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Molecular dynamics study of the threshold displacement energy in vanadium
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The threshold displacement energyDE) is calculated for vanadium as a function of temperature and
orientation by molecular dynamics simulations. The TDE varies from 13 to 51 eV, depending on orientation
and is nearly temperature independent between 100 and 900 K. The lowest TDE igi0@hdirection. We
characterize the defects associated with the displacement simulations and found that they consist of vacancies
and(11D)-split dumbbells.
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[. INTRODUCTION the case of high kinetic energy particle impingemnich as
14-MeV neutrons in a fusion reactor environmette initial
The prediction of the long term behavior of the materialscascade gives rise to a series of subcascades which stop
that will form the first wall of fusion power systems is par- when the highest energy particle has kinetic energy smaller
ticularly challenging for several reasons. First, 14-MeV neuthan the TDE. Hence, threshold displacement energies are
trons produced by the deuterium-tritium fusion reaction arectitical parameters for both low and high energy irradiation
not readily available in sufficient quantity for systematic ma-conditions. The TDE provides a lower limit on particle ki-
terials development. Second, some of the matef@atg, va-  Netic energies that must be considered in MD simulations of
nadium alloy$ are only available in limited quantities. In radiation damage and, hence, is a key parameter for enabling
addition, damage production and accumulation take placMD simulations of displacement cascades. The TDE has
over time scales as small as 16 sec (collisions and as Peen determined both experiment&l§* and through MD
large as 10 sec(reactor lifetimes The microstructure, com- simulationd?~*°for several materials. However, no work has
position profile, and properties of these alloys evolve confeen reported so far for vanadium. .
tinuously over these time scales. In the present stu'dy, we employ mplecular dynamics
While SiC, vanadium alloys, martensitic steels, and COp_S|mulat|on_s to determlne_the threshold dlsp_lacement energy
per alloys are all materials of interest for the fusion programfor vanadium as a function of both the orientation of the
the present study focuses on vanadium, because of its pronfii¢ident particle momentum and temperature. The MD simu-
nence in the U.S. fusion prograhvanadium exhibits an Iatlons are compared to results for other materials and also
excellent combination of thermal conductivity, thermal ex-Provide information on the type of point defects produced
pansion, elastic modulus, heat flux capability, compatibilityduring irradiation, which gives a partial explanation of the
with lithium, radiation swelling, and ductility. directional anisotropy of the TDE.
Because of the intrinsic difficulty in obtaining experimen-
tal data, a critical need exists for the prediction of the prop-
erties and evolution of V alloys under fusion reactor condi- Il. COMPUTATIONAL METHOD

tions. Several types of computer simulations of radiation Since the threshold displacement energy is determined, in

damage have been exploited in recent yédrn evolving . .
> . S = . large part, by phenomena occurring on the atomic scale, the
paradigm for modeling radiation damage uses a combinatiof / . .
. . : . . : veracity of the simulation results can be no better than the
of simulation techniques that allows information obtained on e C . .
small time scales to be used on proaressively longer timgescrlpnon of the atomic interactions employed. In this
. Prog y ‘ong . Study, we employ a new parameterization of an embedded
scales. Such a multiscale modeling approach typically in-

) ; . =) "latom method/Finnis-Sinclair-type potential for vanaditfim.
volves molecular dynamicéMD) simulations of the initial N .
) . - The reparameterization was performed in order to ensure that
displacement cascades for times up to a nanoseturfdl- the point defect properties are consistent with the predictions
lowed by kinetic Monte Carlo modeling of the evolution of P prop P

. _ . . . 7
the point defect distributions for times up to millisecorids, of a new set of first-principles calculationSThe resultant

and statistical mechanics/continuum models for lon ternPOtential has been extensively tested and successfully used in
. 9 9 calculating point-defect properties in vanadilfriThe en-
evolution (up to years

. . ergy of atomi in a system described by this potential can be
One of the most important physical parameters for de-" ~ . 4 )
o o : . written in the following functional for

scribing radiation damage is the threshold displacement en-

ergy (TDE). The TDE is the minimum kinetic energy trans-

ferred to an atom in the lattice from an impinging particle
. / . 1 /
necessary to permanently displace an atom from its lattice E:_z V(r)— 2‘ b(ri) (1)
site, thus generating a stable defect, such as a Frenkel pair. In ' 295 ! ; e
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TABLE |. Data used to fit the new vanadium potential. Elastic moduli come from the compilation by
Simmons and WanRef. 27; the unrelaxed vacancy formation energy and the cohesive energy are from Han
et al. (Ref. 19.

Quantity a(R)  Een(eV)  Cp(eVIAY)  Cu(eVIAY)  Cu(eVIA®  ELM (ev)

Value 3.03 5.3 1.42 0.743 0.269 2.85

where the central-force pair potenti&(r;;), and the atomic  displacement event. A primary knock-on atqPKA) was

density, ¢(rj;), are fitted with a series of cubic splines and chosen near the center of the simulation cell and assigned a

given by velocity along a particular direction, consistent with a chosen
knock-on energy. The trajectories of all of the atoms in the

6 3 system were traced for 10 ps following the knock-on event.
V(I’):kZl a(rg=r)H(r—r) (2) The TDE was defined as the minimum kinetic energy trans-
- ferred by the PKA to a lattice atom that resulted in the for-
and mation of a stable Frenkel pair. In other words, we increased

the kinetic energy of the knock-on event until at least one
2 5 point defect pair remained at the end of the 10 ps simulation.
¢(r)2k21 A(Re—T)"H(R—T). (3 The increment in energy applied in the procedure was 1 eV,
N consequently, the TDE is determined to an accuracy @5
In Egs. (2) and (3) r, and R, are knot points such that; eV. It is important to note that the TDE obtained from MD
>r,>r13>1,>r>1g andR;>R,; andH(x)=0 for x<0  simulations is likely a lower bound since longer time recom-
andH(x)=1 for x>0. Six parameters are fitted exactly (  bination processes are necessarily excluded. The coordinate
and R, are fixed to reproduce the three cubic elastic con-System of the computational cell is shown in Fig. 1. The
stants, the cohesive energy, lattice parameter, and unrelaxétnulations were performed over a rangedo¥alues for¢
vacancy formation energy of vanadium, while the two re-=45°. This range of orientations includes the three highest
maining free parameters are chosen from the “effective” po-symmetry directions in the crysta{§100), (110, and(111))
tential, V(r;;) — #(Ri;)/po, at the nearest neighbor separa-as well as many in-between these.
tion and the value ofg. The values of the fitting parameters
and fitted coefficients are given in Tables | and IlI, respec-
tively. Details on the fitting procedure can be found
elsewheré?® Finally, the very short range, repulsive part of A. Threshold displacement energies
the pairwise term in the potentifEq. (1)] is modified based

upon the Ziegler-Biersack-Littmark model. sible orientations of the incident particle momentum. How-

| T(:"eSh.Old dlﬁplacer?entlene:jg|es in vanadmnp were Calg'“léver, the symmetry of the crystal is such that only a subset of
ate “35“9 t € molecular dynamics 5|mu_at|on CO0rientations is unique. The full space can be spanned by
MDCASK.“" All simulations were carried out in a &Q limiting 0°< #<45° and 0% $p<45°. However, since we

X 10a,yX 10a, body centered cubic crystala{ is the lattice ' '

; ) ) o fix ¢=45°, we expand the range d@f to 0°<#<90° in
parameter of the cubic unit cglvith periodic boundary con- _order to include all of the high symmetry directiofise.,

ditions. The MD simulations were performed in the canoni- o o
100, (110, and(111)). In addition to obtaining data at a
cal (NVT) ensemble at temperatures between 100 and 900 Ié 0. (110 (11D) 9

The system was thermalized at a given temperature that was
controlled by applying Langevin dynamftgo the two outer
layers of atoms in the computational cell to dissipate the
energy associated with the thermal spike introduced by the

IIl. RESULTS

In experiments, knock-on events will occur with all pos-

A

TABLE Il. Fitted coefficients for the new vanadium potentigl.
and R, are in units of the bcc lattice parametea,) while the

coefficientsa, andA, are in eVA3 and eVf/ag, respectively.

r 1.300000 a; —71.861297 . [001]
r, 1.220000 a, 221.019869 A
rs 1.150000 as —203.133261 [100]

Iy 1.060000 a, 118.249184

rs 1.950000 as —93.678070

re 1.866025 ag 141.643266 [010]
R, 1.300000 A 26.834293

R, 1.200000 A, 6.118468

FIG. 1. Coordinate system of the computational unit cell.
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TABLE lll. Threshold displacement energi€§DE) for vana- Figure 2 also shows the effect of temperature on the TDE

dium at 300 K. for vanadium, for 100, 300, 600, and 900 K. These results
— show that the threshold displacement energy is independent

Direction ¢ (deg ¢ (deg TDE (eV) of temperaturgto within the precision of the present simu-

lations. It is useful to consider this result in light of intersti-
[100] 0 45 13 . . . . . . e

tial diffusion mechanisms in ¥ The stable self-interstitial is
[100],, 2 44 15 . ; :
[110] 90 45 46 a (11]>—spl_|t du.mbbell and m|gra_tes_through a crowdion
110 a8 44 50 saddle point with a very low activation energy, such that
[111]’“ 547 45 17 interstitial diffusion occurs even at 4 . Thus, the observed
[111] : interstitial diffusion is one-dimensional at low temperatures
[111],, 50 44 20

(T<700K) and, as a result of rotational direction changes,
three-dimensional at high?* One might expect Frenkel pair
recombination to be easier at elevated temperatures. Hence,
uniform spacing irg, we performed a set of calculations with the TDE may exhibit some temperature dependence over the
the momenta of the primary knock-on atom slightly mis-range of temperatures that cross the boundary between one-
aligned(by a few degreesfrom the high symmetry orienta- and three-dimensional diffusion, e.g., 600 and 900 K.

tions (denoted by the subscripn). This is done to avoid a
direct (head on collision between a V atom and its nearest
neighbor along these directions.

The TDE along the three high symmetry directidgasd a Examination of the atomic configurations following the
few degrees misaligngdt 300 K are listed in Table Ill. We  simulations provides information on the nature of the result-
observe that variations of a few degrees from the high symimg Frenkel pair, in particular, the self-interstitial atom. At
metry directions produces only a small increasel eV) in  the end of the 10-ps simulations, all of the self-interstitials
the TDE compared with the differences between the thregre split dumbbells. First-principles calculatibhand atom-
high symmetry orientation§13-50 eV. Of the three high stic simulations with the same interatomic potential as used
symmetry directions, the TDE is a minimum (@00 and a  here® suggest that the most stable self-interstitial iL#1)
maximum in (110. Figure 2 shows the variation of the dumbbell(i.e., a split interstitial, which is nearly degenerate
threshold displacement energy with the orientation of the inwith the crowdion configuration. While the previous calcula-
cident particle momentur, together with the experimental tions were performed at equilibrium, the present TDE simu-
values obtained for Fe and Mo along the low indeX|ations are far from equilibrium. Therefore, we now examine
directions’*?* To within the precision of the present mea- whether thg111) interstitial is stable under these conditions.
surements, the three high symmetry directions are local minifo this end, we measured the orientation of the observed
mum in the TDE versud. In addition, these are the only dumbbell axis with respect to the clos¢st1) direction. The
minima, at least for the set of orientations simulated. results are presented in Table IV. The deviation fréirhl)

ranged from 3° to 14°. These deviations are consistent with

B. Defect structure

<100> <111> <110> the first-principles resultS, which show that the(111)-
| A A dumbbell configuration is stable relative to other dumbbell
OT=100K orientations, but the dumbbell energy varies slowly with mis-
70 | OT =300 K * orientation around thé111) orientation; i.e.,0°E/dy? near
AT=600K (112 is small, wherey is the deviation of the dumbbell axis
60 il:;?p” g from (111). This suggests that the angular deviations ob-
& ® Mo Exp. * served are either attributable to thermal fluctuations or from
Rt B § interactions between the self-interstitial dumbbell and the va-
w a8 ® FA cancy.
8 ol A FEE Following the initial transfer of momentum to a lattice
° atom, several atoms are displaced from their lattice sites by
30 | ﬂ:" 7 | more than half of the nearest neighbor spadiegen at en-
s ergies more than 5 eV smaller than the TDHowever, dur-
@ ing the relaxation of the structure in the 10 ps after event
20 % "@@-g i initiation, many of these displaced atoms return to perfect
$ ------ & lattice positions. While further annihilation can occur after
Wee © 70 20 %5 40 50 B0 7d 5 80 7100 10 ps, this happens slowly and hence the Frenkel pair pro-
O (degrees) duced at the TDE is relatively stable. We obser(szk Table

FIG. 2. Variation of the threshold displacement ene(GiPE)

IV) that the self-interstitial and vacancy that compose such a
Frenkel pair are separated by betweenag.@nd 8.5, or

with recoil orientation and temperature from the MD simulations 8—24 A, with typical separations close to7a, (21 A). This

(open symbols Experimental measurements for Feef. 22 and

suggests that self-interstitials and vacancies will annihilate if

Mo (Ref. 23 are also shown for comparison. The dashed line is acloser together than some annihilation distance which is of

guide connecting the average of the MD results.

order 20 A in vanadium. The few Frenkel pairs that are ob-
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TABLE IV. Point-defect configurations from MD simulations of the TDE at 300 K. The split-interstital
dumbbell orientations are measured with respect to(1ié) direction.

0 (deg ¢ (deg dumbbell orientatiorideg distance from vacancyag)
0 45 8.58 2.57
10 45 10.46 6.70
20 45 3.82 2.46
30 45 11.39 4.13
40 45 7.04 7.81
50 45 11.41 7.84
55 45 13.61 7.72
60 45 6.69 6.13
70 45 7.52 7.83
80 45 13.57 3.58
90 45 12.18 8.06

served at much shorter distances may be in the process tife bcc lattice parametery). In a second case, the barrier
annihilating via vacancy diffusion or rotation of the self- which a(110)-displaced atom must cross corresponds to a
interstitial dumbbells, both of which have a high activationrectangular arrangement of atonsf size ayxv2ag). In
energy compared with interstitial migration along #141)  poth cases, the barrier is associated with the expansion of
direction®* these local atom groupings within their planes. Simple ge-
ometry shows that the atomic number densities of{ttG0}
and{110 planes are B3 andv2/aj3, respectively. Since it is
more difficult to expand a high density plane than a low
The minimum threshold displacement energy in vanadiuntensity plane, this explains why the TDE f#00) is lower
is approximately 13 eV. This corresponds to a displacemerthan that for(110).
along the(100 direction. The maximum TDE observed in ~ An atom displaced in the close-packetill) direction
the simulations was 51 eV, in a direction close (i®D1). must traverse an equiliateral triangle of atoms separated by
Since the simulations did not span all possible angles, it i$2a,. The atomic number density on this plane iS\/E/.ﬁg),
likely that the true maximum TDE is even larger, especiallywhich is even less than that for t&00; plane. This would
when allowing for longer time recombination processes.  suggest that the TDE for thd11)-displacement case should
A comparison of the threshold displacement energy for Vbe even lower than that for thd00 case. This contradicts
with experimental values for other body centered cubic metthe simulation result§Fig. 2), which show that the TDE for
als (Fe and M9 is shown in Fig. 2 for the low index (111) is slightly larger than foK100. This apparent discrep-
directions?>%3 MD simulations for these other bcc metals ancy can be removed by recalling thdfll) is the closest
generally reproduce the experimental d&t&?°The com-  packed direction. Hence, the atom displaced in(ttig) di-
parison shows that the directional anisotropy is comparableection first directly strikes its nearest neighbor in thé1)
in Mo but the TDE ordering if110) and(111 orientations is  direction before its center traverses the planar triangular ar-
different in Fe. The reversal dfl10) and (111 ordering is rangement of atoms. This initial contact raises the energy
somewhat puzzling, since all three metals exhibit easy onethat an atom displaced alor#j11) requires one to produce a
dimensional motion in th€111) crowdion direction. Even Frenkel pair over and above that expected based upon the
though the stable self-interstitial is(a10) dumbbell in both  density of atoms in th¢111} plane. As the crystallographic
Mo and Fe. Possible explanations for the disparity of theserientation of the atom displacement becomes a higher in-
three metals may involve the self-interstitial properties, ordex, the use of the atomic plane density to predict the rela-
possibly anisotropy of the elastic constants, but this requiredve magnitudes of the TDE becomes less reliable. This can
further investigation. be traced to the observation that the atomic configuration that
Examination of Fig. 2 demonstrates that the low indexdetermines the barrier involves interactions between more
(100, (110, and(111) directions are orientations where the and more neighboring atoms, thereby becoming increasingly
TDE is a minimum(at least for thepp=45° case considered three dimensional.
herg. The values of the TDE increases fr@r00 to (111) to The near temperature independence of the threshold dis-
(110, with the TDE for(110) much larger than the other two placement energy in V is not surprising since the magnitude
directions. The ordering of these orientations may be undermf the TDE is very much greater than thermal energég®n
stood by a consideration of the local geometry through whictat temperatures approaching the melting poirurther,
the displaced atom must travel in order to form a Frenkekince the energy required to produce a Frenkel pair is much
pair. An atom displaced in thel00 direction must traverse smaller than the TDE, a recombination of Frenkel pairs is
an orthogonal square arrangement of atoms in {t@}  clearly of great significance. First principles calculations
plane(the atoms on the edges of the square are separated byggest that the migration energies for vacancies and the

IV. DISCUSSION AND CONCLUSIONS
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stable(111)-dumbell self-interstitials are approximately 0.33 distance or radius, as discussed above. Unfortunately, this
and 0.01 eV, respectivelghe inherent accuracy of these cal- may be of limited utility since the actual annihilation condi-
culations is~0.05 e\}.!” The fact that the vacancy migration tions depend on the location and orientation of the dumbbell
energy is significantly larger than that for the self-interstitial vis-avis the vacancy. Moreover, during longer times, va-
suggests that during the initial fast recombination sequencegancy migration and self-interstitial rotation may lead to ad-
the vacancies are nearly immobile and it is the motion of thejitional recombination. Consequently, the present results
interstitials that is key111)-oriented self-interstitials rapidly should be viewed as a lower bound TDE.

migrate along th&€111) directions in which they lie, but ro-
tate into otheK111) directions relatively slowlywith an ac-
tivation energy of 0.44 e\'® Therefore, interstitial migra-
tion is essentially one-dimensional over the time scales of the
present simulations. This was confirmed by the dumbbell The authors gratefully acknowledge useful discussions
orientations measured in the TDE simulations performedvith Graeme AcklandUniversity of Edinburgh and Maria-
with the interatomic potential fit to the same first-principles JoseCaturla(Lawrence Livermore National Laboratgrgnd
results'® Therefore, if as a result of the initial displacementthe support of the Office of Fusion Energy Scien¢@sant
event the vacancy and self-interstitial dumbbells do not endNo. DE-FG02-01ER54628Part of this work was performed
up colinear(along a(111) direction or nearly so, they have under the auspices of the U.S. Department of Energy and
a low recombination probability unless their separations aré.awrence Livermore National Laboratory under Contract
very small. This gives rise to the notion of an annihilation No. W-7405-Eng-48.
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