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Abstract

The sintering behaviour of conventional yttria powder was investigated, with emphasis on the effect of sintering additives such as
B,0s;, YF3, Al,O3, ZrO,, and TiO,, etc. at sintering temperatures from 1000 °C to 1600 °C. Powder shrinkage behaviour was analysed
using a dilatometer. The powder sintering mechanisms were identified at different temperatures using powder isothermal shrinkage
curves. This analysis showed that the sintering additives B,O3 and YF3 could improve yttria sintering by changing the diffusion/sintering
mechanisms at certain temperatures, while sintering additives TiO,, Al,O; and ZrO, appeared to retard the powder densification at
temperatures around 1000 °C and are more suitable when used at temperatures in excess of 1300 °C. The powder with La,O; added had
the slowest densification rate throughout the test temperatures in this experiment and was also found to be more suitable when used at
temperatures higher than 1550 °C.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Yttrium oxide (Y,0O;) has excellent inertness, refractory
character, high melting temperature (2410 °C) and optical
properties, and has now become a very attractive material
for industrial applications [1,2]. Because of its superior inert-
ness to chemical attack from molten Ti alloys during invest-
ment casting, yttria has been widely used as a face-coat
material in the investment casting of titanium aluminide alloys
for a number of years [3-5]. As a rare earth material, yttria
requires a very high sintering temperature, in excess of
1700 °C, in order to achieve a high density [6]. However, high
sintering temperatures ( > 1400 °C) for an yttria face-coat will
add to the production cost of the moulds. But reducing the
sintering temperature will lead to poorly-bonded yttria parti-
cles on the finished mould surface. These loose particles will
be easily pulled out during casting and will remain in the
metal after solidification, becoming inclusions [7]. Mean-
while, the uneven mould surface will also affect the surface
finish of the final components.
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In order to enhance the sintering properties of yttria face-
coats at relatively low temperatures, additives such as ZrO,
[8], ThO; [9], AlLO;3 [10,11], LayO5 [12], CaO [13], MgO [13],
and B,O; [14] were studied. These sintering additives can
enhance yttria sintering by changing sintering mechanisms.
Some of them can react with yttria to form new transient
liquid phases at comparatively low temperatures and enhance
yttria powder sintering. In this work, new sintering additive
compounds such as YF3, and TiO, are also investigated.

Powder sintering behaviour has been investigated by many
researchers [15-20,22], and several methods have been
published to identify the sintering mechanisms after introdu-
cing different sintering additives. Johnson and Cutler [19],
and Matsui [18] reported that the sintering mechanical
numerical constant ‘n’ can be predicted by studying the
isothermal shrinkage behaviour of the compacts. Wang [21]
applied these methods to predict the sintering mechanisms
and activation energy of sintering pure yttria, and the results
show that by sintering at around 1400 °C, yttria suffers
grain-boundary diffusion with activation energy of around
410 kJ/mol. Sintering additions of Mg and Nb can influence
the yttria sintering rate by changing the activation energy.

The current research was carried out to study the shrink-
age behaviour of yttria after adding sintering additives
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including B>Os, YF3, TiO,, Al,Os, and La,O5; to enhance
powder sintering at temperatures of around 1000 to 1600 °C.
In this study, the sintering mechanisms (72) of each sintering
additive were analysed based on isothermal heating dilat-
ometer methods. Powder particle morphologies at different
sintering temperatures were observed using scanning electron
microscopy (SEM), and the powder compositions at different
temperatures were identified by X-ray diffraction (XRD).

2. Materials and methods

Yttria powder with a mean particle size of 14 um (—200
mesh, Treibacher Industrie AG) was used as the starting
powder and blended with the sintering additives listed in
Table 1. Powders with additives were first mixed in de-
ionised water overnight and dried. About 3 g of dried
powder was weighed and pressed to a cylindrical compact
(13 mm in diameT'LSr) under a constant pressure of 26 MPa
using an Instron mechanical testing machine.

The particle size distributions of the various fillers were
analysed using laser powder particle size measuring equipment
(Coulter LS230), and the microstructure evolution of the
powder compact was analysed using a scanning electron
microscope after sintering at four different temperatures,
1000, 1200, 1400 and 1600 °C for 1 h in air. The anisotropic
shrinkage of the compacts during heating was measured as a
function of time using a dilatometer (NETZSCH DIL 402E).
The compacts were heated at a rate of 20 °C/min to the
different isothermal temperatures, namely 1000 °C, 1200 °C,
1300 °C and 1550 °C, held at temperature for 1 h and then
cooled down at the same rate to room temperature in air. The
phase transformations during the heating and dwelling process
at each temperature range were identified using X-Ray
diffraction with a beam incident angle between 20° and 100°.

3. Theory and calculation

3.1. Isothermal shrinkage

The sintering-rate equation for isothermal shrinkage at
the initial sintering stage is given by Eq. (1) [19]:

AL\ _ (KyQD\" ,
(2)-(e) v

Table 1
sintering powder compositions.

where:

AL/Ly=fraction shrinkage, L, is the sample original
length, and AL is the length change.

T=absolute temperature,

K=numerical constant,

D =self-diffusion coefficient,

y=surface energy,

t=time,

k=Boltzmann’s constant,

a=the spherical particle radius

n, p=sintering indices, themselves dependent on the
diffusion mechanisms [22] and

Q=atomic volume.

On taking logarithms, Eq. (2) is obtained:

AL KyQD
log| — ) =nl 1 2
og<L0> nog(kTap)—l-nogt (2)

As, for certain sintering mechanisms and temperatures,
nlog(KQyD/kTa’) equals to a constant A, the Eq. (2) can
be written as: log(AL/Ly) = A+nlog(t). Plotting log(AL/
Ly) against log(7), the mechanism specific constant n can be
obtained. Johnson and Cutler [19,23] reported that the
difficulty of measurement of the powder compact dimension
change of isothermal sintering due to experimental errors
caused by powder pre-sintering before reaching the set
isothermal holding temperature. In order to minimise the
pre-sintered problems of powder during heating, Matsui [18]
applied a corrective factor 6L in Eq. (2) with the correction
time 7, to analyse the sintering properties of ZrO, powder with
small amounts of Y,Oj3 additives. Based on Matsui’s research,
a new method was developed and used in this research to
predict powder sintering mechanisms at the early stage of
sintering. This new method used a corrected length ALy to
replace AL and a corrected isothermal sintering time (¢ —¢,) to
replace ¢ in Eq. (2). The definition of each factor is illustrated
in Fig. 1.

4. Results and discussion

4.1. Raw powder particle-size distribution and
microstructure

The powder particle-size distribution before test is given
in Fig. 2(a). It can be seen that the sintering additives had a

Sample ID Additives wt% of pure element mol% of sintering additives
Sample Y As received pure yttria —200 mesh powder

Sample YB B-,O; 2.0 17.4

Sample YAZ Al,O3, ZrO, 0.5 wt%A1,03-0.5 wt%ZrO, commercially available powder

Sample YT TiO, 2.0 8.56

Sample YF YF; 2.0 7.43

Sample YLa La,0; 2.0 1.57
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Fig. 1. A schematic diagram dilatometer test trace of the correction methods with annotations used in this paper.
narrower powder particle size distribution when compared as
to pure yttria. This might be due to particle agglomeration, . =
and which could be caused by the electrical charge 5r = =
at the powder surface after adding the additives. The ' YAZ
microstructure of the pure —200 mesh yttria is shown in = YT
Fig. 2(b). g ° YF
= ~ YLa
>
4.1.1. Powder XRD
Phase transformation of sample powders at different
sintering temperatures of 1000, 1200, 1400, and 1600 °C : ) , ) ) ) 4
0 10 20 30 40 50 60 70

were examined by XRD and the results are shown in
Fig. 3.

As can be seen from Fig. 3(a), very weak YF; peaks
were detected in sample YF when sintered at a temperature
of 1000 °C. By increasing the temperature to around
1200 °C, YF; phase peaks disappeared and only yttria
peaks were detected. This observation results confirmed
with Russel [24] and Mosiadz [25] observation, that the
compound YF; has a stabilisation temperature of around
900 °C and high temperature sintering will cause YF; to
evaporate and hardly be detected.

Compared to the YF; system, adding TiO, into yttria
caused a very complicated phase transformation to take
place. At the sintering temperature of around 1000 °C,
TiO, first reacted with yttria to form a Y,TiOs phase, and
this phase gradually transformed into a YTiO phase at a
temperature around 1400 °C. Kim et al. [26] reported that
this Y,TiOs phase was formed at a temperature around
920 °C, and at high temperatures, around 1390 °C, the
Y,TiOs phase transformed into a fluorite type structure
[27,28].

Boron can interact with yttria to form different com-
pounds at different temperatures [29]. At about 1000 °C,
B,0Os is interacted with yttria to form an YBOj3 phase, and
later another yttrium borate phase, Y3;BOg, at a tempera-
ture of around 1200 °C was formed. The phase transfor-
mations observed in this experiment were confirmed with
the literatures [30-33].

Particle diameter (um)

Fig. 2. (a) The powder particle size distribution of the different test
samples, and (b) the microstructure of as received —200 mesh yttria
powder.

Unfortunately, for sample YAZ, only yttria peaks were
detected at all sintering temperatures. From the literature
[34-37], small amounts of ZrO, and Al,O5 can form a solid
solution in yttria with no detectable peak change. Another
reason for little change may be that the amount of the
additives of ZrO, and Al,O3 was too low in this commer-
cially available powder and below the sensitivity of the
XRD test. Besides YAZ powder, there were also no new
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Fig. 3. XRD test results of powders sintered at different temperatures, (a) YF, (b) YLa, (c)YT, (d)YB, and (e) YAZ.
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compound peaks found throughout all the testing tem-
peratures of the sample containing 2.0 wt% La,0j3. This
may be explained by the sintering additive La,O3 having
very wide solubility in yttria from 0 to 20 mol% [38], so it
becomes a solid solute in the yttria lattice and hardly
detected.

4.1.2. Powder compact microstructure change

The powder compact microstructure is different for
different sintering additives systems and temperatures. By
observing powder-particle microstructures at different
temperatures (Fig. 4), it can be seen that the first observed
change is the shape of particles changing from angular to
smooth. Then, at higher sintering temperatures, more
materials diffused and this caused the formation of net-
works between particles. However, for some sample
powders (e.g. YB), upon reaching a certain temperature,
mass flow or diffusion took place with the dissolution of
small particles and the subsequent growth of large particles
to form new large spherical grains with pores trapped at
the grain boundaries.

4.1.3. Powder isothermal shrinkage properties

Powder compact isothermal heating properties were
measured using the dilatometer at different temperatures,
see Fig. 5.

As can be seen, after sintering at different temperatures,
the powder sintering behaviour is different for different

NONE

sintering additives. Due to low temperature dilatometer
‘bedding in’, there is a small amount of shrinkage taking
place in every sample at the temperatures around 200 °C.
After each sintering cycle, the total powder shrinkage is
different depending on the additive, e.g. for the yttria powder
sintered at around 1550 °C, the total (dL/Ly)% shrinkage
which took place is around 1.2% (Fig. 5(a)). The magnitude
of the total shrinkage of the powder compact is dependent on
the sintering temperature and type of sintering additives, and
the total shrinkage for each sample after the different heating
cycles shown in Fig. 5 is listed in Table 2 below.

As is illustrated in Table 2, the higher sintering tem-
peratures lead to larger shrinkage taking place. Compared
with the pure yttria compact, some powders with additives
seem to enhance the powder densification at temperatures
around 1200 °C, especially the YB and YF powder
systems. As the sintering temperature reached to 1300 °C,
the samples YF, YB and YT showed very obvious
shrinkage, and the YLa sample had the smallest shrinkage
at around 0.17% which was even smaller than that for
pure yttria at around 0.6%. The sintering behaviour of
YAZ powder at 1300 °C is quite similar to that of the
yttria powder. After sintering at 1550 °C for 1 h, except for
the YLa sample, all the samples had a larger shrinkage
than pure yttria. The slow densification of La doped yttria
was also be observed by Huang et al. [40] in studying the
sintering mechanism of 9 mol% lanthanum doped yttria
who found that La ions can enhance grain-boundary
mobility at temperatures from around 1500 °C to 1700 °C.

Jf&f

10pm WD 10.0mm

Fig. 4. YB sample powder microstructures at different sintering temperatures, (a) 1000 °C, (b) 1200 °C, (c) 1400 °C and (d) 1600 °C.
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Table 2
The total shrinkages (dL/Ly)% of the samples for different heating cycles.
Sample 1000 °C 1200 °C 1300 °C 1550 °C
Y 0 0.4 0.6 1.2
YB Expansion 1.2 2.2 7.3
YLa 0 0.05 0.17 0.85
YT 0 0.18 1.2 2.55
YF 0.45 0.5 2.25 1.5
YAZ 0 0.07 0.5 1.8

However, for samples YB and YAZ, there is an abnormal
sample expansion taking place at temperatures around
1000 °C and 1200 °C, and these expansions may be due to an
exothermic interaction which takes place between yttria and
the sintering additives which causes the powder compact to

expand.

After using the new correction method described in Section
3.1 of this paper, the corrected traces for isothermal sintering
are shown in Fig. 6. This takes into consideration the pre-
sintering of the powder during heating.

It can be seen that after the correction, the dimensional
change of the powder compacts in the test direction
increased with time. When sintering at 1000 °C, powders
YT, YLa and YAZ expanded, and after the sintering
temperature reached 1200 °C, all the powder compacts had
started to sinter. High sintering temperatures caused larger
densification to take place with higher sintering rates.
During the isothermal sintering test, the powder YB
showed the highest densification rate at all the test
temperatures, and powder compacts with La,O; and
YAZ retarded the densification of the yttria.

By taking logarithms of d(L.o;/Locor)% and (¢—ty) using
Eq. (2), the Arrhenius relationship of powder dimensional
changes can be determined and is presented in Fig. 7 for
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Fig. 6. The corrected shrinkage trace for the powder compacts during isothermal heating at temperatures of, (a) 1000 °C, (b) 1200 °C, (c) 1300 °C and

(d) 1550 °C.

different isothermal shrinkage temperatures. (Because
some powders expanded at lower temperatures, they are
not used for this analysis).

When sintering at comparatively low temperature of
1000 °C, some of the powder dimensional change rates did
not fully follow a linear relationship (YLa, YAZ and YT).
The high sintering temperatures caused a more obvious
densification of the powder compact and hence better
matched the Arrhenius relationship. The mechanism-
related numerical constant n can be obtained from the
slope of the traces and is shown in Table 3.

According to Rahaman [39] and Lukin [41], the vapour
diffusion sintering mechanism (VD) has an n value around
0.66, for bulk diffusion (BD) it is around 0.33-0.5, grain
boundary (GBD) has n values around 0.25-0.31, while
liquid-phase dissolution-precipitation (DP) mechanism
have the smallest n value, of around 0.10. Therefore, from
the above Table 3, it can be seen that at low sintering
temperatures (e.g. around 1300 °C), the dominant sintering
mechanism for yttria powder was bulk diffusion, and with
increasing sintering temperature, the sintering mechanism
gradually changed to grain boundary diffusion at tem-
peratures around 1550 °C. Wang [21] suggested that the
main sintering mechanism of yttria at temperatures from

1400 to 1500 °C is grain boundary diffusion, which very
similar to this experimental prediction.

By adding sintering additives, the sintering mechanisms
of powders were changed. Some additives such as B,Oj3
and YF; can enhance powder densification by changing
the lattice diffusion of yttria to grain boundary diffusion at
temperatures around 1200 °C, while the other additives
such as La,O; and TiO, retarded powder sintering and the
densification only takes place at higher temperatures,
which agreed with the results published by Huang [40]
and Gasgnier [1] stating that the La®* and Ti*" ions can
accelerate the grain growth of yttria, and the powder could
start to densify at temperatures around 1500 °C and
1300 °C respectively.

However, this correction method suggested that at
around 1200 °C, the dominant sintering mechanism of
YB systems is liquid phase sintering. As it was know from
the Y,03-B,03 phase diagram [29], the eutectic tempera-
ture is around 1373 °C, higher than the predicted liquid
phase forming temperature. But the researches of Hu [42],
Wu [43] and Luo [44] shows that the thin liquid pocket
could form at the local area in the system at the
temperature as much as 200 °C below the eutectic tem-
perature due to the element segregation.
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Fig. 7. The logarithms of the corrected shrinkage trace of powder during isothermal heating at different temperatures, (a) 1000 °C, (b) 1200 °C,

(c) 1300 °C and (d) 1550 °C.

Table 3

Sintering mechanism ‘n’ of each powder at different isothermal sintering
temperatures.

Sample ID 1000 °C 1200 °C 1300 °C 1550 °C
Y Expansion 0.31 0.32 0.27
YB 1.56 0.06 0.09 0.20
YAZ Expansion 0.28 0.36 0.18
YF 0.19 0.34 0.18 0.19
YT Expansion 2.86 0.27 0.21
YLa Expansion Expansion 0.17 0.16

5. Conclusions

In this study, different sintering additives were selected
and added to yttria powder to enhance sintering properties
in the initial stages of sintering. Based on this research
there are some conclusions which can be drawn.

1. According to the isothermal shrinkage curves for the
powder compacts, the sintering additives, B,O3; and YF;

proved to be the most effective compounds in this study

in promoting yttria sintering through enhancing materi-

als diffusion enabling different sintering mechanisms at

sintering temperatures from 1000 to 1600 °C.

. Additives such as Al,Os, ZrO,, and TiO, are more suitable

for this application when the sintering temperature is higher
than 1200 °C, and sintering additives such as La,O5 seemed
to work only at temperatures exceeding 1550 °C.

. The isothermal sintering-curve modification method

used in this research showed a good correlation with
the published data, except for the case when an
exothermic interaction took place between yttria and
the additives.
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