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{11�24} deformation twinning in commercial purity titanium at room
temperature

Steven J. Lainé* and Kevin M. Knowles
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(Received 25 March 2015; accepted 7 May 2015)

Definitive evidence from both electron backscattered diffraction and transmis-
sion electron microscopy is shown for the existence of 1 1 �2 4f g twinning as a
rare deformation twinning mode in coarse-grained commercial purity titanium
after room temperature ballistic impact testing at 103 s−1. Non-Schmid-based
twin-type selection is demonstrated for 1 1 �2 4f g and the conjugate 1 1 �2 2f g
deformation twinning modes in this material within grains where the c-axis is
closely aligned to the loading direction. Limited Schmid-based twin variant
selection is shown for 1 1 �2 4f g and 1 1 �2 2f g deformation twinning modes in
this material. The occurrence of high area fractions of 1 1 �2 4f g twinning has
relevance for high strain rate plasticity modelling of grains of textured
titanium, compressed parallel to their c-axes.

Keywords: electron backscattered diffraction (EBSD); high-speed deformation;
titanium; transmission electron microscopy (TEM); twinning

1. Introduction

Titanium has been used extensively and successfully in the aerospace industry since the
1950s. It is therefore somewhat surprising that there is a noticeable lack of literature on
the understanding of the relationship between high strain rate deformation, deformation
twinning modes and the microscale mechanics during the deformation of titanium alloys
[1,2]. There are four commonly observed deformation twinning modes in titanium:
1 0 �1 2f g, 1 1 �2 1f g and 1 1 �2 2f g, which occur at room temperature, and 1 0 �1 1f g which

is reported above 400 °C. Experimental evidence is abundant for these four twinning
modes [3–7]. In addition, there are two more deformation twinning modes that are less
commonly reported: 1 1 �2 3f g and 1 1 �2 4f g [4,6,8–21]. However, the evidence for the
unequivocal existence of these two deformation twinning modes is far less robust than for
the four commonly observed twinning modes, to the extent that Christian and Mahajan
[6] hypothesized that habit plane markings cited as an evidence for 1 1 �2 3f g deformation
twinning was instead evidence for ‘rather complex double twinning modes’.

By comparison with the evidence for 1 1 �2 3f g deformation twinning, the evidence
for 1 1 �2 4f g deformation twinning is far stronger. Nevertheless, reports of its occurrence
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to date rely on indirect observations from either habit plane markings [4,8,9,11,13] or
limited electron backscattered diffraction (EBSD) [19,20,21]. The first report of
1 1 �2 4f g twinning as a possible twinning mode in titanium was a brief ‘Research in

Progress’ report by Liu and Steinberg in 1952, who examined single crystal titanium
flakes produced by fused salt electrolysis and reported twinning of these flakes at room
temperature on 1 0 �1 2f g, 1 1 �2 1f g, 1 1 �2 2f g, 1 1 �2 3f g and 1 1 �2 4f g while being
handled [8]. A subsequent, more detailed, study by Rosi et al. in 1956 [9] using two-
surface analysis of coarse-grained titanium single crystals subjected to uniaxial tension
at −196 °C was able to establish that 1 1 �2 4f g deformation twinning was the dominant
twinning mode at this temperature.

The majority of references to 1 1 �2 4f g twinning since the work of Rosi et al. refer
to their work, and in doing so lend credence to the proposition that 1 1 �2 4f g twinning
operates only at cryogenic temperatures [11,12,19,22,23]. However, there is a evidence
to suggest that 1 1 �2 4f g twinning does not just operate at cryogenic temperatures. Paton
and Backofen reported some isolated instances of 1 1 �2 4f g twinning at both room tem-
perature and elevated temperatures during compressive loading of single crystals ori-
ented with the c-axis parallel to the loading direction [4]. Mullins and Patchett reported
1 1 �2 4f g twinning in textured titanium sheet metal in uniaxial, plane strain and biaxial

tension at room temperature [11], and Ishiyama and Hanada also reported 1 1 �2 4f g
twinning at room temperature in similarly textured material subjected to biaxial tension
[13]. More recently, using EBSD, Xu et al. have reported 1 1 �2 4f g twinning at room
temperature during dynamic plastic deformation of cylinders of textured high purity α-
titanium in which the c-axes of grains lay ~35° from the loading direction [19,21], and
Qin et al. have reported 1 1 �2 4f g twinning at room temperature during compression in
textured polycrystalline high purity titanium, where the c-axis was aligned with the
loading direction [20]. Interestingly, in the work of Xu et al., it was found that the rela-
tively rarely reported 1 1 �2 4f g twinning always occurred in grains in which there was
also 1 1 �2 2f g twinning [19].

The crystallography of the five established twinning modes is summarized in
Table 1, with 1 1 �2 3f g being omitted because of the lack of conclusive evidence for its
existence in titanium. Our own independent calculations leading to the entries in Table 1
confirm that the twinning elements of h.c.p. twinning modes in table IV of Yoo [5] and
table 3 of Christian and Mahajan [6] are correct. It is noteworthy from table IV of [5]
and table 3 of [6] that the 1 1 �2 2f g and 1 1 �2 4f g twinning modes have the same twin-
ning shear because these two modes are conjugate to one another, as for the conjugate
Type I and Type II twinning modes in α-uranium [24,25].

However, the statement by both Yoo [5] and Christian and Mahajan [6] that
1 1 �2 4f g twins are ‘tension’ twins, i.e., their formation causes an extension along the

c-axis, is incorrect; they are in fact ‘compression’ twins, as it is evident from a con-
sideration of the geometry of 1 1 �2 2f g and 1 1 �2 4f g twinning shown in Figure 1. It is
apparent from the diagrams in Figure 1 that the sense of the twinning shear in these
conjugate twinning modes is in the same sense relative to the c-axis, both causing a
contraction. Hence, just as for the conjugate Type I and Type II twinning modes in
α-uranium [25], the two modes allow for very similar senses of shape change in addi-
tion to having identical twinning shears. Furthermore, it is evident that twinning mode
descriptions given in table 1 of Arthey and Roberts [10] which have been reproduced
in a number of papers [11,14,15,21] also have typographical errors. For example, the
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1 1 �2 2f g and 1 1 �2 4f g twinning modes in this table have different twinning shears, and
the h1 1 �2 1i η1 directions given for K1 = 1 1 �2 4f g do not actually lie in any of these K1

planes.
The experimental conditions used in polycrystalline titanium to generate 1 1 �2 4f g

twinning involve either compressing along the c-axis or directions close to the c-axis
[19–21] or applying a tensile stress at angles close to 90° from the c-axis [9], in agree-
ment with that expected for the ‘compressive’ mode for 1 1 �2 4f g and with the twinning
elements in Table 1 and Figure 1.

While compelling, evidence of the occurrence of 1 1 �2 4f g twinning in EBSD is
indirect, in the sense that it is reliant on a correct interpretation of an angle/axis misori-
entation relationship. As Qin et al. [20] note, the misorientation they quote of 77° about
h1 0 �1 0i for twinning between a 1 1 �2 4f g twin and the matrix within which it forms is
very close to a misorientation that they quote of 78° about h1 0 �1 0i for twinning
between different 1 1 �2 2f g twin variants formed in the same grain. Bao et al. [27] pro-
vide a more through description of the angle/axis misorientation relationship that can
result from 1 1 �2 2f g twin variants. There are six 1 1 �2 2f g twin variants that result in a
misorientation of 77.29° about h1 �8 7 0i [27]. Given the angular tolerances required for
the interpretation of EBSD data and the limits imposed by the spatial resolution of the
technique, there remains the possibility that the recent reports of 1 1 �2 4f g twinning are
not definitive evidence for the occurrence of this twinning mode. ½8 �1 �7 0� is close
enough to ½1 0 �1 0� for it to be indexed as ½1 0 �1 0� by the EBSD software. There are
examples of this ambiguity of interpretation in Qin et al. [20], such as in their figure 7
(a), where there are boundaries which have been partially indexed as a 1 1 �2 4f g twin
boundary and also as a 1 1 �2 2f g– 1 �2 1 2f g variant–variant pair boundary. There are no
examples of complete deformation twin traces fully indexed unambiguously as 1 1 �2 4f g
in the micrographs shown in their paper. Xu et al. [19,21] present much stronger evi-
dence of 1 1 �2 4f g twinning. However, the twin traces are close to the step size of the
EBSD scans, with a frequency of only 0.5% of all twin boundaries identified as being

Table 1. Crystallography of possible deformation twinning modes in CP titanium using standard
nomenclature for the twin plane K1, shear direction η1, second undistorted plane K2 and direction
η2 lying in K2 and the plane of shear [5–7]. For each deformation twinning mode a specific K1 is
selected to emphasize the crystallographic relations between K1, η1, K2 and η2. q is the complex-
ity of the shuffles required to ensure all atoms in the twin are carried into their final correct posi-
tions [5–7]. ‘T’ and ‘C’ refer to the nomenclature of tension (T) and compression twins (C),
which define whether the shape change produced by the twinning mode causes extension or con-
traction along the c-axis, respectively [5,6].

Type K1 η1 K2 η2
Misorientation angle/axis

(for c/a = 1.588)

Shear
magnitude |

S| q Refs.

T 1 0 �1 2ð Þ �1 0 1 1½ � 1 0 �1 �2ð Þ 1 0 �1 1½ � 1 1 �2 0½ � 85.03° 0.174 4 [5,6]
T 1 1 �2 1ð Þ �1 �1 2 6½ � 0 0 0 1ð Þ 1 1 �2 3½ � 1 0 �1 0½ � 34.96° 0.630 2 [5,6]
Ca 1 1 �2 4ð Þ 2 2 �4 �3½ � 1 1 �2 �2ð Þ 1 1 �2 3½ � 1 0 �1 0½ � 76.89° 0.219 6 [5,6]
C 1 1 �2 2ð Þ 1 1 �2 �3½ � 1 1 �2 �4ð Þ 2 2 �4 3½ � 1 0 �1 0½ � 64.40° 0.219 6 [5,6]
C 1 0 �1 1ð Þ �1 0 1 2½ � �1 0 1 3ð Þ 3 0 �3 2½ � 1 1 �2 0½ � 57.22° 0.099 8 [5,6]

a 1 1 �2 4f g is a compression twinning mode despite the assertions by Yoo [5] and Christian and Mahajan [6]
that it is a tension twinning mode. See the text for details.

Philosophical Magazine 2155

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

am
br

id
ge

] 
at

 0
7:

32
 1

6 
Se

pt
em

be
r 

20
15

 



1 1 �2 4f g twins. Furthermore, there is a clear example in figure 2(a) of Xu et al. [19],
where a grain boundary is indexed incorrectly as 1 1 �2 4f g twinning.

Here, we report conclusive evidence from a combination of both EBSD and transmis-
sion electron microscopy (TEM) for the existence of 1 1 �2 4f g twinning as a rare deforma-
tion twinning mode in coarse-grained commercial purity (CP) titanium after room
temperature ballistic impact testing. Under suitable circumstances, unprecedented area vol-
ume fractions of 1 1 �2 4f g twinning are reported relative to prior work, with as much as
100% of twin boundaries in some suitably oriented grains being 1 1 �2 4f g twin boundaries.

2. Experimental details

CP titanium Grade 1 with a coarse grain structure was selected for high strain rate
deformation to investigate the deformation twinning modes that are activated. The desired
as-received microstructure had been achieved by ageing the material in the high tempera-
ture β-phase field to promote grain growth, followed by a slow furnace cool. The approxi-
mate average prior β-grain diameter was 5.8 mm, assuming equiaxed β-grains. On
cooling, each β-grain was colonized with an acicular microstructure of coarse α-platelets.

Trace of K1 = (1122)4

1 = [1123]4

2 = [2243]4

S

[001]3 = [0001]4

[110]3 = 
[1120]4

l0

l1

Trace of K1 = (1122)4

2 = [2243]41 = [1123]4

S

[001]3 = [0001]4

[110]3 = 
[1120]4

[001]3 = [0001]4

[110]3 = 
[1120]4

l0

l1

Trace of K1 = (1124)4

1 = [2243]4

S

2 = [1123]4

[001]3 = [0001]4

[110]3 = 
[1120]4

A B A B A B A B

1 = [2243]4

2 = [1123]4

Trace of K1 = (1124)4

S

(a) (b)

(c) (d)

Figure 1. (colour online) Geometry of (a) 1 1 �2 2f g and (b) 1 1 �2 4f g twinning in a single crystal
of titanium viewed normal to 1 0 �1 0ð Þ. The composition plane K1, twinning direction η1, conju-
gate twinning direction η2 and shear magnitude S are labelled. The shaded regions represent the
super cell that undergoes the shear. The lattice point labelling system is that specified by Crocker
and Bevis [26]. Using the ABAB stacking sequence designation of the h.c.p. crystal structure of
α-titanium, the atom positions are represented by circles and squares for the A layer and triangles
for the B layer. The atom positions displayed represent the projection of four 1 0 �1 0ð Þ planes: cir-
cles lie on the plane of the page, squares are one 1 0 �1 0ð Þ d-spacing below the page, upright trian-
gles two 1 0 �1 0ð Þ d-spacings below the page and inverted triangles three 1 0 �1 0ð Þ d-spacings
below the page. Representations of the macroscopic shape change to a single crystal of titanium
deformed by twinning on 1 1 �2 2f g and 1 1 �2 4f g are shown in (c) and (d), respectively. It is
evident that these twinning modes facilitate a macroscopic compression in line with the c-axis as
in both cases; the pre-twinning crystal length l0 is greater in magnitude than the post-twinning
crystal length l1.
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The α-platelets ranged in size from 30 to 200 μm, with an average width of 51 μm. The
chemical composition of the CP titanium after heat treatment is shown in Table 2. It is
apparent from this table that some oxygen uptake occurred during the heat treatment rela-
tive to the ASTM B265-13ae1 standard for Grade 1 CP titanium, in which the oxygen
impurity level is specified to be no more than 0.18 wt% [28].

Ballistic tests were performed at room temperature at a strain rate of approximately
103 s−1. A single-stage gas gun with a helium gas supply was used to propel cylindrical
projectiles of the CP titanium at a hardened steel target at 250 ms−1. The deformed
cylinders were then sectioned longitudinally. Metallographic samples were prepared
using the standard procedures for titanium [29]. Immersion etching of polished samples
for 10 seconds in Keller’s etch (1% HF, 1.5% HCl, 2.5% HNO3, 95% H2O by volume)
highlighted their microstructure. A subsequent vibratory polish for 12 h in colloidal sil-
ica was used to prepare the samples for EBSD mapping. Focused ion beam (FIB)
milling was used to extract TEM samples of specific areas of interest identified in the
EBSD maps.

EBSD scans were conducted at either 20 or 25 kV using field emission gun (FEG)
sources with either a CamScan MX2600 FEG scanning electron microscope (SEM) run-
ning the Oxford Instruments EBSD acquisition system, or a FEI Nova NanoSEM FEG
running the Bruker EBSD acquisition system. The EBSD data were analysed using the
HKL Channel 5 software package distributed by Oxford Instruments and the MTEX
4.0.9 toolbox for Matlab. TEM FIB samples were prepared using a FEI Helios Nano-
Lab DualBeam FIB SEM and analysed using a JEOL 200CX transmission electron
microscope at 200 kV equipped with a double tilt holder.

3. Results

During post-test analysis by optical microscopy, a grain was identified in which an indi-
vidual large twin was surrounded by smaller twins with a different habit plane. An
EBSD scan of the area confirmed the large twin had a misorientation between it and
the surrounding matrix of approximately 77° about ½1 0 �1 0� within experimental error.
This area is shown in Figure 2(a), with the normal to the various parts of the grain
shown in colours conforming to the inverse pole figure. The specific 1 1 �2 4f g twin vari-
ant of the K1 composition plane was calculated to be ð�1 2 �1 4Þ from an analysis of the
EBSD data. The predicted orientations for 1 1 �2 4f g twin variants were calculated from
the parent grain orientation following the procedure described by Jiang et al. [30]. Fur-
ther verification of the twin variant was possible by comparing the measured misori-
entation between other twin types and twin variants in the same scan. For example, in
Figure 2(a), the parent grain orientation is rotated to the potential 1 1 �2 4f g twin orienta-
tions by applying an angle-axis rotation of 76.89° about the six h0 1 �1 0i giving six
possible orientations for the six variants of 1 1 �2 4f g. Of the six possible variants, the

Table 2. CP titanium impurity levels for C, H, N and O determined from combustion analysis
and for Fe determined from inductively coupled plasma optical emission spectrometry.

Element C Fe H N O Ti

Wt.% 0.037 0.027 0.0005 0.012 0.389 99.535
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ð�1 2 �1 4Þ has a misorientation of 5.47° from the measured orientation for the 1 1 �2 4f g
twin. Similarly for the 1 1 �2 2f g twins also seen in Figure 2(a), the ð�1 2 �1 2Þ variant has
a misorientation of 3.87° from the average measured orientation for the 1 1 �2 2f g twins.
In addition, the misorientation between the ð�1 2 �1 4Þ twin and the ð�1 2 �1 2Þ twins in
Figure 2(a) was 13.54° which is very close to the calculated misorientation expected
between a ð�1 2 �1 4Þ twin and a ð�1 2 �1 2Þ twin of 12.36°.

Careful FIB lift out and milling of the area highlighted in Figure 2(a) enabled TEM
to be undertaken of this area. A low magnification bright field TEM image of the result-
ing thin foil is shown in Figure 2(b), in which the interface between the 3.5 μm thick
twin and the surrounding matrix is parallel to the electron beam. The electron diffrac-
tion pattern in Figure 2(c) and its indexed schematic confirmed the ð�1 2 �1 4Þ twin rela-
tionship between the large twin and the surrounding matrix for this ½1 4 �5 �3� zone
(½2 3 �1� in three index notation) common to both the matrix and the twin.

00001214M,T 1214M,T

1101T0113M 1101M 0113T

2202T 1012M 1012T 2202 M

2111T 2111M

2024M 3210T 3210M 2024T

1101M0113T 1101T 0113M

2202M 1012T 1012M 2202 T

2111M 2111T

2024T 3210M 3210T 2024M

0001

0110

1210

1 µm

50 µm

(a) (b)

(c)

(1214)

(1212)

FIB location

Figure 2. (colour online) (a) EBSD scan of an individual 1 1 �2 4f g deformation twin and smaller
1 1 �2 2f g twins acquired at 25 kV with a 0.5 μm step size, inverse pole figure colouring and band
contrast, with the 1 1 �2 4f g twin outlined in white and the smaller 1 1 �2 2f g twins outlined in black.
The loading direction is in the horizontal direction. (b) Bright field image of the TEM specimen
taken from the boxed region in (a). (c) Electron diffraction pattern from (b) viewed down the
½1 4 �5 �3� zone ( 2 3 �1½ � in the three index notation) common to both the matrix and the twin confirm-
ing twinning on �1 2 �1 4ð Þ. This electron diffraction pattern has been image processed to highlight
the �1 2 �1 4 and 1 �2 1 �4 twin spots, which have a low intensity because of their large gj j.
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Other electron diffraction patterns are shown in Figure 3, found by tilting the speci-
men so the interface between the twin and matrix remained parallel to the electron

Figure 3. Electron diffraction patterns from Figure 2(b), (a) viewed down the 1 0 �1 0½ � zone
([2 1 0] in the three index notation) (b) viewed down the 7; 4; �11; �3½ � zone (½6 5 �1� in the three
index notation) and (c) viewed down the 4 4 �8 �3½ � zone (½4 4 �1� in the three index notation) com-
mon to both the matrix and the twin confirming twinning on �1 2 �1 4ð Þ. As in Figure 2, the electron
diffraction patterns have been image processed to highlight the �1 2 �1 4 and 1 �2 1 �4 twin spots,
which have a low intensity because of their large gj j.
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beam, were consistent with the expected angular relationships between the different
zones, providing additional confirmation of this ð�1 2 �1 4Þ twin relationship.

Further analysis of the ballistically tested samples in the light of this conclusive evi-
dence for the presence of 1 1 �2 4f g deformation twins showed that large numbers of
these twins were present in grains in which the c-axis was aligned within 6° of the
loading direction (Figure 4). Interestingly, the 1 1 �2 4f g deformation twin shown in
Figure 2 was particularly unusual because it was actually found in a grain in which the
c-axis was 25° away from the cylinder compression direction. The area fractions of
1 1 �2 4f g twins compared to 1 1 �2 2f g twins in Figures 2(a) and 4(c)–(e) are summarized

in Table 3.

2 mm

2 mm

(a)

c
d

e

(1
12

2)

(21
14

)

(1214)

(2114)

25 µm

50 µm 50 µm

0001 1210

(1
21

4)

(2114)

(1214)

(1122)

(2114)(1214)

)4121(

(1212)

(c)

(b)

(d) (e)

0110

Figure 4. (colour online) (a) EBSD scan of an indi (a) EBSD scan of a longitudinally sectioned
ballistically tested projectile acquired at 25 kV with a 15 μm step size, inverse pole figure colour-
ing and band contrast. The loading direction is in the horizontal direction, with the impact face
on the right-hand side. (b) Band contrast with grains whose c-axes were within 6° of the loading
direction highlighted in green. (c)–(e) EBSD scans of the highlighted green grains in (b) acquired
at 25 kV with a 0.5 μm step size, with inverse pole figure colouring and band contrast, showing
large 1 1 �2 4f g twins outlined in white and smaller 1 1 �2 2f g twins outlined in black.

Table 3. Area fractions of deformation twins in Figures 2(a) and 4(c)–(e) as percentages of the
EBSD scan area of a grain, and area percentage of twinned area for 1 1 �2 4f g and 1 1 �2 2f g
deformation twins.

Area fractions expressed as a percentage

Figure 2(a) Figure 4(c) Figure 4(d) Figure 4(e)

Percentage of EBSD scan area 1 1 �2 4f g 2.5% 23.2% 17.8% 7.7%
Percentage of EBSD scan area 1 1 �2 2f g 2.2% 0.5% 0% 0.4%
Percentage of 1 1 �2 4f g twins 53.1% 97.8% 100% 95.2%
Percentage of 1 1 �2 2f g twins 46.9% 2.2% 0% 4.8%
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4. Discussion

Variants of other families of deformation twins when they were present within the same
grains as 1 1 �2 4f g compression twins were always of the conjugate 1 1 �2 2f g compres-
sion-type twinning. However, it is evident from Figure 4(d), it was not a requirement
that 1 1 �2 4f g twins within a grain had to be accompanied by 1 1 �2 2f g twins. No
1 1 �2 4f g twins were observed in grains whose c-axis directions orientations deviated

more than 30° from the compression direction. Hence, our observations are in agree-
ment with those of Rosi et al. [9] who observed profuse 1 1 �2 4f g twinning in coarse-
grained `-° away from [0 0 0 1]. They are also in good agreement with the observations
of Xu et al. [19], except that in our work we have not found that 1 1 �2 4f g twins within
a grain have always to be accompanied by 1 1 �2 2f g twins.

The presence of only 1 1 �2 4f g and 1 1 �2 2f g deformation twins in particular grains
aligned with their c-axes close to the compression direction demonstrates non-Schmid
dependent selection of the choice of deformation mode within a grain (Table 4). Con-
sidering that the loading direction with the c-axis is in compression, it is logical to
expect only compressive twinning modes. Therefore, on this basis, twinning on
1 0 �1 2f g and 1 0 �2 1f g for the grains shown in Figures 2(a) and 4(c)–(e) can be

disregarded.
For the grain shown in Figure 2(a), twinning on one of the six possible 1 0 �1 1f g

actually had the highest Schmid factor, even though 1 1 �2 2f g and 1 1 �2 4f g twinning
was observed. Intriguingly, no evidence was found for 1 0 �1 1f g twinning in the entire
sample. In Figure 4(c)–(e), variants from the 1 1 �2 4f g deformation twinning modes
actually had the highest Schmid factors. The dominant twinning mode in these grains
was 1 1 �2 4f g, consistent with what might therefore be expected. By comparison with
twinning on 1 1 �2 2f g and 1 1 �2 4f g, 1 0 �1 1f g had a significant Schmid factor in
Figure 4(c)–(e). We also observed that even when 1 1 �2 4f g deformation twinning alone
was found in a particular grain, as in Figure 4(d), grains adjacent to such a grain
showed 1 1 �2 2f g deformation twinning, again emphasising the close relationship
between these conjugate twinning modes.

Having indexed the deformation twin variants present within each deformation
twin-type using the procedure of Jiang et al. [30], it was possible to evaluate the Schmid
factors for the individual variants in Figures 2(a) and 4(c)–(e). These are shown in Table 5.
In Figure 2(a), ð�1 2 �1 2Þ, the active 1 1 �2 2f g twinning variant, had the highest Schmid fac-
tor out of the possible 1 1 �2 2f g variants. However, ð�1 2 �1 4Þ, the active 1 1 �2 4f g twin
variant had the lowest Schmid factor out of the possible 1 1 �2 4f g variants, which

Table 4. Highest Schmid factors for twinning within each possible deformation twinning mode
for the grains shown in Figures 2(a) and 4(c)–(e), assuming plane strain compression loading in
the x-direction which is horizontal across the page in each of these figures, compressing the crys-
tal c-axis.

Deformation twin mode

Highest Schmid factor, x-direction, plane strain

Figure 2(a) Figure 4(c) Figure 4(d) Figure 4(e)

1 1 �2 4f g 0.399 0.498 0.500 0.497
1 1 �2 2f g 0.443 0.477 0.485 0.474
1 0 �1 1f g 0.468 0.452 0.462 0.449

Note: The operative twinning modes are in bold.
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confirms observations by Jiang et al. that second twinning variants or twinning types
cannot be reliably predicted by Schmid factors [30]. The non-Schmid-based variant selec-
tion suggests that there were additional factors contributing to the isolated occurrence of
1 1 �2 4f g deformation twinning in Figure 2(a). It is plausible that changes to the local

stress state by 1 1 �2 2f g deformation twinning preceding the nucleation of the 1 1 �2 4f g
deformation twin had meant that the local resolved loading direction was significantly dif-
ferent to the macroscopic loading direction to initiate this 1 1 �2 4f g deformation twin.
Schmid-based twinning variant selection is often reported in h.c.p. materials [19,27,
31–33]. However, non-Schmid-based variant selection can be triggered for a number of
reasons when the macroscopic loading configuration differs significantly from the local
stress state. For example evidence has been presented by others that the local stress state
may be different because of complex local stress states in polycrystalline materials
[34,35], ‘accommodation strain’ in neighbouring grains [36,37], or nonuniform stresses
arising from dislocations or residual stresses [34].

In Figure 4(c)–(e), the loading direction is more closely aligned to the c-axis so the
Schmid factors do not vary as much for the 1 1 �2 4f g and 1 1 �2 2f g variants as in
Figure 2(a), but again the Schmid factors did not accurately predict the active variants.
Although, the 1 1 �2 4f g twin variants with the highest Schmid factor in Figure 4(c) and
4(d) were operative, ð2 �1 �1 4Þ and ð1 �2 1 4Þ, respectively, the remaining operative twin
variants did not follow from the Schmid criterion, as is apparent from Table 5.

Clearly, if there is less spread in the Schmid factor magnitudes then there is less to
discriminate between different variants. The similarity in the Schmid factor values in
Figure 4(c)–(e) for 1 1 �2 4f g twin variants is likely to have contributed to the high num-
ber of different 1 1 �2 4f g variants being operative in each grain. This similarity in the
Schmid factors can be demonstrated graphically. In Figure 5(a) and 5(b), the variation
of positive Schmid factors for loading in compression is demonstrated for twinning on
{1 1 �2 4}; the position where the Schmid factor is at a maximum of 0.5 is 6.5° away

Table 5. Schmid factors for the six 1 1 �2 4f g and 1 1 �2 2f g deformation twin variants for the
grains shown in Figures 2(a) and 4(c)–(e), assuming plane strain compression loading in the
x-direction which is horizontal across the page in each of these figures, compressing the crystal
c-axis.

Deformation twin variant

Schmid factor, x-direction plane strain

Figure 2(a) Figure 4(c) Figure 4(d) Figure 4(e)

1 1 �2 4f g V1: 1 1 �2 4ð Þ 0.377 0.493 0.472 0.494
1 1 �2 4f g V2: �1 2 �1 4ð Þ 0.223 0.478 0.455 0.481
1 1 �2 4f g V3: �2 1 1 4ð Þ 0.253 0.466 0.467 0.469
1 1 �2 4f g V4: �1 �1 2 4ð Þ 0.398 0.474 0.490 0.475
1 1 �2 4f g V5: 1 �2 1 4ð Þ 0.390 0.490 0.500 0.489
1 1 �2 4f g V6: 2 �1 �1 4ð Þ 0.399 0.498 0.494 0.497
1 1 �2 2f g V1: 1 1 �2 2ð Þ 0.379 0.430 0.463 0.431
1 1 �2 2f g V2: �1 2 �1 2ð Þ 0.443 0.461 0.485 0.457
1 1 �2 2f g V3: �2 1 1 2ð Þ 0.441 0.477 0.470 0.474
1 1 �2 2f g V4: �1 �1 2 2ð Þ 0.339 0.466 0.428 0.467
1 1 �2 2f g V5: 1 �2 1 2ð Þ 0.126 0.436 0.399 0.441
1 1 �2 2f g V6: 2 �1 �1 2ð Þ 0.163 0.416 0.420 0.422

Note: The operative twinning modes are in bold.
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from [0 0 0 1] and 45° from the {1 1 �2 4} pole. For twinning on any of the possible
1 1 �2 4f g twin variants, the Schmid factor plots of Figure 5(c) and 5(d) are relevant;

these show the maximum Schmid factor as a function of location of the compression
axis and demonstrate the principle that for compression axes within ~12° of [0 0 0 1], it
is highly likely that there will be at least one 1 1 �2 4f g twin variant with a Schmid
factor very close to 0.5.

A final consideration is the complete absence of any 1 0 �1 1f g twinning in the bal-
listically tested specimen. Since twinning on 1 0 �1 1f g in the absence of any other plas-
tic deformation process causes a contraction parallel to the c-axis, it might be
reasonably assumed that this deformation twinning mode might be favoured in room
temperature ballistic testing. However, 1 0 �1 1f g twinning has a complex shuffle mecha-
nism [6], and it is this which would seem to preclude it as an observed deformation
twinning mode at room temperature, even at a strain rate of 103 s−1 and under condi-
tions where rare 1 1 �2 4f g compression-type twins are activated. This is also consistent

(a)

(b)

(c)

(d)
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Figure 5. (colour online) (a) and (b) The variation of positive Schmid factors for loading in
compression for twinning on 1 1 �2 4f g; the position where the Schmid factor is at a maximum of
0.5 is 6.5° away from [0 0 0 1] and 45° from the ð1 1 �2 4Þ pole. (c) and (d) Maximum positive
Schmid factors for loading in compression for twinning on 1 1 �2 4f g. In (a)–(d) the [0 0 0 1] pole
is indicated by a black dot.
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with the observations of Xu et al. [19], who found evidence from EBSD of occasional
1 1 �2 4f g twinning, but no 1 0 �1 1f g twinning, at strain rates of 4.5–5 × 102 s−1 [19].

5. Conclusions

Conclusive and definitive evidence has been found for regions of 1 1 �2 4f g deformation
twinning in CP titanium ballistically tested at room temperature. Our results also con-
firm the link between 1 1 �2 4f g and 1 1 �2 2f g deformation twinning found by Xu et al.
[19]. Although, the observation that 1 1 �2 4f g twinning occurs when the c-axis is loaded
in compression is consistent with previous research by Rosi et al. [8] and Xu et al.
[19], the high area fraction of 1 1 �2 4f g we have found in particular grains is unprece-
dented. This is relevant for plasticity modelling and deformation twin modelling of high
strain rate events in heavily textured materials where there is a strong [0 0 0 1] fibre tex-
ture aligned with the loading direction. CP titanium can exhibit a strong [0 0 0 1] fibre
texture perpendicular to the extrusion axis in extruded bars [38], and normal to the roll-
ing direction if forged and then cross-rolled to a 1.75 von Mises equivalent strain [39].
By contrast, the lack of observations of 1 0 �1 1f g twinning calls into question whether
this can be considered as a possible mode of deformation in titanium subjected at room
temperature to strain rates > 5 × 102 s−1.

When more than one deformation twin variant or deformation twin-type is present
within a specific grain, our results show that the Schmid criterion is a poor predictor of
deformation twin variants at high strain rates at room temperature. Instead, in order to
predict the deformation twin variants with some degree of confidence, it will be neces-
sary to model the local stress state in each grain incrementally with time as new
deformation twins nucleate.
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