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Abstract. The configurations and binding energies of interstitial-solute complexes with
undersized solutes are calculated using the molecular dynamic technique. The mixed dumb-
bell is most stable for a single interstitial-solute complex. The migration of a solute in the
mixed dumb-bell is discussed. When the absolute value of misfit factor of a solute is very
large, a substitutional solute is dissociated to a solute interstitial and a vacancy because of
being energetically favourable. The appearance is similar to the diffusion mechanisms of the
small-sized solute in Pb.

1. Introduction

The radiation-induced segregation of solutes and phase transformation are related to
preferential migration of solutes with interstitials and vacancies. When a solute is
undersized compared with a host atom, the stable mixed dumb-bell is created by inter-
action of an interstitial with a solute. The mixed dumb-bell can move by cage motion
but a solute does not migrate to long range by this motion. On the contrary, the
dissociation and rotational jumps of the mixed dumb-bell can give rise to the long-range
diffusion of solutes and induce solute segregation (Robrock 1983, Wiedersich and Lam
1983). The calculations for the configuration and migration of the mixed dumb-bell have
been given by Dederichs ef a/ (1978) and Lam et al (1980, 1981, 1983). Dederichs et al
(1978) have estimated the binding energies of complexes as a function of the atomic size
difference between a host atom and a solute using a simple model; the calculation was
performed without relaxation of the lattice. Lam et a/ (1980, 1981, 1983) calculated the
stable configurations and binding energies of interstitial-solute complexes in Al alloys
using the molecular dynamics technique. Various stable configurations of complexes
with an undersized solute have been obtained from the calculation.

When the ratio of the atomic size of a solute to that of a host atom is very small such
as a noble metal in Pb, the diffusivity of the solute may be many orders of magnitude
greater than that of the host atom. The diffusion of a noble atom in Pb is referred to as
fast diffusion where the mixed dumb-bellis called a diplon, and the long-range migration
of solutes has been explained by reorientation of the diplon and the jumping of the solute
from one nearest-neighbour host atom to an adjoining atom (Warburton and Turnbull
1975, Le Claire 1978). In contrast with the fast diffusion, the diffusivity of Cd and Hg in
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Table 1. Binding energies in a mixed dumb-bell with undersized sotutes of misfit factor
ro/Ry=—0.007, ~0.021 and —0.07 where Ris the equilibrium nearest-neighbour separation
distance and r, the atomic size difference between a host atom and a solute.

Misfit factor Binding e¢nergy (eV)
—~0.007 0.10
—-0.021 0.36
-0.07 1.4

Pbis well below those of the noble metal but is still one to two orders of magnitude above
the self-diffusivity of Pb. To explain the high diffusivities, the interstitial-vacancy pair
mechanism has been suggested by Miller (1969) and Miller and Edelstein (1969). The
atomic sizes of solutes seem to be fundamental parameters in the diffusivity of solutes.
In the present work, the configurations and binding energies of interstitial-solute
complexes are calculated and then the migration of a solute interstitial is studied from
the potential map for the migration of a solute. The long-range migration of solutes is
discussed in relation to the fast diffusion and interstitial-vacancy pair mechanisms.

2. Calculational procedure

The computational method has been described in a previous paper (Takamura et al
1989). The interaction potential used between host atoms was the Morse potential of Al
derived by Cotterill and Doyama (1967). The interaction potential between a host atom
and a solute was obtained by shifting the host atom potential by an amount equal to the
atomic size difference towards smaller inter-ionic distances for undersized solutes. The
elastic boundary condition was used (Gibson ef al 1960). An interstitial-solute complex
was initially set near the centre of the model crystal of 6a X 6a X 6a where ais the lattice
constant. The position and velocity of atoms in the crystal were determined from
numerical solution of the classical equations of motion. The crystal was relaxed towards
equilibrium. When the total kinetic energy of the crystal reached a maximum value, the
velocities of all the atoms were set to zero in order to attain an equilibrium configuration
as fast as possible. Thermal vibrations were not taken into account for the calculations.

3. Results

The potential energy is reduced when a solute and an interstitial are brought together
to form a complex from a large separation. The reduced energy corresponds to the
binding energy of a complex. A mixed dumb-bell is the most stable configuration when
a solute is undersized. The potential and binding energies in the mixed dumb-bell are
shown against the misfit factor of a solute in table 1. The misfit factor is represented by
ro/Ro, where R, is the equilibrium nearest-neighbour separation distance and r, is the
atomic size difference between a host atom and a solute. The binding energy between
an interstitial and a solute increases with decreasing atomic size of a solute. A solute
interstitial is situated at the octahedral site for the mixed dumb-bell with a solute having
the absolute value of misfit factor above 0.07.
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Table 2. Energy required for migration of a solute from the most stable position. One atom
(solute) of the mixed dumb-bell is fixed in the positions shown in the diagram and the other
atoms are allowed to relax. Site H is the saddle point for the long-range migration.

C
g
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E

-
$20)

Potential energy difference (eV) for the following misfit factors

Position in

solute -0.021 -0.07 —-0.18 -0.25 -0.35
A 0

B 0.04 0.04 0.19

C 0.09 0 0 0 0

D 0.08

E 0.88 0.17 0.68

F 0.04 0.09 0.36

G 0.43

H 0.32 0.51 0.93 0.93 0.45
I 0.71

An energy map for migration of an interstitial is shown in table 2. The values
indicate the energy difference from the potential energy at the most stable position. The
calculationiscarried out by fixing the solute interstitial of amixed dumb-bell and allowing
other atoms to relax. The long-range migration of a solute proceeds along the line FGH
in table 2. With decreasing atomic size of a solute, the energy required for the migration
of a solute along the path FGH through the size H increases. When the absolute value
of misfit factor is above 0.25, the migration energy inversely decreases.

An energy map for formation of a solute interstitial and a vacancy in the crystal
involving a substitutional solute is shown in table 3. When the absolute value of the misfit
factor of a solute is —0.021 and —0.07, the formation energy is very large. When the
absolute value of the misfit factor of a solute is larger than about 0.18, the position of a
solute deviates from the normal substitutional site towards the (111) direction and is
situated at the site B’ shown in table 3 when the misfit factor of a solute is —0.18.

4. Discussion

4.1. Mixed dumb-bell

When a solute is underesized compared with a host atom, the solute in a mixed dumb-
bell occupies the off-centre octahedral site. The solute is situated increasingly closer to
the octahedral site with decreasing atomic size of a solute. The solute rearranges to the
equivalent sites around the octahedral site under the applied stress at alow temperature.
This is the cage motion of a mixed dumb-bell. Internal friction peaks arising from the
cage motion were observed in irradiated Al-Fe and Al-Mn alloys (Robrock 1987,
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Table 3. Energy required for dissociation of a solute interstitial and a vacancy. The value
shows the potential energy difference from the potential energy in the most stable con-
figuration where a solute is situated at site A".
A O
N Bf
\X\ ¢
o
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~

110 {100)

Potential energy difference (eV) for the following misfit factors

Position in

solute -0.021 -0.07 -0.18 -0.25 —-0.35

A’ 0 0 0

B’ 0 0.11 0.22

C’ 0.27

D’ 3.7 2.6 0.57 0 0

E’ 0.93 0.45
Nk

G ) C; S,
Figure 1. Schematic jump processes for long-range migration of a solute interstitial in a
mixed dumb-bell (relaxations of atoms are not shown): () jumping without rotation of a

solute interstitial which is two-dimensional migration; () rotation without jumping. The
solute interstitial is represented by a small shaded circle.

Takamura and Kobiyama 1985). The peak height of internal frictionin Al-Be and Al-Cu
alloys was very small. This seems to be because the migration distance of the cage motion
is very small and the solute is nearly situated at the octahedral site.

The cage motion of a mixed dumb-bell does not lead to long-range migration of a
solute. Long-range migration requires mechanisms such as rotation without jumping or
jump without rotation as shown in figure 1 (Lucasson ef al 1983, Maury 1984). The
present calculation shows that the energies for the two mechanisms are the same since
a solute migrates along the (110) direction through the lowest-energy route passing
through FGH in table 2. The long-range migration energy of a solute through site H
increases with increasing absolute value of the misfit factor of a solute at first but starts
to decrease when the absolute value of misfit factor is larger than 0.25 as shown in table
2. The maximum energy of migration occurs at a misfit factor between —0.18 and ~0.25.
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When an initial energy of 0.3 eV is given to a solute having a misfit factor of —0.07
in a mixed dumb-bell, the migration of a mixed dumb-bell is observed as shown in figure
2, where a solute is initially situated at point G in table 2 and the initial energy is in the
direction GH. For a misfit factor of —0.021, either two-dimensional migration of a solute
which is described in figure 1(a), i.e. jump without rotation, or rotation without jumping
shown in figure 1(b) occurs when an initial energy of 0.1 eV is given in a direction slightly
tilted from the direction GH. Thus the activation energy for two-dimensional migration
and that for rotation of a mixed dumb-bell are the same. The diffusion of a solute is
controlled by the height of the energy barrier at site H.

4.2. Diffusion of small-sized solutes

When the misfit factor of a solute is —0.18, the solute is situated at a site of distance
(0.16a, 0.16a, 0.16a) from the substitutional site in the perfect crystal where a is the
latttice constant. When the absolute value of the misfit factor of a solute is above 0.25,
a substitutional solute dissociates to a vacancy and a solute interstitial situated at the
octahedral site. The solute interstitial can migrate to the next octahedral sites through
an energy barrier E’ in table 3 where the height of the barrier at E’ is the same as the
potential energy at site H in table 2. The amount of potential energy required for
migration of a solute interstitial along the path B'C'D'E’ is shown in figure 3. The energy
required for migration through site E’ decreases with increasing absolute value of the
misfit factor above 0.25. With decreasing absolute value of the misfit factor below 0.25,
the energy for dissociation of an octahedral interstitial and a vacancy increases abruptly,
as shown in table 3.

The diffusivities of the small-sized solutes in Pb are many orders of magnitude greater
than those of the host atom. For example, the diffusivity of Auin Pbat 175 °Cis 10 times
greater than the self-diffusivity of Pb. This diffusion is called fast diffusion (Warburton
and Turnbull 1975, Le Claire 1978). When the misfit factors are —0.25and —0.35, shown
in figures 3(b) and 3(c), respectively, this corresponds to fast diffusion since solute
interstitial formation is energetically favourable. In contrast with the fast diffusion of a
noble metal in Pb, the diffusivity of Cd and Hg in Pb is well below that of the noble metal
but is still one to two orders of magnitude above the self-diffusivity of Pb. It is said that
this diffusion occurs by an interstitial-vacancy pair mechanism. The case in figure 3(a)
corresponds to this diffusion. Experiments for solute diffusion in Pb showed that there
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£ 0 | / Figure 3. Illustrating map of the potential energy for migration
§ (a) of asolute. B, C', D" and E’ correspond to the sites in table 3.
& (a) The energy for forming a solute interstitial-vacancy pair

where the solute is situated at site D’ is 0.57 eV for a solute
with misfit factor of —0.18. (b), (¢) The substitutional solute
dissociates to an octahedral interstitial and a vacancy for a solute
with misfit factors of (b) —0.25 and (c¢) —0.35. The energy
required for migration to the next octahedral site through an
energy barrier is 0.93 eV and 0.45 eV for (b) and (c), respect-
ively.

Distance from vacancy

is a striking correlation between the atomic size and solute diffusion (Hood 1978, 1981).
The misfit factor of Au and Ag in Pbis —0.087 and that of Cd and Hg in Pb is —0.05
(Hood 1981). Although there is disagreement between the misfit factor obtained from
the atomic volume of the elements given by Hood and the values used in the present
work for fast diffusion and interstitial-vacancy pair mechanisms, there seems to be
correlation between the diffusivity of solutes and their misfit factors.

5. Summary and conclusions

Molecular dynamic calculations are performed to obtain the configurations and binding
energies of interstitial-solute complexes with undersized solutes. The interaction poten-
tial between a solute and a host atom is obtained by shifting the host atom potential by
a certain amount towards shorter inter-atomic distances. The following results are
obtained.

(i) The mixed dumb-bell configuration is most stable for single interstitial-solute
complexes. With increasing absolute value of the misfit factor of a solute, the site of a
solute in the mixed dumb-bell moves closer to the octahedral site.

(ii) The energy for jumping of a solute around the octahedral site is very small. The
rearrangement of a solute to the equivalent site around the octahedral site under the
applied stress induces the relaxation peak. The internal friction peaks in Al-Fe and Al-
Mn alloys occur as a result of the cage motion which takes place owing to this jumping.

(iii) The long-range migration of a solute arises by passage along the lowest-energy
route FGH shown in table 2.

(iv) The substitutional solute is dissociated to a solute interstitial and a vacancy when
the absolute value of the misfit factor of solute is above 0.25. The diffusion of a solute is
controlled by the potential height at site H shown in table 2. This appearance is similar
to the fast diffusion mechanism of small-sized solutes in Pb. With decreasing absolute
value of the misfit factor below 0.25, the energy required for dissociation of a solute
interstitial and a vacancy increases abruptly. Therefore, when the absolute value of the
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misfit factor is slightly smaller than 0.25, the interstitial-vacancy pair mechanism seems
to arise.
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