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Abstract

Critical conditions have been determined for intrinsic transformation of a vacancy Frank loop into a stacking fault tetrahedron in a face
centered cubic metal by the molecular dynamics method. We found that a stacking fault tetrahedron can be formed from the scalene hex-
agonal vacancy Frank loops of wide range of sizes due to the dissociation of dislocations. We have also found atomistically the dynamical
process in which vacancy and interstitial faulted Frank loops transform into perfect loops by the application of the external shear stress or by
raising the temperature. We have determined numerically the critical shear stress and temperature for the initiation of unfaulting. The sim-
ulation results clearly unveiled the important role of temperature in the unfaulting mechanism of an interstitial Frank loop.
� 2007 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Irradiation of face centered cubic (fcc) metals by
charged or neutron particles induces atomic collision cas-
cades, where varieties of defect clusters nucleate from the
migration and coalescence of self-interstitial atoms and
vacancies. Typical clusters that form from this displace-
ment cascade process are hexagonal dislocation loops
called Frank loops containing the stacking fault with the
Burgers vector 1

3
h111i. These defects are well observed

by transmission electron microscopy [1] and are considered
to cause significant effects on irradiation hardening and
fracture due to dislocation channeling [2]. It is predicted
that unfaulting of Frank loops may lead to the formation
of dislocation channeling through the absorption of these
unfaulted loops by gliding dislocations [3]. However,
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detailed mechanistic behavior of these Frank loops is not
well known due to the resolution limit of electron micros-
copy and the applicability of the elasticity theory down
to the range of 1–5 nm. We study these processes by the
molecular dynamics method. We singled out two elemen-
tary processes for interstitial and vacancy Frank loops in
fcc metals of Cu and Al. One is the dissociation process
of interstitial and vacancy Frank loops, in particular, the
formation of a stacking fault tetrahedron (SFT) from a
vacancy Frank loop. The other is the unfaulting process
of Frank loops, where mechanistic cause of this phenome-
non is still unknown. We study this unfaulting process by
applying a shear strain to determine a critical shear stress
for a vacancy and an interstitial Frank loop. We also raise
the temperature and study its effects on the complex
unfaulting process.

In fcc metals with low stacking fault energy, a perfect
dislocation dissociates into two partial dislocations. In
the case of interstitial or vacancy Frank loops produced
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by irradiation, they tend to transform into an energetically
favorable state by dissociation. The Frank loop with the
Burgers vector 1

3
h11 1i extends into other equivalent

{11 1} planes by creating energetically favorable stair-rod
and Shockley partial dislocations. In particular, SFT’s,
consisting of stair-rod dislocations and the stacking faults,
are the typical irradiation induced defects in fcc metals.
There are some mechanisms proposed for the creation of
SFT’s, but we have not obtained a definite answer for this
process. One possible scenario is the Silcox–Hirsch mecha-
nism [4,5] where an SFT is formed from an equilateral tri-
angular vacancy Frank loop by dissociation. The former
numerical simulations confirm this mechanism by forming
an SFT starting from an equilateral triangular plate [6,7].
In this paper, we also confirm the formation of a perfect
SFT from an equilateral triangular vacancy loop and,
depending on the stacking fault energy, we show firstly that
the incomplete SFT is obtained by the molecular dynamics
method. However, in the real irradiation cascade process, it
is improbable that SFT’s are created from equilateral trian-
gular vacancy Frank loops. On the other hand, there are
many hexagonal Frank loops developed under the irradia-
tion conditions, and in the process of formation of vacancy
Frank loops we try to find a critical condition whether it
develops into a dissociated loop or an SFT. We determine
the critical condition for the formation of an SFT from an
scalene hexagonal Frank loop.

On the other hand, with increasing the size of the faulted
loop, there is some point that the elastic energy of the
faulted dislocation loop becomes larger compared with
the unfaulted perfect dislocation loop. This means that
the unfaulted dislocation loop is energetically favorable
with increasing size. However, many large-sized faulted
Frank loops, observed by the transmission electron micros-
copy, remain faulted and unfaulting condition is not clearly
known. There seems to be some energy barrier for this
transformation. In this paper, we determine this energy
barrier by applying the external shear stress and raising
the temperature of the system. In particular, we focus on
the important role of temperature for the unfaulting pro-
cess of an extrinsic Frank loop, which is found to be hard
to unfault by the application of the shear stress.

2. Computational methods

We have employed the recently developed parallel
molecular dynamics program, called Parallel Molecular
Dynamics Stencil (PMDS) [8], combined with the visualiza-
tion program of atomistic particles, called AtomEye
[9,10,8], to be able to delve into complex defect structures.
Our computational region is a rectangular cell consisting of
3.84 · 105 or 1.7 · 106 particles where a defect cluster is
placed in the center. The size of the region for the x, y,
and z directions ([110], ½112�, ½11 1�, respectively) is
200 Å · 170 Å · 120 Å or 340 Å · 300 Å · 280 Å.

We have employed two types of methods to apply a
shear stress to the system. The first method (shear mode
I) is that the upper wall is displaced in the positive x-direc-
tion while the lower wall is displaced in the opposite direc-
tion at a constant rate. The boundary conditions for the
shear mode I case are periodic in the x and y-directions,
while the upper and lower sheet in the z-direction are fixed.
In the second case (shear mode II), both the right and left
side walls along the z-axis are inclined in the x-direction,
thus generating the same shear strain as that of shear mode
I. The boundary conditions for the shear mode II case are
periodic in the y-direction and free in the z-direction on the
upper and lower walls. In both cases, it takes time for the
linear shear strain to establish throughout the crystal.

Standard molecular-dynamics techniques in the parallel
computing environment using the PMDS are applied to
integrate the Newton’s equation of motion. The time step
is basically 2 fs. We have employed the embedded-atom
method (EAM) potential [11,12] for interatomic interac-
tions of copper and aluminum. Also, by employing the
coordination number and central symmetry parameter rep-
resentations using the AtomEye, we have successfully visu-
alized clear and detailed dislocation core structures that
have not been explored before [10,8]. In the coordination
number representations, the atoms are colored according
to the coordination number of neighbor atoms, for exam-
ple, red for 11, blue for 13, and green for 10. The atoms
with the coordination number of 12, which corresponds
to the perfect fcc crystal, are omitted or transparent in
the visualization. The central symmetry parameter is the
absolute value of the added displacement vectors for neigh-
bor atoms. This method, which can distinguish between the
fcc and hcp structure, is suited to represent a stacking fault
in fcc crystals.

3. Simulation results

3.1. Dissociated structures of Frank loops

We study first the intrinsic morphological transforma-
tion of a vacancy and an interstitial hexagonal Frank loop
of copper due to dissociation. The observations of the irra-
diated and quenched fcc metals show that interstitials and
vacancies aggregate to form hexagonal planar Frank loops
on the {111} planes with their sides along the Æ110æ direc-
tions. Therefore, we start our molecular dynamics simula-
tions with hexagonal loops containing 37–1801 vacancies
and 7–10,981 interstitials at 0 K. Fig. 1 shows the relaxed
state of dissociation for the copper hexagonal Frank loops
consisting of 1801 vacancies and 10,981 interstitials at
approximately 7 ps.

It is found that vacancy hexagonal loops tend to be eas-
ily dissociated acutely onto the other slip planes equivalent
to the ð111Þ plane up to the size as shown in the figure.
Considering the equivalent {11 1} slip planes, a Shockley
partial dislocation is alternately emitted acutely from the
sides of the hexagonal loop forming a stacking fault
behind, and the dislocation of 1

3
h11 1i along the sides of

the loop becomes a stair-rod dislocation. On the other



Fig. 1. Dissociation of vacancy and interstitial Frank loops of copper.
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hand, we have observed that an interstitial loop is hardly
dissociated for smaller sizes. It is firstly visibly dissociated
by increasing the size up to 10981 interstitials. In this par-
ticular case of the maximum interstitial loop, the computa-
tional region is enlarged to the system of 3.46 · 106

particles. It is noteworthy in Fig. 1b that dissociation
occurs twice on the ð111Þ equivalent planes. It is seen that
the first Shockley partial creates an intrinsic stacking fault
and the following second partial removes it. Since an inter-
stitial dislocation loop on the ð111Þ plane is extrinsic, a dis-
location at the junction between the intrinsic and extrinsic
stacking fault becomes of the type 1

6
h114i. After the second

partial sweeps the stacking fault and leaves a perfect crystal
behind, a dislocation of the side of the hexagon becomes a
stair-rod of the type 1

6
h110i.

3.2. Formation of stacking fault tetrahedron

Next we study the formation of a stacking fault tetrahe-
dron from an equilateral triangular vacancy plate on the
ð111Þ plane to confirm the Silcox and Hirsch mechanism
[5]. Fig. 2 shows a stacking fault tetrahedron formed from
the equilateral triangular plate containing 253 vacancies of
copper and aluminum. We found that a perfect tetrahedron
is formed for copper, where the sides of which consisting of
stair-rod dislocations are represented well by the coordina-
tion number representations. On the other hand, in the case
of high stacking fault energy of aluminum, a tetrahedron is
found to be incomplete for this size, and the top Shockley
partial dislocations of the truncated tetrahedron become
concave and end upward at the junctions with the stair-
Fig. 2. Formation of tetrahedron for (a) Cu and (b) Al starting from an
equilateral triangular plate containing 253 vacancies.
rod dislocations [13] due to the high surface tension of
the stacking fault. The minimum critical size for the forma-
tion of an incomplete tetrahedron of aluminum is found to
be an equilateral triangular vacancy plate with 153 sites.
All the triangular vacancy plates under this size lead to
the formation of a complete stacking-fault tetrahedron.
We found that the temperature affects significantly the for-
mation process of a tetrahedron. We observed that a com-
plete tetrahedron is formed even starting with an
equilateral triangular vacancy plate with 153 sites by rais-
ing the temperature to 100 K.

Formation process of a stacking fault tetrahedron still
remains a problem whether it is created directly from pre-
cipitation of vacancies or from an equilateral triangular
plate of vacancies. Here, we present one possible numerical
scenario for the creation of a tetrahedron from a scalene
hexagonal vacancy dislocation loop with two different
sides. This condition of a hexagonal loop can be realized
by the inhomogeneous absorption of glissile interstitials
or vacancies. As we have seen in the results of Fig. 1a, a
stacking fault tetrahedron cannot be formed from an equi-
lateral hexagonal vacancy loop by dissociation. However,
we have found that an incomplete stacking fault tetrahe-
dron is formed as shown in Fig. 3, if we start from the sca-
lene hexagonal vacancy loop of copper whose sides
consisting of two different lengths of ds and dl. It is pre-
dicted in some textbooks on dislocation that a complete
tetrahedron can be formed even starting from a scalene
hexagonal vacancy loop. It is noted from our numerical
Fig. 3. Formation of an incomplete stacking fault tetrahedron from the
scalene hexagonal vacancy loop with two different sides.
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results in Fig. 3 that the Shockley partial dislocations
generated from the long sides of a loop combine to form
stair-rod dislocations, however, they cannot be completely
fastened to form an apex at the foot of a tetrahedron. A
critical condition for a formation of a tetrahedron from a
scalene hexagonal vacancy loop is summarized in Fig. 4.
The condition depends on the ratio of the short side to
the long side of a loop and the absolute length of the short
side of a loop. Formation of a tetrahedron is always
observed under the condition which corresponds to the
parameter region below the curve in Fig. 4. Generally, a
stacking fault tetrahedron always forms if the ratio ds/dl

is under 0.5. As the size of a loop decreases, a tetrahedron
can be formed from nearly a perfect hexagonal loop. The
ratio reaches to the value of 0.8 for the minimum size con-
sidered here.

3.3. Unfaulting of Frank loops

Observations of interstitial and vacancy Frank loops by
the electron microscopy show that some of them are
unfaulted, that is, a stacking fault inside a loop is removed
and a sessile Frank loop of the Burgers vector 1

3
h111i

transforms into a glissile perfect dislocation loop of
1
2
h11 0i. On the basis of the elasticity theory, the energy

of the perfect loop becomes smaller than that of the Frank
loop if the loop size exceeds some critical limit. In particu-
lar, in the case of aluminum of high stacking fault energy,
the perfect loop is favorable energetically for any size of a
dislocation loop [14]. Our molecular dynamics results using
the aluminum EAM potential indicate that only increasing
the size does not make a loop unfault at 0 K. Also, in
experiments by electron microscopy, we observe frequently
large-sized faulted Frank loops. It is predicted that there
exists some energy barrier for the transformation of a
Frank loop. The mechanism for the transformation into
a perfect dislocation loop is predicted theoretically that a
Shockley partial is created and sweeps across the loop to
remove the stacking fault. In a case of a vacancy Frank
loop, only one partial is needed to eliminate the fault, while
two partials are required for an interstitial Frank loop.
However, we have not yet obtained any numerical evidence
on how the unfaulting occurs using atomistic methods. The
process of unfaulting still remains unexplained. There are
two mechanisms, mechanical stress and thermal activation,
to be considered for the unfaulting of Frank loops. Here,
we study these two effects on the unfaulting of Frank loops
and determine their critical shear stress and temperature.
Firstly, we study the mechanical stress by applying the
external shear strain at 0 K and determine the critical shear
stress for unfaulting using the molecular dynamics method
with the aluminum EAM potential [12]. The shear stress is
measured by using the atomic-level stress tensor derived
from the virial formula for the instantaneous pressure func-
tion [15]. The atomic-level stress tensor rab for one atom is
described by

rab ¼
1

V

XN

i¼1

ðmvavb þ rafbÞ; ð1Þ

where rab is the stress component a and b (a,b = x,y,z), V
the volume of the target region, N the number of atoms, m

the mass of the atom, va an a component of a velocity
of the atom, ra an a component of a coordinate of the
atom, and fb a b component of a force on the atom due
to the other atom.

We have observed the unfaulting process for both
vacancy and interstitial Frank loops under different shear
strain rate conditions, and successfully detected the critical
initiation of unfaulting using the visualization method.

We have employed two types of methods, shear mode I
and II, to apply the shear strain to the system. The real
strain rate employed in experiment is too slow to be real-
ized in the molecular dynamics simulations. For both of
these modes, we have adopted three shear strain rates of
6.0 · 109/s, 6.0 · 108/s and 6.0 · 106/s. These values are
too fast compared to the experimental conditions. We mea-
sure global and local shear stresses to validate these values
of shear strain rates. As shown in Fig. 5, the global and
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local shear stresses are defined in such a way as to average
the atomic-level stress tensor over the whole computational
region and the thin region, respectively. Regardless of the
shear modes and the shear strain rates, all the measured
global shear stresses show a linear relationship in the
stress–strain curve corresponding to the slowest shear
strain rate of 6.0 · 106/s as shown in Fig. 6. The local shear
stress shows a variation depending on the shear strain
rates. In the case of fast shear strain value of 6.0 · 109/s,
the local shear stress varies stepwise, which indicates that
the disturbance from the upper wall propagates like a pulse
and the abrupt shear stress incurs on the defect. This con-
dition may lead to a different phenomenon concerning the
unfaulting process of a dislocation loop, comparing with
the slow strain rate condition. The shear strain rate of
6.0 · 106/s is found to be appropriate for the simulation
condition because the measured local and global shear
stress almost coincide. However, in the present computing
environment, the shear strain rate of 6.0 · 106/s is too
demanding for a parametric study of many simulation
cases. Therefore, we basically employ the shear strain rate
of 6.0 · 108/s and confirm partially with the shear strain
rate of 6.0 · 106/s that the both cases give almost the same
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Table 1
The unfaulting status of vacancy and interstitial Frank loops under the shear

Number of lattice sites 169 217 331
Diagonal length (Å) 40 45 57

V-loop I (F,M) s s s

II (M,S) s s s

I - loop I (F) n n n

I (M) · · ·
II (M) · · n

II (S) – – ·

The diagonal length means the length between distant vertices in the hexagon. N
represent the fast, medium, and slow shear strain rates of 6.0 · 109/s, 6.0 · 10
obtained leading to a perfect glissile dislocation loop. The symbol 4 means t
sessile. A dislocation loop remains faulted for the symbol ·.
result. Critical unfaulting shear stresses for a vacancy and
an interstitial Frank loop have been measured at 0 K under
two shear modes I and II with three, fast, medium, and
slow shear strain rates. The unfaulting shear stress is deter-
mined by visualizing the Frank loop and confirming the
disappearance of the inner stacking fault. The Frank loops
under study are hexagonal-shaped vacancy and interstitial
faulted loops, whose diagonal length ranges from 40 Å to
137 Å. All the conditions of numerical simulations and
the measured results for the final state of the Frank loop
are summarized in Table 1. As indicated in Table 1, we
found that vacancy loops of any size transform into
unfaulted perfect dislocation loops under any conditions
of shear strain modes and rates. Under the shear mode I,
the interstitial loops become unfaulted with the fast shear
strain rate, however, remain faulted with the medium shear
strain rate. Under the shear mode II, unfaulting of the
interstitial loops is observed for several cases with the slow
shear strain rate. In the case of shear mode I, the length of
the region in the z-direction is fixed and then the interstitial
loop is inserted, which induces a compressive stress on both
sides of the loop and inhibits the generation of dislocations
to sweep out the stacking fault. On the other hand, the
compressive stress is relaxed due to the free surface condi-
tion of the upper and lower walls for the shear mode II,
which makes it easier to generate dislocations in some
cases. However, although the inside stacking fault of the
interstitial loop is swept out by partial dislocations, the
final unfaulted state is found to be not the glissile 1

2
h110i

dislocation. It is concluded that the interstitial loops do
not transform into perfect glissile dislocation loops under
the application of the uniform external shear stress.

Fig. 7a and c shows respectively the unfaulting process
for a vacancy and interstitial Frank loop using the coordi-
nation number representation under the shear stress condi-
tions. For a vacancy Frank loop containing 721 lattice
sites, two circular partials are created across the diagonal
line of the hexagon, and these partials are enlarged to elim-
inate the stacking fault. For vacancy Frank loops with
smaller size, we found that only one circular partial is cre-
ated in the center of the hexagon and unfaulting results.
Since the coordination number representation cannot
strain condition studied by the molecular dynamics simulation

397 469 547 721 1141 1801
62 68 74 85 108 137

s s s s s s

s s s s s s

n n n n n n

· · · · · ·
· · · n n ·
– – – · · –

umbers I and II indicate the shear mode I and II, and symbols F, M and S
8/s, sand 6.0 · 106/s. The symbol s indicates that the unfaulting state is

hat the stacking fault is unfaulted while a dislocation loop remains to be



Fig. 7. Unfaulting process of a vacancy and an interstitial Frank loop of
aluminum containing 721 lattice sites under the shear strain condition. A
vacancy and an interstitial loop are visualized in coordination number
representation in figures (a) and (c), and in a central symmetry parameter
representation in figures (b) and (d).
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distinguish between an fcc and hcp structure, a central sym-
metry parameter representation is used to confirm the
unfaulting state as shown in Fig. 7b and d. They clearly
indicate that unfaulting occurs. For an interstitial Frank
loop containing 721 lattice sites as shown in Fig. 7c and
d, we observe that two partials are emitted from the oppo-
site corners of the hexagon respectively, and unfaulting
occurs when they meet and cross each other, that is, the
stacking fault is doubly swept by partials. As indicated in
the last paragraph, the final state of the interstitial loop
is not the glissile 1

2
h110i dislocation. In this process of

unfaulting, we observe a small total temperature rise of
approximately 0.1 K in this system due to the movement
of a Shockley partial dislocation. This temperature rise
depends on the length of a dislocation and the size of the
total system. Moreover, it takes approximately 0.8 ps from
the initiation of unfaulting to the final perfect loop state.
The time also depends on the size of the loop.

The critical shear stress for the onset of unfaulting, mea-
sured using the middle and slow shear strain rate of
6.0 · 108/s and 6.0 · 106/s for vacancy Frank loops under
the shear mode I and II conditions and interstitial Frank
loops under the shear mode II, is summarized in Fig. 8.
We found that the values of critical shear stress of unfault-
ing for vacancy and interstitial Frank loops are almost the
same. And in the case of vacancy Frank loops, it is noted
that the medium and slow shear strain rates give mostly
the same unfaulting properties. We observe generally that
the critical shear stress decreases as the size increases,
and the curves converge to the observed value of unfaulting
for the entire intrinsic stacking fault where the whole ð111Þ
plane is set faulted with no dislocation boundaries. This
numerical value of 550 MPa comes very close to the value
estimated from the reported values of the EAM potential
[12] where the intrinsic stacking fault energy is 146 [mJ/m2]
and the unstable stacking energy is 168 [mJ/m2].

There are many observations of unfaulting using the
electron microscopy, for example, the faulted Frank loops
in quenched aluminum [16]. It is estimated in these papers
that a shear stress necessary for unfaulting is approxi-
mately several to ten percent of the shear modulus, which
agree roughly with the present results. Quantitative mea-
surements of the unfaulting shear stress are meager except
for the case of the interstitial Frank loop in nickel [17]. The
reported value of the critical shear stress for unfaulting is
predicted to be approximately 3.7 MPa for nickel at
723 K, which is very low. Considering the results of
Fig. 8, that an interstitial Frank loop is hard to unfault
by a shear strain, a very small shear stress obtained here
may be due to the temperature effect described below.

The effect of temperature on the unfaulting of an inter-
stitial Frank loop containing 1801 lattice sites has been
studied using a system consisting of approximately
1.7 · 106 particles. All the boundaries of the simulation
region are set as a free condition to accommodate the ther-
mal expansion due to the temperature increase. The target
temperature of the region is achieved by the velocity scaling
method with the temperature increase rate of 0.5 K/ps. The
whole system is controlled at the constant temperature to
study the unfaulting process of the interstitial loop. The
period of observation at the constant temperature is at
the most 80 ps. The unfaulting of the interstitial loop is
not observed until the temperature up to 90 K. As shown
in Fig. 9, at 100 K, an emission of a first partial dislocation
is observed in the center of the interstitial loop at 32 ps
after the observation starts, and the unfaulting is com-
pleted during nearly 14 ps through a very complex process.

We found that the transformation of an interstitial
faulted loop into a perfect glissile loop is realized only by
the effect of temperature and without the applied shear



Fig. 10. The Thompson tetrahedron and three different 1
6
h112i partials a,

b, c on the {111} plane.

Fig. 9. Molecular dynamics results for the unfaulting process of the
interstitial Frank loop with 1801 lattice sites at 100 K. A first partial
dislocation is created at 1 ps for (a) and (b), and unfaulting begins around
8 ps for (c) and (d). The figures (a) and (c) are represented by a
coordination number, and (b) and (d) by a central symmetry parameter.

Fig. 11. Schematic diagrams of an unfaulting process of an interstitial
Frank loop. The symbols int and ext in the figure represent intrinsic and
extrinsic, respectively.
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stress. The critical temperature of unfaulting for the inter-
stitial loop with 1801 lattice sites is found to be approxi-
mately 100 K. In the case of the vacancy Frank loop
consisting of 1801 lattice sites, we found the unfaulting is
observed at the lower temperature of approximately
30 K. In this case, the unfaulting process is the same as that
by the applied shear stress.

The detailed processes of unfaulting for a vacancy and
an interstitial Frank loop are described in the following
way. In the case of an fcc crystal, there are two types of
stacking faults, intrinsic and extrinsic, corresponding to a
vacancy and an interstitial Frank loop, respectively. There
is one break in the stacking sequence of an intrinsic loop,
while there are two breaks in an extrinsic loop. Therefore,
one partial dislocation is required to transform an intrinsic
loop into a perfect loop by sweeping across the stacking
fault, while two partial dislocations are required for an
extrinsic loop.

In the case of a vacancy Frank loop, one partial disloca-
tion is generated and sweeps up the stacking fault, and
finally a glissile dislocation loop of 1

2
h110i is obtained by

combining a partial dislocation and a vacancy Frank loop.
In this process, any one partial dislocation of the type
1
6
h11 2i among the three different partials a, b, c on the

{11 1} plane, as shown in Fig. 10, can combine with a
Frank partial to generate a perfect dislocation loop. On
the other hand, in the case of an interstitial Frank loop,
two partials combine with a Frank partial to generate a
glissile perfect loop. In this process, two different partial
dislocations of the type 1
6
h112i are required. As shown in

Fig. 10, for example, partial dislocations a and b are added
to generate a partial dislocation c of 1

6
h112i, which com-

bines with a Frank partial d of 1
3
h111i, leading finally to

the formation of a perfect dislocation e of 1
2
h11 0i. This

explains why unfaulting for an interstitial loop is not real-
ized under the external uniform shear stress. In the case of
uniform fast shear strain rate, it appears that unfaulting
occurs by the emission of two partials due to the pulse-like
local shear stress. However, a final perfect dislocation is
not obtained since two different types of partials cannot
be produced under this uniform shear stress condition.

Complex unfaulting processes, corresponding to the
molecular dynamics results of Fig. 9, are schematically
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shown in Fig. 11. Since an energy of an extrinsic stacking
fault is high, a small partial dislocation is created due to
the fluctuations of temperature to produce an intrinsic
stacking fault (Fig. 11a). This partial dislocation is
enlarged to generate a dislocation of 1

6
h141i by combining

with a Frank loop (Fig. 11b). Since a dislocation of 1
6
h141i

is equivalent energetically to a dislocation of 1
2
h110i, a par-

tial dislocation of 1
6
h112i is likely to be emitted, and this

sweeps up the intrinsic stacking fault (Fig. 11c). Finally,
the unfaulting completes by sweeping out the remaining
stacking fault (Fig. 11d).

In summary, we have studied dynamical processes of the
transformation of the Frank loops, which have not been
unexplored by experiments, by the molecular dynamics
method combined with the visualization. In particular,
we have demonstrated the formation process of a stacking
fault tetrahedron from the scalene hexagonal vacancy dis-
location loop and the unfaulting process of a vacancy
and interstitial Frank loop by the application of the exter-
nal shear stress. We also unveiled the complex mechanism
of unfaulting for an interstitial Frank loop by raising the
temperature.
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