

On the contrary, the modulated structure was not clearly
observed in 3 mol% Y-TZP (without Al,O3-doping) sintered at
1300 °C for 50 h.!? In isothermal sintering at 1300 °C, although
the grain-growth behavior in 3 mol% Y-TZP is almost the same
as that in 3YE, the densification rate in 3 mol% Y-TZP is much
slower than that in 3YE.'? Sakka et al. have reported that the
cation diffusion in the Y,O3— and CeO,—(Zr;—Hf,)O; systems
is much smaller than the oxygen diffusion.3®3! Therefore, the
densification rate in 3 mol% Y-TZP is controlled by the cation
diffusion of Zr** and Y3 ions, which is remarkably enhanced
by Al,O3-doping. This Al,O3z-doping effect is discussed as
follows. According to the sintering kinetic analysis reported
by Matsui et al., the densification rate at the initial sintering
stage in 3mol% Y-TZP is remarkably accelerated by Al,O3-
doping, and the accelerated effect is explained by the increase in
apparent frequency-factor term in the sintering-rate constant.?
They discussed that the increase in apparent frequency-factor
term is related to oxygen vacancies generated by the Al,Oz3-
dpoing reaction. Yoshida et al.’> have reported the effect of
a small amount of dopant (BaO, MgO, TiO,, and GeO,) on
microstructure development in 3mol% Y-TZP. They experi-
mentally showed that the grain-boundary diffusivity at 1400 °C
increased with decreasing ionic radius of dopant, and discussed
that the behavior is related to the atomic interaction between the
grain boundary and the segregated dopant cations. Furthermore,
the factor of electrostatic charge compensation’? also influences
the atomic interaction, which is related to the charge difference
between Zr** ions and dopant cations. The ionic radius of AI**
jons (0.068 nm) is smaller than those of Zr** (0.086 nm) and
Y3+ jons (0.104 nm)>*; the charge of AI** ions is different from
that of Zr** ions. As shown in Fig. 7, AI** ions segregate at
grain boundaries in 3YE. It is therefore concluded that the cation
diffusion is remarkably enhanced by the combined effect of oxy-
gen vacancies formed by Al,O3-doping, and the ionic size and
charge of AI** ions.

This Al,O3-doping accelerates the diffusion of Y3* ions for
causing 7-C dual-phase partitioning, and Al,O3 which is solved
in grain interiors by Al,O3-doping suggests that the up-hill dif-
fusion of Y* ions tends to occur under the isothermal sintering
condition of 1300 °C at which the grain growth is very lim-
ited. In 3 mol% Y-TZP, many interconnected and isolated pores
remain in the isothermal sintering process at 1300 °C because
the densification rate is much slower than that in 3YE.!? At the
densification stage with shrinkage and movement of such a pore,
the modulated structure may be hard to be formed in grain inte-
riors. Therefore, when the diffusion at the densification stage is
enhanced by Al,O3-doping and the grain growth is very limited
under the isothermal sintering condition at which the density
is relatively high, the cubic-phase regions in grain interiors not
only are formed adjacent to the grain boundaries by the GBSIPT
mechanism but also are formed by spinodal decomposition. This
T — C phase-transformation scheme in 3YE is shown in Fig. 9.
The cubic-phase regions formed adjacent to the grain bound-
aries by the GBSIPT mechanism in 3YE (Fig. 8(c)) decrease as
compared with the previous Y-Ko mapping data in 3 mol% Y-
TZP sintered at 1300 °C for 50 h.'? In the isothermal sintering
condition of 1300 °C, the T— C phase transformation in 3YE
may predominantly occurs by spinodal decomposition because
of the Al,O3-doping effect.

In isothermal sintering at 1300°C, the cation diffusion
is enhanced by Al,O3-doping; nevertheless, the grain-growth
behavior in 3YE is almost the same as that in 3mol% Y-
TZP.'> The grain-growth behavior under this sintering profile
is qualitatively discussed as follows. In the previous paper, we
compared the microstructures in 3YE with 3 mol% Y-TZP sin-
tered at 1100—1650°C for 2h.® According to this comparison,
the increasing behavior of grain size in 3YE showed the same
tendency as that in 3 mol% Y-TZP up to 1500 °C, but over this
temperature, the grain size in 3YE became larger than that in
3 mol% Y-TZP. In the analytical result of grain-boundary segre-
gation, the segregated amount of Y>* ions in 3YE increased with
increasing sintering temperature, which showed a tendency sim-
ilar to the segregation behavior of Y>* ions in 3 mol% Y-TZP. As
with the segregation behavior of Y3+ ions, the segregated amount
of AI** ions in 3YE increased with increasing sintering temper-
ature. This indicates that although grain growth is controlled by
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the segregated amount of Y>* ions, when the segregated amount
of AI** ions exceeds a certain value, grain growth is accelerated.
Therefore, we concluded that the increase in grain size above
1500 °C in 3YE is caused by the effects of segregated AI** ions
rather than segregated Y>* ions. Taking into account this conclu-
sion, the gain-growth behavior at 1300 °C in 3YE is controlled
primarily by the effect of segregated Y>* ions. This behavior is
quantitatively discussed by kinetic analysis in Section 3.4.

3.4. Grain-growth mechanism

In the previous paper, we revealed that the grain-growth rate
in Y-TZP is controlled by the concentration of Y3* ions seg-
regated at the grain boundary, whereas the cubic-phase regions
in grain interiors do not effectively act the pinning points for
retarding grain growth.'* This grain-growth behavior can be
quantitatively analyzed using the rate equation of the third-
power growth low derived based on a solute-drag theory.!> The
rate equation (differential type) is given by

dD k3
dt  D?
where D is the average grain size, ¢ is the time, and k3 is the
growth constant which is usually expressed as3d

3)

03

k3 = ko3 exp ( RT> “
Here, ko3 is a pre-exponential term, Q3 is the activation energy
for causing grain growth, R is the gas constant, and 7'is the abso-
lute temperature. In the solute-drag effect, the grain-boundary
mobility depends on lattice diffusion (LD) of solute atoms segre-
gated along the grain boundaries.3® Therefore, the Q3 is assigned
to that for LD, i.e., diffusion through grain interior segregated
with Y3+ ions.

On the other hand, Yoshida et al.>2 reported the effect of
a small amount of dopant on the grain-growth behavior in
Y-TZP. They experimentally showed that the dopant cations
segregated along grain boundaries change grain-boundary dif-
fusivity, which was discussed by the second-power growth low
based on a single-phase material. This rate equation (differential
type) is given by

b _k (5)
d D
where

>
ky =k —=2 6
2 = ko2 eXp( RT> (6)

Here, k; is the growth constant, kg is a pre-exponential term,
and Q, is the activation energy.’” According to the discussion
on the dopant effect in Yoshida et al.,3% the Q5 is assigned to
that for grain-boundary diffusion (GBD), i.e., diffusion through
grain boundary segregated with AI’* ions.

In the present result, both Y3+ and AI* ions are observed to
segregate along the grain boundaries because a small amount of
Al>O3 is doped to 3YE (Fig. 7). It is therefore needed to derive
the rate equation that is simultaneously applicable to LD for

0.5
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Fig. 10. Plots of D> — 28D +28In(D + f) — 8o against holding time in 3YEs
sintered at 1300 — 1500°C: (()1300°C, (O) 1350°C, (A) 1400°C, (O)
1450°C, and (@) 1500 °C. Each straight line was determined to fit the observed
values.

the solute-drag effect and GBD for the dopant effect in order
to quantitatively analyze the grain-growth behavior in 3YE. In
the previous paper, we discussed that segregated Al** ions in
3YE have the effect that enhances GBD, and at sintering tem-
peratures above 1500 °C, the predominant effect that enhances
grain growth is clearly caused by the effect of segregated AI3*
ions rather than the solute-drag effect of segregated Y>* ions.
Analogizing from this result, it can be assumed that the grain-
growth rate in 3YE is given as the sum of the right-hand sides
of Eq. (3) (i.e., LD term that corresponds to the segregated Y3*
ion effect) and Eq. (5) (i.e., GBD term that corresponds to the
segregated AI3* ion effect), namely,

dD _ ko k3 7
d D D?
Integrating Eq. (7), one obtains
D? — 28D +28*In(D + B) — 8o = 2kt (®)
where
k3
- 9
I )]
8o = D§ — 28Dy + 2 In(Do + B) (10)

Here, Dg is the D at t=0.

Fig. 10 shows the plots of D> —28D+28%In(D+ f) — &
against holding time in 3YE sintered at 1300-1500°C.
Here, the B at each sintering temperature was deter-
mined to fit the observed values: B(1300°C)=1.16,
B(1350°C)=1.49, B(1400°C)=1.56, B(1450°C)=1.87,
and B(1500°C)=1.80 pm. The data for each sintering tem-
perature showed a linear relationship because the correlation
coefficient (r) was in the range of 0.938-1.00. The k> was
determined from the slope of each straight line, and then the
k3 was obtained from Eq. (9). Fig. 11 shows the Arrhenius
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Table 1
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Activation energies and pre-exponential terms for causing grain growth in 3YE and 3 mol% Y-TZP.

Specimen Activation energy (kJ/mol) Pre-exponential term

02 03 In[ko2, (m?/s)] In[ko3 (m?/s)]
3YE 588 640 —1.48 —11.1
3mol% Y-TZP? 618 —12.7

 The Q3 and ko3 in 3 mol% Y-TZP were determined using Eq. (3) and data in the previous paper'2.
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Fig. 11. Arrhenius plots of the growth constants in 3YE and 3 mol% Y-TZP.
() and () indicate k; and k3 in 3YE, respectively. (@) indicates k3 in 3 mol%
Y-TZP.!.

plot of natural logarithm k, or k3 against 1/7. These plots
showed linear relationships (i.e., r(k2) =r(k3)=—0.999), and
the Q», ko2, O3, and ko3 were determined from the slopes and
intercepts of the straight lines (Table 1). The Q> of the GBD
term that corresponds to the segregated AI3* ion effect was
smaller than the Q3 of the LD term that corresponds to the
segregated Y3* ion effect. To confirm the validity of the present
analytical result, the time dependence of grain growth at each
sintering temperature was calculated by substituting the values
determined of Q», koz, O3, and kg3 in Eq. (8). As shown in
Fig. 1(b), the time-dependent curves calculated fitted almost
with the observed values, and this fitting result demonstrates
that the Q», ko2, Q3, and kg3 determined are reasonable.
Previous 3 mol% Y-TZP data were analyzed using the integral
type of Eq. (3), i.e., D? = Dg + kt where the k is the growth

Table 2

constant.'? Integrating Eq. (3), D? = DS + 3k3t is obtained.
Therefore, each k in previous 3mol% Y-TZP data'?> was
converted to k3(=k/3), which was plotted in Fig. 11. The plot of
natural logarithm k3 against 1/7 in 3 mol% Y-TZP exhibited a
similar linear relationship to that in 3YE. In the previous paper,
we concluded that although In k3 at 1300 °C in 3 mol% Y-TZP
was not estimated because most of the relative densities were
in the range of intermediate sintering stage, the much slow
grain-growth rate is caused by not only the retardation effect
of residual pores but also the solute-drag effect of segregated
Y3+ jons.!? Estimating the In k3 at 1300 °C by extrapolating the
plots of 3mol% Y-TZP in Fig. 11, Ink3 =—60.0 is obtained,
which is approximately the same as the Ink3(=—60.1) at
1300 °C in 3YE. This indicates that the k; (that corresponds to
the segregated Al** ion effect) at 1300 °C in 3YE is negligibly
small and the grain-growth rate is controlled primarily by the
k3 (that corresponds to the segregated Y>* ion effect) because
the grain-growth behavior in 3YE shows the same tendency
as that in 3mol% Y-TZP. This discussion is consistent with
that in Section 3.3. When the sintering temperature increases
from 1300 to 1500°C, the k3 in 3YE increases almost the
same tendency as that in 3 mol% Y-TZP and further the &, in
3YE also increases. This result reveals that when the sintering
temperature increases, the grain-growth rate in 3YE becomes
greater than that in 3mol% Y-TZP because the contribution
of the GBD term that corresponds to the segregated Al’* ion
effect increases with increasing sintering temperature.

The kg3 in 3 mol% Y-TZP was also determined from the inter-
cept of the straight line in Fig. 11 (Table 1). Both Q3 and ko3 of
the LD term that corresponds to the segregated Y>* ion effect
in 3YE were greater than those in 3 mol% Y-TZP. The ko3 is
proportional to the product of the y,;, and pre-exponential term
in the diffusivity.35’37 Therefore, the ygps in 3YE and 3Y were
examined by the thermal grooving technique. Fig. 12 shows
the ¢ distributions on the thermally grooved grain boundary in
3YEs and 3Ys sintered at 1300 and 1500 °C for 2h. Table 2
shows the average values of ¢ measured for 3Y and 3YE. At

Average values of dihedral angles and normalized grain-boundary energies in 3YEs and 3Y's sintered at 1300 and 1500 °C for 2 h.

Specimen Temperature (°C) Average dihedral angle (°) Normalized grain-boundary energy
¢ Standard deviation Vngb Standard deviation
3YE 1300 163.3 8.2 0.29 0.14
3YE 1500 159.9 8.1 0.35 0.14
3Y 1300 157.2 11.0 0.39 0.19
3y 1500 156.6 10.9 0.40 0.18
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Fig. 12. Dihedral angle distributions on the thermally grooved grain boundary in 3YEs and 3Ys sintered at 1300°C and 1500 °C for 2 h: (a) 3YE-1300°C, (b)

3YE-1500°C, (¢) 3Y-1300°C, and (d) 3Y-1500°C.

each sintering temperature, the ¢ in 3YE was grater than that
in 3Y. Using the values determined of ¢ and Eq. (2), the aver-
age values of g, were estimated (Table 2). At each sintering
temperature, the ;45 in 3YE was smaller than that in 3Y. The
decrease in y,,), corresponds to that in ng,zo which is caused by
the grain-boundary segregation of AI** ions because AI** ions
segregate along grain boundaries in 3YEs sintered at 1300 and
1500°C for 2h.>® Therefore, the increase in ko3 corresponds
to that in the pre-exponential term in the diffusivity. According
to a impurity-drag theory in Cahn,?® the activation energy for
the grain-boundary mobility is closely related to the segrega-
tion energy of the impurity on the grain boundary, which can
be applicable to the grain-boundary segregation of AI3* ions.
Therefore, the increases in both Q3 and kg3 in 3YE is caused by
AIP* ions segregated along grain boundaries.

4. Conclusions

In the present study, the isothermal sintering behavior in
3mol% Y-TZP doped with 0.3 mol% Al,O3 were investigated

to verify the T— C phase-transformation behavior at the low
sintering temperature of 1300 °C and clarify the grain-growth
mechanism. The following conclusions were obtained.

(1) In the isothermal sintering condition of 1300 °C, the grain-
growth rate was very limited. In the Y-TZP doped with
Al,O3 sintered at 1300°C for 50h, Y3+ and APt ions
segregated along grain boundaries within the widths of
about 10 and 6nm, respectively. In grain interiors, the
cubic-phase regions with high Y3* ion concentrations were
clearly formed adjacent to the grain boundary, which can
be explained using the GBSIPT model. On the other hand,
the modulated structure of the cubic phase was also clearly
formed in grain interiors by spinodal decomposition. There-
fore, in this isothermal sintering process, the cubic-phase
regions in grain interiors not only are formed by the GBSIPT
mechanism but also are formed by spinodal decomposition,
which can be explained by the diffusion-acceleration effect
of Al,O3-doping.
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2)
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The grain-growth behavior in Y-TZP doped with Al,O3
was analyzed using the rate equation that considered the
solute-drag effect of segregated Y>* ions (i.e., LD term)
and the enhancing GBD effect of segregated AI’* ions
(i.e., GBD term). Q3 =640kJ/mol and Inkgp3=—11.1 for
LD term and @, =588 kJ/mol and In kgp = —1.48 for GBD
term were determined. This result indicates that when the
sintering temperature increases, the grain-growth rate in
Al»O3-doped Y-TZP becomes greater than that in 3 mol%
Y-TZP because the contribution of the GBD-acceleration
effect of segregated AI’* ions.
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