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The effects of pressureless two-step sintering (TSS) on the densification and mechanical properties of tetragonal zirconia
polycrystals were investigated and compared with that obtained by conventional single-step sintering (SSS). The TSS profile
involved firing at a high temperature, T; of 1450 °C followed by cooling to a lower temperature, 7, of 1250 °C and soaking
for various holding time ranging from 2 h to 10 h. The results showed that the tetragonal phase stability was not disrupted
by TSS. A high relative density, above 96%, was obtained for the TSS samples regardless of holding time when compared to
SSS which exhibited about 99% of theoretical density when sintered at 1450 °C. Nonetheless, the beneficial effects of TSS in
enhancing the Vickers hardness and fracture toughness of tetragonal zirconia when compared to SSS, without incurring grain
growth have been revealed. The single-step sintering yielded large tetragonal grains, about 0.56 pm, if compared TSS which
exhibited a refine microstructure having grain sizes ranging from 0.27 pm (for 2 h holding time) to 0.35 pm (for 10 h holding
time). This feature of TSS which allows for the inhibition of grain boundary migration and the activation of grain boundary
diffusion at lower dwelling temperature during sintering were responsible for the enhancement of the mechanical properties
of tetragonal zirconia.
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Introduction allotropes: the monoclinic phase exists from room
temperature up to ~1170 °C, the tetragonal form (1170
Tetragonal zirconia polycrystals is an interesting °C to ~2370 °C), and the cubic symmetry (2370 °C to

ceramic for a variety of applications because of its ~2680 °C) [16]. However, the retention of a fully
chemical inertness, superior wear and mechanical tetragonal matrix at room temperature is made possible
properties when compared to other monolithic ceramics when pure zirconia is stabilised by blending with 2-3
[1-3]. Typically, zirconia-based ceramics have been mol% of yttria, and this ceramic exhibits the best
used in many engineering applications including as mechanical properties at room temperature [17-21].
high-performance thermal barrier coatings for aero- The properties of the tetragonal zirconia would depend
engines [4], electrolyte material for solid oxide fuel very much on the ceramic processing techniques which
cells [5], gas and electrochemical sensor devices [6, 7] determine the properties of the starting powder (e.g.
and catalysts support [8]. In addition, the excellent nano-sized versus micron-sized) and thereafter the
biocompatibility and its natural tooth-like colour of consolidation method used to form a useful solid body
tetragonal zirconia have also widened its application as [22-26]. Typically, tetragonal zirconia can be densified
implants in dental restorations [9-11] as well as bone using conventional single-step sintering (SSS) method
cement and hip joint prosthesis [12-14]. In recent years, and/or non-conventional sintering techniques such as
there has been arouse interest and success in using hot pressing [27], microwave sintering [28], spark plasma
additive manufacturing technologies in the fabrication of sintering [29], rapid sintering [30], cold sintering [31],
complex-shaped zirconia components and it is envisaged hot-isostatic pressing [32], pulsed electric current sintering
that this would open up new avenues in other fields for [33], etc. In most literatures, these non-conventional
the use of zirconia [15]. sintering methods have been reported to be viable in
Pure zirconia is known to exist in three different aiding densification when compared to conventional

sintering, resulting in fine grained microstructure and
improved mechanical properties. This enhancement
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accessibility to the equipment, and the high cost asso-
ciated with the complexity of the systems or equipment
needed in the consolidation process.

Sintering is an important process in the fabrication of
tetragonal zirconia artefacts through the application of
heat at a temperature below the melting point of the
ceramics. During this process, densification takes place
as a result of the reduction in the surface area of the co-
joining particles. The objective is to facilitate particles
consolidation through a complex diffusion and mass
transfer mechanisms which occur concurrently at the
surface, bulk and grain boundaries [34]. However, in
order to achieve high densities, typical conventional
SSS approach often requires the use of high sintering
temperatures and long holding times which often resulted
in accelerated grain growth which occurs in the final
stage of sintering [35]. In addition, the formation of
some cubic phase is inevitable when sintered at high
temperatures and this has an adverse effect on the
durability of the sintered body [19, 36]. This has posed
a challenge and many researchers have examined the
effects of two-step sintering (TSS) as an alternative
low-cost sintering method. Chen and Wang [37] were
amongst the pioneer to demonstrate the viability of
TSS in promoting densification via grain boundary
diffusion in yttrium oxide and restraining grain boundary
migration thus avoiding grain coarsening.

In TSS, the ceramic is heated to a temperature, 7},
hold for a short time and then rapidly cooled to a lower
temperature, 75, hold at this temperature for a pre-
determined time for densification to proceed without
inducing grain growth, before cooling down to room
temperature. Because of its simplicity in the implement-
ation, various ceramics have been sintered via TSS
including Ce-TZP [38, 39], ALO; [40], SnO, [41],
tungsten [42], lead-free (K¢ sNays)NbO; piezoelectric
ceramics [43] and other ceramics [44]. In all these
studies, the effectiveness of the TSS, however were
found to be dependent on the starting powder properties
as well as the sintering parameters adopted. For instance,
Mazaheri et al. [45] reported that a proper TSS regime
would be required to achieve the goal of enhancing
densification without inducing grain growth. They varied
the TSS profile and evaluated the densification behaviour
of nanocrystalline ZnO. The results indicated that
regardless of holding time, there was a critical temperature
for T,, below which resulted in grain growth without
any improvement in densification.

In another related study, the authors [46] studied the
sintering behavior of 8 mol% yttria-stabilised zirconia
by performing TSS at 77 = 1250 °C and 7> = 1050 °C.
They observed a significant enhancement in the relative
density, from about 82 % to about 98 %, as the holding
time at 7, increased from 0 to 20 h, respectively. This
enhancement in densification was not accompanied by
grain growth as the grain sizes remained almost the
same, at about 250 nm, regardless of the holding time.
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Zhang et al. [38] studied the effects of different TSS
conditions on the densification and properties of 12Ce-
TZP. They found that the optimum sintering regime of
T, = 1400 °C/1 min. hold, 7, = 1300 °C/30 h were
required to achieve high density at a lower grain growth
rate as well as optimized mechanical properties.

In this work, the sintering behaviour and mechanical
properties of tetragonal zirconia stabilised with 3 mol%
yttria prepared by pressureless TSS were investigated
and compared with that produced by SSS.

Experimental

In the present work, a commercial 3 mol% Y-TZP
powder (Kyoritsu Corp., Japan) was used as the starting
ceramics without further processing. In a typical sample
preparation, about 3 g of powders were weigh using an
electronic balance and placed in a metal mold having
diameter of 20 mm. The samples were uniaxially pressed
at about 80 MPa to form disc sample. After that the
compacts were subjected to cold-isostatic pressing at
200 MPa to obtained the green samples [19]. The
pressureless sintering in this work was carried out in a
rapid-heating box furnace, comparing two-step sintering
(TSS) with conventional single-step sintering (SSS)
cycle. The TSS was carried out as follows: in the first
stage the samples were heated at a ramp rate of 10 °C/
min. to 77 = 1450 °C and held for 1 min. The samples
were then cooled at a cooling rate of 10 °C/min. to a
lower temperature of 7, = 1250 °C and held for varying
holding times (2 h, 4 h, 6 h, 8 h and 10 h) before
cooling naturally in the furnace to room temperature. In
contrast, the SSS was performed at the final temperature,
T of 1250 °C and 1450 °C, with a heating rate of 10 °C/
min. and held for 2 h before allowing to cool in the
furnace to room temperature. The sintering regimes
used in this work are shown in Fig. 1. However, in
order to demonstrate the influence of conventional
single-step sintering on the tetragonal grain size and
relative density, additional samples were prepared and

Fig. 1. A schematic diagram showing the TSS and conventional
SSS schemes used in the present work.
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pressureless sintered at other temperatures between
1100 °C and 1500 °C.

The water immersion method based on Archimedes
principle was used to obtain the bulk density of sintered
samples using a Mettler Toledo Balance AG204 densi-
meter, with deionised water as the medium. For this
purpose, the weight of the sample was first taken in air
and then when submerged in water. The test condition
was in accordance to ISO18754 [47]. The bulk density
was determined and the relative density was calculated
by taking the theoretical density for tetragonal zirconia
as 6.09 g/cm’ [48]. All the sintered samples were ground
successively on one face by SiC papers of varying
grades, from 120 (rough) to 1200 (fine), followed by
final polishing using diamond paste (6 um and 1 pm)
to obtain an optical reflective surface. Vickers Hardness
(H,) was measured on polished samples using the
Vickers indentation method in accordance to a standard
test method, using the equation given in Eq. (1) [49].
The indention load was kept constant at 10 kgf with
loading time of 10 s.

H,=0.4635P/d* (1)

where, P is the indentation load and a is the indent half
diagonal.

The fracture toughness (K;.) of the sintered body was
obtained from the geometry parameters of the Vickers
indent using the relationship derived by Niihara et al.
[50] as given in Eq. (2). The average values for H, and
K. were taken from six measurements made for each
sample.

K= 0.035(?)0'5(%)0‘4(%)51‘” @)

where, [ is the average crack length, £ is the Young’s
Modulus, H, is the Vickers hardness and f is the
constraint factor which was taken as 3 for tough
ceramics such as tetragonal zirconia [51].
Microstructural evolution of the sintered samples was
examined by using the scanning electron microscope
(SEM). Prior to SEM analysis, the samples were thermal
etched at a temperature 50 °C below the sintering
temperature and held for 30 min. before cooling to room
temperature. The average grain size of the samples was
determined from the SEM micrographs by using the
line intercept method [52]. X-ray diffraction (XRD)
was used to examine the phase present, taken over the
26 of 27° to 33° which covers the monoclinic () and
tetragonal (7) dominant (111) peaks, with 0.02° step
size using Cu-Ka radiation operating at 45 kV and 40
mA. The peaks corresponding to the characteristics of
t-Zr0, and m-ZrO, were identified using JCPDS files
no. 48-0224 and 37-1484, respectively. The monoclinic
and tetragonal phase content were calculated using the
relationship proposed by Toraya et al. [53]:

o
- 1D, G
I(111),+I(11T),+I(111),
1311, ,
"= TroarLy, < 100% @)
V,=100% — V,, % (5)

where X, is the integrated intensity ratio, /(111), and
I(111), are the peak intensity of the monoclinic and
tetragonal phase, respectively, V,, and V; are the calculated
volume fraction of the monoclinic and tetragonal phase,
respectively.

Results and Discussion

The phase analysis by XRD of the sintered samples
as shown in Fig. 2, revealed a fully tetragonal structure
exists regardless of sintering profile. The fact that no
monclininc phase was detected after the TSS sintering,
this indicates that the prolong holding time, up to 10 h,
have little effect on the stabilization of the tetragonal
structure. This was also verified by Rietveld anlaysis
which showed that the tetrgonality i.e. c/a lattice
parameter ratio of the tetrgonal zirconia did not

Fig. 2. XRD analysis of the samples prepared by SSS and TSS
revealing the presence of a tetragonal structure.
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changed very much after sintering; for example the c/a
ratio of the 10 h holding time sample was 1.4292 as
compared to 1.4312 based on the tetragonal standard
(JCPDS no. 48-0224). This observation was also in
good agreement with the findings of other researchers
[38, 46]. Nevertheless, the (111), tetragonal peak of the
TSS samples was found to have shifted slightly towards
higher angles, by about 0.15°. This small peak shift in
the fractions of an angle can be attributed to lattice
strain resulting from prolong sintering during TSS rather
than crystallographic phase change in the zirconia
matrix [54].

The effects of TSS and SSS on the relative density of
tetragonal zirconia are shown in Fig. 3. As expected in
the SSS profile, the relative density increased with
increasing sintering temperature i.e. from 95.9% at
1250 C to > 99% at 1450 °C, but was accompanied by
significant grain growth. In the case of TSS profile, the
relative density of the sample sintered for 2 h showed
an improvement if compared to the SSS-1250 C sample.
Further increased in the TSS holding time from 2 h to
10 h, was followed by a steady increase in the relative
density, i.e. from 96.5% to about 98.5%, respectively
but with no significant grain growth.

In the conventional SSS scheme, the size of the
tetragonal grains was found to increased at a slower
rate as the temperature risen from 1100 °C to 1300 °C.
However during this period, densification proceeded
rapidly with increasing temperature as depicted by the
inset graph in Fig. 4. However, as the sintering temperature
increased beyond 1300 °C, there was a marginal
enhancement in density, but the rate of grain growth,
resulting from grain boundary migration, was rapid.
This is evident from Fig. 4 where the average tetragonal
grains continued to grow from about 0.4 pm to 0.6 um
when sintered at 1500 °C. A similar densification trend
for 3 mol% Y-TZP was reported by Suarez et al. [55].
The authors found that the onset of densification started

Fig. 3. The effects of SSS and TSS on the densification of
tetragonal zirconia.
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at about 1100 °C and the relative density increased with
increasing sintering temperature, subsequently reached
a plateau of about 99% when sintered at 1400 °C as
compared to 1350 °C observed in the present work.

In contrast, the TSS was found to be effective in
suppressing grain growth at the final stage of sintering
as shown in Fig. 5, while allowing densification to
proceed as can be seen in Fig. 3. It can be noted that as
the holding time increased from 2 h to 10 h, this was
accompanied by a small increase in the grain sizes,
from 0.27 pm to 0.35 pum, respectively although the
relative density was higher than 96%. The SEM micro-
structures of the sintered samples comparing the TSS
and SSS samples sintered at 1250 °C are shown in Fig.
6. In general, regardless of the sintering regime, an
equiaxed grain structure was observed which is typically
a dense tetragonal zirconia having above 95% of
theoretical density [56]. The main difference between

Fig. 4. The tetragonal grain size as a function of relative density of
samples subjected to conventional single-step sintering from
1100 °C to 1500 °C. The inset shows the variation in relative
density with sintering temperature.

Fig. 5. The effects of SSS and TSS on the tetragonal grain size of
zirconia.
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Fig. 6. Typical SEM microstructure of (a) SSS-1250 °C and TSS samples at varying holding times: (b) 2 h, (c) 4hand (d) 10 h [59].

the microstructures would be their average grain size as
depicted in Fig. 5.

In another study, Suarez et al. [57] observed a similar
microstructural development in their Y-TZP with TSS
exhibiting finer tetragonal grain size. Mazaheri et al.
[58] reported that there exists an incubation period for
grain growth during TSS. They observed significant
grain growth when the holding time exceeded 20 h. A
fully dense structure would only be possible with
appreciable grain growth, although the final grain size
may still be smaller than that of SSS [59].

The effects of TSS on the mechanical properties of
tetragonal zirconia are shown in Fig. 7. In general, the
Vickers hardness and fracture toughness were improved
when subjected to TSS. The average Vickers hardness
and fracture toughness were observed to increase
monotonically, from 12.9 GPa to 13.7 GPa and 7.8
MPam'? to 8.2 MPam'?, respectively with increasing
holding time. This improvement in the mechanical
properties was attributed to the active grain boundary
diffusion during two-step sintering which resulted in
porosity diminution and the formation of a network of

Fig. 7. The effects of SSS and TSS on the Vickers hardness and
fracture toughness of tetragonal zirconia.

finer tetragonal grains.
These findings agreed with the observation reported
by Mazehari et al. [46] for 8 mol% YSZ. More specifi-
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cally, the authors found that fracture toughness of the
zirconia increased by twofold when subjected to TSS.
A similar observation was also reported for other
ceramics subjected to two-step sintering. Li et al. [42]
compared the sintering behaviour of tungsten subjected
to conventional sintering at temperatures ranging from
1100 C to 1600 °C and soaking times up to 3 h versus
TSS at 7 ranging from 1300 °C to 1450 °C and holding
of 1 h, and 7, ranging from 1200 °C to 1350 °C and
holding for 10 h. They found that high densities of
above 98% of theoretical could only be achieved by
normal sintering above 1500 °C/3h holding time with
extensive grain growth. In contrast, regardless of the
TSS profile used, the tungsten could achieve similar
densification as the conventional sintering but without
abnormal grain growth. In fact, the grain sizes of the
TSS samples were reduced by more than 50% than that
obtained by conventional sintering and this was accom-
panied by a significant improvement in the bending
strength, hardness and Young’s modulus. This trend of
improvement is similar as that observed in the present
work. In addition, Li et al. found that the mechanical
reliability of the TSS samples was also improved, i.e.
the Weibull modulus of the TSS samples was m = 42
compared to m = 24 for the conventional sintered
samples. More recently, Loh et al. [40] demonstrated
the effectiveness of TSS in the consolidation of alumina
ceramics. The authors concluded that the 7, has a
significant effect on the final density whereas the
combination of 7, and holding time would influence
the final grain size of the sintered body.

Conclusions

The present work demonstrated the effectiveness of
two-step sintering in promoting densification of
tetragonal zirconia without incurring significant grain
growth as typically observed for conventional single-
step sintering. It was revealed that a relative density of
above 97% could be attained without undergoing
excessive grain growth as observed for the conventional
single-step sintered samples. The tetragonal grain sizes
of the TSS samples varied between 0.27 um to about
0.35 pum, depending on the holding time and these
values were about 40-50% lower than that obtained by
SSS. In addition, the mechanical properties of the TSS
zirconia were greatly improved when compared to the
SSS zirconia and this was attributed to the finer
tetragonal microstructure achieved through the two-
step sintering scheme.
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