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Point-defect calculations for tungsten
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Computer-model calculations have been carried out for vacancies, divacancies, and inter-

stitials in tungsten using an interatomic potential developed by Johnson and White. Full re-

laxation of the 531 atoms closest to the defect is carried out by the model, and surrounding

atoms are constrained to displace elastically. With an input into the model of a vacancy for-
mation energy of 3.60 eV, the vacancy migration energy, formation volume, and migration
volume were 2.00 eV, 0.790, and —0.080, respectively (0 is the atomic volume). The
second-neighbor divacancy was most stable and migrated through partial separation to the
fourth neighbor divacancy. The binding energy and volume were 0.78 eV and 0.080,
respectively, and migration was similar to that for single vacancies. The potential had to be
modified for interstitial calculations to provide repulsion at near separations. For a hard
repulsion, the formation energy was large (13.04 eV), the migration energy large (1.05 eV),
and the formation volume small (0.130), while for a soft repulsion, the formation and mi-

gration energies were smaller (9.30 and 0.20 eV, respectively) and the formation volume was

negative (—0.650). Although these calculations do not yield unambiguous results, they

suggest that high-temperature curvature in self-diffusion data for tungsten is not caused by
divacancies or by single interstitials.

INTRODUCTION 2.5

Computer modeling based on two-body intera-
tomic potentials has been used extensively in the
study of defects in metals, ' and a number of calcu-
lations have been carried out for tungsten. Johnson
used the lattice constant and the elastic constants to
develop a short-ranged potential (first- and second-
neighbor interactions only) and found activation en-
ergies of 2.00 and 1.07 eV for vacancy and intersti-
tial migration, respectively. Girifalco and Weizer
used the cohesive energy, the lattice constant, and
the bulk modulus as physical inputs to determine
the three parameters specifying a Morse potential,
and this potential has been used by Wynblatt to cal-
culate a vacancy migration energy of 2.26 eV. A po-
tential developed by Johnson and Wilson, based on
the lattice constant and the elastic constants as well
as the vacancy formation energy, has been used in
several calculations: The authors reported a vacancy
migration energy of 1.44 eV and divacancy binding
at 0.42 eV, while Benedek and Ho used the poten-
tial to investigate interstitial formation energies, and
Guinan et al. found an interstitial migration energy
of 0.38 eV with static calculations and 0.365 eV
with a dynamic simulation. Benedek and Ho also
developed a W potential primarily fitted to phonon
dispersion curves, and Stabell and Townsend' have
given a potential similar to that of Johnson.
Johnson and White"' have recently developed a
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FIG. 1. The potentials used in the calculation. All
three give the same vacancy results. The close separation
repulsions are required for the interstitial calculations,
and the two cases shown are representative of a hard and
a soft potential.
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short-ranged potential for surface calculations based
on the shear elastic constant (but not the bulk
modulus), the lattice constant, and the vacancy for-
mation energy, taken as 3.6 eV. '

Recent data for W, ' ' as reviewed by Siegel, '

yield satisfactory agreement with the result of 3.6
eV for the formation energy and give self-consistent
values of 1.8 and 5.4 eV for the migration energy of
a vacancy and the low-temperature self-diffusion en-

ergy, respectively. A high-temperature activation
energy of 6.9 eV is also found' which is difficult to
explain with a divacancy binding energy of 0.7 eV' .
The suggestion has been made' ' that thermal in-
terstitials are formed at high temperatures and, since
they are mobile and might have a larger pre-
exponential factor, could provide an explanation for
the high-temperature results.

The primary purpose of the present calculations
was to help assess the above interpretation of the
data. The Johnson and White potential was chosen
because short-ranged potentials have generally prov-
en more successful than long-ranged Morse or
Lennard-Jones (Mie) potentials, and the Johnson-
Wilson potential had been fitted to a vacancy forma-
tion energy of 1.8 eV. The Johnson or the Stabell
and Townsend potentials would have given results
similar to those reported here.

MODEL

The model and method of calculation are essen-
tially the same as those used earlier. ' Each atom
within a spherical crystallite containing 531 atoms
was treated as an independent particle and atoms
outside the sphere were constrained as though
theory were imbedded in an elastic continuum with
radial displacements decreasing as 1/r . Image
force corrections were included in the determination
of defect volumes. The Johnson and White potential
1S12

P(r) =—1 26599(r —
3. .45503)

—3.00836(r —3.45503)

+ 1.40109(r—3.45503)—0.34277

with r in A and P(r) in eV, is shown in Fig. 1, and is
listed in Table I. This potential goes to zero with
zero slope midway between second- and third-
neighbor separation, and is taken as zero for all
larger distances.

VACANCIES AND DIVACANCIES

Vacancy and divacancy results are summarized in
Table II. The unrelaxed vacancy formation energy
E&z ——4.35 eV was used as an input in the develop-

0
TABLE I. Interatomic potential, with r in A and P in

eV.

Johnson and White: a =3.16 A, r, =(1+@2)a/2
/=A(r ro)—+B(r ro)—+C(r ro)—+D, r&r,

/=0, r &r,
A = —1.26599, B = —3.008 36

C =1.40109, D =—0.34277
rp ——3.455 03

Modification for interstitials
/=A exp[ —a(r rb)]+—B, r & rb

Hard repulsion
rb=r, =&3a/2, a=10.173

A =0.371, B = —0.942
Soft repulsion

rb ——0.925r ~, a =4.071
A =1.435, B =—1.623

ment of the potential. The change in energy due to
relaxation was E~~——0.75 eV, yielding a vacancy
formation energy of E~b ——3.60 eV. This last value
was actually the input because E~y was adjusted to
reproduce this experimental formation energy. The
volume change due to relaxation was
V&b

——0.210 (0 is the atomic volume), giving a
net formation volume of V~ @

——0.79 Q.
The energy at the vacancy migration midpoint,

i.e., with an atom midway between two vacant
nearest-neighbor sites, was E~~ ——5.41 eV. This
configuration was metastable by 0.19 eV with a pair
of saddle points for a given migration step about —,

and —, of the distance along the path of the jumping
atom, where it passes through triangular
bottlenecks. The resultant migration energy is then
E&&——2.00 eV, and the migration volume is small
and negative; V~q ———0.08 Q.

The second-neighbor divacancy is bg far the most
stable with a binding energy of E2V ——0.78 eV.
First- and third-neighbor binding energies are 0.14
and 0.20 eV, respectively, while third-, fifth-, and
sixth-neighbor divacancies are repulsive. The bind-
ing volume is small, V2~ ——0.08 0, with the second-
neighbor configuration, but it is essentially zero for
all other arrangements. Defining the unrelaxed di-
vacancy binding energy as. the energy of two
separated unrelaxed single vacancies minus the ener-

gy of an unrelaxed divacancy, Eq~ ——0.57 and 0.69
eV for first- and second-neighbor configurations,
with all others being zero. Thus, the relaxation en-

ergy of a first-neighbor divacancy is 0.43 eV less
than for two single vacancies, while it is 0.09 and
0.20 eV more for second- and fourth-neighbor diva-
cancies, respectively.

Divacancy migration occurs via a second- to
fourth- to second-neighbor process rather than by
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TABLE II. Vacancy and divacancy results. Hloo 4 "1OO

Vacancies: El v ——4.35 eV

E1v——3.60 eV ~ V1 v=0 79

E1v——2.00 eV, V) v ———0.08Q Hloo i H10P

Divacancies: E2v(1 NN) =0.57 eV,
E2v(2 NN) =0.69 eV

E2v(1 NN) =0.14 eV, V&v(1 NN) = —0.03Q

E2v(2 NN) =0.78 eV Vr. v(2 NN) =0.080
Egv(3 NN) =—0.12 eV, V2v(3 NN) =O.OOQ

E2v(4 NN) =0.20 eV, Vzv(4 NN) =0.01Q

E2v(5 NN) =—0.09 eV, V&v(5 NN) =—0.01Q

E2v(6 NN) = —0.11 eV, Vgv(6 NN) =0.01Q

E2v(2-4-2) = 1.95 eV V2v(2-4-2) = —0.08Q

E2v(2-1-2) =2.50 eV V2v(2-1-2) = —0.08Q

second to first to second. The migration energy is
Ezz ——1.95 eV, again with a metastable midpoint
configuration, the overall process being very similar
to single vacancy migration ahd having a small neg-
ative migration volume: V2~ ———0.08 Q. The ener-

gy to pass through both triangles is very similar,
while, in the second- to first-neighbor jump, the first
triangle does not exist due to a missing atom, but
the second triangle requires a migration energy of
2.50 eV.

INTERSTITIAL 8

ii Ip

H1PO l Hlpp

"1OO &0 HlOO

was smoothly joined with a matching value, slope,
and curvature at r=rb to the basic potential and
was used for r&rb Two . cases, rs r, and r——

&

=0.925r~, are illustrated in Fig. 1 and are used as
examples of a hard and a soft repulsion, respective-

ly. The parameters are listed in Table I. No
changes greater than 0.02 eV were found for any of
the vacancy results with this modification in the po-
tential.

FIG. 3. A I 100I plane in the bcc lattice showing inter-
stitial configurations. The notation is the same as for Fig.
2.

tive for r &0.83ri, and the energy becomes negative
for small r as shown in Fig. 1. The exponentially
repulsive potential

The potential could not be used for interstitials
without modification. It contains no input pertain-
ing to close separations, the curvature becomes nega- E» (eV) V11(Q) EE11 (min) (eV)

TABLE III. Interstitial results.

Hllo Illo ~lip Hllo Hard repulsion: rb ——r1

Hloo,

&0 ii

H1PP

lib I
' 110

Hlp

Hlp

C

"no't Alo

,"1OO

100

H»o
I,
H»1
I,
IT
Io
H 1oo

13.04
14.09
14.20
14.28
15.08
15.35
16.19

0.13
0.07

—0.01
0.16

—0.21
—0.34
—0.35

0
1.05
1.16
1.23
2.03
2.31
3.15

Hllo Illo XO Illo Hllo

FIG. 2. A I110I plane in the bcc lattice showing inter-
stital configurations. Spheres surrounding each lattice
site always contain one atom, with the split configurations
consisting of two atoms on opposite sides, each considered
half in a sphere. The size of the spheres is appropriate for
the soft repulsion case; with hard repulsion the spheres
are larger and configurations H11o and I»o merge.

I»o
H»o
I,
I,

H 1oo

Iz
Io

Soft repulsion: rb ——0.925r1

9.30 —0.65 0
9.43 —0.70 0.13
9.46 —0.74 0.16
9.50 —0.66 0.20
9.82 —0.67 0.52
9.85 —0.86 0.55
9.97 —0.88 0.67

10.54 —0.87 1.24
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The bcc interstitial configurations have been illus-
trated many times in the literature' ' and will not
be repeated here. The H configurations contain two
atoms symmetrically split about a lattice site
I„I„and I, are octahedral, tetrahedral, and
crowdion configurations, respectively, I, is the sad-
dle point configuration for interstitial migration,
and I»o is an additional configuration occurring
with the soft repulsion. A (110) plane and a (100)
plane are shown in Figs. 2 and 3, respectively, with
the circles drawn to scale for the soft repulsion, and
the I~~0 location shown. With the harder repulsion,
the circles are larger so that H~~o and I»0 merge.
The saddle point configuration does not occur on a
primary plane, and, for example, consists of the
jumping atom at (X,—,,(1—x) )(a /2) with x =0.75.

The basic interstitial results are listed in Table III
for both the soft and hard repulsions. For the hard
repulsiony E]g 1304 eV V]g 013Q and E]y
=1.05 eV, and for the soft repulsion Eit 9.30 eV——,
V)gF —0.650, and E~z ——0.20 eV. In the latter
case, the energy of the I, configuration is less than
that for I„but I, is metastable and the easiest mi-
gration path is I»0 —I,—I»o.

DISCUSSION

The vacancy calculations contain no surprises and

appear to be consistent with experimental data. The
experimental vacancy migration energy is 1.81 eV,
while the calculations give 2.00 eV, and there is

some field-ion microscopy data giVing a divacancy
binding energy of 0.7 eV, ' compared to 0.78 eV
from the present work. However, the field-ion mi-

croscopy data indicate a stable first-nearest-neighbor

divacancy, rather than the second-neighbor configu-
ration strongly favored by the calculations. The
data are sparse and apply to a surface under signifi-

cant strain, not the bulk, so the issue is still open.
The activation energy for a divacancy contribution
to self-diffusion is Q2 E2q+Eqy——8 37 eV. T——hu. s,

the calculations are 1n accord with the conclusion
that divacancy migration is not the origin of a com-

ponent of high-temperature self-diffusion with an
activation energy of 6.9 eV. ' ' It is difficult to see

how the binding energy could be that much greater
and/or migration energy that much less to decrease

the calculated Qz by 1.47 eV.
The picture emerging from the interstitial calcula-

tions is not very clear. Experimentally, with the one

interstitial interpretation, interstitials have a very
small activation energy in W, which would indi-

cate that a soft potential is appropriate. There are
no data for W, but for Mo the interstitial formation
volume has been measured as 0.10, in line with
present calculations using the hard potential. Also,
neither potential is consistent with the Q=6.9 eV
mentioned above arising from a self-interstitial con-
tribution. Numerous variations were tried for the
potential at close separations, but the general pattern
showed little change: Any potential hard enough to
give V~q-0. 10 also gave a high migration energy,
while a soft potential which could give a small mi-
gration energy predicted a significant negative for-
mation volume. The energy to break four first-
neighbor and three second-neighbor bonds is 4.35
eV, so the energy to insert an interstitial atom into
the lattice would have to be about 2.5 eV to yield a
Q=6.9 eV. An extremely soft potential leading to
very close interatomic distances near the interstitial
and very little lattice relaxation would be required to
obtain this value. Thus, even though the interstitial
calculations do not yield unambiguous results, they
do provide evidence against an interstitial contribu-
tion to self-diffusion. Unfortunately, the present
work does not suggest an alternative to sel~-

interstitials or divacancies as an explanation of the
curvature in high-temperature diffusion data for W.
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