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ARTICLE INFO ABSTRACT
Keywords: Zirconia (ZrO,) ceramics uniquely exhibit transformation-induced plasticity, allowing plastic deformation prior
Zirconia

to failure, setting them apart from most other ceramics. However, our understanding of ZrO, plasticity is
hindered by the challenge of simulating stress-induced atomic-scale phase transformations, owing to lack
of an efficient interatomic potential accurately representing polymorphism and phase changes in ZrO,. In
this work, we introduce a novel deep neural network interatomic potential, DP-ZrO,, constructed using a
concurrent-learning approach. DP-ZrO, reproduces properties of various ZrO, phases, matching their phase
diagrams as well as transformation pathways with accuracy comparable to ab initio density functional
theory. Leveraging DP-ZrO,, we conducted molecular dynamics simulations of temperature-induced interphase
boundary migration and nanocompression. These simulations demonstrate the potential’s efficiency and
applicability in studying deformation microstructures involving phase transformations in ZrO,. Our approach
opens the door to large-scale simulations under complex loading conditions, which will shed light on the
conditions favouring ZrO, transformation-induced plasticity.

Machine learning potential
Phase transformation
Molecular dynamics
Plasticity

1. Introduction

Zirconia (ZrO,) ceramics have attracted significant attention in
biomedical and energy applications due to their ductility and frac-
ture toughness remarkably larger than other ceramics [1-3]. This
unique combination of mechanical properties is closely linked to phase
transformations [3,4], which enhance the resistance to crack propa-
gation (transformation-induced toughening) and increase the ductility
(transformation-induced plasticity) [5-7]. Experimental and theoretical
studies were conducted to optimize the composition and processing
parameters of ZrO, ceramics, aiming to establish a relationship be-
tween properties and transformation microstructures [8-10]. However,
this research remained mostly empirical because of our lack of basic
understanding regarding the nanoscale processes that control phase
transformations in ceramics in general and in ZrO, ceramics in partic-
ular. Key questions remain, such as the onset of phase transformations
under different loading orientations, the kinetics of interface migration
during phase transformations, and the mechanisms of transformation
propagation across grain boundaries.

Molecular dynamics (MD) is a powerful tool to study phase transfor-
mations at the atomic scale. In ZrO, ceramics, previous MD simulations
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investigated the competition between dislocations and phase transfor-
mations under different loading orientations [11,12] and the nanoin-
dentation of tetragonal ZrO, (t-ZrO,) polycrystals [13] or nanopillars
with pre-existing defects [14]. However, these studies used an empiri-
cal Born-Mayer-Buckingham potential with a Coulombic term, which
does not describe accurately the tetragonal-to-monoclinic (m-ZrO,)
transformation, the martensitic transformation induced under stress in
Zr0O,. Furthermore, empirical potentials face challenges in describing
other experimentally observed ZrO, phases, such as cubic ZrO, (c-
Zr0,), Pbca-ZrO,, Pmna-ZrO,, and Pbc2,-ZrO, [15,16]. These phases
can alter the transformation paths from t-ZrO, [17-19] and have been
reported to reduce transformation toughening [4,17,18]. Therefore,
a numerically-efficient interatomic potential that accurately captures
the polymorphism in ZrO, is necessary for large-scale simulations of
deformation in ZrO, ceramics.

In recent years, machine-learning interatomic potentials have gained
significant attention and have successfully addressed various challenges
in different fields. For instance, machine-learning potentials have been
developed for ZrO, to study piezo- and pyro-electricity [20], phase
transitions at ambient pressure [21,22] and oxygen diffusion [23,24].
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Among these machine-learning potentials, deep potentials (DP) stand
out as promising candidates for the present study. DP has been ap-
plied to various systems, achieving accuracy comparable to density
functional theory (DFT) calculations. Examples include ultra-high tem-
perature ceramics [25], (de)lithiation processes in silicon anodes [26],
and the phase diagrams of ice [27] and gallium [28]. The efficiency
of DP can be significantly enhanced by a compression technique [29],
enabling large-scale simulations up to millions of atoms [30,31], which
is suitable for investigating transformation-induced plasticity in ZrO,
ceramics.

In this study, we employ a DP approach [32] to construct an
atomistic model of ZrO, (Section 2), called here Deep-Potential ZrO,, or
simply DP-ZrO,, that can accurately describe experimentally observed
ZrO, phases over a wide range of temperatures (0 to 4500 K) and
pressures (-5 to 20 GPa). In Section 3, we systematically examine var-
ious properties of ZrO, polymorphs and investigate the energy barriers
controlling phase transformations, with comparisons to DFT results.
The phase diagram of DP-ZrO, is determined using thermodynamic
integration. Finally, we demonstrate the accuracy and efficiency of the
DP potential to simulate relevant mechanical properties of ZrO, systems
by studying for the first time the migration of an experimentally
observed interface between t-ZrO, and m-ZrO,, and by performing a
model nanocompression under a controlled orientation. We emphasize
that the current DP model focuses on pure ZrO, systems, while real ap-
plications mostly involve doped ZrO,. Nonetheless, this work represents
a mandatory step forward to model ceramics at the atomic scale. The
current DP model and corresponding DFT dataset will soon be available
at a publicly accessible website [33].

2. Computational methods

The machine-learning DP model, proposed by Zhang et al. [32], was
employed to train an interatomic potential for ZrO, using a dataset
obtained from DFT calculations. In the DP model, the total energy of a
system is computed as a sum of atomic contributions, E = Y, E;. The
atomic energies E; depend on the local environment, E; = E(R’), where
R’ = (ry;,ry, ..., T,,;) represents the relative coordinates of neighbouring
atoms around atom i within a cutoff distance r,. The mapping from R
to E; is obtained thanks to an embedding and a fitting neural network.
The embedding network transforms R’ into a descriptor matrix D’ that
preserves the symmetry operations of the system, while the fitting
neural network maps D’ into the atomic energy E; [34].

We used the smooth edition of the DeepPot descriptor [34] as
implemented in the DeePMD-kit package [35,36]. The cutoff was set
to 7.5 A with a smoothing function starting at 2.0 A.

The embedding network is composed of three hidden layers with
sizes (25, 50, 100) and the fitting network comprises three hidden
layers with sizes (240, 240, 240). The dimension of the descriptor
matrix is 16 x 100. During the training process, the following loss
function was minimized [35,36]:

Pe o, Pr Z 2, Pe 2
= —A + — AF. + — A s
©T3N - |4F| on 14l
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where N is the number of atoms. Ae, |AF,|, and ||4|| denote the
differences between DP model and DFT calculations on energy, atomic
force, and virial tensors, respectively. p,, p;, and p; are corresponding
prefactors and are adjusted during the training process, which is per-
formed in two stages, each consisting of eight million steps. During the
first stage, the prefactors of p,, p;, and p; change gradually from 0.02
to 1, 1000 to 1, and 0.02 to 1, respectively. In the second stage, the
pretrained DP model is fine-tuned with prefactors p,, p, and p, fixed
to 100, 1, and 10, respectively. With an initial prefactor of 1000, forces
are already well predicted at the end of stage 1. Stage 2 is then a fine-
tuning step where the accuracy on energies and stresses is improved
without degrading the force accuracy [27,37].

The DFT dataset was prepared using a concurrent-learning scheme
implemented in DP-GEN (Deep Generator) [38]. The DP-GEN software
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iteratively explores the configurational space through three steps: train-
ing, exploration, and labelling. In the training step, DP-GEN invokes the
DeePMD-kit package to train four DP models with different activation
functions based on an initial DFT dataset. The fine-tuning stage is
skipped to accelerate the DP-GEN iteration. The initial dataset for the
first training step consists of 638 ZrO, configurations with random
distortions and atomic displacements. The configurations are supercells
of 96 atoms for the six experimentally observed ZrO, crystal struc-
tures, namely monoclinic, tetragonal, cubic, Pbca, Pmna, and Pbc2,
(see Fig. 1). Additionally, the initial dataset includes structures gen-
erated by the generalized solid-state nudged elastic band (G-SSNEB)
method [39] to better capture the transition states involved in the phase
transformations.

In the exploration step, DP-GEN uses LAMMPS [40] to perform MD
simulations at various temperatures and pressures to explore configura-
tional space. The temperature is incrementally increased from 100 K to
4500 K during the DP-GEN iterations, and the explored pressures range
from —5 to 20 GPa. To capture surface effects, surface configurations
corresponding to (100),,, (010),,, (001),,, {100},, (001),, {101},, and
{110}, at temperatures below 500 K are also included into the dataset.
For the explored configurations, all the four DP models will give pre-
dictions of atomic forces. If a configuration is not well described by the
current DP models, they will provide different predictions and exhibit
a large model deviation, which is defined as the maximum standard
deviation of the predicted atomic forces. In the present study, the
configurations with model deviations ranging from 0.15 eV/A to 0.35
eV/A are randomly selected and added to the training dataset. In total,
5057 configurations are included into the dataset. For liquid structures,
the range is adjusted to 0.30-0.50 eV/A. An upper limit of the model
deviation is set to avoid adding possible unphysical configurations to
the dataset.

In the labelling step, DP-GEN invokes the Vienna ab initio simula-
tion package (VASP) [41,42] to calculate the energy, atomic forces, and
stresses of the selected configurations. The Perdew-Burke-Ernzerhof
exchange-correlation functional revised for solids (PBEsol) [43] was
chosen for the calculations. This functional was shown to be a good
trade-off between accuracy and numerical cost [44], representing cohe-
sion in ZrO, much better than the generalized gradient approximation
(GGA) for a numerical cost much lower than the strongly constrained
and appropriately normed parameterization (SCAN) of meta-GGA [45].
A plane-wave cutoff of 900 eV and 3 x 3 x 3 Monkhorst-Pack k-
mesh are set to ensure convergence of the energies, atomic forces, and
stresses within 1 meV/atom, 1 meV/f\, and 1 meV/atom, respectively,
for both distorted crystals and liquid structures.

3. Validation
3.1. Structural and vibrational properties

The DP model shows a good agreement with DFT results with root-
mean-square errors (RMSE) of 3.1 meV/atom and 0.2 eV/A for energy
and force components, respectively, comparable to previous potentials
for similar systems [20,21,46] (see Fig. 2).

Table 1 compares the lattice parameters and energies of ZrO, poly-
morphs at 0 K, demonstrating a relative error of about 0.1% for lattice
parameters and energy deviations of less than 1 meV/atom. Moreover,
the predicted elastic constants of ZrO, crystals exhibit an excellent
agreement, typically within 10 GPa, as summarized in Table 2. Fig. 3
displays the results of DP and DFT calculations for the equation of
states, revealing a remarkable agreement. In particular, with both DFT
and DP, the most stable crystals follow the sequence m-ZrO, — Pbca-
ZrO, — Pmna-ZrO, as the volume decreases. These calculations are
consistent with high-pressure experiments that observed phase trans-
formations from monoclinic to Pbca and from Pbca to Pmna with
increasing hydrostatic pressures [47,48].
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(a) m-ZrO,

(b) Pbca-ZrO,
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(c) Pbc2,4-ZrO,

Fig. 1. (a) Monoclinic, (b) Pbca, (c) Pbc2,, (d) tetragonal, (e) cubic and (f) Pmna crystalline phases. Atoms are coloured according to their coordination number. Zr and O atoms
are represented by large and small atoms, respectively. a-axis and b-axis of the unit cells are parallel to the horizontal direction and viewing direction, respectively.

(@
90t
92rt
S
ie]
g 9.4+t
@ S
~ ,660
a 5 ]
-9.6 =40
.§20
2
9.8 2 % 10 20 |
(meV/atom)
RMSE is 3.1 meV/atom
-10.0 L L ! : '

-9.6 -94 -9.2
DFT (eV/atom)

-9.8 -9.0

DP (eV/A)

20.0 . - -
(b)
o F,
10.0 | 1
0.0} ~ 1
:"\,_’60
-10.0} %20 1
g 00 1 2
(eVIA)
RMSE is 0.2 eV/A
-20.0 : ' '
-20.0 -10.0 0.0 10.0 20.0
DFT (eV/A)

Fig. 2. Comparison of the energy (a) and forces (b) computed by DFT and predicted by the DP model. Insets show error distributions.

We employed the Phonopy package [49] to evaluate the vibrational
properties of ZrO, polymorphs. Fig. 4 displays the phonon spectra
of the low-pressure phases, while Supplementary Materials present
high-pressure polymorphs. To ensure accurate phonon calculations,
the initial configurations consisting of conventional cells made of 12
atoms, with the exception of the Pbca polymorph, which consisted of
a 24-atoms cell, were relaxed with both the DP model and DFT until
the norm of all forces was below 10~6 eV/A. To ensure convergence
with respect to system size, 96 atoms supercells are used for the finite
displacement calculations. Due to the sensitivity of the second-order
derivatives of the energy, achieving an accurate description of phonon
dispersion through the training process was challenging, but we can see
in Fig. 4 that the DP potential reproduces very well the DFT data. We
also note that both DFT and DP correctly predict the instability of the
cubic phase at 0 K [50].
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The lattice parameters evolution with temperature of the mono-
clinic, tetragonal and cubic phases is shown in Fig. 5. These results were
extracted from 300 ps long simulations using 6 x 6 x 6 supercells (2592
atoms) in the isothermal-isobaric ensemble at zero pressure. The equi-
librium phase at each given temperature was taken as starting point.
The linear thermal expansion coefficients are in excellent agreement
with the experiments.

With the DP model and in the experiments, the lattice parameters
are discontinuous at the m-ZrO,/t-ZrO, transition, implying that the
transition is of first-order as expected for a martensitic transforma-
tion. As shown in Verdi et al. [21], near the t-ZrO,/c-ZrO, transition
temperature, the system undergoes frequent fluctuations between both
phases. However, by computing separately the lattice parameters of the
tetragonal and cubic phases at each temperature (as discussed below),
we find that the lattice parameters are discontinuous at the transition
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Table 1
Lattice parameters and energy of different ZrO, phases calculated by DFT and DP (f.u.
stands for formula unit)

a (A b (A) c A B AE (meV/f.u.)

m-ZrO, DFT 5.133 5.215 5.300 99.6 0.0

DP 5.136 5216 5295  99.7 0.0
Pbca-ZrO, DFT  10.055 5252 5075  90.0 40.9

DP 10.036 5.253 5.079 90.0 39.8
Pbc2,-ZrO, DFT 5.055 5.260 5.075 90.0 52.2

DP 5.051 5.261 5.071 90.0 52.4
t-ZrO, DFT 5.074 5.074 5.178 90.0 79.2

DP 5.073 5.073 5178  90.0 77.6
¢-Zr0, DFT  5.068 5.068  5.068  90.0 140.4

DP 5.069 5.069  5.069  90.0 139.1
Pmna-ZrO, DFT  5.558 3.321 6.478  90.0 202.2

DP 5.555 3323 6478  90.0 199.7

s C-Z O 5> |1

— m-ZrO2

PbC21
= Phca

m— PNa

Energy (eV/atom)

10 11 12

13
Volume (A%/atom)

14

Fig. 3. Equation of states of different ZrO, phases. Solid lines and crosses indicate the
results by DP-ZrO, model and DFT, respectively.

temperature, suggesting a first-order transition. This is in agreement
with experimental data but in contradiction with the results proposed
by Verdi et al. [21].

To further confirm the nature of the t-ZrO,/c-ZrO, transformation,
we conducted longer simulations of 10 ns to precisely measure the
volume and enthalpy of both ¢-ZrO, and t-ZrO, phases in the vicinity
of the transformation point (see Figs. 6(a) and (b)). It is worth noting
that the system fluctuates between c-ZrO, and t-ZrO, phases near the
transformation temperature, consistent with previous findings [21].
This fluctuation is directly visualized by the probability distribution of
the instantaneous lattice parameters (L,, L, L,) (Fig. 6(c)) at different
timesteps of MD simulations, which indicates that the system explores
the c-ZrO, phase and the three t-ZrO, variants. In contrast to the
previous study in Ref. [21], where a statistical average was computed
across all structures, we adopted a different approach. Here, we classify
structures at different timesteps as either c-ZrO, (c/a 1.00) or t-
Zr0, (¢/a ~ 1.02) based on their instantaneous c¢/a values and compute
separate statistical averages for each phase. We defined ¢ as the longest
lattice parameter at a given timestep and a as the average of the other
two lattice parameters. Specifically, a structure is identified as t-ZrO,
if ¢/a > 1.01 and as ¢-ZrO, if ¢/a < 1.01. Our results clearly reveal
small differences between both phases in terms of volume and enthalpy
around the transformation temperature, supporting the conclusion that

~
~

4246

Journal of the European Ceramic Society 44 (2024) 4243-4254

this is indeed a first-order phase transformation. The same methodology
was applied in Fig. 5 to compute the temperature-dependence of the
average lattice parameters.

We further examined the free energy surface associated with the
¢-Zr0O,/t-ZrO, transformation based on the distribution of lattice pa-
rameters presented in Fig. 6(c). In this analysis, we considered the
lattice parameters (L,, L,, L,) as the collective variables, and we
calculated the free energy surface in terms of lattice parameters as [54]:

F(L,. L, L;) = kT log(p(L,. L,, L)). @)

Here, p(L,,L,,L;) is the normalized probability distribution of the
system. We can see that the lattice parameters of the system approx-
imately lie in the (111) plane (L, + L, +L, = constant), since the
system vibrates around its average volume and the volume difference
between both phases is very small (about 0.06% at 2390 K). Therefore,
the dimension of the collective variables is reduced by projecting the
data points onto the (111) plane and the probability distribution of the
system on this plane is computed. Using Eq. (2), the calculated free
energy surface at 2390 K is reported in Fig. 6(d), which shows a free
energy barrier of about 0.1 meV/atom. The free energy barrier of the
transformation always exists around the transformation temperature
(Fig. 6(e)) and is much smaller compared with other typical first-order
transitions in ZrO, (see Section 3.2), which indicates that the t-ZrO,/c-
ZrO, transformation is a weak first-order phase transformation. The
energy barrier and time during which the system resides in a specific
phase are anticipated to rise with system size, potentially surpassing the
timescale of MD simulations. This aligns with the previously observed
overheating of the tetragonal phase, as documented in Table S1 in
Ref. [55].

Other physical properties at high temperatures, including the diffu-
sion coefficient and heat capacity (which shows a Schottky anomaly in
c-Zr0O,), were computed with the present potential. They are reported
in Supplementary Materials.

3.2. Minimum energy paths of phase transformations

Zirconia can transform between different phases through diffusion-
less transformations. The two most studied are the ferroelastic switch-
ing between t-ZrO, variants [56,57] and the martensitic transformation
between the t-ZrO, and m-ZrO, phases [3,4]. At zero applied stress and
temperature, the various phases are separated by energy barriers that
can be determined using saddle-point search methods. Here, we used G-
SSNEB method [39] to evaluate the energy barrier for transformations
between different phases and/or transformation variants using both
DFT and the DP model. Calculations were performed to compute the
minimum-energy path between an initial and a final unit cell made of
12 atoms with periodic boundary conditions. We thus consider here ho-
mogeneous transformations. The case of heterogeneous transformations
will be addressed in Section 3.5. The result of the G-SSNEB calculations
is shown in Fig. 7.

The first barrier on the left corresponds to the ferroelastic switching
between two tetragonal variants of ZrO,, i.e. a transformation of the
type (a;, b,,¢;) = (¢;,a,,b,). As seen in Fig. 7, the transformation occurs
between two variants that have the same energy (taken as reference
for all G-SSNEB calculations) and the DP model reproduces the energy
barrier obtained with DFT with an error of 1 meV/f.u.. The second
barrier (in green) corresponds to a martensitic transformation from a
tetragonal unit cell (a,,b;,¢,) into a monoclinic unit cell (a,,, b,,, c,,).
This transformation has an orientation relationship of the so-called C-
type [58], where the c-axis of the tetragonal phase transforms into the
c-axis of the monoclinic phase. We see in Fig. 7, that both phases are
separated by a single energy barrier slightly higher than that of ferroe-
lastic switching (16.49 meV/f.u. compared to 16.30 meV/f.u.). We note
that with an LDA functional, the DFT calculations predict a very low
ferroelastic switching barrier (10 meV/f.u.) and a significantly lower
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Table 2
Elastic constants (GPa) calculated by DFT and DP.
Cy Cy Cy3 Ciy Cis Cys [om Css Cos Cis Cys Css Cis
¢-Zr0O, DFT 548 105 69
DP 542 115 71
t-ZrO, DFT 473 308 133 69 36 77
DP 470 303 125 63 37 76
Pbc2,-ZrO, DFT 364 380 373 129 120 153 122 87 84
DP 362 372 385 123 113 149 129 105 91
Pbca-ZrO, DFT 357 420 356 171 130 133 98 90 126
DP 368 416 374 171 140 140 108 94 130
Pmna-ZrO, DFT 458 356 409 159 193 164 65 98 127
DP 456 358 400 168 193 152 75 98 137
m-ZrO, DFT 310 397 252 169 91 152 86 88 130 48 -5 14 -9
DP 311 404 270 172 117 153 96 95 124 49 -1 24 -6
(a) monoclinic (b) tetragonal

N
o

-
&)

-
o

Frequency [THz]

E

M X

A Z T X W

Fig. 4. Phonon dispersion curves of (a) m-ZrO,, (b) t-ZrO, and (c) c-ZrO,. Red and blue lines refer to DFT and DP, respectively.
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Fig. 5. Pressure-free temperature-dependent lattice parameters for the low-pressure
polymorphs of ZrO,. Filled regions represent the standard deviation, while crosses and
dots refer to experimental data and the DP model, respectively. Experimental data from
Refs. [51-53]. The vertical dashed lines highlight the disparity between experimental
transition temperatures and the values obtained from MD simulations.

energy difference between t-ZrO, and m-ZrO, phases [59], whereas
the GGA functional PBE predicts a high ferroelastic switching barrier
(29.2 meV/f.u.) and an extremely low t-ZrO,—m-ZrO, (2.6 meV/f.u.),
as well as a large energy difference between both phases [60].

Interestingly, if we look at another orientation relationships, for
example the B-type where (q,,b,,¢,) — (¢, a,.b,,), i.e. the c-axis of
the t-ZrO, phase becomes the b-axis of the m-ZrO, phase, or the A-
type where (a,,b,,¢;) = (b, ¢, a,), i.e. the c-axis of the t-ZrO, phase
becomes the g-axis of the m-ZrO, phase, we find in both DFT and DP
calculations that there is no direct path between the t-ZrO, and m-ZrO,.
Instead, the t-ZrO, phase undergoes first a ferroelastic switch to align
its c-axis with the final c-axis of the m-ZrO, phase and then the unit cell
undergoes a C-type transformation. The energy path then corresponds
to the succession of the blue and green paths in Fig. 7.
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Another path for the B orientation relationship was proposed by
Trolliard et al. [61]. This path is also indirect with the initial t-
ZrO, phase first transforming into an intermediate orthorhombic phase
Pbc2; of orientation (a,, c,, b,) before transformation into m-ZrO, with
orientation (a,,, ¢,,, b,,). The complete transformation (a,, b,, ¢,) = (a,, c,,
b,) — (a,, ¢y, b,) is represented as the succession of the red and purple
lines in Fig. 7. While the energy barrier for the Pbc2; to monoclinic
transformation is very high compared to others (77.6 meV/f.u.), the
energy barrier from t-ZrO, to Pbc2, is smaller and comparable to the
barrier of the t-ZrO, — m-ZrO, path. Given the ~4.5% volume increase
along the t-ZrO, — m-ZrO, path, the t-ZrO, — Pbc2,; transformation
may be favoured considering the local stress—strain state.

Finally, there is another possible path between the t-ZrO, and m-
ZrO, phases, shown as the succession of the red and yellow paths,
and going through a Pbc2, phase. As seen in Fig. 7, the initial t-
ZrO, phase transforms into a Pbc2; unit cell with orientation (c,, a,. b,)
then back to a tetragonal phase with a c-axis parallel to the final c-
axis of the monoclinic phase (i.e. an indirect ferroelastic switching
through a Pbc2; phase) and then the tetragonal phase undergoes a C-
type transformation towards the final monoclinic phase. Interestingly,
the ferroelastic switching of the intermediate tetragonal phase only
appears when a strict convergence criterion of 10-3 eV/A is used, which
may explain why this intermediate state has not been evidenced in a
previous study [60].

Although there already exist multiple paths for the t-ZrO, — m-
ZrO, transformation at zero pressure, we note that the energy barriers
are expected to evolve as a function of the stress—strain state in the
system. This point has already been quoted by Guan et al. [60] and
should be investigated in further studies. We also note that other
transition paths exist but were not discussed as they involve very
high energy barriers. Overall, in all the cases presented here, we see
that the DP model reproduces very accurately the transition paths and
corresponding barriers compared to the DFT calculations.

3.3. Phase diagram of ZrO,

Fig. 8 presents the phase diagrams of ZrO, obtained from previous
experiments [47] and predicted by the DP model. The computation
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Fig. 7. Minimum energy paths predicted by DFT (empty circles) and DP-ZrO, (solid
lines).

covered a temperature range of 0-3700 K and a pressure range of 0—
20 GPa. As a first step, we employed thermodynamics integration [62]
(details in Supplementary Materials) to determine transformation tem-
peratures at zero pressure. We obtained transformation temperatures
for m-ZrO, — t-ZrO,, t-ZrO, — c-ZrO,, and c-ZrO, — liquid ZrO,

equal to 1610 K, 2400 K and 2630 K, respectively. These values agree
reasonably well with experimental data (1367 K [63], 2584 K [64], and
2983 K [55], respectively). Using the calculated transformation points
as starting points, we then conducted Gibbs-Duhem integrations [65]
to obtain coexistence lines up to triple-points. We note that the Pbc2,
phase does not appear in the calculated phase diagram, which we veri-
fied by performing thermodynamics integrations at different pressures.
We confirmed that the Pbc2, phase is never the most stable phase in
the phase diagram at prescribed pressures and temperatures.

While a quantitative difference between the experimental and DP
model phase diagrams is observed in Fig. 8, it is worth noting that, to
the best of our knowledge, this is the first time that a complete phase
diagram of ZrO, has been obtained using an interatomic potential.
One reason is that no interatomic potential developed so far was able
to predict the stability of the various phases of ZrO,. The predicted
transformation sequences, m-ZrO, — t-ZrO, — c¢-ZrO, — liquid with
increasing temperature at 0 Pa and m-ZrO, — Pbca-ZrO, — Pmna-
ZrO, with increasing pressure at low temperatures, perfectly agree with
the sequences observed experimentally. The deviation of the calculated
phase diagram from the experimental one is likely due to inaccuracies
of the PBEsol exchange—correlation functional used in the DFT dataset.
In comparison to more accurate results [44] obtained using the van
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Fig. 8. Phase diagrams of ZrO, obtained experimentally (a) (reproduced from Ref. [47]) and calculated with the present DP model (b).

der Waals corrected SCAN (SCAN-rVV10) [66], the PBEsol predicts
a higher energy for t-ZrO,, potentially accounting for the narrower
region of t-ZrO, at 0 Pa in the calculated phase diagram. Previous DFT
calculations using PBE functional also predicted a smaller Pbca region
at low temperatures compared to experiments [67].

Another obvious difference between the experimental and DP phase
diagrams is that the t-ZrO,/c-ZrO, coexistence line depends signifi-
cantly on pressure experimentally, while it is almost flat numerically.
The reason is that experimentally, there is a volume increase from
t-ZrO, to c-ZrO, of about 0.55% [55] whereas the DP model yields
a value of only 0.06% at 2400 K (Fig. 6(a)), resulting in a very
weak pressure dependence of the transition temperature. Given that
DFT calculations using SCAN-rVV10 are time-consuming and resource-
intensive, additional efforts are needed to enhance the DP model and
achieve better experimental accuracy.

In addition to deviations arising from simulation results, it is im-
portant to note that debates exist regarding transformation pressures
of high-pressure phases observed in experimental studies. Experimental
measurements of transformation pressures conducted at room tem-
perature may exhibit discrepancies due to kinetic effects. The stud-
ies supporting the reversibility of phase transitions [48,68] reported
lower transformation pressures, i.e., 3.1 GPa for m-ZrO, — Pbca-
ZrO, transformations [68] and 12.5 GPa for Pbca-ZrO, — Pmna-ZrO,
transformations [48], compared with the values shown in Fig. 8(a).
Moreover, in experiments by Ohtaka et al. [48], Pmna-ZrO, was found
stable in the high pressure and high temperature region (up to 1800 °C
at 24 GPa), which should indicate that the slopes of phase boundaries
between the Pmna and t-ZrO, phases and between Pmna and c-ZrO,
phases are high. This result is inconsistent with the experimental phase
diagram in Ref. [47] used in Fig. 8(a) but agrees well with the present
DP-phase diagram.

3.4. Temperature-induced migration of a t-ZrO,/m-ZrO, interface

With our accurate DP model at hand, we can explore the structure
and migration of the t-ZrO,/m-ZrO, interfaces, pushing the boundaries
of our model out of the training dataset and further validating its appli-
cability in complex interface simulations. The orientation relationship
between the two phases and the interface normal are calculated based
on the theory of martensite crystallography [70,71]. A coherent inter-
face can be obtained when [010],, and [001], are corresponding vectors
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Fig. 9. Comparison between a simulated t-ZrO,/m-ZrO, interface structure and an
experimental scanning transmission electron microscopy image from Ref. [69]. An
inverse Fourier transform was performed on the experimental image to remove the
noise. For clarity, only Zr atoms are shown.

through the phase transformation and the small mismatch (about 0.7%)
between them is accommodated elastically [4]. Based on the calculated
orientation relationship and interface normal, a coherent interface is
constructed and simulated. In Fig. 9, we considered as an example a
so-called B-1 orientation relationship, where [100],, || [010],,[010],, ||
[001],,(001),, | (100),). A slight prestrain (less than 1%) is imposed
on the crystals to satisfy the periodic boundary condition. The inter-
face normal is parallel to (0.11000.994),, || (0.9940.1100), and the
simulated interface is composed of terraces parallel to (001),, || (100),
and atomic steps with a step vector [001],, or [100],. The simulated
interface structure at 300 K is superimposed on an atomic image ob-
tained experimentally using scanning transmission electron microscopy
in yttria-stabilized zirconia [69] in Fig. 9. The comparison can only be
qualitative but the very good agreement between atomic positions in
the atomistic model and the experiment is an indication of the quality
of the DP potential. In both cases, the interface has a highly coherent
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Fig. 10. Shear-coupled interface migration at 300 K of a t-ZrO,/m-ZrO, interface with a B-type orientation relationship.

structure, with identical misorientations on both sides of the interface.
Deviations of atom positions can be seen locally, which may result from
local strains in the experimental sample and the difference in lattice
parameters between the simulation (pure ZrO,) and the experiment (3
mol% Y,0; doped ZrO,).

The migration behaviour of the t-ZrO,/m-ZrO, interface is further
simulated in Fig. 10 by performing an MD simulation at 300 K without
applied stress. The interface migration is thus driven by the free energy
difference between both phases. The migration rate is around 500 m/s
at room temperature, which is a typical value during an athermal
martensitic transformation. We see that the interface simply translates
in the simulation cell, without altering its structure or leaving behind
crystalline defects. The development of a shear and a dilatation of
the simulation cell are clearly visible in Fig. 10 accompanying the
interface migration. They are consequences of the shear and dilatation
components of the Bain transformation between both phases, which
form the physical origin of transformation-induced plasticity in ZrO,.

Interestingly, we see that t-ZrO, can undergo a B-type transforma-
tion in presence of a t-ZrO,/m-ZrO, interface, while there is no direct
path for B-type transformation at the level of unit cells, as discussed
in Section 3.2. Observation of the B-type transformation in the present
simulation as well as in experiments thus probably results from the het-
erogeneous structure of the bi-crystal near the interface. The coherent
interface was shown to stabilize a gradual path between the two phases
across the interface, as demonstrated in a prior study on graphite-to-
diamond transformations [72]. This is reinforced by the high coherency
of the t-ZrO,/m-Zr0O, interface in the B-type transformation. We have
modelled other interfaces with different lattice orientations, resulting
also in highly mobile and highly coherent interfaces with shear-coupled
migration.

3.5. Transformation-induced plasticity

The relevant applications of zirconia-based systems as structural
materials rely on the martensitic transformation from the tetragonal
to the monoclinic phase, which depends on the local stress and strain
state. In this section, we test the DP-ZrO, model on the nanocompres-
sion of a thick tetragonal zirconia pillar along the [101], direction by a
planar indenter. The three-dimensional system with size 15x15x 15 nm3
is represented in Fig. 11 and contains approximately 320,000 atoms.
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Periodic boundary conditions (PBC) are applied perpendicular to the
compression axis (along x and y directions). The positions of the atoms
in the bottom layers are fixed in the [101], direction of compression
(z direction), but are allowed to relax parallel to the surface plane.
The compression is performed at 0 K by monitoring the position of the
planar indenter through a series of steps of 0.1 A (0.07% engineering
strain compression) until a compressive strain of 10%. Here, we define
the strain as the vertical displacement of indenter over the height of the
pillar. The indenter is represented by a purely repulsive potential acting
on the atoms that have a vertical z-coordinate larger than the fixed
indenter position. Static calculations are performed to avoid dynamical
effects related to the large strain rates applied in MD simulations. At
each compression step, the atomic positions and the cell dimensions
in the surface plane (x, y) are relaxed to ensure |o,,| ~ |o,| <5
MPa. Technically, the simulation proceeds through a series of FIRE [73]
and conjugate gradient minimizations, consisting of 1000 steps each,
until a maximum atomic force of 2.5 x 10~* eV/A is reached and the
stress convergence criterion is simultaneously reached. All calculations
were performed with the LAMMPS code [40] including the DeePMD-kit
plugin.

The t-ZrO, phase is deformed elastically below 4.6% compression.
At 4.6% compressive strain, the system undergoes a tetragonal to
monoclinic phase transition, keeping its translational symmetry along
the y direction (initial tetragonal b-axis [010],). During the transfor-
mation, the pillar shrinks in the vertical direction and detaches from
the indenter. From 4.6% to 6.6% compression, the indenter moves
down but remains separated from the pillar. The stress is thus zero.
At 6.6% compression, the pillar reforms a contact with the indenter
and after 6.6% compression, the monoclinic pillar is deformed elas-
tically. We show in Fig. 12 five 2D snapshots seen along b-axis that
illustrate various stages of the t-ZrO, — m-ZrO, transformation at 4.6%
compression.

Fig. 12(a) shows the initial configuration of the tetragonal structure
at e;; = [0y, = 0%. The green colour indicates atoms in a tetragonal
environment, while the atoms in grey at the bottom and close to the
indenter have a local environment that deviates from the crystalline
bulk due to the free surfaces. Fig. 12(e) displays the atomic configu-
ration after 4.6% compression, where the martensitic transformation
has taken place. The red colour signifies a complete t-ZrO, — m-ZrO,
transformation towards a C-2 variant characterized by the orientation
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Fig. 12. Atomic snapshots of the stress-induced t-ZrO, — m-ZrO, transformation during [101], nanocompression. (a) the relaxed t-ZrO, at zero strain; (b)-(e) are snapshots taken
in a single relaxation at 4.6% compression. For visualization purposes, only Zr atoms are shown. Red, green, and blue atoms represent the m-ZrO,, t-ZrO,, and Pbc2,; phases,
respectively, while yellow atoms belong to a t-ZrO, phase that has undergone ferroelastic switching. Grey atoms have an unidentified environment.

relationship [001],, || [001], [010], | [010], (100), | (100),. The
occurrence of this variant can be rationalized by considering the plastic
strain produced by each of the 12 possible variants during compression
along the [101], axis.

Analysis of the Bain transformation matrix reveals that only four
variants, i.e. the C-1, C-2 and two A-type variants, exhibit a compressive
strain along the [101], direction. They all produce a strain of approx-
imately ~-7%. If formed, they lead to stress-relaxation and are thus
favoured by the applied strain. All the other variants show positive
strains in the [101], direction, which correspond to a length increase
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in the direction of compression. They are therefore not likely to appear
here.

Further information on the nature of the possible variants can be
inferred from the G-SSNEB results presented in Section 3.2, which
show that, without an interface as in previous section, there is no
direct path from the tetragonal structure to A or B monoclinic variants.
Moreover the A variants have the largest coherency strain among
all variants. C-1 and C-2 are therefore expected to be the favourite
candidate orientations for this t-ZrO, — m-ZrO, transformation, in

good agreement with the final C-2 structure obtained by the DP-ZrO,
model.
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Apart from the analysis of the initial and final structures, the details
of the t-ZrO, — m-ZrO, transformation in Figs. 12(b-d) show other
interesting features concerning the intermediate structures obtained in
the course of the minimization process. The yellow colour in Fig. 12(c)
corresponds to a ferroelastic switch (a,,b,,¢,) — (b,,¢;,a,) with the ¢
tetragonal axis rotating perpendicular to the image plane. This fer-
roelastic switch initiates in the upper-right part of Fig. 12(c) in the
vicinity of both the surface and the t-ZrO,/m-ZrO, interface. This
transformation produces a small negative strain and its localization
suggests that it can be triggered by local defects.

Fig. 12(d) shows that the initial ferroelastic switch is followed
by a t-ZrO, — Pbc2, transformation. The orientation relationship is
(b, ¢;,a;) = (a,, by, c,) with the long direction b, perpendicular to the
image. From this Pbc2; phase, a transition to the surrounding C-2
monoclinic variant is then available by following the same path as
in Fig. 7 (purple curve). This last Pbc2, — m-ZrO, transformation is
characterized by the lattice correspondence (a,, b,,c,) = (a,, b,,.c,,). It
is worth noting that the Pbc2,; phase has been experimentally observed
under specific conditions in pure zirconia, such as growth on sub-
strates [74], in nanoparticles [75], or in doped zirconia [17]; it has also
been proposed from DFT calculations [60] as an intermediate structure
in the formation of the monoclinic B variant, which is precisely what
is described here through the successive transformations: (b,,c,,a,) —
(a,,b,,¢y) = (@, by, C)-

The DP-ZrO, model thus provides valuable information on the
mechanical properties of zirconia, showing that an intermediate phase
can participate in the tetragonal to monoclinic transformation in pure
zirconia. The results given by this machine learning potential are also
consistent with both DFT results and elementary structural analysis.
However, a distinct advantage of the DP-ZrO, model is its computa-
tional cost, which makes it suitable to study large systems of 320,000
atoms and more, far beyond the limitations of standard DFT calcula-
tions. At this system size, the numerical efficiency can be compared to
a classical Born-Mayer—Buckingham potential [76-78] commonly used
for zirconia systems. In this case, the average time per iteration is only
twice larger for the DP-ZrO, model when running the same simulation
on two graphic processing units (Nvidia Tesla V100 32 GB).

4. Conclusion

In this study, we developed a neural network interatomic potential
to simulate temperature-induced and stress-induced phase transforma-
tions in ZrO,. The accuracy of the potential was validated on both
zero-temperature properties and the phase diagram of various ZrO,
phases with temperatures up to 3700 K and pressures up to 20 GPa.
The potential exhibits a high level of agreement with DFT calcula-
tions and experimental data. Using the novel neural network potential,
the experimentally observed t-ZrO,/m-ZrO, interface was successfully
modelled, revealing a shear-coupled migration mode, which aligns well
with the principles of martensite crystallography. The nanocompression
of a t-ZrO, system showing transformation-induced plasticity involving
multiple transformation paths was also simulated. Our study presents a
precise and efficient approach for modelling microstructure evolution
involving phase transformations in ZrO,. This potential will be central
to perform large-scale simulations of plasticity in ZrO, in order to
understand the physical conditions favouring transformation-induced
plasticity in single as well as polycrystalline ZrO, ceramics.
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