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The twinning behavior and kinking behavior of a commercial purity Ti subjected to room temperature
dynamic plastic deformation (DPD) has been studied. Three types of deformation twins, f1012g, f1122g
and f1121g, have been observed. It is found that a considerable fraction of the f1121g twin crystals were
encompassed by the twin boundary segments in connection with kink band boundaries with much
lower misorientation angles. A close investigation on the crystallographic nature of these deformation
twins revealed that the f1121g twin boundaries have evolved from deformation kink band boundaries
through accumulative slip of single basal-〈a〉 dislocations. This mechanism for the formation of twin
boundaries is different from the known mechanisms through deformation twinning in metals, for which
the twin orientation relationship has been achieved once the twin embryo is nucleated. The mechanism
for the formation of kink band, the transformation from kink band boundary to deformation twin
boundary and the further evolution of twin boundaries during DPD have been discussed in terms of
Schmid factors of various dislocation slip systems.
© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Twinning plays an important role in plastic deformation of
hexagonal close-packed (HCP) metals due to insufﬁcient dislocation slip systems. The most commonly observed twinning systems
during conventional deformation, rolling and compression at room
temperature in commercial purity (CP) Ti are f1012g tensile twins
(T1) and f1122g contraction twins (C1) [1e4]. Though rarely,
f1121g twins (T2) can also be observed in as-rolled CP Ti [5,6]. At
deformation temperatures higher than 400  C, f1011g type
compression twins (C2) becomes the predominant twinning mode
[4,7]. It has been found that all four types of twins can be activated
by the equal channel angular pressing at room temperature [8e11];
while the less common f1124g twinning could form in high-purity
Ti subjected to ballistic impact [12] or dynamic plastic deformation
(DPD) at RT [13]. These results indicate that the deformation conditions (strain rate and temperature) have strong inﬂuence on the
twinning modes. Though considerable work have been conducted
on characterization of the twin structures developed during various
deformation methods, the twinning mechanism in HCP metals is

* Corresponding author.
E-mail address: Yanjun.Li@ntnu.no (Y.J. Li).
http://dx.doi.org/10.1016/j.actamat.2016.08.042
1359-6454/© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

still not completely understood.
As known, a shufﬂe mechanism, in addition to pure glide of
twinning dislocations, is usually necessary for most of the twinning
modes in HCP metals [4,14]. However, among the above mentioned
twinning modes, T2 is special since it is the only twinning in which
all lattice sites are correctly sheared to their twin positions, and
lattice shufﬂes are thus not required. Different nucleation mechanisms have been proposed for T2 twinning, for example, the zonal
mechanism by dissociation of 〈c〉 slip dislocations [15], a combined
reaction of 〈a〉 and 〈cþa〉 slip dislocations to produce a 12-layer
1 〈1126〉) [16], or nucleation from a core structwin nucleus (12$36
1
ture of a 3 f1122g〈1123〉 edge dislocation [17]. Besides, Capolungo
and Beyerlein [18] proposed that the stable twin fault loops on
f1121g planes can form through double dissociation of a perfect
basal or prismatic dislocation. In a molecular dynamics simulation
of twinning in coarse grained Mg by Aghababaei and Joshi [19], T2
twin embryo was found to nucleate at the dissociation point via
nucleation of twinning dislocations along the 〈1126〉 direction and
with a Burgers vector of 0.1 nm, which is in the same range as
1 〈1126〉. On the other hand,
calculated for the Burgers vector 36
through a TEM investigation of T2 twin structures formed in DPDed polycrystalline Co, Zhu et al. [20] suggested that dissociation of
full basal dislocations plays an important role in the nucleation of
T2 twins. Note that for all the proposed twinning mechanisms for
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known twins, a fast nucleation process is always involved [4,21],
and the twin orientation relationship with respect to the grain
matrix is achieved once the twin nucleated.
On the other hand, it has been extensively reported that T2
twins have a close crystallographic relationship to kink bands. According to Lane et al. [22], T2 twin is a special kink band in which
basal-〈a〉 dislocations are aligned in the boundary plane on every
other basal atomic plane. In HCP graphite, the formation of T2 twins
was supposed to be able to form solely by basal dislocation slip
[23e25]. This formation model is in nature the same as that of kink
bands proposed by Hess and Barrett [26]. Therefore, some researchers have argued that T2 twins in HCP metals can be regarded
as a “geometry-ﬁxed deformation kink band” [22,27] and thus are
able to form solely by basal dislocation slip. However, this twinning
mechanism has never been validated by any experimental results.
In the present paper, based on a close investigation of T2 twins
formed in a CP Ti subjected to DPD, we have revealed a mechanism
for formation of T2 twin boundaries different from the previously
proposed twinning mechanisms of all the known twinning modes,
i.e. a gradual evolution from kink band boundaries to T2 twin
boundaries through basal dislocation slips.
2. Experimental
CP Ti (ASTM grade 1) with a chemical composition (wt. %) of
0.03 C, 0.0009 H, 0.008 N, 0.12 O, 0.06 Fe and Ti (balance) was used
for DPD experimental work. Here, DPD is a deformation method
developed to realize high strain rate deformation of low stacking
fault energy materials as well as HCP materials [13,28e32]. Cylindrical samples with dimensions of Ø16  24 mm were machined for
the DPD process. Before deformation, electron backscattered
diffraction (EBSD) analysis was conducted on the compression
plane, in order to show the initial microstructure and the texture
level with respect to the compression force. During DPD, the
samples were deformed by multiple mono-directional impacting
loading using an upper anvil in a drop tower at RT with a strain rate
in the range of 102-103 s1. During each impact, the height reduction of the sample was 2 mm. The deformation strain was calculated by 3 ¼ ln(L0/Lf), where L0 and Lf are the initial and ﬁnal sample
thickness, respectively. The maximum accumulative strain which Ti
samples could tolerate (without cracking) during DPD is 1.13, corresponding to 8 DPD impacts. 6 samples subjected to different
number of impacts, 1, 2, 3, 4, 6 and 8, corresponding to deformation
strains of 0.09, 0.20, 0.29, 0.41, 0.71 and 1.13, respectively, were
obtained. The deformation structures of all the DPD samples were
examined in the longitudinal sections by EBSD scanning. A calculation of Schmid factors of grains and kink bands was carried out
based on the orientation of crystals determined by EBSD measurements. More detailed information about the DPD process and
the accompanied EBSD analysis can be found in Ref. [33].
3. Results and discussion
3.1. Initial microstructure
Fig. 1(a) presents an EBSD image of the typical initial microstructure of a DPD sample in the compression plane. As indicated,
the average grain size of the initial sample was ~20 mm. The initial
texture is shown in Fig. 1(b) in terms of (0001) and ð1010Þ pole
ﬁgures. These indicate that most of the c-axes lie in range of 60 90 of the compression direction (CD). During compression, these
grains were subjected mainly to c-axis extension, which promoted
formation of f1012g tensile twins. On the other hand, according to
Akhtar et al. [34], f1121g tensile twinning tends to be activated
during compression when the angle between c-axis and CD is in

range of 47 -60 .
3.2. Twins formed in samples deformed by DPD
It was found that the sample as deformed to an accumulated
strain of ~0.29 (3 impacts) had the largest twin fraction. The
decrease of the twin fraction at higher deformation strains is
mainly attributed to the increase of critical shear stress for twining
activation with grain reﬁnement during deformation, which makes
the twinning more difﬁcult. At the same time, more grain boundaries will form due to dislocation slip. As a consequence, the twin
boundary fraction (the ratio between the length of twin boundaries
to the total length of all types of grain boundaries) will decrease
with increasing strain, although the absolute length of twin
boundaries per volume could further increase. Fig. 2 presents the
microstructure of the DPD sample with ε ¼ 0.29. As shown, three
types of twins were activated during DPD including T1, T2 and C1,
the boundaries of which are highlighted by red, blue and green
colors, respectively (Fig. 2(a)). Fig. 2(b) shows the histogram of
misorientation angles for the grain boundaries. Three signiﬁcant
peaks can be seen at around 33 , 65 and 87, which correspond
with the 35.0 〈1010〉 (T2), 64.6 〈1010〉 (C1) and 85.0 〈2110〉 (T1)
type twin boundaries (TBs), respectively. However, from the
misorientation axes of the grain boundaries around the three peaks
(shown in the insets), it can be seen that only part of the boundaries
with misorientation axes of 〈1010〉, 〈1010〉 and 〈2110〉, respectively, are belonging to the three types of TBs. It is interesting to see
that the peak misorientation angles corresponding to T2 twins are
smaller at small strains 3 ¼ 0.20 and 0.29 while larger at a higher
strain of 3 ¼ 0.41 than the theoretical angle of T2 twins. This is in
contrast to misorientation peaks corresponding to T1 twin, which
are always larger than the theoretical values.
A further study of the T2 TBs automatically labeled by the TSL
OIM EBSD software shows that they are mostly present as segments
connected with boundaries with misorientation angles much less
than 35 (Fig. 2(c) and d). Fig. 3(a) shows an example of such twin
boundary segments surrounding an elongated twin like grain
(labeled as DB1) in the matrix of a large grain (grain 1). The
misorientation angles of DB1 crystal to the surrounding matrix of
grain 1 were measured along the grain boundary, as shown in
Fig. 3(b). It shows that the misorientation angles vary in the range
of 24e36 , and the misorientation angle of upper side boundary is
about 5 lower than that of the lower side. This is different from the
character of typical deformation twins, which usually have symmetric TBs. The segments of grain boundaries between DB1 and
grain 1 with misorientations in range of 34 to 36 were automatically identiﬁed as T2 TBs by the EBSD software, as labeled with
blue color. The twin orientation relationship can be further
conﬁrmed by pole ﬁgures shown in Fig. 3(c), i.e., the crystal rotation
in DB1 with respect to the surrounding matrix is around one of the
〈1010〉 axes, as marked by black dashed circle in the f1010g pole
ﬁgure. Furthermore, the crystal of DB1 and the surrounding matrix
have a pair of coincident f1121g planes, the common trace of which
at the sample surface is indicated by a black arrowed line in
Fig. 3(a). This f1121g plane trace is parallel to the trace of the grain
boundary between DB1 and matrix, further conﬁrming that the
blue segments are T2 twin boundaries.
As can be seen in Fig. 3(a) and (d), the boundary segments
encircled by the blue dotted lines and with lower misorientation
angles have about the same boundary plane f1121g and the same
crystal rotation axis 〈1010〉 as the T2 TBs. Two possible mechanisms
are considered for the formation of such special boundaries between DB1 and grain 1: 1) the boundary segments with much
lower misorientation angles than 35 have formed due to the
misorientation decline of T2 deformation twin boundaries; and 2)
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Fig. 1. (a) Initial grain structure of DPD sample in the cross section normal to compression direction (CD); and (b) corresponding texture measured on the compression plane.

the TB segments have evolved gradually from the boundaries with
lower misorientation angles based on a new twinning mechanism.
It is common that the deformation twin boundaries lose their
perfect twin misorientation due to the different lattice rotation
behaviors of twin crystal and matrix crystal caused by dislocation
slip during further deformation. However, such a degradation of
TBs usually causes the misorientation angles to increase. This is
exactly the case for T1 and C1 twin boundaries subjected to further
deformation strains, which will be discussed in section 3.4.3. Since
the samples were subjected to a mono directional impact loading
during DPD, it is impossible to destroy the twin orientation relationship of f1121g twin boundaries by reducing the misorientation
angle (from 35 to 24 in Fig. 3) while keeping the same rotation
axis as well as keeping the same f1121g grain boundary planes
unchanged. To achieve such an evolution of twin boundaries, the
same dislocation slip processes as those that caused twinning but
with the opposite shear directions would have to be activated. But
in such conditions detwinning will happen, which requires
shrinkage of the deformation twins by migration of twin boundaries without changing the twin boundary misorientation. In this
case, the twin boundary misorientation will stay the same. This
means that the ﬁrst mechanism is impossible while the special T2
twin boundaries in Fig. 3 may have formed by the second mechanism. To understand how this new type of TBs forms, it is important
to study how the twin shaped grains and the surrounding boundaries with relatively lower misorientation angles formed during

DPD.
3.3. Deformation bands formed in the DPD samples
3.3.1. Kink bands
A careful examination of the samples subjected to DPD at lower
strains, 3 ¼ 0.09 and 0.20, shows that a large number of twin shaped
deformation bands (DBs) with misorientation axes of 〈1010〉 to the
surrounding grain matrix and enclosed by boundaries of relatively
low misorientation angles (6-32 ) have already formed. Fig. 4(a)
shows a tiny DB with misorientation angles from 6 to 16 to the
surrounding matrix (grain 5) formed in the sample of 3 ¼ 0.09 (one
impact), and Fig. 4(b) shows a twin-shaped DB with misorientations from 16 to 32 to the surrounding matrix (grain 6) in
the sample subjected to two impacts of DPD (3 ¼ 0.20). The DBs in
the two grains both have 〈1010〉 rotation axes. This crystallographic
characteristic of the DBs are the same as the deformation kink
bands frequently observed in HCP metals like Zn, Ti and Mg subjected to compression deformation [22,26,27,35,36], caused by
single basal-〈a〉 dislocation slip and having rotation axes of 〈1010〉.
So these DBs should be termed as kink bands.
Deformation kinking is an important deformation mode in
addition to slip and twinning, especially in the metals and alloys
with strong plastic anisotropy. The term kink was ﬁrst used by
Orowan in 1942 [37] to describe the deformation bands formed in
the axially compressed Cd and Zn single crystals. It has been found
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Fig. 2. (a) Twin boundaries formed in DPD sample with 3 ¼ 0.29; (b) misorientation distribution and inverse pole ﬁgures showing the misorientation axis for grain boundaries of
selected twin boundary misorientation angles; (c) and (d) EBSD maps of grains 2 and 3 in (a), respectively; and (e) T2 twinning formed in the sample with 3 ¼ 0.20. Variation of
misorientation peak values corresponding to T1, T2 and C1 twins in samples deformed to different deformation strains are also listed in the inserted table.

later that the kink bands are mostly activated under the circumstances that the deformation strain cannot be effectively or efﬁciently accommodated by conventional deformation modes of slip
and twinning, which is in nature the same as the reason for formation of deformation bands [38,39]. One extreme case for forming
kink bands in HCP crystals was illustrated by Hess and Barrett [26],
where a large stress is loaded parallel to the basal plane and thus
the basal slip cannot operate to carry the strain because of the
negligible resolved shear stress; and then a region of highly localized deformation developed by the avalanche initiation, operation,
and arrangement of basal dislocations, resulting in the formation of
the kink band. Since the kink bands are generally formed through
the progressive rotation of the lattice, the kink bands can be
considered as the deformation bands resulting from the ordinary
slip process. It is assumed that the kinking deformation in HCP
materials is mainly caused by the accumulation of basal or prismatic dislocation pairs and their motion in the opposite direction.
Some recent computer analysis and experimental work suggest
that the local operation of pyramidal dislocation may also play a

role in the formation of pair of basal dislocations, and lead to the
development of deformation kink bands [40,41]. The lattice rotation axis of the kink bands and the orientation of the boundary
plane depend on the kind of the relevant active slip systems and the
ratio of their operations, that is, the kink band boundaries are
constructed by the edge dislocations of the active slip systems; and
the rotation axis of the crystal will be perpendicular to both the slip
plane normal and the Burger's vector of the dislocation [26,35,36].
In the following paragraphs, the crystallographic nature of the kink
bands formed in the DPD samples will be examined in detail.
3.3.2. Boundary plane of the kink bands formed in the DPD samples
In previous studies on kink bands, less attention has been paid
to the boundary planes of kink band and, to our knowledge, the
kink bands boundary planes have never been experimentally
determined. It is interesting to note here that the kink band and
grain matrix in grain 5 in Fig. 4(a) have one set of almost parallel
f1121g planes (green dashed circles in the f1121g pole ﬁgure), the
traces of which are close to the trace of kink band boundaries.
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Fig. 3. (a) EBSD map for grain 1 in Fig. 2; (b) misorientation distribution along the grain boundary between DB1 and Grain 1 (the orientation was measured from left to right); (c)
f1010g and f1121g pole ﬁgures for DB1 and grain matrix; and (d) inverse pole ﬁgure showing the misorientation axes for DB1 boundaries. The arrowed line in (a) is to show the
common trace of f1121g planes of DB1 and surrounding matrix crystal.

Fig. 4(b) shows another kink band with 〈1010〉 type rotation axis
but higher misorientation angles, in the range of 16.6e30.6 , to the
surrounding matrix. The upper part of the kink band boundary is
rather straight while the lower part is irregular. From the f1121g
pole ﬁgure in Fig. 4(e), it can be seen that the nearly coincident
f1121g planes of the kink band and matrix crystal encircled by blue
dotted lines have a misorientation angle of about 8.2 . The traces of
both of the two f1121g planes are close to the trace of upper kink
band boundary. However, a further analysis shows that the kink
band boundary trace is more close to the f1121g plane trace of
matrix crystal. Nevertheless the grain boundaries between the kink
bands and the surrounding matrix in both Fig. 4(a) and (b) have the
same crystallographic nature as those grain boundary segments
connecting to the T2 twin boundary segments in Fig. 3, where the
DB1 crystal in Grain 1 was speculated to be a kink band originally.
Fig 4 (f) shows a schematic drawing of Ti crystal indicating that
two f1121g planes with the same 〈1010〉 rotation axis have an
angle of 35.0 . During deformation kinking, the rotation of the kink
band crystal and matrix crystal in opposite direction will make the
angle between the two planes becoming smaller and smaller,
which is equal to the difference between 35.0 and the misorientation angle between the kink band and matrix crystal. This is
consistent with the experimental results shown in Fig. 4(e). The
average misorientation angle of ~8.2 between the two closest
f1121g planes of kink band and matrix crystal is approximately the
difference between 35.0 and 27 (average grain boundary
misorientation angle between the kink band crystal and the matrix
crystal). Once the two f1121g planes of the kink band crystal and
matrix crystal are overlapping with each other, the misorientation
angle between the two crystals will be 35.0 . If the kink band

boundary is also parallel to the coincident crystallographic f1121g
planes, the kink band crystal and the matrix crystal will fulﬁl
the f1121g twin relationship. This is exactly the case for the TB
segments shown in Fig. 3.
3.3.3. Dislocation slip within the kink bands formed in the DPD
samples
To conﬁrm whether the kink bands have formed by single basal
dislocation slip, the possible active dislocation slip systems have
been evaluated by calculating the Schmid factors (SFs) of the kink
band crystal (labeled as DB) and the surrounding matrix crystal
(labeled as grain). Although the calculated SF values could not
predict the dislocation slip of the original crystals, they can reveal
part of the dislocation slip history because the gradual nature of
lattice rotation of crystals caused by dislocation slip. In Ti, the basal〈a〉 slip and prismatic-〈a〉 slip are much easier to activate than the
pyramidal 〈aþc〉 slip, because the critical resolved shear stress
(CRSS) for the former is much lower. According to Ref. [42e44], the
CRSS of basal-〈a〉 slip is only slightly higher than that of the prismatic-〈a〉 slip. So in this study, only SF values of basal- and prismatic-〈a〉 dislocation slip systems are calculated; and the slip
systems with SF > 0.3 are arbitrarily considered to possess a high
possibility to be activated. In a single crystal, if all the slip systems
have SF < 0.3 (hard orientation), the slip system with the largest SF
can still be activated to carry the deformation in spite of the low SF.
However, in a polycrystalline material, the deformation of these
grains with hard orientations will be accommodated by the surrounding grains with soft orientations, especially at relatively lower
strains. Therefore, the threshold SF value for slip system activation
was set as SF > 0.3 in this work.
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Fig. 4. (a) and (b) EBSD maps of kink bands formed in the DPD samples with 3 ¼ 0.09 and 0.20 respectively; (c) kernel orientation spread map of grains in (b); (d) and (e) f1010g and
f1121g pole ﬁgures for grains 5 and 6, respectively; and (f) schematic drawing for rotation f1121g planes in kink band/matrix crystal. The arrowed lines in (d) and (e) indicate the
trace of f1121g planes of surrounding matrix crystals close to the kind band boundary traces.

For each kink band and the surrounding matrix crystal, 6 locations are selected along the kink band boundaries to calculate the
corresponding SF values. The results are summarized in Fig. 5(a)
and (b). Table 1 shows the example SF values of one location in the
kink band crystal side and another in the matrix crystal side in each
of the grains 1e6. As indicated, the SFs of all the prismatic slip
systems both in the matrix of grain 1 and DB1 are less than 0.3. On
the other hand, the basal slip variants ð0001Þ½1210 of grain 1 and
ð0001Þ½1120 of DB1 have higher SF values than the other dislocation slip systems, i.e. 0.38 and 0.46, respectively. It suggests that
prismatic-〈a〉 slip is suppressed in grain 1 while the deformation of
grain 1 is mainly carried by basal slip. As mentioned previously, the
rotation axis of the crystal within kink bands will be perpendicular
to both the slip plane normal and the Burger's vector of the dislocation. For the kink band caused by ð0001Þ½1210 or ð0001Þ½1120
slip, the rotation axis will be ½1010 and ½1100, respectively. This is
well consistent with the crystal rotation axes (Fig. 3(c)) measured
directly from EBSD maps, conﬁrming that the kink band DB1 in
Grain 1 has formed by kinking due to the single ð0001Þ½1210
dislocation slip in grain matrix and single ð0001Þ½1120 slip in kink
band, which have the maximum SF values.
From the SF values of different slip systems of kink band crystals
in grains 1e6 (Fig. 5 and Table 1), it can be seen that the prismatic〈a〉 slip systems all have low SF values (<0.3) and thus greatly

suppressed; while, in contrast, the SF values of the basal-〈a〉 slip
systems are not always higher than those of the prismatic-〈a〉 slip
systems in the surrounding matrix crystals. This is because the kink
band crystal and surrounding grain matrix crystal could have
different rotation extent during kinking. The high SF values of
prismatic-〈a〉 slip systems means that prismatic slip systems can
also be activated in the matrix of these grains when subjected to
further impact loading. Thus the rotation axis will deviate from the
〈1010〉 axes and the deformation by the same kinking mechanism
can not continue.
Fig. 4(c) shows a kernel orientation spread map of grain 6. It can
be clearly seen that the zones within the DBs as well as in the grain
matrix close to the DBs both have high misorientation gradients,
which means that the DBs and the surrounding matrix have carried
the deformation simultaneously. Though in many reports, the
deformation bands or kink bands are suggested to be formed to
accommodate most of the deformation strain of the grain, the slip
behavior and thus the lattice rotation within the grain matrix are
not necessarily frozen. According to Rosi's work [35], the lattice
reorientation within the kink band even lags behind that of the
surrounding matrix crystal after its formation. Considering that the
lattices in kink band and grain matrix have rotated in opposite
directions, the initial grain orientation should be in between of
their orientations. Based on the SF values of different slip systems, it
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Fig. 5. (a) and (b) Schmid factors (SFs) for basal- and prismatic-〈a〉 dislocation slip systems in six kink bands and corresponding six grain matrix crystals in the DPD samples (grains
1e6), respectively; and (c) stereographic projection of the loading directions in grains 1e6.

Table 1
Calculation results of SFs for basal- and prismatic-〈a〉 slip systems in grains 1e6.

Basal slip systems

Prismatic slip systems

Basal slip systems

Prismatic slip systems

Grain1

DB1

Grain2

DB2

Grain3

DB3

ð0001Þ½1120

0.14

0.46

0.16

0.31

0.38

0.31

ð0001Þ½1210

0.38

0.1

0.3

0.18

0.2

0.45

ð0001Þ½2110

0.24

0.35

0.14

0.49

0.18

0.14

ð1100Þ½1120

0.27

0.1

0.4

0.2

0.03

0.15

ð1010Þ½1210

0.13

0.07

0.03

0.14

0.37

0.06

ð0110Þ½2110

0.04

0.18

0.38

0.06

0.34

0.09

Grain4

DB4

Grain5

DB5

Grain6

DB6

ð0001Þ½1120

0.49

0.22

0.36

0.46

0.08

0.5

ð0001Þ½1210

0.31

0.35

0.23

0.31

0.12

0.24

ð0001Þ½2110

0.19

0.03

0.13

0.15

0.2

0.26

ð1100Þ½1120

0.07

0.09

0.14

0.13

0.35

0.01

ð1010Þ½1210

0.23

0.07

0.41

0.23

0.46

0.24

ð0110Þ½2110

0.16

0.02

0.28

0.21

0.11

0.25

can be concluded that the twin-shaped DBs were formed in the
grains with suppressed prismatic-〈a〉 slip and having one active
basal-〈a〉 slip with a signiﬁcantly higher SF value than the others.
Since these DBs formed mainly through the kinking mechanism by
single basal slip, their boundary walls are constituted of numerous
basal dislocations [22,27].
Fig. 5(c) summarizes the impact loading direction according to
the crystal orientations in 6 grains containing kink bands. As can be
seen, all the loading directions are located in between the ð0001Þ
pole and f1120g pole and close to the large circle of f1010g plane.
Such an orientation relationship between the loading direction and
the grains will result in a low SF value for the prismatic-〈a〉 dislocation slip and a rather high SF value for one single basal dislocation
slip system, which favors the deformation kinking during impact
loading of DPD.
When deformation proceeds, orientation of grains will change
through crystal rotation. Then, the SF values for the single basal slip
may decrease while those for other basal slip systems and prismatic
slip systems would increase. If the latter exceeds the former in SF

value, new slip systems may operate, which will result into a deviation of the crystal rotation axis from 〈1010〉. In that case, the T2
TBs may not form or the formed T2 twins through kinking will lose
the twin orientation.
3.4. Evolution from kink band to twin
3.4.1. Crystal rotation around 〈1010〉 caused by single basal-〈a〉 slip
It is possible to examine in which conditions a T2 twin can form
through a continuous single basal dislocation slip in a grain,
assuming the grain has the same stress tensor as the macroscopic
stress tensor of sample. The SF values of basal- and prismatic-〈a〉
slip systems as well as T2 twin variants can be calculated as a
function of rotation angle of the crystals from loading directions. To
simplify the calculation, a rotation of loading direction by the angle
q from the crystal rotation axis ½1010 was selected. The basal-〈a〉
slip variant of ð0001Þ½1210 (B2) was selected as the single dislocation slip system. The schematic drawing of the loading direction
in relation to the crystal lattice is shown in Fig. 6. More detailed
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procedure on SF calculations in HCP materials can be found in
Refs. [45,46]. The angle (q) between the loading direction and
½1010, and the angle (u) between the [0001] direction and the
projection line of loading direction in ð1010Þ plane are the parameters to determine the activity of different slip systems. In order
to have B2 as the single slip system, some criteria have to be fulﬁlled. Here, we have arbitrarily set the criteria as: SF value of B2 is
larger than 0.3 and is the largest among all basal-〈a〉 slip systems
while the SF values of all prismatic-〈a〉 slip systems are less than
0.3. As can be seen, when q < 50.8 , the SF values of slip system B2
are always smaller than 0.3, meaning that this slip system is difﬁcult to activate (Fig. 6(b)); while when 50.8 < q < 63.4 , the basal
slip system B3 ð0001Þ½1120 and the prismatic slip system P1
ð1100Þ½1120, instead of slip system B2, are more likely to activate
because of the higher SF values, though the SF value of B2 is larger
than 0.3 in certain u ranges, which will result in different rotation
axes instead of ½1010. In contrast, when q exceeds 63.4 , the basal
slip systems B2 and B3 as well as the prismatic slip system P1 tend
to be activated at different u angles. For example, when q ¼ 70
(Fig. 6(d)), the SF value of B2 is larger than that of B3 in the u angle
range of 39 -50.5 while the SF values of prismatic-〈a〉 slip variants
are less than 0.3, thus a single dislocation slip of B2 is possible.
However, considering that the SF value of B3 is also larger than 0.3
in this u ranges and the difference of SF values of B2 and B3 is so
small, it is possible that the B2 and B3 slip can be activated
simultaneously. If these two slip systems operate equivalently, the
rotation axis will be ½1120. In that case, no kink bands with f1121g

boundary planes will form. So it is difﬁcult to form kink bands with
f1121g as boundary planes even when the q angle is 70 (Fig. 6(d)).
As shown in Fig. 6(f), when q > 85.2 , the SF value of slip system
B3 becomes smaller than 0.3 and a single slip of B2 can be achieved
within a relatively large u angle range. The u angle ranges for
activation of a single ð0001Þ1210 slip at different q are indicated by
light green zones in Fig. 6(c)-(f), showing that the possibility for
deformation by a single dislocation slip B2 increases with
increasing q angle. This is in agreement with Fig. 5(c), where the
loading directions in grains 1e6 all have a very small angle to one of
the prismatic plane. The maximum u angle range for one single
basal-〈a〉 slip B2 to keep active, is 18.5 to 56.5 (Fig. 6(f)). Therefore, the maximum crystal rotation around ½1010 that favors single
slip of ð0001Þ½1210 is ~38 (Fig. 6(f)).
Considering the opposite rotation direction of kink band and
matrix grain, the rotation angle is sufﬁcient to reach the misorientation angle of T2 twin (35 ) by rotating around ½1010 axis. This
result conﬁrms the possibility of formation of T2 twin boundaries
through gradual kinking caused by accumulative single basal slip.
For those twin boundaries formed by kinking, a further rotation
beyond the twin misorientation by kinking based on the same
single dislocation slip, or by different dislocation slip systems will
cause the twin boundaries rotate away from the twin orientation
relationship. For conventional deformation methods, in order to
form similar T2 TBs through the kinking mechanism, the loading
direction has to keep ideal angles to the basal plane and the 〈1010〉
direction in terms of q and u, the chance of which is very low.

Fig. 6. (a) Schematic drawing on the relation of loading direction with ½1010 axis (OM: loading direction; OM0 : projection of OM on ð1010Þ plane; q: angle between loading
direction and ½1010 axis, u: angle between OM0 and c axis); and (bef) SF values of basal-〈a〉, prismatic-〈a〉, and T2 twin variants as a function of u at q ¼ 50.8 , 63.4, 70 , 85.2 and
90 , respectively. The dashed segments of SF curves of T2 twin variants denote the SFs with negative sign. The basal and basal dislocation slip variants are represent by B1~B3, and
P1~P3, respectively. The variants of T2 twin are represented by T21~T26.
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Moreover, the SFs are calculated in the present paper based on the
assumption that the stress state of each grain coincided with the
macroscopic applied stress. However, considering that certain deviations could exist between the state of the macroscopically
applied stress and the actual stress state for a particular grain, the
slip systems with relatively lower SFs could also be activated. If
more slip systems operate in the kink bands and grain matrix, the
rotation axis will depart from 〈1010〉, which further decreases the
probability of forming T2 twin boundaries through this gradual slip
process. These factors may account for why this kind of twin
boundaries have never been reported before. However, due to the
high strain rate and mono-directional loading natures of DPD
process, once a single basal-〈a〉 dislocation slip is activated, it may
continue until the impact loading is ﬁnished, although the SF of
other dislocation slip systems may change to higher values than the
initial dislocation slip in the loading process. Such a hypothesis on
the “avalanche effect” of shock loading is supported by the experimental evidence that some of the T2 twin boundary segments
(Figs. 3 and 8) formed by the kinking process have higher misorientation angles than 35 . In principle, the ideal twin misorientation
will give a minimum twin boundary energy. However, impact
loading with surplus energy could even deform the twin boundaries to an energetically less favorable state. This avalanche effect
increases the possibility for the formation of f1121g twins by
kinking.
3.4.2. Formation of T2 twin boundaries through crystal rotation of
kink bands
By examining the SF values of T2 twin variants in those grains
with kink bands (Fig. 6(b-f)), it is found that at least one of the 6
variants of T2 twin can have a quite high positive SF value, implying
that some of the T2 twin variants have a high potential to be activated in a conventional way. However, no conventional type T2
twins were observed in grains containing kink bands. This may be
ascribed to the difference in CRSS between T2 and basal dislocation
slip, i.e., the latter has a much lower CRSS value. Also, the shear
strain provided by each single impact loading during DPD is rather
small, which is not enough to activate T2 twins (theoretical shear
strain 0.638) through conventional twinning mechanisms. This is
different from the room temperature ECAP process of CP Ti, where a
large fraction of conventional f1121g twin crystals could form due
to the high shear strain in each pass [11].
However, due to the complexity of the deformation of a multigrain structure, the shear strain achieved in some of the grains can
be larger than the theoretical shear strain endured by a single
crystal, therefore conventional f1121g could also form. For
example, the T2 twin in Fig. 2(e) could have formed through a
conventional twinning mode, where the TBs along the two sides of
the twin crystal are continuous and symmetric.
It should also be mentioned that some kink bands could not
develop into T2 twins during further impact loading if their
orientation are unfavorable to keep the same single basal dislocation slip. In this case, new basal dislocation slip systems or prismatic dislocation slip systems may be activated, by which the
rotation axes and the boundary planes of kink bands will deviate
from 〈1010〉 and f1121g, respectively. As an evidence, even
different locations in the boundary of DB1 in Fig. 3(d) have different
rotation axes than 〈1010〉. Because of the complex stress conﬁgurations in the zones near grain boundaries, more slip systems such
as second basal or prismatic slip in addition to the initially high SF
single basal slip could be activated, resulting in a deviation of the
rotation axis from 〈1010〉, as indicated by black circles in Fig. 3(a)
and (d). In that case, the segments of kink band boundaries close to
grain boundaries cannot evolve into TBs. In contrast, single slip of
basal dislocations in the middle part of kink bands maintains the
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rotation axis better because of relatively simple stress conﬁguration
(blue circles in Fig. 3(a) and d). This may be the reason why T2 TBs
generally develop in middle part of kink bands.
Bullough [25] has proposed a growth mechanism of T2 twins,
i.e. growth through localized 〈1120〉 slip on K2 (0001) plane. This
was recently discussed again by Wang et al. [6] because large
orientation variation and irregular TBs were observed in some T2
twins in Ti. Even with these previous works, the twinning mechanism through continuous slip of DBs (or kink bands) has not been
well considered. Here our work shows a ﬁrst experimental evidence for the mechanism. Recently, a formation mechanism of
incoherent twin boundaries in an Al-Mg alloy subjected to DPD
through gradual evolution from copious low-angle DBs by lattice
rotation was suggested [47]. This formation mechanism of the
incoherent twins is in nature similar to the present formation of
twin boundaries by kinking mechanism.
Fig. 7 shows a schematic drawing for the evolution from kink
band to twins. The formation of T2 twins through kink band in HCP
titanium should be attributed to the limited dislocation slip systems. In some grains with certain orientations, only one slip system
can be activated. For example, in the grain shown in Fig. 7(a) and (d)
with q ¼ 90 and u ¼ 37.5 , only one basal slip, B2, is supposed to
activate because of the far higher SF value of B2 than others. The
lack of active slip systems in this grain facilitates the formation of a
kink band structure during high strain rate deformation. In contrast
to the deformation boundaries caused by complex cross slip, the DB
boundaries caused by single slip system are relatively simple and
regular. As shown in Fig. 7(b), (c) and (e), each side of the DB
boundaries is constructed by the same type of edge basal dislocations, which is in nature similar to that of T2 twin boundaries. On
the other hand, the operation of the single B2 slip in the DB and
grain matrix induces the lattice rotation around the same axis of
½1010, but in opposite directions.
To determine the evolution path of the boundary plane for kink
bands during deformation is more challenging. The habit plane of
the symmetric kink caused by single basal slip was supposed to be
f1120g at small misorientations angles according to [26,36,48].
However, from the EBSD grain boundary trace analysis in the present work it seems that the habit plane is quite close to f1121g
plane of one of the cyrstals (band and matrix) and keeps the same
during further rotation. A further detailed study on the evolution of
kink band boundary plane with increasing misorientation angle is
still needed.
3.4.3. Evolution of twin boundaries upon further deformation
Fig. 8 shows the fraction change of T2 twins with increasing
deformation strain during DPD. The maximum length fraction of T2
twins was achieved at 3 ¼ 0.29. However, since more boundaries
will be created during deformation because of grain reﬁnement, the
relative length fraction of T2 twins may decrease though their absolute length does not. According to the curve of T2 twin length in
per unit area in Fig. 8, the absolute fraction of T2 twins increases
until 3 ¼ 0.41, which means that more lower angle kink band
boundaries have transformed into T2 TB segments during further
impact loading.
In contrast to the T2 TBs connected to kink band boundaries
with lower misorientation angles at low strains, T2 TBs were more
frequently connected to boundary segments of misorientation angles higher than 35 in the samples subjected to higher deformation strains, i.e. 3 ¼ 0.71 and 1.13, as shown in Fig. 9(a) and (b). These
boundary segments are not identiﬁed as TBs by OIM analysis
software due to the large deviation from the perfect twin orientation relation. As shown in Fig. 9(c) and (d), the rotation axes of these
segments deviate from the theoretical misorientation axis of T2
twin, 〈1010〉. The decrease of the absolute length of T2 twin
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Fig. 7. (a)e(c) Schematic drawing for formation and evolution of a DB in a grain with initial orientation q ¼ 90 and u ¼ 37.5 ; (d) SF variation of the DB and the matrix with lattice
rotation; and (e) ð1010Þ plane view of the T2 twin boundaries. Pink and gray atoms correspond to the alternate.

〈1010〉, respectively. Interestingly, no degraded twin boundaries
with misorientation angles lower than theoretical values have
been found. This should be due to the mono directional loading
nature of DPD process. The lattice rotation of the twin crystals
caused by dislocation slip during further deformation will mostly
result in misorientation angle increase instead of reduction. The
increase of misorientation angles of twin boundaries during
further deformation has also been reported before [11,49].
Because the boundary segments connecting with TB segments
shown in Figs. 2e4 have smaller misorientation than twins, we
can further conﬁrm that these boundaries have form by a kinking
process rather than misorientation change process of twin
boundaries.
4. Conclusion
Fig. 8. Length fraction of T2 twin boundaries in grain boundaries with misorientation
angles larger than 5 (%), and the absolute length of T2 twin boundaries per unit area
in the DPD samples subjected to different deformation strain.

boundaries at 3 > 0.41 (Fig. 8) should be attributed to the loss of
twin orientation relationship of some of the T2 twins during further
straining.
Similar misorientation change of twin boundaries is also
observed for T1 and C1 twins. As can be seen from Fig. 10, grain
boundary segments, which are not identiﬁed as twin boundaries
by OIM analysis software, are connected to the T1 (Fig. 10(a)) and
C1 (Fig. 10(b)) twin boundaries. All these boundary segments
have higher misorientation angles than their corresponding
theoretical values. Besides, as shown in Fig. 10(c) and (d), the
rotation axes of these non-TB segments clearly deviate from the
theoretical misorientation axes of T1 and C1 twins, i.e. 〈1120〉 and

In summary, the deformation twins formed in a CP Ti subjected
to DPD have been experimentally studied. Three types of deformation twins, T1, T2 and C1 have been observed. Some of the
f1121g (T2) TBs differ from conventional T2 twins, where a large
fraction of T2 TBs have formed through a gradual increase of
misorientation angle of a kink band boundary caused by accumulative slip of single basal-〈a〉 dislocations. The formation of such
twin boundaries by kinking mechanism mainly occurs in the grains
with one of the 〈1010〉 axes perpendicular to compression direction, where the prismatic-〈a〉 dislocation slip is suppressed while
only one basal-〈a〉 slip system is favorable. A Schmid factor calculation of different dislocation slip systems shows that such a
mechanism for formation of T2 twin boundaries is feasible. With
further straining, due to the grain rotation, new type of dislocation
slip systems will be activated and therefore both the kink band
boundary planes and grain rotation axes will be offset from f1121g
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Fig. 9. (a) and (b) T2 twin boundaries connecting to high angle kink boundaries formed in the DPD samples with 3 ¼ 0.71 and 1.13, respectively; (c) and (d) inverse pole ﬁgures
showing the misorientation axis of twin/kink band boundaries to (a) and (b) respectively. The poles encircled by dotted lines of different colors are corresponding to the boundary
segments encircled by dotted lines of same colors in (a) and (b).

Fig. 10. (a) and (b) deviation of the misorientation angle of T1 and C1 TBs formed in the DPD sample with 3 ¼ 0.29; (c) and (d) corresponding inverse pole ﬁgures showing the
misorientation axis of twin boundaries of grains in (a) and (b), respectively. The points encircled by the black dotted lines are corresponding to the misorientation axes for the black
boundary segments surrounding the twin crystals.

planes and 〈1010〉 axes, respectively. As a result, the twin boundaries will lose their twin misorientation. It is supposed that the
special deformation mode of DPD in terms of high strain rate and
mono-directional impact loading plays an important role in formation of the special T2 twin boundaries by kinking mechanism.
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