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A comprehensive study of materials in the ZrO,—TiO, system with the stoichiometry of Zr-
TiO, and ZrTiyO4 was carried out using optical microscopy and X-ray diffraction analysis, which
allowed us to obtain a number of important results. It is shown that the selected high-speed
firing mode at 1300 °C ensures the formation of target phases based on zirconium titanate in a
metastable state with a content of 12 to 17 vol. %. It was established that under thermodynami-
cally non-equilibrium conditions, zirconium dioxide is not stabilized in the tetragonal modifica-
tion and is identified as monoclinic baddeleyite. The analysis of XRD patterns made it possible
to refute the presence of (Mg ,Zr,, g)O; g impurities and to prove that the characteristic diffrac-
tion maxima are the result of ordering processes in the ZrTiO, solid solution. The obtained data
confirm the possibility of using such compositions as a functional basis for microwave ceramic
dielectrics.

Keywords: zirconium dioxide, titanium dioxide, phase formation, microwave ceramics, X-
ray diffraction analysis

OcoGmuBocTi hazoyrBopenns marepianis cucremu ZrO, - TiO, niis mikpoxBuaboBoi
niesnexrpuunoi kepamiku. C. M. Jloesinkos, O.M. Bopucernio, B.M. Illymetixo, I"M. Illabarosa,
A.M. Kopoeoocvra, P.B. Kpusobox

Rommrexcre mocmimxenns matepiamis cucremu ZrO, — TiO, crexiomMeTpwdHOTo cKJIaIy
ZxTiO, Ta ZrTi,O4 Oyno mpoBemeHO 3 BHKOPHMCTAHHAM METOIB ONTHYHOI MIKpOCKOIMIi Ta
PEHTreHO(Aa30BOr0 aHAI3Y, 110 JaJI0 3MOr'y OTPUMATH HU3KY BasKJIMBUX pe3yibraris. [lokasawo,
mo obpauwii peskum IBuaricHoro Bunanay mpu 1300 °C 3abesmeuye opMyBaHHS IIIHOBHX
das Ha 0CHOBI THTAHATY LMPKOHI B METACTA0OLIILHOMY CTaHl, 00CAr AKUX CTAHOBUTHL 12—17 %.
Beranosieno, 1m0 3a yMOB TepMOIMHAMIYHOT HEPIBHOBATH J10KCHU IIUPKOHIIO He CTA0LII3yeThCs
y TeTparoHaJbHIM Momudikaiii Ta imeHTHIKyeThCA SK MOHOKJIIHHUM Oajiesneit. Awxaiis
PEHTTeHOTPaM JJ03BOJINE CIIPOCTYBATH HAABHICTL CTOPOHHIX gomimrok (Mg, 5Zr, )0, g Ta moBecTH,
M0 XapakTepHl TUPaAKIIAHI MAKCUMyMU € Pe3yJIbTaTOM IIPOIIECIB YIIOPSIKYBAHHS TBEPIOrO
posgunny ZrTiO,. OTpuMaHi gaHi MiATBEPIMKYIOTh MOKINBICTE BUKOPUCTAHHA TAKUX CKJIAIIB K
(byHKITIOHATBEHOT OCHOBH MIKPOXBUJIFOBUX KEPAMIUYHHUX [[1€JI€KTPUKIB.

1. Introduction als in the ZrO, — TiO, system. This necessitates
expanding the range of their compositions, due

Modern industry and new promising tech- not only to the high thermal, mechanical, and

nologies consume significant volumes of materi-
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chemical properties of the individual oxides
but also to the synergistic effect of their mu-
tual influence, which ensures the formation of a
unique complex of properties in binary composi-
tions. Zirconium dioxide melts at approximate-
ly 2715 °C and is classified as a highly refrac-
tory material. At normal pressure, ZrO, exists
in three polymorphic modifications: monoclinic
(baddeleyite structure, space group P2,/c) up to
~1140 °C; tetragonal modification (P4,/mmc)
with a thermodynamic stability range of up to
~2330 °C; above this temperature, the cubic
modification (Fm3m) exists up to the melting
point. Under high pressure, two additional or-
thorhombic modifications of ZrO, are known to
exist [1]. The monoclinic-to-tetragonal phase
transition occurs with a significant decrease in
the crystal lattice volume in a certain tempera-
ture range, which causes hysteresis during the
reverse phase transition. This leads to mate-
rial cracking and requires the stabilization of
ZrO, in the tetragonal modification for manu-
facturing products. The features of this phase
transition of ZrO, underlie the transformation
strengthening effect in compositions [2]; they
have significantly expanded the functional pos-
sibilities for developing and applying materials:
for tribotechnical and tool purposes, cermets
with high hardness and fracture toughness, as
well as corrosion-resistant and biocompatible
materials for dental and orthopedic implants,
etc. [3]. Furthermore, ZrO, exhibits anionic
conductivity above 800 °C, making it highly
relevant for use as electrode materials and for
manufacturing sensors to measure the partial
pressure of oxygen in gas mixtures [4, 5].

At normal pressure, titanium dioxide exists
in three polymorphic modifications: anatase,
brookite, and rutile. The first two irreversibly
transform into rutile above 800 °C. Rutile (te-
tragonal crystal lattice, space group P4,/mnm)
serves as a basis for materials with various
functional properties. Due to the combination
of high optical performance and physical-me-
chanical properties, TiO, has found wide appli-
cation as a filler for paints, coatings, rubber and
plastics, as well as a crystallization activator
in the production of glass ceramics (ceramics).
Rutile electroceramics are traditionally used in
the manufacture of capacitors, especially those
that exhibit anisotropy of permittivity along
the “a” and “¢” axes of the crystal lattice (90 and
170, respectively [5]). Changes in temperature
and oxygen partial pressure affect the stoichi-
ometry of titanium oxide, leading to changes in
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electrical conductivity due to the formation of
metastable and oxygen-deficient phases rela-
tive to TiO,, known as Magnéli phases: Ti O,
1 (where n = 15-22 and n = 29,31). Specifically,
at n =20, the Magnéli phase corresponds to the
formula Tiy)Ogg or TiO g5, which clearly indi-
cates an oxygen deficiency relative to the TiO,
stoichiometry. This characteristic is success-
fully utilized in electrochemical processes [5].

Materials in the ZrO, — TiO, system are
also promising for various fields of practical
application, for instance, as a dispersed phase
in composite superalloys with transformation-
induced plasticity, such as “TRIP-steel” [6-8],
special pigments like “blue rutile” [9], and
microwave ceramic dielectrics for resonators,
band-pass filters, and other wireless technol-
ogy devices [10]. It is this last-mentioned area
of practical application of ZrO, — TiO, materi-
als that is currently in greatest demand; it de-
fines the relevance and the objective of these
experimental studies aimed at identifying the
patterns and specific features of phase forma-
tion in the compositions of this system.

2. Experimental

For the preparation of samples, m-ZrO,
(France) with a purity of 99.99 % and TiO,, (Po-
land) with a purity of 99.65 % were used. The
dispersity and moisture content of the initial
raw materials corresponded to the commercial
delivery conditions. Weight dosing was per-
formed on electronic scales (Constant brand,
model 14192-640c¢) with an accuracy of 0.05 g
for batches up to 500 g. The compositions of the
studied samples corresponded to the following
stoichiometric ratios: 1) ZrTiO, and 2) ZrTiy,Oy.
The batches were mixed in polyethylene con-
tainers, while the uniformity of distribution
of the components in the mixture was control-
led in six repetitions by sifting through sieve
No. 0315. Before pressing, the mixtures were
adjusted to a moisture content of 5% using an
aqueous dispersion of polyvinyl acetate (8%).

The sample was pressed in a metal mold
(punch diameter 36 mm) using uniaxial double
compression at a pressure of 120 MPa. The fir-
ing cycle involved uniform heating (8 °C/min)
up to 1300 °C with an isothermal hold of 5 min-
utes, followed by cooling in the furnace. This
mode was chosen to identify differences in
phase formation compared to studies [11, 12],
where firing was carried out at 1300 °C, but
with isothermal holdings from 24 hours to 10
days, and sample cooling to room temperature

Functional Materials, 33, 2, 2026
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Table 1. XRD analysis parameters

X-Ray

30 kV, 20 mA

Scan speed / Duration
time

1.0000 deg./min.

Goniometer

Step width

0.0400 deg.

Attachment

Scan axis

2theta/theta

Filter

Scan range

5.0000 - 106.2800 deg.

CBO selection slit

BB

Incident slit

1/2 deg.

Diffrected beam mono

Fixed Monochro (U4)

Length limiting slit

Detector

Scintillation counter

Receiving slit #1

1/2 deg.

Scan mode

CONTINUOUS

Receiving slit #2

0.45 mm

took less than 1 minute (a method of quench-
ing high-temperature phases close to thermo-
dynamic equilibrium to establish the structure
of the ZrO, — TiO, phase diagram). The fired
specimens were cut into disks (3.5 mm thick)
using a diamond tool.

The structure of the samples was examined
under a Bresser Science MTL-201 optical mi-
croscope. X-ray diffraction (XRD) analysis of
powder samples (passing through a No. 0063
sieve) of compositions 1 and 2 was performed
on a Bruker diffractometer (Siemens, model D
5000). The parameters for XRD pattern record-
ing are presented in Table 1.

3. Results and discussion

Analysis of the optical microscopy results
(Fig. 1) shows that the structure of the mate-
rial for both compositions is free of cavities and
large pores, which are not observed at a magni-
fication of X 200.

In specimen No. 1, at low magnification
(X25), areas of different colors are observed,
with the darker areas reaching a maximum
transverse size of up to 1 mm. These darker
areas are predominantly concentrated at the
edges of the specimen, whereas in the central
part, they are less common, smaller in size,
and more evenly distributed from a statistical
point of view. In this case, the color change in-
dicates the incompleteness of the solid-phase
synthesis and the presence of a reaction rate
gradient caused by the temperature differ-
ence between the surface and the center of the
specimen under a relatively high heating rate
and the absence of an isothermal holding at
the maximum firing temperature. This fact is
further confirmed by the structural analysis of
specimen No. 1 at a magnification of X200 (Fig.
la), where the image was obtained from its cen-
tral part. In the center of the micrograph (Fig.
1a), a light zone of material predominates with
a small number of darker rounded inclusions

Functional Materials, 33, 2, 2026

100 um

100 pm

Fig. 1. Surface structure of specimens No. 1 (a)
and No. 2 (b) (magnification x 200)

with a transverse size predominantly up to 5
um and a maximum size of up to 100 um. The
surface structure of specimen No. 2 shows only
minor differences from specimen No. 1: light-
colored zones are less common and more evenly
distributed across the image plane (Fig. 1b).
However, individual light zones are sometimes
observed in elongated clusters (up to 150 pm)
and rounded formations (up to 80 pm), which
are distinguishable at X 200 magnification. It
can be assumed that the mechanism of reactive
phase formation involves common stages of
chemical interaction, while the structural dif-
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Table 2. Phase composition of the specimen materials

No. | Formula, name C\(:(I)llt.el;z t, Crystallite size, A Deg;ftereagrf;’l;::tice Space group
| | 70, baddeley- 45 242 0.24 14:P121/c1
ite 24 302 0.14
2 TiO,, rutile ﬁ @ w 136:P42/mnm
59 365 0.00
3 ZrTiO, E ﬁ % 60:Pbcn
4 | Mg, ,Zr, 2O — — S 225:Fm-3m
B02%08 18 17 178 0.39
Note: Numerator — specimen No. 1, denominator — specimen No. 2.
Table 3. Lattice parameters of the specimen materials
No | Formula, name a (A) b (A) ¢ (A) a, deg. B, deg. a, deg. \Y (A )3
. 7r0,, baddeley- 5.1472 5.2029 5.3174 90.000 99.180 90.000 140.58
ite 5.1428 5.1960 5.3195 90.000 99.209 90.000 140.31
. . 4.6117 4.6117 2.9808 90.000 90.000 90.000 63.39
2 TiO,, rutile
4.6091 4.6091 2.9773 90.000 90.000 90.000 63.25
. 4.822 5.424 5.035 90.000 90.000 90.000 131.70
3 ZrTiO,
4| MeooZrogOus | 50775 | 5.0775 | 5.0775 | 90.000 | 90.000 | 90.000 | 130.90
Note: Numerator — specimen No. 1, denominator — specimen No. 2; V — unit cell volume.

ferences are caused by changes in the ratio of
the initial components in mixtures No. 1 and
No. 2.

In the production of microwave ceramic
dielectrics based on the ZrO, — TiO, system,
ZrTiO, and its solid solutions play a primary
role. These phases are doped with specific ad-
ditives (e.g., BaO, ZnO, NbyO5, SnO,, CaO [5,
13, 14]) to provide performance characteristics
in specific ranges: permittivity of 30—100; tem-
perature coefficient of resonant frequency close
to zero (to reduce frequency drift, controlled by
the balance between temperature coefficients
of permittivity and linear expansion); and op-
timal frequency selectivity (proportional to
frequency and inversely proportional to the di-
electric loss tangent) — as high as possible (>
1000). In specimens No. 1 and No. 2, the inter-
action products of ZrO, and TiO, are identified
as target phases (Tables 2, 3) and remain in a
metastable state, outside the temperature lim-
its of their thermodynamic stability according
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Fig. 2. X-ray diffraction patterns of material
sample No. 1: A —ZrO,, ¢« — TiO,, ¢ — ZrTiO,

to phase diagrams [1, 11, 15], despite the slow
cooling of the samples in our experiments.

Figs. 2 and 3 show the XRD patterns of the
specimen No. 1 material and the contribution
of the identified phases to the overall diffrac-
tion pattern. Figs. 4 and 5 present the corre-
sponding data for specimen No. 2.

Functional Materials, 33, 2, 2026
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Fig. 3. Contribution  of  identified phases to  the overall diffraction  pattern
of material sample No. 1
The X-ray diffraction analysis results and ~6 mol. % based on TiO,. Furthermore, the

(Table 2) for specimen No. 1 indicate a high-
er degree of lattice strain in ZrO, compared
to TiO,. This correlates with the general fun-
damental patterns of solid solution forma-
tion at 1300 °C according to the ZrO, —TiO,
phase diagram [15]: ~10 mol. % based on ZrO,

Functional Materials, 33, 2, 2026

crystallite size of TiO, is more than twice that
of ZrO,. The synthesized ZrTiO, exhibits signs
of non-stoichiometry (according to [15], the on-
set temperature for the formation of ZrTiO,
solid solutions with TiO, and t-ZrO, is near
1200 °C), as indicated by the relatively high
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degree of lattice strain and presumably, a mod-
ified ratio of ZrO, to TiO, — approximately 1.04
based on their volume content (Table 2) com-
pared to 1.54 based on the mass ratio of these
oxides in ZrTiO,. The XRD patterns in Figs. 2
and 3 and the lattice parameters of the phases
in specimen No. 1 provide the baseline data for
the arguments presented above. Accordingly,
the phase formation patterns are represented
by the following processes:

- in the low-temperature range (up to 1070 °C),
ZrO, and TiO, react to form ZrTi,Og4 (the stoi-
chiometry of this phase remains a subject of de-
bate according to phase diagrams [1, 11, 15]);

- at 1070 °C, ZrTi,O4 disproportionates [15]
via an eutectoid mechanism:

ZrTiy04 <> ZrTiO +
+solid solution TiO, (94.8 mol. % TiO,); (1)

- simultaneously, at the same temperature
of 1070 °C, another eutectoid reaction begins:

ZrTiO4 + mZrO, (7.7 mol. % TiOy) <> tZrO,
(9.0 mol. % TiOy); 2)

-up to 1200 °C, the ZrTiO  that was not con-
sumed 1n reaction (2) remains stoichiometric;

- as the temperature increases to 1300 °C,
ZrTiO, forms solid solutions with low concen-
trations of both t-ZrO, and solid solution of
ZrQO4 in TiO,. According to the phase diagram
[15], this corresponds to the concentration
range of homogeneous (Zr,Ti,; ),0, solid solu-
tions (where x is the non-stoichiometry param-
eter). Simultaneously, a gradual increase in the
concentrations of TiO,-based and t-ZrO,-based
solid solutions occurs.

The absence of isothermal holding at the
peak sintering temperature and the relatively
slow cooling rate of the specimens impose limita-
tions on achieving the thermodynamic equilib-
rium conditions necessary for the formation of
the above-mentioned structures. Consequently,
two features are most clearly manifested in the
material of specimens No. 1:

1. ZrO, is identified only in the monoclinic
polymorphic modification. The most likely rea-
son for this is an insufficient amount of ZrTiO,
synthesized via reaction (1), and accordingly,
an insignificant amount of t-ZrO, forming via
reaction (2). Furthermore, the reverse reaction
(2) 1s kinetically preferred due to the marten-
sitic nature of the tetragonal — monoclinic
ZrO, phase transition;

2. ZxTiO  is identified at room temperature,
outside its range of thermodynamic stability
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Fig. 4. X-ray diffraction patterns of mate-
rial sample No. 2: A — ZrO,, ¢ — TiO,, m —
(Mg 57r) )0, g

(which 1s above 1070 °C). This is likely due to
the steric separation of ZrTiO, and the TiO,
solid solution (94.8 mol. % TiO,) — the start-
ing components for the reverse of reaction (1)
— as well as the high activation energy of this
interaction.

The noted features correlate with the re-
search results in [11, 12]. According to [11], in
the synthesized material (initial ratio of ZrO,
to TiO, is 50/50 mol. %), a homogeneous solid
solution close to stoichiometric ZrTiO, without
accompanying phases was identified only when
fired at 1300 °C with an isothermal holding
time of 5 days. In [12], firing was carried out
not at 1300 °C, but at 1200 °C (with isothermal
holding for 86 hours); ZrTiO, was synthesized
together with accompanying solid solutions
based on monoclinic ZrO, and rutile, as in our
experiments. Only after firing at 1400 °C (with
25-hour isothermal holding) a single homoge-
neous solid solution close to stoichiometric Zr-
TiO, was identified.

For the specimen No. 2, it was expected that
the phase formation patterns would remain the
same as for sample No. 1. A comparison of the
phase composition and the lattice parameters
of ZrO, and TiO,, (Tables 2 and 3) does not con-
tradict this statement, taking into account the
features caused by the higher content of TiO, in
the original batch of samples No. 2 compared to
samples No. 1. However, ZrTiO, was not iden-
tified in specimen No. 2. Instead, during the
automatic interpretation of the XRD patterns
(Figs. 4 and 5) based on the database installed
on the “Bruker” diffractometer (Siemens, mod-
el D 5000), the presence of an oxygen-deficient
solid solution of MgO in ZrO, with the compo-
sition (Mg 5Zr( g)O; g and a cubic lattice type
was noted (Table 3). The formation of such a

Functional Materials, 33, 2, 2026
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Fig. 5. Contribution  of identified phases to the overall diffraction  pattern

of material sample No. 2

solid solution was impossible due to the ab-
sence of MgO in the starting components and
the exclusion of potential sources of batch con-
tamination with undesirable impurities from

the process. In this regard, it became necessary

Functional Materials, 33, 2, 2026

2.

to carefully analyze the XRD pattern and pro-
vide an interpretation for the identification of
(Mg 9Zr( g)O, gin the phase composition of the
specimen No.
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An analysis of the XRD pattern (Fig. 4)
shows that (Mg oZr, )0, ¢ was identified by
three diffraction maxima corresponding to the
following Bragg angles (20) and interplanar
spacings d: 30.60 deg and 2.919 A;o 35.34 deg
and 2.538 A; 50.68 deg and 1.7998 A. Notably,
the peaks at 20 = 35.34 deg and 50.68 deg co-
incide with those of baddeleyite. Consequent-
ly, there is only one characteristic diffraction
maximum by which (Mg 5Zr 3)O; g was iden-
tified: 20 = 30.60 deg. A similar peak is absent
in the diffraction patterns of ZrTiO, and other
stoichiometric compounds of the ZrO, — TiO,
system.

However, ZrTiO, has a peak at 20 = 30.493
deg (see Fig. 3), which is close in value. Consid-
ering the possibility of forming solid solutions
with both ZrO, and TiO,, the interplanar spac-
ings and, accordingly, the 20 values can change.
Furthermore, order/disorder processes in solid
solutions during slow cooling can be accompa-
nied by the appearance of superstructure reflec-
tions on the XRD pattern. In the study [11], the
diffraction maximum at 26 ~30.60 is considered
to be an indicator of the formation of the so-
called B-(Zr,Ti; ),0, — a solid solution based
on a-ZrTiO,, which, according to calculated
data, begins at a temperature of 1461.71 K.

Although the study [11] includes a number
of results from the earlier work [12], it does not
support the conclusion regarding the forma-
tion of a ZrgTiOg-type solid solution based on
tetragonal ZrO, and ZrTiO,, which exhibits an
XRD pattern with maxima at 20 ~ 30.60 and
50.68 deg. For this type of solid solution, which
forms in compositions with TiOy > 50 mol. %
during slow cooling, the work [12] proposes a
stabilization mechanism based on the ability
of Ti** ions in tetragonal ZrO, to form clus-
ters with short Ti — Ti distances. X-ray diffrac-
tion data for Zr;TiOg provided in [12] include:
space group 42m; a = 5.0322 A ¢ =10.4280 A
V = 264.06 A3; density 5.654 g/cm3; with the
diffraction maxima at 20 = 30.60 and 50.68 deg
assigned to the (112) and (220) reflections, re-
spectively.

However, as the author himself stated [12],
these results require further confirmation.
Therefore, the identification of (Mg0 olr 8)O1 3
in the phase composition of specimen No. 2 is
incorrect. We believe the discussed diffraction
maxima (at least at 20 ~ 30.60 deg.) are super-
structure reflections characteristic of the or-
dering processes within the ZrTiO  -based solid
solution during slow cooling. It should also be
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noted that the lattice parameters and the de-
gree of lattice strain (Tables 2 and 3) for speci-
men No. 2 should not be attributed directly to
the ZrTiO  -based solid solution. Meanwhile, an
analysis of the TiOy/ZrO, ratio in the specimen
No. 2 (Table 2) indicates a higher TiO, concen-
tration in the solid solution compared to speci-
men No. 1.

4. Conclusions

The difference in initial compositions for the
synthesis of specimen No. 1 and No. 2 (corre-
sponding to ZrTiO, and ZrTi, O stoichiometry,
respectively) under a high-speed firing regime
up to 1300 °C without isothermal holding at the
peak temperature ensures the formation of tar-
get phases based on ZrTiO,. These phases are
preserved in a metastable state down to room
temperature (12 and 17 vol. %, respectively)
and can fulfill the primary function in develop-
ing the electrophysical characteristics required
for microwave ceramic dielectrics. Phase and
structure formation in both compositions only
partially follows the patterns of parallel eutec-
toid-type reactions under thermodynamically
non-equilibrium heating and cooling condi-
tions. The formation of ZrO,-based solid solu-
tions in the compositions of specimens No. 1
and No. 2 does not provide stabilization of the
tetragonal ZrO, modification; thus, monoclinic
Zr0O, is identified at room temperature. The
well-known hypothesis of the formation of the
tetragonal Zr;TiOg phase (which expands the
concentration range of TiO, solid solubility in
ZrO, up to 25 mol. %) was analyzed as a pos-
sibility for identifying the diffraction maxima
at 20 ~ 30.60, 35.34 and 50.68 deg. in specimen
No. 2. However, insufficient data were found
to support this hypothesis. Thus, the above-
mentioned diffraction maxima, which led to the
misidentification of the (Mg 4Zr,4)O; g solid
solution, were instead attributed to ZrTiO,-
based solid solutions with an increased TiO,
content relative to the ZrTiO, stoichiometry.
In contrast, specimen No. 1 contains ZrTiO,
with a lattice strain of 0.20 %, indicating a
composition close to ZrTiO, stoichiometry but
depleted in TiO,, which is consistent with cur-
rent data from the ZrO, —TiO, phase diagrams.
The noted phase formation features of the ZrO,
— TiO, system materials can be utilized to tai-
lor specific properties of ceramics for use as mi-
crowave dielectrics.

Functional Materials, 33, 2, 2026
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