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Abstract

Compared to normally continuous sintering at 1500or 30 min, a novel two-stage sintering by firing the sample at 280@r 5 min and
then rapidly cooling down to 130@ for 10 h was proposed to investigate sintering behavior and mechanical strength of injection-molded
yttria-stabilized zirconia (Z3Y). The injection-molded Z3Y feedstocks were prepared from the mixture of Z3Y powder and organic polymers
with different solid content from 75 to 82 wt.%. The effect of sintering process on the microstructure evolution, physical characteristics and
mechanical strength of molded Z3Y samples was investigated. It was found that bulk density and mechanical strength increases with solid
content from 75 up to 82 wt.% in both sintering processes. X-ray diffraction (XRD) analysis shows that the industrial Z3Y samples consist of
monoclinic and tetragonal phase, and the relative intensity ratio of tetragonal to monoclinic phases is almost independent of sintering process.
Experimental results further demonstrate that a denser microstructure with finer grains was obtained with the two-stage sintering. Enhancement
of bending strength (1078 MPa) due to the two-stage sintering process by a factor of four times in comparison with that (295 MPa) fired with
normal sintering process has been obtained in the injection-molded Z3Y with the solid content of 82 wt.%. The enhanced bending strength is
primarily attributed to more dense and fine-grain microstructure but not to tetragonal phase effect. Similar enhanced effect is also applied for
the tetragonal zirconia polycrystals (TZP).
© 2003 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction erties and microstructure of Y-tetragonal zirconia polycrys-
tals (Y-TZP) ceramic under various controlled parameters.
Injection molding is one of the interesting processing tech- Edirisinghe et al[6] studied the flow properties of differ-
nigues for making fine ceramics in the past two decades.ent ceramic injection formulations. The influence of pow-
These ceramics, including alumina, zirconia, and silicon ni- der formula and processing parameters on microstructure of
tride, are fabricated by this technique for performance appli- molded ceramic samples has been widely investigated.
cations, such as ceramic turbines or ferrytds The tech- The formulation and rheological properties of feedstocks
nigue offers the opportunity for mass production of ceramic containing a submicron-sized zirconia powder were studied
parts with complicated shapes combined with the advantagesy Okada et al[10] showing that solid content has a strong
of dimensional reproducibility and near-net-shape formation influence on the viscosity. Although the powder formula and
[2]. The process usually involves compounding the fine ce- processing control have played an important role in the me-
ramic powder with a blend of polymers or wax in the sol- chanical properties of molded ceramic parts, the subsequent
vent, such as tolueri8]. The organic binders embedded in processing parameters especially sintering control should be
the molded green parts have to be subsequently removed vidnighly emphasized.
thermal pyrolysis or solvent detracting prior to sinterjdg Zirconia is well-known high-temperature and high-
A number of workers have investigated the properties of strength material for structural applicatiofisl]. Commer-
powder formula to improve the mechanical properties. Wit- cial zirconia powder is usually characteristic of partially sta-
breuk and De Witlj5] investigated that the mechanical prop- bilized zirconia (PSZ) which is a duplex structure ceramic,
i.e. with a microstructure of tetragonal and monoclinic
phaseq12]. Although TZP possesses bending strength as
E-mail address: syleee@mail.nuu.edu.tw (S.-Y. Lee). high as~1000 MPa that is much better but more expen-
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sive than PSZ, it tends to induce phase transformation ofin a high-shear extruder. The solid content was defined as
tetragonal into monoclinic during sintering, depending on follows:
composition, sintering temperature, and grain gz8]. .
Since zirconia exhibits such high-mechanical strength and sglid content= ( Z3Y powder weight )
high-fracture toughness, zirconia was widely used for injec- Z3Y powder weight+ organic weigh
tion molding. However, many studies have focused on the x 100%
development of powder formula and injection processing of
injection-molded zirconifi3—8,14] No further investigation
was focused on the sintering behavior of injection-molde
ZrO; samples.
Sintering is the process whereby the interparticle pores in
a compact material can be eliminated by atomic diffusion
driven by capillary force§l15]. However, the capillary driv-
ing forces for sintering (involving surface) and growth (in-
volving grain boundaries) are comparable in magnitude. |
the final-stage grain growth can be suppressed by exploiting
the difference in kinetics between grain-boundary diffusion 2-2. Debinding and sintering
and grain-boundary migration, this variation can be con-
trolled and tuned through heating schedlg; 17} Conse- The heating profile, used for binder removal, follows the
quently, although industry-grade ceramic powder was used, W0 stages. The molded samples were first heated t6@00
such a process should facilitate the cost-effective prepara-With 2°C/min, and thereafter to 60€ with 10°C/h and
tion for practical applications. furnace cooled. After debinding, the molded Z3Y samples
For ZrOy, traditionally, a normal sintering schedule is em- Were sintered by normal continuous sintering and two-stage
ployed to heat the powder compact at a certain rate, holdingSintering process. For normal sintering, the samples were
it at the highest temperature, such as 1500—2&5Quntil sintered at 1500C for 30 min at a heating rate of 2C/min.
the maximum density is reached. The grain size of the,ZrO On the other hand, for two-stage sintering, the samples were
samples increases continuously with the density and the abeated to 1500C for 5min and then rapidly cooled down
normal growth probably occurs in final-stage sintering. In and held at a lower temperature of 13@for 10 h during
this condition, even though sub-micron yttria-stabilized zir- Which a fully dense microstructure composed of fine grains
conia (Z3Y) powder with tetragonal phase was used, the me-Was obtained.
chanical strength would be reduced. Therefore, in this study,
in contrast to conventional sintering process, a two-stage 2.3. Characterization
sintering method was adopted in the sintering schedule to
control the microstructure with fine grains. The molded Z3Y ~ To determine the debinding temperature, thermogravi-
samples were first heated to a higher temperature to achievénetric analysis (TGA) and differential thermal analysis
an intermediate density, then cooled down and held at a lower(DTA) were performed. The crystal phase of the sintered
temperature for a longer time until it is fully dense without Z3Y samples was determined by X-ray diffraction (XRD)
further grain growth. The sintering behavior and mechanical on Rigaku X-ray diffractometer. For surface microstructure,
properties of molded Z3Y with different Zesolid content  after polished and then thermally etched at 130@ h to
will be focused and compared between the conventional anddelineate grain boundaries, the as-sintered Z3Y was ob-
two-stage heating process in this work. served using JEOL JSM-5600 scanning electron microscopy
(SEM). The average grain size was measured from SEM
micrographs after Medelsoi8]. The bulk density of the

The extruded pellets are in cylindrical shape with 3mm
d in diameter and 2-4mm in length. The fully plasticized
feedstock was tested in the capillary rheometer (SHIMAZU
C-550 FC) to measure the suspension viscosity at a temper-
ature range of 135-14%. The relationship between shear
rate and viscosity was used a reference for the subsequent
molding process. The pellets were injection-molded by Ar-
¢ burg 270M with an injection pressure of 680 bar at 180

2. Experimental procedure Z3Y samples was measured by the Archimedes’s method.
The bending strength was measured with a universal test-
2.1. Materials and processing of injection molding ing machine, using three-point bending with a 30-mm span

(bend bars of 3mmx 4mm x 40mm) and a crosshead
A commercially available Z3Y ceramic powder, contain- speed of 9 10-8m/s.
ing 5.24wt.% (3 mol%) Y-O3 with an average patrticle
size of 0.27.m, was used in this study. The organic binder
system contains polyvinyl butanol (PVB) resin and dibutyl 3. Results and discussion
phthalate (DBP). The organic binder was mixed with PVB
and DBP in 60:40 weight ratios in the poisonous ethylene 3.1. Physical characteristics of injection-molded Z3Y
alcohol (denoted as EtOH). After the binders were mixed,
the Z3Y powder with the weight fraction (i.e. solid content) The green density of injection-molded Z3Y was measured
of 75, 80, and 82% was mixed and then kneaded togetheras a function of solid loading. As shownfig. 1, the green
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Fig. 1. Green density of injection-molded Z3Y varying with solid content.

density increases from 2.86 to 3.09 gfowith solid content
from 75 up to 82wt.%. Above that, it was found that the
viscosity is too high for injection moldingrig. 2 shows the
XRD patterns of the molded Z3Y samples containing differ-
ent solid content (75, 80, and 82 wt.%) sintered at 18D0
for 30 min. It was found that the as-sintered samples con-

sist of monoclinic and tetragonal phases and no apparent

difference can be identified for the samples with different

solid content. However, as the sample was first sintered at

1500°C for a short time, such as 5min, and then rapidly
cooled down to 1300C and held for 10 h, the XRD patterns
in Fig. 3shows that the relative peak intensity of tetragonal

to monoclinic phases was a little increased. In other words,
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Fig. 2. XRD patterns of injection-molded Z3Y samples as a function of
solid content sintered at 150C for 30 min.
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Fig. 3. XRD comparison of injection-molded Z3Y with 82wt.% solid
content fired with normal and two-stage sintering processes.

some of tetragonal phase can be partially retained during
the thermal treatment. The thermal analysis of the molded
Z3Y samples was performed. As shownFigy. 4, the TGA
shows three decomposition peaks and no further weight loss
was detected over 50C. The three exothermal peaks corre-
spond to the evaporation of EtOH and the decomposition of
PVB and DBP. However, the DTA curve illustrates that there

are two peaks. One smaller broad exothermal peak starts
from 227°C, and the other greater exothermal peak appears

at 509°C and ends at around 60G. However, no more
weight loss was detected above 5@as evidenced from
TGA. It implies that the exothermal peak should be proba-
bly associated with the shearing effects exerted on the fine
ZrO, powder during the kneading. Therefore, the molded
Z3Y samples were debinded at 60D instead of 509C ac-
cording to DTA analysis.

Fig. 5shows the bulk density of the molded Z3Y samples

fired at 1500C for 30 min under normal sintering process.
The data illustrate that the bulk density of the sintered Z3Y
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Fig. 4. DTA and TGA curves of Z3Y feedstock containing solid content
of 82wt.%.
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Fig. 5. Dependence of bulk density on solid content of injection-molded
Z3Y under normal and two-stage sintering processes.

samples can be improved from 5.85 to 5.91 gldmy in-
creasing solid content from 75 to 80 wt.%. Above that, the
enhancement (5.91-5.93 g/&nin the bulk density is only
marginal with increasing solid content from 80 to 82 wt.%,
implying that the available maximum solid content to im-
prove bulk density is limited. The enhanced bulk density can
corresponds to the water absorption. As showrkig. 6,

the water absorption can be remarked reduced from 0.6 to

0.16% with increasing solid content from 75 to 80 wt.% un-
der normal sintering process.

In sharp contrast, as the sample was sintered with a
two-stage process (first heated at 18Q0for a short time
(5min) to 1300°C for 10 h), as shown iRig. 5, it was found
that the bulk density apparently increases from 5.95 to
6.04 g/cni. According to the reported theoretical density of
tetragonal (6.10 g/c@) and monoclinic phases (5.56 g/&m
[19], the bulk density (6.04 g/ct) of the present Z3Y can
be considered approximately to theoretical densit§{0%
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Fig. 6. Effect of solid content on water absorption of as-sintered Z3Y
after normal and two-stage sintering.
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Fig. 7. Scanning electron micrographs of injection-molded Z3Y fired at
1500°C for 30 min under normal sintering process: (a) 75wt.% and (b)
82wt.% solid content.

relative density) because it consists of tetragonal and mon-
oclinic phases. Similar phenomenon is also reflected on
the water absorption shown Fig. 6 at which nearly zero
absorption was observed for the molded Z3Y with solid
content above 80 wt.%.

Fig. 7illustrates the typical microstructure of molded Z3Y
containing different solid loading and fired by normal sin-
tering process. As shown iRig. 73 the microstructure of
75wt.% solid content sample presents bimodal grain size
distribution (1.45 and 0.6m). It means that some grains
grow rapidly and other grains are frozen because the average
size of the starting powder is about 042 measured by
particle size analyzer. As increasing solid content, the mi-
crostructure does not only become dense but also the grain
size becomes uniform (narrow grain size distribution was
obtained) as shown iRig. 7h The average grain size of the
sintered 82wt.% Z3Y is about 1.@6n. On the other hand,
as the two-stage sintering was used, although bimodal grain
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Fig. 9. Dependence of bending strength of injection-molded Z3Y on
solid content under normal and two-stage sintering profiles. The bending
strength of TZP with 82wt.% solid content is also indicated a8 and

“[J” for normal and two-stage sintering, respectively.

strength could be increased by four times with a two-stage
sintering process as compared to that with normal sintering
process. The obtained strength of the molded Z3Y sample
£ o sintered by two-stage process is 1078 MPa. In order to in-
SR _11.;’}’ €1 ﬁ vestigate the_z effect of te_:trago_nal/monoclinic phase ratio on
F ;,.‘_""3,_1}‘ o the mechanical properties, high-purity TZP powder (Toyo
(b) Soda powder) composed of only tetragonal phase with
X . 0
Fig. 8. Scanning _elec.tron micrographs of inje_ction—mold_ed Z3Y fired Ezlrlgii:’?gag;?egng'rhsozf\{[vf:.eA]T;vF?Ssa?‘rlT?&ezriﬁl?jreerdh;’rrl]ealagfggegses
under two-stage sintering process (1800for 5min and rapidly cooled . . -
to 1300°C for 10h): (a) 75wt.% and (b) 82wt.% solid content. and two-stage sintering processes is measured about 615
and 1394 MPa, respectively. Because the present industrial
Z3Y powder contains tetragonal and monoclinic phases,
size is also observed for molded Z3Y with a lower solid the obtained optimal or maximum mechanical strength
content of 75wt.% as show iRig. 83 the average grain  should be influenced and reduced compared to that pre-
size in this sample is smaller than that fired with normal pared with high-purity all tetragonal phase TZP powder.
sintering process. Furthermore, it was found that with in- This result again demonstrates the importance of sinter-
creasing solid content above 80 wt.% (i.e. 82 wt.%), a densering process on the physical and mechanical properties of
microstructure with much finer grains (average grain size of ceramic materials. Since both samples are primarily com-
0.59um) was obtained for the molded Z3Y sample sintered posed of tetragonal and monoclinic phases after fired with
by a two-stage process as compared to normally continuousdifferent sintering process and the relative intensity ratio
sintering process. of tetragonal to monoclinic in both samples is very close,
The bending strength of as-sintered-molded Z3Y sam- the enhanced strength should not be due to the tetrago-
ples was measured from bars fabricated from the pow- nal/monoclinic phase ratio. In view of improving strength,
ders with different solid content. As shown Fg. 9, the both higher density and smaller grain size play important
room-temperature strength increases with solid contentroles in the overall strength. As shown kiigs. 7 and &or
from 75 up to 80wt.% for the samples with normal sin- the microstructure of these samples, with normal sintering
tering process. The maximum attained average strength isprocess, the grain size of molded Z3Y samples increases
about 295 MPa. However, it was noted that the bending continuously with the density and the sample has to be
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