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QUESTION OF THE ZrO, — TiO, PHASE DIAGRAM

Ceramic materials based on zirconium dioxide (ZrO:) occupy leading positions among modern structural and functional materials due to their unique
physical and chemical properties. These properties are due to the possibility of controlled stabilization of polymorphic modifications of ZrO:
(monoclinic, tetragonal and cubic). Partially stabilized zirconia exhibits high chemical inertness, low thermal conductivity, exceptional corrosion
resistance and thermal shock resistance. These properties make ZrO:-based ceramics promising for use in a wide range of fields, including
biomedical, electronic, structural and functional ceramics, as well as abrasives, refractories and insulation materials. One of the key problems when
using pure ZrO: is the phase transition from the tetragonal to the monoclinic modification, accompanied by a significant change in the volume of the
crystal lattice, which can lead to the destruction of the material. To prevent this transition, modifiers are used that form solid solutions with tetragonal
Zr0:, providing a metastable state due to distortions in the crystal structure. Among such modifiers, titanium dioxide (TiO:) occupies a special place.
Joint doping of ZrO. with TiO: allows achieving specific effects, especially in the field of electroceramics, where unique dielectric properties of
finished materials based on these oxides are manifested, which makes the ZrO. — TiO: system an object of increased interest for researchers and
engineers. The phase diagram of the ZrO. — TiO: system has been studied since the 1950s, and during this time it has undergone significant
refinements. Modern research continues to improve it, but the use of a small scale to display the full diagram over the entire temperature range has led
to graphical inaccuracies, which complicates its application in technological practice. In this paper, a comprehensive analysis of the phase diagrams is
performed, based on the generalization of data from various studies. This made it possible to identify the most reliable and reproducible elements of
the phase structure of the system. To improve the ease of interpretation and practical use, the diagram was conditionally divided into two temperature
ranges: low-temperature (800 — 1600 °C) and high-temperature (1600 — 2400 °C). This division facilitates the understanding of phase equilibria and
their dependence on temperature and composition, which is critically important for optimizing the synthesis of materials in this system. The obtained
data on the phase structure of the ZrO. — TiO: system create the basis for the targeted synthesis of ceramic materials with a given phase composition
and performance characteristics.

Keywords: zirconium dioxide, titanium dioxide, phase equilibria, modification, solid solutions, ceramics, phase diagram, synthesis of
materials.
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J0 IUTAHHA ITPO AIATPAMY CTAHY ZrO, - TiO,

Kepamiuni MaTepianu Ha OCHOBI JIOKCHAY IMPKOHIIO (ZrO:) 3aliMaroTh JTiAMPYIOYi MO3MLII cepel] CyYacHHX KOHCTPYKLIMHMX Ta (yHKIIOHATBHHX
MarepiaiiB 3aBASKUM CBOIM YHIKaJbHUM (I3MKO-XIMiYHMM BIacTHBOCTAM. L{i BIacTHBOCTI OOYyMOBIICHI MOXJIMBICTIO KOHTPOJBOBAaHOI cTadimizamil
nonivMopduux Moxudikamniit ZrO» (MOHOKIIHHOI, TeTparoHalIbHOI Ta KyOiuHOI). YacTKkoBO cTabini3oBaHUM AIOKCHA HUPKOHIIO JEMOHCTPYE BHCOKY
XIMiYHYy HEpTHICTh, HU3bKY TEILIONPOBIIHICT, BUHATKOBY KOPO3ilHYy CTIHKICTh Ta CTIHKiCTb 0 TepMidHUX ynapiB. Lli skocTi pobsiTh KepaMiky Ha
ocHOBI ZrO: HEpCHeKTUBHOIO Ui 3aCTOCYBaHHS B IIMPOKOMY CIEKTpi oOmacteil, BKIIOYAalOUM OiOMEIMYHY, €JIEKTPOHHY, KOHCTPYKLiiHY Ta
(byHKIIOHATBHY KepaMiKy, a TaKoX sIK abpa3WBHi, BOTHETPHBKI Ta i30/miiHi Marepianu. OpHi€I0 3 KIIOYOBHX MPOOIEM IIPU BHKOPHCTAHHI YHUCTOTO
ZrO: € (a3oBuil HIepexil 3 TETparoHaJbHOI B MOHOKJIIHHY MOIU(]IKaI[if0, 110 CYNPOBOKYETHCS 3HAYHOK 3MIiHOK 00'€éMy KPHUCTAJIYHHX IPaT, II0
MOXKe IPU3BOAUTH 10 PyiHYBaHHs MaTepiaiy. s 3amo0iraHHs HbOMY MEPEX0OAy 3aCTOCOBYIOTHCS MOAU(IKATOPH, SKi YTBOPIOIOTH TBEP/i PO3UHHH 3
TerparoHanbHUM ZrO», 3abesmedyiodn MeTacTaOiIbHUM CTaH 3a paxyHOK BHMHHUKHEHHS ne(ekTiB y KpucTamiuHiii cTpykrypi. Cepex Takux
MoaudikaropiB ocobnuBy yBary 3aiimae giokcua tutany (TiOz). CrinmbHe gomyBanHs ZrO: 3 TiO: mo3Boise Aocsrtd creuu@iuHuX eQeKTiB,
0COOJIMBO B Tally3i eNeKTPOKEPaMiKH, [¢ NPOSIBIAIOTECS YHIKANbHI HieIEKTPUYHI BIACTHBOCTI FOTOBHX MaTepiaiiB Ha OCHOBI JaHUX OKCHIIB, IO
pobuts cucremy ZrO: — TiO2 06'eKTOM HiJBHINEHOTO iHTEpeCy A AOCHIiAHUKIB Ta imkeHepiB. Jliarpama crany cucremu ZrO: — TiO: BuBuanacs 3 50-
X POKIB, i 3a Ieif yac BOHA 3a3Hajia 3HAYHHMX yTOYHEeHb. CydacHi TOCIIDKEHHS NIPOAOBXKYIOTh YIOCKOHAIIOBATH ii, IPOTE BUKOPUCTAHHS APiOGHOTO
MaciuTady A BiZoOpaXkeHHs! MOBHOI TiarpaMH y BChOMY TEMIIEpaTypHOMY Miala3oHi MPU3BENO 10 TpadidHOi HETOYHOCTI, IO YCKIATHIOE il
3aCTOCYBaHHS y TEXHOIOTIUHIN MpaKTHI. Y JaHii poOOTi IpoBeneHO BCeOIUHMI aHali3 JiarpaM CTaHy, 3aCHOBaHUH Ha y3arallbHeHHI JAaHUX 13 Pi3HHUX
JociipkeHs. Lle 103BoNMIO BUIUTHTH HAHOIIBII JOCTOBIPHI Ta BIATBOPIOBaHI eleMeHTH (a3oBoi OynoBu cucremu. [l MiABUIIEHHS 3py4YHOCTI
iHTeprpeTanii Ta NPaKTHYHOTO BUKOPUCTAHHS Jliarpama Oylia yMOBHO IO/IJICHA Ha JBa TEMIIEPaTypHi Aiara3oHu: Hu3bKoTemneparypHuii (800 — 1600
°C) Ta Bucokoremmneparypauii (1600 — 2400 °C). Taxuii noain nonerurye po3yMiHHs (a30BHX piBHOBAr Ta iX 3aJI€XKHOCTI BiJ] TEMIIEpaTypH Ta CKIaLy,
[0 KPUTHYHO BAKJIMBO JUIS ONTHUMI3allil MPOLECiB CHHTE3y MarepiaiiB y aaHiid cucremi. Otpumani aaHi mpo ¢aszoBy OynoBy cuctemu ZrO: — TiO:
CTBOPIOIOTH OCHOBY /ISl CIIPSIMOBAHOTO CHHTE3y KepaMidHHUX MaTepiaiiB i3 3a1aHuM (a30BHM CKJIAJOM Ta EKCIUTyaTallifHIMH XapaKTePHCTHKAMH.

Kai04oBi ciioBa: 1iOKCHI LIMPKOHIIO, AIOKCU THTaHy, (a30Bi piBHOBaru, Moaudikaiisi, TBEpAi PO3YMHU, KepaMika, JiarpaMa CTaHy, CHHTE3
MarepiaJin

Introduction. Zirconium dioxide (ZrO:) ceramics
occupy an important place among modern structural and
functional materials [1]. This is due to the possibility of
controlled  stabilization of various polymorphic

chemical inertness, low thermal conductivity, high
corrosion resistance and excellent thermal shock
resistance [1, 2]. Due to these properties, ceramics
obtained from partially stabilized ZrO: are considered as a

modifications of ZrO., which allows controlling the
structure and properties. Zirconium dioxide has a number
of outstanding properties, including high mechanical
strength, elastic modulus, hardness, fracture toughness,
corrosion and wear resistance, good tribological
properties, and high-temperature ionic conductivity.
Ceramics obtained from partially stabilized ZrO-
exhibit excellent physicochemical properties such as

promising replacement for pure ZrO: in the field of high-
performance materials, including electronic, functional,
biomedical and structural ceramics [3-5].

In addition, ZrO»-based ceramics have found wide
application as abrasive, refractory and insulating materials
[6, 7]. Before the appearance of this type of ceramics,
pure ZrO: ceramics occupied a dominant position in the
market. However, its further use has been limited due to
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less stable performance characteristics. One of the main
reasons for this is the significant volumetric changes
during phase transitions caused by temperature
fluctuations during the manufacturing process, which
leads to internal stresses and the formation of destructive
defects. These factors negatively affect the physical
properties of pure ZrO- and significantly reduce its potential
for use as a structural and functional material [8, 9].

When producing ceramic materials for various
purposes (cutters, low-temperature dielectrics, high-
temperature oxygen concentration sensors in gas
mixtures, etc.), zirconium dioxide needs to be modified
due to differences in the volumes of the elementary
crystal lattices of its polymorphic modifications
(monoclinic, tetragonal and cubic). The main danger is
the modification transition of the tetragonal modification
to the monoclinic one, which is accompanied by a
significant (more than 6 %) expansion of the material and
leads to its destruction upon cooling. Therefore, they
strive to prevent the phase transition to the monoclinic
modification using various additives — modifiers capable
of forming solid solutions with tetragonal ZrO,.

At present, many oxides (CrO, MgO, Y,0;, CeO,)
are known and have already become traditionally used,
capable of forming solid solutions with ZrO, and
providing a metastable state due to certain distortions in
the tetragonal structure [10—-15].

Zirconium dioxide — monoclinic modification
(baddeleyite) according to the symmetry of the crystal
lattice belongs to the space group P2,/c, which changes
during the phase transition (about 1140 °C) to tetragonal
(P4,/mmc), stable up to 2333 °C with a subsequent
change to cubic (Fm3m). At high pressures, the existence
of two phases of ZrO, with an orthorhombic crystal lattice
was established [12].

Crystallochemical regularities in ZrO, (hereinafter,
the abbreviations t — tetragonal, m — monoclinic and ¢ —
cubic modification of ZrO, will be used) determine the
specifics of the formation of solid solutions and the
possibilities of regulating the degree of stabilization.
Divalent oxides (CaO, MgO) have a relatively low
solubility in t-ZrO,, which limits the achievable level of
stabilization of solid solutions. Trivalent oxides (Y,Os,
Gd,0;, Ga,05) are capable of better solid-phase solubility
in t-ZrO, due to filling anion vacancies in the crystal
structure. Tetravalent oxides (CeO,, GeO,, TiO,) with
solid-phase solubility in t-ZrO, provide significant
concentrations due to isovalent cation substitution, and
mixed complex oxides based on tri- and pentavalent
elements (YTaO4, YNbO,) are capable of exchange-
compensatory heterovalent isomorphism and also provide
high concentrations in the resulting solid solutions.

For economic reasons, biocompatibility conditions
and the crystalline proximity of the parameters of the
crystal lattices of t-ZrO, and rutile, TiO, is often used as a
modifier. An additional advantage, especially in the
manufacture of electroceramics, is the manifestation of
specific effects during the combined doping of t-ZrO,, in
particular, MgO and TiO,. In addition, researchers [12]
have expanded the range of possible TiO, concentrations

in homogeneous solid solutions based on t-ZrO,
to 25 mol. %. In this case, a significant role in the
stabilization of t-ZrO, is given to the formation of clusters
close to the composition of Zr;TiOg, which play a specific
role in the processes of ordering — softening of solid
solutions with the formation of domains. This
circumstance complements the relevance of the analysis
of the ZrO, — TiO, system.

Modern data on the phase diagram of ZrQO, —
TiO,. The phase diagram of ZrO, — TiO, has been studied
since the 1950s by many researchers and has undergone
significant refinements to date. The issues of the existence
of ZrTiO,, ZrTi,O4, ZrsTi;Opy compounds, the
temperature ranges of their thermodynamic stability,
deviations of srilankite (ZrTi,O¢) from the stoichiometric
composition, etc. have been discussed for a long time.
The relevance of research into materials of the ZrO, —
TiO, system is due to their extensive use in various fields
of technology and modern technological processes,
especially with the use of ultra-high-frequency devices.
Integrated information on the achievements and problems
in the studies of the ZrO, — TiO, phase diagram can be
obtained from the results of works [16, 17], in which the
controversial compound ZrsTi;0,4 is no longer considered
due to the absence of confirmation of its synthesis by the
sol-gel method since 1998.

In the study [16], the emphasis was placed on
examining ZrTiO¢ in the form of a solid solution (the
formula is (Zr,T1),0,), capable of ordering-disordering the
crystal lattice. From this point of view, the experimental
results of phase changes in mixtures of initial oxides in
the presence of fluxing additives (CuO, mixtures of
LiMoO,; and MoO; in a mass ratio of 1:1.6) are
considered. The starting mixtures were pressed into
platinum capsules and fired for a long time (in particular,
96 hours at 800 °C) in a furnace with a controlled
temperature of +1 °C, and then cooled to room
temperature for 1 minute: experiments were carried out at
800 — 1650 °C, the majority of experiments were carried
out in the range of 1000 — 1200 °C, which is most
important for controlling the technological parameters of
obtaining ceramic materials.

According to the results of experiments in the solid-
phase solution after firing at 800 °C, the TiO,
concentration was 64.9 mol. % (in srilankite the TiO,
content is 66.7%), and after firing at 1060 °C, the TiO,
concentration decreased to 60.4 wt. %, which is explained
by the process of ordering-disordering of the (Zr,Ti),04
cations. In the temperature range of 1060 — 1160 °C, a
sudden change in the parameter “b” of the crystal lattice
of the solid solution was noted (at 1160 °C, the TiO,
content was 51.5 wt.%), and the closest correspondence
of the composition of the solid solution to the ZrTiO4
compound was noted after firing at 1080 °C (49.0 wt. %
TiO,). Above 1160 °C, the prevalence of disordering
processes (more uniform distribution of titanium and
zirconium cations in the corresponding positions of the
crystal lattice) was noted, which is reflected by the
formation of two steeply ascending boundaries of the
crystallization fields from the ZrTiO, composition on the
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constructed phase diagram in the studied temperature
range (Fig. 1).
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Figure 1 — The ZrO, — TiO, phase diagram at atmospheric
pressure based on experimental data [16]

The diagram contains a tie line connecting the points
of the solid solution compositions that participate in the
eutectoid interaction at about 1080 °C. The experimental
results do not substantiate the reliable presence of this tie
line, which is within the permissible temperature
deviations of the tie line at ~ 1060 °C, corresponding to
the peritectoid interaction.

The reasons for the deviations of the solid solution
compositions in the range of 1060 — 1160 °C from the
stoichiometry of the ZrTiO, composition were not
analysed; they may be due to the use of fluxes in the
experiments and errors in determining the TiO,
concentrations. The noted reasons, along with a
significant manifestation of kinetic inhibition of lower-
temperature processes in the studied samples, could also
cause significantly greater deviations of solid solutions
below 1060 °C from the ZrTi,O composition.

The authors of [17] correct some temperatures of
phase equilibria in the ZrO, — TiO, system in the range of
1000 — 1500 °C, as well as the compositions of solid
solutions. However, the ZrTi,O, compound is displayed
with a stoichiometric composition existing in the low-
temperature region up to ~ 1170 °C, when it
disproportionates according to the mechanism of
peritectoid reaction with the formation of two solid
solutions: based on ZrO, and ZrTiO,. In this case, ZrTi,04
is designated as a'-ZrTiO,, and a solid solution with a
composition close to ZrTiO, is designated as o-ZrTiO,.
These designations do not bring additional information to
the essence of the processes occurring, as does the
designation of the region of solid solutions based on
ZI'TiO4 - B'(erTil—x)204~

The temperature dependence of the heat capacity for
ZrTiO, established in [15] made it possible to use
thermodynamic calculations to predict the parameters of
phase equilibria in the system and to conduct
confirmatory experiments, including in the high-
temperature region up to 1850 °C.

In the phase diagram of ZrO, — TiO, (Fig. 2), the
structural elements of the low-temperature region are
close to those in [16].

2000
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TEMPERATURE KELVIN

M a-ZiTiOs
(ZrTiy0g)

500 T | T T
@ 0 0.2 0.4 0.6 0.8 1.0
MOLE FRACTION TiQ:

Figure 2 — Calculated phase diagram of the ZrO, — TiO,
system [17]

At the same time, a small scale was chosen to
display the entire temperature range of the state diagram,
which introduced some graphical inaccuracies and made
it inconvenient to use it in technological practice.

Results and discussion. The results of the analysis
of the phase diagrams of ZrO, — TiO, according to the
studies [16—19] allow us to generalize them with the
preservation of the most reliable elements of the structure
and in a scale of the temperature axis convenient for
technological practice, dividing it into two ranges of
values: low-temperature (800 — 1600 °C) and high-
temperature
(1600 — 2400 °C) — Fig. 3a and 3b, respectively. In the
temperature range of 1060—1084 °C, the only tie line is
preserved at 1070 °C, which combines two processes:

1. disproportionation of ZrTi,Og (a'-ZrTiO4 — here
and in Fig. 3a, b the designations are retained according to
[17]) by the eutectoid mechanism

ZrTi,04 < a-ZrTiO4 + s.s. TiO, (94.8 mol. % TiOy);
2. eutectoid interaction by mechanism:

o-ZrTiO4 + m-ZrO, (7.7 mol. % TiO,) <>
t-Zr0; (9.0 mol. % TiO,).
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The konnoda (about 1129 °C according to
calculations [17]) is not preserved due to its lack of
information, since in fact it only reflects the temperature
of the onset of formation of a homogeneous solid solution
of B-ZrTiO4 ((Z14Ti;),04) based on a-ZrTiO, with an

T, °C
1600+
N
15004
1400 4+ B-ZT (ZxT1.x)204
B-ZT+t-Z(s.5.)
1300 + B-ZT+T(s.5.)
1200 + t-Z(s.5.) T(s.5.)
—m-7(5.8.)+ t-Z(ss.)
1100 1070 °C
1000+
m-Z(s.5.)
200 +
800+ m-Z(ss)HZT: ZTy+T(s.5.)
t ; ——
0 20 40 60%-ZTgg 100
TiQ;, mol % {ZT2)

excess or deficiency of TiO,. The boundary curves formed
above this temperature highlight the region of
homogeneous solid solutions of B-ZrTiO, and
simultaneously determine the coexisting compositions
based on t-ZrO, and TiO,, respectively (Fig. 3a).
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Figure 3 — Phase diagram of the ZrO, — TiO, system:
a — low-temperature region (800 — 1600 °C),
b — high-temperature region (1600 — 2400 °C)

In the high-temperature region of the ZrO, — TiO,
phase diagram (Fig. 3b) at 1751 °C, a single eutectic point
is noted (TiO, content 77 mol.%), when interaction occurs
between a homogeneous solid solution of B-ZrTiO4
(59 mol. % TiO,) and a solid solution based on TiO,
(86 mol. % TiO,) with the formation of a melt.

At the eutectic temperature, B-ZrTiO4 and the solid
solution based on TiO, have the maximum concentration
of TiO, in their compositions. The konnoda at 1836 °C
was adopted based on the calculated results [17] and
reflects the peritectic decomposition of the B-ZrTiO, solid
solution into a solid solution of t-ZrO, (19 mol. % TiO,)
and a melt containing 64 mol. % TiO,. The temperature of

2166 °C was taken as the minimum temperature for the
possible formation of c-ZrO, according to the peritectic
mechanism of interaction:

8.8. t-ZrO; (3.3 mol. % TiO,) + liquid (40.0 mol. % TiO,)
&> ¢-Zr0O, (5.5 mon. % TiO,).

The corresponding tie line unites the above-
mentioned points of the compositions at 2166 °C and this
temperature determines the maximum solubility of TiO,
with ¢-ZrO, — 5.5 mol. %. For better visual perception,
the boundary lines in Fig. 3b above 2490 °C are not
drawn, since in real technological practice higher
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temperatures are extremely rarely used, and if necessary,
they can be easily extrapolated to the melting point of
zirconium dioxide without any significant loss in the
accuracy of the construction. The general appearance of
the phase diagram is also not difficult to visualize by
combining Fig. 3a and 3b along the 1600 °C isotherm.

Conclusions. The results of the analysis of the phase
diagrams of the ZrO. — TiO: system, performed on the
basis of data presented in different studies, allowed us to
generalize them while preserving the most reliable and
stably reproducible elements of the phase structure. For
the sake of ecase of interpretation and subsequent use of
the phase diagram of the ZrO. — TiO: system, the
temperature range was conditionally divided into two
characteristic intervals: low-temperature (800 — 1600°C)
and high-temperature (1600 — 2400°C).

Thus, the obtained data on the structure of the ZrO:
— TiO: system will be used for the targeted synthesis of
functional ceramic materials with specified phase
composition and operational characteristics. This allows
the development of materials with improved mechanical,
thermal and electrical properties adapted for specific
applications.
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