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Abstract 

Zirconium alloys are the major fuel cladding materials in current reactors. The water-side 
corrosion is a significant degradation mechanism of these alloys. During corrosion, the transport of 
oxidizing species in zirconium dioxide (ZrO2) determines the corrosion kinetics. Previously, it has 
been argued that the outward diffusion of cations is important for forming protective oxides. In this 
work, the migration of Zr defects in tetragonal ZrO2 is studied with temperature accelerated 
dynamics and molecular dynamics simulations. The results show that Zr interstitials have 
anisotropic diffusion and migrate preferentially along the [001] or c direction in tetragonal ZrO2. 
The compressive stresses can increase the Zr interstitial migration barrier significantly. The 
migration of Zr interstitials at a grain boundary is much slower than in a bulk oxide. The 
implications of these atomistic simulation results in the Zr corrosion are discussed. 

1. Introduction 

Zirconium (Zr) based alloys are the primary fuel cladding materials used in light-water 
reactors. Because they directly contact water coolant during the service, the water-side 
corrosion is the major degradation mechanism of these alloys. Many factors can affect 
the corrosion process of Zr alloys, such as alloy elements, radiation, alloy microstructures, 
coolant temperature, and stress [1]. From a microscopic point of view, corrosion involves 
mass transport through cation and anion defects mediated diffusion. Therefore, 
understanding how these factors affect the mass transport is important for 
understanding the macroscopically observed corrosion behaviour.  

When a Zr alloy contacts water, a thin layer of zirconium dioxide (ZrO2) forms on the 
Zr metal surface [1-3]. Experimental studies have shown that the water-side oxide mainly 
has a monoclinic phase [3,4] because this phase is thermodynamically stable at the 
coolant temperature (~ 600 K). At the transition region between the oxide and metal, the 
oxide has a stress-stabilised tetragonal phase [3,4]. This tetragonal oxide is often believed 
to serve as a passive layer for corrosion [3]. The further corrosion of the metal or growth 
of the ZrO2 takes place via two steps. In the first step, a reaction takes place so that the 
oxide splits the water into hydrogen and oxygen ions [1-3]. It is believed that this reaction 
process is fast so that it is not the rate-limiting step [3]. In the second step, the transport 
of the oxidising species through the oxide layer takes place so that the oxide grows [1-3]. 
The mass transport can be realised via either inward anion (oxygen ion) or outward 
cation (zirconium ion) diffusion in ZrO2. In addition, electron transport from the 
metal/oxide interface to the water/oxide interface is required for the reaction to continue. 
The transport of all these oxidizing species is through the ZrO2 layer formed on the alloy 
surface. In many previous studies, it was argued that either the oxygen diffusion or 
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electron transport is the rate-limiting step[2,3,5]. However, the role of the cation diffusion 
in the oxide receives little attention. Hultquist et al. [6] have conducted experimental 
studies to investigate the role of cation and anion transport on the corrosion behaviour of 
a few metals and alloys. They concluded that when the anion transport is dominant, the 
resulting oxide has many cracks; when the cation transport is prevailing, the formed 
oxide has many cavities in the metal/oxide interface; if the anion and cation diffusion is 
balanced, the oxide has a low density of cracks and cavities so that the oxide is “self-
repairing” and therefore more protective. This work demonstrates that the cation 
diffusion may be important for governing the corrosion kinetics.  

When a Zr metal becomes an oxide, the molar volume increases by about 56% (i.e. the 
Pilling-Bedworth ratio is 1.56) [1]. Therefore, near the oxide/metal interface, the oxide is 
subjected to a strong compressive stress. In our previous study [7], we have shown that a 
compressive stress increases the anion (oxygen) defect migration barrier significantly 
while a tensile stress reduces the barrier moderately. It is unclear whether the stress 
influences the cation migration in a similar way. Some microstructural features such as 
grain boundaries are typically believed to be the fast mass transport paths. However, in 
oxides the grain boundary diffusion may be complicated by spatial charge effects. In this 
study, we use atomistic modeling to investigate how these factors affect the cation 
transport in tetragonal ZrO2, an important oxide phase related to Zr corrosion. 

2. Methodology 

The atomistic modeling methods used in this study are temperature accelerated 
dynamics (TAD) [8] and molecular dynamics (MD). A rigid-ion interaction potential 
developed by Schelling et al. [9] is used to describe the interaction between ions in both 
methods. This potential consists of a Buckingham term and a Coulomb term. It predicts 
that ZrO2 has a stable tetragonal phase at low temperatures and a cubic phase at high 
temperatures. The tetragonal-to-cubic transition temperature is about 1 850 K, lower 
than the experimental value of 2 573 K [10]. In all the simulations presented here, the 
temperature is below 1 850 K so that the oxide is in the tetragonal phase. As evaluated in 
our previous study [7], this potential predicts that the lattice parameters of the tetragonal 
phase (represented by a pseudo-fluorite unit cell) are a=b = 5.081 Å and c = 5.126 Å at 0 K, 
in good agreement with experimental values [10]. 

TAD is used to study the migration paths and barriers of cation defects in different 
scenarios. TAD employs basin-constrained MD simulations at a high temperature to search 
for many relevent defect migration paths and uses the nudged elastic band method [11] to 
calculate the migration barrier of each path. Then TAD applies transition state theory to 
accept the transition that is most likely to occur at a low temperature of interest. Since TAD 
does not have any a priori assumptions of the defect migration paths, some non-intuitive 
defect migration mechanisms such as cluster diffusion [12,13] and anisotropic diffusion [14] 
can be found. In this work, the high temperature is set to 1 800 K and the low temperature 
is set to 1 000 K. The cutoff distance of the potential is set to 8 Å and the time step is 1 fs.  

MD is used to calculate the mean square displacements (MSD) of Zr ions in a defect-
containing system. The MSD is related to defect diffusivities through the Einstein relation: 

 Dtrtr ii 6)0()(
2 =− rr , (1) 

where )0(ir
r

 and )(tri

r
 are the initial and final positions of the ith ion at time t, the bracket 

represents the average over all Zr ions, and D is diffusivity. Therefore, the slope of a MSD 
vs t plot is proportional to the diffusivity. In this work the simulation time is in the range 
between 10 and 20 ns, and the temperature is in the range between 1 400 K to 1 700 K. MD 
is conducted with the LAMMPS simulation package [15]. The time step is 2 fs and the 
cutoff distance is 11 Å. All the MD simulations are conducted in a NPT ensemble 
(constant number of atoms, pressure, and temperature).  
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3. Results 

3.1 Anisotropic Zr defect migration mechanisms 

In this section the migration mechanisms of Zr point defects (interstitials and vacancies) 
in tetragonal ZrO2 are investigated. The space group of tetragonal ZrO2 is P42/nmc [10]. For 
convenience, the crystal structure is illustrated with a pseudo-fluorite unit cell (a=b<c), as 
shown in Figure 1(a). The oxygen ions have some small displacements from the perfect 
fluorite structure along certain directions, about 0.035c predicted by this potential, as 
indicated by the small arrows on the oxygen ions in Figure 1(a). As shown in our previous 
work [7], such structural distortions induce a strong anisotropy in the oxygen defect 
migration barriers. Similar effects also occur for Zr defects as shown below.  

Figure 1. Migration mechanisms of Zr defects in tetragonal ZrO2. The tetragonal 
structure is presented with a pseudo-fluorite structure. (a – b) Migration paths of a Zr 

interstitial and the energy landscapes along these paths. (c – d) Migration paths of a Zr 
vacancy and the corresponding energy landscapes. Blue spheres – Zr ions; Green 

spheres – O ions that have a downward displacement; Dark red spheres – O ions that 
have an upward displacement; Red spheres – Zr interstitial sites; Small arrows – 

oxygen displacement directions in tetragonal ZrO2. 

 

The migration mechanisms of a Zr interstitial are illustrated in Figure 1(a). The 
favorable interstitial site is an octahedral interstitial site, which is the center of the 
pseudo-fluorite unit cell [indicated by A in Figure 1(a)]. During the migration, the Zr 
interstitial displaces a nearby Zr lattice ion and pushes it to a new interstitial site such as 
B or C in Figure 1(a). In tetragonal ZrO2, the migration paths 1 and 2 are not equivalent. 
The energy landscapes of the two migration paths are shown in Figure 1(b). In the path 1, 
the Zr interstitial migrates along the [001] or c direction with a barrier of about 0.86 eV. In 
the path 2, the interstitial migrates along the [100] or [010] direction (a or b direction) with 
a barrier of about 2.92 eV. Therefore, Zr interstitials should migrate preferentially along 
the [001] direction. This anisotropic diffusion would be pronounced at low temperatures 
such as the coolant temperature (~600 K) in reactors. 
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The migration mechanisms of a Zr vacancy are illustrated in Figure 1(c). The Zr 
vacancy hops to its nearest neighboring sites along <110> directions such as from A to B 
(path 1) and from A to C (path 2). The energy landscapes of the two migration paths are 
shown in Figure 1(d). The barriers are high, about 6.8 eV for path 1 and 5.3 eV for path 2. 
Therefore, Zr vacancies are expected to be immobile at 600 K. In the rest of this paper, 
only the Zr interstitial migration is investigated. For comparison, the Zr defect migration 
barriers along different paths in tetragonal ZrO2 are summarised in Table 1. 

Table 1. Anisotropic Zr defect migration barriers in tetragonal ZrO2. The 
crystallographic orientations refer to the orientations in the pseudo-fluorite unit cell. 

Zr defect migration barriers (eV) 

ZrI 
0.86 ([001], path 1) 
2.92 ([100], path 2) 

VZr 
6.80 ([110], path 1) 
5.30 ([011], path 2) 

The anisotropic Zr interstitial migration can be explained by the crystal structure of 
the tetragonal phase. Figures 2(a) and 2(b) show the projections of the oxygen sublattice 
along the [001] and [100] directions, respectively. Clearly the projection of oxygen 
sublattice forms a square for the [001] projection and a parallelogram for the [100] 
projection. Therefore, a Zr interstitial may have a larger migration volume when it 
migrates along the [001] direction than along the [100] direction. As a result, it is easier for 
a Zr interstitial to diffuse along the [001] direction than the [100] direction. 

Figure 2. Schematic illustration of the projection of the oxygen sublattice along different 
orientations. (a) Along the [001] direction. (b) Along the [100] direction. The red and green spheres 

represent oxygen ions having the different oxygen displacements shown in Figure 1(a). 

 

3.2 Strain effects on Zr interstitial migration 

As mentioned earlier, the tetragonal ZrO2 is subjected to large compressive stresses 
induced by the large volume increase resulting from the metal to oxide transformation 
during corrosion. In our previous study [7], we have shown that a compressive strain 
increases the oxygen defect migration barriers significantly. In addition, the tetragonal 
phase can transform to the cubic phase under a compressive strain so that the 
anisotropy in the oxygen defect migration vanishes. In this work similar effects are also 
found for Zr interstitials. In our calculation, a 3% compressive strain is applied to the 
simulation system isotropically. Under this strain, the tetragonal phase transforms to the 
cubic phase [7]. Here we use a negative sign to represent the compressive strain. The 
energy landscapes of the Zr interstitial migration along the [001] and [100] directions 
under the -3% strain are shown in Figure 3. For comparison, the energy landscapes along 
the two directions at the zero strain are also shown in this figure and the results are 
summarised in Table 2. The migration barrier is about 3.03 eV for the [001] direction and 
3.33 eV for the [100] direction under the -3% strain. Clearly, the anisotropic Zr interstitial 
migration behaviour observed at the zero strain almost vanishes because of the 
tetragonal-to-cubic phase transformation. The migration barrier increases significantly in 
the [001] direction but only slightly in the [100] direction. Overall, the compressive strains 
that occur naturally during the corrosion can suppress the Zr transport in the oxide.  
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Figure 3. The energy landscapes of the anisotropic Zr interstitial migration 
at 0% and -3% strains.  

 

Table 2: Comparison of the Zr interstitial migration barriers 
along different directions under 0% and -3% strains 

Zr interstitial migration barriers (eV) 
0% strain -3% strain 

0.86 ([001]) 
2.92 ([100]) 

3.03 ([001]) 
3.33 ([100]) 

3.3 Grain boundary vs bulk diffusion 

Grain boundaries (GBs) are typically assumed as fast mass transport paths. However, in 
oxides the situation may be more complex due to the space charge effects. To investigate 
whether Zr interstitials migrate faster along GBs than in bulk, a Σ5[100](0-13) tilt GB with 
a rotation angle of 50.86° is created in tetragonal ZrO2. The pristine GB consists of 
3 024 ions. To find the minimum-energy GB structure for this GB, the so-called “gamma 
surface mapping” method is used [16]. After the mapping, the minimum-energy GB 
structure is obtained, as shown in Figure 4(a). The GB energy of this structure is about 
1.15 J/m2, which is a relatively low-energy GB in oxides.  

Figure 4. Comparison of Zr interstitial diffusion in a GB and a bulk in tetragonal ZrO2. 
(a) The pristine minimum-energy GB structure of the Σ5[100](0-13) tilt GB. 

The blue spheres represent Zr ions and red spheres represent oxygen ions. 
The GB position is indicated by the dashed line. 

(b) The comparison of the mean square displacements of a Zr interstitial in the GB and bulk.  

 

To investigate the Zr interstitial migration at this GB, a Zr interstitial is introduced to 
the GB. MD simulation is then conducted at 1 700 K for 20 ns in a NPT ensemble. The 
mean square displacement (MSD) of the Zr ions is calculated. For comparison, the MSD of 
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the Zr ions in a bulk system that contains a Zr interstitial is also calculated. The results 
are shown in Figure 4(b). The striking result is that the MSD in the bulk system increases 
significantly with time while the MSD in the GB does not increase much. This result 
indicates that the Zr interstitial migrates more slowly in the GB than in the bulk, which is 
somewhat counter-intuitive. Since the Zr interstitial migrates very slowly in the GB, we 
are unable to calculate its migration barrier in this GB. But we expect that it is much 
higher than that in the bulk based on the comparison shown in Figure 4(b). 

4. Discussion 

As mentioned at the beginning, the cation diffusion during oxide growth may reduce the 
density of cavities and cracks and lead to more protective oxide [6]. Previous tracer-
diffusion experiments showed that the Zr self-diffusion in ZrO2 is slow and the activation 
barrier is about 4.5 eV [17,18]. Such a high diffusion barrier may lead to the conclusion 
that cation transport does not contribute to the Zr corrosion process [3]. However, in 
tracer-diffusion experiments the cation diffusion is mediated via vacancies. In Zr 
corrosion, Zr interstitials may form in the metal-rich solid solution near the metal/oxide 
interface or can be created by irradiation. Currently, the studies of Zr interstitial diffusion 
are very limited, both experimentally and theoretically. Therefore, this work suggests 
that future studies may investigate the role of cation diffusion on Zr corrosion, 
particularly in reactor conditions. 

Motta et al. [3,19] showed that the protective oxide consists of a highly oriented 
tetragonal phase with (002)t-type texture. The orientation relationship between metal, 
tetragonal, and monoclinic phases in a protective oxide is: 

(10-10)Zr // (002)t // (020)m. (2)  

On the other hand, such a (002)t oriented oxide was not found in the non-protective oxide 
[3,19]. In this work, we show that Zr interstitials migrate preferentially along the [001] 
direction. If this is true in reality, then the protective oxide (i.e. it requires cation diffusion) 
should grow mainly along the cation-diffusing [001] direction so that the plane parallel to 
the oxide/metal interface is (002)t. However, the oxide growth is a complex behaviour and 
many factors can modify the texture of the oxides. Therefore, more systematic studies 
are needed to validate our hypothesis.  

In this work, we show that Zr interstitials migrate more slowly at the Σ5 GB than in the 
bulk. The previous tracer diffusion experiments showed that the Zr self-diffusion at GBs is 
about 7 orders of magnitude faster than in bulk at about 1 200 K in yttria-stabilised-zirconia 
[17,18]. Therefore it seems that our result is counter-intuitive and contradicts the 
experimental observation. Note that in this work only the defect migration is studied. In 
tracer-diffusion or self-diffusion experiments, both defect formation and migration energies 
are involved. Typically GBs have much lower defect formation energies than in bulk and 
therefore the overall effect could be that GBs can have faster diffusion than in bulk. In 
addition, the low-energy GB studied in this work may not represent the non-ideal GBs in 
reality. Therefore, studies of other GBs of different GB characters are needed in the future. 

This work uses a simple rigid-ion potential to model the cation migration in 
tetragonal ZrO2. We should note that this potential lacks of the charge-transfer capability 
and it cannot represent the full nature of the oxide. Future density-function-theory-based 
calculations and well-designed experiments will be valuable for validating some results 
obtained in this work.  

5. Conclusions 

In this work, temperature accelerated dynamics and molecular dynamics simulations are 
performed to examine the cation migration in tetragonal ZrO2, an important phase 
appeared during Zr corrosion. The anisotropic crystal structure effects, stress effects, and 



NEA/NSC/WPFC/DOC(2015)9 

264 STRUCTURAL MATERIALS FOR INNOVATIVE NUCLEAR SYSTEMS (SMINS-3), © OECD 2015 

GB effects on cation diffusion are investigated and their implications in Zr corrosion are 
discussed. It is found that the migration of Zr interstitials is highly anisotropic in 
tetragonal ZrO2 and the migration is preferentially along the [001] direction. Under 
compressive stresses, it is found that the migration barrier of Zr interstitials increases 
significantly and becomes isotropic. The migration of Zr interstitials along a special grain 
boundary is also studied in this work. The result shows that Zr interstitials migrate more 
slowly along the GB than in bulk, suggesting that some GBs may not be fast transport 
paths for cation diffusion, if defects already form such as under irradiation (i.e. defect 
formation energy is not considered). Although this work provides the results from a 
purely theoretical point of view, they may serve as hypotheses for designing future 
experimental studies.  
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