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The deformation twins of commercial pure titanium were investigated under the split Hopkinson pressure bar
compressionwith different strain rates. It was demonstrated that the types of twins induced by high-speed com-

pression included 1122
n o

, 1124
n o

contraction twins and 1012
n o

, 1121
n o

extension twins. Furthermore, the

quantities of the deformation twins at the high strain rates were more pronounced than those at the low to me-

dium speed deformation. The content of 1122
n o

twin increased with the strain rate, while 1121
n o

twin's quan-

tity decreased slightly with the increasing strain rate. The semi-quantitative relationship between twin density
and strain rates was derived and discussed, which indicated that twin density was nonlinearly proportional to
the strain rate.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

The deformation behavior of hexagonal close-packed (hcp) metallic
materials is complicated due to the activation of both different slip sys-
tems and twinning systems [1]. In the past several decades, the occur-
rence of deformation twinning in hcp metallic materials under low
speed deformation has been widely reported [2–5]. In terms of the ap-
plication of hcp metallic materials in high strain rate circumstances
[6], much more attention should be paid to its high-speed deformation
behavior. As is known [7,8], α-titanium is a typical hcp metallic materi-
al, whose ratio of c to a is 1.587. Owing to its low symmetry, α-
titanium's deformation is governed by both dislocation slipping and
twinning. In fact, the plastic deformation ofα-titanium is causedmainly
by dislocation slipping. Meanwhile, twinning can transform the grain
orientation with a lower Schmid factor to the benefit orientation for
dislocation slipping. Therefore, high-speed deformation twinning be-
havior becomes a significant part of α-titanium's plastic deformation
mechanism [9].

For hcp structural α-titanium, the type of dislocation slipping in-
cludes baN and ba + cN type. The main dislocation slip systems consist

of 1100
n o

1120
D E

, 0002f g 1120
D E

and 1011
n o

1123
D E

, whose critical

shear stresses are 30 MPa, 150 MPa and 125 MPa, respectively [10].
On the basis of less independent slip systems and lower stacking fault
energy, twins become the main factor for further deformation by
adjusting the hard orientation to the soft one. Deformation twins are

formed by themutual shearing of parallel lattice plane, and they belong
to an important mechanism for plastic deformation. In the low-speed

plastic deformation, the main twins include 1012
n o

, 1121
n o

and

1122
n o

. Among these, 1012
n o

extension twin is one of themost active

twins induced by deformation at ambient temperature, and 1122
n o

twin belonged to the contraction twins [10,11]. Rosi [12] has suggested

that the deformation of 1100
n o

slip system and 1012
n o

, 1121
n o

,

1122
n o

twinning system should bemore active in the quasi-static plas-

tic deformation.
Jonas et al. [13] investigated the twinning behavior of commercial

pure titanium at the quasi-static compression, suggesting that the criti-

cal strain for twinning was sensitive to the strain rate. The 1122
n o

twin

is the most popular type, and a large number of 1122
n o

– 1012
n o

twins

and a few 1012
n o

– 1122
n o

twins were generated during the quasi-

static compression. Moreover, the presence of low Schmid factor twins
was established as well as the absence of potential high Schmid factor
twins, and the high Schmid factor twins needed the dislocation slipping
for further deformation. A. Serra and his coworkers [14] reported that

1121
n o

and 1122
n o

twins had blocked or synergistic effects on the dif-

ferent dislocation slip systems, and pointed out that the dislocation-
twin structure induced by deformation greatly contributed to the
strength of the material, which was consistent with other results [11,
15,16]. Research on dislocation-twin structure became a significant
issue, and further study [17] found that the interaction between

1121
n o

and (a+c) typedislocation slippingwas beneficial to the strain
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hardening.α-Fe [18], copper [19,20], and aluminum [21] could generate
twins during high-speed deformation, but it was difficult to form twins
during the low-speed deformation. In particular, the content of α-
titanium's twin can increase under high-speed deformation, which
can enhance particular texture [22,23]. However, the effects of strain
rates (≥1000/s) on the type and content of the twin needmore detailed
study and discussion.

In the present paper, the effects of the strain rate (ranging from
1500/s to 3500/s) on deformation twinning behavior of α-titanium
were investigated. It aimed to elaborate on the relationship between
the twinning behavior and the strain rate. Besides, the paper makes an
effort to provide an initial theory for the high-speed deformationmech-
anism of hcp materials.

2. Experimental procedure

The as-annealed commercial pure titanium (grade 1) was selected
as a model material, whose chemical composition is shown in Table 1.
Its microstructure consisted of equiaxed grains with an average size of
50 μm, and no twins could be seen. The cylindrical specimens with the
dimensions of Φ4 × 4 mm were cut from the as-annealed commercial
pure titanium through electrical discharging cutting. In addition, the
error of dimension was controlled in the range of 0.02 mm, and the
roughness of specimens' surface was 1.6.

2.1. High-speed compression

The device employed to realize the high-speed deformation was the
split Hopkinson pressure bar (SHPB), which was made up by two high-
strength steel bars with the diameter of 14.5 mm. The striker bar has a
length of 200 mm. The input and output bars' signals could be obtained
by the strain gauges. The strain, the strain rate, and the stress could be
calculated by the signals. The different strain rates were attained by
adjusting the gas pressure to the striker bar, and the relationships be-
tween them were 0.07 atm—1500/s, 0.11 atm—2500/s, and
0.165 atm—3500/s. The cylindrical specimen and the pressure bars
must be coaxial. Moreover, the contacting surface between the sample

and the bar was coated with Vaseline to minimize the transverse fric-
tion. During high-speed compression, the strain was limited to 10% by
the blocking ring, which was a steel tube with a thickness of 3.6 mm.

2.2. Microstructural analysis

2.2.1. EBSD
As-impacted specimens were coarsely grinded and electro-polished

for Electron Backscatter Diffraction (EBSD) testing, and the electro-
polishing liquid was a solution of 60% perchloric acid (6 ml) and glacial
acetic acid (94 ml). The electro-polishing was performed at 35–40 V,
120 s, and ambient temperature. These samples were examined in a
Quanta FEG 650 scanning electronmicroscope, and the backscatter signal
data were obtained by Nordlys collection probe. HKL Channel 5 software
was used to process the data, in order to analyze the misorientation, IPF
map, the type and content of the twin, and the Schmid factor of the differ-
ent grains.

2.2.2. TEM
Microstructure observation of commercial pure titanium impacted

at the strain of 0.11was performed on JEM-2010F transmission electron
microscopy (TEM). Samples weremechanically polished to a thin sheet.
A diskwith a diameter of 3mmwas twin-jet electro-polished of in a 60%
HClO4 50ml-CH3(CH2)3OH 350ml-CH3OH 600ml solution at 248 K and
20 V. Sub-structures were obtained at 200 keV by the standard TEM
techniques, and selected area diffraction patterns were analyzed at the
twinning boundaries.

3. Results and discussion

3.1. Initial microstructure and dynamic strain rate

The IPF map can illustrate the microstructure and orientation distri-
bution of the grain. Fig. 1 shows the IPFmap and themisorientation dis-
tribution of as-annealed commercial pure titanium. As shown in
Fig. 1(a), the annealed microstructure reveals the equiaxed grains
with an average size of 50 μm, indicating a recrystallizedmicrostructure.
It should be emphasized that there are few twins inside the grains.
Fig. 1(b) presents the misorientation distribution, where the data with
misorientation of less than 2° are excluded. Obviously, the distribution
profile of the large-angle and small-angle grain boundaries in annealed
titaniumwas consistent with the theoretical curve and without the dis-
tinct peaks. Similar to the IPFmap, themisorientation distribution clear-
ly indicated that no preferred orientation was induced by twinning in
as-annealed α-titanium.

Table 1
Chemical composition of commercial pure titanium (wt%).

Element Fe C N H O Ti

wt.% 0.30 0.05 0.04 0.015 0.15 Bal.

Fig. 1. IPF map and misorientation distribution of as-annealed commercial pure titanium.
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