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The influence of dynamical structural relaxation of point defect
clusters on void formation in irradiated copper
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Abstract

In the neutron-irradiation experiment with a temperature controlled capsule at JMTR, residual-gas-free copper was
irradiated at 200°C and 300°C together with as-received copper. The fluences were 5 X 10'® n/cm? (the low fluence) to
I X 10% n/cm? (the high fluence). TEM observation of the irradiated specimens showed that interstitial clusters form a
colony at the low fluence which develops into a dislocation structure at the high fluence. Between the colonies only vacancy
clusters in the form of voids and stacking fault tetrahedra (sft) were observed. There are no effects of residual gas atoms on
the formation of voids at the low fluence although the effects become appreciable at the high fluence. The number of
vacancies which are accumulated in a void is 350 times larger than that in a sft at the low fluence. The number density of
voids decreased with increasing neutron fluence while the number density of sft increased. The voids form uniformly in
copper irradiated to the low fluence while they were observed along dislocations at the high fluence. Computer simulations
by molecular dynamics show that small interstitial clusters relax to a bundle of {110) crowdions and move long distances in
response to small strain fields. Interstitial clusters move along a {110) direction and can switch to other (110} directions,
and form groups of clusters. At high temperature, a dense colony of the clusters forms and develops into a dislocation
structure. It is shown that small vacancy clusters relax to movable structures at high temperature. The structure consists of
vacancies which are connected in a curved string shape. Along the vacancy strings, many relaxations of a tri-vacancy of
Damask—Dienes—Weizer type (3v—sft) were observed. Such a relaxation to the 3v—sft type makes it difficult for a single
vacancy evaporation. Small vacancy clusters move and coalesce into larger vacancy clusters. The linkage of the results of
experiments and computer-simulations suggests that voids nucleate as a metastable defects at coalesced vacancy clusters at
high temperature. The nucleation of voids is not affected by the influence of gas atoms dissolved in the material.
Micro-voids migrate in the specimens after their nucleation. During their movement, gas atoms are trapped in the voids. The
trapping of a larger number of gas atoms limits the movement of voids. This leads to a higher number density of voids in the
as-received copper than in residual-gas-free specimens at the high fluence. Voids form uniformly in specimens at the low
fluence and they migrate to dislocation lines. Dislocations are also trapped at voids during climbing by absorbing interstitial
clusters. These finally lead to the preferential formation of voids along dislocation lines. © 1997 Elsevier Science B.V.

1. Introduction by which interstitial atoms are absorbed preferentially by
dislocation lines leaving vacancies nearby [4,5]. Vacancies

In neutron irradiated metals, the same number of vacan- which are left along dislocations aggregate to form voids.
cies and interstitials is formed at the displacement damage The important effects of gas atoms on the formation of
cascades. Voids are observed in neutron-irradiated metals voids was recognized from the experimental observations
along dislocation lines [1-3], and it has been believed that that the number density of voids increases in the irradiated
this preferential formation of voids is due to the bias effect specimens in which gas atoms are pre-doped before the

irradiation [6,7]. The helium atom is believed to be impor-

tant to the nucleation of voids due to its small solubility in
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of voids formed in irradiated metals [9,10]. The present
authors have studied the effect of hydrogen atoms on the
nucleation of voids by computer simulation [11]. In cop-
per, a triangular tri-vacancy 3v-60 relaxes to the
Damask-Dienes—Weizer structure 3v—sft [12,13]. An atom
which composes a tetrahedron with a triangular tri-vacancy
3v—60 moves to the center of the tetrahedron. This relax-
ation is a fundamental step for a vacancy cluster to grow
into a stacking fault tetrahedron (sft). When a hydrogen
atom is trapped at small vacancy clusters, it can prevent
small vacancy clusters to relax to sft. Hydrogen atoms
move on the surface of voids and suppress its relaxation of
3v-sft on a void surface. The present authors prepared the
residual-gas-tree copper by melting the material in a highly
evacuated vacuum of 1 X 107* Torr. When both as-re-
ceived copper and residual-gas-free copper were neutron-
irradiated at 400°C to the fluence of 1 X 10°° n/cm?, the
number density of voids in residual-gas-free copper was
one tenth of that which was observed in the as-received
material [14]. In neutron-irradiated Cu-5 at.% Al which
was irradiated at FFTF-MOTA to the fluence of | X 10*
n/cm?, voids were not observed in residual gas free
specimens while a large number of large voids were
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observed in as-fabricated Cu-5 at.% Al [15]. In neutron-
irradiated practical alloys of SUS316 at FFTF-MOTA,
voids were not observed in residual-gas-free specimens
while a large number of voids was observed in as-received
ones [16]. There was no appreciable difference between the
void formation in neutron-irradiated residual-gas-free and
as-received specimens of nickel and Cu-5% Ni [16].

We carried out the neutron-irradiation experiment of
copper with the temperature controlled capsule at JMTR
(Japanese Materials Testing Reactor) [17]; the temperature
was controlled at 200°C and 300°C. The experimental
results force us to modify the understanding on the void
formation in neutron-irradiated metals described above.
Following the neutron-irradiation to the low fluence of
5 X 10" n/em?, there was no difference in the number
density of voids in copper of as-received and residual-gas-
free type. Voids form uniformly in the specimens at low
fluence. Voids form independent of the existence of dislo-
cation lines. The number density of voids decreases with
increasing neutron fluence while the size of voids in-
creases with increasing fluence. Interstitials are collected
in groups of interstitial clusters. Between the groups of
interstitial clusters, only vacancy clusters are left. The

(c)

Fig. 1. The evolution of dislocation structure in neutron-irradiated copper. (a) The interstitial clusters form groups which develop into a
dense colony and finally develop dislocations, (b) an intermediate stage of development of dislocation structure and {(c} the whole region is

covered by dislocations.
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densely collected groups of interstitial clusters, which is
referred to as a colony, evolve to form a dislocation
structure. The computer simulation by molecular dynamics
shows that interstitial clusters relax to a bundle of (110)
crowdions and can move with a small activation energy.
The movement of interstitial clusters responds to the strain
field. This makes it possible for interstitial clusters to be
collected into colonies. Vacancy clusters at small size relax
into a structure which is mobile. By their movement,
vacancy clusters coalesce to form large clusters. The coa-
lesced vacancy clusters grow into micro-voids as a
metastable structure which is activated thermally at high
temperature. The nucleation of micro-voids by this process
occurs without the inclusion of gas atoms. The micro-voids
thus formed move as a cluster. During the movement of
voids, gas atoms are trapped by voids. If a large number of

Pure Cu JMTR 94M-15u

gas atoms are trapped, the movement of voids is degraded.
In the present paper, the experimental results are shown in
Section 2 and the results of computer simulation are shown
in Section 3.

2. Temperature-controlled neutron-irradiation of pure
copper at 200°C and 300°C

In this experiment, both the as-received copper and
residual-gas-free copper were irradiated together. The neu-
tron irradiation was carried out in the temperature-con-
trolled capsule at JMTR [18,19]. The neutron fluences
were 5% 108, 2 10" and 1 X 10?° n/cm? which are
referred to as the low fluence, the intermediate fluence and
the high fluence, respectively. The specimens were irradi-
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Fig. 2. The variation of the number density and swelling in neutron-irradiated copper versus the neutron fluence. (a) The number density of

voids and (b) the swelling due to the void formation.
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Fig. 3. Voids which were observed in neutron-irradiated copper at 200°C. (a) With 5.3 X 10" n/cm?, (b) 7.7 X 10" n/cm?. The number
density of voids is larger in (a) than that in (b).

ated at 200°C and 300°C. Fig. 1(a) shows the formation of
an interstitial cluster colony at the low fluence, Fig. 1(b)
the evolution of the colony into dislocations at the interme-
diate fluence and Fig. 1(c) the development to dislocation
structure which covers the whole crystal at the high flu-
ence. In the region between colonies in irradiated copper,
only vacancy clusters of both sft and void type were
observed. Fig. 2(a) shows the number density of voids
versus the neutron fluence which was observed in the
specimens irradiated at 200°C and 300°C. The number
density of voids at the low fluence was the same in both
the as-received copper and residual-gas-free copper. The
number density of voids decreased with increasing neutron
fluence. The difference in the number density of voids
between the two types of specimens becomes significant
with increasing neutron fluence. The number density of
voids in residual-gas-free specimens is lower than that in
as-received copper. Fig. 2(b) shows the void swelling
versus the neutron fluence in the specimens irradiated at
200°C and 300°C. The average size of voids increases with
the neutron fluence. Fig. 3(a) and (b) show sft and voids

(b)

Fig. 4. The relaxed structure of interstitial clusters. The cluster is
composed of parallel {110) crowdions. An interstitial is shown by
two large balls. A small ball indicates the atom position at which
the atom was located before an interstitial is introduced.
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which were observed in specimens irradiated at 200°C to
the low fluence and the high fluence, respectively. It can
be seen that the number density of voids decreases with
increasing neutron fluence while the size of voids in-
creases with the fluence. It should be noted here that the
number of vacancies which aggregate in the average void
is 350 times larger than that in the average sft in the
specimens irradiated to the low fluence. The average sizes
of void and sft were 7.2 and 2.7 nm respectively in the low
fluence neutron irradiated copper at 200°C. Voids form
uniformly in irradiated specimens at the low fluence while
voids were observed along dislocation lines at the high
fluence. It is not clear whether voids migrate to dislocation
lines or dislocation lines move to voids by climb motion
and are trapped. It seems that both processes are operating.
At the medium fluence of irradiation, voids are observed

(b)

on a straight dislocation line. At high fluence, a bundle of
dislocation lines are observed to be trapped at a void [15].

3. Dynamical structural relaxation of point defect clus-
ters studied by computer simulation

Computer simulation of molecular dynamics and
molecular statics was carried with the DYNAMO ver. 8.5
code which was developed by Daw et al. [20]. The embed-
ded atom method (EAM) potential due to Daw and Baskes
[21] was implemented in the code. The EAM potential
utilized in the present work was parametrized by de la
Rubia [22] following the Foiles procedure [23]. In the
present simulation a crystal which is constituted of 4000
atoms (10a, X 10a, X 10a, where a, is the lattice con-

Fig. 5. The coalescence of two interstitial clusters whose size is 5 and 11 interstitials during MD simulation at 1100 K. The time is the
elapsed time of the unit of ps. Both interstitial clusters move during the MD run.
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Fig. 6. The relaxed structure of vacancy clusters during MD run at 600 K. A vacancy cluster relaxes to a structure in which vacancies are
connected gs a string. Along the string, many of Damask—Dienes—Weizer type of relaxations occur as seen in figures. (a) A {0v-void, (b) a

[5v-platelet which relaxes to a sft structure. In this figure, a solid circle shows the atom position and an open circle is atom site in perfect
copper. A striped circle is vacancy position.
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(a). |
(C). |
(e).

Fig. 7. The movement and coalescence of seven 10v-voids during MD simulation at 1100 K. The time indicates the elapsed time in ps
during MD.
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Fig. 8. The movement and coalescence of seven |5v—vacancy platelets during MD at 1100 K. The time indicates the elapsed time in ps
during MD.
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stant) was utilized. The periodic boundary condition is
applied on the surface.

3.1. Stress sensitive movement of interstitial clusters with a
low activation energy

Computer simulations show that interstitial clusters
whose size is larger than three relax to the structure of a
bundle of parallel {110) crowdions [24]. These clusters of
parallel crowdions migrate with the very small activation
energy of migration [24,25]. In Cu, Ag and Au, a single
interstitial relaxes to a (100) dumbbell and makes a zigzag
movement along (100) directions. The activation energy
of a single interstitial in Cu is in the range of 0.1 eV. A
di-interstitial in Cu and Ag relaxes to parallel {100}
dumbbells which migrate with a zigzag movement towards
{100) directions. In Au, a di-interstitial relaxes to parallel
{110} crowdions which migrate with the activation energy
of 1 X 10™% eV [24]. This is the reason why the stage I
2 K [26].

Fig. 4 shows the structure of a cluster of 20 interstitials
whose structure is relaxed by running an MD simulation at
600 K. All interstitials align to {110) crowdions and the
center positions of the {(110) crowdions are not on the
same plane as seen in Fig. 4. When an interstitial cluster
relaxes to a bundle of (110) crowdions, the cluster moves
with the activation energy as small as 1 X 10™* eV. This
kind of movement was observed in gold which was D-T
neutron-irradiated at low temperature [27]. The movement
of an interstitial cluster of parallel {110} crowdions is
sensitive to the local strain field. One of the origins of the
sensitivity is due to the small migration energy of intersti-
tial clusters. The change of migration energy in strain field
is small so that the significant attraction to the strain center
occurs only in the case of a small migration energy which
could be modified appreciably by the strain effects. An-
other origin of the sensitivity is the wide range of exten-
sion of displacement along a (110) direction in a crow-
dion. Fig. 5(a)—(d) show results of sequential movements
of interstitial clusters in Cu whose sizes are 5 interstitials
and 11 interstitials. The simulation was carried out at 600
K. It should be noted that an interstitial cluster of larger
size moves frequently rather than the movement of smaller
interstitial clusters. An interstitial cluster of {110} crow-
dions switches the moving direction from one {110} to
another {110) direction and finally approaches the strain
center. The formation of group of interstitial clusters was
observed in D-T neutron-irradiated fcc metals at low
temperature [29]. In copper which was neutron-irradiated
at 200°C, the group gets much denser and finally develops
into dislocations as shown in Fig. 1.

3.2. The movement of vacancy clusters as a cluster at high
temperature

The way in which a vacancy cluster relaxes at high
temperature was examined by computer simulation.

Molecular dynamics simulation was carried out with a
crystal of 4000 atoms in which several vacancy clusters
were introduced. At high temperature, a vacancy cluster
relaxes to a string structure in which vacancies are con-
nected with each other to a shape of curved string. Fig.
6(a) and (b) show the relaxed structure of 14v-void and
15v-platelet observed in Cu respectively, for which MD
simulation was carried out at 600 K. Along such a string of
vacancies many relaxations of the 3v—sft type were ob-
served. The 3v—sft relaxation occurs not only at a 3v—60
vacancy but also includes newly created vacancies at the
3v-—sft relaxation. Due to this 3v—sft relaxation, a vacancy
cluster moves as a cluster rather than by the evaporation of
vacancies from the clusters. The movement of vacancy
clusters in the string structure proceeds with the combined
steps of the 3v—sft and 3v—90 configurations. Fig. 7(a)-(e)
show the movement of seven vacancy clusters of 10v-void
type in 4000 Cu atoms at 1000 K. The vacancy clusters
finally aggregate into a single vacancy cluster as shown in
Fig. 7(e). Fig. 8(a) to (e) show the rearrangement of seven
triangular 15v vacancy platelets. A triangular 15v-platelet
relaxes at first to the 15v—sft structure and subsequently
relaxes to the mobile structure. These clusters formed a
single vacancy cluster as shown in Fig. 8(e). Vacancy
clusters of small size, both of voids and sft, move to
aggregate and form a single cluster.

It should be noted that the movement of vacancy
clusters occurs with a smaller activation energy than that
which is needed to evaporate a single vacancy. In the
thin-foil annealing experiment by TEM [17], it was found
that voids move much easier than does a sft. Actually, the
frequent movement of sft was not observed. The shrinkage
of sft was not detected during annealing at 400°C of the
neutron-irradiated copper [17].

4. Discussion

4.1. Atomistic process of void formation in neutron-irradi-
ated fcc metals at high temperature

It is generally accepted that voids nucleate with the
trapping of gas atoms at small vacancy clusters in
neutron-irradiated fcc metals at high temperature [8]. In the
neutron irradiation experiment with the capsule which was
temperature-controlled at 200°C and 300°C in JMTR, we
could not observe a significant difference between the
number density of voids in neutron-irradiated as-received
copper and residual-gas-free copper. This indicates that gas
atoms which are dissolved in copper are not responsible
for the nucleation of voids at these temperatures although a
remarkable difference was observed after 1 X 10?° n/cm?
irradiation at 400°C between these two types of copper as
reported previously [14]. The number of vacancies which
is contained in a void is 350 times larger than that in a sft
in copper which was irradiated at 200°C to the low flu-
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ence. The number density of voids decreased with increas-
ing neutron fluence while the number density of sft in-
creased with increasing neutron fluence in the irradiation
at 200°C.

Combining the results of computer simulations with
these experimental results, we arrive at the conclusion that
voids nucleate by the coalescence of moving vacancy
clusters. When two vacancy clusters of the string structure
coalesce, the vacancy cluster stays in a string structure
which is in a metastable state at high temperature. Micro-
voids of the string structure move with the small activation
energy below that of the migration of divacancies. There-
fore the movement of voids is affected remarkably by the
local strain field. The number density of voids in copper
neutron-irradiated at 200°C decreased with increasing neu-
tron fluence while the number density of sft increased with
increasing the fluence. These results are due to the incre-
ment of dislocation density which is formed by the group-
ing of interstitial clusters. Zinkle et al. [28] reported that
the formation of voids was not observed when copper was
irradiated below 180°C. This is due to the difficulty of the
relaxation to the string structure below 180°C. The mecha-
nism of the movement of voids under the strain field is
through the configuration path of 3v—sft and 3v-90 in the
string structure of the vacancy clusters. Voids move almost
as a void after relaxing to the string structure.

4.2. The role of gas atom on the formation of voids

After the nucleation of voids, voids move as a void
itself. By coalescence with other migrating voids, it grows
to a larger size. During the movement of voids, gas atoms
are trapped at voids. The helium atoms stay in the center
part of voids. The hydrogen atoms move along the surface
of voids. Both kinds of gas atoms suppress the relaxation
of the 3v-sft type which appears on the surface of voids.
This causes the mobility of gas-atom-trapped voids to be
reduced with increasing numbers of trapped gas atoms. In
the present experiments, the number density of voids which
were observed in as-received copper remained higher than
in residual-gas-free specimens.

5. Summary

It was believed previously that voids nucleate at gas-
atom trapped vacancy clusters. Gas atoms in vacancy
clusters prevent collapse to the relaxed structure. The
neutron irradiation with pure copper in the temperature
controlled capsule at JMTR suggests that this is not the
case. The linkage of experimental results and computer
simulations suggests that small vacancy clusters can mi-
grate and coalesce to grow into large voids at high temper-
ature. The vacancy clusters can relax to the metastable
void structure by the thermal activation. This relaxation to
voids does not occur at room temperature. Due to this

relaxation, voids nucleate without requiring gas atoms in
vacancy clusters at high temperature. Voids grow to a
large size by coalescing with another migrating voids.
While growing into large voids, gas atoms are trapped by
the voids which degrade their movement. This prevents
further coalescence and causes the number density of voids
to remain higher in specimens which contain the residual
gas atoms.
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