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Abstract

Deformation twins are often observed to meet each other to form multi-fold twins in nanostructured face-centered cubic (fcc) metals.
Here we propose two types of mechanism for the nucleation and growth of four different single and multiple twins. These mechanisms
provide continuous generation of twinning partials for the growth of the twins after nucleation. A relatively high stress or high strain rate
is needed to activate these mechanisms, making them more prevalent in nanocrystalline materials than in their coarse-grained counter-
parts. Experimental observations that support the proposed mechanisms are presented.
� 2009 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Twinning is one of the major deformation modes in met-
als and alloys [1,2]. Face-centered cubic (fcc) metals and
alloys may deform by twinning under one, or a combina-
tion of several, of the following material and deformation
conditions [1–8]: (i) low stacking fault energy; (ii) high
strain rate; (iii) low deformation temperature and (iv)
nanocrystalline grain size. Significantly, nanocrystalline
metals with medium-to-high stacking fault energy have
been observed to deform by twinning at normal strain rates
and room temperature, although they do not deform by
twinning in their coarse-grained counterparts under the
same conditions [3–7]. In addition, contrary to coarse-
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grained metals, which become more difficult to deform by
twinning with decreasing grain size, nanocrystalline fcc
metals may be easier to deform by twinning with decreas-
ing grain size, reaching a maximum twinning probability
and then become more difficult again when the grain size
decreases further, i.e. an inverse grain-size effect on twin-
ning [9].

Deformation twins usually form in nanocrystalline fcc
metals via mechanisms different from those proposed for
coarse-grained materials [2]. Several twinning mechanisms
have been proposed for and observed in nanocrystalline
fcc metals, including the coincidental overlapping of wide
stacking fault ribbons inside nanosized grains [10,11], emis-
sions of partial dislocations from grain boundaries
[2,5,6,10–17], grain boundary splitting and migration
[11,12,15], and random activation of partials (RAP) from
grain boundaries [2]. These reports mostly concern single
twins. Multiple twins, where two or more twins meet in a
confined area, have also been reported. For example, five-
fold deformation twins were reported in nanocrystalline Al
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Fig. 1. (a) The Thompson tetrahedron. (b) Its two-dimensional
representation.
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and Cu [18–20]. They were proposed to form by the mech-
anism of partial dislocation-mediated sequential twinning
[19], which was also verified by molecular dynamic simula-
tions [21]. However, this mechanism requires a strict twin-
ning sequence to produce fivefold twins, which explains
why fivefold twins are not observed very often. This mech-
anism cannot explain the many other multiple twins
observed in nanocrystalline fcc metals.

One of the major issues in the formation of deformation
twins in nanocrystalline fcc metals is the source of partial
dislocations that are needed on consecutive {1 1 1} slip
planes. In coarse-grained fcc metals, several continuous
partial-supply mechanisms have been proposed, including
the pole [22], prismatic glide [23], faulted dipole [24] and
others [25–27]. However, these mechanisms cannot operate
in nanocrystalline metals due to the lack of dislocation
sources in the grain interior. The recently proposed RAP
mechanism [2] provides for the continuous supply of par-
tials with different Burgers vectors to grow deformation
twins without macroscopic strain, but cannot explain con-
ventional twins with such strain. Another recently pro-
posed mechanism allows continuous self-thickening of a
type of double twin observed in coarse-grained Cu–Ge
alloys [28]. A salient feature of this proposal is that, once
the first Shockley partial is emitted from a grain boundary
and cross slips onto another {1 1 1} plane, a deformation
twin could nucleate and grow in both the primary and
cross-slip planes without requiring the nucleation of addi-
tional twinning partials from the grain boundary. This
mechanism has been found to operate in nanocrystalline
Ni [29]. These two mechanisms for continuous partial gen-
eration to grow twins provide explanations for the growth
of two differently configured deformation twins.

A dislocation ‘‘rebound mechanism” has been
observed to occur during the deformation of thin films
[30] and confirmed by molecular dynamics simulations
[31], although experimental observations have suggested
another mechanism at play in forming the same disloca-
tion structure [32]. In the dislocation rebound mecha-
nism, a dislocation impinging on a grain boundary or
twin boundary at high velocity will have its elastic field
reflected from the grain boundary or twin boundary. If
such a mechanism operates in nanocrystalline materials,
this reversed shear stress field could help nucleate a par-
tial with an opposite sign on the next slip plane, which
will glide back to grow the twin. More details will be
described in Section 3.

Multiple twins with various morphologies have been fre-
quently observed in nanocrystalline Cu, Al, Ni, Pd and
other fcc metals and their alloys [3–5,9,10,12,33]. However,
their nucleation and growth mechanisms are not clear. Spe-
cifically, the following questions need to be answered
regarding their formation: (i) How does a multiple twin
nucleate? (ii) What dislocation reactions occur at the inter-
face of multiple twins? and (iii) What is the source of the
partial dislocations that cause the multiple twins to grow?
In other words, are they emitted from the grain boundaries
individually or are there other mechanisms for partial dis-
location generation in consecutive slip planes?

In this paper, we propose two types of twinning mecha-
nism in nanocrystalline fcc metals as classified by the
sources of the twinning partials. Both types of twinning
mechanism can explain the nucleation and growth of the
four different single and multiple deformation twins
explored in this paper.

The first type of twinning mechanism is called a self par-
tial-multiplication twinning mechanism because the source
of the twinning partials is the growing twin itself. In this
mechanism, the first partials involved in the nucleation of
a twin can originate from grain boundaries or other
sources. Partial dislocation emissions from grain bound-
aries have been observed both in molecular dynamic simu-
lations [6,7] and under high-resolution transmission
electron microscopy [3,5]. However, after the nucleation,
continuous growth of the single or multiple twins can be
sustained through dislocation reactions at the growing twin
interfaces or boundaries, which generates the additional
twinning partials needed for twin growth.

The second type of twinning mechanism is a rebound
mechanism, in which the twinning partials are generated
by the rebounding of partials at a grain boundary or twin
boundary. Details of these twinning mechanisms are
described in the following sections.

2. Self partial-multiplication twinning mechanisms

Before starting to describe the four self partial-multipli-
cation twinning mechanisms, we first describe some funda-
mentals of the dislocation slip systems in fcc metals and
how the twinning partials in fcc metals grow a deformation
twin. There are four equivalent {1 1 1} slip planes in an fcc
metal: their geometric relationships are illustrated by the
Thompson tetrahedron (see Fig. 1a). The angle between
any two slip planes is 70.53�. Each edge of the tetrahedron
represents the Burgers vector of a full dislocation, 1

2
h1 1 0i.

Unfolding the Thompson tetrahedron onto a flat surface
yields a two-dimensional representation (see Fig. 1b) that
is easier to read. As shown in Fig. 1b, the four {1 1 1} slip
planes (represented by four triangles) can be denoted as (a),
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(b), (c) and (d). The (b) and (d) planes are shaded here
because they will be used to help describe multiple defor-
mation twins in the following sections. Note also that
points a, b, c and d are at the center of the triangles
BCD, ACD, ABD, and ABC, respectively. The lines that
link the center of a triangle with its corners, e.g. Ab, and
dC, represent the Burgers vectors of partial dislocations
on that slip plane. For simplicity, we define the direction
of the Burgers vector as from the first letter to the second
letter. For example, Ab represents a vector from A to b,
and AC from A to C. A dislocation whose Burgers vector
links the centers of two slip planes is defined as a stair-rod
dislocation (e.g. bd).

We assume that the multiple deformation twins are
formed by glide of Shockley partials on planes (d) and
(b). Orienting the Thompson tetrahedron (Fig. 1a) to make
AC perpendicular to the page, the (d) and (b) planes can be
illustrated as in Fig. 2a. Using the axiom from Hirth and
Lothe [34] (see Fig. 2b), a twin on the (d) plane can grow
on the top twin boundary by the glide of the Cd (or Bd
or Ad) partial to the right or the dC (or dB or dA) partial
to the left. Due to the crystal symmetry, the twin grows
on the bottom twin boundary by the glide of partials whose
Burgers vectors are opposite to those on the top twin
boundary, as illustrated in Fig. 2b. Note that T represents
the twinned region while M represents the matrix region.
The thick black lines represent the twin boundary and
the thin hairlines represent the slip plane. The steps in
the thick black lines represent the locations of partial dislo-
cations. We also use symbol ‘‘L” to represent the partial
dislocation, and the arrow represents glide direction of
the partial. These representations will be also used hereaf-
ter. The generation of the Shockley partials for the twin
growth will be addressed in following sections. Using the
same logic, we illustrate twin growth on (b) plane in
Fig. 2c.

With the help of the Thompson tetrahedron in Fig. 1
and the configuration of partial slip for twin growth in
Fig. 2, we describe the four twin growth mechanisms in
the following sections.
Fig. 2. (a) Projection of the (b) and (d) planes along the AC direction of the Th
partials Cd and dC. Note that Cd can be replaced by Ad or Bd, and dC can be r
partials Cb and bC. Note that Cb can be replaced by Ab or Db, and bC can
represents the partial dislocation, and the arrow represents glide direction. Th
thick lines in (b) and (c) represent the twin boundaries, and the thin hairlines
2.1. Growth of single twin via partial reactions at twin

boundary

This mechanism provides for a way to nucleate and
grow a single twin without the requirement of an additional
dislocation source from grain boundaries or another par-
tial multiplication source in the grain interior. As shown
in Fig. 3a, there is a stacking fault, SF, on the (d) plane.
A partial dislocation, Cb, glides on the (b) plane toward
the stacking fault and is stopped on the slip plane next to
the stacking fault.

Driven by applied stress, the partial Cb dissociates into a
partial dislocation Cd on the (d) plane and a stair rod dis-
location db (see Figs. 1b and 3b), i.e.

Cb! Cdþ db ð1Þ
According to Fig. 2b, Cd glides to the right to nucleate

the twin, leaving behind the stair-rod dislocation db, which
produces the scenario shown in Fig. 3b. Note that under
high applied stresses the partial Cb can also penetrate the
stacking fault instead of dissociation according to Eq.
(1). This scenario will be discussed later.

The stair-rod dislocation db can further dissociate into a
partial dC on the (d) plane and a partial Cb on the (b) plane
according to Fig. 1b:

db! dCþ Cb ð2Þ
This reaction, and others to follow, would be energetically
unfavorable in the absence of stress, but can become favor-
able under the characteristically high stresses associated
with twin formation. According to Fig. 2b, dC slips to
the left to extend the twin nucleus and the partial Cb glides
up by one atomic plane, as shown in Fig. 3c.

The above dislocation reactions at the stacking fault SF
nucleate a two-layer twin and leave behind the original par-
tial dislocation Cb at the twin boundary. The partial Cb
can continue the above dislocation reactions and slips as
described in Eqs. (1) and (2) and illustrated in Fig. 3b
and c, with each reaction cycle growing the twin by one slip
plane.
ompson tetrahedron. (b) Growth of a twin on the (d) planes via the slips of
eplaced by dA or dB. (c) Growth of a twin on the (b) planes via the glide of
be replaced by bA or bD (see the (b) plane in Fig. 1b). The symbol ‘‘L”

e step in (b) and (c) represents the position of the partial dislocation. The
represent the slip planes. The sense vector n points into the page.



Fig. 3. Schematics of reactions between a partial, Cb, on the (b) plane and a stacking fault, SF, on the (d) plane to nucleate a single twin. Repetition of
these reactions leads to the growth (thickening) of this twin.
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2.2. Formation of a V-shaped double twin

This mechanism is similar to the self-thickening cross-
slip mechanism we have proposed before [28,29], except
that a stacking fault is involved at its activation. Note that
the self-thickening cross-slip mechanism is different from
the cross-slip mechanism proposed by Fujita and Mori
[35]. The latter dose not provide for a mechanism for the
twin to grow (thicken) by itself. We start with the situation
described in Fig. 3a, in which the partial Cb is stopped at the
stacking fault SF. The partial Cb now dissociates into the
following dislocations (see Fig. 1b) under the applied stress:

Cb! CAþ Adþ db ð3Þ
Ad glides to the right to nucleate a twin on the (d) plane,
while CA cross-slips to the next intersection of the (d)
and (b) planes (see Fig. 4a). The stair-rod dislocation db
is sessile and cannot move. Note that the dislocation reac-
tions in Eqs. (1)–(3) are energetically unfavorable and can
only proceed with the help of applied stress.

CA now dissociates into two partials on the (b) plane:

CA! Cbþ bA ð4Þ
bA glides upward to nucleate a twin on the (b) plane, form-
ing the nucleus of a V-shaped double twin (see Fig. 4b).

The partial Cb can repeat the above dislocation reactions
and processes, causing growth (thickening) of the double
twin, as illustrated in Fig. 4c. As shown, there is a stair-
rod dislocation db at every intersection of the (d) and (b)
planes. This results in a high stress at the ends of the
stair-rod pileup at the intersecting boundary of the two
twins. When the stress is very high, partial or perfect dislo-
cations could be emitted or absorbed to relieve these stress
concentrations. If these were partials, added stacking faults
would be formed in the double twin or the adjacent matrix.
Fig. 4. Schematics of the nucleation and growth of a V-shaped double deform
second twin on the (b) plane. (c) A V-shaped double twin after some growth.
planes.
2.3. Formation of a T-shaped twin

A T-shaped multiple twin can be formed in a process
similar to the V-shaped twin shown in Fig. 4. For simplic-
ity, we start with a V-shaped twin as shown in Fig. 4c. We
assume that a partial dislocation Cd, emitted from the
grain boundary or another source, glides to the right on
a (d) plane adjacent to the original stacking fault (see
Fig. 5a). The partial Cd is stopped by the twin boundary
and dissociates into the following dislocations (see
Fig. 1b) under the applied stress:

Cd! CAþ Abþ bd ð5Þ
Ab glides upward to nucleate a twin on the (b) plane, while
CA cross-slip to the intersection of the next (d) plane and
(b) plane (similar to that shown in Fig. 4a). The stair-rod
dislocation bd is sessile and cannot move. CA now dissoci-
ates into two partials on the (d) plane:

CA! Cdþ dA ð6Þ
dA glides to the left to grow the twin on the (d) plane (see
Fig. 5b). The partial Cd can repeat the above dislocation
reactions and processes, causing growth (thickening) of
the twin, as illustrated in Fig. 5c.

As shown in Fig. 5c, the above process produces a stair-
rod dislocation bd at every intersection of (d) and (b)
planes that is of the opposite sign to the db stair-rod dislo-
cations formed earlier in the double twin. The arrays of bd
and db stair-rod dislocations partially cancel each other’s
long-range stress fields [36]. However, the pileup tips would
still have local stress concentrations.

The coherent twin/matrix boundaries are R3 bound-
aries, while the twin–twin interfaces correspond to R9
boundaries. Arrays of bd and db stair-rods correspond
physically to the R9 boundary in two configurations.
ation twin. (a) Nucleation of a twin on the (d) plane. (b) Nucleation of the
A stair-rod dislocation db is at every intersection between the (d) and (b)



Fig. 5. Formation of a T-shaped multiple twin. (a) A partial, Cd, slip
toward the twin boundary. (b) After the dislocation reactions (Eqs. (5) and
(6)), a T-shaped twin is nucleated, leaving behind the partial Cd to repeat
another dislocation reaction cycle. (c) The final T-shaped twin with two
arrays of stair-rod dislocations.
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Stair-rods are ‘‘super sessile” dislocations that cannot glide
or climb directly.

2.4. Formation of an X-shaped twin

To describe the formation of the X-shaped multiple
twins, we start with the configuration in Fig. 3a. If the
applied stress has the appropriate orientation and is high
enough, the partial Cb can cut through the stacking fault
and form the stacking fault configuration shown in
Fig. 6a. Twins can nucleate and grow at all four reentrant
angles by the mechanisms described in Sections 2.2 and 2.3,
forming the X-shaped twin shown in Fig. 6b.

As shown in Fig. 6b, the stair-rod dislocation pileups are
all in dipole arrangements. As a result, no long-range stress
fields exist, but local stresses still exist at the ends of the pile-
ups. This is energetically the most favorable configuration.
Fig. 6. The formation of an X-shaped multiple twin. (a) A partial Cb on
the (b) plane cuts through a stacking fault on the (d) plane, forming four
reentrant angles separated by stacking faults. (b) The final configuration of
the X-shaped twin.
3. Dislocation rebound twinning mechanisms

The above four single and multiple twins could also be
formed by the dislocation rebound mechanism [30]. The
elastic field of a partial dislocation is reflected (or partially
reflected) at grain boundaries or twin boundaries (analo-
gous to shock wave reflection) [30]. The reverse shear field
can aid in nucleation of an opposite-sign dislocation where
the first one impinged, especially if the velocity of the dis-
location approaches either the Rayleigh velocity or the
transverse sound velocity [30,31]. This dislocation rebound
mechanism can produce the single twin, V-shaped double
twin, T-shaped multiple twin and X-shaped multiple twin
described in Sections 2.1–2.4. The rebound mechanism is
deliberated in the following sections.

3.1. Formation of a single twin by the rebound mechanism

As shown in Fig. 7a, a partial, Cd, nucleates from the
grain boundary on the left and glides to the right to form
a stacking fault. Such events have been observed both in
molecular dynamic simulations [6,7] and under high-reso-
lution transmission electron microscopy [5]. The elastic
field of the partial dislocation is reflected by the grain
boundary on the right, which helps with the nucleation of
a partial dislocation with an opposite sign, dC, on the next
slip plane. This partial glides to the left, nucleating a single
twin, as shown in Fig. 7b. Note that the nucleation and
glide of dC leaves behind a partial of opposite sign, Cd,
on the right grain boundary (see Fig. 7b).

In a similar process, the dislocation dC could be
reflected to form a partial Cd on the left grain boundary.
Repetition of the process causes growth of the single twin.
The twin produces a macroscopic shear and changes the
shape of the grain, similar to the twins formed by mono-
tonic activation of partials (MAP) [2].

3.2. Formation of V-, T- or X-shaped multiple twins by the
rebound mechanism

In the self partial-multiplication twinning mechanisms
described in Section 2, the dislocation reaction involves
Fig. 7. The formation of a single twin by rebound mechanism. (a) A
partial Cd glides to the right to form a stacking fault. (b) Cd rebounds as
dC from a grain boundary or twin boundary to nucleate a single twin. Two
partials Cd are left superimposed on the grain boundary at the right.



Fig. 8. Schematics of partial reactions in the four reentrant angles in the
rebound mechanisms for producing V-, T- and X-shaped multiple twins. 1
represents the first partial slip and 2 represents the slip by the rebound
partial. Note that the sequence of slip events is arbitrary, i.e. event 2 could
occur before event 1.

Table 1
The reactions of partial dislocations at the cross-slip points in reentrant
angles I–IV.

Reaction Reentrant
angle I

Reentrant
angle II

Reentrant
angle III

Reentrant
angle IV

1 Cb ? Cd + db Cd ? Cb + bd bC ? bd + dC dC ? db + bC

2 dC ? db + bC bC ? bd + dC Cd ? Cb + bd Cb ? Cd + db

These reactions can be easily understood with the assistance of Fig. 2.

Fig. 10. Twins 1 and 2 form a V-shaped twin that is consistent with the
formation mechanism of partial rebound at grain boundaries.

Fig. 9. A single twin that is consistent with the self-generated formation
mechanism.
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the generation of a full dislocation, a partial and a stair-rod
dislocation from one partial. The generation of the full dis-
location is required so that it cross-slips into the next slip
plane to continue the twin growth. This dislocation reac-
tion has a high-energy barrier, which has to be overcome
by a high applied stress.

The rebound mechanism generates the twinning partial
on the next slip plane by rebounding the partial impinging
on the grain boundary or twin boundary. This process cir-
cumvents the need to overcome the high-energy barrier in
the self partial-multiplication mechanism. Fig. 8 schemati-
cally illustrates how the rebound mechanism operates.
Depending on which reentrant angle(s) the rebound mech-
anism activates, V-, T- and X-shaped multiple twins can be
produced. With the help of Figs. 1 and 2, the dislocation
reactions at the cross-slip point in each reentrant angle
can be determined. They are listed in Table 1. Note that
the cross-slip of partials and the dislocation reactions in
each reentrant position during the twin growth is almost
identical to the ‘‘stair-rod cross-slip” mechanism proposed
by Fujita and Mori [35].

4. Experimental evidence of the twinning mechanisms

Deformation twins with morphologies that are consis-
tent with those of the four types of twins proposed in the
previous sections have been observed experimentally. In
this section we present transmission electron microscopy
(TEM) images in two alloys and high-resolution TEM
images of twins observed in nanocrystalline Al, Cu and Ni.

We have proposed two different types of mechanism for
forming these twins. In the case of single twins, the self par-
tial-multiplication mechanism involves a Shockley partial
at the twin boundary (see Fig. 3c). This Shockley partial
should be associated with, and located at the end of, a
stacking fault. Therefore, we should see a twin in the (d)
plane and a stacking fault in the (b) plane. Such a configu-
ration is indeed observed in nanocrystalline Cu processed
by high-pressure torsion, as shown in Fig. 9.

The rebound mechanism can also form a single twin;
such a single twin can have the conventional twin morphol-
ogy, with a macroscopic shear [2]. No image is shown here
because these twin morphologies have been reported else-
where [2–5,9,10,12,33].

The V-shaped double twin that is consistent with the self
partial-multiplication mechanism has been reported previ-
ously [29]. In the reported twin morphology one of the
two twin branches ends in the grain interior, which cannot
be formed by the rebound mechanism. This will be dis-
cussed in more detail in the Discussion section. The
rebound mechanism needs ends of both twin branches to
impinge on either a twin boundary or a grain boundary.
A V-shaped twin consistent with the rebound mechanism
is shown in Fig. 10, in which twins 1 and 2 form a V-shaped



Fig. 11. A T-shaped twin (or stacking fault) framework observed under
TEM during in situ deformation of a coarse-grained Cu–Ge (5 at.%) alloy.
Note that the lines in the micrograph are fringes caused by the inclination
of twins or stacking faults with respect to the surface of the TEM foil.

Fig. 12. HREM micrographs showing (a) the image of a V-shaped twin
with the twin T2 ending inside the grain interior, as marked by asterisks,
and (b) the enlarged image of twin–twin boundary area in the white frame
in (a).
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twin. In Fig. 10, only the region where twins 1 and 2 meet
each other might be formed by the proposed rebound
mechanism for the formation of V-shaped twin. Other
parts of the two twins where the slip planes of twin 1 do
not meet those from twin 2 could be formed by the
rebound mechanism for single twins.

Fig. 11 shows a T-shaped thin twin or stacking fault
observed under TEM during in situ deformation in a
coarse-grained Cu–Ge (5 at.%) alloy with very low SFE.
More information can be found in Ref. [28]. Note that
the lines in the image are fringe lines because the twin or
stacking fault is inclined with respect to the surface of the
TEM foil. Fig. 11 demonstrates a framework for growing
a T-shaped twin via the mechanisms proposed in this
paper. X-shaped twins, where two twin lamellae on the
(d) and (b) planes cross each other, have been observed
to form readily in AISI 304 stainless steel deformed by sur-
face mechanical attrition treatment (SMAT) [37]. Unfortu-
nately, for the T-shaped and X-shaped twins, only low-
magnification TEM images have been reported. High-reso-
lution TEM investigation is needed to probe the atomic
details at the inter-twin boundaries to reveal if they are
consistent with the self-source and rebound twinning
mechanisms.

5. Discussion

We have proposed two types of twinning mechanism –
the self partial-multiplication mechanism and the rebound
mechanism – for the nucleation and growth of four differ-
ent types of twins: single twins, V-shaped double twins, T-
shaped multiple twins and X-shaped multiple twins. Both
types of mechanism can cause growth of the twins in a con-
tinuous way, and they produce similar final twin morphol-
ogies. However, there are differences between these two
types of twinning mechanism that may make one mecha-
nism favorable over the other under certain deformation
conditions. Below we discuss the features of these two types
of twinning mechanism and the deformation conditions
that promote their activation.
The self partial-multiplication mechanism produces
twinning partials by reactions of dislocations at a twin
boundary in the case of the single twin and at the twin–twin
boundary in the case of the multiple twins. The dislocation
reaction for the formation of a single twin involves a
Shockley partial dissociating into a stair-rod dislocation
and another Shockley partial on the cross-slip plane. This
reaction has a relatively low energy barrier and therefore
should not require a very high local driving stress. In con-
trast, dislocation reaction at the twin–twin boundary for
the nucleation and growth of V-, T- and X-shaped multiple
twins involves a Shockley partial dislocation dissociating
into a stair-rod dislocation, another Shockley partial on
the cross-slip plane and a full dislocation. This dislocation
reaction has a high-energy barrier and might be difficult to
activate. Nanocrystalline materials have a much higher
strength than their coarse-grained counterparts [38–40],
and therefore deform under very high stress. This high
stress helps overcome the high-energy barrier for the dislo-
cation reactions. Therefore, these V-, T- and X-shaped
twins might form more readily via the self partial-multipli-
cation mechanisms in nanocrystalline fcc metals than in
coarse-grained ones. Other deformation conditions, such
as low temperature and high strain rate, should also help
with the activation of this twinning mechanism because a
higher flow stress is produced by these conditions.

The nucleation and growth of multiple twins by the self
partial-multiplication twinning mechanism involves the
generation of stair-rod dislocations. These stair-rod dislo-
cations have been observed extensively by molecular
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dynamics simulations during the deformation of nanocrys-
talline Al [41,42]. Note that the stair-rod dislocation may
not form under all of the applied stress conditions; for
example, Jin et al. did not observe any during the simula-
tion of nanoindentation of Al(0 0 1) surface [43]. The
stair-rod dislocations were also observed experimentally.
For example, as shown in Fig. 11, a V-shaped twin consist-
ing of twins T1 and T2 was observed in nanocrystalline Ni
[29]. Twin T2 ends inside the grain interior (marked by
asterisks in Fig. 12a), which indicates that the partials
forming T2 could only be generated from the R9 twin–twin
boundary of T1 and T2. The dislocation reactions generat-
ing such partials will produce stair-rod dislocations, and
the stress field of such a stair-rod dislocation array causes
lattice distortion, as seen in Fig. 12b. These molecular
dynamics simulation and experimental results indicate that
the proposed self partial-multiplication twinning mecha-
nisms can indeed operate in nanocrystalline fcc metals
despite requiring a high applied stress.

The rebound mechanisms should be more sensitive to
the velocity of the Shockley partial dislocation when it
impinges on a grain boundary or twin boundary. High
velocity should make the rebound mechanism easier to
activate. Therefore, high strain rate deformation might be
more favorable to the rebound mechanism. In fact, the
extensive X-shaped twins observed in stainless steel were
produced at a relatively high strain rate under SMAT [38].

One issue about the V-, T- and X-shaped multiple twins
formed by either the self partial-multiplication mechanism
or the rebound mechanism is the pileup of stair-rod dislo-
cations on every slip plane. This will result in high local
stress at the twin–twin boundaries, although long-range
stress might be relieved partially (T-shaped twins) or fully
(X-shaped twins).

6. Summary

We have proposed two types of twinning mechanism for
the formation of single twins and V-, T- and X-shaped mul-
tiple twins. Both types of mechanism provide a way for the
twin to grow/thicken by a continued generation of twin-
ning partials on the adjacent slip planes. The first type is
named the self partial-multiplication twinning mechanism
because the twinning partial is generated at the twin
boundaries or at the intersection of twin boundaries. Acti-
vation of this type of mechanism requires a high stress. The
other type is called the rebound mechanism because the
twinning partial is generated by the reflection of the stress
field of the Shockley partial impinging at a grain boundary
or twin boundary. A high gliding speed of the partial (or a
high strain rate) should promote this type of twinning
mechanism. More experimental study is needed to further
verify these twinning mechanisms.
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