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ABSTRACT

The microstructures and mechanical properties of Tetragonal Zirconia Polycrystals (TZP) sintered bodies, which made by pres-
sureless and spark plasma sintering techniques, were investigated using XRD, SEM, and TEM techniques. In the spark plasma
sintered samples, the TZP grains were equiaxed type including many sub-grain boundaries regardless of sintering conditions. The
biaxial strength of TZP having an average of 80 nm grains in diameter was high in value with 1025 MPa, but fracture toughness
showed a low value due to the absence of a fracture toughening mechanism such as transformation toughening. In the Pressure-
less Sintered (PLSed) samples, the grain size of TZP was strongly dependent on the sintering temperature; i.e., it gradually
increased as the sintering temperature increased. The value of fracture toughness increased as the grain size increased by the

stress-induced phase transformation and some crack deflection.
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1. Introduction

etragonal Zirconia Polycrystalline (TZP) ceramic is well
known as a typical bioceramic because it is non-toxic,
non carcinogenic and non allergenic in a human body."”
The good biocompatibility leads to the medical applications
such as dental materials,>® bone fixation,>® and hip pros-
theses.” Furthermore, TZP has been widely used in indus-
trial materials®® such as metal forming dies and chemical
components and as a toughening agent in the AL,O,'*** and
Si N,'® ceramic matrix systems. This is basically caused by
the reduction of crack propagation energy by the stress-
induced martensite phase transformation; i.e., when some
cracks are propagated into the sintered body, the TZP
grains around the cracks are transformed to a monoclinic
phase which is accompanied by some volume change and
twins as internal defects. It is well-known that the grain
size of TZP with sub-micron-sized grains has a strong effect
on the phase transformation temperature of TZP.'®
Recently, nano ceramics having nano-crystalline grains in
the body has been actively investigated using nano ceramic
powders. For the production of a nano crystalline sintered
body, the Spark Plasma Sintering (SPS) technique'”'® has
been widely used because it is an easy, fast heating process
and can be sintered at a lower temperature than that of con-

*Corresponding author : Byong-Taek Lee
E-mail : Ibt@kongju.ackr
Tel : +82-41-850-8677 Fax : +82-41-850-2939

ventional sintering techniques. There are a few advantages
in using nano powders in ceramic engineering, such as the
possibility of low-temperature sintering due to its high spe-
cific surface area, the application of small sized components
for the MEMS, and the formation of super-plastic. However,
there were no detailed reports on the comparison of micro-
structures and material properties of TZP with nano and
submicron grain size. Thus, in this work, the grain size
effect on the mechanical properties of TZP sintered bodies
having nano and submicron sized grains was investigated.

2. Experimental Procedures

Using the uniaxial lever press under 10 kg/mm® the ZrO,
(3 mol%Y,0,) powder (Tosoh, TZ-3YB) were compacted into
a disk shape of 20 mm in diameter. To obtain the various
submicron sized grains in the pressureless sintered (PLSed)
body, the PLS was performed at temperatures ranging from
1450°C to 1650°C for 2 h. To obtain the nano crystalline sin-
tered body, some portion of the ZrO, powder was directly
sintered by the SPS process using a graphite mold at
1000°C for 5 min. The detailed sintering conditions used in
this present work are shown in Fig. 1. The morphology and
phase analysis of ZrO, powders and their sintered bodies
made at each condition were identified by F-SEM (JSM,
JEOL, Japan) and XRD (DMAX250, Rigaku) techniques,
respectively. The image analyzer was used to measure the
average grain size of sintered bodies. Using TEM (JEM
2010, JEOL), the detailed internal microstructures of raw
Zr0O, powders and sintered bodies were examined. The Vick-
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Fig. 1. Schematic sintering schedule for making the sintered
bodies.

ers hardness (HV-112, Akashi) was measured by indenting
with a load of 500 g. The biaxial strength was determined
by a piston-on-3-ball technique, which was based on the
ASTM F394-78 for dental materials. Disk specimens sup-
ported on three ball bearings (3.2 mm in diameter) were
tested at a constant loading rate of 1.2 kN/min. The fracture
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toughness (K,) was calculated by the indentation method
using a load of 20 Kg.!” The fracture surfaces which were
made by a biaxial test were observed by SEM.

3. Results and Discussion

Fig. 2(a) shows TEM image of ZrO, powders synthesized
one in this work. The average size of the ZrO, particles hav-
ing an equiaxed shape was about 70 nm in diameter and
they were agglomerated with several particles. In an
enlarged HRTEM image (b), some lattice distortion was
observed in the internal. It seems to be caused by the solid
solution due to the doping of 3 mol%Y,0,. However, the
internal defects such as twins and dislocations frequently
observed in m- ZrO, particles were not observed.’®

Fig. 3 shows SEM images of thermal-etched ZrO, bodies
depending on the sintering temperatures. In the SPSed
sample (a), the average grain size was about 80 nm and it
had a comparatively uniform size. The average grain sizes
in the PLSed bodies sintered at 1450°C (b), 1550°C (c), and
1650°C (d) were 260 nm, 490 nm, and 770 nm, respectively;
1.e., the grain size gradually increased as the sintering tem-
perature increased. There are large, equiaxed-grains of
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Fig. 3. Thermal etched SEM images of TZP sintercd bodies made by (a) SPS at 1000°C, (b) PLS at 1450°C, (¢) 1550°C, and (d) 1650°C.
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Fig. 4. TEM images showing internal microstructure of (a) SPS and (b) PLS at 1450°C.
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Fig. 5. Relative density and biaxial strength of TZP sintered
bodies with the grain size.

about 1200 nm although small grains are also present, as
shown in Fig. 3(d).

Fig. 4(a) and (b) show TEM images of SPSed and PLSed
(1450°C) samples, respectively. Regardless of sintering con-
ditions, the grain shape was equiaxed and included strain
field contrast. This is due to the existence of several sub-
boundaries in most ZrO, grains although the intensity of
the PLSed sample was higher than that of the SPSed sam-
ple.

Fig. 5 shows the values of relative density and biaxial
strength depending on the average grain size. In spite of the
comparatively low temperature and short duration time,
the relative density of the SPSed sample having 80 nm
sized grains was comparatively high at 98.1%. In the PLSed
sample, the relative density gradually increased as the
grain size increased due to the increasing of sintering tem-
perature, and then it become saturated at about 99.2% in
the sample having 490 nm sized grain and over. On the
other hand, the biaxial strength of the SPSed sample hav-
ing 80 nm sized grain was a maximum value of 1025 MPa.
But the biaxial strength of the PLSed samples decreased as
the grain size increased; i.e., as the sintering temperature
increased.

Fig. 6 shows the values of Vickers hardness and fracture
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Fig. 6. Hardness and fracture toughness of TZP sintered bod-
ies with the grain size.

toughness with average grain sizes. In the PLSed samples
having larger than 260 nm sized grain, their hardness val-
ues were around 1270 Hv without any remarkabe difference
regardless of the sintering temperature. However, in the
SPSed sample having 80 nm sized grain, the value was low
with 1150 Hv, caused by the low value of relative density.
An interesting result is that the value of fracture toughness
in the SPSed sample having 80 nm sized grain showed a
minimum value with 3.7 MPa - m". On the other hand,
fracture toughness increased as the average grain size
increase and then showed a maximum value 5.0 MPa - m"®
in the PLSed sample having 770 nm sized grains that was
sintered at 1650°C.

Fig. 7 shows the SEM fracture surfaces made by a biaxial
test. In the low magnification image of the SPSed sample,
the fracture surface was seen with very fine contrast
because it was constructed with nano-crystalline structure
as shown in Fig. 3(a). From the enlarged image in Fig. 7(a),
the main fracture mode was an intergranular type having a
rough and sharp surface. In the PLSed samples sintered at
1450°C, the fracture mode was a mixed fracture type with
intergranular and transgranular modes, respectively, show-
ing sharp and flat surfaces. As the sintering temperature
increased, the portion of transgranular mode decreased.
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Fig. 7. SEM fracture surfaces of TZP sintered bodies made by (a) SPS at 1000°C, (b) PLS at 1450°C, (c) 1550°C, and (d) 1650°C.
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Fig. 8. XRD profiles of TZP sintered bodies and fracture sur-
faces. (a) SPS (before fracture), (b) PLS at 1450°C
(before fracture), (¢) SPS (after fracture), (d) PLS at
1450°C (after fracture), and (e) PLS at 1350°C (after
fracture).

For the comparison of the change of crystal structure in
the samples having as-received and as-fractured samples,
the XRD profiles were obtained from each of the samples.
As seen in Fig. 8(a) and (b), the SPSed and PLSed bodies
were comprised of just the t-ZrO, crystalline phase. On the
other hand, in the fracture surface of the SPSed body, there
was no change of crystal structure as can be seen in Fig. 8
(c). In the fractured samples sintered at 1450°C and 1650°C,
although the main peaks were t-ZrO, phase, a monoclinic
peak was also detected with a weak intensity due to the
stress-induced phase transformation. An important obser-
vation is that the intensity of the monolithic phase
increased as the sintering temperature increased (or as the
grain size increase) as shown in Fig. 8(d) and (e). This result

is consistent with the previous results having large grains
with on a submicron- and micro-scale.’®

In recent years, many works on TZP sintering using nano-
technology have many week been increasingly conducted,
and the SPS process stands in the center of investigation.
However, it is rare to find a clear report on the mechanical
properties of nano-crystalline TZP sintered body, compared
with that in submicron or micron grades. It is known that
the use of the SPS process gives rise to a suppression of
grain growth during sintering, resulting in an effective way
of nano-microstructure control.’® The TZP having nano-
grains, however, showed relatively lower fracture toughness
than that having submicron or micron sized grains. This is
attributed to the fact that the stress induced phase transfor-
mation does not occur during sintering, due to grain refine-
ment. The weak crack deflection is another reason because
the crack deflection in the PLSed samples, which have
coarse grains, generally happens more effectively. Taken as
a whole, there is a limit to enhancing the fracture toughness
of monolithic SPSed TZP using nano-powders. Thus, it is
necessary to newly design the composites using the differ-
ent materials properties of nano-sized metallic powders
such as their thermal expansion coefficient, elastic modulus
and lattice distance, etc. The biaxial strength of the TZP
decreased as the grain size increased as shown in Fig. 5.

4. Conclusions

From the study on the effect of grain size on the material
properties of TZP sintered bodies having nano and submi-
cron sized grains, the following results were obtained. Nano
crystalline TZP sintered bodies having an average diameter
of 80 nm were obtained using the SPS process. In the PLSed
samples sintered at 1450°C, 1550°C, and 1650°C, their grain
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sizes were about 250 nm, 470 nm, and 770 nm, respectively.
The grain shape of the TZP samples was of the equiaxed
type including many sub-grain boundariss regardless of the
sintering conditions. In the SPSed sample having 80 nm
sized grain, the biaxial strength was a maximum value of
1025 MPa, but the fracture toughness showed a low value
due to the absence of phase transformation toughening.
However, in the PLSed sample, the value of fracture tough-
ness increased as the grain size increased due to the stress-
induced phase transformation.
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