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Abstract

In order to help understand the evolution of stacking fault tetrahedra (SFTs) in a cascade producing irradiation
environment, the available information on the behaviour of SFTs observed under different experimental conditions has
been briefly reviewed. Effects of thermal annealing and irradiations on the stability of pre-existing SFTs produced by
quenching and aging are also included in the review. Some results on the effects of thermal annealing of irradiation-
induced SFTs are presented and discussed. The analysis of these observations leads to three significant conclusions: (a)
during irradiation SFTs produced in the cascades are likely to interact with vacancies, self-interstitial atoms (SIAs) and
SIA clusters, (b) interaction with SIAs and their clusters may cause both shrinkage and transformation of SFTs into
Frank loops and (c) both during irradiation and annealing the lifetime of SFTs is determined not only by their thermal
stability but also by their stability against transformation to loops. These facts must be taken into account in the
theoretical treatments of damage accumulation.
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1. Introduction

The generation and accumulation of lattice defects
and their clusters in various forms have been studied
both experimentally and theoretically for more than half
a century. The sustained interest and activities in this
field have been driven not only by the academic interest
in establishing a proper understanding of intrinsic
properties of these defects and their agglomerates but
also by the practical concern that both physical and
mechanical properties of metals and alloys are signifi-
cantly altered by the presence of these defects and their
clusters. The phenomenon of radiation-induced increase
in the yield strength (commonly known as radiation
hardening) and a severe reduction in work hardening
ability and ductility (commonly referred to as low tem-
perature embrittlement) at temperatures below the
recovery stage V are well known. These phenomena are,
in fact, very good examples of the so-called ‘“Wigner
disease’ [1] caused by energetic neutrons. Since the early
investigations of radiation hardening already in the
1950s and 1960s [2-5] a large amount of both experi-
mental and theoretical results have become available on
this topic (see Ref. [6] for a critical review). Unfortu-
nately, our understanding of these phenomena still re-
mains rather nebulous and a considerable amount of
further effort seems to be necessary to elucidate the
fundamental issues involved [7].

Another significant effect of neutron irradiation is the
formation and growth of voids causing volumetric
expansion of materials exposed to strong irradiation
environments. The phenomenon of void swelling was
discovered already in 1967 [8]. Since then a large number
of experiments have demonstrated that both fcc and bec
metals exposed to a strong irradiation environment ex-
hibit this phenomenon [9,10]. In spite of a substantial
effort devoted to this topic, various aspects of this
problem of void swelling are still not clearly understood.

In recent years a theoretical framework called ‘pro-
duction bias model’ (PMB) has been developed to treat
the global evolution of damage accumulation including

void swelling during cascade producing irradiation. The
PBM is based on the concept of production bias, (in
addition to dislocation bias) which has its origin in the
asymmetric clustering of self-interstitials (SIAs) and
vacancies directly in displacement cascades [11]. The
PBM in its current form takes into account the conse-
quences of 1-D diffusion of SIA clusters produced in the
cascades on changes in reaction kinetics and considers
the impact of changes in the direction of motion of STA
clusters while performing 1-D diffusion. Details of these
investigations have been published in a number of pa-
pers and have been recently summarized in Refs. [12—
14]. Very recently, the impact of 2-D diffusion of SIA
clusters/loops by conservative climb on defect reaction
kinetics has been incorporated in the consideration of
1-D to 3-D diffusion reaction kinetics [15], making the
PBM fully capable of describing the damage accumu-
lation under cascade damage conditions.

Even though the specific issues such as the effect of
irradiation dose level [16], of recoil energy [17] and of
grain size [18] on microstructural evolution including
void swelling have been adequately described by the
PBM, these calculations did not consider the details of
either the evolution or the reaction kinetics of stacking
fault tetrahedra (SFTs) during cascade irradiation,
simply because it was not absolutely necessary in these
first modelling attempts. In a recent attempt to calculate
the temperature dependence of void swelling, it became
apparent, however, that a number of questions regard-
ing the intrinsic energetic and kinetic properties and the
dynamic behaviour of SFTs in the neutron irradiation
environment will have to be clarified before the magni-
tude of damage accumulation can be calculated quan-
titatively. It was therefore deemed reasonable to
consider the basic issues such as nucleation, growth,
stability, transformation, shrinkage and annihilation of
SFTs in a dynamic irradiation environment. It should be
emphasized that this exercise also offers us the possibility
of acknowledging and paying tribute to the lifelong
contributions of the late Professor Michio Kiritani to
this field of research (see later for the specific references).
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In Section 2, we first consider the origin and evolu-
tion of SFTs which is then followed by the consideration
of the evolution of SFTs during irradiation (Section 3).
The formation of SFTs during high-speed deformation
is briefly described in Section 4. The shrinkage and
annihilation behaviour of SFTs are discussed in Section
5. Results of post-irradiation annealing of SFTs in
copper are presented in Section 6 and are compared with
the annealing results of SFTs in gold produced by
quenching. Section 7 discusses various aspects of the
evolution of SFT microstructure under dynamic irradi-
ation conditions. A brief summary and some pre-
liminary conclusions of the present work are given in
Section 8.

2. Evolution of SFTs during ageing after quenching

One of the most interesting and intriguing micro-
structural features resulting from the agglomeration of
vacancies are the well known stacking fault tetrahedra
(SFTs). The formation of SFTs in quenched and aged
gold was first discovered by Hirsch and Silcox [19] using
transmission electron microscopy (see Ref. [20] for
experimental details). The main driving force for the
formation of SFTs in quenched and aged metals and
alloys is the vacancy supersaturation which is created by
first heating the metal close to the melting temperature
and then quenching it rapidly down to the vacancy
migration temperature. The excess of these non-equi-
librium vacancies, will upon aging, at temperatures
above the vacancy migration temperature unavoidably
agglomerate and form clusters of vacancies. Already in
1950, it was suggest by Frank [21] that the vacancy
agglomerates in the form of discs may collapse and form
dislocation loops under the condition of vacancy
supersaturation. A detailed discussion of the formation
and properties of such loops has been reported by Ku-
hlmann-Wilsdorf [22]. According to Silcox and Hirsch
[20], the formation of SFTs occurs by the dissociation of
such Frank sessile dislocation loops bounded by a Frank
partial dislocation. In an fcc metal of low stacking fault
energy the Frank sessile dislocation, having a relatively
large Burgers vector, will collapse into a low energy
stair-rod dislocation [23,24] and Shockley partial on an
intersecting slip plane.

Later, Czjzek et al. [25] proposed another nucleation
mechanism according to which SFTs grow by the
absorption of single vacancies from a small nucleus
containing as few as six vacancies. A similar conclusion
has been reached by Kimura et al. [26] and Shirai et al.
[27]. De Jong and Koehler [28] suggested that this con-
tinuous growth proceeds by the migration of ‘ledges’
over the faces of the SFTs. The geometry of such ledges
has been investigated by Thompson [24] and Seeger and
Bross [29]. Both growth and shrinkage of SFTs have

been considered in terms of nucleation and motion
of ledges by Kimura et al. [26] and Kuhlmann-Wilsdorf
et al. [30].

Since the formation of SFTs results from the clus-
tering of vacancies, their density and size would be
expected to depend on the level of vacancy supersatu-
ration. Experimental results do indeed confirm that this
is the case. Cotterill has shown, for example, that in Au
the SFT density increases and size decreases with
increasing quenching temperature [31]. A similar varia-
tion has been reported for gold with increasing vacancy
concentration by Chik and Seeger [32]. Also in gold,
Meshii has investigated the effect of ageing temperature
both on density and size of SFTs for quenching tem-
peratures of 1148 and 1273 K [33]. The SFT density was
found to decrease and the size to increase with increas-
ing ageing temperature, showing again that the nucle-
ation and growth of SFTs are dependent on vacancy
supersaturation.

3. Evolution of SFTs during irradiation

It is well established that during irradiation produc-
ing multidisplacement cascades, SFTs are formed di-
rectly in the cascades or subcascades in fcc metals such
as Au, Ag, Cu and Ni [9,34-38]. In recent years,
molecular dynamics (MD) simulations have confirmed
the formation of SFT directly in cascades in Cu (see Ref.
[39] for a recent review). It should be mentioned that the
formation of SFTs has been observed in Cu, Ni and Au
even during 2 MeV electron irradiation [40], but only in
the region close to the ‘top’ surface where electrons enter
the sample. It is also well known that during neutron
irradiation at void swelling temperatures (i.e. close to
and above recovery stage V) both SFTs and voids are
formed and that the density of SFTs (at a given tem-
perature and dose level) is much higher than that of
voids [9,35,41]. Furthermore, while voids grow with
increasing displacement dose level, the SFTs do not
grow in size [35,42]. It is interesting to note that, on the
one hand, there has been an extensive amount of dis-
cussion in literature about the evolution of voids and
void swelling, but the evolution of SFTs has, for some
reason, been more or less completely ignored. In order
to initiate a discussion on this overlooked issue, we
present in the following experimentally known facts
about the evolution of SFTs deduced from the post-
irradiation observations as well as from a limited num-
ber of in situ dynamic observations [43]. This is a
necessary prerequisite for a complete and a quantitative
description of the kinetics of void swelling under cascade
damage conditions in fcc metals and alloys. In the fol-
lowing we shall consider the effect of recoil energy, dis-
placement dose level and irradiation temperature on the
density and size of SFTs. The influence of specimen
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thickness (prior to irradiation) on the evolution of SFTs
will be also briefly described.

3.1. Effect of recoil energy

It should be pointed out that only a very limited
amount of experimental results is available on this topic.
In fact, no systematic studies have been reported from
which the effect of recoil energy on SFT evolution can be
ascertained for a given temperature, damage rate and
displacement dose level. However, in the cases of irra-
diations of bulk specimens, the available results do not
show any significant effect of recoil energy on the density
or size of SFTs [35,36,44,45]. The size distributions for
the Au and Cu irradiated at temperatures in the range of
300-363 K with fission and fusion neutrons and 600
MeV protons are shown in Fig. 1 [45]. Results for sim-
ilar irradiation conditions are also reported for Au in
Ref. [45]. Similar results have been reported for the bulk
specimens of Cu irradiated at 473 and 573 K and Au at
573 K. Clearly, the variation in the recoil energy does
not have any significant effect on the size distribution or
the average size of the SFTs observed. It should be
mentioned, however, that Kiritani et al. [35] have shown
that in the case of thin foil irradiations of Au and Ni at
~573 K, there are noticeable differences in the size dis-
tributions and the density of SFTs between fission and
fusion neutron irradiations.

3.2. Effect of displacement dose level

During neutron irradiation at temperatures both
below and above the recovery stage V, the density of
SFTs in fcc metals increases with increasing dose level
and comes to saturate at some relatively low dose level
(=~0.1 dpa in Cu at ~300-573 K) [9,35,38]. A general
consensus appears to be that this saturation occurs due
to direct impingement of a new cascade on an existing
SFT. As a result, the vacancies contained in the SFT are
incorporated in the newly generated displacements in the

40—

new cascade volume and finally a new SFT emerges at
the end of the cooling phase of this new cascade. Recent
MD simulations [46] have shown that the direct
impingement event simply replaces the old SFT by a new
one without production of any significant number of
new defects. In other words, beyond the saturation dose
level, the effective production rates of SIAs and vacan-
cies are substantially reduced. This would have serious
impacts on the dose dependence of the accumulation of
both SIAs and vacancies and has to be taken into ac-
count in theoretical calculations.

In spite of the fact that the density of SFTs increases
very significantly with increasing dose (below the satu-
ration dose) level, the mean size and the size distribution
of SFTs do not change to any noticeable extent. Fig. 2
shows size distributions measured in fission neutron
irradiated Cu at 373 K to different doses in the range of
0.01-0.3 dpa [47]. The results show that even though
there is some indication of a limited amount of growth
of SFTs, the effect of irradiation dose is rather insig-
nificant. It is interesting to note that no significant
number of SFTs grow beyond ~6 nm in size at any dose
level. Similar results have been reported for Cu irradi-
ated with 14 MeV neutrons at 423 K in the neutron
fluence range of 3.1x 10'°-10%' n/m? (Fig. 12 in Ref. [36])
and with fission neutrons at 523, 573 and 623 K in the
fluence range of ~1x 10% to ~2x 10?2 n/m? (E> 1 MeV)
[48].

3.3. Effect of irradiation temperature

The experimental results on the temperature depen-
dence of SFT density and size for neutron-irradiated Au,
Ag and Ni are very limited. On neutron-irradiated
copper, on the other hand, the temperature dependence
has been studied systematically and therefore in the
following we shall concentrate on the results reported
for pure copper.

In fission-neutron-irradiated copper the density of
SFT has been found to be strongly temperature
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Fig. 1. Size distributions of SFTs in pure copper irradiated at temperatures in the range of 313-363 K with fission neutrons, 14 MeV
neutrons and 600 MeV protons (see Ref. [45] for details). Note that the size distribution does not change in any significant way even
when the recoil energy is varied by two orders of magnitude. Similar results for gold are shown in [45].
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Fig. 2. Size distribution of SFTs (with a bin size of 0.5 nm) in
pure copper irradiated with fission neutrons at 373 K to dif-
ferent displacement dose levels in the range of 0.01-0.3 dpa [47].
No significant change in the size distribution is observed even
when the dose level is changed by a factor of 30.

dependent particularly at temperatures above the
recovery stage V [9,41,48]. A similar temperature depen-
dence has been observed in copper irradiated with 14
MeV neutrons [35] at temperatures between 300 and 563
K. Although the results shown in Ref. [9] yield an
‘effective’ activation energy of 0.85 eV, the physical
process and the mechanism controlling this temperature
dependence still remains unclear and unidentified. Re-
cent results on the temperature dependence of SFT
density obtained from post-irradiation annealing experi-
ments indicate an apparent activation energy of ~1.6 eV
[49]. The interpretation of this energy also remains
uncertain.

Fig. 3 shows the temperature dependence of size
distributions of SFTs for pure copper irradiated with
fission neutrons to a dose level of 0.3 dpa at 373, 473 and
523 K. Once again neither the shape of the size distri-
bution nor the average size of SFTs are affected to any
significant extent by the irradiation temperature. As
mentioned above, the density of SFTs is, on the other
hand, strongly affected by irradiation temperature. Note
that even at 523 K not many SFTs are found to grow
beyond 6 nm in size. Kiritani et al. [35] have also shown
that the size distributions of SFTs in copper irradiated
with fission and fusion neutrons remain practically the
same at 473 and 573 K. Similar results have been reported
for neutron irradiated copper by English et al. [48].

3.4. Evolution of SFTs in thin foil and bulk samples

From the point of view of establishing a proper
understanding of the evolution of SFTs under dynamic
conditions of cascade producing irradiation, it is inter-
esting to consider the results reported for thin foil and
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Fig. 3. Effect of irradiation temperatures on size distribution of
SFTs (with a bin size of 0.5 nm) in fission neutron-irradiated
copper to a dose level of 0.3 dpa. There is a slight change in the
peak as well as average sizes with increasing irradiation tem-
perature. Note shrinkage of small ones and growth of large
ones with increasing irradiation temperature. However, SFTs
do not seem to grow in size beyond about 6 nm.

bulk samples [35,44] of pure metals irradiated with fis-
sion and fusion neutrons. The basic idea behind these
valuable experiments was to examine the impact of SIAs
and their clusters produced in cascades on the evolu-
tion of SFTs. These experiments have established two
important facts. First, the density of SFTs in Cu, Au
and Ni is considerably higher (at a given dose level and
irradiation temperature) in the thin foil than that in the
bulk sample (see Figs. 30-32 in Ref. [35] and Fig. 12 in
Ref. [44]). Secondly, the rate of increase of SFT density
with dose is considerably higher in the case of thin foil
than that in the bulk sample. This behaviour is found to
be the same both under fission and fusion neutron
irradiations. It is also interesting to note that the size
distribution and the average size of SFTs in Au, irradi-
ated as thin foils, for example, are temperature sensitive.
In other words, the size distribution moves towards
larger sizes and the average size becomes larger with
increasing temperature (see Fig. 22 in Ref. [35]). This
annealing behaviour is remarkably different from that
observed in the case of bulk Au.

The observed differences in the SFT evolution
behaviour between thin foil and bulk irradiations have
been considered by Kiritani et al. [35,44,50,51] to arise
due to shrinkage of SFTs caused by their interactions
with freely migrating SIAs and their clusters. In the case
of thin foil irradiations, most of the SIAs and their
clusters escape to specimen surfaces (i.e. without affect-
ing SFTs) whereas in the bulk irradiations they interact
with the high density of SFTs present in the bulk. These
interactions lead to the shrinkage of SFTs in the bulk.
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A similar conclusion has been drawn from the results of
in situ heavy-ion irradiation experiments [43].

4. Production of SFTs during high-speed deformation

While discussing the evolution of SFTs by conden-
sation of vacancies, it is worth considering the formation
of SFTs during high-speed deformation. This is of a
particular relevance since this was the last important and
exciting discovery made by the late Professor Michio
Kiritani. The historical background and details of the
techniques of deformation of thin films to fracture and
high-speed deformation of bulk samples have been
summarized by Kiritani himself [52,53]. A large amount
of work carried out in this area has been published as a
complete volume of Materials Science and Engineering
in 2003 (see Ref. [53]).

The main relevance of the work on high-speed
deformation to the present topic is the formation of a
high density of SFTs in Au, Cu, Ni and even in Al [54] in
which SFTs have never been observed neither by irra-
diation nor by quenching and aging. These results
emphasize the importance of vacancy supersaturation
for the formation and growth of SFTs. Kiritani et al.
[54] have argued that the high vacancy supersaturation
during high-speed deformation arises due to the process
of parallel shifts of atomic planes and not by dislocation
generation. MD simulations have demonstrated, on the
other hand, that a very high concentration of vacancies
is likely to be created by the generation and interactions
of dislocations during high-speed deformation [55].

5. Shrinkage and annihilation of SFTs
5.1. Thermal annealing of ‘fully grown’ SFTs

It has been shown experimentally that ‘fully grown’
SFTs are thermally stable, for example, in Au up to
about 873 K [31,56,57]. By determining the size of the
smallest tetrahedra (surviving at a given annealing
temperature) as a function of annealing temperature,
Clarebrough et al. [58] have shown that the smaller SFTs
in gold anneal out at somewhat lower temperature
(~823 K).

As regards the question of operating mechanism
during annealing, no single mechanism has been iden-
tified either experimentally or theoretically. Kimura
et al. [26] and Kuhlmann-Wilsdorf et al. [30] have sug-
gested that a ‘fully grown” SFT could not be dissolved
by successive thermal emission of vacancies. Kuhlmann-
Wilsdorf has considered the possibility of shrinkage by
the migration of interstitial ledges nucleated at corners
of SFTs [59]. On the basis of an estimate of vacancy
undersaturation required for the shrinkage to take place,
it was concluded that this was unlikely to be the oper-

ating mechanism. A two-step mechanism involving first
growth of SFTs to a metastable size by the migration of
vacancy ledges nucleated at corners and then collapse of
the SFT into prismatic loops which are then eliminated
by climb has been also considered by Kuhlmann-Wils-
dorf [59]. Meshii and Kauffman [56] have assumed that a
Shockley partial dislocation loop nucleate on one of the
faulted planes of a SFT and grows until it causes the
collapse of the SFT into a Frank sessile loop which
finally dissolves by emitting vacancies.

On the basis of experimental observations also Kiri-
tani [40] has concluded that the SFTs in gold do not
shrink by vacancy emission instead they first convert
into faulted loops and then shrink by vacancy emission.
On the basis of TEM results on annealing of SFTs in
gold, Washburn [60] has also concluded that ‘SFTs do
not shrink as tetrahedra but al/ways collapse into trian-
gular Frank loops’. Shrinkage then occurs by emission
of vacancies from the loops.

5.2. Shrinkage of SFTs by irradiation-induced SIAs

It is very interesting to note that it was already in
1961 that Silcox [61] had proposed that SFTs could
collapse by absorbing a sufficient number of SIAs. In
order to test this hypothesis, Hirsch et al. [62] carried out
irradiation experiments on ~100 nm thick TEM speci-
mens of Au containing 1.4x 10*' SFT/m~3 (produced by
quenching and aging). Irradiations were carried out with
1.5 and 3.5 MeV a-particles at 293 K (i.e. considerably
below the recovery stage V, at about 575 K) to different
dose levels. Their TEM results did indeed confirm that
the SFTs annihilated as a result of irradiation. Inter-
estingly enough they found that in fact SFTs do not
anneal out as SFTs but collapse into loops, causing an
increase in the density of so-called ‘black spot defects’
(see Fig. 2 in Ref. [62]).

Following these experiments by Hirsch et al. [62],
Howe and McGurn [63] conducted more irradiation
experiments to obtain further information on the
mechanism of collapse of the SFTs formed during
quenching and annealing. They irradiated Au foils
containing SFTs produced by quenching from 1223 K
into brine at 273 K and aging for 1 h at 373 K. Irradi-
ation was carried out at room temperature with 100 keV
O~ ions which led to disappearance of the SFTs. Similar
disappearance (collapse) of SFTs was observed during
bombardment of Au specimens containing SFTs with
100 keV O~ ions at temperatures even below 30 K.

Venables and Balluffi [64] irradiated quenched and
aged foils of Au with 200 eV Au™ ions at 143 and 303 K.
Note that the irradiation with 200 eV Au* ions produces
SIAs =10 nm below the surface by replacement collision
sequences. They found that the irradiation above 283 K
(i.e. where SIAs are mobile) led to disappearance of
SFTs.
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Finally, it should be mentioned that Kiritani [40] has
irradiated Au foils containing SFTs with 1 MeV elec-
trons at 298 K and found that the SFTs shrink as SFTs
(i.e. without transformation to loops) by absorbing
SIAs.

6. Post-irradiation annealing of SFTs

Since practically nothing is known (at least to our
knowledge) about the thermal annealing behaviour of
irradiation produced SFTs in copper, we have carried
out a series of isothermal annealing experiments on
neutron irradiated copper. Specimens were irradiated in
the DR-3 reactor at Risg National Laboratory (see Ref.
[47] for details) to different dose levels and at different
temperatures. The size distributions measured in the as-
irradiated condition are presented already in Figs. 2 and
3. In the following we present the results of post-irra-
diation annealing experiments on (a) specimens irradi-
ated at 373 K to different displacement dose levels which
were annealed at 573 K for 50 h (Fig. 4) and (b) speci-
mens irradiated to a dose level of 0.3 dpa at 473 K and
then annealed at different temperatures (Fig. 5).

Results shown in Fig. 4 demonstrate that the post-
irradiation annealing behaviour of SFT is rather com-
plicated. The annealing behaviour of SFTs produced at
0.01 dpa, for instance, is clearly different from those
produced at 0.3 dpa. Even though in both cases a very
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Fig. 4. Effect of post-irradiation annealing (at 573 K for 50 h)
on the size distribution of SFTs in pure copper irradiated at 373
K to different dose levels. Note that the annealing behaviour of
specimens irradiated to 0.3 dpa is significantly different from the
specimen irradiated at 0.01 dpa. In the former case, the small
SFTs shrink and the larger ones grow but not beyond ~7 nm. It
should be pointed out that in the case of 0.01 dpa specimen,
annealing causes a loss of vacancies whereas in the 0.3 dpa
specimen, the number of vacancies is conserved.
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Fig. 5. Effect of post-irradiation annealing temperature on the
size distribution of SFT in copper irradiated at 473 K to a dose
level of 0.3 dpa; annealing was carried out for 2 h at all three
temperatures. For comparison, the size distribution for the as-
irradiated copper is also shown. Both the peak size and the
average size increase with increasing annealing temperature. It
is interesting to note that in none of the cases SFTs grow
beyond the 6-8 nm size range.

large fraction of small (<2 nm) SFTs anneal out during
annealing, the SFTs larger than ~3.5 nm produced at
0.3 dpa show some limited amount of growth and the
average SFT size increases from 2.4 nm (as-irradiated)
to 4.0 nm after annealing at 573 K for 50 h. In neither of
the two cases, however, did any significant number of
SFTs grow beyond ~6 nm in size. Clearly, the annealing
behaviour is not being controlled by a simple process
such as classical Ostwald ripening, even though the
number of vacancies accumulated in SFTs produced at
0.1, 0.2 and 0.3 dpa are conserved during annealing [47]
which is one essential feature of Ostwald ripening. It
should be noted that the annealing leads to a limited
increase both in the peak size as well as the average SFT
size in specimens irradiated to 0.01 as well as 0.3 dpa. It
is also worth pointing out that the density of SFT is
significantly reduced by annealing of specimen irradi-
ated to 0.01 dpa but a relatively smaller decrease oc-
curred during annealing of the specimen irradiated to
0.3 dpa.

Fig. 5 shows SFT size distributions measured in
specimens irradiated at 473 K to 0.3 dpa and then an-
nealed for 2 h at 573, 673 and 723 K. The size distri-
bution for the SFTs in the as-irradiated condition is also
shown. The density of SFTs decreases and both the peak
size and the average size of SFTs increase with increas-
ing annealing temperature. At 723 K, practically all
SFT’s up to 3 nm in size completely anneal out. How-
ever, this annealing of smaller SFTs does not lead to any
significant growth of the larger SFTs. The fraction of
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Fig. 6. Size distribution of SFTs in pure gold as a function of
annealing temperature [57]. Specimens were quenched and aged
prior to annealing. Annealing was carried out at given tem-
peratures for 1 h. General features of the annealing behaviour is
very similar to that in Fig. 5. As in the case of copper (Fig. 5)
the SFTs do not grow beyond a certain size.

larger SFTs (e.g. beyond 6 nm in size) remains very
small for all annealing temperatures. This behaviour
again suggests that the annealing of these SFTs is not
being controlled by a simple mechanism such as Ostwald
ripening.

It is interesting at this juncture to compare the
present results of annealing of SFTs in Cu with the re-
sults of annealing of SFTs in Au produced by quenching
and ageing [57] shown in Fig. 6. The size distribution
marked ‘As aged’ represents the size distribution of the
so-called black spot defect clusters after ageing at 373 K.
These clusters are some kind of vacancy clusters/loops
which then transform into SFTs during annealing at
temperatures between 423 and 473 K (see Fig. 5 in Ref.
[57]). The annealing at 485 °C (758 K) and above rep-
resents the annealing behaviour of SFTs. The similarity
between the annealing behaviour of SFTs in Au pro-
duced by quenching and ageing (Fig. 6) and that of the
SFTs produced in Cu by irradiation is quite obvious. In
both cases, the smaller SFTs shrink and anneal out but
larger SFTs do not grow beyond a certain size, indi-
cating once again that the annealing mechanism is more
complicated than the Ostwald ripening.

7. Discussion

The results reviewed in the preceding sections reveal
the degree of complexity involved in dealing with the

problem of evolution of SFTs. In order to help the
discussion of implications of these complications to the
consideration of damage accumulation during a dy-
namic irradiation experiment, we have summarized the
available information regarding the salient features of
nucleation, growth, shrinkage and annihilation of SFTs
under various conditions schematically in Fig. 7. It
should be emphasized that all the information given in
Fig. 7 is based on experiments, computer simulations
and/or theoretical analysis, except for the case of dy-
namic irradiation experiment (i.e. the case of ‘continued
cascade irradiation’). In this box, we mention those
events and processes that can be expected to occur on the
basis of the available information (as reviewed in the
previous sections).

Let us now consider the case of a real dynamic
neutron irradiation experiment on pure copper, where
single vacancies, single SIAs, glissile and sessile SIA
clusters and SFTs are being produced continuously and
concurrently. Immediately after their production, the
SFTs become active sinks for single vacancies, single
SIAs and gliding SIA clusters.

Exactly how a newly generated SFT in a cascade may
interact with vacancies, SIAs and SIA clusters is likely to
depend on its form. A completely perfect SFT would be
less effective as a sink than one which is truncated or
contains a ledge of vacancy or interstitial type. It is
worth mentioning here that Schaublin et al. [65] have
recently investigated the form of SFTs in 600 MeV
proton irradiated Cu by the combination of TEM and
image simulation using MD. They claim to have found
about 36% of SFTs produced by irradiation to be
truncated. Statistically, it seems rather unlikely that at
the end of the cooling down phase every cascade will
have exactly the magic number of vacancies required to
form a perfect SFT of a certain size. Recently, Bacon
et al. [66] and Voskoboinikov et al. [67] have analysed a
large number of SFTs formed during MD simulations of
25 keV cascades in Cu and have concluded that most of
the SFT-like structures are not regular but are either
truncated or consist of more than one SFT joined along
a face. In other words, SFT-like structures do not con-
tain exact number of vacancies to form a regular SFT.
Anyhow, as discussed in Section 5.2, the freshly pro-
duced SFTs may grow by absorbing vacancies and may
shrink by absorbing SIAs. Furthermore, the accumula-
tion of SIAs on SFT faces, either by single SIAs or by
their clusters, may cause transformation of SFTs into
vacancy loops (see Section 5.2). The conclusion that STA
clusters interact with SFTs and destroy them is fully
consistent with the results of the in situ, heavy-ion
experiments [43]. The same conclusion has been reached
by the analysis of thin foil and bulk irradiation experi-
ments (see Section 3.4). Finally, recent MD simulations
have demonstrated that the direct impingement of a
cascade on a pre-existing SFT leads to dissolution of the
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Fig. 7. Schematic illustration of conditions under which SFTs are formed. It shows, first of all, that vacancy supersaturation is the
necessary condition for the formation and growth of SFTs. Different processes involved in further evolution of SFTs during annealing
(post-quenching and aging and post-irradiation) are identified. It should be noted that both thermal annealing and irradiation can

cause transformation of SFTs into Frank loops.

old SFT and formation of a new one [68]. Naturally, the
frequency of the impingement event will increase with
increasing density of SFTs (for a given production rate
of cascades) reaching the maximum when the spacing
between SFTs becomes the same as the cascade size.
The scenario outlined above regarding interactions
between SFTs and SIAs and their clusters and the
ensuing consequences, leads to a fundamentally impor-
tant conclusion that the lifetime of SFTs produced in
cascades is determined not only by their intrinsic ther-
mal stability but also by their interaction with SIAs and

the gliding clusters of SIAs. This implies that during an
irradiation experiment, the population of SFTs remains
really in a dynamic quasi-steady state: they form, grow,
shrink, transform and shrink and get annihilated by
cascades. In other words, a post-irradiation TEM pic-
ture of SFTs represents only a snap-shot of the SFTs
population existing at the end of the irradiation experi-
ment. This may explain as to why the size distribution of
SFTs does not change in any significant way as a func-
tion of recoil energy, displacement dose level and
irradiation temperature (Figs. 1-3).
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Both irradiation and post-irradiation annealing
experiments indicate (Figs. 1-3 and 4,5, respectively)
that SFTs are unable to grow in size beyond ~(6-8) nm.
At present no definitive explanation can be given as to
why and how this threshold size range is maintained. It
could be, however, that the sum of line energy and
stacking fault energy makes a growing SFT energetically
less favourable than a loop when it reaches a certain size.
Kuhlmann-Wilsdorf [59] has considered the possibility
of growth by migration of vacancy ledges at corners and
subsequent collapse of SFTs. This would suggest that 6—
8 nm is the critical SFT size range in copper. When the
SFTs reach this size, they collapse into loops and shrink
by vacancy emission.

8. Summary and conclusions

The available information on the evolution of SFTs
under various conditions such as quenching and ageing,
high-speed deformation, electron irradiation and cas-
cade irradiation has been briefly reviewed. In all four
cases a certain level of vacancy supersaturation is found
to be the necessary condition for the formation and
growth of SFTs. It is still not completely certain whether
the nucleation of SFTs occurs by first condensation of
vacancies into loops followed by their transformation
into SFTs or by a simple agglomeration of vacancies.

It has been shown that SFTs can grow by absorption
of single vacancies and shrink by absorption of single
SIAs.

Accumulation of SIAs on SFT surfaces may lead to
the transformation of SFTs into Frank loops. Irradia-
tions of pre-existing SFTs (formed initially by quenching
and ageing) have been found to annihilate SFTs by
transformation. In situ heavy ion irradiation and irra-
diation of thin foils have shown that SIA clusters
produced in cascade annihilate SFTs.

Even during thermal annealing, ‘fully grown’ SFTs
have been found to shrink not as SFTs by vacancy
emission but by collapse into loops which possibly an-
neal out by vacancy evaporation. The conditions for the
transformation of SFTs to loops are not clear. During
neutron irradiation the SFT size distribution does not
change significantly as a function of recoil energy,
displacement dose and irradiation temperature.

Post-irradiation annealing experiments have shown
that the small SFTs anneal out but larger ones do not
seem to grow beyond a certain limit (in Cu ~6-8 nm). In
other words, shrinkage and growth of SFTs seem not to
follow a simple Ostwald ripening mechanism.

The analysis of experimental and MD simulation
results clearly suggest that the evolution of SFTs during
irradiation with cascade producing particles is likely to
be a very complex process involving formation, growth,
shrinkage and annihilation of SFTs. The interactions

with single vacancies, SIAs and gliding SIA clusters are
likely to play a significant role in the damage accumu-
lation. Consequences of these interactions for the reac-
tion kinetics of SFTs must be carefully considered in the
theoretical treatments of damage accumulation.

The traditional concept of the thermal stability of
SFTs in terms of dissociation energy for single vacancies
from the SFTs does not appear to be appropriate and
needs to be revised.

The role of cascade resolution of SFTs by cascade
impingement in the evaluation of damage production
efficiency and damage accumulation needs a careful
assessment.
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