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In order to study behaviors of vacancies near edge dislocations, the lifetime and coincidence Doppler
broadening of positron annihilation on Ni and Fe deformed at high speed and low speed were measured. The
formation and migration energies and positron annihilation lifetime of vacancies associated with edge dislo-
cations were also calculated. In the experiments, the existence of vacancies associated with edge dislocations,
previously predicted by Häkkinen et al. and Kamimura et al. from calculations, was confirmed. Vacancies were
released from the edge dislocations at 573 K in isochronal annealing for 10 hours in Fe. These experimental
results were explained by a calculation based on a rate theory. The effect of vacancy diffusion along edge
dislocations was also studied, and the obtained results corresponded to those of previous experiments on
vacancy self-diffusion along dislocations using the radioactive tracer method.
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I. INTRODUCTION

Many important properties in metals can be controlled by
means of crystal lattice defects. Vacancies and interstitials
are the simplest and most fundamental defects and play an
important role in defect structure evolution. They are annihi-
lated at sinks, and dislocations are one of the most important
kinds of such sinks. We have believed that point defects near
edge dislocations are absorbed easily, which leads to the
climb motion of dislocation1–4 by formation and movement
of jogs owing to easy diffusion of point defects along dislo-
cation cores �pipe diffusion�.5–7

In metals under high-energy particle irradiation, the same
number of vacancies and interstitials are formed. Most point
defects are absorbed by edge dislocations and a small unbal-
anced reaction between point defects and dislocations causes
void growth �dislocation bias model�.8–12 This model is
based on the idea that edge dislocations are perfect sinks for
point defects.

There have been reported, however, some experimental
results that have made us question the role of dislocations as
sinks for point defects. Hidalgo et al. performed positron-
annihilation-lifetime measurements on Fe deformed under
the tensile mode, and obtained a long positron lifetime of
150±4 ps,13 which was shorter than that of vacancies in the
matrix �180 ps�.14 They concluded that the lifetime should be
assigned to positron annihilation at screw and edge disloca-
tions. Häkkinen et al. first indicated the existence of vacan-
cies associated with the dislocation line.15,16 They calculated
the positron lifetimes of edge dislocations and vacancies on
an edge dislocation line in Al and Cu. The obtained values
were 114 ps and 166 ps, respectively, in Cu. Kamimura et al.
also calculated the same positron lifetimes in Fe.17 The ob-
tained values were 117 ps and 140 ps, respectively. They
pointed out that the positron lifetime of 150 ps obtained by
Hidalgo et al. could not be due to the dislocation line but
rather the lifetime of vacancies on the dislocation line.

Diffusion of point defects along edge dislocations in fcc
metals has been reported.18–24 The dislocations were ex-
tended and a vacancy at the edge of a partial dislocation had

the form of a distorted hexagon in the �111� plane.20 The
formation energy of a vacancy at the edge of a partial dislo-
cation, calculated using the N-body potential, decreased from
the bulk value of 1.19 eV to 0.97 eV in Cu.23 From a mo-
lecular dynamics simulation at high temperature, the vacancy
migration energy near the partial dislocation decreased only
by 0.75 eV compared with the bulk value of 0.98 eV in
Cu.18,23 Owing to the extension of dislocations, the trajecto-
ries of the vacancy migration were involved not only in the
partial dislocations but also in the stacking fault region.20 For
this reason, vacancy diffusion in fcc metals along partial dis-
location pairs is not expected to be particularly fast.20

In this paper, we report on the vacancy trapping and de-
trapping behavior in dislocations, which is different from the
formation and absorption of point defects by jogs. First, the
existence of vacancies trapped in dislocations and the detrap-
ping behaviors thereof during isochronal annealing were
demonstrated in deformed Fe and Ni by experiments. We
performed positron-annihilation-lifetime measurement and
coincidence Doppler broadening �CDB� of positron annihila-
tion measurement on Fe and Ni deformed at high speed and
low speed. After that, we investigated the annealing behavior
of vacancies trapped near dislocations. Next, the strength of
vacancy trapping in dislocations and the effect of vacancy
pipe diffusion were studied by computer simulation. The for-
mation energy and the migration energy of vacancies near
perfect edge dislocations in �-Fe and extended dislocations
in Ni were calculated employing the N-body potential, and
the energy calculation of the model lattice was performed
employing the static method.25,26 The positron lifetime of
vacancies near dislocation cores was also calculated, using a
method proposed by Puska and Nieminen.27 Results obtained
with these calculations were compared with experimental
results.

II. POSITRON ANNIHILATION MEASUREMENT

A. Experimental procedure

Pure Fe �99.99%� and pure Ni �99.99%� specimens were
measured to be approximately 3 mm in diameter and 0.1 mm
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in thickness. The specimens of Fe were annealed at 1223 K
for 0.5 hours followed by quenching into water, and those of
Ni were annealed at 1173 K for 1 hour in a high vacuum of
less than 1.0�10−4 Pa. The specimens were polycrystals,
and the average grain size was 25 �m for Fe and 50 �m for
Ni. The high- and low-speed deformation experiments were
carried out using an impact deformation apparatus and a con-
ventional oil press at the Hiroshima Institute of Technology.
The strain rates during high- and low-speed deformation ex-
periments were 4.3�105 s and 67 s, respectively. The strain
for every specimen was approximately 30%. Annealing ex-
periments were performed on the deformed specimens at in-
tervals of 100 K and 50 K up to 873 K and 723 K for Fe and
Ni, respectively. The annealing time at each temperature was
10 hours. Positron-annihilation-lifetime measurement and
CDB measurement of positron annihilation were carried out
before and after each annealing process.

A 22Na source of positrons was used for the positron an-
nihilation lifetime and CDB measurements. The radioactivity
of the source for the lifetime measurements was approxi-
mately 30 �Ci �1.1 MBq� and that for the CDB measure-
ments was approximately 20 �Ci �0.7 MBq�. The system
employed for positron annihilation lifetime measurements in
this study was a conventional fast-fast circuit with two BaF2
scintillators. The time resolution of the system was approxi-
mately 190 ps at full width at half-maximum �FWHM�. The
positron lifetime spectra were analyzed using the Resolution
and Positronfit programs.28 In order to measure CDB spectra,
two Ge detectors were placed at 180° with respect to one
another with a spacing of 400 mm therebetween. The overall
energy resolution of the two Ge detectors was 1.6 keV at
FWHM for 661.6 keV � rays from a 137Cs standard radiation
source. All positron annihilation experiments were per-
formed at room temperature. Mean lifetime, long lifetime,
and long lifetime intensity obtained from the positron anni-
hilation lifetime measurements correspond to the total
amount of residual defects, the size of vacancy clusters, and
the amount of vacancy clusters, respectively. The
S-parameter ratio obtained from CDB measurements is de-
fined as the ratio of the counts in the low-momentum region
�Fe, less than 4.0�10−3 mc; Ni, less than 5.0�10−3 mc�
relative to the total counts, and corresponds to the total
amount of vacancy-type defects.

B. Results and discussion

Figures 1 and 2 show a comparison of the isochronal an-
nealing behaviors of the positron annihilation lifetime and
S-parameter ratio from CDB measurements in pure Ni for
high- and low-speed deformations, respectively. The size of
vacancy clusters and the amount of vacancy-type defects
were larger after high-speed deformation than after low-
speed deformation. This is the same result as reported by
Kiritani et al.29–32 In addition, the complete recovery tem-
perature of the specimen deformed at low speed was higher
than that of the specimen deformed at high speed. This leads
to the conclusion that recovery of vacancy-type defects in-
troduced by high-speed deformation was faster. This conclu-
sion was explained by the characteristic difference between

dislocation structures derived from the transmission electron
microscopy, i.e., dislocations introduced by high-speed de-
formation were distributed much more homogeneously than
those introduced by low-speed deformation,29–32 and they act
as more effective sinks for vacancies. The annealing behav-
iors of mean lifetime and S-parameter ratio were almost the
same.

Figures 3 and 4 show a comparison of the isochronal an-
nealing behaviors of the positron annihilation lifetime and
S-parameter ratio from CDB measurements in pure Fe for
high- and low-speed deformations, respectively. The size of

FIG. 1. Comparison of isochronal annealing behaviors of posi-
tron annihilation lifetime and long lifetime intensity in pure Ni for
high- and low-speed deformation �annealing time, 10 hours; bulk
lifetime, 110 ps�.

FIG. 2. Comparison of isochronal annealing behaviors of
S-parameter ratio in pure Ni for high- and low-speed deformation
�annealing time, 10 hours�.
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vacancy clusters and the amount of vacancy-type defects
were larger after high-speed deformation than after low-
speed deformation. The complete recovery temperature was
the same in both cases.

The long lifetime of 168 ps in the low-speed deformed Fe
was assigned to a combining lifetime of monovacancies in a
matrix �180 ps� �Ref. 14� and vacancies on an edge disloca-
tion line �140 ps�.17 The long lifetime of 197 ps in the high-
speed deformed Fe was also assigned to a combining lifetime
of monovacancies, vacancy clusters �2–3 vacancies�, and va-
cancies on the edge dislocation line. After annealing at
473 K, the long lifetime was shorter than that of vacancies in
the matrix. A number of the vacancies in the matrix were

considered to have migrated to the dislocation line without
annihilation, because the intensity of the long lifetime did
not change. Table I shows the calculated positron annihila-
tion lifetime of vacancies and their clusters associated with
edge dislocations in �-Fe. The lifetime of the jogs of edge
dislocations is 117 ps,17 which is almost equal to that of edge
dislocations and is too short to allow separation of the life-
time component from the matrix component. If vacancies are
annihilated at jogs of the edge dislocations, the long lifetime
will further decrease. After annealing at 573 K, the long life-
time, mean lifetime, and S-parameter ratio increased. In par-
ticular, the intensity of 35% was constant in the high-speed
deformed Fe during annealing between 373 K and 673 K.
Most vacancy clusters were not annihilated and grew by
means of the absorption of vacancies. For this growth of
vacancy clusters without a change in concentration caused
by isochronal annealing, vacancies must be formed some-
where at 573 K. However, many vacancies cannot be gener-
ated from grain boundaries or jogs of the edge dislocations at
thermal equilibrium at 573 K or 673 K �see the following
section�. The only possible source of vacancies is the release
of vacancies trapped in the edge dislocations. Vacancies were
detrapped from edge dislocations, aggregated in the matrix,
and formed larger vacancy clusters at 573 K.

In Ni, the increases of the long lifetime, mean lifetime,
and S-parameter ratio were less noticeable than in Fe after
annealing at 573 K. Because edge dislocations in fcc metals
are extended, the strain of perfect edge dislocations is higher
than that of extended dislocations. Therefore, emission of
vacancies trapped in dislocations was more significant in Ni
than in Fe.

Although the specimens used in these experiments were
polycrystals, consideration of the effect of grain boundaries
was omitted, because, as mentioned in the following section,
the range of interaction between the edge dislocations and
the vacancies was narrow �five atomic distances at most� and
few vacancies are formed from the grain boundaries at
573 K or 673 K. Consideration of the effect of screw dislo-
cations was also omitted, because the change in volume
caused by screw dislocations was too small to affect the be-
havior of vacancies.

In this section, the existence of vacancies trapped in edge
dislocations and the detrapping of the vacancies from the

FIG. 3. Comparison of isochronal annealing behaviors of posi-
tron annihilation lifetime and long lifetime intensity in pure Fe for
high- and low-speed deformation �annealing time, 10 hours; bulk
lifetime, 110 ps�.

FIG. 4. Comparison of isochronal annealing behaviors of
S-parameter ratio in pure Fe for high- and low-speed deformation
�annealing time, 10 hours�.

TABLE I. Calculated positron annihilation lifetimes of vacan-
cies and their clusters associated with edge dislocations in �-Fe.
When three vacancies lie on a dislocation line, the vacancies shrink
in size and their structure becomes the same as that of the jogs after
relaxation by the static method.
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edge dislocations were confirmed. In Sec. III, the formation
and migration energies and the positron annihilation lifetime
of vacancies near the edge dislocations were calculated, and
the strength of vacancy trapping in dislocations and the ef-
fect of vacancy pipe diffusion were estimated. In comparison
with the experiments, the validity of the mechanism of va-
cancy trapping and detrapping in dislocations derived from
the computer simulation was examined.

III. SIMULATION OF VACANCY BEHAVIORS NEAR
EDGE DISLOCATIONS

A. Method of calculation

1. Calculation model

The effective medium theory �EMT� potential for Ni fitted
by Jacobsen et al.33 and the Ackland-Bacon-Calder-Harry
�ABCH� potential for �-Fe �Ref. 34� were used for computer
simulation. Figures 5�a� and 5�b� show the size and orienta-
tion of the model lattice we employed in Ni and Fe, respec-
tively. The number of atoms used in this calculation was
128 000 and 153 600 for Ni and Fe, respectively. We defined

the �1̄10� , �112̄�, and �1̄11� directions as the x, y, and z axes

in Ni, and the �111�, �112̄�, and �1̄10� directions as the x, y,
and z axes in Fe, respectively. The edge dislocation line par-
allel to the y axis was introduced at the center of the model
lattice by displacing the atoms according to elasticity theory.

The Burgers vector was a /2�1̄10� and a /2�111� in Ni and
Fe, respectively, where a was the lattice constant. A periodic
boundary condition for the y axis and the fixed boundary
conditions at surfaces perpendicular to the x axis and z axis
were employed. The atomic positions at the fixed boundary
were also determined according to the elasticity theory. The

lattice was relaxed using the static method, which did not
take into account the effects of temperature.

A perfect edge dislocation in Ni extended into two partial
dislocations with the relaxation. The edge dislocation ob-
tained in this calculation separated on the slip plane, and the
stacking fault formed by the two partial dislocations was
recovered approximately 10 layers above the slip plane, as
shown in Fig. 6. For the simulation of vacancy migration in
the extended dislocation, this model lattice was used. Dis-
tance between the two partial dislocations was 8–9 atomic
distance in Ni. The stacking fault energy was approximately
100 mJ/m2. This value corresponded to the experimental
values of 100–200 mJ/m2 in Ni.35

2. Calculation of formation energy and migration energy
of vacancies

The formation energy of vacancies was determined as fol-
lows. First, we calculated the total energy of the relaxed
model lattice with a dislocation �E1� before introducing va-
cancies. Next, we introduced vacancies into the relaxed
model lattice, and calculated the total energy after relaxation
�E2�. A vacancy was introduced by removing one atom from
the perfect lattice. Thus, the vacancy formation energy Ev

f

was obtained as the difference between E1 and the sum of E2
and the cohesive energy Ec, which was obtained by dividing
the total energy of the perfect lattice by the number of atoms,

Ev
f = E2 + Ec − E1. �1�

When vacancies migrate to a neighboring site, they must
pass through the saddle point. So, the migration energy was
determined as the difference between the total energy of the
model lattice with an atom at the lattice point before the
migration and that with the atom at the saddle point. For
example, in a vacancy, the migration from position �A� to
position �B� in Fig. 7 is equivalent to the migration of an
atom from position �B� to position �A�. The atom was placed
at each of approximately 20 points along a line segment AB,
and was relaxed at each point only in the plane perpendicular
to the line segment AB, and the other atoms were relaxed
freely. The saddle point was defined as the place where the
total energy of the model lattice is at its maximum for this
particular migration route. Even if the nudged elastic band
method is used, which is more reliable than the present cal-
culation method for the saddle point search, the vacancy mi-
gration energies obtained are not markedly different from

FIG. 5. Size and orientation of model lattice, �a� Ni and �b� Fe
�b denotes atomic distance�. The number of atoms used in this
calculation was 128 000 and 153 600 for Ni and Fe, respectively.

FIG. 6. Partial dislocations induced by relaxation of perfect
edge dislocations.
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those obtained in our calculation. This is because the va-
cancy migration path is simple.

The formation energy and migration energy of vacancies
in the perfect lattice calculated using these methods and their
experimental values are shown in Table II. The migration
energy calculated in the present study corresponds to that
obtained by the molecular dynamics simulation.34 The ex-
perimental vacancy migration energies in Ni and �-Fe
greatly differed between low and high purity.

3. Positron annihilation lifetime calculation

To calculate the positron lifetime the Schrödinger equa-
tion must be solved to determine the positron wave function
at defect sites, as carried out in the method developed by
Puska and Nieminen.27 In this calculation, the potential for a
positron must be given. This consists of a Coulomb potential
from nuclei and electrons and a correlation potential between
a positron and an electron. The Coulomb potential was con-
structed by superposition of the atomic wave function given
by Herman and Skillman43 and the correlation potential was

given by Boronski and Nieminen44 based on the local density
approximation �LDA�. To solve the Schrödinger equation the
numerical method given by Kimball and Shortley45 was
used. Enhancement factors corresponding to d electrons aris-
ing from the positron-electron correlation effects �d were
determined so that the calculated lifetime in the matrix
agreed with the experimental results. In this study, �d for Ni
and Fe was 1.75 and 2.19, respectively, and the matrix life-
time was 110 ps in both metals.14,17,46 The positron lifetime
calculations were performed for relaxed vacancies obtained
by the above static method.

B. Results

Figures 8 and 9 show the structure of partial dislocations
in Ni and perfect dislocation in �-Fe, respectively. A vacancy
was introduced at position “V0,” “RT1”–“RT4,” “LT1”–
“LT3,” “UP1”–“UP4,” “LW1”–“LW5” or “CT” �only in the
case of partial dislocations�. The vacancy formation energy
at each position, the energy required for vacancy migration
between the positions, and the positron annihilation lifetime
were calculated. “P1” and “P2” denote two routes of va-
cancy migration along the dislocation line, so-called pipe
diffusion. “CT” denotes the center of the stacking fault rib-
bon.

1. Ni

Figure 10 shows the results of vacancy formation energy,
migration energy, and positron annihilation lifetime in Ni
obtained by computer simulation. The vacancy formation en-
ergy at position “V0” was lowest in a direction perpendicular
to the slip plane. The lowest formation energy was at posi-
tion “LT2,” where misalignment of atomic position caused
by partial dislocations begins to occur. Vacancy migration
energy in the Burgers vector direction was lower than that in
other directions. In a direction perpendicular to the slip
plane, the energy required to migrate to the dislocation core
was lower than the energy required to move away from the
dislocation core. On the basis of these results, it is consid-
ered that vacancies can easily migrate to a boundary between
a perfect lattice region and partial dislocations on the slip
plane. The vacancy migration energy for the pipe diffusion
was low in the migration route of “P2.” In the pipe diffusion,
vacancies mainly migrate through the route of “P2,” and
diffuse to the stacking fault region. In the region far from the
partial dislocations, the migration energy of the route “P1”
decreased and that of “P2” increased to 1.02 eV, as shown in
“CT” of Fig. 10. This means that the migration energy of
pipe diffusion was lower than that of the bulk diffusion of
1.17 eV. The result of the molecular dynamics calculation20

is associated with diffusion. The positron annihilation life-
time of vacancies decreased in the compressional side and
increased in the dilatational side, and the change in lifetime
was approximately ±10 ps compared with the lifetime in the
matrix.

2. �-Fe

Figure 11 shows the results of vacancy formation energy,
migration energy, and positron annihilation lifetime in �-Fe

FIG. 7. Migration of vacancy. �A� is a vacancy site, �B� is the
first nearest-neighbor atom that will migrate to the vacancy site, and
�C� is the saddle point. Dotted circles and solid circles denote the
atomic position before and after relaxation, respectively.

TABLE II. Calculated and experimental formation and migra-
tion energies of vacancies in perfect lattice. The EMT potential for
Ni �Ref. 33� and the ABCH potential for �-Fe �Ref. 34� were used.
The experimental vacancy migration energy in Ni and �-Fe varied
markedly between low- and high-purity samples.

Formation energy �eV� Migration energy �eV�

Present
study Experiment

Present
study Experiment

Ni 1.90 1.74a 1.17 1.25 �low purity�b

1.03 �high purity�c

�-Fe 1.70 1.79d 0.78 1.24 �low purity�e

0.55 �high purity�f,g

aReference 36.
bReference 37.
cReference 38.
dReference 39.
eReference 40.
fReference 41.
gReference 42.
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obtained by computer simulation. The vacancy formation en-
ergy at position “V0” was lowest. Generally, the formation
energy was low in the compressional side, and high in the
dilatational side. In the same way as Ni, the vacancy migra-
tion energy in the Burgers vector direction was lower than
that in the other directions. The energy required to migrate to
the dislocation core was lower than the energy required to
move away from the dislocation core. On the basis of these
results, it is considered that vacancies can easily migrate to
the dislocation core. The vacancy migration in directions
“P1” and “P2” denote migrations to second and first nearest

sites, respectively. The vacancy migration energy in direction
“P1” was lower than that in direction “P2,” and, in the per-
fect lattice, the former was higher than the vacancy migration
energy. The vacancy migration energy to the second nearest
site was 3.54 eV in the perfect lattice, and the perfect dislo-
cations caused a marked decrease thereof. The positron an-
nihilation lifetime of vacancies decreased up to 144 ps in the
compressional side, and increased in the dilatational side.
Results of the vacancy formation energy and the positron
annihilation lifetime were in close agreement with the results
of Ref. 17.

C. Discussion

1. Strength of vacancy trapping

Our calculation in Fe clearly showed that vacancies on
dislocation lines did not move along the dislocation line and
were not annihilated at room temperature �see following sec-
tion�. When vacancies are associated with dislocations, va-
cancies can easily migrate near a dislocation core on the slip
plane. If vacancies are detrapped from dislocations at el-
evated temperatures, vacancies move away from the disloca-
tions perpendicular to the dislocation line on the slip plane.
In order to compare these calculation results with the experi-
mental results, an analysis using a rate equation was per-

FIG. 8. Structure of partial dislocations in Ni. Solid and open
marks denote atoms above and below the slip plane, respectively.
�a� is the top view and �b� is the side view of the model lattice. The
square frame in each figure corresponds to the drawing area in the
other figure. Triangular and circular marks denote higher and lower

atoms in the �1̄1̄2� direction, respectively. A vacancy was intro-
duced at each of the positions “V0,” “RT1”–“RT3,” “LT1”–“LT3,”
“UP1”–“UP4,” and “LW1”–“LW5.” “P1” and “P2” denote two
routes of vacancy migration along the dislocation line, so-called
pipe diffusion.

FIG. 9. Structure of partial dislocations in Fe. Solid and open
marks denote atoms above and below the slip plane, respectively.
�a� is the top view and �b� is the side view of the model lattice. The
square frame in each figure corresponds to the same area. A vacancy
was introduced at each of the positions “V0,” “RT1”–“RT4,” “
UP1”–“UP4,” and “LW1”–“LW5.” “P1” and “P2” denote two
routes of vacancy migration along the dislocation line, so-called
pipe diffusion.
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formed in Fe. The vacancy concentrations at “V0,” “RT1,”
“RT2,” “RT3,” and “RT4” are expressed as C0, C1, C2, C3,
and C4, respectively. The vacancy concentration outside of
“RT4,” expressed as C5, was assumed to be not influenced
by the dislocations and constant. The variations of the above
parameters at time t are

dC0

dt
= − Z1�1 − C1�M01C0 + Z1�1 − C0�M10C1, �2�

dC1

dt
= − Z2�1 − C0�M10C1 − Z2�1 − C2�M12C1

+ Z2�1 − C1�M01C0 + Z2�1 − C1�M21C2, �3�

dC2

dt
= − Z2�1 − C1�M21C2 − Z2�1 − C3�M23C2

+ Z2�1 − C2�M12C1 + Z2�1 − C2�M32C3, �4�

dC3

dt
= − Z2�1 − C2�M32C3 − Z2�1 − C4�M34C3

+ Z2�1 − C3�M23C2 + Z2�1 − C3�M43C4, �5�

dC4

dt
= − Z2�1 − C3�M43C4 − Z2�1 − C5�M45C4

+ Z2�1 − C4�M34C3 + Z2�1 − C4�M54C5, �6�

dC5

dt
= 0, �7�

where Z1�1−Cn� and Z2�1−Cn� �n=0–5� are the numbers of
sites for the reaction and Mij is the mobility from site i to site
j. Z1 and Z2 are 2 and 1, respectively, because the calculation
model is one-dimensional and symmetric with respect to the
dislocation core. Mij is expressed as v0 exp�−Eij /kT�, where
v0 is frequency of lattice vibration, Eij is the migration en-
ergy from the site i to the site j, k is the Boltzmann constant,
and T is absolute temperature. First, the vacancy concentra-
tions were calculated at room temperature using an initial
condition assuming thermal equilibrium. For the 10 hour
simulation of isochronal annealing, the vacancy concentra-
tions at 373 K for 10 hours were calculated using the results

FIG. 10. Vacancy formation energy, migration energy, and pos-
itron annihilation lifetime in Ni obtained by computer simulation.
“CT” denotes center of stacking fault ribbon.

FIG. 11. Vacancy formation energy, migration energy, and pos-
itron annihilation lifetime in �-Fe obtained by computer simulation.
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at room temperature as the initial condition. The same calcu-
lation was performed at intervals of 100 K up to 673 K. Four
cases were considered, and obtained results are shown in
Table III.

In the first case, all the trapped vacancies exist in the
dislocation core and the vacancy concentration C5 is a ther-
mal equilibrium value. Therefore, the initial condition �t
=0� is C0=1 ,C1=C2=C3=C4=0 ,C5=exp�−Ef /kT� �Ef, va-
cancy formation energy in the matrix�. At room temperature
and at 373 K, almost all vacancies were associated with the
dislocations. At temperatures above 573 K, almost all vacan-
cies were detrapped.

In the second case, no vacancies are trapped in the dislo-
cation, and the vacancy concentration C5 is that produced by
the deformation. The initial condition is C0=C1=C2=C3
=C4=0 ,C5=1�10−10. The vacancy concentration C5=1
�10−10 was obtained in the following way. The dislocation
density generated by the strain � of 30% is 1011 cm2.47 The
density of Fe atoms is 8.18�1022 cm3. The concentration of

atoms existing in the dislocation core is �1011/b� /8.18
�1022=4.85�10−5 �b, atomic distance in Fe�. The concen-
tration of single vacancies produced by the high-speed defor-
mation is given as 2.2�10−6 �=5�4.39�10−7, see Table
IV�. The concentration of vacancies existing near the dislo-
cation core is approximately 1�10−10. It was assumed that
C5 was constant during annealing. The vacancies induced by
the deformation migrated to the dislocation line up to 473 K.
The highest vacancy concentration at the dislocation core
was 0.13, and this means that vacancies are trapped every
eight atoms along the dislocation line. Thereafter the vacan-
cies were released.

Using the ABCH potential, the vacancy migration energy
in the matrix was determined to be 0.78 eV. This value was
higher than the one obtained experimentally for high-purity
Fe �0.55 eV �Refs. 39 and 40��. The reason we obtained high
values in our calculation is that we did not tune the potential
to fit the migration energy. In the third and fourth cases, the
rate equation was calculated using the normalized migration

TABLE III. Change in vacancy concentration near dislocation core in 1 hour simulation of isochronal annealing in Fe. The vacancy
concentrations at “V0,” “RT1,” “RT2”, “RT3”, and “RT4” in Fig. 8 are expressed as C0, C1, C2, C3, and C4, respectively. The vacancy
concentration outside of “RT4” is expressed as C5. “—” denotes that vacancy concentration is almost zero. “Total” denotes the sum of the
vacancy concentrations near the dislocation core �C0+2C1+2C2+2C3+2C4�. In the first case, all trapped vacancies exist in the dislocation
core and the vacancy concentration C5 is at thermal equilibrium �C0=1,C1=C2=C3=C4=0,C5=exp�−Ef /kT��. In the second case, no
vacancies are trapped in the dislocation, and the vacancy concentration C5 is that produced by the deformation �C0=C1=C2=C3=C4

=0,C5=1�10−10�. It was assumed that C5 was constant during annealing. In the third and fourth cases, the normalized migration energies
of vacancies near the edge dislocations were used.

Vacancy concentration

Temperature C0 C1 C2 C3 C4 C5 Total

First case

300 K 0.71 0.14 1.0�10−6 6.7�10−10 1.4�10−12 2.9�10−29 1.0

373 K 0.61 0.15 1.2�10−5 3.1�10−8 2.2�10−10 1.1�10−23 0.91

473 K 4.0�10−3 7.2�10−4 3.6�10−7 3.4�10−9 6.8�10−11 7.8�10−19 5.5�10−3

573 K 2.7�10−8 6.7�10−9 1.3�10−11 2.7�10−13 1.0�10−14 1.0�10−15 4.1�10−8

673 K 3.6�10−7 1.1�10−7 5.2�10−10 2.0�10−11 1.3�10−12 1.9�10−13 5.8�10−7

Second case

300 K 5.1�10−4 3.4�10−5 2.1�10−10 1.4�10−13 1.2�10−15 1.0�10−10 5.8�10−4

373 K 1.8�10−3 2.1�10−4 1.4�10−8 3.7�10−11 2.6�10−13 1.0�10−10 2.3�10−3

473 K 0.13 2.6�10−2 1.4�10−5 1.3�10−7 2.5�10−9 1.0�10−10 0.18

573 K 2.4�10−3 5.8�10−4 1.1�10−6 2.3�10−8 9.2�10−10 1.0�10−10 3.6�10−3

673 K 1.9�10−4 5.8�10−5 2.8�10−7 1.1�10−8 6.7�10−10 1.0�10−10 3.1�10−4

Third case

300 K 0.63 0.20 5.1�10−5 2.3�10−7 3.2�10−9 2.9�10−29 1.0

373 K 1.4�10−15 2.9�10−16 3.1�10−19 4.0�10−21 1.3�10−22 1.1�10−23 2.0�10−15

473 K — — — — — — —

573 K — — — — — — —

673 K — — — — — — —

Fourth case

300 K 0.59 0.17 4.2�10−5 1.9�10−7 2.6�10−9 1.0�10−10 0.93

373 K 1.2�10−2 2.5�10−3 2.7�10−6 3.5�10−8 1.1�10−9 1.0�10−10 1.7�10−2

473 K 2.5�10−4 7.2�10−5 3.3�10−7 1.1�10−8 7.1�10−10 1.0�10−10 3.9�10−4

573 K 1.9�10−5 6.9�10−6 8.0�10−8 4.7�10−9 5.1�10−10 1.0�10−10 3.3�10−5

673 K 3.1�10−6 1.3�10−6 3.0�10−8 2.6�10−9 4.0�10−10 1.0�10−10 5.8�10−6
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energies of vacancies near the edge dislocations, which were
multiplied by the ratio of the experimental vacancy migra-
tion energy in the matrix �0.55 eV� to one obtained using the
ABCH potential �0.78 eV�. The initial condition was the
same as that used in the first and second cases. From the
results of the third case, it was determined that vacancies
were detrapped after annealing at 373 K for 10 hours. In the
fourth case, it was observed that vacancies were already
trapped in the dislocation core at 300 K, and vacancies were
detrapped at above 373 K. The strength of vacancy trapping
depends on the vacancy migration energy in the matrix.

The vacancy migration energy depends on the purity of
the specimens, as shown in Table II, i.e., the strength of the
vacancy trapping depends on the purity of the specimens.
The purity of the specimens used in this experiment was
99.99%, which is lower than that of the high-purity Fe used
in the experiments of Refs. 41 and 42 �99.999%�. The third
and fourth cases are considered to be simulations of vacancy
behaviors near edge dislocations in high-purity Fe, and it is
impossible to detect detrapping at above room temperature.
Therefore, by comparison with experimental results, it was
concluded that the second case was the most suitable. This
means that, in Fe of 99.99% purity, the actual activation
energy is near 0.78 eV, due to the effect of impurities.

2. Estimation of defect concentration and effect of pipe diffusion

The trapping of positrons in vacancy clusters competes
with their annihilation in the bulk. If only one type of trap is
present, the following kinetic equations from a simple trap-
ping model48–50 can describe the annihilation of positrons in
the defect-free bulk concentration �nb� and at defects �nd�,

d

dt
nb�t� = − �bnb − �nb, �8�

d

dt
nd�t� = − �dnd + �nb, �9�

where � is the trapping rate and �b and �d are the annihila-
tion rates in the bulk and at defects, respectively. The starting
condition at time t=0 for the number of positrons in the bulk
and at defects are nb�t=0�=1 and nd�t=0�=0, respectively.
The solution to these equations can be easily obtained. The
normalized positron lifetime spectrum n�t� is the summation
of two exponential components,

n�t� = I1 exp�−
t

	1
� + I2 exp�−

t

	2
� . �10�

The lifetimes are written as

	1 = ��b + ��−1 = �1
−1, �11�

	2 = �d
−1 = �2

−1, �12�

and the relative intensities are

I1 = 1 − I2, �13�

I2 = ���b − �d + ��−1. �14�

The trapping rate is derived from the above equations as

� =
I2

I1
��b − �2� = I2��1 − �2� . �15�

The trapping rate can also be written as

� = �C , �16�

where � is the capture probability and C is the defect con-
centration. The capture probability is calculated from the dif-
fusion model as

� =
4
RD

�
�17�

�Ref. 27�, where R is the radius of traps, D is the diffusion
coefficient �2�10−5 m2/s�, and � is the atomic volume
�1.178�10−29 m3 in Fe, the volume of the unit cell was di-
vided into two�. The radius of traps is approximately derived
from

4


3
R3 = n� , �18�

where n is the number of vacancies comprising the vacancy
cluster.

The concentration of vacancy clusters in Fe was calcu-
lated using these equations. The lifetime of the high-speed
deformed Fe was changed from approximately 200 ps to ap-
proximately 250 ps by 573 K annealing. The vacancy clus-
ters consisted of two vacancies before annealing and five
vacancies after 573 K annealing. Table IV shows values used
for the calculation mentioned above. The defect concentra-
tion was approximately 5�10−7.

The lowest migration energy for pipe diffusion is 0.97 eV
�“P1” in Fig. 11� in Fe. If vacancies migrate only in the
direction “P1,” they move away from the dislocation core.
Therefore, for emergence of pipe diffusion, the vacancies
must also migrate in the direction “P2.” Because the vacancy
migration energy in the direction “P2” is very high
�1.64 eV�, it is easier for vacancies to migrate to one lower
layer �LW1� �1.25 eV� and then return to the former layer
�0.53 eV�. Vacancy migration in the direction “UP1” is the

TABLE IV. Values of constants for calculation of defect concentration in Fe.

Lifetime
�ps�

Number of
vacancies n

Radius of
traps R �m�

Capture
probability �

Trapping rate
�

Defect
concentration C

200 2 1.78�10−10 3.79�1015 1.95�109 5.14�10−7

250 5 2.41�10−10 5.15�1015 2.41�109 4.68�10−7
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same as that in the direction “P1,” which is the direction
away from the dislocation core, and the energy of the former
is higher than that of the latter. For pipe diffusion, vacancies
must pass through two migration barriers �0.97 eV and
1.25 eV�, and the mobility of pipe diffusion depends on the
higher migration energy of 1.25 eV. Table V shows the dif-
fusion coefficient and the average path of pipe diffusion for
10 hours at each temperature with the vacancy migration
energy of 1.25 eV. From growth of helical dislocations by
neutron irradiation, the distance between jogs is approxi-
mately 100 nm.51 In the annealing at above 573 K, vacancies
can be absorbed by preexisting jogs.

In the preceding section, the concentration of atoms exist-
ing in the dislocation core was given as approximately 5
�10−5. Because the vacancy clusters grew from two to five
vacancies, one vacancy should be trapped per 33 atoms �ap-
proximately 8.3 nm� on the dislocation line, which is ob-
tained by 5�10−5 / �5�10−7� �5−2��. From the second case
in Table III, vacancies were trapped every eight atoms along
the dislocation line at 473 K. The number of the trapped
vacancies was larger than that obtained experimentally.
There is a possibility that the calculated value was overesti-
mated by the assumption of the constant vacancy concentra-
tion C5 during annealing. A portion of the trapped vacancies
may be absorbed by preexisting jogs and form jogs by bind-
ing to each other at 473 K, because of the pipe diffusion
length of 18.8 nm. However, the migration energy for pipe
diffusion was 1.25 eV, and that in the Burgers vector direc-
tion was between 0.07 eV and 0.64 eV. Therefore, vacancies
trapped in the edge dislocations move back and forth at the
dislocation core rather than along the dislocation line at be-
low 473 K and they are detrapped and lead to the growth of
the vacancy clusters at 573 K. At higher temperatures, va-
cancy clusters become unstable and vacancies are released

from them. These vacancies migrate to the dislocation core
again. In this case, dislocations only act as a sink for vacan-
cies and they are annihilated at jogs of the dislocations. It
follows that pipe diffusion did not have any effect on the
vacancy trapping and detrapping mechanism in Fe.

The vacancy formation energy in the dislocation core was
0.86 eV, and the vacancy migration energy along the dislo-
cation line was 1.25 eV, as discussed in the preceding sec-
tion. The values of the self-diffusion enthalpy along the dis-
locations and in the bulk were 2.11 eV �=0.86 eV
+1.25 eV� and 2.48 eV �=1.70 eV+0.78 eV�, respectively.
Lübbehusen et al.52 and Shima et al.53 reported that the mo-
bility of self-diffusion along dislocations in ultrahigh-purity
Fe obtained by the radioactive tracer method was higher than
that of lattice diffusion. The results of our study agreed with
the results of these experiments. It was difficult for vacancies
to form from the jogs at thermal equilibrium at 573 K or
673 K, since the enthalpy of the self-diffusion was high.

In Ni, the vacancy migration energies for “P1” and “P2”
in Fig. 10 were 1.41 eV and 0.68 eV, respectively. In the
stacking fault region far from the partial dislocations, the
migration energy is 1.02 eV and lower than that in the bulk.
Therefore, vacancies associated with the dislocations can mi-
grate and vacancies tend to be annihilated at jogs. Thus, the
amount of vacancies released from the dislocations at 573 K
was less than in the case of �-Fe.

IV. CONCLUSION

Measurements of positron-annihilation lifetime and coin-
cidence Doppler broadening in positron annihilation on Ni
and Fe deformed at high and low speeds were performed. In
these experiments, the reported existence of vacancies
trapped in edge dislocations was confirmed, and vacancy de-
trapping from the dislocations at 473–573 K was observed
for the first time. The strength of vacancy trapping and the
effect of vacancy pipe diffusion were examined by computer
simulation. It was concluded that pipe diffusion did not af-
fect the mechanism of vacancy trapping and detrapping in
edge dislocations. The growth of the vacancy clusters due to
the detrapping of vacancies led to an increase in the positron
lifetime at 473–573 K.

Our present work provides fresh evidence of the trapping
and detrapping mechanism of vacancies at dislocations. This
mechanism will require current theories of the sink effi-
ciency of dislocations to be changed and the effect of dislo-
cation bias under high-energy particle irradiation of metals to
be reconsidered.
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