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Abstract

Dynamic observation of the microstructure of quenched gold during deformation in a transmission electron
microscope revealed that stacking fault tetrahedra (SFTs) having perfect pyramid structure were collapsed by direct
interaction with moving screw dislocations. Although a recent molecular dynamics computer simulation study found
that truncation of SFT before interaction with moving dislocations is a necessary condition for the SFT collapse, the
present experimental results clearly show that truncation of SFT is not a crucial factor for the collapse mechanism.

© 2004 Elsevier B.V. All rights reserved.

1. Background

Recent improvements in resolution of transmission
electron microscope (TEM) have established that small
defect clusters ( < 2 nm) in the microstructure of neutron
irradiated pure fcc metals, so-called ‘black dots’, are in
many cases stacking fault tetrahedra (SFTs) [1-3]. Thus,
there is substantial interest in the interaction of SFT
with moving dislocations as a key in atomistic scale
mechanism for variation of mechanical properties of fcc
metals in nuclear reactor environments.

The SFT is a vacancy-type defect cluster having a
complex crystallographic geometry: the tetrahedral
outer shape consists of intrinsic stacking faults with
displacement vectors R = 1/12(111) on four crystallo-
graphically equivalent {111} planes, and the edges of
the tetrahedron are composed of sessile stair-rod dislo-
cations with Burgers vector of 5 =1/6(110) [4]. The
complex structure indicates that SFTs are highly stable
under shear stress. However, defect-free regions (dislo-
cation channels) are created locally as deformation
progresses in both quenched and irradiated metals [5—
12]. This has led to great interest in resolving how SFTs
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annihilate during plastic deformation and dislocation
channels are created.

There are two proposed annihilation mechanisms: (1)
annihilation due to large stress fields, associated with
localized deformation, and (2) annihilation by direct
interaction with individual dislocations, which would
operate in a heterogeneous manner and lead to forma-
tion of defect-free slip bands. Regarding the former idea,
Hiratani et al. investigated the stability of a SFT by
numerical analysis based on elasticity theory for the
stress field of a glide dislocation [13]. Their calculation
showed that the stress field from a single dislocation
could never annihilate an SFT. However, in the situa-
tion where there is localized deformation, large numbers
of dislocations would form a dislocation pile-up,
resulting in high stress field at the pile-up front, which
could favor destabilization of SFT. Further investiga-
tion is necessary to determine the importance of this
mechanism. Regarding the second idea, Kimura and
Maddin approached this issue 40 years ago from the
viewpoint of dislocation reactions [14,15]. However, the
validity of this model remains unclear because of a lack
of experimental evidence.

Recent molecular dynamics computer simulations
have investigated the dynamic interaction of a SFT with
moving dislocations [16,17]. Wirth et al. showed that an
SFT remained intact even after multiple (up to 6)
interactions with a moving dislocation [16]. However, an
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overlapping truncated SFT configuration was annihi-
lated by interactions with a single moving edge dislo-
cation. These authors concluded that the perfection of
the SFT, ie., perfectly formed or truncated, is an
important factor for SFT collapse.

The most direct experimental method for investiga-
tion of the SFT annihilation involves in situ straining
experiments using a transmission electron microscope
(TEM). Recently. Robach et al. confirmed the annihi-
lation of SFTs by moving dislocations in copper con-
taining small SFTs produced by ion irradiation [I8].
There are several other reports based on in situ straining
experiments performed on ion and/or neutron irradiated
fcc metals [9-12]. However, the size of SFT introduced
by ion/neutron irradiation is small (<2 nm), comparable
to the resolution limit of TEM in the diffraction contrast
imaging techniques [18]. As a result, few experimental
data are available to identify the detailed interaction
process with moving dislocations leading to collapse of
SFTs.

In the present study, an in situ straining experiment
has been carried out on SFTs introduced into gold by
quenching. SFT size can be controlled relatively easily in
quenching: from more than 100 nm to less than 2 nm
[20]. Information obtained by direct observation allows
insight of the annihilation process of SFT.

2. Experimental procedure

SFTs were introduced into 99.9975% purity gold
specimens, whose thickness was 100 pm, by quenching
from 1273 K in an open vertical furnace to 233 K in
CaCl, solution. As addressed elsewhere, a key parameter

controlling the size of SFT was annealing time at 1273 K
[20]. The specimens in the present experiments were all
kept at 1273 K for 1 h. Since vacancies are mobile at
room temperature in gold, the thermal history after
quenching also affects the formation behavior of SFT
[19]. 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-
polishing. Tensile specimens for in situ straining exper-
iments had a rectangular shape (10 mmx2.5 mm x 100
um), and the central section was electro-polished by the
twin jet method. Electrolytic solution for the polishing
was KCN 67 g/l water solution, and the polishing tem-
perature was 276 K. In situ straining experiments were
carried out at room temperature. The electron micro-
scope accelerating voltage was 200 kV, which introduces
negligible irradiation damage in gold. An FEI Tecnai20
TEM with Twin pole piece was used for the in situ
straining tests, with a GATAN Model 671 single tilt
cooling straining stage. The crosshead speed of the
straining holder is variable ranging from 0.01 to 1 pm/s.
Motion pictures of the in situ straining were captured
with a GATAN Model 622 camera, at a frame rate of 30
frames/s, recorded on DV tapes, and then computer
processed.

3. Results and discussion

The SFTs introduced by quenching are essentially
perfect pyramid shape without any truncation. Al-
though some truncated SFTs are also present in Fig.
1(A2, A3, B2), their truncation style is entirely different
from the style predicted by Silcox and Hirsch [21]: the
truncated SFT in their model is missing the top portion

Fig. 1. Typical example of SFTs in quenched gold. Two types of crystallographically equivalent SFTs are indexed as A and B in these
figures. Al and B1 have perfect pyramid shape; however, the others are truncated. The truncation is simply due to intersection by foil
surface. A2 and B2 are intersected by a surface, and A3 by another surface. All of the SFTs in quenched gold have essentially perfect
pyramid structure. (a) SFTs observed from near [00 1] zone axis. (b—d) Observed from directions tilted from (a). (e-g) Schematic
diagrams of SFTs in various conditions observed from [00 1] zone axis. (e) Image of SFTs without any truncation. (f) Image of SFTs

missing a top portion. (g) Image of SFTs missing an edge portion.
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Fig. 2. Typical example of the collapse process of SFT by moving dislocations. Observation was made in an orientation exactly the
middle in between [4 3 1] and [3 2 1]. Stacking fault contrast changes when a moving dislocation passes through an SFT, indicating that
the moving dislocation pass through without leaving Orowan loop behind. The SFT collapses into a smaller SFT, and only the base
portion is annihilated, which corresponds to the two pieces separated by cutting with a moving dislocation. Judging from the inter-
action behavior with the SFT, dislocations are gliding on (11 1), i.e., parallel to ABD. They are mixed dislocations, essentially having
screw character (see text). The SFT edge length is 27 nm, dislocation length is 121 nm and specimen foil thickness is 99 nm.
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of the tetrahedron, while the truncated SFTs in Fig. 1
are all missing portions of their edge region. The trun-
cation of the SFTs in Fig. 1 is simply caused by inter-
section of the specimen surface. We have not observed
any cases of truncated SFTs except those created by
intersection with the foil surface during specimen prep-
aration by electro-polishing. SFTs grow by absorbing
vacancies and forming a so-called V-ledge on the
stacking fault planes [22,23]. Thus, nearly all SFTs
should inevitably have ledges of one atomic-layer
thickness on their stacking fault planes. This statement
is supported by high-resolution images shown by Ajita
et al. [4]. However, possession of atomic-layer ledges is
an entirely different issue from the truncation where the
top portion of the SFT is missing. It is unclear whether
an SFT having ledges can be called ‘perfect’ in the strict
sense; however, in what follows these SFTs are called
‘perfect’ in order to distinguish them from truncated
SFTs.

Fig. 2 shows the typical collapse process of an SFT
interacting with moving dislocations. Judging from the
interaction behavior with the moving dislocation, both
ends of which intersect the foil surfaces, it is clear that
the SFT is located at the center of the foil thickness
direction. Therefore, this is a perfect SFT without being
truncated by foil surface. The SFT collapses after
interaction with three successive moving dislocations.
After the SFT collapse, a smaller SFT is left behind, and
finally a super jog is formed on the moving dislocation.
As shown in Fig. 3, the position of the smaller SFT
corresponds to the top part of the two pieces cut by the
first dislocation interaction with the original SFT. This
indicates that only the base portion annihilates through
the collapse process while the top portion survives.

Fig. 2 shows clearly that an SFT collapses not when
the moving dislocations are approaching the SFT, but
when a moving dislocation is in physical contact with
the SFT. This indicates that the cause of the collapse is
not the stress field of approaching dislocations, but the
direct interactions with the dislocation core. These
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experimental results do not necessarily deny the possi-
bility that SFTs could be collapsed by a large stress field,
which could arise under highly localized stress condi-
tions; however, they show clearly that direct interaction
with the dislocation core can cause collapse of a SFT.
When the second moving dislocation passes through
the SFT, stacking fault contrast inside the SFT clearly
changes. This indicates that the moving dislocation does
not pass through without cutting the SFT, i.e., leaving
an Orowan loop behind, but instead has cut through the
inside of the SFT, or traced the SFT surface by multiple
cross-slip as proposed by Kimura and Maddin [14].
Diffraction contrast imaging of the SFT following the
passage of one or more dislocations did not reveal any
evidence for an Orowan loop surrounding the SFT.
Several variations of the collapse process were ob-
served in addition to the process described above. For
example, although in Fig. 2 an SFT collapsed after
multiple (3) interactions with moving dislocations, it is
unclear whether the number of interactions is an essen-
tial parameter for the collapse of SFT. In fact, it was
often observed in our studies that SFT collapsed by a
single interaction with a moving dislocation. Further
discussion on this issue will be presented elsewhere [20].
Wirth et al. have found in MD computer simulation
performed at high strain rates at low temperature that
an SFT remains intact even after cutting by a moving
edge dislocation several (up to 6) times [16]. Only
incompletely formed (overlapping truncated) SFT could
be collapsed by a moving dislocation in their simula-
tions. In the collapse process, the truncated SFT was
absorbed in the moving dislocation, which developed a
super jog. The first statement is not consistent with our
experimental results, which clearly show that a single
moving dislocation can collapse a perfect SFT. This
discrepancy might be associated with the difference in
strain rate and temperature between their simulations
and the present experimental study. However, we can see
a similarity in the collapse process of the truncated SFT
in their simulation and the collapse process of the per-
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Fig. 3. Analysis of the position of the ends of dislocation line intersected by foil surface and the position of SFT interacted with the
dislocations provide the following information about geometry of the interaction process shown in Fig. 2: (1) The first moving dis-
location interacts with the SFT relatively close to the top, compared with the second and the third ones. (2) The second and the third

dislocations glide on almost the same (11 1) plane.
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fect SFT observed in the present study. The similarity in
the collapse processes indicates that the collapse mech-
anism of the truncated SFT in their simulation may
provide valuable information for understanding the
collapse process of the perfect SFT.

The dislocations analyzed in the present study were
all identified as screw-type. Since the SFT collapse
mechanism proposed by Kimura and Maddin was the
one dedicated for screw dislocations, the type of dislo-
cation has traditionally been believed as an important
factor to collapse SFTs. Further discussion will be pre-
sented elsewhere regarding the collapse mechanism of
SFT, including the discussion on the effect of dislocation
type (edge vs. screw) [20].

4. Conclusions

An SFT can be collapsed by direct interaction with
moving dislocations. Initial truncation of the SFT be-
fore the interaction with moving dislocations is not a
crucial factor for the SFT collapse. Stacking fault con-
trast in the SFT changes when a moving dislocation
passes through, indicating that the moving dislocation
passes through without leaving behind an Orowan loop.
The SFT collapses into a smaller SFT, and only the base
portion is annihilated, which corresponds to the two
pieces separated by cutting with a moving dislocation.
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