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Zirconium dioxide, or zirconia, is a common and useful ceramic with a wide range of applications, from fuel
cells to odontology. Its phase diagram is simple and well understood, having a structure which is monoclinic at
temperatures up to 1500 K, tetragonal up to 2700 K and cubic up to 3000 K. Zirconia is rarely used in its pure
form, being typically doped with Y,03, MgO or TiO,, and in this regime its phase diagram becomes much more
complex. In this context, ab initio molecular dynamics (AIMD) can provide a detailed atomistic description of
the phase diagram of this system, accurately describing its stable phases and transition regions. In this work, 3
mol-% Y,0; (3YSZ) crystals doped with different Ti contents were studied at the density-functional level. For
Ti contents varying from O to 30 at%, a global search algorithm was first used to explore the O K potential-energy
surface and determine the most stable sites for the added Ti atoms. It was found that, at low Ti compositions Xr;,
small TiO, clusters form, followed by TiO, channels and infinite TiO, planes at larger Xr; values, and that the
highest stability is achieved at 9% Ti. AIMD simulations within the isothermal-isobaric NPT ensemble were then
performed to characterize the temperature-dependent phase changes as a function of the Ti content, where it was
found that the Ti-doped structures presented considerably smaller volume changes near the phase-change critical
temperatures. These findings suggest that YSZ materials doped with a small amount of Ti are both energetically
and kinetically more stable than the undoped counterparts, in the ideal proportion of 3% TiO, for every 1% Y,0;

doping.
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I. INTRODUCTION

Zirconium dioxide, or zirconia, is a ceramic with a high
melting temperature, excellent oxygen mobility, and low elec-
tronic and thermal conductivity. These properties make such
a material very useful in a wide range of applications, from
odontology, as the main material composing tooth crowns,
to thermal barrier coatings in gas turbines [1]. Even though
zirconia is an important ceramic material, it presents phase
transitions when submitted to large temperature changes. It
can, in fact, crack when cooled from high temperatures due
to a transition from the metastable tetragonal (Tet) phase to
the most stable and also 5% greater volume monoclinic (MC)
phase [1]. Therefore, in most applications zirconia is doped
with other oxides in order to optimize its properties. Zirconia
is typically doped with Y by mixing ZrO, with Y,Oj3, forming
yttria-stabilized zirconia (YSZ), which creates oxygen vacan-
cies that end up stabilizing the tetragonal and cubic (Tet and
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Cub) symmetries over the MC symmetry, mostly due to the
reduced amount of oxygen [1,2]. TiO,, or titania, is another
dopant that has also been shown to stabilize the Tet phase
[3], connected to the changes brought by Ti that make the
MC volume and atomic positions similar to the tetragonal
positions, nearing their differences and lowering the transi-
tion temperature between the phases. Several studies on the
Y-Ti codoped zirconia material can be found in the literature
[4-9]. In particular, Zeng et al. [4] reported that 3 mol%
yttria-stabilized zirconia (3YSZ) micropillars doped with 5
mol% Ti were much larger in size after being sintered at high
temperatures compared with the Ti-free counterparts and also
presented shape memory effects.

From the simulation point of view, zirconia and YSZ
crystals have been extensively studied in the past. Ti doped
zirconia has also been considered in the literature [10,11],
however in more limited contexts. In most works, standard
density-functional calculations [12] within the local density
(LDA) and/or gradient corrected (GGA) functionals were
performed [13-20]. In terms of the 0 K equilibrium struc-
tural parameters, both LDA and GGA offer a very good
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structural description of all the phases of this system, showing
deviations of at most 2% compared with the experimentally
predicted data [18]. However, LDA underestimates, while
GGA overestimates the stability, in terms of energy, of the
MC phase with respect to the Tet phase [16,18], therefore
predicting that the transition MC-Tet occurs at lower or higher
temperatures than the experimental ones. Furthermore, Jo-
mard et al. [21] have shown that gradient corrections are
required for an accurate description of zirconia’s orthorhom-
bic structure at high pressures, even though there is an overall
loss of agreement compared with experimental results for
some of the compared structural properties. Considering these
aspects, GGA functionals should offer, in principle, a suitable
structural description of the system while keeping the com-
putational cost to a minimum, at least compared with newer
functionals or approaches that are usually more expensive, yet
potentially more accurate.

To the best of the authors’ knowledge, Y-Ti codoping of
zirconia was rarely atomically characterized in depth [22],
especially taking into account all the different phases it can
present, the distinct Ti contents, and also the high tempera-
tures these systems are usually submitted to. In fact, kinetic
phase changes due to temperature are usually not simulated
at all at the ab initio level, due to their significant complexity
and computational cost. However, they can provide important
information regarding the phase diagram of a specific system,
with an atomistic description at each composition and temper-
ature under consideration.

From the experimental perspective, x-ray diffraction
(XRD) is the standard technique used to accurately determine
the lattice parameters and symmetry of crystals. However, it
gives a structure averaged over several unit cells, over both
time and space, which might hinder local and instantaneous
effects. Pair distribution function (PDF) measurements are
usually able to observe the short-range order in materials.
This has been recently noticed in halide perovskites [23-26]
regarding the precise structural details of their cubic phases.
By computer simulation, on the other hand, it is possible to
successfully investigate the structural changes resulting from
local atomic variations and how they affect the material as
a whole. In the light of these issues, molecular dynamics
appears as a powerful tool to provide an accurate quantitative
description of a crystal structure. Dynamics at constant num-
ber of molecules, pressure, and temperature (NPT ensemble),
in particular, can take into account atomic vibrations, atomic
diffusion, and unit-cell changes simultaneously, allowing the
study of phase transformations.

The main objectives of this work are twofold. We first made
an atomistic study of the phase diagram of zirconia, consider-
ing the different phases it can present and also analyzing the
effects of temperature, in a wide range from room to melting
temperatures. Since large amounts of Y make the tetrago-
nal or cubic phases much more stable than the monoclinic
one, therefore nearly eliminating the interesting MC — Tet
transition, we considered a very small amount of Y doping,
studying the effect of increasing amounts of Ti on the system’s
properties. For this, we performed a theoretical study at the
DFT-GGA level to determine the structural changes of 3YSZ
when doped with 0% to about 30% of Ti. A global search
approach was first applied to find that, as Ti content increases,

Ti goes from forming small TiO, clusters inside the 3YSZ
structure, to TiO, channels, and then infinite TiO, planes. The
main difference between the MC and Tet phases is shown to be
progressively smaller, too. Furthermore, the lowest formation
energy (maximum stability) was found at the special concen-
tration of 9 mol%, and at temperatures between 1100 and
1500 K, the common temperatures at which this material is
usually treated, the decrease in volume due to the MC — Tet
transition was found to be smaller for the Ti-doped structures,
resulting in a larger resistance to cracking.

The second objective was to assess the accuracy and lim-
itations of ab initio molecular dynamics (AIMD) within the
NPT ensemble. Since this approach is not often used to study
phase diagrams, due to its cost and not-so-straightforward
application, a detailed analysis was performed for the system
in question. The NPT-AIMD approach was shown to give an
accurate description over the whole temperature range, even
at temperatures as high as 2750 K and at the more complex
phase-transition regions.

II. COMPUTATIONAL DETAILS

All calculations were performed at the density-functional
(DFT) level [12] with the Perdew-Burke-Ernzerhof [27]
exchange-correlation functional. For the global search and
dynamics parts, the CP2K software [28] was used with the
pseudopotentials of Goedecker, Teter, and Hutter with 1,
6, 16 electrons for H, O, Fe [29-31], respectively, and the
double-zeta valence plus polarization Gaussian basis function
(DVZP) [32]. An energy threshold for self-consistency of 1 x
10~7 a.u. and cutoffs of 600 (50) Ryd for the finest grid (rel-
ative grid) for Gaussian mapping were adopted, respectively.
The most stable 0 K structures found were re-optimized with
a higher accuracy with the QUANTUM ESPRESSO (QE) soft-
ware [33], using the GBRYV pseudopotentials [34],a2 x 2 x 2
Monkhorst-Pack k-point sampling [35], a 1 x 10~7 a.u. en-
ergy threshold for self-consistency and 1 x 1073 (1 x 107%)
a.u. energy (force) thresholds for geometry optimization. The
variable-cell optimization was applied without constraints, if
not explicitly stated otherwise.

The 2 x 2 x 2 supercell containing 32 ZrO, units is the
starting point of all structures studied in this work. 3% Y
doping was achieved by replacing two Zr by two Y atoms,
also adding an oxygen vacancy to keep charge neutrality,
as done in similar works [14-19]. Ti doping consisted in a
direct substitution of 1 Zr by 1 Ti atom. To determine the
most stable sites for Ti doping starting with the supercell
illustrated in Fig. 1(b), we applied the basin hopping (BH)
global search [36] algorithm, which provides a cheap and
fairly accurate way to explore an unknown potential-energy
surface. We have used a homemade code that externally calls
the CP2K software every time a geometry optimization is
required. Each step of the algorithm consists in (1) exchange a
Ti with a Zr atom; (2) perform a geometry re-optimization; (3)
evaluate the energy change AE with respect to the previous
configuration; (4) accept the atomic exchange following the
Metropolis criteria, i.e., with a 100% probability if the new
structure is more stable (AE < 0), or with a e=2£/KT7 prob-
ability otherwise, where K is the Boltzmann constant and 7
is a fictitious temperature. This is repeated Ng times, until no
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FIG. 1. Panels (a) and (b) show the MC unit cell for the pristine ZrO, structure and the 3%-Y doped (3YSZ) configurations, respectively.
The most stable minimum found for the Ti-doped 3YSZ structure at Ti compositions of 3%, 6%, 13%, 19%, 25%, and 31% are shown in
panels (c)—(h), respectively. Zr, O, Y, and Ti atoms are in gray, red, green, and blue, respectively, and the oxygen vacancy is illustrated with a

black sphere.

new structures are generated for a few hundred steps. In this
work, each BH run was performed with Ty = 150 K and Ns
between 500 (6% Ti doping) and 2000 steps (30% Ti doping).

Ab initio molecular dynamics (AIMD) simulations were
performed starting from the 0 K most stable structures at each
chemical composition, as illustrated in Fig. 1. A NPT ensem-
ble was used with a time step of 1 fs (0.5 fs for temperatures
larger than 2000 K), a 100 fs time constant for temperature
control, a 75 fs time constant for pressure control, a target
pressure of zero GPa, and 15 target temperatures: 250, 500,
750, 1000, 1125, 1250, 1375, 1500, 1625, 1750, 1875, 2000,
2250, 2450, and 2750 K. The total time of each run was 40
ps, where the first 25 ps were taken as a thermalization time,
being discarded in the averages performed. The total potential
plus kinetic energy and the pressure as a function of the sim-
ulation time for the pure zirconia crystals at several different
temperatures are presented in the supplemental material [37],
which show that the total energy is stabilized after 25 ps, while
the pressure converges to zero much more quickly.

III. RESULTS AND DISCUSSION
A. Zero kelvin analysis

Our starting point was the pristine ZrO, supercell com-
posed of 32ZrO; units arranged in a tetragonal phase (other
phases will be considered later), as illustrated in Fig. 1(a).
3%-Y doping was achieved by replacing two Zr atoms with
Y, adding also an oxygen vacancy (Oy) to guaranty charge
neutrality, as illustrated in Fig. 1(b). A 1000 steps global
search for the best position of the Y atoms with respect to
the fixed O, position was performed. In parallel, a complete
search considering all possible 32 x 31 distinct configurations
was also done so as to determine the optimized value for the
fictitious temperature of the BH approach that generates all
the most stable structures with the lowest number of steps.
It was found that the most stable configuration corresponds
to both Y atoms being second neighbor to O, and also third

neighbor to each other, as illustrated in Fig. 1(b). There were,
however, many other nearly degenerate configurations, related
to Y-Y second or fourth neighbor to each other, but always
surrounding O,. Only when the Y atoms are close to each
other or far from the O, does one get a significant increase
in energy of at least +5 meV /ZrO,. This is in agreement with
what has been already obtained and discussed in the literature
[14-16]. Therefore, in the search performed next for the best
chemical configurations for Ti, the positions of the Y atoms in
the unit cell were fixed in the most stable position determined
[Fig. 1(b)].

Ti doping of the 3YSZ structure consisted in a direct substi-
tution of Zr by Ti. Each added Ti corresponds approximately
to 3.1% to the Ti composition within the cell (Xt;), and the X
range considered was 0% to 31%. The most stable structures
obtained following the BH global search approach are shown
in Figs. 1(c)-1(h). Three distinct chemical regions can be
identified from this figure. At low compositions (X1; < 10%),
the Ti atoms are preferentially located as first neighbor to the
oxygen vacancy (Oy), in one of the three first-neighbor sites
that are at a distance shorter than 2.6 A, illustrated with dashed
lines in Fig. 1(b). The first occupied site is preferentially the
site also first neighbor to a Y atom [Fig. 1(c)], and eventually
all three sites are occupied at X1; = 9% [Fig. 1(d)]. This can
be understood by considering that the Ti coordination in the
standard rutile or anatase TiO, phases is six, with a Ti-O
bond length of about 1.95 A, while in the MC ZrO, struc-
ture these values are 7 and 2.15 A, respectively. Therefore,
the sites closer to the O, offer a better strain release for Ti.
For compositions in the 10% < X1; < 20% range, we note
the formation of TiO, channels [see Fig. 1(e)] tangent to
the oxygen vacancy. This Ti channel can point in both the
[100] or [010] directions, with nearly zero energy difference
between each case. However, when aligned in the longer [001]
or [110] directions, one gets a total-energy increase of at
least +4 meV /ZrO,. For X1; = 25%, a TiO, plane is formed,
[Fig. 1(g)], with a normal vector that can point in either the
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FIG. 2. Panel (a) shows 0 K formation energy (in meV /ZrO, unit) and volume (in A3 /ZrO, unit) of the most stable 3YSZ structures found
at different Ti compositions. Panel (b) shows the optimized unit-cell parameters (vector lengths and angles) for each case.

[100] or [010] directions. Finally, for higher coverage (25% <
X1 < 32%), the additional Ti atoms locate in sites far from
the Ti plane, preferentially maximizing the interaction with Y
instead, and far from the vacancy [Fig. 1(h)].

In Fig. 2(a) we show the formation energy AH and unit-
cell volume per ZrO; unit (for a total of 32) as a function
of Xy for each structure illustrated in Fig. 1. To focus on
the energy changes due to Ti doping only, AH was evaluated
with respect to the 3YSZ structure and taking as reference the
orthorhombic zirconium titanate structure (ZrTiO,4) [38], such
that

AH — El()t _ E3YSZ _ NTi [EZl‘Ti04 _ 2Ezr02]

where E®, E3YS2 EZTOs "and EZ02 are the total energy, the
energy of the undoped 3YSZ, of the orthorhombic ZrTiO4
and MC ZrO, structures, respectively, and Ny; is the number
of doping Ti atoms. Figure 2(a) reveals that the formation
energy decreases almost linearly up to Xt; = 9%, reaching a
minimum at this value. This composition corresponds to an Oy
site completely surrounded by Ti, as illustrated in Fig. 1(d).
Even more interestingly, the volume also shows a clear mini-
mum at this point, which suggest that that there is a reduction
in the volume due to Ti—-O bonds being smaller, but there
is also an additional electrostatic effect around the oxygen
vacancy, which further reduces the volume. For X1; = 12%,
when TiO; channels form, we get a significant increase in both
enthalpy and volume. Indeed, at this composition we note a
large number of minima very close in energy and with similar
volumes, but with very different chemical arrangements (see
Fig. S1 of the supplemental material [37]), which means that
this concentration is in a metastable chemical point, where
there is too much Ti for the number of oxygen vacancies and
too little Ti to form extended TiO, rows or planes. At larger
X1 values, the energy (volume) linearly increase (decrease)
up to X1; ~ 22%, where the enthalpy becomes positive. At this
point, phase separation becomes favorable, with the formation
of both zirconium titanate ZrTiO4 and 3YSZ with low Ti

content. This is in agreement with the reported phase diagrams
for the binary ZrO,-TiO; system [6].

In Fig. 2(b) the variation of the supercell parameters with
Xt; are shown. It can be seen that the Ti-doped 3YSZ struc-
ture is nearly MC at lower compositions (0% < X1; < 10%),
where Ti addition causes just a large compression on both a
and b lattice vectors, with a much smaller reduction on the “c”
vector. This overall homogeneous reduction is expected since
the Ti atoms are locally surrounding the O, site, and no rows
or planes are formed. At 10% < X1; < 20%, a large expansion
in the ¢ direction is obtained with a structural rearrangement in
the planar “ab” region. This means that, because Ti-O bonds
are shorter than Zr-O bonds, it is energetically more stable to
strengthen the Ti-O planar interactions and release the strain
caused on the Zr-O bonds by increasing the perpendicular
size of the unit cell. This competition is the main reason for
the increased volume in this intermediate region shown in
Fig. 2(a). At X1; > 24%, after a complete Ti plane is formed,
we get a nearly MC to nearly orthorhombic transformation,
and a large decrease in the ¢ vector, since now a much better
strain release can be accomplished. The decreased stability of
the MC structures could be expected given the orthorhombic
symmetry of the known stable ZrTiOy structure. We also point
out that the sudden change in the 8 angle at Xp; > 24% is
in agreement with x-ray diffraction experiments in zirconia
doped with TiO,, where it is observed that, at room temper-
atures, where typically MC phases are obtained, a tetragonal
Zr;TiOg phase can be stabilized in slow-cooling conditions
with about 25% Ti doping [3].

As mentioned in the introduction, even though the Tet and
Cub phases are metastable at O K, at larger temperatures they
become more stable than the MC phase, and the transitions
MC — Tet and Tet — Cub are expected. We add that, for
Ti contents higher than 9%, there is loss of symmetry due
to the formation of Ti channels or planes, and the 0 K MC
phase becomes actually triclinic (however, very close to a MC
structure), while the tetragonal becomes orthorhombic (again
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FIG. 3. Energy difference between the most stable monoclinic
(or nearly monoclinic) phase and the tetragonal (in red) and cubic (in
blue) phases for the 3YSZ material with different Ti compositions,
from 0% to 31%. The points behind the dashed transparent rectangle
show the values for the pristine ZrO, crystal, as a reference.

very close to tetragonal). So for the following analysis we
consider the triclinic phases as near MC and the orthorhombic
phases near Tet. One way to estimate these transitions at
0 K is by constraining each symmetry during the structural
optimization, and then comparing their energies. The energy
differences obtained are shown in Fig. 3, taking as zero-energy
reference the MC case, or triclinic. From the plot we first note
that Y doping significantly stabilizes the Tet and Cub phases.
Ti doping, similarly, also stabilizes these phases, although less
efficiently than Y, which is in agreement with experimental
results from the literature [1]. Furthermore, the energy dif-
ference between Tet and Cub phases also increases with Ti
content, which is in agreement with the common knowledge
on the ZrO,-TiO, binary system where the cubic phase is
overall not stable at temperatures below 2600 K for nearly
all Ti compositions [6].

Static calculations give an important starting point to un-
derstand the stability of different configurations and phases,
but they have two drawbacks: First, they are limited by the

different geometries and phases considered. Second, they lack
kinetic effects that could be extremely important depending on
the conditions a material is submitted to. Indeed, such a limi-
tation is a problem in the case of stabilized zirconia, typically
involved in experiments at high temperatures between 1000
to 2500 K, where harmonic approximations are, in general,
not valid or too inaccurate. Thus, we study next the kinetic
properties of this system by doing molecular dynamics within
the NPT ensemble.

B. Kinetics of ZrO,

Pristine ZrO; has a very well characterized phase diagram
[6,39]. It is monoclinic at temperatures below 1500 K, tetrago-
nal between 1500 and 2700 K, and cubic from 2700 to 3000 K,
melting at higher temperatures. Previous works have provided
an atomic characterization of each phase, but the actual path
connecting different structures during a phase transformation
is only rarely studied [40]. Therefore, before studying the
Ti-doped 3YSZ material, we performed a detailed study of
pure zirconia, analyzing both the transition regions and the
kinetic stability of each phase.

The main approach consisted in performing several
constant-pressure and -temperature (NPT) ab initio
molecular-dynamics runs at different temperatures. This
NPT-AIMD approach can, in principle, provide an accurate
quantitative description of the structural properties and phase
changes of the target system for a wide temperature range,
from O K to the system’s melting point. Since NPT ensembles
can allow changes in the system’s volume, and given that
volume changes might cause numerical instabilities at the
DFT level for periodic systems and plane-wave basis sets,
the dynamics results shown next also have the purpose of
checking the overall accuracy of our approach.

NPT-AIMD runs were performed at temperatures in the
range 500 K < T < 2750 K. In Fig. 4(a) the average supercell
volume as a function of the simulation time is shown for
a few chosen T values, where it is clear that the average
volume quickly stabilizes after only a few picoseconds for
T < 1500 K, and an accurate average value can be obtained
with an integration over a short 5-10 ps interval. Plotting the
supercell parameters (lengths and angles) as a function of time
for the 500 K case, for example [in Fig. 4(b)], one can see
a rather straightforward picture for the whole run: the cell
symmetry is monoclinic at each time step, with a # b # ¢ and
a=y =~ 90°and B ~ 99°. We further note that increasing

TABLE 1. For the AIMD runs of pure zirconia at different target temperatures T,, we show the following averages and their respective
deviations: temperature (7,,,), supercell angles (o, B, y), supercell ratios b/a and c¢/a, and volume per ZrO; unit (Vyyg).

Tire (K) Tave (K) Ve (A%) b/a c/a a () B ) y )
500 501 + 32 36.5+0.2 1.007 = 0.007 1.037 = 0.006 90.0 0.3 994 +0.5 90.0£0.2
1175 1187 £+ 76 37.34+0.3 1.00 &= 0.01 1.04 +0.01 90.0 £ 0.5 98.7 +£0.8 90.0 £0.5
1350 1363 + 88 37.54+0.3 1.00 £ 0.01 1.04 £ 0.01 90.0 £ 0.6 98.3+0.9 90.0+0.4
1500 1510 £ 99 37.4+0.4 1.00 = 0.01 1.04 +£0.01 90.0 0.7 91+7 90.0 £0.5
1750 1747 + 113 37.44+0.4 1.00 & 0.01 1.04 +0.01 90 +1 91 +1 90+ 1
2000 2002 + 133 37.8+0.4 1.00 £ 0.02 1.03 £ 0.02 90 +1 90 +1 90+1
2350 2382 + 159 38.3+0.5 1.00 = 0.03 1.01 =£0.03 90 +2 90 +2 90=+1
2750 2766 + 175 39.44+0.6 1.00 & 0.02 1.00 & 0.02 90+ 2 90 +2 90 +2
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FIG. 4. Panel (a) shows the unit cell’s volume as a function of the simulation time for different temperatures for the pristine ZrO, system.
Panels (b)—(d) show the unit-cell parameters (vector lengths a, b, ¢ and cell angles «, B, y) as a function of time for 500, 1500, 2375 K,
respectively. Every point represents an average calculated over 100 fs of evolution.

the temperature from 500 to 1350 K does not change the sym-
metry of the system, but causes a 3% volume expansion and a
lattice change to a & b. Table I shows the average parameters
obtained for each run.

The clear picture at 7 < 1350 K is quickly replaced by a
more complex behavior at 1500 K [see Fig. 4(a)]. The volume
fluctuations are much larger, and the reason is not only related
to the higher kinetic energy of the system, since at 1350 K
the available kinetic energy is nearly the same and the volume
changes significantly smaller. To better understand this more
complex pattern, we analyzed how the supercell’s parameter
changes during the run, shown in Fig. 4(c). One can see that
the cell lengths have a a &~ b < ¢ pattern at all time steps,
while o =~ y &~ 90°. The B angle, however, assumes three

distinct values, 82° or 98°, for large periods of time, or 90°
in between the other two, for a shorter time. This is a signal
of a MC — Tet phase transformation, since 8 = 82° or 98°
are supplementary angles typical of the monoclinic structure,
and 90° is the straight angle of the tetragonal case. This
transition is also confirmed by the pair distribution function
shown in the supplemental material [37], where one can see
an increase in the Zr-O coordination from seven to eight at
typical first-neighbor distances between 3 and 3.5 A for tem-
peratures larger than 1500 K. Since the MC structure has a 0 K
volume 5% larger than the Tet one, during this transition the
volume changes are much larger, which explains the behavior
obtained in Fig. 4(a). Therefore, different phases can be iden-
tified at 1500 K depending on the time window §¢ in which
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the analysis is performed: a small §t value gives either a Tet
or MC phase, information that is typically accessible through
PDF (pair distribution function) measurements; a larger §t
always gives a tetragonal phase with a 8 &~ 91° and large
deviations of 7° (see Table I).

We note here that, when different starting points are chosen
instead of the equilibrium MC structure, the overall same
structure and averages are obtained. Indeed, NPT-AIMD runs
starting from Tet or Cub phases at representative 500 and
2000 K, shown in the supplemental material [37], give that
about 10 ps are enough to stabilize the phase which is the
most stable one at the current temperature, and the struc-
tural averages are already quite similar even if the system is
not completely thermalized yet. This indicates that ensemble
averages should be similar to time averages, given that the
energy barrier connecting the different phases of zirconia is
low and can be easily overcome at room temperature. The
limited numerical accuracy of the methodology employed
should also be highlighted a this point. Indeed, in an ideal NPT
molecular-dynamics simulation, an infinite number of atoms
in an infinitely long run would provide a system perfectly
thermalized at the exact target temperature. In our work, our
main numerical limitations are the 95-atom supercell and 25
ps thermalization time, which give only an average temper-
ature that fluctuates about 100 K around the 1500 K target
temperature (see Table I). Thus, instead of obtaining a single
critical temperature, as typically obtained experimentally, our
approach can accurately identify a temperature region where
the transition occurs. With this in mind, we found out that the
predicted MC — Tet temperature for pure zirconia, according
to our calculations, falls inside the 1500 £ 100 K range, which
is in very good agreement with the known experimental value
of 1500 K.

Increasing the temperature further gives the complete sta-
bilization of the Tet phase. Already at 1750 K, the average
supercell parameters (Table I) give a Tet phase during the
whole run. At 2350 K, however, a Tet — Cub transition start
to occur. In Fig. 4(d) it can be seen that, while all three «,
B, and y angles are on average 90° (see Table 1), the lattice
lengths switch betweena = b < c,a=c¢ < b,and b = ¢ < a.
Again, an average in a large é¢ gives a cubic symmetry, even
though the tetragonal phase is still the predominant phase
during most of the run. At 2750 K only the cubic phase is ob-
tained during the whole run, which gives that the Tet — Cub
transition should occur between the 2350 K < 7 < 2750 K
values. This is in good agreement with the known experimen-
tal value of 2700 K for this phase transition.

We conclude this kinetics study of pure zirconia high-
lighting the accuracy of the NPT-AIMD approach, which
reproduces very well the expected temperature dependence of
zirconia’s distinct phases and also the intermediate transition
regions. However, to be more quantitative, more target tem-
peratures need to be considered, as will be done next for the
more interesting Ti-doped 3YSZ material.

C. Kinetics of Ti-doped 3YSZ

Using the same procedure of the last section, we studied
the Ti-doped 3YSZ system with 0%, 9%, and 19% Ti con-
tent at 15 different temperatures (see Computational Details).

39F  3vszo0% 5
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38.5¢ 1
3YSZ-19% -©-

w
4]
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Volume (A3 / ZrO, unit)
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~J
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365t

250 750 1250 1750 2250

Temperature (K)

FIG. 5. Average unit-cell volume as a function of temperature
for the Ti-doped 3YSZ system with Ti concentrations of 0%, 9%,
and 19%.

Starting from the most stable structures illustrated in Fig. 1,
we show in Fig. 5 the obtained average crystal volume as a
function of temperature 7 in the 250 K < T < 2450 K range.
The general picture of the three curves is similar: a linear
volume increase up to a temperature around 1000 K; a vol-
ume drop related to the MC — Tet transition, or Triclinic —
Orthorhombic for the 19% Ti case; a second linear volume
increase up to 2000 K, at least. There are, however, important
differences between each Ti content, which are enumerated
next.

1. The temperature in which the first transition occurs is
similar for the three cases, but the temperature size window
in which it occurs is different. Higher Ti compositions give
“slower” transitions. This behavior is related to the lower
energy differences between the MC and Tet or Orthorhombic
phases at higher Ti compositions (see Fig. 3), which results in
a coexistence of phases in a larger temperature range.

2. The magnitude of the volume decrease during the tran-
sition, for both 9% and 19% cases, is significantly smaller
with respect to undoped 3YSZ. Therefore, the Ti-doped ma-
terial is potentially more resistant to cracking. This result can
also be related to recent experimental measurements by Zeng
et al. [4] that showed that 3YSZ crystals doped with a small
amount of Ti presented better shape memory properties.

3. The slope of the linear growth can be associated with
the thermal expansion of each material. To quantify such a
parameter, we evaluated the thermal-expansion coefficient o,
assuming an isotropic material, given by

) 1 vV 1

e T M
Since our main objective here is to investigate the changes
in zirconia due to the Y-Ti codoping, we evaluated o only
at 250 K, the temperature in which all structures have only a
single phase, which is (near) monoclinic for all compositions.
The results are shown in Table II, where it can be observed
that doping zirconia with 3% yttria significantly increases
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TABLE II. For zirconia and 3YSZ crystals with different Ti
compositions, the isotropic thermal-expansion coefficient is shown,
evaluated at 250 K using the data from Fig. 5, Table I and Eq. (1).

Material o (107K
ZI'OZ 73
Ti-0% 3YSZ 10.0
Ti-9% 3YSZ 10.5
Ti-19% 3YSZ 8.2

the oy value. This result is in close agreement with typically
reported experimental and theoretical values for pure zirconia
and 3YSZ, with deviations of no more than 10% [41-45].
Ti 19% —

Ti0% — Ti9% —

100

98} 1

96¢ 1

94} ]

92}

a angle (degrees)

90t

88}

86550
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=
o
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For the X1; = 9% case, there is only a small variation of oy,
indicating that small amounts of Ti leads to minimal changes
in the overall initial response to heating, probably due to
the localization around the oxygen vacancy for the added Ti,
as opposed to forming extended TiO, rows. In contrast, the
Xt1i = 19% case shows a large decrease in ¢y, related to the
already discussed larger competition between MC and Tet
phases, which allows the system to better release the strain
when heated.

4. At temperatures higher than 1500 K, a linear volume
increase of the tetragonal or orthorhombic phases take place.
For both X1; = 0% and X1; = 9%, this increase is rather sim-
ilar up to 2500 K. For X1; = 19%, at 2000 K the linear

Ti0oYe — Ti9% — Ti19% —
100 % % . ' (b) .
98} N 1
wn 96} 1
()]
g
o 94} 1
2
L 92t 1
(@)}
5
- lz -]
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FIG. 6. For the 3YSZ structure with Ti contents of 0%, 9%, and 19%, the average (a) « and (b) 8 angles, and the (c) b/a and (d) c/a ratio

are shown as a function of temperature.
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increase is replaced by a much higher exponential-like in-
crease, related to the melting of the material. This reduction
of the melting point due to Ti doping is expected, given that,
in the TiO,/ZrO, phase diagram, the melting point reduces
linearly by about 100 K for each 10% of Ti doping [6]. We
highlight, however, that the decrease obtained is not linear due
to the strong interaction between Ti and the oxygen vacancy.

The Tet — Cub transition is not very clear looking only
in Fig. 5, considering the small volume difference between
these two phases and their similar thermal expansion. This
transition is better identified by analyzing each lattice vector
variation with temperature. This is shown in Fig. 6, where
the average o and B angles, together with the b/a and c/a
ratio at each Xr; are plotted. We note that the average value
of the y angle is very close to 90° in all cases, and therefore
is not shown. Figure 6 reveals much more clearly both phase-
transition regions. The 0% and 9% cases show, at 500 K, a
transition from MC with a < b to MC with a = b; MC — Tet
at around 1300 K; a Tet — Cub phase starting around 2000 K.
For X1; = 19%, the structure is triclinic at low temperatures,
as it is at 0 K (see Fig. 2), since a ~ 87.5° and B =~ 99.5°.
At 1125 K a transition to orthorhombic takes place, ending
at #1500 K, and at 7 > 2000 K an average cubic phase can
be identified, even though the deviations become significantly
large at this temperature. Therefore, an average cubic phase
can be identified for all Ti contents, but only at temperatures
larger than 2000 K.

A quick visualization on how the atoms move during the
simulation also reveals that, although no diffusion of Zr, Ti, or
Y is seen even at temperatures as high as 2000 K (as shown in
the supplemental material [37]) oxygen diffusion occurs quite
often. This is expected since 40 ps is a short time to view
processes with high energy barriers (higher than 1 eV), while
it is enough to view fast processes that occur with a frequency
of the order of ps~!. To quantify the O diffusion frequency, the
number of oxygen site-jumps was counted for a few represen-
tative temperatures, and the result is shown in Fig. 7. While
for pure ZrO, crystals O diffusion only occurs at temperatures
around 2000 K, it already starts at 1250 K for 3YSZ crystals,
and 1375 K for the 9% and 19% Ti-doped cases. This is also
confirmed by evaluating the average oxygen displacement,
as shown in the supplemental material [37]. Yttria doping in
zirconia is known to increase O diffusion, given the addition
of oxygen vacancies [46—48]. Ti doping, on the other hand,
is shown here to increase the energy barrier for oxygen dif-
fusion, starting at a temperature around 100 K higher. This
is connected to the stronger interaction between the Ti atoms
and the oxygen vacancy that somewhat blocks the O vacancy.
However, Ti doping also significantly increases the diffusion
frequency once this barrier is overcome, with a very similar
magnitude for both 9% and 19% cases. We further note that,
since O diffusion is a fast process at large temperatures, other
structural configurations with different degrees of interaction
between the O vacancy and the Zr or Ti atoms were explored
during the NPT-AIMD runs. So although the kinetic results
presented are restricted by the initial chemical configuration,
chosen to be the 0 K global minimum, a considerable large
part of the potential-energy surface was sampled during the
dynamics.

T Zro, —— 1
g 3YSZ-Ti0% —o—
2 s} |
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> | 3vszTilen ——
c 3 ]
S
(o]
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0 . i ]

1500 2000

Temperature (K)

1000

FIG. 7. Frequency of oxygen diffusion as a function of tempera-
ture for different materials.

The results presented here indicate that 9% of Ti doping
does not change significantly some properties of the 3YSZ
material, such as melting point and thermal expansion. How-
ever, it does improve its response to thermal cracking and also
shows a negative formation energy (Fig. 2), i.e., it is ther-
modynamically more stable than the undoped 3YSZ. Further
doping up to 19% changes most of the material properties due
to the formation of TiO, channels inside the 3YSZ, which
decreases significantly its melting point and reduces its ther-
modynamic stability. So the 9% amount is potentially ideal
to optimize the overall stability of the material. Since this
composition is chemically characterized by oxygen vacancy
defects surrounded by Ti, and the amount of oxygen vacancies
is related to Y doping, we can hypothesize that the general
optimal amount of Ti in a YSZ material is directly related to
the amount of Y doping, in the optimal proportion of 1% of
Y,0;3 for every 3% TiO,, an extrapolation that should be valid
in the regime of low Y or Ti content, at least.

IV. CONCLUSIONS

The effects of Ti doping on 3%-yttria-doped zirconia crys-
tals (3YSZ) were studied at the DFT level, with special focus
on the stability of its most stable monoclinic, tetragonal, and
cubic phases. The methodology applied consisted in perform-
ing a global search analysis to explore the potential-energy
surface at 0 K, followed by ab initio molecular dynamics to
evaluate the kinetic properties of the material at higher tem-
peratures. The simulations accurately provided the material’s
volume dependence with temperature and Ti content, together
with the temperature range where each phase is more stable. A
detailed atomistic description of the phase-transition regions
was also provided, providing a support and increasing the
understanding of the experimental and theoretical data that
can be found in the literature.
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The basin hopping global search algorithm was initially
used to determine the most stable sites for Ti doping in the
3YSZ structure as a function of the Ti composition (Xry),
which were found to be initially around the oxygen vacancy,
completely surrounding it at X7; = 9%. Further addition of Ti
gives the appearance of infinite Ti channels in the system, and
eventually complete TiO, planes. The formation energy as a
function of X7; presents an energy minimum at Xp; = 9%, with
the added Ti atoms stabilizing the under-coordinated cation
sites first neighbor to the oxygen vacancy. Indeed, after these
sites are filled with Ti, further Ti doping only increase the
formation energy of the system, until it eventually becomes
positive at X1y > 22%, where phase separation or a new phase
is expected to form.

AIMD runs within the NPT ensemble further revealed
that Ti doping causes a significant reduction in the volume
change during the MC — Tet transition, which indicates that
the Ti-doped materials have a much higher resistance to

cracking than the pure zirconia and yttria-stabilized counter-
parts. Therefore, the combined thermodynamic and kinetic
studies suggest that the 9% Ti-doped 3YSZ material has an
overall higher stability. Since the better stability is related
to the amount of oxygen vacancies in the system, which
in turn is associated with the amount of Y doping, we hy-
pothesize that there is, in fact, an optimal proportion of
Y-Ti codoping in zirconia, which is 3TiO, units for each
Y,053 one.
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