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To explore the correlation between orientation, active slip systems and dislocation structure, highly
oriented nanotwinned Cu has been deformed in compression to 2% and 6% strain. The compression
directions are 90�, 0� and 45� with respect to the twin boundaries (TBs) of the almost parallel twins. The
dislocation structures are analyzed by the two-beam diffraction imaging in a transmission electron
microscope and by a Schmid factor analysis. In structures deformed at 90� a high density of long straight
dislocation lines with both slip plane and Burgers vectors inclined to the twin plane (slip Mode I) are
observed; they transmit across multiple TBs at a strain of 2% and form a high density of dislocations on
TBs at a strain of 6%. In structures deformed at 0� dislocations with Burgers vectors parallel to the twin
plane (slip Mode II) are confined within Twin/Matrix lamellae and the analysis shows that both slip
Mode I and II are active with dominance of Mode II. In structures deformed at 45� dislocations from slip
Modes I, II and III are identified, where Mode III dislocations consist of partial dislocations moving along
the TBs and full dislocations inside the twin lamellae gliding on the slip planes parallel to the twin plane.
The analysis of the dislocation structures illustrate the strong correlation between active slip systems and
the dislocation structure and the strong effect of slip mode anisotropy on both the flow stress and strain
hardening rate of nanotwinned Cu.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Nanotwinned (nt) metals have been studied extensively because
of their novel mechanical and physical properties [1e13]. It has
been shown that when a high density of twin boundaries (TBs)
spaced on the nanometer scale was introduced into ultra-fine
grains, the metals can be significantly strengthened while retain-
ing considerable plasticity and work hardening [2,14]. Both exper-
iments [15e17] and molecular dynamics (MD) simulations [18,19]
have revealed that the novel mechanical properties of nt-metals
originate from the interactions between dislocations and TBs. The
presence of nanoscale TBs in the grains changes the dislocation
glide mechanisms significantly [20,21]. Such interactions become
ing the review period of the
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increasingly frequent and more important in nanoscale twin
lamellae which have a large density of TBs.

Studies based on MD simulations, dislocation mechanics and
crystal plasticity have shown that the deformation mechanisms in
face-centered cubic (fcc) nt-metals can be classified into three
modes according to the dislocation activity [13]: (i) dislocation pile-
up and slip transfer across TBs (Mode I); (ii) threading dislocations
and confined-layer-slip (Mode II) and (iii) slip of partial dislocations
along TBs (Mode III, also named Soft Mode) [13]. In addition, in-
teractions between dislocations and TBs are complex and they
depend on many parameters: type of TBs [22e25] (coherent TB
(CTB) and incoherent TB (ITB)), the character of incoming disloca-
tions (screw or non-screw dislocations) [26e28], twin thickness
[18,29,30], applied/local stresses and the loading direction with
respect to the TBs [31e34].

The deformation mechanisms of nt-metals have also been
investigated by in-situ transmission electronmicroscopy (TEM) and
post-mortem TEM observations. In-situ TEM observations indicate
that gliding of Shockley partial dislocations from the ITBs will lead
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Fig. 1. A pair of Thompson tetrahedral of T/M crystals. The four vertices of the tetra-
hedron are labeled A, B, C and D, respectively. Symbols with subscript T represent
objects in the twinned orientation. The hatched ACB plane is the twin plane. The upper
and lower Thompson tetrahedra, i.e. ABCD and ABCDT, illustrate the slip systems of
matrix and twin crystals in the notation of Fig. 1, respectively. Each slip plane contains
three slip directions <110>.
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to a rapid migration of ITBs and result in detwinning [35e38]. The
process of a perfect dislocation transmission across the TBs has
been clearly illustrated by in-situ TEM observations [25,39], as well
as the interaction of dislocations with the TBs [40,41]. The transi-
tion from perfect dislocation nucleation and transmission across
TBs to dislocation slip along and parallel to the twin plane (Soft
Mode) has closely been associatedwith local stress variations in the
twin lamellae [42].

Actually, post-mortem TEM studies of plastic deformation of nt-
metals have focused on the microstructural morphology at large
plastic strain, near the necking region in tensile samples [15,32].
The deformation microstructures have been characterized as a
large amount of dislocation debris and different dissociated dislo-
cations in the vicinity of TBs. Strong interactions, dislocation/
dislocation and dislocation/TB make it very difficult to characterize
the behavior of individual dislocations and to resolve the initiation/
interaction processes behind the structural evolution.

In a columnar grained nt-Cu with preferentially oriented twins,
a strong anisotropicmechanical behavior has been found [31] when
loading in different directions with respect to the TBs. The aniso-
tropic behavior of nt-Cu was analyzed by applying a plasticity
model [43] identifying the active slip systems classified as the three
slip Modes (I, II III) [13]. The different slip modes will lead to
different paths of the microstructural evolution, which suggests an
analysis of dislocations and dislocation patterns in deformed nt-Cu.
This is the objective of the present study of nt-Cu deformed in
different directions with respect to the almost parallel twin planes.
The analysis has been done by two-beam diffraction imaging in a
transmission electron microscope (TEM) to accurately characterize
the Burgers vectors and the morphology of the active dislocations,
to reveal the effect of orientation and slip system on the dislocation
structure and the interaction of dislocations from different slip
systems with TBs. Small plastic strains in compression (2% and 6%)
have been applied to analyze in detail the effect of slip mode and
the structure evolution. This analysis underpins a discussion of the
flow stress and work hardening behavior of nt-Cu also including a
Schmid factor analysis.

2. Experimental

2.1. Experimental procedures

High-purity Cu (99.99 wt%) sheets with nanoscale growth twins
were synthesized by means of direct-current electro-deposition
from an electrolyte of CuSO4. More details about the deposition
parameters were described in Ref. [31]. The nt-Cu sheet was
deposited to a final thickness of more than 1.5 mm by carefully
controlling the deposition parameters. The microstructure of the
as-deposited Cu specimens is shown in Fig. 3 of [31]. The as-
deposited sample consists of micron/submicron-sized columnar
grains with {111} out-of-plane texture. The grain size is in the range
from 1 to 6 mm, with an average value of about 3 mm. These
columnar grains are subdivided by nanoscale twin lamellae, most
of which are parallel to the deposited sheet plane. Statistical anal-
ysis shows that the average twin thickness is about 30 nm [31].

Rectangular compression samples with a cross-section area of
0.8 � 0.8 mm2 and a length of 1.2 mmwere cut from the deposited
sheet. These samples were compressed in three directions,
perpendicular, parallel and 45� to the deposition plane/twin plane,
(termed 90� compression, 0� compression and 45� compression).
The uniaxial compression tests were performed on an Instron 5848
micro tester with a 2 kN load cell at a strain rate of 1 � 10�3 s�1 at
room temperature. The plastic strain measured from the height
reduction of compressed samples was 2% and 6%. To minimize the
friction between samples and platens, vaseline was used as a
lubricant during the compression tests.
TEM observations of dislocation structures in the deformed

samples were mainly conducted in a cross-section parallel to the
compression axis. However, for the 0� compression sample a cross
section 45� to the compression axis has also been analyzed (see
Section 3). TEM foil samples were prepared by mechanical polish-
ing followed by twin-jet electro-polishing in an electrolyte of
phosphoric acid (25%), alcohol (25%) and deionized water (50%)
at �10 �C. The TEM foils were examined in a JEOL 2010 electron
microscope operating at 200 kV and a Tecnai F20 electron micro-
scope operating at 200 kV.

2.2. Analysis of slip modes and determination of Burgers vectors

To illustrate the slip systems in the nt-Cu sample, a pair of
Thompson tetrahedra corresponding to the matrix and twinned
crystals is shown in Fig. 1. There are 12 equivalent {111}<110> slip
systems in either the matrix or the twin; the 12 slip systems for the
matrix are listed in Table 1. As the three slip systems associated
with the twin plane are shared by the matrix and the twin crystals,
the total number of slip systems is 21 in the matrix/twin system.
These slip systems in the matrix can be classified into three slip
modes (see Tables 1 and 2 for the classification for the 12 slip
systems in the matrix) depending on the orientations of the slip
plane and the slip direction relative to the twin plane (the same
definition as used in Refs. [31,33]). In the microstructural analysis
dislocations belonging to the three slip modes are termed Mode I,
Mode II and Mode III dislocations, respectively.

Slip Mode I: Both the slip plane and the slip direction are in-
clined to the TB, i.e. the ABC plane in Fig. 1. In this case, the slip
planes include the planes BCD, CAD, and ABD in the matrix crystal
and planes BCDT, CADT and ABDT, in the twin crystal. The slip di-
rections are DB, DC, DA in the matrix crystal and DTB, DTC, DTA in
the twin crystal. The Burgers vectors (b vectors) of dislocations
corresponding to these slip systems are b1M, b2M, b3M, b1T, b2T and
b3T, as marked in Fig. 1.

Slip Mode II: The slip plane is inclined to the TB and the slip
direction is parallel to the TB. In this case, the slip planes include the
same sets of planes in the matrix and in the twin as in the Mode I
case, but the slip directions are BC, CA and AB in both the matrix
and the twin crystals. The Burgers vectors of dislocations corre-
sponding to these slip systems are b4, b5 and b6, as marked in Fig. 1.

Slip Mode III: The slip plane and the slip direction are both
parallel to the TB. These include the three slip systems shared by
thematrix and the twin. The slip plane is the plane ABC and the slip
directions are BC, CA, and AB in both the matrix and the twin
crystals. The Burgers vectors of dislocations corresponding to these



Table 1
Analysis of the values of |g · b| for perfect dislocations of <110> type Burgers vectors using three diffraction vectors in the ½011� zone axis of the matrix in a matrix/twin system.
Here slip planes and Burgers vectors of dislocations are specific toMatrix. All Mode I dislocations are visible, while all Mode II/Mode III dislocations are invisible under gM¼ 111.
Here, b5 is not identifiable.

Type No. Slip systems Slip plane Slip direction (Burgers vector) |g·b| for different gM

111M 200M 111 M

Mode I 1 ð111Þ[011] BCD DB (b1M) 1/2[011] 1 0 1
2 ð111Þ[110] DC (b2M) 1/2[110] 1 1 0
3 ð111Þ[101] CAD DA (b3M) 1/2[101] 1 1 0

4 ð111Þ[110] DC (b2M) 1/2[110] 1 1 0
5 ð111Þ[101] ABD DA (b3M) 1/2[101] 1 1 0
6 ð111Þ[011] DB (b1M) 1/2[011] 1 0 1

Mode II 7 ð111Þ½101� BCD BC (b4) 1/2½101� 0 1 1

8 ð111Þ½011� CAD CA (b5) 1/2[011] 0 0 0
9 ð111Þ½110� ABD AB (b6) 1/2½110� 0 1 1

Mode III 10 (111)½101� ABC BC (b4) 1/2½101� 0 1 1

11 (111)½011� ABC CA (b5) 1/2½011� 0 0 0
12 (111)½110� ABC AB (b6) 1/2½110� 0 1 1

Q. Lu et al. / Acta Materialia 127 (2017) 85e97 87
slip systems are also b4, b5, and b6, the same as in the case of Mode
II.

The objective of the present study is to correlate the three
compression directions (90�, 0� and 45� compressions) and the
activation of the three modes of slip systems through analyzing the
characteristics of the dislocation structure in deformed nt-Cu. To
correlate the slip mode and the dislocation characteristics, a com-
bined analysis of morphological features and Burgers vectors of
observed dislocations has been applied. Because of the distinct
geometrical relationships of the three modes of slip system with
respect to the TBs, the dislocations generated from the three slip
modes are expected to showdifferentmorphological features in the
TEM images taken in the direction parallel to the twin plane [31]: (i)
Mode I dislocations will pile up at the TBs and be transmitted across
the boundary; (ii) Mode II dislocations are expected to move on
inclined slip planes along the channel between the TBs. These
dislocations may appear as threading dislocations spanning the
lamellae; (iii) Mode III dislocations move along the TBs on slip
planes parallel toTBs. They form steps on the TBs or they are seen as
straight segments in the lamellae parallel toTBs. In previous studies
of deformed Cu some of these features have been identified [31].

To determine the dislocation Burgers vectors, two-beam
diffraction contrast experiments [44] were carried out in TEM
based on the invisibility criterion g·b ¼ 0. In this study, six different
g vectors (g vectors of matrix and twin crystals are labeled gM and
gT), gM ¼ 111, gM ¼ 200 and gM ¼ 111 for the matrix and gT ¼ 111,
gT ¼ 200 and gT ¼ 111 for the twin were used, which belong to the
common zone axis ½011� of the matrix and the twin, as shown in
Fig. 2. For these three g vectors for the matrix, the values of |g·b| are
shown in Table 1, here b indicate the six <011> type of Burgers
vectors in a fcc crystal. Note that Table 1 shows only the analysis for
the perfect dislocations in the matrix and the same analysis applies
to the dislocations in the twin. Imaging the dislocations using these
three g vectors shows the following features of visibility (taken the
Table 2
Geometrical relation of slip plane (SP) and slip direction (SD) with the twin plane
(TP) in three slip modes, Modes I, II and III in the nt-Cu samples.

Mode I Mode II Mode III

SP SD SP SD SP SD

Inclined to TP þ þ þ
Parallel to TP þ þ þ
analysis of dislocations in the matrix as an example):

(1) Mode I dislocations (b1M, b2M, and b3M). With gM ¼ 111, they
are all visible, while the Mode II and Mode III dislocations b4,
b5, b6 are all invisible, enabling separation of Mode I dislo-
cations from More II and Mode III dislocations. A complete
identification of b1 dislocations can be made by a combined
use of the three diffraction vector, though it is not possible to
distinguish between b2M and b3M dislocations.

(2) Mode II/Mode III dislocations (b4, b5 and b6). b4 and b6 with
gM ¼ 111 are invisible but visible simultaneously with
gM ¼ 200 and gM ¼ 111. This will allow identification of the
observed dislocations under these conditions as Mode II or
Mode III dislocations. Note that for the three g vectors used,
b5 is invisible, which means that no dislocations with a
Burgers vector of b5 were analyzed though they may be
activated during the compression. However, this does not
affect the analysis of the correlation between the loading
direction and the slip modes. An unambiguous identification
Fig. 2. The diffraction pattern of axis ½011�, presenting the g vectors used to distinguish
the Burgers vectors.
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of Mode II and Mode III dislocations was achieved by taking
also into account their morphological features with respect
to the TBs, as described above.

Finally it should be pointed out that for pure Cu with stacking
fault energy in the range of 40e78 mJ/m2 [45e47], a perfect
dislocation is expected to dissociate into two partial dislocations
connected by a stacking fault, as revealed in previous studies of
deformed Cu using the weak-bean dark-field (WBDF) techniques
[48e50]. In the present study, the extended nature of the disloca-
tions formed in the deformed nt-Cu was revealed by high resolu-
tion TEM observations (see Section 3.2). The activation and motion
of partial dislocations along the TBs have been extensively observed
in the nt-Cu deformed in 45� compression, which was reported in a
previous study [31]. However, as the main objective of the present
study is to analyze the correlation between the observed disloca-
tions and the active slip systems under different loading directions,
most of the analysis of dislocation Burgers vectors was done using
two beam bright images at relatively low magnifications. In this
case the morphology of an extended perfect dislocation formed in
the lamellae presents like an un-extended perfect one, except a
little wider and therefore the dislocations in the analysis were
treated as perfect dislocations.

3. Results and discussion

3.1. Dislocation structures - 90� compression to 2% strain

Fig. 3a shows typical observations of dislocation structures from
the 90� compressed nt-Cu sample with a strain of 2%, which was
taken with g vector from gM ¼ gT ¼ 111 with a slight deviation, as
otherwise the TBs will be totally invisible under a perfect
gM ¼ gT ¼ 111 condition. The most striking feature in Fig. 3a is the
observation of a set of long and roughly parallel dislocation lines
(two of them are indicated by the black arrows 1 and 2) that
transmit across tens of twin and matrix lamellae in a direction
roughly perpendicular to the TBs. These dislocations revealed with
gM ¼ gT ¼ 111 are identified as Mode I dislocations. Combining
observations with other diffraction vectors (Fig. 3b, c, e and f) did
not show the presence of other dislocation segments, suggesting
that dislocations from slip modes II and III have not been activated.

Identification of Burgers vectors corresponding to the disloca-
tion segments for dislocation line 1 and 2 shows interesting dif-
ferences. For dislocation line 1, the segments in the matrix lamellae
are visible in Fig. 3a and c but invisible in Fig. 3b, indicating that
they have Burgers vector of b1M. Similar analysis of the segments of
line 1 in the twin lamellae shows that they have a Burgers vector of
b2T or b3T. For dislocation line 2, the segments in the matrix are
visible in Fig. 3a, b, but invisible in Fig. 3c indicating that they have a
Burgers vector of b2M or b3M. The segments of line 2 in the twin
show a similar visibility to that of the matrix segments, meaning
that they have a Burgers vector of b2T or b3T.

Fig. 3d illustrates all the dislocation lines with different colors
representing different Burgers vectors of dislocation segments in
the matrix and the twin. When dislocation line 1 transmits across a
TB, the Burgers vector would change from b1M in the matrix to b2T/
b3T in the twin. For dislocation line 2, the Burgers vector b2M/b3M in
the matrix changes into b2T/b3T in the twin. According to the
dislocation lines in Fig. 3, there could be two possible transmissions
of a dislocation: One is that the Burgers vector of dislocation seg-
ments in the matrix changes into a neighboring Burgers vector in
the twin, such as from b1M into b2T/b3T, b2M into b3T, and b3M into
b2T. These changes are equivalent in geometry. The other possibility
is that the Burgers vector in the matrix changes into its mirror
Burgers vector in the twin, from b2M into b2T and from b3M into b3T.
Such a process can be understood as a perfect Mode I dislocation
DB in the matrix crystal is transmitted across a TB and producing a
new Mode I dislocations in the twin, as shown in Fig. 4a. When a
dislocation DB is transmitted across the TB and form a continuous
dislocation line in the twin, its Burgers vector can change into ADT,
CDT or BDT in the twin crystal. The outcome may be two possible
dislocation reactions, according to geometry. One reaction is into
ADT and CDT, which are neighbors to the incoming dislocation DB
and equivalent in geometry to DB. To implement the trans-
formation of the Burgers vector, the corresponding dislocation re-
actions in Fig. 4a should be:

DB/Cdþ ADT (1)

or DB/Adþ CDT (2)

The other reaction is that the dislocation with b vector DB
changes to a dislocation with a mirror b vector BDT, and the cor-
responding dislocation reaction should be:

DB/2dDþ BDT (3)

The energy barriers for these two kinds of reactions have been
calculated by Zhu et al. [51]. The two reactions (1) and (2) are

equivalent and the energy barrier is about 3.0 bEþ 3.9~E,
bE ¼ Ga2

72pð1�nÞ ln
ffiffiffi
2

p
d

a , ~E ¼ Ga2
72pð1�nÞ, where G is the shear modulus, n is

the Poisson's ratio, d is the grain size and a is the lattice parameter.
This investigation indicated that this reaction gives the smallest
energy barrier among all the dislocation reactions for a perfect
dislocation to be fully or partly transmitted across the TB. The en-

ergy barrier of reaction (3) is about 4.5 bEþ 7.5~E, much higher than
that of the reactions (1) and (2). Therefore, reaction (1) & (2) of
Mode I have a preference. A Mode I dislocation can therefore
continuously be transmitted across of TBs by repeating the same
dislocation reactions.

Our observations have confirmed the occurrence of dislocation
reactions (1) and (2) for dislocation/TB interactions under 90�

compression, but cannot exclude the possibility of reaction (3),
because b2 and b3 cannot be distinguished. For example, for
dislocation line 2 in Fig. 3, the Burgers vector b2M can change into
b3T or b2T after transmission. But it may be advantageous that the
Burgers vector in the twins changes from b2M into b3T, considering
the above analysis that indicates reaction (3) will hardly take place.
This suggests that Mode I dislocations slightly changing their Bur-
gers vector bM into a neighboring Burgers vector in the twin bT and
transmit across TBs continuously by repeating the dislocation re-
actions (1) or (2).

Mode I dislocations have been observed by TEM [39,52] and by
MD simulations [20,26]. The present observation indicates that
reactions (1) and (2) appear to be the most probable interactions
between dislocations and TBs at a low deformation strain. Such
interactions will happen in grains with a low dislocation density, as
pointed out by Ni et al. [52], consistent with the present observa-
tions that the long dislocation lines are observed only at a strain of
2%.

3.2. Dislocations structures - 90� compression to 6% strain

As the strain increased to 6%, almost no long dislocation lines
were observed with gM ¼ gT ¼ 111 (Fig. 5a1). The majority of TBs are
still straight, visible and parallel to each other, but the TBs get
blurred and widen. A large amount of dislocations are accumulated
at the TBs and many dislocation segments are retained within the
matrix and twin lamellae, similar to the observations in post-
mortem images of deformed nt-Cu [14,15]. An image taken from



Fig. 3. Two-beam diffraction images of dislocations in 90� compressed nt-Cu with a strain of ~2%, under gM¼gT¼111 (a), gM¼200 (b), gM ¼111 (c), gT¼200 (e) and gT¼111 (f),
respectively. (d) Tracing of all the identified dislocation lines in (a, b, c, e and f), the different color distinguished the different b vectors of each dislocation segments. The black
arrows 1 and 2 points to the long continuous Mode I dislocation lines with different b vector in matrixes and twins. The compressing axis (CA) direction is marked by a double arrow
and “M” and “T” labeled out a pair of T/M lamellae, the same as below.(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 4. Schematic illustration of Mode I dislocations interaction with TBs (a) and gliding in the columnar grains with parallel to TBs (b). The slip plane ABD and ABDT are marked as
cM and cT.
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two-beam diffraction condition near gM ¼ 200 and gT ¼ 111 is
shown in Fig. 5b1. An image taken from gM ¼ 111 and gT ¼ 200 is
shown in Fig. 5c1. For clarity, Fig. 5a2 to 5c2 show the tracings of
dislocations seen inside the lamellae in Fig. 5a1 to 5c1. It is evident
that the dislocations seen in Fig. 5a2 (both dislocation lines
illustrated in red and blue) are a combination of dislocations seen in
5 b2 (red lines) and Fig. 5 c2 (blue lines). According to Table 1, the
red lines are dislocations with Burgers vectors b2M/b3M & b1T, while
blue lines are b1M. As for the dislocations on the TBs, no matter
whether perfect or partial dislocations, they are all visible under



Fig. 5. Two-beam diffraction images of dislocations in the 90� compressed nt-Cu with a strain of ~6%, under gM¼gT¼111 (a1), gM¼200 and gT¼111 (b1), gM¼111 and gT¼200 (c1).
Tracings of the visible dislocations in a1-c1 are shown in (a2-c2) correspondingly.
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gM ¼ gT ¼ 111 and classified as Mode I dislocations that with b
vectors incline to the TBs and slipping towards the TB. The dislo-
cations on the TBs and inside the lamellae are of the same type and
dislocations with other Burgers vectors belonging to Mode II or
Mode III were not observed.

Fig. 6 is a closer TEM observation of the dislocation structure in
the vicinity of TBs and in the interior of twin lamellae. High reso-
lution TEM images, Fig. 6b and c, show clearly that the dislocations
are present in the form of extended dislocations associated with
stacking faults. In Fig. 6b the stacking faults are connected with the
TB indicating that the leading partials have been incorporated into
the TB. It is also seen that the TB is significantly strained and has
become defective due to the stored dislocations. Fig. 6c shows that
each of the extended dislocations in a lamella is dissociated into
two partial dislocations connected by a stacking fault with a width
of about 2 nm. By drawing a Burgers circuit around an extended
dislocation as shown in the inset of Fig. 6c, a vector corresponding
to the closure failure of the Burgers circuit was determined to be
equal to 1/4 [211], which is the projection of 1/2 [101] (DA in Fig. 1)
on the (011) observation plane. Therefore, the 1/2 [101] extended
dislocation is a 60� mixed dislocation. Similar Burgers circuit ana-
lyses were done for the two partials which generated closure failure
vectors of 1/12 [211] and 1/6 [211], which correspond to the pro-
jected vectors on the (011) plane for a 30� Shockley partial bA (1/6
[112]) and a 90� Shockley partial Db (1/6 [211]), respectively.

The continuous long dislocation lines formed at 2% spanning
tens of twin lamellae in Fig. 3 are composed of short dislocation
segments having different Burgers vectors in the twin and the
matrix. The dislocation segments respectively in matrix and twin
lamella will glide in different directions under the applied stress, as
shown in Fig. 4b. Gradually, long individual dislocation lines will
disintegrate into small dislocation segments distributed along the
TBs. Furthermore, as the strain is increased, more and more Mode I
dislocations are blocked and stored at TBs via dissociation reactions
and dislocation/dislocation interactions.
3.3. Dislocations structures - 0� compression to 2% strain

Fig. 7a presents a typical TEM observation with gM ¼ gT ¼ 111
from the cross-section of nt-Cu sample deformed under
0� compression to a 2% strain. Several curved dislocation lines
spanning several lamellae are observed, which shows a different
morphology from the long straight dislocation lines observed in the
case of 90� compression to the same strain (Fig. 3a). Fig. 7b, c, e and
f show two-beam diffraction images using gM ¼ 200, gM ¼ 111,
gT ¼ 200 and gT ¼ 111. The dislocation lines indicated by black
arrow 1 are visible in Fig. 7a, c and 7e, which indicate that the
segments forming dislocation line 1 in the matrix crystal have
Burgers vectors of b1M and the segments in the twin have Burger
vectors of b2T/b3T. For dislocation line 2, it is visible in Fig. 7a, b and
7f but invisible in Fig. 7c and e, suggesting that Burgers vectors of
b2M/b3M for the line segments in the matrix crystal and b1T for the
segments in the twin.

Fig. 7d illustrates all dislocation lines with different colors rep-
resenting different Burgers vectors. Both dislocation lines 1 and 2
belong to slip Mode I. The Burgers vectors of these dislocation lines
change their directions slightly when crossing the TBs from b1M to
b2T/b3T (or the reverse), similar to that observed in Fig. 3, but they
present a different morphology, namely shorter and more curved
than those seen in Fig. 3.

Besides the long dislocation lines, several tiny dislocation loops
were also found near some TBs under g vectors of gT ¼ 200 and
gT ¼ 111, marked by green arrows in Fig. 7e and f. These disloca-
tions were not revealed with gM ¼ gT ¼ 111 (Fig. 7a). According to
the invisibility analysis (Table 1), these dislocation loops have the
Burgers vectors of b4 or b6. Since these dislocation lines clearly are
not parallel to the TB plane, they cannot beMode III dislocations but
must be Mode II dislocations.

3.4. Dislocations structures - 0� compression to 6% strain

Fig. 8 shows typical two-beam diffraction TEM images. The



Fig. 6. TEM images showing the details of dislocation structures at the TBs and inside the lamellae of 90� compressed nt-Cu with a strain of ~6%, taken from ½011� axis. (a) The
overall morphology of the TBs and dislocations in the observed region, (b) high resolution TEM image of dislocations at a TB and (c) high resolution TEM image of two extended
dislocations in a lamella. Each of the extended dislocation is composed of two partials (marked as “⊥” in white) connected with a stacking fault. The identified types of the two
partials are indicated in the inset in (c) which is a magnified inverse fast Fourier transformed high resolution TEM image of the area in the white square.
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dislocations in the matrix lamellae marked by M1, M2 and M3 are
analyzed using gM ¼ gT ¼ 111, gM ¼ 200 and gM ¼ 111 as shown in
Fig. 8a1- 8c1. Most TBs are still straight. Observing from
gM ¼ gT ¼ 111, Mode I dislocations are clearly seen both inside the
twin lamellae and at the TBs. Comparing with Mode I dislocations
observed in 90� compression (Fig. 5a), some are accumulated at the
TBs but appears fewer than those in Fig. 5a. Some short dislocation
segments are seen confined inside the matrix lamellae just like
Fig. 5a. Fig. 8a2ec2 show the tracing of dislocations in the marked
matrix lamellae in Fig. 8a1ec1. The dislocations illustrated by red
and blue lines are all visible in Fig. 8a1. The red dislocations are
visible in Fig. 8b1 but invisible in Fig. 8c1, while the blue ones show
the reverse occurrence, which indicates that both red and blue
dislocations are Mode I dislocations but they have different Burgers
vectors b2M/b3M and b1M. However, the dislocations illustrated in
the sketch by green lines are invisible in Fig. 8a2, but visible in both
Fig. 8b2 and 8c2. Similar to Fig. 7, these green dislocations belong to
slipMode II with Burgers vectors of b4/b6. It is worth noting that the
observed Mode II dislocations (green) are very limited in number
and present as short segments instead of continuous dislocation
lines.

TEM observations in Figs. 7 and 8 indicate that bothModes I and
II dislocations are active. Furthermore, it seems that Mode I dislo-
cations also dominate the deformation of nt-Cu under
0� compression. However, from the previous study [31], active
operation of Mode II slip systems, generating threading disloca-
tions, is expected for 0� compression. To detect such threading
dislocations, a sampling section inclined to the compression axis is
more appropriate than a cross-section section that is parallel to the
compression axis. A sample was therefore cut from a section 45�

with respect to the compression axis (45� observation), as illus-
trated in Fig. 9.

Fig. 10a shows a two-beam diffraction image under gM ¼ 200 of
under 45� observation at 2% strain. TBs showed thickness fringes
because the sample is tilted far away from the edge-on imaging
condition, to see more details on the TBs and to observe the high
density of Mode II dislocation tails along the TBs. Plenty of
threading dislocation lines (indicated by black arrows) are span-
ning the twin lamellae with long tails on the TBs, quite different
from the morphology in the cross-section section (Fig. 7b and e)
under the same condition gM ¼ 200 or gT ¼ 200. The dislocations in
Fig. 10 are all invisible when observing with gM ¼ gT ¼ 111, and they
must belong to slip mode II with Burgers vectors of b4 or b6. The
hairpin-like threading dislocation lines with long trailing tails,
confined inside each twin lamella, makes them very easy to be
identified, as illustrated in Fig. 9. Mode I dislocations are also
observed (marked by white arrows in Fig. 10a), but much fewer in
number than Mode II dislocations.

In the 6% compressed nt-Cu sample, large amount of disloca-
tions from slip mode II were identified by their tails located on the
TBs, from a cross sectional observations. As shown in Fig. 10b, many
dislocation lines with a short head in the lamellae appeared under
gM ¼ 200. Different from the twinning partials (Mode III disloca-
tions) on the TBs that may also visible under gM ¼ 200, Mode II
dislocation has an obvious dislocation head into the twin lamellae.
The density of such dislocations increased significantly with
increasing strain from 2% to 6%.

3.5. Dislocation structures - 45�compression to 6% strain

Fig. 11a and b shows the typical cross-sectional morphology of
nt-Cu under 45� compression at 6% strain. Fig. 11a is viewed in the
½011� beam direction, which includes the g vectors of gM ¼ gT ¼ 111,
gM ¼ 200, gM ¼ 111, gT ¼ 200 and gT ¼ 111, so that almost all
possible dislocations from the three slip modes can be observed.
According to the previous analysis, the dislocations types can be



Fig. 7. Two-beam diffraction images of dislocations in the 0� compressed nt-Cu with a strain of ~2%, under gM¼gT¼111 (a), gM¼200 (b), gM¼111 (c), gT¼200 (e) and gT¼111 (f),
respectively. (d) Tracing of all the identified dislocation lines in (a, b, c, e and f), the different color distinguished the different b vector of each dislocation segments. The black arrows
1 and 2 point to the long continuous Mode I dislocation lines with different b vectors in matrixes and twins. The green arrows point to the identified Mode II dislocations.(For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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simply distinguished by their morphology. Dislocation lines cutting
through the TBs (red arrows) are Mode I dislocations. Observing
under two beam condition gM ¼ 200 (Fig. 11b), some dislocation
lines with long tails appeared on the TBs (blue arrows), which is the
typical morphology of Mode II dislocations, according to above
analysis in Fig. 10. Besides the Mode I and Mode II dislocations,
many dislocations (green arrows) with dislocation lines parallel to
the TBs are observed inside the lamellae. These dislocations have
slip planes parallel to the TBs and belong to slip Mode III. In the
grains with coarse twin lamellae (Fig. 11c), plenty of Mode III dis-
locations are observed and their interactions with the Mode I and II
dislocations are extensive.

3.6. Orientation, slip system and dislocation structure

The above observations clearly show that the active slip systems
and dislocation configurations are strongly dependent on the
loading direction in the highly oriented nt-Cu with an average twin
thickness of 30 nm. This observation is in accord with previous
studies of the relationship between the crystallography orientation
and dislocation structures in deformed single crystals and poly-
crystalline metals [53e58]. In a recent study of nt-Cu with a twin
thickness varying from a few nanometer to about 1 mm, it has been
found that this relationship holds down to a twin thickness of
0.5 mm. In this fine structure, incidental dislocation boundaries
(IDBs) and geometrically necessary boundaries (GNB) subdivided
the volume between TBs, showing that the universal structural
revolution can be extended from the micrometer length scale to
0.5 mm [59]. In this study, the characteristics of the deformation
structure show that IDBs or cell boundaries and GNBs are not
present in the fine structure, but there is a significant effect of
loading direction on the dislocation structure showing a strong
effect of the active slip systems. This observation is analyzed in the
following by a Schmid factor analysis to predict active slip systems
in the nt-Cu deformed in the three different loading directions.

Assuming the columnar nt-Cu has an ideal [111] out-of-plane
texture, and the crystallographic orientation is randomly distrib-
uted in the deposition plane (xy plane). The loading direction of 90�

compression is taken as the z axis of the sample coordinate system,
i.e. the deposition direction, and the x direction as the direction of
0� compression (Fig. 12a). In order to express the in-plane orien-
tation of the columnar grain relative to the imposed loading axis,
the rotation angle q between the ½011� orientation and the
0� compression (x axis) is taken to represent each single grain. The
variation of the Schmid factors of the 12 slip systems as a function
of q, ranging from 0 to p in the three different compression ex-
periments were calculated and are illustrated in Fig. 12bed. In
parallel, Table 3 lists the maximum values of Schmid factor for the



Fig. 8. Two-beam diffraction images of dislocations in 0� compressed nt-Cu with a strain of ~6%, under gM¼gT¼111 (a1), gM¼200 (b1), gM¼111 (c1), respectively. Tracing of the
visible dislocations in (a1�c1) are shown in (a2�c2) correspondingly.

Fig. 9. Schematic illustration of Mode II dislocations interaction with TBs. The slip plane BCD and BCDT are marked as aM and aT. The two observing plane that parallel and 45� to the
compression axis of the 0� compressed samples were shown by two orange squares.(For interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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three slip modes under the three loading conditions.
For 90� compression, as shown in Fig. 12b, the six Mode I slip

systems have a constant Schmid factors of 0.272. Schmid factors of
all Mode II and Mode III slip systems are 0. This means that under
90� compression for grains with its (111) plane perfectly parallel to
the TB, only Mode I dislocations are active and will dominate the
plastic deformation, in accordance with the TEM observations
shown in Figs. 3e6. In this case, the Schmid factor value of 0.272 is
rather small compared with the maximum Schmid factors for the
systems in 0� and 45� compression (Table 3). A relatively higher
applied stress is thus required to activate the slip systems, resulting
in a relatively higher yield and flow stress. This coincides with the
compression results that a higher yield stress of 598 MPa was
achieved in 90� compression, while yield stresses were only
463 MPa and 230 MPa for the 0� and 45� compression, respectively
[31].

In Fig. 3 and 5, the Mode I dislocations are seen frequently and
they bow out when meeting and transmitting across a TB. Mode I
dislocations with Burgers vectors inclined to the TBs slip toward
and transmit across the TBs. As visualized by reactions (1) and (2),



Fig. 10. Two-beam diffraction images of dislocations in nt-Cu under 0� compression under gM¼200, (a) observed from the plane 45� to the compression axis at a strain of ~2% and
(b) observed from cross sectional of threading dislocations at a strain of ~6%. Mode I dislocations are pointed by white arrows, and Mode II dislocations are pointed by black arrows.

Fig. 11. TEM images of dislocations in the 45� compressed nt-Cu with a strain of ~6% from ½011� axis (a), under gM¼200 (b). Two-beam diffraction images the dislocations in a grain
with coarse twin lamellae under gM¼200 (c). The red, blue and grain arrows point out the Mode I, II and III dislocations, respectively.(For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the transmission of Mode I dislocation across TBs can produce
partial dislocations at the TBs andmany dislocations are retained in
the lamellae between the TBs. These configurations will increase
the flow stress in accordance with the Hall-Petch relationship and
they may be the cause of the high work hardening rate observed at
small strains.

For 0� compression, the largest Schmid factors (0.471) are
associated with Mode II slip systems while the second largest
Schmid factors (0.408) are related to Mode I slip systems (Fig. 12c
and Table 3). For Mode III slip systems, the alignment of the loading
axis parallel to TBs reduces their Schmid factors to zero at all q
angles. Therefore, in this case both Mode II and I slip systems are
expected to be active. The combination of TEM observations from
the cross-section and the 45� section verified the extensive activity
of dislocations belonging to the Mode II and Mode I slip systems.
However, observations of the dislocation structure in 0� compres-
sion show that Mode II dislocations are most active.

The dominance of Mode II dislocations in 0� compressions is
further analyzed by comparing the activity of Mode I dislocations in
the nt-Cu samples under 90� and 0� compressions to the same
strain (6%), as shown in Fig.13. The two images in Fig.13 were taken
under the same diffraction condition of gM ¼ gT ¼ 111. Apparently,
Mode I dislocations under 0� compression (Fig. 13b) are much
fewer than that under 90� compression (Fig. 13a). Mode II dislo-
cations, which are gliding in the nanoscale lamellae are eventually
stopped near obstacles such as grain boundaries and incoherent TB
ledges, with a propagation direction parallel to TBs. The presence of
high-density TBs cannot exert effective blockage to their move-
ment; a slightly lower yield strength than 90� compression must be
expected in agreement with [31]. Following propagation of dislo-
cations between the TBs, dislocations will be stored at the interface
(see Fig. 10) being a cause for the observed work hardening at small
strains.

For 45� compression, the resolved shear stress is maximum on
the TBs and the motion of Shockley partial dislocations along TBs in
the fine twin lamellae region with thickness less than 100 nm and
lead successively to detwinning (and as a result an apparent lateral
migration of TBs) [31]. According to a Schmid factor calculation
(Fig. 12d), Mode III slip systems have the maximum value 0.5 in 45
�compression, and perfect Mode III dislocations are also observed
inside the twin lamellae (Fig. 11b) that have projected traces (line
direction) parallel the TBs. Besides the twinning partials gliding on
the TBs observed in the fine twin lamellae less than 100 nm [31], in
the coarse lamellae with twin thicknesses more than 100 nmMode
III perfect dislocations are very active (Fig. 11c). Schmid factors of
Mode II and Mode I slip systems vary with the angle q. As shown in
Table 3, themaximum Schmid factor ofMode I slip systems is 0.484,
while it is 0.360 for Mode II. Different from the primary slip system
which dominated deformation under 90� and 0� compressions,
three slip modes are all active in many grains in 45� compression.



Fig. 12. (a) Illustration of loading direction with respect to TBs. The z axis is the 90� compression direction, the x axis is 0� compression direction, and q is the angle between ½110�
direction in the twin plane and the loading axis. Variation in Schmid factors of 12 slip systems (as listed in Table 1) as a function of angel q for 90� (b), 0� (c) and 45� (d) compression.

Table 3
Maximum Schmid factors of three slip Modes under different compression di-
rections of the nt-Cu sample.

Slip system type Maximum Schmid factors

90� compression 0� compression 45� compression

Mode I 0.272 0.408 0.484
Mode II 0 0.471 0.360
Mode III 0 0 0.5
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As a result, the interactions among three types of dislocations can
take place, especially in the coarse lamellae with a thickness of
more than 100 nm (Fig. 11a and c). The high density of partial
dislocations along TBs and the interaction of dislocations from
three slip modes will lead to significant work hardening, extending
to 10% strain as observed previously [31]. However besides the
various dislocation structures and the interactions between dislo-
cations and TBs discussed above, the possible formation of other
dislocation debris like Lomer-Cottrell locks and stacking fault
tetrahedra [60e62] may also have a role to play in determining the
mechanical response, which is for future research.

4. Conclusions

Nanotwinned Cu with an average twin thickness of 30 nm has
been deformed to strains of 2% and 6% by compression in three
directions to study the correlations between slip patterns and
dislocation structures examined by TEM. The conclusions are the
following.

In accord with polycrystalline plasticity modeling a g · b analysis
of dislocations has shown a clear correlation between the load di-
rection and the slip mode. (i) In 90� compression, Mode I disloca-
tions are identified. (ii) In 0� compression, Mode I and Mode II
dislocations are present with dominance of Mode II dislocations.
(iii) In 45� compression, dislocations from all three slip modes are
found.

The interaction of dislocations with the TBs varies with the
compression direction. (i) In 90� compression, dislocations



Fig. 13. Two-beam diffraction images of dislocations in nt-Cu 90� compressed (a) and 0� compressed (b) samples with a strain of ~6%, under gM¼gT¼111.
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transmit across multiple TBs at low strain and accumulate at TBs at
large strain. (ii) In 0� compression, threading dislocations inside the
T/M lamellae are confined by the TBs with long dislocation tails at
the boundaries. (iii) In 45� compression, dislocation interactions
and dislocation tangling in the T/M lamellae are pronounced.

The structural evolution in nt-Cu documents a strong correla-
tion between orientation, active slip systems and dislocation
structures. This is in accord with previous findings for deformed
single crystals and polycrystals extending this correlation over
multiple length scales.
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