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Shock loading causes complicated twinning processes in Ti and Ti alloys. In this work, two types of
{1012} sequential twinning processes are for the first time reported according to electron backscatter
diffraction (EBSD) characterization of titanium sheets that are subjected to shock loading. One is
described as {1121}0P/{1012} (TIIi 0P/TIj), i.e., {1012} sequential twinning is activated in the parent
grain (P) along with {1121} twins. The other is described as {1122}0{1124}/{1012} (CI

i0CII
j /TIk), i.e.,

{1012} secondary twinning is stimulated inside {1124} twin by co-zone {1122} twin. A statistical analysis
according to EBSD characterization reveals the well-defined crystallographic relations between
sequential {1012} twin variants and the primary/incoming twins, i.e., TIIi 0P/TIi or T

I
iþ1 and CI

i0CII
iþ3 /

TIi or T I
iþ1. We proposed and examined two sequential twinning mechanisms, (i) emissary twinning

disconnections at steps along twin boundary for the first case and (ii) shear transformation into the
primary twin for the second case, based on dislocation theory and the deformation accommodation
ability of the sequential {1012} twinning to the shear deformation of the primary/incoming twin. Crystal
plasticity modelling is performed to calculate the local stress field associated with the proposed twinning
mechanisms. The results demonstrate that the preferred twin variant observed in experiments has the
maximum resolved shear stress among the six twin variants. Our work suggests that complicated
twinning processes under shock loading obey crystallographic relations according to deformation ac-
commodation ability. The findings from this study can be implemented into meso-/macro-scale crystal
plasticity models for predicting mechanical behaviors and texture evolution of polycrystalline aggregates
of hexagonal materials.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Titanium and titanium alloys with the superior strength-to-
density ratio, the extraordinary corrosion resistance and the abil-
ity to withstand extreme temperatures are widely used in the
automotive, aerospace, marine, power generation and offshore in-
dustries [1]. Laser shock peening techniques have been used to
improve performance of high cost titanium alloy parts in the
aerospace industry and other industries [2]. It is of great interest to
understand the mechanical response of titanium and titanium al-
loys in the complex dynamic loading environments that are expe-
rienced in these engineering applications. Much effort has been
devoted to determining the predominant deformationmechanisms
in titanium and titanium alloys over a range of strains and strain
nl.edu (J. Wang).

lsevier Ltd. All rights reserved.
rates [3,4], temperatures [5,6], grain sizes [7], polycrystalline tex-
tures [8], etc.

Both dislocation slip and twinning are activated in titaniumwith
a hexagonal close packed structure (HCP) [9]. The easy slip happens
along <a> direction on prismatic {1010} and basal {0002} planes
[10,11], and they are less dependent on strain rate and temperature.
Non-basal <cþa> slip occurs on {1011} and {1122} pyramidal
planes [9,12], but the activity relative to other slips and twins is low
while increases at large strain [13,14]. Prismatic <c>-type disloca-
tions are occasionally observed at various strain rates and tem-
peratures [15]. It is noted that<a> dislocation on {1012} planes and
〈<cþa〉> dislocations on {1122} and {1011} pyramidal planes can be
activated [16] under shock loading at strain rate 103 s�1 [17,18].
Owing to the low activity of non-basal dislocations, twinning co-
operates with and competes against non-basal slips to accommo-
date deformation along c-axis. Twins are classified into two groups,
i.e., compression twins and extension twins corresponding to the
deformation along c-axis [19,20]. Six types of twins have been
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reported in Ti, three extension twinning modes {1012}〈<1011〉>,
{1121}〈<1126〉> and {1123}〈<1122〉> (referred to as TI

i , T
II
i and TIII

i ,
respectively) and three compression twinning modes {1122}
〈<1123〉>, {1124}〈<2243〉> and {1011}〈<1012〉> (referred to as CI

i ,
CII
i and CIII

i respectively) [10,11]. The subscript ‘i’ represents six
variants associated with each twinning mode. Among them, {1012}
〈<1011〉> (TIi) and {1122}〈<1123〉> (CI

i) twins are frequently
observed [21e24] at room temperature and at any strain rate.
{1121}〈<1126〉> and {1124}〈<2243〉> twins are often observed at
high strain rate [16,25]. {1011}〈<1012〉> and {1123}〈<1122〉> twins
[26] are occasionally observed.

A considerable amount of work has been devoted to under-
standing processes of twinning, secondary twinning and twin-twin
interactions [16,23,27,28]. Twinning involves nucleation, propaga-
tion and growth processes. Conventional understanding of twin
nucleation is based on either the pole-mechanisms [29] or the
successive dislocation gliding mechanisms [30,31]. Recently, pure-
shuffle nucleation mechanism is proposed and demonstrated for
f1012g twinning [32e34]. Disregarding nucleationmechanisms for
various twins, twins propagate or grow through the shear-shuffle
mechanisms via twinning disconnections (TDs) [35] which is
described by a dislocation b and a step of height h [36], referred to
as (bi, hi) TD. The subscript i indicates the number of atomic planes.
TDs can pile up to form steps and facets that are associated with
locally high stress/strain concentration. For example, the steps/
facets along several types of twin boundaries (TBs) have been
characterized by using transmission electron microscopy, such as
{1010}jj{0002} steps associated with {1012} twin [24,32], {0002}jj
{1013} steps associated with {1011} twin [37], {0002}jj{1122} steps
associated with {1122} twin and {1210}jj{1212} steps associated
with {1121} twin [38].

When a twin propagates towards and meets with an interface
(either grain boundary or twin boundary), the local shear associ-
ated with the incoming twin may partially transform into the
adjacent crystal by dislocation slips [39,40] or sequential/secondary
twinning [41,42]. For example, secondary twin can be activated in a
primary twin, resulting in double twin. Under complicated stress
conditions, for example of cyclic loading or strain path changes,
secondary twinning modemay be the same as or different from the
primary twin. Correspondingly, double twins can be grouped into
two types, similar double twin (both primary and secondary twins
are either compression or extension twins) and dissimilar double
twin (one compression twin and the other extension twin). Elec-
tron Backscatter Diffraction (EBSD) analysis and transmission
electron microscopes (TEM) have revealed six dissimilar double
twins in titanium, three compression/tension double twins:

{1122}/{1012} (CI
i/TI

j) [43,44], {1122}/{1121} (CI
i/TIIj ) [45] and

{1124}/{1012} (CII
i /TIj) [45], and three tension/compression

double twins {1012}/{1122} (TIi/CI
j) [43], {1121}/. {1122}

(TII
i /CI

j) [46] and {1121}/{1124} (TIIi /CII
j ) [45]. The symbol ‘/’

represents twinning, i.e., the former twin is twinned again into the
later twin. Associated with formation of double twins, twin-twin
boundaries form, subsequently affecting twinning, de-twinning,
and slip processes and resulting in increased strain hardening
[23,47,48].

Shock loading will create complex twin structures that affect
mechanical properties of materials. Exploiting the mechanisms of
complex twinning processes and developing corresponding
micromechanical models are an essential step to understand the
role of complex twinning processes in affecting mechanical
behaviour and develop multi-scale material models [49,50]. In this
work, we report on two types of sequential twins occurring in ti-
tanium under shock loading, {1012} sequential twinning in matrix
along with {1121} twins and {1012} secondary twinning associated
with the interaction between {1122} twin and {1124} twin. A sta-
tistical analysis according to EBSD characterization reveals the
well-defined crystallographic relations between sequential {1012}
twin variants and primary twins. These crystallographic relations
are further examined based on the accommodation ability of
sequential twinning to the shear deformation resulted by the pri-
mary/incoming twins. Correspondingly, we propose two sequential
twinning mechanisms (i) emissary twinning disconnections at
steps along primary twin boundary and (ii) shear transformation
into the primary twin. The feasibility of the two mechanisms is also
examined according to dislocation theory and local stress fields
that are obtained by a full-field crystal plasticity fast Fourier
transform (CP-FFT) approach.
2. Experimental methods

An extruded pure titanium rod (99.995wt %) with a diameter
and length of 6.3mmwas annealed in a vacuum of 10�4 Pa at 800 �C
for 1 h and cooled in the furnace. High strain rate (~2600s�1)
compression was applied at room temperature by using a split
Hopkinson pressure bar (SHPB) device. Compression direction was
along the axial direction with a final strain of 0.066. The strain is
controlled by a strain-stopper ring mounted on the outer circum-
ference of sample. The strain-stopper ring was set with an inner
diameter of 6.85mm, an outer diameter of 10mm and a length of
5.88mm to ensure that the radial deformation of the sample is free
from constraint and the axial deformation reaches the expected
strain. The contact regions among sample, SHPB and strain-stopper
ring were lubricated by Vaseline to reduce friction. There is no
plastic deformation on the strain-stopper ring because it is made of
spring steel with high yielding strength around 1.4 GPa. After
compression, the central region of longitudinal cross section of the
deformed sample, processed by low-speed diamond saw cutting
was ground by SiC paper from grit 800# to 4000#, then polished for
30min using colloidal silica, and finally etched for 2e5 s by Kroll
reagent (volume ratio of HF: HNO3: H2O equals to 2:6:97). EBSD
measurements were conducted in a Sirion 200 scanning electron
microscopy (SEM) equipped with an EDAX/TEAM data acquisition
system. The operation was done at 20 kV with a step size of 0.3 mm.
The original EBSD data was analysed with software TSL OIM
Analysis 7.
3. Results

3.1. Twin structures under shock loading

Twinning induced by shock loading has been extensively stud-
ied in structural metals, causing complicated structure evolution in
the material [51,52] because of complex stresses, compressive
deformation and subsequent tensile deformation. Fig. 1a shows a
typical EBSDmap of the deformed sample. Four twinmodes, {1012}

(TIi), {1121} (TII
i ), {1122} (CI

i) and {1124} (CII
i ) twins are observed

except for {1123}(TIII
i ) and {1011} (CIII

i ) twins. The next-neighbor
grain-to-grain misorientation corresponding to Fig. 1a is shown in
Fig. 1b. The peaks at ~35�, ~64�, ~77� and ~87� are attributed to the
formation of {1121}, {1122}, {1124} and {1012} twins, respectively.
According to the area under the peak associated with each twin
mode, {1122} twins and {1012} twins account for the largest pro-
portion, {1121} twins also take up much proportion, and {1124}
twins contribute to a small fraction. This seems a general distri-
bution feature in many grains. In addition, other peaks may be
associated with twin-twin boundaries. For example, {1012} co-



Fig. 1. (a) A typical EBSD map of the deformed sample. Different colors are used to depict the twin boundaries: yellow for {1012}, pink for {1124}, red for {1122} and green for {1121}.
(b) The grain-to-grain misorientation angle distribution corresponding to the EBSD map. Specific microstructures are zoomed in (c) twin-twin interactions, (d) compression-tension
double twin, (e) tension-compression double twin, (f) {1121} tension twin and {1122} compression twin in one grain, (g) {1012} twins along {1121} twin boundaries, and (h)
secondary twins associated with twin-twin interactions. (i) The crystallography of twins, showing the relations among twin modes and twin variants. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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zone twin-twin boundaries could result in a peak around ~7� [28].
Corresponding to the crystallography of twins in titanium,

specific colors are used to depict twin boundaries in Fig. 1a, i.e.,
green lines for {1121} twin boundaries, yellow lines for {1012}, red
lines for {1122} and pink lines for {1124}. These twins form
complicatedmicrostructures, such as individual (or primary) twins,
sequential twins, twin-twin junctions, and double twins. Sequen-
tial twin corresponds a twin that is triggered off due to shear
transformation associated with dislocation-boundary or twin-
boundary interactions. The newly formed twin grows in the ma-
trix or a twin. When sequential twinning occurs in one pre-existing
twin, the sequential twin is also called secondary twin. Pre-existing
twin and secondary twin thus form so-called double twin. Twin-
twin junctions form associated with twin-twin interactions. For
example, Fig. 1c shows twin-twin junctions associated with {1012}
twins, which is extensively reported in hexagonal metals [28,53].
Fig. 1d shows compression-tension {1122} / {1012} double twins,
which is the most popular double twin in titanium [44]. Fig. 1e
shows tension-compression {1121}/{1122} double twins, which is
popular in shocked titanium [46]. In addition, {1121} tension twins
and {1122} compression twins are activated in the same grain
(Fig. 1f), implying the change in stress state during shock loading.

Besides these twin structures, two types of twin structures are

for the first time noticed. Fig. 1g shows two small {1012} (TI
j) twins

that are activated in the parent (P) grain along {1121} (TII
i ) twin

boundary. For convenience in description of such twinning process,
{1121} twins are referred to as primary twinwhile {1012} twins are
called sequential twin according to their volumes and geometry
characters. Such a twinning process is described as {1121}0P/

{1012} or TII
i 0P/TIj. The other sequential {1012} twinning hap-

pens when incoming {1122} twin interacts {1124} primary twin. A

double twin structure, {1012} secondary twin inside {1124}
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primary twin, forms as shown in Fig. 1h. The twinning process is

described as {1122}0{1124}/{1012} or CI
i0CII

j /TIk for dis-
tinguishing it from the conventional description of double twin-
ning. The symbol ‘0’ represents ‘interacting’, i.e., the former twin
(incoming twin) interacts the later crystal (primary twin). Here the

later crystal is CII
j twin. The symbol ‘/’ represents ‘twinning’where

the former crystal is twinned into the later twin. Here the former

crystal is CII
j twin.

For the convenience in describing crystallographic relations
among various twin modes and their variants, we define the re-
lations among the subscripts “i” of twin variants associated with
twin modes TI

i , T
II
i , C

I
i and CII

i . As shown in Fig. 1i, the zone axis of TI
i

twin variant is parallel to 〈<1120〉> (or a) according to the crys-
tallography of an HCP structure. We define the zone axis of TI

1 along
a1. The co-zone twin variant TI

4 thus adopts the zone axis along -a1.
The zone axis of TII

i, C
I
i and CII

i twin is parallel to 〈<1010〉>. We
define the zone axis of TII1, C

I
1 and CII

1 twins along the vector [a1 e
a3], which is the resultant vector of the two zone axes of TI

1 and TI2.
The other variants “i” can be obtained by rotating the 1st variant
ði� 1Þ � 60 degrees about the [0001] axis. The zone axis of twin
variant TII

i, C
I
i and CII

i is thus equal to the sum of the zone axes of the
TIi and TIiþ1 variants.

3.2. Characteristic of TII
i 0P/TI

j twinning

TIIi 0P/TI
jtwin structures are classified into three types ac-

cording to the misorientation between {1121} and {1012} twins.

Take TII1 for example, six {1012} twins exhibit three misorientation
Table 1
The misorientation angle/axis pairs for {1121}0P/{1012} twins, {1122}0{1124}/{101
angle/axis pairs with TII
1 twin as listed in Table 1, i.e., Type A (TI

1 and

TI2): 66.5
� around 〈<15 5 10 3〉>, Type B (TI3 and TI

6): 89.5
� around

〈<8 4 12 3〉> and Type C (TI
4 and TI

5): 60.0
� around 〈<66 19 47 14〉>.

Correspondingly, Type A sequential twinning can be described as

TIIi 0P/TI
i and TIiþ1, Type B as TII

i 0P/TI
iþ2 and TI

iþ5 and Type C as

TIIi 0P/TI
iþ3 and TI

iþ4.
Fig. 2a shows a typical EBSD map containing many TIIi 0P/TI

j
twin structures. A region outlined by the black box is magnified in
Fig. 2b. Twinmodes are distinguished by the color of the TBs. Green
and yellow contours represent {1121} and {1012} twins, respec-
tively. The relation between the subscripts “i” and “j” of twin var-
iants is identified by using a pole figure. The pole figure is
associated with the sample frame, i.e., X jj [100], Y jj [010], Z jj [001].
Firstly, we project six twinning planes of the parent grain in the
pole figure. Secondly, we project six twinning planes of a twin
domain in the pole figure. The coincided spot in the pole figure
indicates the twin variant. For example to identify the {1121} and
{1012} twin variants as labelled by black arrows in Fig. 2b, the pole
figure of the {1121} twin planes in Fig. 2c reveals that the pro-
jections of (1121) twinning plane in the grain and the twin closely
coincide as outlined by the light blue circle. This twin is determined

to be TII3 variant. Fig. 2d is the pole figure of {1012} planes in the
matrix and two twin variants. {1012} twin planes in the matrix are
represented by the black dots. {1012} twin planes in the two twins
are denoted by the blue squares and red stars. The two twins are

determined to be TI
3 and TI

4 variants. They nucleate at twin
2} twins and {1124}/{1012} double twins.



Fig. 2. (a) EBSD characterization of TII
30P/TI3 or TI4 twins. (b) A magnified EBSD map of the twin configuration labelled in (a). The pole figures of (c) {1121} twinning planes and (d)

{1012} twinning planes. (e) The crystallography of TII
3 , T

I
3 and TI4 twins.
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boundaries of the TII3 and grow in the parent grain. The crystallo-
graphic relation between the {1121} twin and two {1012} twin

variants is described as TII30P/TI
3 or TI

4. The shear direction (h) of

the TII3 twin is projected into the EBSD observation plane as labelled
with white arrows in Fig. 2b, showing that the trace of the stimu-

lated TI3 and TI
4 twin planes have an obtuse angle with respect to

the shear direction h. Fig. 2e shows the crystallographic relation

between TII
3 twin and TI

3 or TI
4 twin. The zone axis of TII

3 twin is
along [1100], which is equal to the vector summation of the two

zone axes of TI3 and TI
4 twins (highlighted in blue). More impor-

tantly, twinning shear associated with TI3 and TI4 twins is mirror

symmetry about the shear plane of TII3 twin. Thus, TI
3 and TI

4 twins
are equivalent with respect to the resulted shear on the shear plane

of TII
3 twin.
We identified 531 {1012} twins at the TBs of 103 {1121} twins

that are observed in eight grains. Type A twins TII
i 0P/TI

i and TI
iþ1

take 474 out of 531 (89.3%), Type C twins take 55 out of 531 (10.3%)
and Type B has only two (0.4%). The apparent prevalence of Type A
twins will be discussed in details in the following sections.
3.3. Characteristics of CI
i0CII

j /TI
k twinning

Fig. 3a is an EBSD map showing {1122}0{1124}/{1012} or
CI
i0CII

j /TI
k twins. Two regions marked by white boxes are

magnified in Fig. 3b and c. Using the same method in Section 2.3,
twin variants are determined with the aid of the pole figures of
{1124} planes, {1122} planes and {1012} planes, respectively. Taking
twin structure in Fig. 3b as example, the pole figures of {1124}
planes (Fig. 3e), {1122} planes (Fig. 3f) and {1012} planes (Fig. 3g)
enable us to determine the three variants CII

6, C
I
3 and TI

4 as denoted
in Fig. 3b. Fig. 3c shows two {1012} twin variants. The corre-
sponding pole figures in Fig. 3g and h determine them to be TI4 and
TI3, respectively. Therefore, the crystallographic relation is
described as CI

30CII
6/TI

3 or T
I
4. As depicted in Fig. 3d, the twins CI

3
and CII

6 are the co-zone twin. The zone axes of the CI
3 (yellow) and

CII
6 twins (pink) are parallel but along the opposite directions. The

zone axes of the stimulated TI
4 and TI

3 twins are indicated by the
dashed red lines. It can be seen that the zone axis of the CI

3 is the
sum of the zone axes of the TI

3 and TI4 twins (highlighted in blue).
More importantly, twinning shear associated with TI3 and TI4 twins
is mirror symmetry about the shear plane of CI

3 twin. Thus, TI
3 and

TI4 twins are equivalent with respect to the resulted shear on the
shear plane of CI

3 twin.
We identified 28 {1124} and {1122} twin-twin junctions and 16

{1012} twins. All of them can be described as CI
i0CII

iþ3/TI
i and

TIiþ1. It is noticed that CI
i and CII

iþ3 twins are co-zone twin. TI
i and

TIiþ1 twins are equivalent with respect to the resulted shear on the
shear plane of CI

i twin. These crystallographic characters will be
used to discuss the apparent prevalence of secondary twin variants.
4. Sequential twinning mechanisms

Twin nucleation is driven by local stresses and deformation
gradient [54]. For secondary/sequential twinning, several criteria
including apparent Schmid factor (a-SF) [27], displacement
gradient accommodation (DGA) [55], modified-DGA [45] and
nucleation based on dislocation dissociation (NDD) [45,56] have
been proposed to address the selection of twin variants observed in
experiments [27,43,56,57]. Under shock loading, local stresses are
too complex to solely make use of apparent Schmid factor for
predicting preferred variants of sequential twins. The other three
criteria were proposed based on the accommodation to a local



Fig. 3. (a) EBSD characterization of {1122} and {1124} twin-twin junctions, showing {1012} secondary twins in the junctions. (b) and (c) The magnified EBSD maps of the twin
configurations labelled in (a). (d) The crystallography of CII

6 CI
3, T

I
3 and TI4 twins. The pole figures of (e) {1124} twinning planes, (f) {1122} twinning planes, (geh) {1012} twinning

planes. The black dots and blue squares represent the parent and twin, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

S. Xu et al. / Acta Materialia 165 (2019) 547e560552
twinning shear with focus on either maximizing the deformation
gradient accommodation or minimizing the resulted deformation
gradient in the vicinity of the local shear. Corresponding to the two
observed sequential twinning processes, new twins are more likely
associated with shear transformation. Displacement gradient ac-
commodation (DGA) criterion is thus firstly employed to examine
proposed sequential twinning mechanisms.

4.1. TII
i 0P/TI

j twinning

{1012} twin (TIj) with the Burgers vector bf1012gtw ¼ 3a2�c2
3a2þc2 ½1011�

and a small shear strain of 0.175 (c/a¼ 1.587) [58] are easily acti-
vated in hexagonal metals without dependence on strain rate.

{1121} twin (TII
i ) with the Burgers vector bf1121gtw ¼ a2

3a2þ12c2 ½1126�
and a large strain value of 0.63 are often observed at high strain rate
in a-titanium [16,25]. Along with twin propagation and growth,
TDs may pile up by conquering repulsive force among successive
TDs to form steps or even facets. Shock loading is thus in favour of
the formation of steps because of the high strain rate and corre-
sponding high shear stress. These steps associated with TDs pileup
can be treated as a glide-disclination that is associated with the
locally high stress/strain concentrations [59]. Under high strain
rate, these steps may act as sources for nucleating dislocations,
twins, or other shear carriers. For example, twin-twin interaction
induced amorphization is reported in FeCoCrNi high-entropy alloy
subjected to high-pressure torsion [60]. Phase transformation was
stimulated by the twin-twin interaction, such as ε martensite in
nanostructured bainite under high-strain rate deformation [61] and
a’ martensite in Fe-15Mn-0.6C-2Cr-xN under tension [62].

Fig. 4a shows a schematic model where sequential twins
nucleate at steps along {1121} twin. Fig. 4b shows atomic structure
of a sharp basal jj basal step along the (1121) twinning plane (TII3).
An 80 � 80 � 1:53 nm bi-crystal model is created according to
ð1121Þ twin orientation. The coordinate is x-axis along the twin
shear h ¼ ½1126�, y-axis along the normal of ð1121Þ plane and z-
axis along the zone axis ½1100�. With the application of Barnett-
Lothe solutions [63] for the displacement field of dislocations in
the bi-crystal, 20 TD dipoles under current coordinate are succes-
sively introduced into matrix with 10 nm distance. With a fixed
boundary condition in x- and y-direction and periodic boundary



Fig. 4. (a) A schematic of TII
i 0P/TI

j twinning mechanisms, showing the formation of TI
3 and TI4 {1012} sequential twins at the step along the TII

3 {1121} twin boundary. (b) Atomic
structure of sharp basal jj basal steps along {1121} twin boundary. (c) Atomic structure of relaxed steps, showing the local stress field associated with TI

3 twinning. n is the normal of
TI
3 twinning plane, h is the twin shear direction, and z is the zone axis of TI

3 twin.
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condition in z-direction, the model in Fig. 4b is relaxed at 1 K and
two steps degenerate into an array of TDs. The shear stress asso-
ciated with TI

3 twinning is then plotted in Fig. 4c. It is noted that
positive shear stress happens near the left step, implying the
twinning process TII

30P/TI3 only occurs at the left step.
According to the EBSD results, TIi and TIiþ1 twins are preferred at

TII
i TB. As depicted in Fig. 4a, the traces of TII

3, T
I
3 and TI

4 twinning

planes interact with the basal plane along [1100] (blue line), [1210]
(red line) and [2110] directions (red line), respectively. The blue
vector is the sum of the two red vectors, as shown in the hexagon in
the upper left corner of Fig. 4a. Corresponding to the nucleation
mechanism for sequential twins at steps along {1121}, the preferred

variant of sequential twins {1012} (TI
j) should maximize the ac-

commodation to the deformation gradient created by {1121} (TII
i )

twin. We thus transform the deformation gradient created by

{1121} (TIIi ) twin into the sequential twinning reference frame of six

potential {1012} twins. The results are listed in Table 2. The bigger
the component e13 is, the better accommodation ability the twin
variant has. The results clearly show an order in terms of the ac-
commodation ability of six potential {1012} twins to the local shear

caused by the TIIi twin, i.e., TII
i 0P/TI

i and TI
iþ1 > TII

i 0P/TIiþ2 and

T I
iþ5 > TII

i 0P/T I
iþ3 and T I

iþ4. The result is in good agreement with
the experimental observation.
4.2. CI
i0CII

iþ3/TI
k twinning

CI
i0CII

iþ3/TIktwinning describes the interaction process of the

CI
i twin with the CII

iþ3 twin, leading to the formation of secondary
twins TI
k inside the CII

iþ3 twin. Twin-twin interactions in hexagonal
metals have been studied by Robert Reed-Hill et al. since 1960's
[64]. Recently, Yu et al. [28,40] systematically investigated the in-
teractions between two of {1012} twin variants in Mg based on
their EBSD observations and crystallographic models. Twin trans-
mission rarely happens because only available twinning mode
{1012} is difficult to be activated in the same mode twin under
monotonic loading. Instead, a basal slip band is resulted in the vi-
cinity of the contact site [40]. Gong et al. [65] conducted atomistic
simulations of non-cozone twinetwin interactions in Mg and
accounted for the structural characters of twin-twin junctions
based on the local stresses associated with twin-twin interactions.

Unlike one primary twinning in Mg, there are more available
twinning modes in Ti. Twin-twin interactions in Ti may cause
sequential twins that are in different twinning modes from the
primary twins. Fig. 5 illustrates the interaction of the CI

i twin with
the CII

iþ3 twin. The two twins CI
i and CII

iþ3 are co-zone, sharing the
same zone axis along [1010] (blue line). As the incoming twin CI

i
interacts the primary twin CII

iþ3, stimulating secondary {1012}
twins at the intersection region inside the CII

iþ3 twin. Corresponding
to the m-DGA criterion, the preferred variant of sequential twins
{1012} (TI

k) in the CII
iþ3 twin should be able to maximize the ac-

commodation to the deformation gradient associated with the
incoming CI

i twin. We thus transform the deformation gradient
created by the CI

i twin into the sequential twinning reference frame
of six TIk twins in the CII

iþ3 twin. The results are listed in Table 2. The
order of the accommodation ability associated with the sequential
{1012} twin variants to the deformation gradient created by the CI

i
twin is CI

i0CII
iþ3 / TI

i and TI
iþ1 (Type A) > CI

i0CII
iþ3/ TI

iþ2 and T I
iþ5

(Type B) > CI
i0CII

iþ3 / TI
iþ3 and TI

iþ4 (Type C). It is worth pointing



Table 2
Expression of the displacement gradient tensor associated with the (1121)〈<1126〉> twin into the twinning reference frame of the six potential {1012} twin variants in the
same grain. Expression of the displacement gradient tensor associated with the (1122)〈<1123〉> twin into the twinning reference frame of the six potential {1012} and six
{1121} twin variants inside the (1124)< 2243> twin.

(1121)0P /{1012} m-DGA (1122)0ð1124Þ
/{1012}

m-DGA (1122)0ð1124Þ
/{1121}

m-DGA

(1012)[1011]

TII
i 0P/ TI

i

2
4
�0:21 �0:25 0:41
�0:04 �0:05 0:07
�0:14 �0:16 0:26

3
5 (1012)[1011]

CI
i0CII

iþ3/ TI
i

2
4
0 �0:07 0:19
0 �0:03 0:07
0 �0:01 0:02

3
5 (1121)[1126]

C I
i 0CII

iþ3/ TII
i

2
4

0:09 0 0:17
0 0 0

�0:05 0 �0:09

3
5

(0112)[0111]

TII
i 0P/ T I

iþ1

2
4
�0:21 0:25 0:41
0:04 �0:05 �0:07
�0:14 0:16 0:26

3
5 (0112)[0111]

CI
i0CII

iþ3/ T I
iþ1

2
4
0 0:07 0:19
0 �0:03 �0:07
0 0:01 0:02

3
5 (1211)[1216]

CI
i0CII

iþ3/ TIIiþ1

2
4

0:10 0:11 0:10
�0:08 �0:08 �0:07
�0:02 �0:02 �0:02

3
5

(1102)[1101]

TII
i 0P/ T I

iþ2

2
4

0:08 0:39 0:09
�0:04 �0:18 �0:04
0:09 0:42 0:10

3
5 (1102)[1101]

CI
i0CII

iþ3/ TIiþ2

2
4
0:05 �0:08 0:06
0:07 �0:11 0:09
0:06 �0:08 0:06

3
5 (2111)[2116]

C I
i 0CII

iþ3/ TIIiþ2

2
4

0:10 �0:11 0:10
0:08 �0:08 0:07
�0:02 0:02 �0:02

3
5

(1012)[1011]

TII
i 0P/ T I

iþ3

2
4

0:23 0:14 �0:10
�0:08 �0:05 0:03
0:45 0:26 �0:19

3
5 (1012)[1011]

CI
i0CII

iþ3/ T I
iþ3

2
4

0:01 0 0
�0:07 �0:03 �0:01
0:19 0:07 0:02

3
5 (1121)[1126]

C I
i 0CII

iþ3/ TIIiþ3

2
4
0:09 0 �0:05
0 0 0

0:17 0 �0:09

3
5

(0112)[0111]

TII
i 0P/ T I

iþ4

2
4
0:23 �0:14 �0:10
0:08 �0:05 �0:03
0:45 �0:26 �0:19

3
5 (0112)[0111]

CI
i0CII

iþ3/ T I
iþ4

2
4
0:01 0 0
0:07 �0:03 0:01
0:19 �0:07 0:02

3
5 (1211)[1216]

C I
i 0CII

iþ3/ TIIiþ4

2
4
0:10 �0:08 �0:02
0:10 �0:08 �0:02
0:09 �0:07 �0:02

3
5

(1102)[1101]

TII
i 0P/ T I

iþ5

2
4
0:08 �0:39 0:09
0:04 �0:18 0:04
0:09 �0:42 0:10

3
5 (1102)[1101]

CI
i0CII

iþ3/ T I
iþ5

2
4

0:05 0:08 0:06
�0:07 �0:11 �0:08
0:06 0:08 0:06

3
5 (2111)[2116]

C I
i 0CII

iþ3/ TIIiþ5

2
4

0:10 0:08 �0:02
�0:10 �0:08 0:02
0:09 0:07 �0:02

3
5
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out that the accommodation ability via TI
i or TIiþ1 is equivalent

because their shear is mirror symmetry about the shear plane of the
incoming twin. Thus, the nucleation of both or one of TI

i and TIiþ1 is
arbitrary. These phenomena are exactly observed in our experi-
ments, one variant in Fig. 3b and two variants in Fig. 3c.

5. Discussion

The experiment phenomena are so far well accounted for by our
proposed sequential twinning mechanisms. Here, we further
discuss the feasibility of these twinning mechanisms based on
dislocation theory and local stress fields.

5.1. Emissary twinning disconnections in association with
TII
i 0P/TI

j twinning

The steps along the twin boundaries may act as the source for
nucleating other twins via emissary twinning disconnections.
When TDs associated with (1121) (TII

i ) twinning pile up at the steps
along the twin boundaries, these TDs may dissociate into TDs
associated with {1012} twinning. One twinning dislocation of the
TIIi twin, bð1121Þt , can dissociate into x twining dislocations xbf1012gt
Fig. 5. (a) A schematic of CI
i0CII

iþ3/TI
k twinning mechanisms, showing the interac-

tion of incoming {1122} twin CI
3 and pre-existing {1124} twin CII

6 and the activation of
{1012} twins TI

3 and TI
4 inside CII

6 .
and a residual dislocation bmr , where the superscript m represents
the mth (m¼ 1 … 6) {1012} twin variant. The results are listed in
Table 3. When x¼ 1, the elastic energy of these dislocations is
reduced for TI

i and TI
iþ1 twin variants according to the Frank's law,

while the elastic energy of the dislocations corresponding to the
dissociation into other four {1012} twins increases. The results
clearly indicate that TIIi 0P/TI

i or T
I
iþ1 should dominate among the

six possibilities. This coincides with the results from EBSD
characterization.

We further calculate the local stress field associated with the
pileup of bð1121Þt TDs by using a CP-FFT approach with the Düssel-
dorf Advanced Material Simulation Kit (DAMASK) [66]. Fig. 6a
shows a bi-crystal simulation cell. The lower crystal is (1121) twin
(TII3) and the upper crystal is thematrix. If a thin twin grows into the
matrix, two steps form associated with the pileup of bð1121Þt TDs.
Without the loss of the generality, the two steps are 45� inclined to
the twinning plane. The simulation cell adopts the coordinate, x-
axis along [1100], y-axis along the normal of (1121) plane and z-
axis along [1126] in the matrix. The model is discretized by a reg-
ular grid of 2� 354� 512 voxels. Phenomenological law was used
to describe dislocation slip (see Appendix A). Basal <a>, prismatic
<a> and pyramidal {1011} <cþa> dislocation slips are considered
and their critical resolved shear stresses (CRSS) are 141MPa,
254MPa and 338MPa, respectively [67]. The corresponding twin-
ning shear gyz ¼ 0.63 is applied to the newly formed twin domain
in 10 increments. The finite strain spectral method implemented in
DAMASK is used to solve the stress fields due to the Eigenstrain gyz
in the newly formed twin domain [66]. In order to exploit the effect
of strain rate on the local stress field, we simulate the newly formed
twin with various growth rates, 0.63� 102/s, 0.63/s and 0.63�
10�4/s. To interpret the stress field around the steps and infer the
driving force for further {1012} twinning, the resolved shear stress
(RSS) associated with the six {1012} twin variants are calculated
and compared.

Due to the mirror symmetry between TI1 and TI6, T
I
2 and TI

5, T
I
3

and TI4 with respect to the shear plane of (1121) twin, RSS associ-
atedwith TI

2, T
I
4 and TI

6 is compared. The RSS associatedwith TI4 at a
growth strain rate of 0.63/s is shown in Fig. 6b. The RSS is positive in
thematrix around the left step, while negative in thematrix around
the right step. The shear direction of the (1121) twin is along the
positive x direction. This implies that the activation of {1012} twin



Table 3
The residual dislocation and the elastic energy associated with the dislocation dissociation for (1121) 0P/{1012} and (1122) 0 (1124)/{1012}.

(1121) 0P/ {1012} x bmr jbij2
��bmr

��2 xjbt j2

(1012)[1011]

TII
i 0P/ TI

i

1 [0.06 0:030:030.09] 0.79 0.26 0.36

(0112)[0111]

TII
i 0P/ T I

iþ1

1 [0:03 0.06 0:030.09] 0.79 0.26 0.36

(1102)[1101]

TII
i 0P/ T I

iþ2

1 [0:12 0.06 0.06 0.09] 0.79 0.46 0.36

(1012)[1011]

TII
i 0P/ T I

iþ3

1 [0:12 0:030.15 0.09] 0.79 0.46 0.36

(0112)[0111]

TII
i 0P/ T I

iþ4

1 [0:03 0:120.15 0.09] 0.79 0.46 0.36

(1102)[1101]

TII
i 0P/ T I

iþ5

1 [0.06 0:120.06 0.09] 0.79 0.46 0.36

(1122) 0(1124) / {1012} x bmr jbij2
��bmr

��2 xjbt j2

(1012)[1011]

CI
i0CII

iþ3/ TI
i

1 [0:02 0.07 0:050.04] 0.67 0.12 0.36

(0112)[0111]

C I
i 0CII

iþ3/ T I
iþ1

1 [0.07 0:020:050.04] 0.67 0.12 0.36

(1102)[1101]

C I
i 0CII

iþ3/ T I
iþ2

1 [0:02 0.15 0:130.04] 0.67 0.56 0.36

(1012)[1011]

C I
i 0CII

iþ3/ T I
iþ3

1 [0.15 0.07 0:220.04] 0.67 1.00 0.36

(0112)[0111]

C I
i 0CII

iþ3/ T I
iþ4

1 [0.07 0.15 0:220.04] 0.67 1.00 0.36

(1102)[1101]

C I
i 0CII

iþ3/ T I
iþ5

1 [0.15 0:020:130.04] 0.67 0.56 0.36

Fig. 6. (a) Bi-crystal unit cell used in CP-FFT to calculate the local stress field associated with the formation of 45� inclined steps along coherent twin boundary of twin TII
3 . The red

band represents newly formed twin TII
3 . A twinning shear gyz¼ 0.63 is applied in the red band. (b) The resolved shear stress field associated with TI

4 twinning as twin TII
3 forms at a

growth rate of 0.63/s. (c) Variation of RSSes associated with TIi along the vector R in (b) at three growth rates of the step. (d) Comparison of RSSes associated with TI
4 (pink),

pyramidal 〈<cþa〉> dislocations (red), prismatic <a> dislocation (black) and basal <a> dislocations (blue) as twin TII
3 forms at a growth rate of 0.63/s. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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just occurs at the step which moves along the opposite direction of
the twin shear. Thus, the twin plane of newly activated twins has an
obtuse angle with respect to the twin shear of the (1121) twin,
which is consistent with experimental observations as revealed in
Section 2.3. We compare RSSes of TDs associated with TI2, T

I
4 and TI

6
at the growth rate of 0.63/s, TI4 twinning shall be favorable than
others because of the highest RSS (Fig. 6c). In addition, the RSS
associated with TI

4 twinning increases (Fig. 6c) with increasing the
growth rate, implying that high strain rate will facilitate the acti-
vation of sequential twining. This is attributed to incompletely
plastic relaxation associated with dislocation slips. Fig. 6d shows
RSSes of various dislocations at the strain rate of 0.63/s. It is found
that the RSS associated with pyramidal 〈<cþa〉> dislocations near
the step are still higher than the CRSS.

5.2. Shear transformation in association with C I
i 0C II

iþ3/TI
k

twinning

When the propagation of {1122} (CI
i) twins is blocked by a

{1124} (CII
iþ3) twin, the localized twinning shear could transform

into the {1124} (CII
iþ3) twin via sequential {1012} twinning. We

analyze the nucleation and emission of twinning disconnections

associated with six {1012} secondary twins (TI
i) inside the (1124)

twin (CII
6). The incoming twinning disconnection associated with

the (1122) twin (CI
3) has the Burgers vector, bf1122gtw ¼

c2�2a2
3ðc2þa2Þ ½1123� [9]. The dislocation line of the CI

3 TDs on the CII
6 twin

boundary aligns along [1100]. For TI3 and TI4 twins, their inter-

section line with the CII
6 twin boundary is along 〈<10 14 4 3〉>,

which has a 20.2� misalignment angle with the incoming dislo-

cation line. For TI2 and TI
5 twins, their intersection line with the CII

6

twin boundary is along 〈<1543〉>, which has a misalignment angle

of 55.8� with the incoming dislocation line. For TI
1 and TI6 twins,

their intersection line with the CII
6 twin boundary is along 〈<2243〉

>, which is perpendicular to the incoming dislocation line. It has
been widely recognized that the smallest misalignment is the
easiest pathway for slip transformation. This analysis gives a clear
tendency to produce twinning dislocations associated with six

{1012} twins within the CII
6 twin, i.e., CI

30CII
6/TI3 and TI4 > CI

30

CII
6/TI

2 and TI
5 > CI

30CII
6/TI

1 and TI6. This trend is consistent with
our experimental observation and the analysis based on defor-
mation gradient accommodation.

Accompanying slip transformation via nucleation and emis-
sion of twinning disconnections inside CII

iþ3 twin, the residual
dislocations left at the twin-twin boundary and the change in
elastic energy of dislocations are summarized in Table 3. A
twinning dislocation associated with the CI

3 twin, bð1122Þt , can be
dissociated into one secondary twining dislocations bf1012gt inside
the CII

6 twin and a residual dislocation bmr . The results reveal that
the dislocation dissociation of CI

3 twin only favorably produces
twinning dislocation associated with TI3 and TI

4 secondary twins
inside the CII

6 twin. The other dissociations corresponding to TI1,
TI2 and TI

5 and TI
6 secondary twins inside the CII

6 twin are
accompanied with an increase in the elastic energy of disloca-
tions. In the other words, CI

i0CII
iþ3/TI

i or TIiþ1 should be pre-
dominant among six possibilities. This agrees well with the
experimental observations.

We also calculate the local stress field associated with the pileup

of bð1122Þt TDs blocked at the (1124) twin boundaries using DAM-
ASK. Themodel is shown in Fig. 7a and the unit cell is discretized by
a regular grid of 2� 240� 480 voxels. An isotropic soft-elastic
buffer layer is adopted to simulate the free boundary conditions,
similar to the methods in Ref. [66]. Parameters of constitutive law
describing dislocation slip are listed in Appendix A. The corre-
sponding twinning shear gyz ¼ 0.218 is applied to the (1122) twin
region in 10 increments. The stress fields due to the Eigenstrain gyz

is solved in DAMASK [66]. The local stress fields are calculated at
strain rates of 0.218� 10�2/s, 0.218/s and 0.218� 102/s to study the
strain rate effects on the stress fields.

Due to the mirror symmetry between TI1 and TI6, T
I
2 and TI

5, T
I
3

and TI4 with respect to the shear plane of the incoming (1122) twin,

RSSes associated with TI2, T
I
4 and TI

6 are compared. Fig. 7b shows

RSS associated with TI
4 at a strain rate of 0.218/s. Fig. 7c shows RSS

for TI4 > TI6 > TI2, suggesting that local stress field inside (1124) twin

is in favour of TI
3 and TI

4 among the six {1012} twin variants. This is
consistent with the above analysis and experimental observations.

Fig. 7c also indicates that RSS associated with TI4 twinning increases
with increasing strain rate, implying that high strain rate under
shock loading will facilitate the activation of sequential twining. It
is the consequence of the incompletely plastic relaxation associated
with dislocation slips under shock loading. This can be further
confirmed in Fig. 7d, where RSSes associated with 〈<cþa〉> dislo-
cations on {1011} in the twin-twin interaction region are still
higher than its CRSS.

5.3. Other issues related to CI
i0CII

iþ3/TI
k twinning

Another tension twinning {1121} (TIIk ) is often activated at high
strain rate [25]. However, {1122}0{1124} twin-twin interactions
don't trigger the formation of {1121} twins. Here we evaluate the
accommodation ability of {1121} secondary twins. The deformation

gradient created by the CI
i twinwas transformed into the sequential

twinning reference frame of six {1121} twins (TIIk ) in the CII
iþ3 twin,

as listed in Table 2. The results show that TII
i is the most effective

accommodation variant among six {1121} twins, while it is still less

effective than TIi and TIiþ1 (Type A). This trend agrees well with the

experimental observation. Once Type A {1012} is activated by
{1122}0{1124} interaction, {1121} twins don't form.

{1122}0{1124}/{1012} twinning results in {1124}/{1012}
double twins. However, the geometry characters are distinguished
from the conventional {1124}/{1012} double twins. In Ref [45], a
statistical observation of {1124}/{1012} double twins in a-tita-

nium reveals that only CII
iþ3/TIiþ3 or TI

iþ4 is preferred inside the

CII
iþ3 primary twins, as highlighted in blue in Table 1. The secondary

twin variants TI
iþ3 and TIiþ4 can maximally accommodate the strain

associated with the CII
iþ3 primary twins. In this work, the detected

{1012} double twins inside {1124} twins are CII
iþ3/TIi and TI

iþ1,

which cannot relax the strain associatedwith the primary CII
iþ3 twin

[45]. Thus, {1012} twinning inside {1124} twins under shock
loading is generated for accommodating the strain caused by the
incoming {1122} twins rather than the primary {1124} twins.

5.4. Does dislocation-TB interaction facilitate TII
i 0P/TI

j
twinning?

Twin boundary blocks dislocations, resulting in the accumula-
tion of high density of dislocations under shock loading. The re-
action processes between dislocations and twin boundary could
result in many deformation modes, such as reconstruction of twin
boundary, sliding and/or migration of twin boundary, deformation
twinning in the twin or matrix, and shear/slip bands, etc. [68]. Here



Fig. 7. (a) Unit model used in CP-FFT for calculating the local stress field associated with the interaction of an incoming (1122) twin CI
3 with (1124) twin CI

6. A twinning shear is
applied in CI

3 (1122) twin. (b) RSS associated with TI
4 as the incoming twin shears at the growth rate of 0.218/s. (c) Variation of RSSes associated with TIi along the R in (b) at three

growth rates. (d) Comparison of RSSes associated with TI
4 twin (pink), pyramidal 〈<cþa〉> dislocations (red), prismatic <a> dislocation (blue) and basal <a> dislocations (black) as

the incoming twin shears at the growth rate of 0.218/s. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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we consider the possibility associated with TIIi 0P/TI
j twinning by

dislocation-TB interactions.
The intersection lines (lT) between the primary (1121) and

sequential {1012} twin planes align along <5413> for Type A (TI
3

and TI4), 〈<5726〉> for Type B (TI
2 and TI

5) and 〈<7813〉> for Type C
(TI

1 and TI
6). It is noted that only lT for Type A lies in available slip

planes, i.e., pyramidal {1011} plane, which provides the geometrical
condition for the dissociation of dislocations in the pyramidal slip
plane into {1012} twinning (Type A). But dislocation-TB in-
teractions unlikely activate {1012} twinning (Type B and Type C)
because of the lack of the geometrical condition. This is consistent
with experimental observation. Fig. 8 illustrates slip transformation
processes associated with the formation of TI

3 and TI4. The disso-
ciation process can be described as b< cþa>0bmr þ xbf1012gt ,
where b< cþa> ¼ 1

3<1123> , a¼ 0.468 nm and c¼ 0.295 nm for Ti.
According to Frank's law, a parameter x is equal to 17 in association
with the transformation of the (1011) [2113] slips to TI

3 twin and
(0111) [1213] slips to TI

4 twin. However, pyramidal slip is often
observed at a large strain [69]. Therefore, dislocation-TB in-
teractions may facilitate TII

i 0P/TIj twinning at low strain rate, but
step-facilitated nucleation mechanisms dominate at high strain
rate.
6. Conclusion

Two types of {1012} sequential twinning processes are for the
first time reported according to EBSD characterization of deformed
titanium sheets that are subjected to shock loading. One is

described as {1121}0P/{1012} (TII
i 0P/TI

j), i.e., {1012}
sequential twinning is activated in the parent grain (P) along with
{1121} twins. The other is described as {1122}0{1124}/{1012}

(CI
i0CII

j /TI
k), i.e., {1012} secondary twinning is stimulated inside

{1124} twin by co-zone {1122} twin. A statistical EBSD character-
ization reveals the well-defined crystallographic relations between
sequential {1012} twin variants and the primary twins, i.e.,

TIIi 0P/TI
i or T

I
iþ1 for the first case and CI

i0CII
iþ3 / TI

i or T
I
iþ1 for

the second case.
Regarding TIIi 0P/TIi or T

I
iþ1 twinning, we account for the

sequential twinning based on emissary twinning disconnections
at steps along twin boundary. The steps along the twin boundaries
act as the source and stress/strain concentrator for nucleating
other twins via emissary twinning disconnections. When TDs

associated with {1121} (TII
i ) twinning pile up to form a step along

the twin boundary, the dissociation of TII
i TDs can energetically

activate TI
i or T I

iþ1 twin, which agrees with the experiments. The

local stress field associated with the pileup of bð1121Þt TDs is
computed by using CP-FFT, showing the highest resolved shear

stress associated with the twin variants TI
i or T

I
iþ1 than other

variants. Regarding CI
i0CII

iþ3 / TI
i or T

I
iþ1 twinning, the nucleation

of the sequential {1012} twins is accomplished via slip trans-
formation associated with incoming TDs of {1122} twin into the
primary {1124} twin. The local stress field associated with the

pileup of TDs of CI
i twin at the CII

iþ3 twin boundaries is calculated

by using CP-FFT, revealing that TI
i and TI

iþ1 have the largest RSS

among six {1012} twin variants.



Fig. 8. (a) Illustration of the common line along ½5413� among a {1011} pyramidal plane (yellow) in the grain, a TII
3 twinning plane (blue), a TI3 twinning plane (red) and a {1011}

pyramidal plane (green) in the TII3 twin. (b) Schematic of the reaction of a pyramidal 〈<cþa〉> dislocation in the twin and a primary TII
3 twin boundary, leading to slip transformation

into a TI3 twin dislocation in matrix plus a residual dislocation. (c) Illustration of the common line along ½4513� among a {1011} pyramidal plane (yellow) in the grain, a TII3 twinning
plane (blue), a TI4 twinning plane (red) and a {1011} pyramidal plane (green) in the TII3 twin. (d) Schematic of the reaction of a pyramidal 〈<cþa〉> dislocation in the twin and a
primary TII

3 twin boundary, leading to slip transformation into a TI
4 twin dislocation in matrix plus a residual dislocation. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

S. Xu et al. / Acta Materialia 165 (2019) 547e560558
In summary, shock loading causes complicated twinning pro-
cesses in Ti and Ti alloys corresponding to complex stresses, mul-
tiple twinning modes and twin variants. The important finding is
that these twinning processes obey simple crystallographic re-
lations according to deformation accommodation ability. The re-
sults from this study can be implemented into meso-/macro-scale
crystal plasticity models for predicting mechanical behaviors and
texture evolution of polycrystalline aggregates of hexagonal
materials.
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Appendix A. Constitutive model

Crystal plasticity simulations are performed to calculate the
local stress field associated with growth of {1121} and {1122} twin
in hexagonal Ti using a spectral method coupled with DAMASK
[70e72]. Framework and details for using spectral solvers for
crystal plasticity and multi-physics simulations can be found in
Ref. [73]. The phenomenological crystal plasticity model proposed
by Peirce et al. [74] and adapted in DAMASK is used in this study.
The microstructure is parametrized in terms of slip resistance ga on
each slip system. We consider three slip families in hexagonal ti-
tanium, namely {0001}〈<1120〉> (basal <a>), {1010}〈<1120〉>
(prismatic <a>) and {1011}〈<1123〉> (pyramidal 〈<cþa〉>). There
are 3, 3 and 12 slip systems on the three slip families respectively.
The slip resistances increase asymptotically towards to saturation
resistance ga∞ with shear strain g through the following relation-
ship [75].

_ga ¼
X
b

H0
�
1� ga

�
ga∞

�ahab _gb (A1)

where fitting parameters H0 and a are initial hardening slope and
hardening exponent respectively, and hab is interaction hardening
coefficient. For simplicity, hab is set to be one for all interaction
hardening, and the initial hardening slope for all slip families are
set to be equal. For a given set of current slip resistance, shear strain
on each slip system evolves at a rate of

_ga ¼ _g0

����
ta

ga

����
1=n

sgnðtaÞ (A2)

where ta ¼ Spb
a5na is the resolved shear stress on slip system a,

with ba and na being the unit vectors along slip direction and slip
plane normal respectively; _g0 is the reference shear rate, and n is
the strain rate sensitivity.

Thermo-expansion method is used to mimic twinning shear.
The characteristic twinning shear gc for each twinning mode is
expressed as a thermal expansion tensor with one non-zero
component corresponding to the twinning shear. The loading rate
is controlled by the number of total loading steps (N) and time
increment (Dt), which in turn determines the temperature rate. For
instance, if total loading steps N¼ 10 and Dt¼ 0.001s, then loading
rate is (gc/N)/Dt¼ gc� 100/s. Correspondingly, the temperature
rate should be set to be 100K/s. Details for using spectral solvers for
crystal plasticity and thermal expansion in DAMASK should refer to
Ref. [73].



Table A1
Material parameters for hexagonal titanium used in the crystal plasticity model.

Elastic properties
Matrix, twin C11¼ 160.0 GPa C12¼ 90.0 GPa C13¼ 66.0 GPa
C33¼ 181.7 GPa C44¼ 46.5 GPa

Buffer layer C11¼ 0.1 GPa C12¼ 0.0 GPa C44¼ 0.05 GPa

CRSS for dislocations ga {0001} 〈<1120〉> 254MPa

{1010} 〈<1120〉> 141MPa

{1011} 〈<1123〉> 340MPa

Saturated CRSS for dislocations ga∞ {0001} 〈<1120〉> 568MPa

{1010} 〈<1120〉> 1500MPa

{1011} 〈<1123〉> 1500MPa

Reference shear rate _g0 1� 10�3

Initial hardening strength H0 15Pa
Hardening exponent a 2
Hardening coefficient hab 1
Strain rate sensitivity n 20
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