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Abstract

The boundary structure of {1011} deformation twins formed in commercial pure titanium

(CP-Ti) during the initial pass ECAP processing has been studied by TEM and HRTEM. A

new twining mode with twinning dislocation of bs;, has been identified by a dichromatic

diagram method. The new mode of {10 i 1} twin has substantially higher interface energy and

accommodates more shear strain during deformation than the conventional b, twinning mode.
The deviation angle between the habit trace of the twin boundary and the theoretical twinning

plane, K1, is dependent upon the density of twin dislocations.



Over the last decades, severe plastic deformation (SPD) has been demonstrated as an
effective method to produce bulk ultra-fine grained (UFG) and nano structured metals,
for example Al, Mg, Fe, Ni and Ti, as reviewed in [1,2]. Much work has been done
on the deformation behaviour of face centred cubic (FCC) metals during SPD [3-5].
However, studies on the deformation behaviour, especially the twinning behaviour of
hexagonal close packed (HCP) structures, like Ti, have been limited.

Shin et al.[6, 7] studied the deformation behaviour of a commercial pure titanium
(CP-Ti) during the initial passes of equal channel angular pressing (ECAP) at 350°C.

It was found that the shear strain ( ~1.8) imposed during the 1% pass of ECAP is

mainly accommodated by {1011} deformation twins. Since the normal twinning

structure , of {1011} twins, the so called bs mode, for which the subscript is the step

height of the twinning dislocations on the twin boundary in number of the theoretical

twin planes, can only accommodate a shear strain of ~0.1 [8,9], the authors

suggested that the {1011} twins formed during ECAP might have different twinning

modes, which can accommodate a much higher shear strain than by mode.
Pond and Serra et al. have done a series of atomic scale computer simulations on the

twinning structures of HCP metals [10-12]. The simulation results show that

{1011} twins can have different interfacial structures, including a dislocation-free

single atom plane twin boundary structure and faceted twinning boundaries with by, b;
and b, twinning dislocations. Among the simulated twinning structures, only the fully
relaxed dislocation-free single atom plane twin boundary[13] and the by, bs mode

twinning[ 10,14] have been observed in Ti by HRTEM.



In a recent work by Kim et al. [15], the authors claimed that they found b;, b, and b

modes of {1011} twin formed during the initial pass ECAP processing in a HRTEM

study. However, the quality of the HRTEM images of the twin boundary structures in
the work is poor and the identification of the twin dislocations is ambiguous. The

aim of the present work is to shed more light upon the interfacial structures of

{1011} twins formed in CP-Ti during SPD.

As-rolled and annealed CP-Ti rods with dimensions of 20 mm x 20mm x120mm were
pressed in a 90° ECAP die at 450 °C with a pressing speed of 2 mm/s. After pressing
the samples were quenched into cold water. Specimens for transmission electron
microscopy (TEM) were taken from the central longitudinal section of the middle part
of the ECAP bar and prepared by mechanical polishing followed by twin jet electro
polishing with a solution of 5% perchloric acid, 35% butanol, and 60% methanol. The
electro polishing was conducted at -40 °C and 40V. Microstructure studies of the
ECAPed samples were conducted in a JEOL 2010F TEM equipped with a field
emission gun (FEG) operating at 200 kV. This microscope has a point- resolution of
0.23 nm.

TEM studies show that a large fraction of parallel narrow twin bands have formed
during the 1% pass ECAP. The width of most of the bands is in the range of 100- 300
nm. The typical morphology of the twin bands is shown in Fig. la. Selected area

electron diffraction (SAED) patterns taken on the twin bands, show that they are

formed by {1011} deformation twinning. Fig. 1b shows a SAED taken on two of the

neighbouring bands in Fig.1a, along the [1510] zone axis. The trace of the theoretical



twinning plane (1011) is also drawn in Fig. la. Clearly, the habit trace of the twin

boundary, especially at the tip of the twin band, deviates from the theoretical twin
plane.

A HRTEM image of the twin boundary close to the twin tip, marked with the
rectangular box in Fig. 1a, is shown in Fig. 1c. As can be seen, the twinning boundary
shows a faceted structure.

In order to get a clearer image of the atomic structure in the above twin boundary,
Fourier filtration has been applied to produce filtered HRTEM images of the twin
boundary. As shown in Fig. 2, the twin boundary is consisting of a series of steps

(marked with bright lines) joining straight terraces (marked with dark lines). The

terraces are parallel to the (IOil) planes, while the steps are closely parallel to the

prism planes of the matrix, (IOiO) m, and the (1013) planes of the twin crystal. The

heights of the steps on the boundary have been counted to be 2d(K1), 3d(K1) and

4d(K1), where, d(K1) is the spacing of the (1011) twinning planes. It is interesting to

find that the height of the same step at the twin side can be different from that at the
matrix side. According to the heights of the steps, the twinning dislocations around
the steps are denoted as by, where p and g are the number of K1 planes in height in
the matrix side and the twin crystal side, respectively. Therefore, the defects around
the three steps in Fig. 2, from the upper left to the lower right side, are denoted as bss,
bys3 and by respectively. HRTEM images have been taken at several locations of the
twin tip. It shows that most of the step defects in the twin boundary investigated

belong to one of these three types of dislocations. In addition to the dislocations in the



twin boundary, stacking faults (SF) can also be observed frequently in the twin

crystals, as marked in Fig. 2.

The dichromatic diagram method developed by Pond et al. [16] was applied to draw
Burgers circuits around individual steps in the boundary. The Burgers vectors of the
twinning dislocations are calculated by applying the topological theory of Pond [17].
The same approach has been applied in many other studies [10-12,18,19]. The

calculated Burgers vectors of the twinning dislocations are shown in Table 1. For

comparison, the simulated b, and bs mode twinning dislocations of {1011} twins by

Serra et al. [12] are also included in the table.

The bs;s twinning dislocation has a rational Burgers vector, [1015 ], which is

consistent with the simulated b; twinning dislocation [10, 11], confirming

experimentally the simulated twinning mode. The bys and bsy dislocations have

irrational Burgers vectors and have never been simulated or observed in the {1011}

twin boundary of Ti. They are probably formed by the reaction between slip
dislocations and the twin boundary. The b, dislocation is proposed to be formed by
the reaction of  <c> type slip dislocations with a Burgers vector of [0001] with the
twin boundary: <c> — by + b33 As a result, the <c> dislocation dissociates into a
twining dislocation bs;; and a step defect b,3. However, how the bs4 defect is formed

is yet to be understood.

It should be noted that a similar faceted interfacial boundary structure of {lOil} twins

in a Zr-2.5wt% Nb alloy formed during heat treatment has been reported by



Weatherly et al. [19], where the step planes, however, are found to be parallel to the

set of {0002} and {IOii} planes of the twin crystals.

The shear strain of the twinning boundaries can be calculated by s = | b | /h, where
|b | is the magnitude of Bugers vectors and 4 is the height of steps, for bys; & =
2d(K1) and for bz, & =3d(K1). As can be seen from Tab. 1, the shear strains of by
and bs4 dislocations are very close to bs; dislocation, which are much higher than that
of the bs twinning dislocation. Since the elastic energy of the dislocations is
proportional to the square of the Burgers vector, the elastic energy of the twin
boundary formed during ECAP is also much higher than that of the twinning
boundary formed by b, and by modes, implying that high shear strain and high energy
twin boundaries have formed during the SPD process.

It has been shown in Fig.2 that the twin boundary trace deviates strongly from the

theoretical twinning planes. In practice, the {1011} twin boundary habit planes in

different HCP materials are often observed to deviate from the theoretical twinning

planes. For example, the habit plane of {lOil} twinning boundaries formed during
heat treatment in Zn-2.5%wtNb is closely parallel to the (30§5) planes [19]; the habit
of {1011} deformation twins in Mg is close to the (30§4) planes [20]. Though not

discussed, the habit of the {1011} twins formed during ECAP of CP-Ti in reference [6]

also deviates from the theoretical twinning planes. The deviation in Mg was found to

be due to double twinning of {1011} + {1012} twin [21, 22]. However, no double

twinning has been found in ECAPed Ti and Zr-2.5wt%Nb. The deviations in the two



materials can easily be ascribed to the step-terrace structure of the twin boundaries,

where the steps change the trace of the twin boundary planes.

Fig. 3 shows a schematic diagram of the step-terrace structure in the {1011} twin

boundary. The deviation angle, 6, can be calculated by the step heights and terrace

h
length using the equation, tanf = %h y+L), where, y is the axial ratio of HCP

crystals ( for Ti, y =1.586) and L is the length of a terrace between two neighbouring
steps. The deviation angle increases with the step height and the density of steps.
Accordingly, the same relation can be used also to estimate the density of twinning

dislocations, if the step heights and deviation angle are known. Although it is difficult

to find the real tip of {1011} twins in ECAP Ti, the twin boundaries at one end of the

twin bands (Fig. la), which have much higher deviation angles from {1011} planes

than in the interior of the bands, are believed to be close to the twin tips. This implies
that the densities of twinning dislocations or stress concentration at the boundary of
twin tips are higher than in the boundaries behind tips. This has been confirmed by
HRTEM observations (not shown here) that the average terrace length is much larger
in the boundary far behind twin tips. The low dislocation density in the twin

boundary far behind the twin tip is presumably due to the stress relaxation.

Although the twinning shear of the {1011} twins observed in the present work has

been found to be as high as about 0.5, it can only accommodate a part of the total
strain subjected during the first pass ECAP. The grain boundary structure of the 1
pass ECAP-Ti in the present work has been studied by electron back-scattered

diffraction (EBSD) [23]. It shows that twinning has only occurred on less than half of



the grains in the material, implying that a large part of the deformation strain has to be
accommodated by dislocation slip. As strong evidence of the important roll of
dislocation slip, a large fraction of low angle grain boundaries (LAGB) and a large
amount of equiaxed ultrafine grains are seen to have formed in CP-Ti after one ECAP
pass. This is different from the results of Shin et al., where, twinning occurred in most
of the grains [6]. This difference may be ascribed to the deformation temperature used
in the present work, 450 °C, which is substantially higher than in the work of Shin et

al.

As a summary, the interfacial structure of the {1011} twinning boundary formed in

CP-Ti during the 1* pass ECAP has been observed by HRTEM. The step defects in

the twin boundary have been identified by a dichromatic method. The {1011} twin has

been found to be formed by the bs; twinning mode. The twinning boundary shows a
high energy, high shear strain and faceted step-terrace structure. The step-terrace
twinning interfacial structure is suggested to be responsible for the deviation of the
habit twinning boundary planes from the theoretical ones. The deviation angle can be
calculated by the step height and terrace length.
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Captions of table and figures

Table 1 Parameters of dislocations on {1 Oil} twin boundary, K;=(1 Oil) , A= (%)”2 <

a

Fig. 1 Morphology of {1011} twinning bands (a), selected electron diffraction pattern

of a twinning boundary along [1 2 10] zone axis (b), and HRTEM image of the

twinning boundary boxed in (a) along [1 2 10] zone axis (c).

Fig. 2 Inverse fast Fourier transform (IFFT) image of the Fourier filtered image in the
boxed area shown in Fig. 1c. Burgers circuits are drawn around three step defects. In

the figure, the steps are parallel to (10 1 0)m, and (10 1 3)¢, and the terraces are parallel
to {1011} .
Fig. 3 Schematic diagram showing the deviation angle between the twin boundary

trace and the twin plane caused by the step-terrace structure of the faceted twinning
boundary.



Table 1 Parameters of twin dislocations on {1 Oil} twin boundary, K;=(1 Oil) ,

A=)

Dislocation Burgers vector h/d(K;) |b , M Strain, S
b, e SIS IS EAS R 2 0.176 0.393
b, gi o] 4 0.086 0.096
b2s3 SRR -202-200 52 2 0.238 0.530
D314 2(2[\12 5 [6A> = 5,05 - 642,12 - 8A%] 3 0.306 0.455
bass gf; Doz 3 0.331 0.492

Note: parameters for b, and b4 dislocations are from reference [11].
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Fig. 1 Morphology of {1011} twinning bands (a), selected electron diffraction pattern

of a twinning boundary along [1 2 10] zone axis (b), and HRTEM image of the

twinning boundary boxed in (a) along [1 2 10] zone axis (c).
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Fig. 2 Inverse fast Fourier transform (IFFT) image of the boxed area shown in Fig. Ic.
Burgers circuits are drawn around three steps. . In the figure, the steps are parallel to

10 1 0) m, and (10 1 3)+, and the terraces are parallel to {10 1 1}.
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Fig. 3 Schematic diagram showing the deviation angle between the twin boundary

trace and the twin plane caused by the step-terrace structure of the faceted twinning
boundary.



