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Abstract

The destruction process of large non-truncated stacking fault tetrahedra (SFTs) induced by gliding dislocations was
examined by in situ transmission electron microscope straining experiments. Three different destruction processes were
observed: a triangular Frank loop remained after the collapse (Type 1), the whole SFT was incorporated into a gliding
dislocation as multiple super jog segments (Type 2), and an apex portion of the original SFT remained as a smaller
SFT while the base portion was annihilated (Type 3). The remnants of Type 1 and 2 destruction processes were similar
to those of previous models proposed by Kimura, indicating that these processes are based on dislocation reactions as
assumed in Kimura models. On contrary, the Type 3 process, which was entirely different from Kimura models, is occa-

sionally accompanied by vacancy migration.
© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Defect clusters introduced by high-energy parti-
cle irradiation are obstacles for dislocation glide,
causing material hardening on a macroscopic scale.
Concurrently, the hardened materials often lose
ductility, indicating that the ductility reduction is
also related to the defect clusters. Local defect-free
bands are frequently observed in the deformation
microstructure of irradiated specimens [1-5]. Once
the defect-free bands are created, subsequent defor-
mation localizes in these bands because they are
favorable sites for dislocation glide due to the
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absence of defect cluster hardening barriers. As a
result of flow localization on a microscopic scale,
materials lose their ductility on a macroscopic scale.
Considerable research has been directed to under-
standing the formation mechanism of localized
defect-free bands, and associated dislocation chan-
neling [1-6]. The physical process of cleared channel
formation is destruction and/or annihilation of
defect clusters by gliding dislocations. Although
various types of defect clusters can be introduced
by irradiation, stacking fault tetrahedra (SFTs) are
of particular interest in nuclear materials research.
This is because SFTs are the predominant vacancy
cluster morphology in many neutron irradiated fcc
metals [7-9]. Computer simulations using molecular
dynamics (MD) codes have indicated that SFTs
are directly produced by cascade damage during
neutron irradiation of fcc metals such as copper that
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have a low stacking fault energy [10]. However, the
physical mechanisms involved in SFT-dislocation
interaction still remains unclear. This is mainly
due to the complicated crystallographic geometry
of the SFT. Since several types of interaction are
conceivable, it is difficult to specify which process
really takes place by theory alone.

It is well known that dislocation channeling
occurs in quenched metals containing SFTs
[11,12] and vacancy loops [13] as well as irradiated
metals. In the present paper, we summarize the
SFT destruction processes observed by in situ trans-
mission electron microscope (TEM) straining experi-
ments using quenched gold containing relatively
large SFTs.

2. Experimental procedure

SFTs were introduced into 99.9975% purity poly-
crystalline gold specimens, whose thickness was
100 um, by quenching from 1273 K in an open
vertical furnace to 233 K in CaCl, solution. Since
vacancies are mobile at room temperature in gold,
the formation behavior of SFT is sensitive to the
thermal history after quenching [14]. The specimens
were kept at 233 K for 1 h, then at 298 K for 2 h,
and finally at 373 K for 1 h, before electro-polish-
ing. This quenching and aging treatment produced
large (average edge length of ~45nm) perfectly
formed SFTs with no observable tetrahedron-trun-
cation. Tensile specimens for in situ straining exper-
iments had a rectangular shape (10 mm X 2.5 mm X
100 um). The central portion was electro-polished
by the twin jet method. The electrolyte polishing
solution was KCN 67 g/l water solution, and the
polishing temperature was 276 K. in situ straining
experiments were carried out at both room temper-
ature and 100 K. The accelerating voltage of TEM
was 200 kV, which does not introduce any irradia-
tion damage into gold. The crosshead speed of the
straining stage was 0.1 um/s.

3. Results

SFT destruction was induced by direct interac-
tion with gliding dislocations. The processes fre-
quently observed were categorized in terms of the
remnants remaining after the destruction of SFT.

The first SFT destruction process (Type 1) leaves
a triangular Frank loop behind, as shown in Fig. 1.
In this figure the beam direction was close to (001);
the SFT is visible as a nearly square image in this

orientation. The position of the remnant triangular
Frank loop corresponded to one of the four stack-
ing faults comprising the original SFT. This collapse
process is essentially the inverse reaction of the Sil-
cox-Hirsch mechanism, which was originally pro-
posed as a formation mechanism of an SFT based
on dislocation reactions [15]. No jogged segments
were formed on the dislocation that collapsed the
SFT. Also, it is noteworthy that subsequent disloca-
tions did not interact with the triangular Frank
loop. The glide planes of these dislocations were
parallel to the first dislocation that collapsed the
SFT. Therefore, it is reasonable to conclude that
the Frank loop was formed on a plane parallel to
the glide plane of the dislocation that collapsed
the SFT and did not interact with the subsequent
dislocations gliding on parallel planes.

The second process (Type 2) leaves no remnants
behind, as shown in Fig. 2. The vacancies compris-
ing the SFT were incorporated into the impinging
dislocation by forming multiple super jog segments
on the dislocation. The location of the super jog
segments corresponded to the edges of the original
SFT.

The results shown in Figs. 1 and 2 were obtained
at room temperature. Fig. 3(a) and (b) show the
Type 1 and 2 processes, respectively during deforma-
tion at 100 K. These two processes were observed
in the same grain. The SFTs in Fig. 3(a) and (b)
corresponded to two different types of crystallo-
graphically equivalent SFTs. The dislocations that
interacted with these two SFTs were generated from
the same source, indicating that those dislocations
had the same Burgers vector. These results indicate
that the SFT-dislocation interaction is different
depending on SFT geometry, i.e., whether apex up
or down.

The third process (Type 3) leaves a smaller SFT
behind, as shown in Figs. 4 and 5. In the Type 3
process, the small remnant SFT corresponds to
the apex of the original SFT whereas the base
portion of the SFT disappeared. The plane dividing
the original SFT into two pieces corresponded to
the glide plane of the dislocation that destroyed
the SFT (Figs. 4 and 5) or the glide plane of a dis-
location that interacted with the SFT prior to the
dislocation that finally destroyed the SFT (Figs. 6
and 7) [16]. There were two variants in the Type 3
process, distinguished by whether or not a cluster
of defects formed on the impinging dislocation.
The first variant is shown in Fig. 4, where the dislo-
cation cross-slipped on one face of the SFT and the
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Fig. 1. Example of Type 1 SFT collapse process observed at room temperature. A triangular Frank loop remained behind following the
collapse. The initial SFT size was 42 nm. The Thompson tetrahedron orientation of the SFT is also shown.
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Fig. 2. Example of Type 2 SFT collapse process observed at room temperature. The whole SFT was incorporated the gliding dislocation
as multiple super jog segments on it. The initial SFT size was 46 nm.

base portion of SFT disappeared (Frame 0803). The The second variant is shown in Fig. 6. In this case it
detailed geometry of this variant is shown in Fig. 5. is unclear whether the dislocation cross-slipped on
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Fig. 3. Type 1 and 2 SFT collapse processes observed in the same grain at 100 K. (a) Type 1 process. Dislocation ‘Y’ collapsed the SFT
when released from it. The initial SFT size was 47 nm. (b) Type 2 process. The initial SFT size was 55 nm.
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Fig. 4. Example of Type 3 SFT collapse process observed at room temperature. The apex portion divided by the gliding plane of
dislocation remained intact while the base portion was annihilated. The initial SFT size was 46 nm.
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Fig. 5. Locus of the dislocation located at the forefront of pile-
up. One of two ends of dislocation line intersected by specimen
surfaces moved away from the trace of previous locus upon
interaction, indicating that the dislocation cross-slipped on the
SFT.

the SFT or cut through it. However, a cluster of
defects formed on the dislocation in a location dis-
tinctly separated from the residual apex portion of
the SFT when the base portion disappeared (Frame
3850) [16]. The detailed geometry of this variant is
shown in Fig. 7. As the dislocation bowed out with
increasing time and applied stress following the SFT
interaction event, the cluster size gradually
decreases, and a straight segment was developed
on the dislocation. Considering that the SFT is a
vacancy cluster, it would be reasonable to assume
that this remnant is a vacancy cluster produced by
re-aggregation of the vacancies formerly contained
in the base portion of the original SFT.

4. Discussion

4.1. Comparison of the experimental conditions of
the present in situ straining experiments with
previous work using bulk specimens

The SFT sizes in the present in situ straining
experiments are comparable to those in Yoshida’s
deformation study using quenched bulk gold [12]
in terms of their stability. According to the numer-
ical calculation by Jessang and Hirth [17], SFTs in
these two studies are both in the meta-stable size
range, which is larger than 26.5 nm for gold. It is
difficult to derive a definitive value for the localized

strain rate in in situ TEM straining experiments due
to microscopic heterogeneities of deformation asso-
ciated with the irregular specimen shape. However,
we can make a rough estimate of the strain rate
from the motion of individual dislocations captured
in the TEM movie. In the present dynamic observa-
tion dislocations glided intermittently; however,
when they glided smoothly, the gliding distance
was roughly 1073-10"7 m/s. This is very low speed
deformation compared with MD simulations, in
which the velocity of dislocation is commonly about
10'-10° m/s [18,19]. Assuming the dislocation den-
sity in the present TEM experiments is the same
as the MD simulations (about 10'4-10"> m—2 [18]),
the strain rate is roughly 10°-10% /s for MD [19],
and 107°-1072 /s for the present TEM experiments.
As an alternative way, we can estimate the strain
rate of in situ straining experiments from the cross-
head speed of straining stage, 0.1 um/s. The speci-
mens were rectangular shape whose central
portion was electro-polished by twin jet method.
The diameter of the electro-polished portion is
roughly 20 mm. The deformation should concen-
trate on the electro-polished portion due to the
thickness difference. The thickness of electro-
polished portion continuously changes; the thinnest
is the central portion where a hole is present. The
strain rate depends on what we consider the gauge
length, i.e., over what portion of the overall speci-
men length is the deformation—concentrated zone.
For example, assuming the gauge length is 10 mm,
the strain rate is given as 107>/s. If the effective
gauge length is 10 pm, the strain rate is 10~%/s.
The strain rate determined from the velocity of indi-
vidual dislocation motion, 107>-107%/s, corre-
sponds to the effective gauge length of 100-10 um
in the evaluation method using the crosshead speed.
The width of thin foil portion transparent by
200 keV TEM (i.e., where deformation was actually
occurring) was normally within this size range.
Therefore, the strain rate of 107>~107%/s is a reason-
able value for the present TEM experiments. Judg-
ing from the deformation temperature and the
strain rate discussed here, the present in situ strain-
ing at room temperature is located in the range
where dislocation channeling occurred in Yoshida’s
study [12], as shown in Fig. 8. Conversely, the in situ
straining at 100 K is located in the range where
channeling did not occur in Yoshida’s study.
Although we observed SFT collapse and annihila-
tion even at 100 K, where channeling was not
observed in Yoshida’s study, our observation does
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Fig. 6. Another example of Type 3 SFT collapse process observed at room temperature. The apex portion remained intact while the base
portion was annihilated as well as Fig. 4. In addition to the remaining apex portion, there is another remnant formed on the dislocation at
the moment of collapse (frame 3850). The initial SFT size was 27 nm.

not conflict with Yoshida’s study. An important locations can annihilate SFTs even at 100 K; how-
conclusion derived from these two results is that dis- ever, flow localization leading to cleared channel
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Fig. 7. Comparison of the locus of dislocations intersected the SFT. The locus analysis enables to make rough estimation about the glide
plane of those dislocations and three-dimensional position of interaction on the SFT. The second and the third dislocations were gliding
on almost identical plane. The smaller SFT left behind after the collapse of the original SFT corresponded to the apex portion divided by
the gliding plane of the first dislocation, which was gliding closer to the apex than the following two dislocations.

formation does not occur in gold containing large
SFTs at low temperature.

4.2. Comparison of the observed three SFT
destruction processes with previous models

The Type 1 and 2 processes are quite similar to
the SFT collapse models previously proposed by
Kimura et al. [20]. Kimura analyzed how SFT can
be collapsed by direct interaction with a gliding dis-
location on the basis of dislocation reactions. The
remnants remaining after the Type 1 and Type 2
processes resemble the remnants of Kimura’s model
for 60° mixed dislocation and screw dislocation,
respectively. The results shown in Fig. 3 also sup-
port the idea that Type 1 and 2 processes are based
on dislocation reactions as assumed in Kimura’s
two models [20]. As clearly seen in Fig. 6, the
impinging dislocation line bends along the shape
of the SFT during the interaction. Due to disloca-

tion line bending, the character of dislocation seg-
ment on an SFT inevitably changes because the
dislocation’s character is given by the orientation
relationship between Burgers vector and the line
sense. The variation of dislocation character upon
interaction with an SFT for screw, 60° mixed, and
edge dislocations are summarized in Fig. 9. The
bending manner of a dislocation on two different
but crystallographically equivalent SFTs is depen-
dent on the SFT geometry. As a result of the differ-
ence in bending manner, the dislocation line
segments on the two different SFTs inevitably
become different in character. Assuming the charac-
ter of the segment on the SFT is a 60° mixed dislo-
cation in Fig. 3(a), the character of the segment
inevitably becomes screw in Fig. 3(b). These results
are the evidence that the Burgers vector of disloca-
tion line segments on the SFT is a key factor deter-
mining which type of SFT destruction process is
induced. Strictly speaking, Type 1 and Type 2
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Fig. 8. Temperature dependence of dislocation channeling in
quenched gold containing large SFTs (=50 nm), reported by
Yoshida et al. [12]. The present TEM in situ straining at room
temperature is located in the range of cleared channel formation
in Yoshida’s experiments, whereas in situ straining at 100 K is
located in the range of no channel formation.

processes are slightly inconsistent with Kimura’s
models. For instance, in Fig. 1 a triangular Frank
loop was apparently formed on the plane parallel
to the dislocation glide plane, whereas in the Kim-
ura model for 60° mixed dislocation a Frank loop
is formed on a {111} plane that is not parallel to

Screw Dislocation

60° Mixed Dislocation
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the dislocation glide plane, as shown in Fig. 10.
The details of Kimura’s models may need to be
revised; however, the agreement in the major
features of SFT destruction strongly indicates that
these destruction processes were induced by disloca-
tion reactions similar to Kimura models.

The Type 3 process does not fit Kimura’s models,
because none of his models leave a small SFT after
SFT collapse. The details of this process, e.g. how
the Burgers vector of the dislocation affects the pro-
cess, still remain unclear. However, it was found
that at least one of two variants of this process is
accompanied by vacancy transport and re-cluster-
ing. Assuming that vacancy migration is a key phys-
ical attribute of the Type 3 process, this process
would be sensitive to temperature. As seen in
Fig. 6, an aggregate of vacancies was formed on
the gliding dislocation, indicating that the vacancy
transport in the Type 3 process occurred via mech-
anisms similar to dislocation pipe diffusion. Ballufi
estimated the activation energy of self-diffusion via
dislocation pipe diffusion in pure copper as
1.53 eV [21], which is significantly smaller than the
energy via ordinary lattice diffusion given as
2.01 eV (vacancy formation energy: 1.27 eV plus
migration energy: 0.74 e¢V) [22]. Supposing the pipe
diffusion is the vacancy transport mechanism, it is
highly possible that the Type 3 process can occur
at temperatures much lower than room tempera-
ture. Moreover, an alternative to the pipe diffusion
mechanism was recently observed in MD simula-
tions. A significant number of vacancies can be
transported to the specimen surfaces via multiple
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Fig. 9. Variation of dislocation type accompanied with bending of dislocation line on an SFT. Two types of SFT-dislocation
configurations correspond to two types of SFTs crystallographically equivalent each other. When a gliding dislocation interacts these two
crystallographically equivalent two SFTs, line segments on each SFTs inevitably become different character.
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Fig. 10. Kimura’s SFT collapse models induced by direct interaction with (a) a 60°mixed dislocation and (b) a screw dislocation [20].

dislocation cross-slip [23]. This mechanism is rather
fast and weak temperature dependent.

To date, the Type 1 and 2 SFT collapse processes
have not been reproduced in MD simulations,
whereas a process similar to the Type 3 has been
observed [23]. A conceivable factor for this inconsis-
tency may be the size of SFTs. The maximum SFT
size simulated with MD codes to date is about
12 nm [23], which is in the stable size range where
the SFT is energetically more stable than a Frank
loop, whereas the SFT size of the present study is
in the meta-stable size range where the SFT would
prefer to transform into a Frank loop [17]. More
simulation, theory, and in situ TEM experiments
are needed to resolve this issue.

The role of these three SFT destruction process
for cleared channel formation is still unclear. The
Type 3 process does not annihilate the whole SFT.
In this respect the Type 3 process is less efficient
for annihilating an SFT. It is also true that obstacles
to subsequent gliding dislocations also remain for
the other two processes. For instance, although
the Type 2 process does not leave remnants after
the SFT annihilation, the super jog segments
formed on the screw dislocations which are respon-
sible for this destruction process are sessile. These
sessile segments on screw dislocations following
the Type 2 process would become an obstacle for
its own and subsequent gliding dislocations. The
remnant of Type 1, a faulted triangle loop, is a
two-dimensional defect cluster, which does not dis-
turb subsequent dislocations gliding on other
(111) planes parallel to the Frank loop. In this
respect, Frank loops are less harmful obstacles than
small SFTs remaining after the Type 3 process.

Because Frank loops are 2-D clusters, the chance
of annihilating the Frank loop may be less than
the chance of annihilating small SFTs that are 3-D
clusters. In order to resolve the influence of each
defect annihilation process on cleared channel for-
mation, we need to identify the role of each type
of remnant. Also, further investigation is necessary
to identify the factors which control the competition
between the SFT destruction processes.
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