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INTRODUCTION

The diagram of state of the ZrO2–TiO2 sys-

tem reported in monograph [1] was later veri-

fied by the authors of [2] for the low-temper-

ature region. The high-temperature α-ZrTiO4

is composed of Ozirconium and titanium atoms

surrounded octahedral by oxygen [3]. Below 1125

°C, a low-temperature β-form exists, in which

zirconium atoms are surrounded by seven or

eight oxygen atoms [4]. Ordering of the high-

temperature α-ZrTiO4 is observed in zirconi-

um-deficient zirconium titanate Zr5Ti7O24 at high

temperature, while at temperature below

1200 °C all ZrTiO4–Zr5Ti7O24 compositions un-

dergo continuous phase transitions with an in-

crease in ordering of the distribution of tita-

nium and zirconium atoms [5, 6].

As a rule, investigating the indicated sys-

tems one starts from the samples obtained by

calcination of  a mixture of  crystalline zirconi-

um and titanium dioxides. The authors of [7,

8] obtained zirconium titanate using organo-

metallic compounds or by means of electroly-

sis of chlorides. In this case, the formation of

X-ray amorphous hydrated zirconium titanate

ZrTiO4 ⋅ xH2O occurred during the formation

of sol, while crystallization of the anhydrous

ZrTiO4 was observed at the temperature of

450–600 °C [9]. Similarity in the interaction of

ultrafine hydrated particles when using the sol-

gel method and soft mechanochemical synthe-

sis was revealed by us in obtaining aluminium

titanate [10]. The synthesis of  zirconium ti-

tanate was performed using prolonged (up to

50 h) mechanical activation of an equimolar

mixture of crystalline titanium and zirconi-

um dioxides followed by high-temperature

treatment (a severe method) [11]. Soft mech-

anochemical synthesis of obtaining complex

oxides is more promising for precursors in ce-

ramic industry [12].

The goal of the present work is investiga-

tion of  the formation of  zirconium titanate

by means of soft mechanochemical synthesis

and its comparison with the sol-gel procedure.

EXPERIMENTAL

Zirconium-titanium samples with Zr/Ti = 1

composition were prepared by mechanical ac-

tivation at room temperature in AGO-2 plane-

tary mill with rotation frequency providing the
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acceleration of balls 20–60 g, and grinding

time 1–15 min. Hydrated zirconium dioxide

ZrO2 ⋅ nH2O (with n = 1.71–2.46) and hydrated

titanium dioxide TiO2 
. H2O (“pure”) were used

as the components of the reaction mixture.

Hydrated zirconium dioxide was obtained by

hydrolysis of ZrOCl2 in aqueous solution of

ammonia. The zirconium-titanium samples were

dried at the temperature of 30–80 °C and then

annealed up to 1200 °C for 4 h at each tem-

perature point under investigation.

Thermal   analysis   was   performed   with

C-1000 (MOM) instrument at the 10 °C/min

heating rate (with the weighed portion of

200 mg). The X-ray diffraction patterns were

recorded with DRON-4 instrument with CuKα
radiation. Crystallite size (coherent length,

d, nm) was estimated from broadening of dif-

fraction lines 111 (ZrTiO4) and 131 (Zr5Ti7O24).

The Raman spectra were recorded with the

RFS-100 Raman–Fourier spectrometer, elect-

ron microscopic images with JEM-2000FX in-

strument. Specific surface of the samples was

determined using BET procedure on the basis

of thermal desorption of nitrogen. The density

of samples was determined in pentane using

pycnometer. The size of globules (D, nm) was

estimated using the equation D = 6 103/(ρS),

where S is the specific surface, m2/g; ρ is the

sample density, g/cm3.

RESULTS AND DISCUSSION

Thermograms of zirconium-titanium sam-

ples obtained by mechanochemical method ex-

hibit one endothermic effect in the region 50–

800 °C (Fig. 1). The indicated thermoeffect is

accompanied by sample mass loss. At low tem-

perature (an extremal point on DTA curve at

140 °C) water physically adsorbed on the sample

surface is likely to be removed. Chemical com-

position of the sample annealed at 140 °C can

be represented as ZrO2 ⋅ TiO2 ⋅ 1.1H2O. A de-

crease in sample mass with further increase in

annealing temperature is likely to be due to its

gradual dehydration.

After mechanical activation of a mixture

of hydrated oxides followed by thermal treat-

ment at 400 °C, only a halo in the regions θ =
10–20° and 20–30° is observed in X-ray dif-

fraction patterns. After thermal treatment at

600 °C, reflections characteristic of zirconium

titanate appear. Maximal content of  ZrTiO4 is

observed at temperatures within 600–1000 °C.

With further temperature rise to 1200 oC, this

compound disproportionates forming free zir-

conium dioxide in the monoclinic form and zir-

conium-deficient titanate Zr5Ti7O24 (Fig. 2).

Since X-ray diffraction patterns of the indi-

cated  titanates  are  rather  similar to each

other, question about completeness of the

transformation of one compound into another

remains open.

Fig. 1. The DTA (1), DTG (2) and TG (3) curves of

zirconium-titanium samples obtained by soft mechano-

chemical synthesis.

Fig. 2. The X-ray diffraction patterns of a mixture of

hydrated zirconium and titanium dioxides (Zr/Ti = 1)

after mechanical activation at 25 °C (1) and annealing at

400 (2), 600 (3), 800 (4), and 1200 °C (5). M indicates

monoclinic form of ZrO2.
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Formation of  crystalline zirconium titanate

ZrTiO4 (calcination temperature 600 °C) occurs

almost completely after activation of a mix-

ture of hydrated zirconium and titanium di-

oxides for 1 min with the acceleration of 40 g

and above. A similar result is achieved with

20 g within 3 min (Fig. 3).

The samples annealed at the temperature

up to 400 °C are X-ray amorphous. Question

arises: what is the nature of  chemical com-

pound formed during mechanical activation of

a mixture of hydrated oxides? The Raman

spectra of amorphous and crystalline zirconi-

um-titanium samples obtained by soft mecha-

nochemical synthesis and by sol-gel procedure

[4] are shown in Fig. 4. Activation products are

not a mechanical mixture of components;  bands

at  145,  290, 410, 550, 645, 780 cm–1 appear

in the spectra of these samples. As it was shown

previously [8,  9],  hydrated zirconium titanate

(Zr/Ti = 1) obtained by sol-gel procedure un-

der gradual loss of water exhibits a decrease

in the intensity of band at 550 cm–1 and in-

crease in the intensity of bands at 290 and

645 cm–1 in the Raman spectra. Comparing the

spectra of X-ray amorphous samples obtained

by mechanical activation and by sol-gel proce-

dure and annealed at 400 °C, one may assume

that the samples differ only by dehydration

degree. However, after thermal treatment at

800 °C, when the structure of zirconium ti-

tanate gets ordered as suggested by the data

of  X-ray phase analysis,  the Raman spectra

become identical. It is likely that during me-

chanical activation of the mixture of hydrat-

ed zirconium and titanium dioxides, as well as

during the joint electrolysis of chlorides (sol-

gel technology), chemical interaction between

the components occurs resulting in the forma-

tion of X-ray amorphous hydrated zirconium

titanate ZrTiO4 ⋅ n H2O.

A necessary condition for the mechanochem-

ical formation of  hydrated zirconium titanate

is activation of closely contacting ultrafine par-

ticles of the hydrated zirconium and titanium

dioxides. For comparison, we performed the

entire cycle of thermal treatment with a sim-

ple mixture of initial non-activated compo-

nents and with a mixture of hydrated hy-

droxides of zirconium and titanium activated

separately. At room temperature, only traces

of  anatase were observed;  in the second case,

we also observed traces of  tetragonal zirconi-

um dioxide. At the temperature of 400–800 °C,

final crystallization of  titanium and zirconium

dioxides occurs, with gradual transformation

of  anatase into rutile and transformation of

the tetragonal ZrO2 into the monoclinic form.

The formation of  crystalline zirconium titana-

te was not recorded in these experiments even

at 1000 °C. For better homogenization, we also

prepared water suspension of a mixture of

preliminarily activated hydrated dioxides;  how-

ever, in this case we did not detect the forma-

tion of a new compound, too.

The data on changes in density, specific sur-

face, the size of globules and crystallites of

zirconium-titanium samples obtained by soft

mechanochemical synthesis and annealed at

different temperatures are shown in Table 1. A

Fig. 3. Relative content of  crystalline zirconium titanate

in a mixture of hydrated oxides activated at 20 (1),

40 (2), and 60 g (3). Annealing temperature: 600 °C.

Fig. 4. The Raman spectra of mechanically activated

mixture of hydrated zirconium and titanium dioxides

(1, 3) and zirconium-titanium samples obtained by sol-

gel procedure (2, 4) after thermal treatment at 400 (1,

2) and 800 oC (3, 4).
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noticeable change in the density of samples is

observed only at the temperature of 1200 °C.

Specific surface of the samples decreases sub-

stantially at the temperature of 800 °C and

above. With thermal treatment at the temper-

ature below 600 °C, the size of globules (sec-

ondary particles) does not exceed 0.1 µm. Only

at the temperature of 1200 °C the size of par-

ticles reaches several micrometers due to in-

tensive agglomeration. As indicated above, crys-

talline zirconium titanate ZrTiO4 is observed

in the samples annealed at 600–1200 °C. The

size of crystallites is 12–17 nm. At 1200 °C,

with the formation of zirconium-deficient ti-

tanate Zr5Ti7O24,  noticeable increase in the size

of both crystallites and globules occurs.

Electron microscopic images of the mixture

of hydrated titanium and zirconium dioxides

mechanically activated at 25 °C and annealed

at 600 °C are shown in Fig. 5. One can see

globules of 50–200 nm in size, which are in

rather close contact with each other. More at-

tentive examination of  thinner layers of  non-

annealed samples reveals primary particles (nu-

clei) of 2–4 nm in size. However, these parti-

cles are already absent from annealed samp-

les, which is likely to be the result of their

growth and ordering. A similar picture is ob-

served for zirconium titanate obtained by sol-

gel procedure [9].

So,  there is a deep analogy between the

soft mechanochemical synthesis of zirconium

titanate (both in chemical composition and in

the morphology of the formed primary partic-

les) and sol-gel procedure of obtaining the same

compound [8, 9]. In the samples synthesized by

sol-gel procedure, further growth of the pri-

mary particles was revealed by means of small-

ÒÀBLE 1

Influence of thermal treatment on physicochemical characteristics of the products of mechanochemical synthe-

sis in the ZrO2–TiO2 system

Characteristic Temperature, °Ñ

25 400 600 800 1000 1200

ρ, g/cm3 3.4 3.4 3.3 3.4 3.5 4.0

S, m2/g 26 21 20 6.2 3.3 0.46

D, nm 68 84 91 285 520 3260

d, nm – – 12 13 17 34

Fig. 5. Electron microscopic images of zirconium-titanium samples activated mechanically at 25 oC (a)

and annealed at 600 oC (b).
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angle X-ray scattering for temperature rise till

the crystallization point [13]. It may be assumed

that a similar growth of primary particles oc-

curs during the mechanochemical synthesis;

further formed crystallites of 12–17 nm in size

are the consequence of this growth. The inves-

tigations performed indicate that in both cases

crystalline zirconium titanate is formed from

the corresponding hydrated compound under

removal of water from it. A noticeable differ-

ence between the two methods can perhaps be

smaller globules which can be obtained by sol-

gel procedure than those obtained by mechano-

chemical synthesis.

Acknowledgements

Authors thank Dr. B. B. Bokhonov for submitting

electron microscopic photographs.

The investigation has been financially supported

by RFBR (grant No. 02–03–33298).

REFERENCES

1 A. S. Berezhnoy, Mnogokomponentnye sistemy okis-

lov, Kiev, Naukova dumka, 1970.

2 A. E. McHale,  R. S. Roth,  J.  Amer.  Ceram.  Soc.,

69, 11 (1986) 827.

3 R. E. Newnham, Ibid., 50, 4 (1967) 216.

4 A. E. McHale, R. S. Roth, Ibid., 66, 2 (1983) 18.

5 R. Christofferson, P. K. Davies, Ibid., 75, 3 (1992) 503.

6 F. Azough, A. Wright, R. Freer, J. Solid State Chem.,

108 (1994) 284.

7 Sh. Hirano, T. Hayashi, A. Hattari, J. Amer. Ceram.

Soc., 74, 6 (1991) 1320.

8 L. G. Karakchiev, T. M. Zima, Yu. A. Gaponov et al.,

Kolloid. zhurn., 63, 4, (2001) 470.

9 L. G. Karakchiev, T. M. Zima, N. Z. Lyakhov, Neorgan.

materialy, 37, 4 (2001) 469.

10 L. G. Karakchiev, E. G. Avvakumov, O. B. Vinokurova

et al., Khimiya v interesakh ustoichivogo razvitiya,

9 (2001) 27.

11 M. Stubicar, V. Bermance, N. Stubicar et al., J. Alloys

Compîunds, 316, 1–2 (2001) 316.

12 E. Avvakumov,  M. Senna,  N. Kosova,  Soft Mechanochemical

Synthesis: a Basis for New  Chemical Technologies, Boston

etc., Kluwer Acad. Publ., 2001.

13 Yu. A. Gaponov, L. G. Karakchiev, N. Z. Lyakhov et al.,

Nucl. Instr. Meth., A470 (2001) 232.


