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Abstract

Two-step sintering (TSS) was applied on nanocrystalline yttria tetragonal stabilized zirconia (3Y-TZP) to control the grain growth during the final
stage of sintering. The process involves firing at a high temperature (T1) followed by rapid cooling to a lower temperature (T2) and soaking for
a prolonged time (7). It is shown that for nanocrystalline 3Y-TZP (27 nm) the optimum processing condition is T1=1300°C, T2=1150°C and
t=30h. Firing at T1 for 1 min yields 0.83 fractional density and renders pores unstable, leading to further densification at the lower temperature
(T2) without remarkable grain growth. Consequently, full density zirconia ceramic with an average grain size of 110 nm is obtained. XRD analysis
indicated that the ceramic is fully stabilized. Single-step sintering of the ceramic compact yields grain size of 275 nm with approximately 3 wt.%
monoclinic phase. This observation indicates that at a critical grain size lower than 275 nm, phase stabilization is induced by the ultrafine grain

structure.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Yttria stabilized zirconia ceramics display high fracture
toughness that makes them suitable for a wide range of structural
applications such as cutting tools, valve guides, extrusion dies,
abrasive tools, etc.'? It has recently been shown that superplastic
deformation and higher hardness are gained when an ultrafine-
grained toughened ceramics are utilized.> Meanwhile, further
improvement in the properties is expected by decreasing the
grain size reduce to nano-scale.* Although the sinterability of
nanoparticles is superior to fine particles due to higher sintering
stresses, the more intensive grain growth during densification
deteriorates the advantages of nanostructured bulk materials.’
Spark plasma sintering (SPS) and hot pressing are two key tech-
niques to produce nanostructured ceramics.®” These methods
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yield a rapid sintering rate, high density and ultrafine grain
structure. However, limitations such as production cost, shape-
complexity, and product size might exist dependent on the
particular material and application.®?

It is known that, the grain growth during pressureless sin-
tering depends on the shaping method and firing temperature.
By the wet shaping methods, e.g. slip and gel casting, Krell and
Blank'? have produced green parts with narrow size pores which
can easily be eliminated upon final stage sintering. Duran et al.!!
have used this procedure to produce dense Y-TZP nanostructured
ceramic by conventional sintering at 1070 °C.

Recently, Chen and Wang'? have developed a new technique
called two-step sintering (TSS) for Y203 which is a promising
approach to obtain fully dense nano-grained ceramics. The key
elements in this method are!3: (I) heating to a high tempera-
ture (T1) to conduct first step sintering and to achieve a critical
density ( ,o*) to render the pores unstable; (II) decreasing the tem-
perature (T2) to conduct sintering without any grain growth at
the lower temperature. Besides Y203, TSS has been successfully
applied to 7Zn0,* Ni—Cu—Zn ferrite,!° BaTiO3 15 and A1203.16
The liquid phase sintering of SiC'7 and doped ZnO varistors'8
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has also been reported. Yu et al.!® used this technique to control
the grain growth of YSZ ceramic by powder injection molding
(PIM). Although high density parts were produced, no effect of
the sintering temperature on the final grain size was determined.
The advantages of TSS method for injection-molded 3Y-TZP
submicron powder has also been shown by Lee.??

To further study the effect of TSS on the densification and
grain growth of nanocrystalline 3Y-TZP, different TSS regimes
are designed and applied to 3Y-TZP (27 nm) compacts. The
temperature range in which the residual porosity can be elimi-
nated without the final stage of grain growth is determined. The
effect of sintering cycle on the densification and grain growth is
addressed. A comparison is made with the conventional sintering
procedure.

2. Experimental procedure

ZrO>-3mol% Y,03 powder was supplied from Tosoh Co.
(Tokyo, Japan). The powder composed of spherical granules
(Fig. 1a) with primary particles with an average size of ~75nm
(Fig. 1b). The specific surface area of the powder was determined
by Brunauer—-Emmett-Teller (BET) technique (Micromeretics
Gemini 2375, USA) and found to be 17.2m? g~!. The X-ray
diffraction (XRD) pattern of the powder taken by Cu Ko radi-
ation (Philips PW3710, Netherlands) is shown in Fig. 2. The
average crystallite size was determined by Scherrer equation®!
and found to be 27 nm, which is in agreement with the results of

Fig. 1. SEM micrographs show the particle morphology of 3Y-TZP: (a) spray-
dried granules; (b) primary particles.
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Fig. 2. X-ray diffraction pattern of nanocrystalline 3Y-TZP powder.

others.?? The weight fraction of the monoclinic phase, Xp,,, was

calculated using the following equation3:

B IA 1Dy + 111 1)y,
I D)y, FIA 1D, +I(11 1),

where I(11 1)y, I(111),,, and I(1 1 1), are the integrated inten-
sity from the monoclinic (11 1), monoclinic (111) and the
tetragonal (1 1 1) peaks, respectively. The powder composed of
23 wt.% monoclinic phase and 77 wt.% tetragonal phase.

The powder was compacted in a cylindrical die at 150 MPa to
produce green compacts with 10 mm diameter and 3 mm height.
The green density was ~45% of the pore free density. A TMA
801 sinter-dilatometer (NETZCH, Germany) was used to study
the nonisothermal sintering behavior of the powder compacts.
The heating rate to the sintering temperature was 5°C min~!,
The relative density of the sintered specimen (ps) was calculated
using the following equation instantaneously?:

ey

m

1 3
T 1AL Lo+ (T —Tp)| ™2

Ps 2
where dL/L is instantaneous liner shrinkage obtained by the
dilatometer test, Lo is the initial length of the specimen, oy is the
green density, Ty is the room temperature, and « is the coefficient
of thermal expansion.

Single-step sintering (SSS) was carried out at 1100-1500 °C
in air with 50 °C temperature intervals. The heating rate was
5°Cmin~!. The dwell time varied between 1 and 8 h. For the
binder removal, 0.5 h soak at 500 °C was applied. Five different
two-step sintering cycles were used (Table 1). The compacts
were heated to T1 at the rate of 5 °C min~! after de-lubrication at
500 °Cfor 0.5 h. A dwell time of 1 min was given. The specimens
were the cooled to T2 with a rate of 50°C min~!. Up to 30h
dwell time was tested for sintering at T2.

The density of the sintered sample was measured by the water
displacement (Archimedes) method according to ISO Standard
39231/1-1979(E). Microstructure of the sintered compacts was
observed by SEM (Philips X130, Netherlands) after sequential
mechanical polishing using diamond pastes (3, 1 and 0.05 pm)
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Table 1

Two-step sintering cycles used in the present work

Regime T1 (°O) t1? (min) T, (°C) ©° (h)

TSS1 1350 1 1150 2-5-8-12-15-20

TSS2 1250 1 1150 2-5-8-12-15-20

TSS3 1300 1 1150 2-5-8-12-15-20-25-30
TSS4 1300 1 1250 2-5-8-12-15-20

TSS5 1300 1 1050 2-5-8-12-15-20-25-30

2 Holding time at 7.
" Holding time at 75.

and thermal etching at 50 °C below the sintering temperature.
The average grain size of the sintered compacts was determined
by the linear intercept method (ASTM Standard E112). For each
specimen, 15 line segments were considered and Mendelson?*
multiplying factor (1.56) was used. The phase constitution of
sintered compacts was evaluated by XRD method as described
above. Here, a high-resolution scan over the range 25-35° with
a step size of 0.01° and scan speed of 0.002° s~ ! was performed.

3. Results and discussion

Fig. 3 shows shrinkage and shrinkage rate of 3Y-TZP compact
during nonisothermal sintering at heating rate of 5°C min~'.
Sintering shrinkage (0.5%) started at 961 °C and the maximum
shrinkage rate occurred at 1255 °C. The amount of shrinkage
at 1255°C was 16.6% and reached to 21.6% at 1300 °C. The
shrinkage rate peak of the dilatometric curve can be an indi-
cation of the homogeneous porosity distribution in the green
compacts.” As it has been reported in>>2° the presence of two
shrinkage rate peaks might be attributed to sintering within and
in between the hard agglomerate. This observation is impor-
tant because several studies?>?’ have shown the difficulty in
sintering of nanometric zirconia ceramic to full density at low
temperatures due to hard agglomerates. In fact, when small pri-
mary particles are irreversibly bonded to as larger agglomerates,
the advantages of the smaller particles are lost and the sintering
behavior is determined solely by a larger agglomerate size.
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Fig. 3. The shrinkage and shrinkage rate profile of nanocrystalline 3Y-TZP
powder compact.
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Fig. 4. Density and grain size of nanocrystalline 3Y-TZP compacts after single-
step sintering at various temperatures for I min. The heating rate was 5 °C min~!.
The dilatometric data are included in the graph for comparison.

Fig. 4 shows the effect of sintering temperature on the den-
sification and grain growth of the compacts sintered in the
temperature range of 1100-1500°C for 1 min. The results of
the nonisothermal sintering are included for comparison. The
variation of the density versus temperature exhibits a sigmoidal
shape in the range of 1150-1350 °C. No significant densifica-
tion was observed below 1100 °C. In the temperature range of
1150-1300 °C, the densification was accelerated without sig-
nificant grain growth. At the higher temperature, however, the
densification was marginal but the grain growth was fast (Fig. 5).
For instance, while the fractional density increased from 0.977 to
0.988 with increasing the temperature from 1400 to 1500 °C, the
average grain size became coarser from 153 to 275 nm. Fig. 6a
and b shows SEM micrograph of conventionally sintered sam-
ples (SSS) at 1200 and 1400 °C. Many studies'*!02728 have
shown that dispersed open pores can pin grain boundaries and
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Fig. 5. The average grain size of 3Y-TZP versus the fractional density. The
ceramic compacts were fired at various temperatures (1100-1500 °C) according
to the single-step sintering cycle.
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Fig. 6. SEM micrographs show the grain structure of 3Y-TZP compacts sintered under (a) SSS condition at 1200 °C, (b) SSS condition at 1400 °C, (c) TSS3 condition

up to 30 h, and (d) TSS4 condition up to 12 h. The scale bar is 500 nm.

hinder grain-boundary migration at intermediate stage of sin-
tering. At the final stage of sintering, when closed and small
pores are formed, microstructural coarsening occurs. In fact, the
collapse of open pores results in a substantial decrease in pore
pinning, which triggers the accelerated grain growth. Neverthe-
less, it is noteworthy that as compared with other nanocrystalline
ceramics such as ZnO!* and A1203,10 the grain growth rate of
3Y-TZP is limited. Gao and Li%® and Mazaheri et al.’® have
reported a solid-solution drag-controlled grain growth mecha-
nism, owing to the enrichment of Y* on the grain boundaries
which hinders the grain growth.

Fig. 7 shows the variation of density and average grain size of
the compacts sintered under different TSS conditions (Table 1)
as a function of the dwell time at T2. The effect of different TSS
cycles on the grain growth during TSS is shown in Fig. 8. To
highlight the effect of TSS cycles, the results of SSS are included
in the graph. TSS1 schedule conducted under T1 =1350°C and
T2=1150°C. The fractional density (o) after 1 min sintering
at 1350°C was 0.94 (Fig. 4). By firing at 1150 °C for 25 h, the
density approached ~0.99 (Fig. 7a). The variation of the grain
size versus the sintering time at T2 indicates no significant grain
growth up to 12 h, although the fractional density was higher
than 0.94. This observation suggests an incubation time for grain
growth during two-step sintering.!? Increasing the dwell time
resulted in significant grain growth, particularly after 20 h hold-
ing. As it is appeared in Fig. 7, TSS1 succeeded to inhibit the
grain growth at the final stage of sintering between 0.94 and
0.97. However, a full densification could not be obtained with-
out remarkable grain growth, although the final grain size is
smaller than that of SSS. Typically, parabolic growth at the end
of TSS regime is related to the density of triple-point junction
(three-grain junction-lines or four-grain junction-points).'* At

densities higher than a critical value, the density of the triple-
point junction decrease. Under this circumstance, the effect of
triple-point drag-mechanism was wasted to control the grain
growth at the end of sintering process.'? Therefore, a high den-
sity of triple-point junctions is required to suppress the grain
growth. Shorter incubation time (12 h) should thus be obtained
in order to attain full density without significant grain growth.
For this aim, TSS2 cycle was conducted at T1=1250°C and
T2=1150°C. Asseenin Fig. 7b, no significant densification was
obtained although the grains grew remarkably. Even after 30 h
holding at 1150 °C, the fractional density reached 0.73 while the
average grain size was 110 nm. This observation suggests that,
to making the pores unstable it is inevitable to attain a critical
density (p") after sintering at T1. Chen and Wang!? have shown
that the critical density (p")is greater than 0.75 for Y,03. Bod-
isova and Sajgalik'® and Li and Ye3! have reported values of
0.92% and 0.82 for nanometric and submicron particles of alu-
mina, respectively. Mazaheri et al. have shown this value was
0.78 for nanocrystalline ZnO.'* The low value of density at the
end of the first step implies that surface diffusion would still be
active which can contribute to the neck growth and grain growth
without significant influence on the shrinkage.’> Based on the
results of SSS, T1 was selected at 1300 °C to obtain the frac-
tional density of 0.83. We will latter show that this density is
enough to make pores unstable during the second sintering step
at T2 with retarded grain growth by the triple-point junctions.
Further study was concentrated on changing T2. Cycle TSS3
was conducted at T2 =1150 °C for various dwell time. Fig. 7c
shows the results of density and grain size measurements. In con-
trast to TSS1 and TSS2 cycles, remarkable densification without
significant grain growth was obtained (Fig. 8). Fig. 6¢ shows
SEM micrograph of sintered samples under TSS3 condition for
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Fig. 7. Effect of dwell time on the density and grain size of 3Y-TZP compacts after two-step sintering: (a) TSS1; (b) TSS2; (c) TSS3; (d) TSS4; (e) TSSS.

30h. The fractional density and average grain size is 0.989 and
110 nm, respectively. It appears that TSS3 cycle yields a near
fully dense microstructure with a slow grain growth rate. Here,
the grain-boundary diffusion should be active while the grain-
boundary migration is suppressed. The mechanism for inhibiting
the grain-boundary movement is triple-point (junction) drag.'3
In fact, at the low temperature the grain-boundary mobility is
marginal because the triple junctions control the grain growth.
The low sintering temperature also leads to a reduced entrapped
gas pressure within the micropores. This can affect the den-
sification because less resistance by the gas pressure against
the matter transport may encourage the sintering process in the
forward direction.?”

To further study the effect of TSS on the densification and
grain growth of the nanocrystalline 3Y-TZP powder compact,
two other cycles were applied. In the both cycles, T1 was set
at 1300 °C but T2 was changed to 1250 °C (TSS4) and 1050 °C
(TSSS). The aim was to study the effect of temperature on the
microstructural development. Fig. 7d shows the results for TSS4.
As seen, the higher T2 temperature compared with TSS3 led
to decreasing of the dwell time for achieving a high density.
For instance, to attain the fractional density of 0.98 the hold-
ing time can be decreased from 30 to 8 h. Nevertheless, coarser
grain structure was obtained (Fig. 6d). No incubation time for
the grain growth is also noticeable. Apparently, the effect of
TSS is diminished when close T2 and T1 temperatures are cho-
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Fig. 8. Effect of firing cycle on the sintering path (grain size/fractional density)
of 3Y-TZP.

sen. For better depiction of the results, the sintering path (grain
size/fractional density trajectory) of TTS4 cycle is compared
with SSS in Fig. 9. The results of conventional sintering at 1250
and 1300 °C for different holding time up to 8 h are also pre-
sented. No remarkable difference between different cycles can
be identified. It appears that, if the temperature of the second
stage (T2) is high enough to make grain boundaries and junc-
tions mobile, the triple-point drag-mechanism will be unable to
suppress the grain coarsening. On the other hand, a low T2 tem-
perature (Fig. 7e), the densification and grain growth became
very limited even after long dwell time.

X-ray diffraction patterns of dense compacts (>0.98 TD) sin-
tered under SSS and TSS3 schedule are shown in Fig. 10. For
the specimen sintered under SSS condition at 1500 °C (grain
size of 275nm), both tetragonal and monoclinic phases were
detected. The peak analysis (Eq. (1)) revealed the presence of
approximately 3 wt.% monoclinic phase. No XRD peaks of the
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Fig. 9. Grain size-density curves obtained by single-step sintering (SSS) at vari-
ous temperatures range between 1100 and 1500 °C, two-step sintering according
to TSS4 cycle, and isothermal sintering at 1250 and 1350 °C for various times
up to 8 h.
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Fig. 10. XRD patterns of sintered 3Y-TZP: (a) single-step sintering at 1500 °C
for 1 min; (b) two-step sintering according to TSS3 schedule.

monoclinic phase were observed in the sintered specimen under
TSS3 schedule (grain size of 110nm). Full stabilization of the
tetragonal zirconia ceramics at a critical grain size has been
reported previously. For example, Lange®3 showed full stabi-
lization in ZrO>-3 mol% Y,O3 ceramic at the grains smaller
than 0.8 pm; Winnubst and Burggraaf>* reported the value of
0.25 pm for this ceramic in humid atmosphere; Theunissen et
al.2? stated the critical grain size to be 0.1, 0.4 and 2 pm for
6.8, 9 and 12 mol% Ce-PSZ, respectively. Therefore, in consis-
tent with the result of previous researches it can stated that the
critical grain size in 3Y-TZP should be <275 nm.

4. Conclusion

The effect of TSS on the densification and grain growth of
nanocrystalline 3Y-TZP ceramic was investigated. The findings
can be summarized as following.

1. The grain growth rate of nanocrystalline 3Y-TZP in conven-
tional sintering route is significantly lower than that of other
ceramics such as ZnO and Al,Os. Full density compacts
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with ultrafine grain structure (275 nm) can be obtained by
single-step sintering.

To further decrease the grain growth rate, two-step sintering
can be used. It was shown that the critical density which den-
sification can proceeds without remarkable grain growth is
83% TD. The pore instability at this density level is obtained
by 1 min firing at 1300 °C at the heating rate of 5°C min~!.
Full density compacts with an average grain size of 110 nm
can be synthesized by firing at 1150 °C for 30 h after attend-
ing the critical density of 83% TD at the high temperature.
Full stabilized tetragonal zirconia (3Y-TZP) ceramic can be
obtained at grain size <275 nm.
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