
Cent. Eur. J. Phys. • 8(5) • 2010 • 789-797
DOI: 10.2478/s11534-009-0152-3

Central European Journal of Physics

Molecular dynamics simulation of zirconia melting

Research Article

Sergio Davis1, Anatoly B. Belonoshko2∗, Anders Rosengren2, Adri C. T. van Duin3, Börje Johansson14

1 Applied Materials Physics, Department of Materials Science and Engineering,
KTH, SE-100 44 Stockholm, Sweden

2 Condensed Matter Theory, Department of Theoretical Physics, AlbaNova University Center,
KTH, SE-106 91 Stockholm, Sweden

3 Department of Mechanical and Nuclear Engineering, Pennsylvania State University,
136 Research East Building, Bigler Road, University Park PA 16802 USA

4 Condensed Matter Theory Group, Department of Physics, Uppsala University, Uppsala Box 530, Sweden

Received 17 July 2009; accepted 12 October 2009

Abstract: The melting point for the tetragonal and cubic phases of zirconia (ZrO2) was computed using Z–method
microcanonical molecular dynamics simulations for two different interaction models: the empirical Lewis-
Catlow potential versus the relatively new reactive force field (ReaxFF) model. While both models re-
produce the stability of the cubic phase over the tetragonal phase at high temperatures, ReaxFF also
gives approximately the correct melting point, around 2900 K, whereas the Lewis-Catlow estimate is above
6000 K.
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1. Introduction

Zirconia (ZrO2), due to its dielectric and thermal conduc-tion properties, is one of the most important oxides froma technological point of view. Furthermore, the unusuallyhigh mobility of its oxygen ions at high temperatures, aphenomenon widely studied, makes it ideal as the basis forsolid oxide fuel cells (SOFCs). However, zirconia presentsitself in several crystalline phases depending on tempera-ture: monoclinic below 1440 K, tetragonal below 2640 K,
∗E-mail: anatoly@kth.se

and cubic from 2640 K up to the melting temperature,2990 K, and this structural polymorphism gives rise to in-ternal stresses (as different grains transform and changetheir volume) with temperature, an undesirable propertyfor an engineering material. Unstable phases of zirconiacan be stabilized at high temperature by alloying it withother oxides, such as yttria (Y2O3), forming the so calledyttria–stabilized zirconia (YSZ). The formation of YSZ in-volves the substitution of Zr atoms by Y atoms, a processwhich has not been fully characterized at the atomic level.
Understanding the origin of the diffusivity of the oxygenatoms in ZrO2 and the stabilization of its structure due tosubstitution has been a challenging task, but one whichis especially suited for study using atomistic computer

789



Molecular dynamics simulation of zirconia melting

simulations.Structural relaxation, molecular dynamics and kineticMonte Carlo techniques have been used in studies of zir-conia [1, 2] and YSZ [3–7], usually focused on oxygen diffu-sion. For an extensive review see Kilo et al. [8]. Simulationof diffusion, a non-equilibrium process, requires access toatomic trajectories on the nanosecond scale, as well as aconsiderable number of atoms. Due to these constraints,simulation is mostly bounded by the choice of the interac-tion model, which leads to a trade–off between accuracyand computer time.Earlier studies [1–7] make use of either empirical poten-tial functions such as the Lewis-Catlow (LC) potential [9],or ab initio methods such as density functional theory(DFT) to model the interactions in zirconia. While theempirical potential approach is computationally efficient,a feature which is required in order to study diffusion pro-cesses involving a time scale of nanoseconds, its accuracyis compromised. Ab initio methods, on the other hand, arethe most accurate description we can afford in a computersimulation, but in practice cannot be used for simulationson such a scale. From this, it is clear that an intermediateapproach could prove quite useful in this case.Recently a new generic interaction model has been in-troduced in molecular dynamics simulations, the reactiveforce field (ReaxFF) model [10]. This model is basedon the concept of bond order and was originally de-signed to accurately reproduce the formation and break-ing of chemical bonds in conjugated, non-conjugated, andradical-containing hydrocarbons. Besides organic reac-tions, it has also been applied to such complex reactiveprocesses as detonation of explosives, thermal decomposi-tion of polymers, and crack propagation in silicon crystals,among others. It also has the remarkable advantage of be-ing much faster than traditional quantum chemistry (suchas DFT) or semiempirical (such as PM3) approaches, witha minimal loss of accuracy.The ReaxFF model has been applied successfully to zir-conia [11], showing the model’s ability to reproduce thestructure, and relative energies of the different phases,together with dynamical properties of interest such as theoxygen diffusion coefficients in YSZ. Based on this work,we believe the ReaxFF interaction model is more suitablefor studies of the complex dynamical processes, presentboth in pure (not stabilized) zirconia and YSZ, than theexisting models, such as the LC empirical potential.Among the empirical potentials found in the literature forzirconia and YSZ, the LC potential is found to reproducewith greater accuracy its structural parameters as well asproviding consistent values for the diffusion coefficientsof oxygen. But, if the aim is to understand the atomicmechanism of diffusion in solid zirconia, which is basically

a thermally activated process, we believe the interactionmodel has to be capable of reproducing also the thermalstability of the crystalline phase.A natural test for this is the calculation of the melting pointof the high–temperature stable phase; the cubic phase inthe case of zirconia. In this work we compare the meltingpoint of pure (not stabilized) zirconia, with the aim of vali-dating the use of the ReaxFF model for simulations of thesubstitution and stabilization mechanism which leads tothe formation of YSZ. We validate the ReaxFF model byshowing that, unlike the LC model, ReaxFF yields a melt-ing temperature for zirconia in excellent agreement withthe experimental value.
2. Method
2.1. Z–method simulations of melting
To determine the melting point of a substance withoutthe use of two–phase molecular dynamics simulations, weapply the procedure devised by Belonoshko et al. [12, 13],which we refer to as the Z–method.This method relies on the fact that any solid system be-ing simulated in the micro-canonical (NVE) ensemble ata temperature slightly higher than its limit of superheat-ing (TLS) will start to melt, naturally, without any distur-bance in the dynamics of the process (such as rescalingof velocities or spurious forces introduced by thermostatalgorithms). Then, as the latent heat is removed from thekinetic energy, the temperature will drop, precisely to themelting temperature Tm. This is seen as a discontinu-ity in the isochore plot T (P), dividing the “solid” branch,which ends at TLS , and the “liquid” branch, which startsat Tm. Therefore, computing points along the isochore fora given density around the estimated P and T of melting,one can obtain Tm as the lowest–temperature point in theliquid branch. The Z–method approach avoids the over-estimate of the melting temperature due to superheatingwhich is characteristic of the simpler one–phase meltingsimulations used in the past.Contrasting this with two–phase simulations, as the sim-ulation involves the transformation of a single–phase (ini-tially solid), only half the number of atoms are required.Moreover, the Z–method allows one to avoid interface ef-fects, associated with the two–phase simulations. Fur-thermore, once the “jump” from the solid branch to the liq-uid branch of the isochore is found, the point with lowesttemperature in the latter corresponds directly to the melt-ing point, without the need to “bracket” the melting pointwithin an upper and lower limit. This is not to say thatthe Z–method is superior to the 2–phase method (appliedfor the first time to real materials by Belonoshko [14, 15]).
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However, it is a useful and sufficiently precise alternativeas once again was confirmed in a recent study [16].
2.2. Interatomic potentials: Lewis–Catlow
model and ReaxFF
Previous work on YSZ with ReaxFF [11] has shown itsability to reproduce the structural properties of the dif-ferent crystalline phases accurately. Some of these prop-erties are shown in Tab. 1, compared to the results fromsimulations with the LC potential [3], and data from EX-AFS and synchrotron radiation experiments [17].
Table 1. Structural properties computed using ReaxFF model and LC

model, and reference experimental data from EXAFS and
synchrotron radiation experiments.

Crystal phase and model ρ (g/cm3) Pm (GPa) Tm (K)Tetragonal (LC) 5.2 7.9 5120Tetragonal (ReaxFF) 5.2 0.8 2360Cubic (LC) 5.1 9.1 6280Cubic (ReaxFF, short run) 5.5 2.9 2926Cubic (ReaxFF, long run) 5.5 3.6 2930
As a means of comparison, in parallel with the ReaxFFsimulations we performed the same procedure using theLC potential, which has the Born–Mayer form,

φij (r) = Aij exp (
−r
ρij

)
− Cij
r6 . (1)

For these simulations we used the MOLDY molecular dy-namics code, by K. D. Refson [18]. The potential param-eters Aij , ρij and Cij were taken from the paper by Lewisand Catlow [9].For both the ReaxFF and the LC potentials the long–rangeCoulomb interactions were considered, as usual, with theEwald summation method.
2.3. Molecular dynamics
We performed Z–method melting simulations on a 3 × 3 ×3 cubic structure (108 zirconium + 216 oxygen atoms) anda 4 × 4 × 4 tetragonal structure (128 zirconium + 256oxygen atoms) for both the LC and the ReaxFF potentials.For each potential and phase the density (and thus thedimensions of the simulation cell) was chosen so as tomatch initially a pressure between zero and 100 MPa atthe equilibrium conditions (T0 = 2000 K for the tetragonalphase and T0 = 2800 for the cubic phase). Each of thesefour samples was independently equilibrated for 1.4 ps

Table 2. Melting point for ZrO2 for different crystalline phases and
interaction models.Crystal phase and model ρ (g/cm3) Pm (GPa) Tm (K)Tetragonal (LC) 5.2 7.9 5120Tetragonal (ReaxFF) 5.2 0.8 2360Cubic (LC) 5.1 9.1 6280Cubic (ReaxFF, short run) 5.5 2.9 2926Cubic (ReaxFF, long run) 5.5 3.6 2930

at the corresponding T0 before performing the Z–methodsimulations.In the case of the ReaxFF simulations, each (P, T ) pointon the isochore was obtained first after 80 000 time stepsof NVE molecular dynamics, equivalent to 2.8 ps, and then,after 240 000 time steps (8.4 ps) for the cubic structureonly, in order to assess any effects due to short simulationtimes. The reason for such a small time step (0.035 fs)is that in the integration of the equations of motion oneneeds to take into account the fast vibrations of the lighteratoms (oxygen in this case).Performing a 1 ps simulation in ReaxFF takes about 2hours and 20 minutes on a single core of a modern super-computer.For the case of the LC potential, as the computations areorders of magnitude faster, each point on the isochore wasobtained after 500 000 time steps, equivalent to 500 ps.For comparison, a 1 ps simulation with the LC potentialtook about 25 seconds under the same conditions.
3. Results
The computed isochores for both interaction models (LCand ReaxFF) and crystal structures (tetragonal and cubic)are shown in Fig. 1. Fig. 2 shows the isochore for the cubicstructure and ReaxFF model for 8.4 ps.In each plot, the lowest point of the liquid branch canbe taken as an accurate estimate of the melting point.The corresponding temperatures (Tm) and pressures (Pm)obtained in this way are shown in Tab. 2. In all casesthe statistical errors in Tm and Pm are below 5 percent.The agreement between the ReaxFF melting point for thecubic phase over 2.8 ps and 8.4 ps shows that there isno need for longer Z-method runs. The time needed forthermal equilibration is dependent on the system size, andour samples are small enough to be fully equilibrated aftera few picoseconds.Fig. 4 shows a snapshot of the structure, for both thecubic and tetragonal phase, at the highest point on thesolid isochore branch, which we take as the superheating
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Figure 1. Isochore curves for tetragonal and cubic ZrO2 phases with
both LC and ReaxFF models: (a) Tetragonal+LC (Tm =
5120 K at P = 7.9 GPa), (b) Tetragonal+ReaxFF (Tm =
2360 K at P = 0.8 GPa), (c) Cubic+LC (Tm = 6280 K at P
= 9.1 GPa) and (d), Cubic+ReaxFF (Tm = 2930 K at P =
3.6 GPa). Straight lines representing the solid and liquid
isochore branches are intended only as a guide to the eye.

Figure 2. Isochore curve for cubic ZrO2 phase with the ReaxFF
model and longer simulation times (8.4 ps). The filled
square marks the estimated melting point Tm = 2926 K
at P = 2.9 GPa.

limit, TLS . Here we see that both structures still resembletheir initial crystalline arrangements (Fig. 3) despite thedistortion due to thermal vibrations. On the other hand,Fig. 5 shows a snapshot of both structures at the lowestpoint on the liquid isochore branch, which we identify asthe melting temperature, Tm. In this case all resemblanceto the initial structures is lost.In order to confirm, beyond simple inspection of the struc-tures, that we actually have a liquid state at the pointson the liquid isochore branch the following test was per-formed: we calculated the mean square displacement(MSD) of the Zr atoms for a point on the liquid branchand compared it to the same calculation for a point onthe solid branch at a similar temperature. The results areshown in Fig. 6. Here we see that indeed the diffusioncoefficient (which can be computed from the slope at thetail of the MSD vs. t plot) for the case of the LC potentialis much higher in the liquid branch (dashed lines in thefigure) than in the solid branch (solid lines in the figure).This validates the Z-method for the LC potential, whichis indeed predicting a melting point around 6000 K. Inthe case of the ReaxFF potential, the difference betweenthe MSD curves is not so sharp, mainly due to the shorttime scale considered (0.7 ps versus 5 ps). To confirm thatthere is a clear difference, we computed the MSD in arange up to 4.2 ps for the case of cubic structure withthe ReaxFF model (Fig. 7). Again the difference in slopesclearly shows that the Z-method correctly predicts a melt-ing point lower than 3500 K (in fact Tm=2926 K accordingto the longer Z-method simulations, Fig. 2). The diffusioncoefficient for Zr in the liquid state, obtained from theslope of the dashed curve in Fig. 7 is D=3.2×10−5 cm2/s,which is well in the range of liquid diffusion.In Fig. 8 we show the change in the radial distribution
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Figure 3. Initial crystalline structures for (a) the cubic and (b) tetrag-
onal phases of ZrO2. Large, light-colored spheres rep-
resent zirconium atoms, and small, dark-colored spheres
oxygen atoms.

function (RDF) for the Zr–O pairs with increasing tem-perature. The peaks beyond 5 Å (see the arrow marks inFig. 8) are lost when crossing from the solid branch (lineswith circles in the figure) to the liquid branch (lines withdiamonds in the figure) in all cases.As the difference in short-range structures, shown by theRDF curves, is not so striking (especially in the caseof the ReaxFF model), we analyzed the distribution ofatomic positions directly, collected over a long time inter-val. Figs. 9, 10 and 11 show the density plots of the Xand Y components of the atomic positions for points in thesolid branch (T=3505 K), close to TLS (T=4810 K) and inthe liquid branch (T=3595 K), respectively. The lighter

Figure 4. Structures for (a) the cubic and (b) tetragonal phases of
ZrO2 on the highest point of the solid isochore branch
(TLS ). Large, light-colored spheres represent zirconium
atoms, and small, dark-colored spheres oxygen atoms.

regions are those where atoms are more likely to be found(the color is directly associated to the probability of find-ing an atom at the given projected coordinates in the X-Yplane). The stripe patterns in the first two cases showthat a highly ordered structure is still maintained, unlikein the third case, where no structure is apparent.
4. Discussion

The relative thermal stability of the cubic phase againstthe tetragonal phase at high temperatures is well repro-duced by both models (higher melting point indicating the
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Figure 5. Structures for (a) the cubic and (b) tetragonal phases of
ZrO2 on the lowest point of the liquid isochore branch (Tm).
Large, light-colored spheres represent zirconium atoms,
and small, dark-colored spheres oxygen atoms.

most stable phase).But, regardless of the difference in pressure for the LC andReaxFF melting points we can see that, for any reasonablevalue of the melting Clapeyron slope, the points obtainedwith the LC potential are clearly much higher, at least2000 K above the experimental value (2990 K).A melting point over 6000 K at 9.1 GPa, to be in agreementwith the melting point at the pressure 1 bar, would requirean initial Clapeyron slope dT/dP of at least 330 K/GPa.Compare, for example, with molybdenum, a material hav-ing a similarly high melting point at room pressure (Tm =2896 K at P = 1 bar), but with an initial Clapeyron slopebetween 30 and 40 K/GPa [19–22]. The melting point,
Figure 6. Mean square displacement (MSD) for Zr atoms as a

function of time, for two different points in the isochore
(dashed line is from the liquid branch, solid line is from
solid branch): (a) Tetragonal with LC, (b) Tetragonal with
ReaxFF, (c) Cubic with LC and (d), Cubic with ReaxFF.
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Figure 7. Mean square displacement (MSD) for Zr atoms as a func-
tion of time, for two different points in the isochore (dashed
line is from the liquid branch, solid line is from solid branch)
for the cubic structure and with ReaxFF potential, for ex-
tended simulation times, up to 4.2 ps.

computed for the LC model and corrected for the pressure,will be likely around 5700 K at 1 bar: too high by anystandard as compared to the experimental melting temper-ature. On the other hand, the ReaxFF model reproducesthe melting point of the cubic phase. We are not aware ofany other model for interatomic interactions (besides full
ab initio calculations) able to predict a reasonable meltingpoint for ZrO2 via molecular dynamics.The higher melting point obtained from the LC poten-tial suggests an unrealistic structural rigidity of the solid.This can also be seen by comparing the slopes dP/dT ofthe isochore solid branch for ReaxFF and LC, as shown inTab. 3.
Table 3. Comparison between the isochore solid branch slopes for

ReaxFF and LC models.Phase ReaxFF slope (MPa/K) LC slope (MPa/K)Tetragonal 1.03 3.52Cubic 2.84 4.84

The LC slopes are consistently higher. For a solid, beingheated at constant volume, (dP/dT )V is directly relatedto the Grüneisen parameter γ,
γ = V

CV

(
dP
dT

)
V

= V
ω
∂ω
∂V , (2)

which is a measure of the change in phonon frequencies
w due to thermal expansion, a property linking dynamicaland thermal phenomena.

Figure 8. Radial distribution function for Zr–O pairs at different tem-
peratures: (a) Tetragonal with LC, (b) Tetragonal with
ReaxFF, (c) Cubic with LC and (d), Cubic with ReaxFF.
Simple solid lines are for T deep into the solid branch, lines
with circles are for T close to TLS , lines with diamonds are
for T close to Tm, and lines with stars are for T well into the
liquid branch.
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Figure 9. Density plot of atomic positions projected in the X-Y plane,
for cubic ZrO2 at T=3505 K in the solid isochore branch,
computed over 7 ps.

Figure 10. Density plot of atomic positions projected in the X-
Y plane, for cubic ZrO2 at T=4810 K, i.e., close to
the superheating limit (but still within the solid isochore
branch), computed over 7 ps.

Figure 11. Density plot of atomic positions projected in the X-Y
plane, for cubic ZrO2 at T=3595 K in the liquid isochore
branch, computed over 7 ps.

5. Concluding remarks

In this work we have been able to reproduce the melt-ing point of zirconia with very good accuracy by usingthe ReaxFF model for the interactions. This shows that,

unlike previous interatomic models, the ReaxFF model iscapable of simulating the melting process in a realisticway for this material. The success in reproducing such acomplex transition as melting is not a minor one. It meansthe ReaxFF model contains enough information about theinteratomic interactions so as to reproduce the structural,mechanical and dynamical properties of the material, asall these phenomena seem to contribute to the processesbehind the melting mechanism. In contrast, we show thatthe Lewis-Catlow interatomic potential, being only a pairpotential, is not able to reproduce the complexity of thismulti-phase material, especially when computing thermalproperties.We believe this result validates the use of ReaxFF in com-plex non–equilibrium, thermally activated situations likethe anomalous oxygen mobility and the formation of YSZ.Building on this, the natural next step seems to be that ofcrystallizing a liquid solution of zirconia and yttria, andthen characterize the lattice sites where the Zr–Y substi-tution actually takes place.
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