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Abstract

Densification rate and phase structure changes during sintering of nanosized ZnTiO5; were studied. Sintering was performed in a dilatometer in
two regimes: the first to 900 °C (heating rates 5, 10 and 15 °C/min) and the second to 1200 °C (heating rates 3, 5 and 10 °C/min). XRD analysis of
samples sintered at both temperatures combined with Rietveld structure refinement enabled determination of all phases present and their structure
parameters. Samples sintered to 900 °C contained ZnTiO3 and Zn,TiO4 with traces of r-TiO, (rutile) and Zn,TizOg, while samples sintered
t01200 °C contained only r-TiO, and Zn,TiO,4. A master sintering curve was defined for sintering to 900 °C enabling determination of the sintering

process activation energy as 313 kJ/mol.
© 2009 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Zinc titanates are promising candidates for low-temperature
sintering dielectrics [1,2]. Much work has been devoted to the
synthesis of ZnTiO3; powder [3,4]. Dopants have been added to
reduce the sintering temperature, but practical applications are
partly restricted due to unstable dielectric properties originating
from complex phase transitions [5].

Three compounds exist in the ZnO-TiO, system. Zn,TiO4
(zinc orthotitanate) has an inverse cubic spinel structure (Fd3m)
and is stable from room temperature to its melting (liquid)
temperature. ZnTiO; (zinc metatitanate) has a hexagonal
ilmenite structure (R3), a variant of the corundum structure
where the cations are ordered into two non-equivalent oxygen
sites. Zinc metatitanate is stable from room temperature to
about 945 °C. Zn,Ti3Og was first determined by Yamaguchi
et al. [6] as a low temperature form of ZnTiO; having a
defect cubic spinel structure with ordered cation vacancies
leading to degradation of the space group symmetry from Fd3m
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to P4532 [7,8]. Taking into account the binary phase diagram
for ZnO-TiO, [9] and literature data [3—7] the phase transitions
in this system, for the ZnO:TiO, = 1:1 powder ratio are:

. ~700°C .. 700—820°C
Zn0O + TiO, — ZnTiO; —

ZnTiOs + ZnoTiOy + ZnyTiz 05— €
ZnTiO; + ZnyTiOy + ZnyTiz0g +Ti0s ~—% “Zn, TiO, + TiO,
(D

Sintering is a very complex process and it usually involves
several diffusion mass transport mechanisms. It is accompanied
by changes in the microstructure [10,11]. If one diffusion
mechanism is dominant then, according to Su and Johnson [12],
the densification rate can be defined as:

ldp 3!2)/D0 I'(p) e /RT
pdt  ~ kg G' T
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where p is the relative density, 7 is time, §2 is the atomic volume,
y is the surface energy, Dy is the diffusion coefficient, G is the
mean grain size, Q is the apparent activation energy, R is the gas
constant, 7 is the absolute temperature and I{p) is a scaling
factor describing features in the microstructure characterizing
the microstructural geometry. When the terms related to micro-
structural and materials properties and terms related to the
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heating schedule are separated, then A includes all constants,
F(p) =T'(p)/G" and is a function only of density and 6(T) is a
function only of temperature. The conventional master sinter-
ing curve (MSC) defined by Su and Johnson [12] links the
work-of -sintering, 6 and the density at time 7 during the thermal
cycle, starting at ¢ = 0. It is unique for a given powder and green
body process and is independent of the sintering path. More
recently, the MSC was redefined to be a sigmoidal (S-shape)
curve [11,13]:

1 —py
1 + exp(—(Inb + a/b))

p=p+ €)

where p, is the relative density at the start of sintering, a and b
are constants defining the curve enabling a better fit between the
relative sintering density and In 6.

The purpose of this work was: (a) a detailed study of
sintering of nanosized ZnTiO; powder to 900 °C through
changes in the densification rate enabling determination of a
master sintering curve and the sintering process activation
energy and (b) sintering to 1200 °C enabling analysis of the
phase transformation of ZnTiO5 to Zn,TiO4 and r-TiO, through
changes in the sample densification rate, phase structure and
microstructure.

2. Experimental

Starting ZnTiO; powder (Aldrich, purity 99.5%, particle
size < 80 nm) was pressed on a Hydraulic press RING P-14,
VEB THURINGER under 98 MPa into pellets 8 mm in
diameter and then sintered in a Bihr Geritebau Type 802s
dillatometer with a tube furnace. The green samples were
sintered in the following way: first series to 900 °C with three
heating rates (5, 10 and 15°/min), hold time 68 min and cooling
to room temperature with a cooling rate of 10°/min and second
series to 1200 °C with three heating rates (3, 5 and 10°/min),
hold time 60 min and cooling to room temperature with a
cooling rate of 10°/min.

X-ray analysis was performed on a Seifert MZ IV
diffractometer with a Seifert ID 3000 high voltage
generator, step 0.02°, hold time 10 s. Structural refinement
was carried out by the Rietveld method using the GSAS
package [14] with the EXPGUI graphical user interface
[15]. Samples were analyzed for the presence of ZnTiOs,
Zn,TiO4, 7Zn,TizOg and r-TiO, (rutile). ZnTiO; was
refined as hexagonal, space group R3 (rhombohedral cell),
a=5.07833(3), ¢ =13.927(1) A, Z=6 [16]. Starting values
for atom parameters of ZnTiO; were taken from the
refinement of FeTiO; performed by Wechsler and Prewitt
[17]. All parameters were varied. Starting values for cubic
Zn,TiO, (space group Fd3m) were taken from Millard et al.
[18]. The cation distribution was assumed to be completely
inverse and only the cell parameters were varied. Starting
values for Zn,Ti;Og assuming a defect cubic spinel structure
(space group P4332) were taken from Steinike and Wallis [8].
Starting values for r-TiO, (rutile—space group P4,/mnm)
were taken from Meagher and Lager [19].

3. Results and discussion

The determined average green sample density was 2.34 g/cm’
(45.3% of the theoretical density of ZnTiOs of 5.16 g/cm®
[16]). Obviously denser green samples could be obtained by
applying higher pressures, but as the particle size of the starting
powder was small it was difficult to obtain green samples that
did not laminate prior to sintering when higher pressures
were applied.

XRD analysis of samples sintered to 900 °C, show that they
consist of mainly ZnTiO3 with some Zn,TiO,4 and r-TiO, and
traces of Zn,Ti30g (Fig. 1). Besides peaks noted for ZnTiO;
we can note the most prominent peaks for Zn,TiO4— (22 0)
and (3 11) and the most prominent peak (1 1 0) for r-TiO,.
The determined phase composition and cell parameters
(Rywp =0.0525) were 81.096 wt.% ZnTiO; a=5.07315,
c=13.91768 (density 5.180 g/cm®), 14.343 wt.% Zn,TiO,
a=8.44931 (5344 g/cm?), 2.805 wt.% r-TiO, a = 4.58533,
€=295652 (4.269 g/cm’®) and 1.756 wt.% Zn,Ti;Og
a = 8.40648 (4.500 g/cm3). The structural parameters obtained
for ZnTiO; are given in Table 1. Bond valence states in ZnTiOj;
were calculated from the determined bond lengths using VaL.ist
[20] and they were Zn = 1.893; Ti = 4.252 and O = 2.048. The
value of the lattice parameter determined for Zn,TiO, is
slightly lower than the literature value of Millard et al of
a = 8.46948 [18]. The decrease in the lattice parameter value
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Fig. 1. Rietveld plot (program GSAS) with observed and calculated XRD
patterns for the samples sintered to 900 °C (the peak positions of different
phases are shown as small solid bar markers at the bottom of the figure in the
following order from top to bottom: Zn,Ti;Og, 1-TiO,, Zn,TiO4 and ZnTiO3).

Table 1

Structural parameters obtained for ZnTiOs.

Atom x y z Uiso

Zn 0 0 0.360643 0.00720
Ti 0 0 0.145423 0.00809
(¢} 0.326469 0.025956 0.244553 0.00813

Metal-oxygen bond lengths A)
Zn-0 2.26998(3) Ti-O
Zn-0 2.02952(2) Ti-O

2.10851(2)
1.82770(2)
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Fig. 2. Density as a function of temperature for samples sintered to 900 and
1200 °C.

indicates that some excess titanium has been incorporated into
the Zn,TiO, crystal lattice [7]. Rutile solubility in zinc
orthotitanate is up to 0.33 mole at temperatures below 945 °C.
At temperatures above 820 °C Zn,Ti;Og if present decomposes
to Zn,TiO4 and r-TiO, where rutile is incorporated into the
cubic spinel lattice of zinc orthotitanate until saturation is
reached after which a composite phase of rutile and zinc
orthotitanate can be observed. Also, at 900 °C ZnTiO5 starts to
decompose into Zn,TiO,4 and rutile [15]. This is the reason why
in samples after sintering at 900 °C besides ZnTiO; we
observed Zn,TiO,4 and r-TiO, with only traces of Zn;Ti3Osg.

Using shrinkage data obtained from dilatometric experi-
ments the sample density was determined as:

f) = Po 4
0 T Ly @
where p, is the starting sample density, L is the initial sample
length and AL(?) is the change of sample length and ¢ is time.
Fig. 2 shows the dependence of the density on temperature for
samples sintered to 900 °C using different heating rates. The
final sample density is on average 87.2%. A master sintering
curve was determined using this density data in the temperature
range 600-900 °C and the MSC software [11] and it is shown in
Fig. 3. The activation energy was determined through mini-
mizing the error between the experimental data and the MSC
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Fig. 3. Master sintering curve in the temperature range 600-900 °C.
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Fig. 4. Rietveld plot (program GSAS) with observed and calculated XRD
patterns for the samples sintered to 1200 °C (the peak positions of different
phases are shown as small solid bar markers first r-TiO, and then Zn,TiOy).

model as 313 kJ/mol. Thus, in this temperature range one
sintering mechanism is dominant.

XRD analysis of samples sintered to 1200 °C shows that at
this temperature Zn,TiO4 and r-TiO, are present (Fig. 4). The
determined phase composition and cell parameters are:
75.93 wt.% Zn,TiO, (density 5.331 g/em®) a =8.455931,
u=0.262041, degree of inversion assumed to be x=1 and
24.07 wt.% 1-TiO, (4.248 g/em’) a = 4.594239, ¢ = 2.959295
(Rwp =0.0423). There is a small peak at about 31.6° (26) that
remains unidentified. It does not originate from the determined
phases present or from ZnTiO; nor Zn,Ti;Og. It could possibly
be the high pressure polymorph of TiO,, peak (1 1 1) [21], or
the (1 0 0) peak of ZnO that is more probable [22]. The value of
the lattice parameter determined for Zn,TiO, is similar to the
value obtained by Kim et al. (a = 8.4558) for the 1ZnO-1TiO,
nominal composition that after sintering at 1150 °C resulted in
the presence of zinc orthotitanate and rutile phases [1].

The change of sample density with temperature for samples
sintered to 1200 °C is also shown in Fig. 2 where one can see
that the density increases until the temperature of about 955 °C
when the sample density slightly decreases to about 970 °C
after which it again increases linearly. The average final sample
density was determined as 93%. Taking into account the phase
diagram for the ZnO-TiO, system and the phase transitions in
this system described with Eq. (1) complete transformation of
ZnTiO; into Zn,TiO,4 and r-TiO, is expected at temperatures
above 950 °C and it is accompanied by a slight density decrease
due to the difference in molar volume between the low and high
temperature phases. The temperature up to which the
previously determined MSC curve (with activation energy of
313 kJ/mol) can be applied is 900 °C (Fig. 3) as decomposition
of ZnTiO;3 into Zn,TiO,4 and r-TiO, occurs in the temperature
interval between 900 and 950 °C. Above 900 °C we were not
able to define a MSC curve, we attempted to do so in the
temperature interval 1000-1200 °C when sintering of the
Zn,TiO,4 and r-TiO, mixture takes place, but obviously in this
temperature interval two or more sintering mechanisms operate
simultaneously. Also, one cannot exclude grain growth during
the sintering process. The phase transition of ZnTiO; into



3220 M.V. Nikolic et al./Ceramics International 35 (2009) 3217-3220

Zn,TiOy is characterized by nucleation and grain growth [23].
First at temperatures in the vicinity of the true thermodynamic
transition temperature while heating and before the new phases
appear positions of all atoms correspond to the initial phase.
Formation of the new phase is the consequence of fluctuations
bringing atoms to new positions. Above a critical volume they
form “‘nuclei” of the product phase. The nuclei are formed at a
certain rate and they are followed by propagation of the new
phase at a faster rate.

4. Conclusion

Sintering of nanosized ZnTiO3; powder to 900 °C results in
samples that have a certain amount of porosity (on average
13.8%), but the shrinkage (densification) rate is quite high
taking into account the porosity of the starting samples. Also
at this temperature sintered samples contain besides ZnTiOs,
Zn,TiO4 and r-TiO, and traces of Zn,TizOg, but a unique
MSC could be defined for the sintering process regardless of
the heating rate with a sintering process activation energy of
313 kJ/mol. Sintering of nanosized ZnTiO; powder to
1200 °C results in samples in which a complete transforma-
tion of the starting ZnTiO3 into Zn,TiO4 and r-TiO, has
occurred.
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