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A B S T R A C T

Two-step sintering of titanium-doped Y2O3 was carried out using monodispersed sub-micrometer powder. The
effect of titanium dopant concentration on the sinterability and kinetic window of constant grain-size sintering
were examined. The titanium doping improves the sinterability of the Y2O3 powder, which broadens the sin-
tering kinetic window and lowers sintering temperature. The Vickers hardness was also enhanced as the doping
concentration of titanium was increased, assuming the same grain size.

1. Introduction

Yttria (Y2O3) is considered one of the most suitable infrared window
ceramics due to its long wavelength cutoff, high melting point, che-
mical stability, and low emissivity at high temperature [1–3]. With
their unique properties, polycrystalline yttria ceramics have been fab-
ricated with the development of ceramic processing and sintering
technologies [4–16]. Researchers have been trying to improve the
properties of yttria ceramics, but their poor mechanical properties im-
pede their use in harsh environments. Tailoring the microstructure has
been explored as a means of enhancing the mechanical properties of
sintered yttria [17–21].

Two-step sintering, introduced by Chen and Wang, is an effective
strategy to suppress grain growth during the final stage sintering and to
obtain full density [22,23]. It induces triple point immobility (grain/
pore junction) in a specific microstructure, thereby inhibiting grain
growth during densification. The first step is reaching a higher tem-
perature of T1 to achieve high density and the next step is lowering the
temperature to T2 where it is maintained for a long time to achieve
nearly full densification without further grain growth. The key condi-
tion for successful two-step sintering is obtaining a specific micro-
structure at T1 with finer and uniform pore size distribution. Thereafter,
the second step can have a temperature region, the so called ‘kinetic
window’ that allows the production of fully densified ceramics with
minimum grain growth.

Submicron-grained yttria ceramics have been fabricated by this two-
step sintering technique. Transparent yttria ceramics were fabricated by
using two-step sintering followed by a hot isostatic pressing (HIP)

procedure [18]. They showed improved mechanical properties as a
result of attaining full density with fine grains. Meanwhile, only a few
dopants have been reported for two-step sintering of Y2O3. The effect of
dopants such as Nb, Mg, Si, Er, Yb, Al, and Ti on mechanical strength
were examined [24]. Among them, titanium-doped ceramics exhibited
enhanced mechanical properties, but the effect of titanium doping on
the two-step sintering behavior is not well understood and should be
further studied.

The characteristics of the initial powder can also influence the two-
step sintering behavior. The finer initial powder is advantageous for
two-step sintering because there are more opportunities to achieve the
critical density with finer microstructure. Many studies on two-step
sintering have been conducted with ultrafine particles [25–27]. The
finer particles are, however, easily agglomerated and the intra-ag-
glomerated pores may become intragranular pores, which are difficult
to eliminate even at high temperature sintering [28–30]. Considering
this aspect, the importance of preparing a well-dispersed powder has
been widely recognized over the past several decades [31–39]. A
spherical powder with uniform and submicron size offers advantages in
control of powder processing as well as reproducibility of the final
products [40–43].

In the present work, two-step sintering behavior of titanium-doped
yttria ceramics was investigated with monodispersed submicron
powder. The effect of titanium doping concentration on sintering and
grain growth was systematically evaluated. A small amount of titanium
enhanced the grain boundary mobility in yttria, thus lowering the
second-step temperature T2. It was also found that the kinetic window
becomes broader in titanium-doped yttria. The Vickers hardness was
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improved with increasing titanium doping.

2. Experimental

Monodispersed spherical Y2O3 powder was synthesized by the
homogeneous urea precipitation method. Commercial yttrium chloride
hexahydrate (YCl3·6H2O, 99.999%, Sigma-Aldrich) and urea
(NH2CONH2, Sigma-Aldrich) were dissolved in distilled water to form a
transparent solution. The concentration of Y3+ was kept at 0.02M,
while urea was kept at 1.5 M. The mixed solution was stirred and he-
ated for 5 h at 85 °C. The resultant precursors were centrifuged and then
washed seven times with distilled water and acetone to remove by-
products. The wet precipitate was dried, calcined at 1100 °C for 10 h,
and homogeneously mixed with titanium oxide (TiO2, rutile,>
99.98%, Sigma-Aldrich) by ball milling with ethanol for 24 h. The
concentration of titanium doping was 0, 0.5, and 1mol%, respectively.

All the prepared powders were dry-pressed under 20MPa into a
15mm diameter steel mold and subsequently were cold isostatically
pressed under 200MPa. The green compacts were sintered in a box
furnace under an air atmosphere by conventional sintering and two-
step sintering methods. The conventional sintering was carried out at
1300–1600 °C at a heating rate of 5 °C/min in 50 °C temperature in-
tervals, and cooled naturally to room temperature. For the two step
sintering, the green bodies were elevated to higher temperature (T1)
with a heating rate of 5 °C/min, and then cooled to lower temperature
(T2) with a cooling rate of 50 °C/min and held for 20 h.

The bulk density was measured by the Archimedes method using
distilled water. All the ceramics were mirror-polished and thermally
etched at 1100 °C for 20min. The microstructure was observed using
field emission scanning electron microscopy (FE-SEM Philips
XL30FEG). At least 200 grains were measured for each ceramic to ob-
tain the average grain size and distribution. Vickers hardness was
measured using a Vickers hardness tester (VLPAK2000, Mitutoyo,
Kawasaki, Japan) with a load of 1 kg on the specimen surface for 10 s.
The hardness (Hv) was calculated by the following equation:

=

D
H 1.854P

V 2 (1)

where P is the applied load and D is the mean value of the diagonal
length in the indentation prints.

3. Results and discussion

The as-calcined Y2O3 powder is shown in Fig. 1(a). It shows that a
monodispersed spherical morphology was maintained even after the
powder was calcined for a long time at high temperature. The measured
average particle size and distribution is 206 ± 20 nm, as presented in
Fig. 1(b). In this work, the small amount of titanium oxide was mixed
with the calcined powder to prepare titanium-doped Y2O3 ceramics.
The relative densities of green bodies were similar (55%) between the
titania-mixed Y2O3 and undoped sample.

The relative density and grain size of sintered Y2O3 ceramics with
different titanium doping concentration are shown in Fig. 2(a) and (b),
respectively. Titanium-doped ceramics clearly show greater density and
larger grain size compared to the undoped ceramics. With doping of
titanium ions, the required sintering temperature to achieve a density
above 97% is lowered by 150 °C. The relative density dramatically in-
creases until 1450 °C with increasing doping concentration up to 1mol
%. At the same time, the grain size becomes twice the initial particle
size at 1450 °C, which is equal to the grain size of pure yttria ceramics
sintered at 1600 °C.

It was reported that titanium doping in Y2O3 enhanced the grain
boundary mobility and also lowered the activation energy [44]. The
yttrium interstitial defects are known to enhance the diffusion of Y2O3,
and related defect chemistry indicates that divalent ion or tetravalent
ion doping can produce yttrium interstitial or vacancy defects,

respectively [45]. Tetravalent ions induce yttrium interstitial defects,
resulting in enhanced grain growth. However, the exact mechanism
underlying the titanium doping effect is unclear because the Ti4+ ions
convert to a Ti3+ valence state during the sintering [17]. The grain
boundary mobility enhancement may result from lattice distortion due
to the differences in the ionic radius of the cations between titanium
and yttrium ions. Further investigation is needed to understand the
mechanism of grain boundary mobility enhancement in the titanium-
doped yttria system.

The two-step sintering of Y2O3 monodispersed powders with dif-
ferent titanium doping concentration was conducted (Tables 1–3). Ac-
cording to Chen and Wang, the relative density of Y2O3 with critical
microstructure at T1 temperature is known to be above 75% to make
pores unstable, allowing densification without grain growth. Moreover,
the powder characteristics including particle size and morphology can
remarkably influence the relative density at T1 [46,47]. The sub-mi-
crometer powders in this work exhibit the lowest density of 96% for the
successful second step.

The kinetic windows for achieving full density without further grain
growth are displayed in Fig. 3. The solid symbols indicate the G1 and T2

conditions to obtain only densification. The open symbols above the
upper boundary line also showed full density but grain growth also
occurred. The applied energy in the temperature during the second step
is greater than the activation energy of grain boundary migration re-
sulting in grain growth. The driving force for grain growth is decreased
with increasing grain size. This is the reason why the upper boundary of
kinetic window becomes higher as the grain size increases
[22,23,46,48]. All of the arrows from the symbols reach the upper
boundary line of the kinetic window. This means that average grain size
is only one when the ceramics reach full density at the fixed T2 tem-
perature. The open symbols below the lower boundary line are

Fig. 1. (a) Morphology of monodispersed spherical Y2O3 powders calcined at
1100 °C for 10 h (b) Measured particle size distribution.
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densification exhausted samples.
The kinetic window of the undoped yttria ceramics shows narrow

width and is positioned at higher T2 temperature compared with the
titanium-doped products. On the other hand, the window of the tita-
nium-doped samples shifts to a lower T2 temperature region. The
window shift to lower temperature indicates that the titanium doping
enhances two-step sintering kinetics of yttria [24]. This titanium doping
effect is consistent with the normal sintering results. The grain
boundary mobility is greater in titanium-doped Y2O3, and it also en-
hances two step sintering kinetics, resulting in the T2 temperature shift.

The window width of titanium-doped Y2O3 clearly is broadened
with increasing grain size, G1, compared to the undoped ceramics. This
phenomenon is reported here for the first time and it indicates that for

titanium-doped ceramics, larger grain size impedes grain boundary
migration. The activation energy of titanium-doped Y2O3 is low enough
to maintain the grain boundary mobility at lower temperature. It ap-
pears that the immobile triple points after the first step (T1) become
more remarkable in the case of titanium doping and larger grain size.
This is advantageous for designing a two-step sintering strategy of
monodispersed sub-micrometer Y2O3 powder.

The sintering paths of monodispersed sub-micrometer Y2O3 pow-
ders are summarized in Fig. 4. The average grain size increases with
increasing relative density in the case of normal sintering. The pure
Y2O3 has finer grain size and lower relative density even at high tem-
perature, whereas the titanium-doped sample shows remarkable grain
growth phenomenon. The normal sintering results were compared with
the optimized two-step sintering paths in terms of achieving maximum
density and minimum grain size (T0_TS3, T0.5_TS7, and T1_TS7). The
grain size declined from 400 nm to 370 nm in the case of pure the Y2O3

ceramics denoted as T0_TS3. On the other hand, the grain size of Ti
1mol% one (T1_TS7) shows a significant decrease from 830 nm to
390 nm. It is also emphasized that the minimum average grain size is
similar (370 nm for undoped yttria and 390 nm for titanium-doped yt-
tria) for the two-step sintered samples. These results indicate that
suppression of grain growth via the two-step sintering method is more
effective in titanium-doped Y2O3 ceramics.

The two-step sintered products with full density were measured for
hardness. The Vickers hardness of the polycrystalline Y2O3 ceramics is
strongly related to the average grain size, as described in Fig. 5. The
variation in mechanical hardness with grain size follows the Hall-Petch
behavior [49]. It is a dislocation pile up mechanism, which presents a
linear relationship between the hardness value and the square root of
the grain size. The ceramics with smaller grain size have a large number
of grain boundaries that can act as obstacles to dislocation movement,
thereby resulting in high hardness. Maximum hardness of
7.8 ± 0.1 GPa is achieved in the undoped Y2O3 with a grain size of
370 nm. The hardness of the Ti 1mol% doped sample is improved to

Fig. 2. The sintered Y2O3 ceramics with different Ti-doping concentration; (a)
The relative density versus sintering temperature (b) Average grain size versus
sintering temperature.

Table 1
Two-step sintering of Y2O3 ceramics with monodispersed spherical powder.

Samples T1(°C) Relative
density (%)

Grain size
G1 (μm)

T2(°C) Relative
density (%)

Grain size
G2 (μm)

T0_TS1 1600 97.1 0.40 1375 99.6 0.41
T0_TS2 1550 96.4 0.36 1400 99.5 0.45
T0_TS3 1550 96.4 0.36 1375 99.5 0.37
T0_TS4 1550 96.4 0.36 1350 96.8 0.37
T0_TS5 1500 94.8 0.32 1450 98.8 0.58
T0_TS6 1500 94.8 0.32 1400 98.8 0.40
T0_TS7 1500 94.8 0.32 1350 94.8 0.32
T0_TS8 1450 88.5 0.23 1400 99.2 0.41
T0_TS9 1450 88.5 0.23 1350 88.5 0.30
T0_TS10 1450 88.5 0.23 1300 88.5 0.29

Table 2
Two-step sintering of 0.5 mol% Ti-doped Y2O3 ceramics.

Samples T1(°C) Relative
density (%)

Grain size
G1 (μm)

T2(°C) Relative
density (%)

Grain size
G2 (μm)

T0.5_TS1 1500 97.3 0.52 1450 99.6 1.12
T0.5_TS2 1500 97.3 0.52 1400 99.5 0.68
T0.5_TS3 1500 97.3 0.52 1350 99.2 0.52
T0.5_TS4 1500 97.3 0.52 1200 98.7 0.52
T0.5_TS5 1450 96.9 0.38 1400 99.0 0.72
T0.5_TS6 1450 96.9 0.38 1350 99.2 0.53
T0.5_TS7 1450 96.9 0.38 1300 99.0 0.38
T0.5_TS8 1450 96.9 0.38 1250 98.8 0.38
T0.5_TS9 1450 96.9 0.38 1200 97.5 0.38
T0.5_TS10 1400 81.2 0.20 1350 99.1 0.53
T0.5_TS11 1400 81.2 0.20 1250 95.9 0.25

Table 3
Two-step sintering of 1 mol% Ti-doped Y2O3 ceramics.

Samples T1(°C) Relative
density (%)

Grain size
G1 (μm)

T2(°C) Relative
density (%)

Grain size
G2 (μm)

T1_TS1 1500 97.1 0.56 1450 99.9 0.77
T1_TS2 1500 97.1 0.56 1400 99.9 0.64
T1_TS3 1500 97.1 0.56 1350 99.9 0.58
T1_TS4 1450 96.8 0.39 1400 99.4 0.67
T1_TS5 1450 96.8 0.39 1350 99.5 0.55
T1_TS6 1450 96.8 0.39 1300 99.5 0.46
T1_TS7 1450 96.8 0.39 1250 99.5 0.39
T1_TS8 1450 96.8 0.39 1200 99.5 0.39
T1_TS9 1450 96.8 0.39 1150 98.0 0.39
T1_TS10 1400 91.5 0.21 1350 98.8 0.54
T1_TS11 1400 91.5 0.21 1250 98.7 0.34
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8.4 ± 0.1 GPa with grain size of 390 nm. It is apparent that fully-
densified Y2O3 ceramics have higher hardness values with increasing
doping concentration, assuming the same grain size. The fracture of
Y2O3 ceramics is mainly caused by grain boundaries, and mechanical
properties can be improved by strengthening the grain boundaries. It
was recognized that titanium ions preferentially locate in the grain
boundaries and thereby strengthen these regions [17]. The enhanced
hardness of titanium-ion doped Y2O3 is attributed to the grain boundary
strengthening.

4. Conclusions

Titanium doping of Y2O3 sub-micrometer powder was conducted to
investigate its effects on the two-step sintering behavior.

(1) The titanium dopant improves the sinterability of sub-micrometer
Y2O3 powder by increasing the grain boundary mobility. Two-step
sintering is more efficient in the case of titanium-doped Y2O3, en-
hancing densification and suppressing grain growth. The optimized
grain size was 390 nm in the case of fully densified Ti 1mol% Y2O3

ceramics starting from 206 ± 20 nm particle size.

Fig. 3. Kinetic window for achieving full density without grain growth of
monodispersed submicron Y2O3 powders; (a) Ti 0mol% (b) Ti 0.5 mol% (c) Ti
1 mol%. Solid squares are reaching full densification without grain growth.
Above the upper boundary line is grain growth with full densification, and
below the lower line is densification exhausted.

Fig. 4. Relative density and grain size curves of Y2O3 ceramics with different Ti-
doping concentration in two-step sintering and conventional sintering; (a) Ti
0mol% (b) Ti 0.5 mol%.
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(2) The titanium dopant shifts the kinetic window to lower temperature
(T2) and significantly broaden the window width with increasing
grain size (G1) compared to pure Y2O3. This is advantageous for
designing a two-step sintering strategy for sub-micrometer Y2O3

powders.
(3) The Vickers hardness increased from 7.8 to 8.4 GPa, depending on

the titanium doping concentration. The titanium dopant enhanced
the hardness of fully-densified Y2O3 ceramics, assuming the same
grain size.
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