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The ZrO,-TiO, phase diagram was determined experimentally between 800 and 1200°C, 1
atm, extending our knowledge of this system to temperatures previously inaccessible for
equilibrium experiments due to sluggish kinetics. The crystallization of the ordered
(Zr,Ti),04 phase from the oxides was facilitated by the addition of flux (CuO or
Li,Mo0Q04/Mo0Qs3), and seeds. Two ordered (Zr,Ti),04 phases with different compositions
were identified, and their phase relationships with TiO, and ZrO, solid solutions
investigated. Structure data, superstructure reflections and composition were used to
locate the ordering phase transition of (Zr,Ti),04 in equilibrium with ZrO, and TiO,. At the
onset of ordering between 1130 and 1080°C, (Zr,Ti),04 is of composition Xt; = 0.495 + 0.02,
and displays a dramatic change in b-dimension. At 1060°C and below, the composition of
(Zr,Ti),04 is significantly more Ti-rich and dependent on temperature, ranging from Xt =
0.576 at 1060°C to 0.658 at 800°C. This variability in composition of the ordered phase
contrasts with previous studies that suggested the composition to be constant at either Xy;
= 0.667 [ZrTi,O¢] or 0.583 [Zr5Ti;O24]. When grown at low temperatures and with lithium
molybdate, the crystals of ordered (Zr,Ti),04 are acicular to needle shape, and develop
distinct square cross-sections and end facets.

© 2005 Springer Science + Business Media, Inc.

1. Introduction
The ZrO,-TiO, phase diagram has been intensively
studied over many years because it plays an impor-
tant role for the synthesis and processing of industrial
ceramics based on the various polymorphs of the com-
pounds TiO,, ZrO,, and (Zr,Ti),O4 [1-7]. Especially
the intermediate phase zirconium titanate (Zr,Ti);Oy4,
which is a solid solution including compounds such
as ZrTiOy, Zr5Ti;0y4 and ZrTi, Og (Srilankite), has re-
ceived much attention in the past due to its outstand-
ing dielectric properties in the microwave frequency
range [8—12]. These properties make it a candidate for
ceramic resonators in wireless communication appara-
tus such as GPS and mobile phones, a market sector
that currently enjoys exponential growth. The accurate
knowledge of the ZrO,-TiO, phase diagram is essential
for the design and production of high-quality ceramics
based on these chemical compounds, especially when
low-temperature synthesis methods are targeted.
While detailed phase diagrams are available for the
high-temperature regions above 1200°C, [6, 7] where
reactions proceed rapidly and synthesis experiments
result in true equilibrium assemblages, such experi-
ments are made difficult at lower temperatures due to
slow kinetics. For example, experimental studies dis-
agree significantly on the location of the two-phase field
tetragonal-monoclinic ZrO, [1, 4, 5, 13] because heat-
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ing and cooling experiments are characterized by hys-
teresis effects of up to 300 K [14, 15]. Another specific
problem caused by slow kinetics in this system has been
the crystallization of ordered (Zr,Ti),04, the stable in-
termediate phase below 1125°C, because it simply does
not form spontaneously from the oxides in its stability
field. This could be due to slow diffusion of the reac-
tants, slow reaction rates, or nucleation problems. The
difficulties of obtaining well-crystallized (Zr,Ti),O4 at
equilibrium below 1200°C “have frustrated attempts
... [to clarify] the stable low-temperature phase rela-
tions” [16].

Therefore, earlier studies synthesised the ordered
phase exclusively via the disordered polymorph, which
was sintered well above 1300°C and then cooled
slowly, allowing the material to order successively
between 1125 and 800°C [17]. With this synthesis
method, the degree of order in the structure is sig-
nificantly influenced by the cooling rate [11], and by
additives such as Y,0O3 [7]. While these experiments
showed that an ordered (Zr,Ti);O4 phase is stable at
lower temperatures, the exact compositional bound-
aries of its stability field could not be determined
because of the uncertain state of equilibrium of the
samples that had been cooled slowly over hundreds
of degrees. McHale and Roth [7] suggested the or-
dered phase to be of composition X1; = 0.67 [ZrTi;Og],



because they observed a tripled a-dimension compared
to the disordered phase («-PbO, structure), indicative
of a structure type AB,Og¢ such as fersmite. Sham et
al. (1998) proposed Zr5Ti;Oy4 to be the stable ordered
phase, based on X-ray diffraction (XRD) patterns of
samples prepared via the sol-gel method, and annealed
at low temperatures [18]. The sol-gel method however,
is prone to result in metastable phases in the ZrO,-
TiO, system, so that the equilibrium state of those
samples is also uncertain [19, 20]. The composition
of ordered (Zr,Ti),04 in equilibrium with other phases
is not reported, possibly due to small grain size and
ZrO;,-inclusions making microanalysis difficult.

From a manufacturing point of view, the synthesis
method of ordered (Zr,Ti),04 by slow cooling below
1125°C has the disadvantage that cracks develop in the
sample due to the volume change induced by the order-
ing transition [7]. Moreover, the ordering of (Zr,Ti);O4
goes hand in hand with a change in composition to-
wards higher Ti-contents, thus causing exsolution of
a ZrO, phase which remains in the sample as impu-
rity. Both ZrO, impurities and shrinkage cracks dimin-
ish the dielectric properties of the (Zr,Ti);O4 ceramic,
which is therefore rendered useless for industrial pur-
poses and precise dielectric measurements [10]. Be-
cause of this synthesis difficulty, it is the disordered,
high-temperature polymorph that is exclusively used
in industry today, rather than the ordered form. Note
that increasing order of the crystal structure has in fact
been suggested to improve the dielectric properties of

TABLE I

(Zr,Ti); Oy, but the experimental evidence was not con-
clusive due to lack of high-quality samples [10].

The recent development of a high-pressure synthesis
method of the ordered phase directly from the oxides
inspired the present study [21, 22]. This high-pressure
method succeeded in the growth of the ordered phase
from the oxides at equilibrium below 1125°C by ad-
dition of a flux. The study also found that the reac-
tion does not occur spontaneously at pressures below
13 kbar, and that seeds of ordered (Zr,Ti),O4 have to
be added to overcome apparent nucleation difficulties
of the ordered phase from the oxides. Thus, the present
study is based on synthesis experiments at atmospheric
pressure that were catalysed by a flux and seeds of or-
dered (Zr,Ti),04 obtained at high pressure. This new
data helps refine the ZrO,-TiO, phase diagram below
1200°C.

2. Experimental procedure

Experimental details are shown in Table I. Starting
mixes were prepared from the oxides TiO, (Degussa),
ZrO, (SPEX), CuO (Aldrich), Li,MoOy4 (Aldrich),
MoOs3 (Analar), and (Zr,Ti),O4 seeds. The ordered
phase with composition X1; = 0.61 used for seeding
was synthesised from the oxides at 20 kbar and 1200°C
with an ammonium carbonate mixture as flux, as de-
scribed in Troitzsch et al. [20]. Fluxes used were either
CuO, or a mixture of Li,MoQO,4 and MoO3 in a mass
ratio of 1:1.6 [28]. The oxides ZrO, and TiO, were

Experimental run conditions and results used in Figs 2, 3 and 4. Run products are solid solutions of ZrO; [Z], (Zr,Ti)»04 [ZT] and

TiO; [R]. Phases that occur in trace amounts, or as relic phases which are not part of the equilibrium assemblage, are bracketed. Subscripts show
composition of the phases [mol% TiO,] determined with SEM. Standard deviation for all data points is less than 1 mol% (for R and Z) and 1.5 mol%
(ZT below 1200°C), except when compositional ranges are given (e.g. ZTs3.3_69.2) based on maximum/minimum values. Also shown are the unit-cell
dimension b of (Zr,Ti); 04, and the relative intensity of superstructure reflection [200] compared to main peak [311] of (Zr,Ti),O4, for those samples

whose XRD pattern allowed their determination

Mix TiO; bof ZT

Run no. mol.% Flux Seeds T [°C] Time [h] Run products# [A] Rel. Int. [200]%
1/ATMU140 65 LiMo + 800 168 718 + ZT64.0-65.8 + Rog.7 5.320(1) 20.2 £ 3.2
2/ATMU121 65 CuO + 950 192 Z37 4+ ZT619-633 + Ro70 5.326(1) 7.1 &£ 0.6
3/ATMU108 35 CuO + 1000 144 Zyr +ZTs98 5.330(1) 73 £ 09
4/ATMU109 70 CuO + 1000 144 ZTe25 + Ros.a 5.328(1) 73 £ 0.5
5/ATMU122 65 CuO + 1020 168 ZTs93-61.6 + Roe.1 5.331(1) 8.1 £ 04
6/ATMU117 35 CuO + 1060 161 Zsg8 + ZTs59.1-62.3 + (Ros5.3) 5.344(1) 73 £ 23
7/ATMU118 70 CuO + 1060 161 (Zs8) +ZTs8.1-61.6 + Ros.a 5.344(1) 55+ 13
8/ATMU177 55 LiMo + 1060 120 Zes +ZTs90 + Ros9 5.337(1) -
9/ATMU176 55 LiMo + 1080 96 Zg2 + ZTag1-496" + Roaa 5.397(1) -
10/ATMU96 3 CuO - 1100 93 Z30 - -
11/ATMU96 7 CuO - 1100 93 Z4o +Zog - -
12/ATMU96 11 CuO - 1100 93 Z11.1 - -
13/ATMU96 20 CuO - 1100 141 Z137 + Ros6 - -
14/ATMU113 35 CuO + 1100 141 Z133 + ZT* 4+ (Roa) - -
15/ATMU114 70 CuO + 1100 96 Z 4+ 7ZT* + Ro33 - -
16/ATMU169 55 LiMo + 1105 120 (Z) + ZT488-507" + Roao 5.423(1) -
17/ATMU163 75 CuO + 1110 168 Z137 + ZT51.6-52.0" + Roga - 23 + 1.7
18/ATMU168 55 LiMo + 1130 96 (Z) + ZT487-503* + Ro3 3 5.444(1) -
19/ATMU115 70 CuO + 1160 96 ZTs52.1 + Roz 6 5.465(1) -
20/ATMU116 35 CuO + 1160 96 Z13.0 +ZT509 5.465(1) -
21/ATMU73/5 50 — - 1200 86 (Z) + ZT500 + (R) 5.473(1) -
22/ATMU70/5 50 - - 1400 25 ZTs00 5.479(1) -
23/ATMU72/5 50 — - 1600 31 ZTs0.0 5.484(1) -

# All run products contain traces of the respective flux

*Composition of ZT that surrounds cores of composition Xt; = 0.61 (ie. ZT-seeds).



dried at 1100°C before weighing into various propor-
tions. About 5 wt.% of seeds and 5 wt.% of either
flux were added to all samples to be equilibrated below
1200°C, and everything ground together with acetone
in an agate mortar. About 20 to 40 mg of the start-
ing mix was pressed into 2-mm platinum-capsules,
which were crimped shut. The bench-top muffle fur-
nace used for experiments has an accuracy of +1°C.
At the end of each run the samples were quenched
to room temperature in less than one minute in order
to prevent any further ordering of (Zr,Ti),O4 during
cooling.

Although both fluxes catalysed the formation of or-
dered (Zr,Ti),04, each flux slowly disappeared during
the experiments, sometimes even before the reaction
was complete. This is probably due to evaporation since
both fluxes have a high volatility. In addition, copper
slowly alloyed with the Pt-capsule.

In an attempt to grow large single crystals of or-
dered (Zr,Ti),04, one experiment (ATMU134) was car-
ried out with an especially large amount of lithium
molybdate flux (70 wt.%). This time the seeds were
not ground with the mix, but added as one layer sand-
wiched between the ZrO,-TiO,-flux mix inside a 5-
mm Platinum-capsule. The sample was equilibrated
at 800°C for 96 hours, resulting in single crystals
(Zr,Ti);O4 up to 0.1 mm long (see below).

All samples except ATMU134 were analysed with a
Siemens D501 diffractometer using Cu Ko radiation,
between 5 and 90° 2-theta, at a step width of 0.02° and
scan speed of 0.5° per minute. Unit-cell dimensions of
(Zr,Ti),04 were determined with the Rietveld method
using the program RIETAN-2000 to facilitate the de-
tection of order in the structure [7, 23]. Quantitative
analyses were obtained with a JEOL JSM-6400 scan-
ning electron microscope at 15 kV and 1 nA, using
synthetic, homogenous zirconolite as standard for Zr
and Ti.

3. Results and discussion

3.1. Equilibrium composition

Experimental results are listed in Table I, which reports
what we interpret to represent the equilibrium compo-
sition of each phase, based on textural evidence and
reproducibility of the composition across the sample
[20, 21].

The equilibration of assemblages involving ordered
(Zr,Ti),O4 was commonly incomplete, and only exper-
iments at 1000 and 1020°C resulted in two-phase as-
semblages that would be expected based on the Gibbs
phase rule (Fig. 1a). These temperatures seem to pro-
mote reaction rates of the ordered phase that are fast
enough to overcome the problem of flux evaporation
discussed above. Those samples that only reached lo-
cal equilibrium displayed reaction textures that helped
to identify the actual equilibrium compositions of the
phases. Examples are pure ZrO; relics that are fully en-
closed in a more Ti-rich ZrO, solid solution of homo-
geneous composition, and cores of seed composition
in ordered (Zr,Ti), Oy, that are surrounded by a distinct
rim of different composition (Fig. 1d and e). In these

cases the cores were regarded as relics, and the rim as
the new equilibrium compositions. In contrast to this,
TiO; solid solution generally equilibrated completely
throughout the grains, suggesting that the diffusion rate
or reactivity of Zr could be a major controlling factor
in this system.

3.2. Fluxes

The CuO-melt flux, which it is known to perform well
in high-P experiments, [20] produced well-equilibrated
to partly-equilibrated assemblages (Fig. 1a-+b, runs no.
2 to 7 in Table I) except below 950°C and between
about 1080 and 1130°C (Table I). Experiments in these
temperature regions were therefore carried out with
lithium molybdate flux.

The ineffectiveness of CuO-flux below 950°C sug-
gests that the melting point of the ZrO,-TiO,-CuO sys-
tem is approached, and that samples below that temper-
ature were sub-solidus, and thus without the diffusion-
enhancing effect of the CuO-melt flux. Although the
melting point of this ternary system is not precisely
known, the onset of melting near 950°C would be con-
sistent with the eutectic temperatures of the binary sys-
tems CuO-ZrO, and CuO-TiO, at 1130 and 910°C,
respectively, with very Cu-rich eutectic compositions
(>84 mol% CuO) [24,25]. Run No. 1 at 800°C (Table I)
was therefore carried out with the lithium molybdate
flux, which has a lower melting point than the CuO flux.
Although three phases are present in this sample (solid
solutions of rutile, zirconia and ordered (Zr,Ti);,O4)
(Fig. 1¢), indicating that it only equilibrated locally, all
three phases have homogeneous compositions across
the sample that are consistent with the experiments at
higher temperature (Fig. 2). Ordered (Zr,Ti),O4 devel-
oped into well-shaped, elongated crystals of homoge-
neous composition, which are much larger than the
original seeds, thus clearly indicating growth of the
phase from the oxides. While lithium molybdate flux
worked better than CuO at this temperature, its volatil-
ity still caused it to evaporate before the reaction was
complete.

The diminished effectiveness of the CuO flux above
1080°C could be due to increased reduction of Cu®* to
Cu™ [24], and/or faster evaporation of the copper ox-
ide at these temperatures. The failure of the CuO flux
at these temperatures is demonstrated for example by
experiments 14 and 15 (Table I) in which ZrO, and
TiO, solid solutions reached equilibrium, whereas the
ordered phase was present only as the seeds that were
part of the starting mix, and had not grown. The com-
plete equilibration of the samples with CuO at 1160°C
(runs 19 and 20, Table 1) was possibly helped by the
fact that it was disordered (Zr,Ti),O,4 that crystallized,
which is known to react more rapidly compared to the
ordered phase.

In contrast to CuO, the lithium molybdate flux catal-
ysed the reactions in our experiments, in particular the
growth of ordered (Zr,Ti),Oy4, across the entire temper-
ature range discussed here (800 to 1200°C). However,
the samples equilibrated only locally, leaving behind
abundant relic phases of the starting mix.



Figure I SEM images of polished (a to f) and unpolished samples (g and h). (a) 4/ATMU109, (b) 19/ATMU115, (c) 1/ATMU140, (d) 18/ATMU168,
(e) 9/ATMU176, (f) 10/ATMU96, (g) and (h) ATMU134. Scale bars are 1 um in (d), and 10 wm in all others. Abbreviations: Z-zirconia, R-rutile,
ZT-zirconium titanate, tetr.-tetragonal.
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Figure 2 The ZrO;-TiO, phase diagram at atmospheric pressure based
on experimental data (Table I). Data above 1200°C from Troitzsch and
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Figure 3 Unit-cell dimension b of (Zr,Ti),04 at different temperatures
(Table I). Dashed lines refer to the compositional jumps of the (Zr,Ti),O4
phase as shown in the phase diagram (Fig. 2).

3.3. Order in the (Zr,Ti),04 structure

The b-dimension is a well-known, sensitive indicator
for the state of ordering in (Zr,Ti);04, and was de-
termined for every sample (Table I, Fig. 3). Note that
previous studies reporting the change in b with temper-
ature, used samples that were of constant composition
(usually X1; = 0.50). These were also cooled slowly
to the target temperature and then quenched [26,27].
In contrast to this, the data shown in Fig. 3 are based
on the equilibrium composition of (Zr,Ti);O4 at each
temperature, thus applying directly to the phase dia-
gram. Only above 1200°C, where the composition of
the disordered phase spans up to 16 mol.% were sam-
ples with X1; = 0.50 used, which is close to the average
composition (runs 21 to 23, Table I). Fig. 3 shows that
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Figure 4 Relative intensity of superstructure reflection [200] compared
to main peak [311] of ordered (Zr,Ti);O4 (Table I). Errors were based
on absolute peak hight relative to background scatter.

equilibrium (Zr,Ti);O4 begins to order somewhere be-
low 1200°C,with a significant drop in b, between 1160
and 1060°C, indicating major rearrangement, i.e. or-
dering of the structure.

Another indicator of ordering is the appearance and
intensity of superstructure reflection [200] in the XRD
pattern of ordered (Zr,Ti);04. Fig. 4 shows how the in-
tensity of the [200] peak relative to the main peak [311]
(Table I) decreases with temperature. The linear extrap-
olation of this trend to zero intensity suggests that the
onset of ordering lies near 1158 & 10, which is in good
agreement with the estimates based on the b-dimension
(Fig. 3) and the compositional jump (Fig. 2). Note that
the intensity at 1100°C (Fig. 4) may be may be slightly
overestimated due to the presence of relic seeds of
ordered (Zr,Ti),O4 from the starting mix (Table I foot-
note). The appearance of the superstructure reflection
in the XRD patterns (Table I) cannot be used as the sole
measure for the onset of ordering, because the reflec-
tion is initially very weak and may be drowned in the
background scatter, especially since ordered (Zr,Ti),O4
comprises only a few percent in most of the samples
equilibrated near the onset of ordering (runs 9 to 18).

Due to lack of TEM data of the samples presented
here it is not possible to distinguish between a partly
or fully ordered structure. The term ‘ordered’ as used
throughout this study thus refers to both partly and fully
ordered (Zr,Ti);Oq4, without discerning exact ordering
patterns [17, 29].

3.4. Phase diagram

Fig. 2 shows the ZrO,-TiO, phase diagram constructed
from the experimental data presented here (Table I),
combined with those of Troitzsch and Ellis [21] above
1200°C. Ordered (Zr,Ti),0y4 is the stable intermediate
phase below about 1160°C. Its phase field contrasts
that of the disordered form in that it is narrow, span-
ning only about 2 mol.% at one temperature, but with a
distinct dependence on temperature. The average com-
position of ordered (Zr,Ti);O4 changes continuously
from X1; = 0.649 at 800°C to 0.604 at 1060°C, where



a jump occurs to about 0.49 at 1080°C. Note that this
jump does not correspond to the monoclinic-tetragonal
phase transition of the ZrO, solid solution located be-
tween 1080 and 1100°C. Since the abrupt change in
(Zr,Ti),0O4 composition coincides however with a dra-
matic change in b-dimension (Fig. 3) and therefore state
of order in the structure, it appears that two distinct
ordered phases of (Zr,Ti);O4 may have to be distin-
guished above and below 1070°C. Above this temper-
ature the composition remains unchanged within error
to at least 1130°C, but displays another small jump to
about X1; = 0.515 at 1160°C, which seems to mark
the transition to the disordered phase with b > 5.45 A
(Fig. 3).

A detailed crystal structure study will be necessary
to elucidate the processes going on in the transitional
phase between 1070 and <1160°C, which displays the
dramatic change in b-dimension without much varia-
tion in composition. This phase was typically found as
rims around cores of relic seed composition (Fig. 1d
+e). Its crystal shape was rather equi-dimensional
(Fig. 1d) and similar to that of the disordered form
in our experiments (Fig. 1b), as well as to the disor-
dered ZrTiO4 crystals grown with lithium molybdate
flux by Sugai and Hasegawa (1968) [28].

In contrast to this, below 1070°C the ordered phase
develops distinctly elongate crystals (Fig. 1a, ¢). When
grown at 800°C with large amounts of lithium molyb-
date flux (sample ATMU134), ordered (Zr,Ti);O4
formed needles up to 0.1 mm long with square cross
sections and end-facets (Fig. 1g and h). If optimised,
this flux method could provide a way of producing
single crystals large enough to be used for dielectric
measurements in different crystallographic directions.
It could overcome the problems of shrinkage cracks and
ZrO-inclusions in the sintered samples by Azough et
al. (1986), helping to determine and understand the di-
electric properties of this material in comparison to the
disordered form [10].

A series of experiments with different compositions
at the ZrO;-rich end of the phase diagram (Fig. 2) en-
abled us to bracket the monoclinic-tetragonal phase
transition of Ti-bearing zirconia at 1100°C (runs 10
to 15, Table I). Although tetragonal zirconia is not
quenchable, but reverts back to the monoclinic structure
upon cooling, its existence in our experiments above
about 1090°C is suggested by the higher Ti-content of
zirconia at these temperatures (Fig. 2). The six experi-
ments at 1000°C were interpreted as follows. Runs 10
and 12 with starting mixes with 3 and 11 mol.% TiO,
reacted completely to zirconia with Xp; = 0.03 and
0.11, respectively, so that run 10 obviously lies within
the stability field of the monoclinic phase, and run 12
inside the tetragonal one. Two different zirconia phases
coexisted in run 11 (7 mol% TiO,) which were of the
compositions Xt; = 0.098 and X1; = 0.040. While the
Ti-rich phase was well crystallized and formed subhe-
dral to euhedral grains up to 40 wm in size, the Ti-poor
zirconia formed the more finely grained (<5 wum),
interstitial mass (Fig. 1f). We interpret these two zirco-
nias to represent coexisting monoclinic and tetragonal
phases at 1100°C, and that run 11 therefore represents

the inside of the ‘donkey-ear’ of the phase transition
(Fig. 2). Note that the textures of this sample are dis-
tinctly different to those of an incomplete reaction with
relic cores of pure ZrO, described above. Pure ZrO,
was not present in this sample.

Previous studies determined the phase transition
temperature of zirconia with heating and cooling ex-
periments that were characterised by strong hystere-
sis effects and therefore temperature uncertainties. The
fluxed method used here entirely equilibrated the zir-
conia assemblages at the target temperature, allowing
a more precise location of the transition temperature or
composition. More experiments slightly above and be-
low 1100°C could further detail this area, whereby the
different morphologies of the monoclinic and tetrago-
nal populations would help to determine wether a one-
phase or a two-phase field was encountered.

4. Conclusions

The synthesis method with flux and seeds developed
at high pressures [20, 22] was successfully applied to
atmospheric pressure syntheses, and effectively equili-
brated the phase assemblages in the ZrO,-TiO, system
below 1200°C. The phase diagram thus extended by
400°C, differs from previously published work in that
the composition of ordered (Zr,Ti),O4 is dependent on
temperature, rather than being constant [7, 18]. More-
over, we cannot find evidence for a previously sug-
gested two-phase field of coexisting ordered and disor-
dered (Zr,Ti);O4 [7]. Rather, the onset of the ordering
transition was marked by the stability of a (Zr,Ti),O4
phase with a composition (Xg; = 0.495) that differs
from both disordered (Zr,Ti),O4 above 1160°C and or-
dered (Zr,Ti),O4 below 1060°C. Thus two different or-
dered phases were distinguished based on their compo-
sition. Detailed TEM investigations will be necessary
to determine their exact ordering patterns [29].
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