Atomistic and Kinetic Simulations of Radiation Damage in Molybdenum

Zeke Insepov,1 Jeffrey Rest,! Abdellatif M. Yacout,' Bei Ye,' Di Yun,!
Alexey Y Kuksin,” Genri E Norman,” Vladimir V Stegailov,” Alexey V Yanilkin >

b Argonne National Laboratory, Argonne, Illinois, USA

2 Joint Institute for High Temperatures, Moscow, Russian Federation

ABSTRACT

An ab initio quantum mechanics theory was applied to develop a new interatomic potential
for Mo. The new potential was used to study formation and time evolution of radiation defects,
such as self-interstitial atoms (SIAs), vacancies, and small clusters of SIAs, using molecular
dynamics (MD). MD models were developed for calculation of the diffusion coefficients of
vacancies, self-interstitials, and small dislocation loops containing 2 to 37 SIAs; and the rate
constants were calculated. Interactions of small SIA loops with SIAs were simulated. The results
show that rotation of SIA from one <111> to another equivalent direction is an important
mechanism that significantly contributes to kinetic coefficients.

INTRODUCTION

Evolution of self-interstitial atoms (SIAs) and vacancies is the first stage of relaxation of a
damaged structure after an intense ion bombardment and radiation cascade in metallic fuels. This
stage plays an important role in the nucleation processes of dislocations and voids. The modern
kinetic theory of radiation damage describes the kinetics of these processes in terms of the rate
constants and interaction radius [1].

Recent MD results [2-8] demonstrated high mobility of dislocation loops composed of SIAs.
The mobility of the dislocation loops was also observed experimentally in [9]. The description of
loop in the kinetic rate theory is based on the sink strength of the dislocation loop [10], in which
the loop growth and shrinkage are determined by the diffusion of point defects (SIA, vacancies).
A recent ion bombardment experiment conducted on Mo thin films demonstrated a high escaping
rate of the dislocation loops during the irradiation [11].

For the work presented here, ab initio calculations were used to establish a new embedded
atom model (EAM)-interatomic potential of pure Mo [12], which is then used for static and
dynamic atomistic simulations of the rates of binary reactions between the defects in Mo: of SIA
with SIA and with vacancy. This potential was parameterized by a force-matching method
(FMM), with a large set of configurations of defects and therefore was capable of reproducing a
correct potential energy map and a hierarchy of the formation and migration energies of the
defects. The calculations were carried out with the LAMMPS code [13].

In this paper, the results of combination of this newly developed Mo interatomic potential



with MD calculations of the diffusion coefficients of SIAs, vacancies, and dislocation loops
containing 2 to 37 SIAs are presented, as well as the kinetic rate coefficients of dimer formation
and defect recombination. The calculated data was supplied to a meso-scale kinetic rate theory
model recently developed at Argonne National Laboratory as input parameters. The results from
the rate theory model, such as dislocation loop size and number density were compared with
experimental data [19].

DIFFUSION COEFFICIENTS OF VACANCIES AND SELF-INTERSTITIALS IN MO

An MD model was developed for studying evolution of point defects in a pure Mo system.
The point defects were uniformly distributed in the system at the beginning of the simulations. A
typical size of simulation cell for the simulations of SIA and SIA reactions was 100x100x100
lattice units (31x31x31 nm). The simulated system contained about 2 million atoms. The initial
numbers of SIAs were 300, 400, and 600. For evaluation of the recombination rates between
vacancy and SIA, a 100x100x100 system with 200 SIAs and 800, 1000, 1500, and 2000
vacancies, and a 150x150x150 system with 200 SIAs and 3000, 4000, 5000, and 6000 vacancies
were used. Throughout, 3-dimensional (3D) periodic boundary conditions were applied.

The rate constants of SIA clustering a;; and recombination rate constants aj, were calculated
at different temperatures. Two different data sets were obtained that corresponded to two
different analyses for each reaction of second order. This conclusion differs from that presented
in [3, 4], in which the reaction is third order. An alternative approach, referred to as the “jump
method,” results in a second-order reaction in the case of 1-dimentional (1D) diffusion [14].
Experimental data on self-diffusion in pure Mo are given in Refs. [15,16].

Our calculations have shown that a <111> dumbbell has the lowest energy and a <111>
crowdion has almost the same energy and therefore these two types of defects are constantly
transforming from one type to another. A <110> dumbbell defect (a transient or rotation form)
has a larger energy, Earo= Epi10-Ep111= 0.194 £ 0.03 eV [17], and exists for a very short time.
This defect contributes to 3D diffusion at higher temperatures as a closest saddle point for
rotations between two equivalent <111>-directions.

In order to calculate the diffusion coefficients, point defects (vacancy or SIA) were created
within the simulation box of size from 10x10x10 to 30x30x30 lattice constants containing a
defect-free bec crystal under periodic boundary conditions. The diffusion coefficients of atoms
(tracers diffusivity) due to defects were calculated from the mean-square-displacements (MSD)
of the particles in the system. The self-diffusion coefficient due to each type of defects is related
to the diffusivity of defects D, (a = v, i denoting vacancy or SIA) by a correlation factor f: D, = f
D, [7]. The correlation factor f can be evaluated theoretically for vacancies. The diffusion
mechanism of interstitials is complex, and an analysis of the defect trajectory is required. The
position of SIA, represented by R(?), was determined as an atomic position with the highest
potential energy and by taking into account the periodic boundary conditions. The diffusion

coefficient was calculated in accordance with the formula: D, = lim<§ . (t)> / 6t . Averaging was

Pooses
performed over a set of samplings for SIA migration over a long trajectory (~10 ns). The
calculated data can be fitted by an Arrhenius formula at low temperatures, where a
corresponding activation energy is 0.02 eV for SIA.

Figures 1 and 2 show the diffusion coefficients of vacancies, self-interstitials, and self-
diffusion coefficient calculated by MD in this work by using the expression [7]



Dself=f;Dv+.f:v D

ia"" sia®

(1)

where correlation factors f and the partial diffusion coefficients correspond to those of the
vacancy and self-interstitial ones. All coefficients are presented in Figs. 1 and 2. Figure 2 shows

a comparison of the MD calculated results with two existing experimental data sets [15, 16].
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Figure 1. Diffusion coefficients of a) vacancies and b) interstitials of molybdenum calculated in
this paper by MD using the new Mo-Xe potential developed at Argonne [12].
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Figure 2. Self-interstitial diffusion coefficient of molybdenum calculated in this work by MD,

can be approximated at low temperatures: The MD results are compared with two experimental
data sets [15, 16].

The diffusion coefficient of vacancies calculated in this work was approximated by the
expression D, = 2.44835x107 exp (-1.1322¢4/T,[K]), in cm*/s. The diffusion coefficient of self-
interstitials was approximated at temperatures 7=200-1000K as the expression: D; = 7.18229x




10 exp (-1.79861€2/T,[K]), in cm?/s.

Figure 2 shows the self-diffusion coefficients of Mo calculated by MD in this work by using
the expression in equation (1). [7] and comparison of our result with two existing experimental
data sets {15, 16].

Additionally, MD calculations of the diffusion coefficients of dislocation loops, containing »
SIAs (n = 2-37), were carried out. 3D periodic boundary conditions were applied. The diffusion
coefficients of dislocation loops were calculated via a time dependence of the SIA cluster mean-
square-displacement as follows: Dioop = MSD(#)/2¢t. The calculated results were well fitted with
the following expression: D, = 2.3x107 /0 %***¥ (cm?/s), where n is the loop size (the number of
SIAs in the loop).

KINETIC COEFFICIENTS OF DIMER FORMATION AND RECOMBINATION

Dimer formation rate constant

The SIA-dimer formation rate constant (co;) was calculated by MD in our previous paper by
two methods. The following two rate constants were obtained at 300K: omg1) and oumd(z), which
deviate by a factor of 4: anpry = 4x10" (1/s) for the jump method [17] and OMD(2) = 1x10" (1/s)
for the diffusion method [18]; <awp>=2.5%10" (1/s) is an average between these two values.
Since the diffusion motion at low temperatures (<700K) is fully one-dimensional, an additional
factor proportional to exp (-Er/ksT) was added to the MD rate constants. This exponential factor
takes into account the activation barrier for rotation for two SIAs form one dimer (di-SIA):
ay =<ayp > & ayexpl- E,, 1 kT) where <oup> = 2.5x10" (1/s), & = 1.0 exp(-Ero/kT), Eim = 0.02
eV is the migration energy for interstitials, Ey = 0.164 eV is the rotation activation barrier, and
o = 2.1677 is the normalization factor.

Rate constant of SIA-vacancy recombination
The rate constant of SIA recombination with a vacancy in Mo was calculated by MD in a
previous paper [18]: a;, =a” exp(- £, JkyT). The following values were accepted in this paper as

reference MD data: o,y = 2x10'? (1/s) at 300K.

Rate constant for dislocation loop growth

The rate constant for dislocation loop growth was obtained in this work by MD calculations
of a Mo crystalline sample containing of about 2x10® Mo atoms and various number (2, 4, 6, and
8) of dislocation loops, each of them built by 37 self-interstitials, at 300K. The corrected kinetic

rate constant can be expressed as follows: a; =&27Z,(0)D;N; cc?/n /Q, where the following

constant was used: &= 1.0 exp (-Ero/ksT). The diffusion coefficient of interstitials D; =Dy exp(-
Eim/ksT), where Do = 7.18x10* em?%s, and Eim = 0.02£0.01 €V, cc = 1.692x10°® cm. A similar
probability was estimated for the loop-loop association rate constant.

KINETIC THEORY OF DISLOCATION LOOP GROWTH

The MD-calculated rate constants are applied in the kinetic equations of interstitial
dislocation loop growth:
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where K is the damage rate, c,, c,, and N, are the average SIA, vacancy, and interstitial loop
density, respectively; m, is the average number of atoms in the average-size loop; and «,,, a;,
a,;, and o, are the kinetic coefficients (rate constants) in terms of binary reactions. The gain

and loss of irradiation generated defects and impurities are tracked by various terms in the
constitutive equations, each term being associated with an assumed behavioral mechanism. The
analytic form of the terms representing the various physical processes is generally derived based
on a continuum approach from mean field theory.

The rate theory model is then used in a proof-of-concept exercise to interpret the evolution of
dislocation loops in electron-irradiated molybdenum. Calculations of the dose dependence of
average loop density and diameter were performed and compared with experimental
measurements obtained from irradiations with 1-2 MeV electrons. Based on the qualitative
agreement between key loop growth characteristics and the experimental data, we conclude that
the kinetic rate theory model is able to reasonably describe defect evolution during electron
irradiation at room temperature in the absence of significant surface effects. Detailed validation
process and results can be found in [19].

CONCLUSIONS

A multi-scale concept is proposed that consists of using ab-initio and atomistic simulation
methods, verified with experimental data, in order to validate the mean-field theory kinetic
approach as a universal tool for the nuclear materials. This concept is based on kinetic rate-
equations for radiation damage, energetics and kinetics of defects. Since the interaction
potentials are important for the new concept, they were developed based on a force-matching
method using data from ab initio calculations or were fitted to existing experimental data. These
potentials were then used to study defect mobility, accumulation, and diffusion. SIA+SIA and
vacancy+SIA reactions were studied by MD simulations, which play a crucial role in the initial
stages of radiation damage. The influence of 1D diffusion on kinetics was studied. Although the
diffusion of SIA is strongly one-dimensional at 7= 300K, the reactions of SIA+SIA is described
by three dimensional diffusion at high temperatures. The same conclusion is drawn for the
recombination of vacancies and SIAs.

The transition from the sessile configuration to the mobile one of SIA-dimers was also
studied. The activation energy for the transition was obtained.The rate constants of SIA+SIA
and vacancy+SIA reactions were calculated based on the kinetics, and the temperature
dependences were obtained.

They were implemented in a kinetic rate theory model with the intent of reducing the inherent
uncertainty in predicting material behavior under irradiation. This multi-scale modeling approach



links the atomistic scale calculations, which extract information in the nanometer and
nanosecond scales, with mesoscale calculations that focus on microstructure evolution.
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