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Self-interstitial Diffusion in a-Zirconium
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ABSTRACT

Self-interstitials diffusion in a-Zr is studied using Molecular Dynamic (MD) and molecular static
(MS) simulation using Ackland’s many-body inter-atomic potential. The basal crowdion
configuration is found to be the ground state. The diffusion processin Zr iscomplex. Four types
of diffusion jumps can be identified, two in-plane and two out-of plane. The in-plane migration

mechanism is dominated by one-dimensional crowdion motion along the [11?0] directions,

interrupted by occasional out-of-plane and on-line or off-line jumps. The mean lifetime before
rotation of the crowdion is reported as a function of temperature. The activation energies for the
diffusion processes are obtained. The diffusional anisotropy factor DJ/D, is also obtained, and
compares well with experiment results.

INTRODUCTION

Zirconium and its alloys are important due to their extensive application in water-cooled and
water-moderated reactors. Because of the anisotropic crystallographic structure of Zr, whichis
hexagonal close pack (HCP), irradiation damage accumulation in Zr produces effects that are
different from those in cubic metals. Thus, in addition to void swelling and irradiation creep,
the anisotropy of the evolving dislocation structure produces a deviatoric straining even in the
absence of an external stress. Indeed, irradiation growth is the name given to the volume-
conserved shape deformation that occurs in non-cubic crystalline materials under irradiation in
the absence of an applied stress. Besides zirconium and its alloys [1-4], examples of irradiation
growth are also found in graphite [5-8], and uranium[9].

To take into account the anisotropy of the diffusion of point defectsin the kinetics of their
reaction with other crystal defects, Woo and Goesele [ 10] generalized the rate theory for
application to HCP metals like Zr, using the reaction kinetic theory of anisotropically diffusing
reactants. The difference in diffusiona anisotropy (DAD) [11,12] between the vacancies and
interstitials was found to produce alarge bias in their reaction rates with sinks. The resulting
large variability of the biases for sinks adds a new dimension to the complexity of irradiation
damage behaviour of the HCPs. It has been shown that DAD explains, qualitatively or semi-
qualitatively, many of the anomalous behaviour of irradiation damage accumulation in zirconium
[10-14].

A major difficulty in modeling irradiation damagein Zr is the lack of conclusive
information on the anisotropy of the migration of both the vacancies and the interstitials [ 15].
Much work has focused on the configuration and associated energies of the sdlf-interstitials.
Early work by Fuse [16] and Monti [17-18] used central pair potential in their investigations of
theintrinsic defect configuration and their diffusion. Since pair potential is not considered to be
adequate in describing the HCPs with near-ideal c¢/a lattice-parameter ratio, i.e.
c/a=(8/3)"?[19], severa many-body potentials have recently been developed, including

Ackland [19], Oh and Johnson [20], Igarashi, Khantha and Vitek [21], J.R. Fernandez and A.M.
Monti [22].
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All computer simulation results indicate the possible existence of multiple stable and
metastable configurations of the self-interstitial in Zr. In general, the basal configurations are
found to be energetically favored. The diffusion of the self-intertitial shows highly anisotropic
behaviour, moving faster on the basal plane than along the c-direction. In addition, intensive
studies of the diffusion of interstitial clusters [23-24] and the vacancy [22] have also been carried
out. Nevertheless, littleisknown in detail about the complex diffusion mechanisms of self-
interstitials in zirconium [25], particularly under the action of astress.  Work on the vacancy in
zirconium also yields inconclusive results, because of their sensitivity to the potential used.
Nevertheless, in al the cases studied, vacancy migration is much more isotropic in general [26].
Experimentally, direct measurements of migration properties of self-interstitials have not been
performed, and that of vacanciesis restricted to temperatures higher than 600°C [27]. However,
even at these high temperatures, attempts to measure the diffusional anisotropy only yields
results which are generally inconclusive, except that the anisotropy is perhaps small, consi stent
with computer simulation results[26].

In this study, we use molecular dynamic ssmulation (MD), supplemented by molecular
static (MS) smulation, to investigate the mechanisms of self-interstitial migration in zirconium,
with particular emphasis on the diffusional anisotropy. In order to mimic the dynamic behaviour
of the sdlf-interstitial, the dynamic model was emphasized. The simulation method is presented
in Section 2. Results, discussions and comparison with experiments are presented in Section 3.
Finally we conclude in Section 4.

SIMULATION METHOD
We use Ackland’ s many-body interatomic potential [19] of the Finnis-Sinclair-type. The
binding energy for this potential is given as the sum over bonds by:

E; :%ZV(Xij)_pillz where p, :Z¢(Xij) (1)

In (1), V and ¢ are pairwise functions between atomsi and j separated by distance x;. The
reliability of this potential has been tested in the calculation of configurations of point defects,
displacement cascades during irradiation damage, and phase transition in the zirconium

[19,23,28]. The smulation cell is composed of 1948 atoms, constituting a cubic of 35.91 f&,

33.94A and 36.48 A along the (1120) , (1100y and (0001) directions. Periodic boundary
conditions are employed in these three directions. Adding an extra zirconium atom in the
simulation cell generates a sdlf-interstitial. The formation energy of the self-interstitial atom is
calculated accordingto E, = E,, — E, — E, , where Ey is the energy of the reference system

without the extra atom, En.1 isthat of the defected system containing the self-interstitial atomin
its fully relaxed configuration, and Egy, is the sublimation energy of zirconium. Local minimum
energy configurations determined by using dynamic quench method [28], are used to locate the
stable configurations of self-intertitials.

To take into account the temperature effects, athermal bath is simulated using Langevin
forces, with africtional coefficient that produce atemperature transition in about 1ps. Thisvalue
IS chosen to optimize the computational efficiency and minimize the occurrence of artifacts
caused by the random force. During the dynamic simulation, forces generated by the potential
determine the trajectories of atoms. The volume of the simulation cell is kept constant during the
calculation, according to the micro-canonical ensemble (N,V,E). Before the simulation, the
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lattice constant of zirconium as a function of temperature is determined, using the Parrinello-
Rahman [29] algorithm to keep the simulated cell stress free at finite temperatures. The
integration time step is one fanto-second.

RESULTSAND DISCUSSIONS

Based on symmetry considerations, we consider the
following basic interstitial configurations: the octahedral (O),
basal tetrahedral (Bt), basal octahedral (Bo), basal crowdion
(Bc), basal split (Bs), non-basal crowdion (Cy), and the c-
dumbbell (D¢) (fig.1). In previous works, basal configurations
such as B¢, Bo and Bs have been found to be the most stable.
Other configurations are metastable or unstable. The formation
energies obtained in thiswork are listed in Table 1.

Figure 1. Some possible configurations
of self-interstitials in the HCP structure.

Table 1. Calculated self-interstitial formation energies of the different configurations

Configuration Bc Bs Bo Br O C

Ackland (eV) 3.71 3.72 3.93 3.98 4.08 3.93

Pasianot (V) 3.75 3.76 3.88 4.05 4.05 4.03
Stable Unstable | Metastable | Unstable | Unstable | Unstable

We note that results from alarger model comprising 6732 atoms have been checked for
convergence. In Table 1, theresults of Pasianot et.al. [30] (converted according to the present
definition of formation energy), using another many-body potential of the Finnis-Sinclair form,
areincluded for comparison. It can be seen that B¢ isthe most stable configuration, and the
calculated formation energies are in good agreement with [30]. In comparison, we note that in
our previous work for Ti, Bsisthe most stable configuration [31], and as a result, the geometry
of the diffusion jumps of the two metals may be different.

From the symmetry of the HCP lattice, four migration paths for the self-interstitial are
possible (Fig.2).

Figure 2. Four possible diffusion mechanismsfor Zr.
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The first migration path (J;) involves an in-plane, inline crowdion jump from one B¢ Site to
another, viathe Bssite as the saddle-point configuration. The second migration path (J,) is also
in-plane, but the orientation of the B¢ changes. In terms of geometry, thisjump has the shortest
displacement, and may be considered essentially as a rotation jump. The third one (Js) is an out-
of-plane jump (through Cy) in which the orientation of the B¢ remains unchanged. The fourth
one (Jy) is out-of-plane jump (skirts O) with the orientation changed.

MD simulation for the self-interstitial diffusion is performed for temperatures of 1100K,
1000K, 800K, 710K, 600K, 530K, and 500K respectively. Thetotal simulation time for each
caseis8ns. Toidentify theinterstitial, the Wigner-Seitz cell centered at the lattice sites
containing more than one atom isfirst located. By relating the displacements of each atom in
this Wigner-Seitz cell to the lattice site, we can identify the interstitial with the largest
displacement. The crowdion’s orientation is determined by identifying the closest atom to the
interstitial. This processis repeated every 100fs, after the simulation system reaches equilibrium.

The diffusion coefficient is determined using the method initiated by Guinan [32]. The
simulation time is partitioned into a number of equal-timeintervals. The total square

displacement of the interstitial as afunction of timeiscalculated by R* =" (r,—r,,)?, where
j

r; isthe position of the interstitial at the end of the j-th interval and the summation runs over all

intervals. In the present calculation, the duration of the intervals varies from 5 psto 200 ps at
5psincrement. Thediffusion coefficient D along the c-direction is first obtained by taking the

averagevalueof (z; - z]._l)2 / 2At running over al intervals. The Arrheniusrelation of D¢ vs

T/Tisplotted in Fig.3. Since two mechanisms contribute to D¢, we choose afitting line with a
form that having two components. The resulting pre-factors and migration energies are

Ds = 6.25x10*cm’ /s, E,,=0.14eV and D, =6.25x10*cn’ /s, E,, = 0.14eV
respectively.

T (K)
1000 700 500
10° — T : —
» e | Figure 3. Arrhenius plot of the diffusion
E w0l Toel 1 coefficient along c direction (D) vs
" "% o | temperature. The solid circles are simulation
i 1 results. Theline represents the fitted function.
10'515‘ T T T The diffusion coefficient on the basal plane
‘ [ ~ (Dg) isplotted in Fig.4. Thetotal D, consists of

four components, two of which has been
determined through D.. The lineisthe best fitted to:

D,= %vm exp(-E,, / kT)a*+ 1—16‘/02 exp(-E,,/kT)a’+ %vm exp(-E, 5/ xkT)a’ +4—18v04 exp(-E,,/xT)a*
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where v, , Enp are thefitted variables, with Eqq = 0.01€V, vz = vo3.  The Arrhenius plot of D,
Ispresented in Fig.4.

T (K)
. 1000 700 500
10° T T T T T T T
Figure 4. Arrhenius plot of the diffusion
. coefficient (D,) on basal plane vs temperature.
e The solid circles represent the MD results. The

lineisthefitted function.

Da (cmzls)

10* | 1

Note that at low temperatures, D, is
practically independent of temperature. Thisis
due to the dominance of the low-activation in-

i | | | | | plane in-line crowdion jumps at these
10145””2‘ B ‘2.5‘ | “3‘ B ‘3.5‘ B ‘4‘ - ‘4.5 ternperatures-
T To confirm the dynamic calculation, we
also use M Sto calculate the migration energy
and migration path. We restrain the movement of the interstitial on a series of planes
perpendicular to the line connecting the two jump sites and let the other atoms fully relax. For
J1, asmooth migration path and the minimal migration barrier can be easily located. However, a
smooth path for the other three mechanisms cannot be obtained. To simplify, we constrain the
movement of intertitial to the line directly connecting the two jump-sites. We note that to
prevent atoms from moving as a block following the interstitial during the relaxation, severa
atoms at the corners of the ssimulation cell are fixed in these calculations.
The prefactors and migration energies for the four mechanisms are presented in Table 2.

Table 2: Activation energies E, for different mechanism (J; ... Ji) asobserved by MD
simulation. D, is pre-factor obtained from MD, and Es is activation energy from MS simulation.

\]1 \]2 J3 J4
Em(eV) 0.01 0.25 0.14 0.14
D, (cm?s) 3.48x10* 1.23x10* 6.25x10* 6.25x10™
Es (eV) 0.01 0.24 0.16 0.16

For in-plane diffusion, the MD results agree well with those from MS. However, for the out of
plane components, the MD activation energies are slightly lower than those from MS. This may
be because the diffusion paths for J; and J, are not the optimum ones in the M S calculations.

The anisotropy factor p=(D,/D,)"® for interstitial diffusion in Zr has been obtained by
fitting to HVEM measured loop growth rates [15], assuming that the vacancy migration is
isotropic. From the present results, the anisotropy factor p is calculated and was found to agree
well with those determined from experimental results.
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CONCLUSIONS

In this paper self-interstitials diffusion in o-Zr is studied by usng MD and MS with Ackland’s
interatomic potential. The basal crowdion configuration is found to be the ground state. Four
types of diffusion jumps can be identified. The in-plane migration mechanism is dominated by
one-dimensional crowdion mation, which changes direction from time to time, along the

[11?0] directions. The activation energies for the diffusion process are obtained. The diffusion

anisotropy factor Do/D is obtained and compares well with the experimental results.
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