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Abstract

Yttria-stabilized tetragonal zirconia (Y-TZP) ceramics have excellent mechanical properties. However, such
materials cannot undergo plastic deformation at room temperature due to their high hardness and brittleness
values, hindering machinability. To overcome these limitations, we propose a zirconia-yttria-titania ceramics,
based on zirconia containing 3 mol% yttria and up to 15 mol% titania. The zirconia-yttria-titania powders
were synthesized by co-precipitation method, uniaxially pressed and sintered at 1400 °C/5 h. Sample charac-
terizations were carried out by X-ray diffraction, scanning electron microscopy and mechanical properties
through Vickers hardness and toughness measurements. Compared to the Y-TZP ceramics, the yttria stabilised
tetragonal zirconia ceramics co-doped with 10 mol% Ti showed noticeable increase of tetragonality parameter,
higher toughness and lower hardness values, indicating plasticity at room temperature. Furthermore, the atom-
istic simulation by Density Functional Theory methodology suggests the occurrence of spatial arrangement of
the atoms, explaining the proposed plasticity.
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I. Introduction

Structural advanced ceramics are known for their
general properties, such as high hardness, brittleness,
resistance to chemical corrosion and high-temperature
mechanical resistance [1]. Despite its good mechani-
cal properties, when a ceramic material suffers a local
stress concentration, a brittle fracture can occur with
negligible plastic deformation, since dislocations are
relatively immobile and dislocation-induced plasticity
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is almost absent [2]. These characteristics are a conse-
quence of the nature of the chemical bonding between
its ions, which has a mixed ionic and covalent charac-
ter [3]. Plastic deformation is associated with the move-
ment of large number of dislocations, typically found in
metallic materials. However, considering materials with
high content of ionic bonds, there are few sliding planes
where dislocations can move. Sliding systems are also
limited in covalent ceramics since this kind of bonding
is always relatively strong and highly oriented [2]. In
order to promote plastic deformation in a ceramic ma-
terial, different approaches have been studied, such as
high-temperature treatments, where more than 1000%
plastic elongation was observed at temperatures higher
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than 1000 °C [4]. This exceptional elongation in ten-
sile deformation characterizes the superplasticity phe-
nomenon in various polycrystalline solids. Even though
several experimental researches consider the superplas-
ticity properties, its mechanism is still not precise. Most
researchers reported in the literature emphasize that the
superplasticity phenomenon in zirconia based ceramics
could only be observed at very high temperatures or
with nanoscale particles dimensions [5–8].

The increase of biomedical applications of zirconia ce-
ramics requires the improvement of their machinability
to suit the shape and dimensions of sintered specimens.
When previously sintered, those systems are very hard to
be adequately machined during fabrication [9,10]. In den-
tistry, it is also important to consider that excessive hard-
ness of an implant or restoration can be detrimental to the
masticatory system. In order to minimize this problem,
Kim et al. [11] developed zirconia ceramics comprising
titania nanopowder with decreased hardness, maintain-
ing high strength and fracture toughness. Thus, besides
the addition of yttria to zirconia, this behaviour could be
achieved by addition of niobia, tantala and titania.

It is well known that two classic mechanisms that
explain the enhancement of mechanical properties of
zirconia ceramics are: i) microcracking formation due
to a controlled tetragonal → monoclinic phase trans-
formation during ceramic processing and ii) stress-
induced transformation toughening [12]. After forty
years of discovering the stress-induced transformation
of metastable tetragonal zirconia by Garvie et al. [12],
Chevalier et al. [13] highlighted that Ce-doped zirconia
with alumina and strontium aluminate additions could
display a significant amount of transformation-induced
plasticity without damage, which is a promising mecha-
nism to allow the use of additive manufacturing process-
ing. Recently, Luo et al. [14] synthesized a Y-TZP-TiO2
composite containing 0–10 mol% TiO2 by a powder
mixing process. The increase in TiO2 content increased
the bending strength and hardness to a certain extent.
The wear mechanism of those ceramics was mainly at-
tributed to plastic deformation and microcracking.

In the present study we demonstrate that plastic de-
formation of zirconia-yttria-titania ceramics, prepared
by co-precipitation route, can occur at room temper-
ature, simultaneously with transformation toughening.
This behaviour can be achieved under restricted chem-
ical compositions and processing conditions, based on
microstructural, hardness and fracture toughness eval-
uation. This phenomenon is proposed by comparing
experimental results with modelling experiments using
Density Functional Theory (DFT), considered by far as
the most widely used theoretical method to describe an
electronic structure [15].

II. Experimental

Zirconia-yttria-titania powders were prepared by
co-precipitation method using zirconium oxychloride

(IPEN/CNEN, Brazil) and yttrium and titanium chlo-
rides prepared from their metal oxides (Sigma Aldrich,
USA and CAAL, Brazil, respectively). The studied
compositions contained 3 mol% Y2O3 and 0–15 mol%
TiO2. The samples were codified as ZY3Tx, where x is
the TiO2 molar concentration. According to experimen-
tal conditions established in our previous work [16], the
zirconium oxychloride, titanium chloride and yttrium
chloride solutions were mixed and added drop-wise to
an aqueous solution of ammonium hydroxide. The ob-
tained precipitates were filtered and washed succes-
sively with water and then with ethanol. In order to pre-
vent agglomerate formation, precipitates were treated
by azeotropic distillation with n-butyl alcohol. After
drying, the powders were calcined at 800 °C and uni-
axially pressed into disks with diameter of 10 mm and
height of 3.5 mm. Five disks of each composition were
prepared. These samples were sintered at 1400 °C in an
air atmosphere for 5 h (Lindberg Blue M box furnace,
USA).

The crystal structures of the zirconia-yttria-titania ce-
ramic samples were analysed on a Rigaku DMAX 2000
diffractometer, followed by Rietveld refinement (GSAS,
USA). These data allowed the determination of phase
content and crystal cell parameters. Theoretical density
of each sample was determined for two cases: consid-
ering and not considering the substitution of Zr4+ by
Ti4+ in the lattice. Densities of the sintered ceramics
were measured by immersion method. For each compo-
sition, the experimental densities of five samples were
measured in order to calculate the mean value and the
standard deviation. Relative density (%TD) was calcu-
lated from the measured and theoretical density values.
Longitudinal sections of the samples were polished with
conventional diamond suspensions and Vickers hard-
ness of the disks was evaluated. A Buehler VMT-7 pyra-
midal indentation (136°) was used with a 200 N load ap-
plied perpendicularly to the polished surface of the sam-
ples, considering ten measurements for each composi-
tion for statistical analysis. After hardness impression
tests, the fracture toughness of the disks was calculated
using the equation developed by Shetty, Wright, Mincer
and Clauer (SWMC equation) which was normalized by
Ponton and Rawlings for Palmqvist crack model [17].
Following the Vickers impressions, the microstructures
were observed with a Philips XL-30 scanning electron
microscope (SEM). The samples were thermally treated
at 1350 °C for 30 min (Lindberg Blue M Elevator Hearth
furnace) to reveal the grain boundaries. The measure-
ments of the grain size were calculated using the Quan-
tikov software [18].

To better understand the experimental findings, atom-
istic simulations were performed at the density func-
tional level [19] within the Perdew-Burke-Ernzerhof
[20] exchange-correlation functional using the Quan-
tum Espresso (QE) software [21]. The GBRV pseudopo-
tentials [22] were used with the standard plane-wave
and charge density cut-offs of 40/200 Ryd, a 2 × 2 × 2
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Monkhorst-Pack k-point sampling [23], a 1 × 10−8 a.u.
energy threshold for self-consistency and 1 × 10−5/1 ×
10−4 a.u. energy/force thresholds for geometry and cell
optimizations. A-Basin hopping optimization approach
[24] was employed to search for the most stable chemi-
cal configurations at each composition. A fictitious tem-
perature of 150 K and an average of 1500 steps were
used. More details of the computation approach used
can be found elsewhere [23,25].

III. Results and discussion

3.1. Structural characterization

XRD results (Fig. 1a) showed that only zirconia poly-
morphic phases were identified after sintering but in dif-
ferent crystallographic structures depending on amount
of titania (JCPDS cards 50-1089; 89-7710 and 89-9069
for monoclinic, tetragonal and cubic phases, respec-
tively). Cubic phase was present in all samples, with
the highest content in the ZY3T5 ceramics containing
5 mol% of titania. This result indicates that, for the stud-
ied compositions, the incorporation of Y3+ and Ti4+ in
ZrO2 structure occurs. This behaviour is expected due
to the similarity of Zr4+ and dopants ionic radii in eight-
fold coordination, i.e. stabilization of tetragonal and cu-
bic zirconia symmetry. It is well known that the most
suitable dopants for zirconia are those cations whose ra-
dius ratio difference is <40%, compared to that of Zr4+

[26]. For eightfold coordination this condition is ful-
filled, considering that Zr4+, Y3+ and Ti4+ ionic radii are
0.84 Å, 1.019 Å and 0.74 Å, respectively [27]. Besides
that, the zirconia-yttria-titania phase diagram proposed
by Schaedler et al. [28] shows that the solubility limit of
Ti4+ in zirconia structure is around 20 mol%. The mon-
oclinic phase was also found in all studied compositions
as a secondary phase, including the control 3Y-TZP ce-
ramics. The monoclinic content is maximal when the
amount of titania is 10 mol%.

Unit cell parameters (a, c) and the relation c/a of the
tetragonal phase are shown in Table 1. For the studied
composition it was observed that tetragonality (c/a) in-
creases with titania content, without reaching the solu-
bility limit of tetragonal phase, according to XRD data.
The increased tetragonality is an indication of sliding of
planes with Ti4+ addition in the lattice, occupying Zr4+

position [25].
Relative densities of the sintered samples, calculated

from the relation between experimental and theoreti-
cal densities calculated from Rietveld refinement re-
sults, are given in Table 1. After sintering, densification
was attained, especially for the samples with lower ti-
tania content, reaching relative densities from 92.6 to
99.1 %TD (Table 1 and Fig. 1b). These values were cal-
culated considering theoretical densities without Ti4+

in zirconia lattice, indicating that the increase of tita-
nia content leads to lower densities. On the other hand,

Figure 1. (a) XRD patterns of zirconia-yttria-titania ceramics (m - monoclinic, c - cubic and t - tetragonal phases)
and (b) phase composition with corresponding relative density values in parenthesis

(theoretical densities were calculated from Rietveld’s refinement)

Table 1. Measured (ρ), theoretical (ρth) and relative (ρr) densities, unit cell parameters (a, c) and tetragonality (c/a) determined
by Rietveld refinement of XRD data of zirconia-yttria-titania ceramics

Sample ρ [g/cm3] ρth [g/cm3] ρr [%TD] a [Å] c [Å] c/a

ZY3 5.99 ± 0.01 6.04 99.1 ± 0.2 3.603 5.1723 1.4355
ZY3T5 5.84 ± 0.01 6.07* (5.97)** 96.2 ± 0.2* 97.8 ± 0.2** 3.5951 5.1819 1.4414
ZY3T10 5.70 ± 0.01 6.06* (5.82)** 94.1 ± 0.2* 97.9 ± 0.2** 3.5877 5.1872 1.4458
ZY3T15 5.65 ± 0.01 6.10* (5.75)** 92.6 ± 0.2* 98.2 ± 0.2** 3.5814 5.1956 1.4507

* Rietveld refinement not considering Ti4+ in zirconia lattice
** Rietveld refinement considering Ti4+ in zirconia lattice
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Figure 2. SEM micrographs and grain size distribution of zirconia-yttria-titania ceramics: (a, c, e, g) SEM of the fracture
surface; (b, d, f, h) SEM of the polished and thermally etched surfaces and corresponding grain size distribution graphs

relative densities calculated by including Ti4+ in zir-
conia lattice indicated high densification for all titania
contents (Table 1), as observed in SEM micrographs
(Fig. 2).

Microstructure of the sintered ceramics was observed
by SEM on the fractured surfaces and polished and ther-
mally etched surfaces (Fig. 2). An increase in grain
size was observed as the titania amount increased in
the ceramics. The fracture surface of the Y-TZP sam-
ple shows a typical tetragonal zirconia microstructure,
with a homogeneous distribution of sub-micrometric
grains and only intergranular fracture (Fig. 2a). Fracture
surface micrographs of the titania-containing samples
(Figs. 2c,e,g) show predominant small tetragonal grains
with round shapes, few larger cubic grains with sharp
corners and monoclinic twinned grains. After polishing
and thermal etching, a small amount of white exposed
structures having higher titania concentration were ob-
served (Figs. 2f,h). These grains could be related to the
exsolution of titanium-rich titanates (ZrTiO4). However,

this compound was not identified by X-ray diffraction
probably due to the limit detection of XRD technique
(2 wt.%). This outcrop seems to obey some orientation
and results from the stress relief related to the local tita-
nium concentration [29,30].

3.2. Mechanical properties

Mechanical properties were estimated from hardness
and fracture values through Vickers indentation method-
ology. Higher amounts of titania in the studied ceram-
ics lead to the linear decrease of the hardness (Fig. 3a).
However, fracture toughness increased in the samples
containing up to 10 mol% of titania, reaching unusu-
ally high values compared to the control Y-TZP (Fig.
3b). The amount of titania directly affects the grain
size and mechanical properties of the zirconia-yttria-
titania ceramics. SEM images of the Y-TZP sample
(Fig. 3c) revealed a homogeneous grain-size distribu-
tion and the crack propagated by an intergranular frac-
ture mode. For the ceramics containing 5 mol% of tita-
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Figure 3. Mechanical properties of zirconia-yttria-titania ceramics as a function of titania content: a) Vickers hardness and
b) fracture toughness. SEM micrographs of cracks generated after Vickers indentation test: c) Y-TZP, d) ZY3T5 and

e) ZY3T10 (arrow indicates deformed grain)

nia (Fig. 3d), a bimodal grain size distribution was ob-
served and cracks propagation with intergranular frac-
ture mode for smaller grains, and deflection of crack
propagation direction and intragranular mode for larger
grains. In the last case (the ZY3T10 sample), the direc-
tion of the crack propagation was maintained (Fig. 3e).
Due to the more cubic phase (>50 wt.%) presented in
the sample ZY3T5, the lower fracture toughness val-
ues can be attributed to the higher amount of energy
dissipated to fracture large grains. For the sample con-
taining 10 mol% of titania (Fig. 3e), intergranular frac-
ture mode is predominant, with a secondary intragran-
ular fracture mode. In this ceramics, crystal structure is
mainly tetragonal (64 wt.%), even for larger grains. It
is also observed that larger grains can be deformed but
not fractured (see arrow in Fig. 3e), suggesting a ductile
behaviour. The ZY3T15 sample showed lower fracture
toughness than the ZY3T10 ceramics. This behaviour
may be due to larger grain size of the ZY3T15 ceram-
ics, even though the tetragonal phase concentration is
higher and could allow the transformation toughening
mechanism.

3.3. DFT calculations

DFT simulation of the tetragonal 3 mol%-yttria sta-
bilised zirconia used a 2 × 2× 2 supercell containing 32
ZrO2 units, one Y2O3 unit and one oxygen vacancy to
keep charge neutrality. The most stable position of two
Y atoms was optimized and found it to be the second
neighbour of the oxygen vacancy and the third neigh-
bour to each other, as illustrated in Fig. 4a, being in
agreement with the literature [31–33]. The addition of

titania was analysed by direct substitution of Zr with Ti
atoms, varying the Ti concentration from 3 to 19 mol%.
The most stable sites for the substitutional Ti atom were
determined using a Basin Hopping global optimization
approach that generated a set of hundreds of different
chemical arrangements. The most stable chemical con-
figurations found are illustrated in Figs. 4b-d, for the
3, 12, and 19 mol% Ti, respectively. For Ti concentra-
tions up to 9 mol%, the most stable sites were found
to maximize the interaction between the added Ti and
the oxygen vacancy, which can be understood given
the lower Ti coordination and Ti–O bond distances in
anatase/rutile phases, so the doped Ti atom close to the
oxygen vacancy gives a better strain release. For the
composition with 12 mol% of Ti, the added Ti forms an
infinite channel in the [100] or [010] directions, always
tangent to the oxygen vacancy and between mixed Y-
Zr rows. Further addition of Ti increases the size of the
channel, up to the formation of an almost complete TiO2
plane parallel to the longer c axis at Ti concentration of
19 mol%.

To estimate how these channels change the material’s
response to dislocations, the energy needed to slide a
single plane composed of mixed Zr/Ti cations was eval-
uated for different Ti compositions (Fig. 4e). In this cal-
culation, one (100) plane is displaced in the [010] di-
rection from 0–0.5 nm, in steps of 0.001 nm. At each
step, all atoms and coordinates are allowed to relax, ac-
cept the y-coordinate of the plane being translated (il-
lustrated by a magenta box in Fig. 4e) and the farthest
parallel plane (illustrated by a red box in Fig. 4e). The
result is shown in Fig. 4f, where a minimal reduction
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Figure 4. Side view of the tetragonal 2 × 2 × 2 supercell (doubly reproduced in every direction) for the 3 mol%-ytria stabilised
zirconia (a) and corresponding side view for the structures with: b) 3 mol%, c) 12 mol% and d) 19 mol% of Ti (Zr/O/Y/Ti

atoms are in gray/red/green/blue colour and the vacancy is represented with a dark black sphere). Top view of the structure
with 12 mol% Ti, highlighting the sliding plane (magenta dashed rectangle) and the plane in which the y-axis of each atom is
kept frozen (red dashed rectangle) during the reoptimization. Energy change with displacement (f) confirms that the energy

increase is due to the sliding (illustrated in Fig. e) for each of the Ti compositions considered.

of 0.01 eV per ZrO2 unit for the structure with 3 mol%
doping concentration was observed. However, the struc-
tures with 12 and 19 mol% Ti presented a much more
significant reduction of 0.11 and 0.19 eV, respectively.
These values were obtained by the energy difference
between structures without Ti and with Ti at the dis-
placement in the range of 0.33–0.38 nm, as pointed out
in Fig. 4f (numbers 1, 2 and 3).This result agrees with
the experimental hypothesis that the formation of titania
channels inside the structure facilitates the strain release
between planes, increasing its overall resistance to frac-
ture.

Based on the DFT modelling and experimental re-
sults, it was proposed that the increase in toughness val-
ues is caused by the selective distribution of Ti atoms in
the Y-TZP solid solution. These oriented Ti zones form
Ti-rich phase that acts as dislocations and consequently
lead to the sliding planes, altering the mechanical be-
haviour of the ceramics.

IV. Conclusions

In summary, the co-precipitation method allowed the
synthesis of chemically homogeneous 3 mol% yttria sta-
bilised tetragonal zirconia powders co-doped with up
to 15 mol% of Ti. After sintering at 1400 °C, the dense

ceramics were formed containing mainly a mixture of
tetragonal and cubic phases. Larger grain sizes in the Ti-
doped ceramics compared to the Y-TZP ceramics were
observed. Vickers hardness decreases with the addition
of titania while fracture toughness is improved, reach-
ing a maximum value at 10 mol% of Ti. This content
corresponds to a mixture of tetragonal and cubic phase,
with a minor concentration of monoclinic phase. For
this composition an intergranular fracture is also ob-
served next to tetragonal grains (characteristic of trans-
formation toughening mechanism) and deformation of
large cubic phase grains. The DFT atomistic simulation
confirms that when Ti concentration is up to 9 mol%, ti-
tanium atom is close to oxygen vacancy resulting in a
better strain release.
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