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Abstract The aim of the present study is to investigate the
nucleation and growth behavior of twin region around yield
point of polycrystalline pure Ti under deformation. Firstly, we
prepare commercial polycrystalline pure Ti plate, and inves-
tigate the microstructure and pole figures using an Electron
Backscatter Diffraction Patterns device. Secondly, tensile
specimens are cut out from 0°, 30°, 45° and 90° relative to
plate rolling direction. Then, we measure the macroscopic
stress—strain curve, local strain distribution and nucleation and
growth of twin region arising in specimens under uniaxial
tensile loading. Results show the anisotropic characteristics in
those behaviors. Those could be related to ¢ axis in hcp
lattice. However, detailed anisotropic mechanism may have
something to do with several interactions between slips and
twins arising in its body. It is also understood that the
avalanche behavior of twin region nucleation occurs as a
result of larger twin region formation, with inhomogeneous
small twin region nucleation in transient process. Finally, we
could suppose the bridge mechanism of deformation
behaviors from macroscale to microscale for polycrystalline
pure Ti under deformation.
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Introduction

Macroscopic deformation behavior is governed by nucle-
ation or growth behaviors of slip and twin for polycrystal-
line metal materials. The behaviors of slip and twin usually
reveal the phenomena such as intermittent deformation
behavior [1], spatial clustering and avalanche behavior [2—
4], and self-similar or scale free [5] under deformation. In
recent years, Weiss et al., Uchic et al. and Poulsen et al.
have studied about the intermittent deformation behavior
arising in solid materials. Weiss et al. have measured the
motion of slip for single- and poly- crystalline ice under
creep deformation using acoustic emission technique. They
have reported that the motion of slip showed avalanche
behavior and its behavior is different between single- and
poly- crystalline [2—6]. Furthermore, Richeton et al. have
conducted AE experiments during plastic deformation of
hcp metallic single crystals. They have reported that
dislocation avalanches in relation with slip and twinning
were identified with the only sources of AE and a power
law relation was in perfect agreement with one previously
found in ice single crystals [7]. Uchic et al. have fabricated
the micro order compressive specimen of pure Ni by
focused ion beam process. Then, they have conducted
uniaxial compression test using a nanoindentation device.
They have reported that the slip behavior showed scale free
phenomenon [1, 8, 9]. Also, Poulsen et al. have reported the
unexpected intermittent dynamics such as appearing and
disappearing with proceeding deformation and even dis-
playing transient splitting behavior during tensile deforma-
tion of pure Cu [10]. Above-mentioned phenomena are
much important topics for elucidating the mechanism of
plastic deformation in polycrystalline metal materials.

The unit cell of pure Ti is hexagonal close-packed
structure. For single crystal pure Ti, it is reported that
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{1012} twin can be observed when basal plane has the angle
of 78° for the direction of tensile loading at 22°C, whereas
{1121} twin and a little prism slip can be observed when the
angle of basal plane is 47° for the direction of tensile loading
at—195°C [11]. In general, it is known that {1012}, {1121},
and {1123} twins allow an extension along the c axis, while
{1122}, {1011}, and {1124} twins permit a reduction [12].
For polycrystalline pure Ti, it is reported that {1012} twin or
{1122} twin can be observed at room temperature [13-16].
The aim of the present study is to investigate the nucleation
and growth behavior of twin region around yield point of
polycrystalline pure Ti under deformation. Firstly, we prepare
commercial polycrystalline pure Ti plate, and investigate the
microstructure and pole figures using an Electron Backscatter
Diffraction Patterns (EBSD) device. Secondly, tensile speci-
mens are cut out from 0°, 30°, 45° and 90° relative to plate
rolling direction. Then, we measure the macroscopic stress—
strain curve, local strain distribution and nucleation and
growth of twin region arising in specimens under uniaxial
tensile loading. In this time, the in-house measurement
system, which the present authors produce for integration
with the tensile machine control system, local strain distribu-
tion measurement system and twin region measurement
system, is constructed suited on a Lab VIEW platform. Local
strain distribution is measured by in-house system on the basis
of Digital Image Correlation (DIC). Also, the nucleation and
growth of twin region are measured by in-house other one on
the basis of acoustic emission (AE) technique. Finally, we
discuss about nucleation and growth mechanism of twin
region around yield point of polycrystalline pure Ti under
deformation, on the basis of results in present study.

Material and Methods
Material

Material is commercial polycrystalline pure Ti plate
(99.5%, 1 mm thickness, The Nilaco corporation). An
optical image of microstructure and pole figures for
{0001}, {1012} and {1122} planes are obtained from
EBSD device. Tensile specimens are cut out from 0°, 30°,
45° and 90° relative to plate rolling direction as shown in
Fig. 1(a). Figure 1(b) shows specimen configuration. The
titanium tabs are attached to the specimen by epoxy resin.
Random pattern is created on the specimen surface by
spraying black and white paint for measuring strain
distribution by DIC method.

Measurement Method of Local Strain Distribution

DIC software is in-house one, and the details of DIC are
reported in the references [17, 18]. In these references,
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Yoneyama et al. proposed a principal method and its
algorithm of DIC. Also, they have applied this method to
measurement of stress intensity factor around crack tip [18]
and bridge deflection [19]. A test system, local strain
distribution measurement system, is also constructed on the
basis of DIC as an in-house software suited on a Lab VIEW
platform. We can semi-automatically measure strain distri-
bution using the system. Its details are presented in the
references [20, 21].

Measurement Method of Twin Region Nucleation

AE is a powerful technique for investigating nucleation or
growth of slip and twin during deformation. AE signals are
generated by dislocation glide or twinning. Thus, we can
measure the number of nucleation and nucleation speed for
twin region during deformation. Also, some researchers
have reported that the amplitudes of AE signals are related
to the area swept by the fast-moving slip and hence to the
energy dissipated during deformation events [6, 22].
Thereby we assume that twin region size is corresponding
to the amplitude of AE signals, and measure it.

AE signal measurement

AE signals are monitored using four small AE sensors.
Four small AE sensors are aligned on a center straight line
on the specimen surface as shown in Fig. 1(c). In present
experiment, No.l and No.4 sensors are used as guard
sensor, and No.2 and No.3 sensors are as effective sensor
for acquiring AE signals only from effective area. The
method used is the following. (1) Four AE signals are
monitored for a event during measurement, (2) Arrival
times (No.l sensor: t;, No.2 sensor: t,, No.3 sensor: ts,
No.4 sensor: t4) are recorded from the AE signals, (3) In the
case of t;>t, and t;>t3, AE signals are regarded as a signal
from effective area. These processes are automatically
conducted during measurement by in-house software suited
on a Lab VIEW platform.

Figure 2 shows a typical AE signal monitored from No.2
and No.3 sensors for a event. For each event, wave analysis
allows us to record two parameters, the arrival time t, (the
time at which the signal reaches threshold value A,;,) and
the maximum amplitude Ay. Recording is automatically
conducted for all data by in-house wave analysis software
suited on a Lab VIEW platform.

Cumulative AE event counts (the number of twin region
nucleation) and AE event count rate (the twin region
nucleation speed)

Cumulative AE event count—time relations are obtained
from detected AE signals. Furthermore, AE event count
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rate—time relation can be calculated from the cumulative
AE event count—time curves. The calculation method of
AE event count rate is shown in Fig. 3. Firstly, an arbitrary
point xo is determined from the points on the cumulative
AE event count—time curve, and its before and after
points, 50 points, are selected as shown in Fig. 3(a) and (b).
Secondly, these 51 points are approximated by quadratic
least squares method. Thirdly, the slope of approximated
quadratic curve is obtained at the point x, as shown in
Fig. 3(b). The slope value is AE event count rate at the
point x,. Finally, this calculation is conducted at all points
on cumulative AE event count-time curve. Then, we can
obtain AE event count rate—time relation as shown in
Fig. 3(c). Calculation is automatically conducted for all data
by in-house data analysis software suited on a Lab VIEW
platform.
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Experimental Setup of In-House Measurement System
Integrated with Local Strain Distribution
and AE Measurements

Uniaxial tensile loading is performed for specimens at room
temperature (21°C). Autograph (AGS-5KNG, Shimazdu) is
used in present test. The strain rate is 0.08%/min. A CCD
camera (HC-HR70, Sony) is set in front of the specimen. A
50 mm lens (VCL-50Y-M, Sony) is attached to the CCD
camera. The specimen images are taken into computer every
5 s during tensile loading. Four small AE sensors with
frequency bandwidth of 300 kHz-2 MHz (AE-900 M, NF
corporation) are mounted on another surface of specimen. The
output signals are amplified 40 dB by the pre-amplifier (9916,
NF corporation) and then 20 dB by the discriminator
(AE9922, NF corporation), and fed to an oscilloscope and a
computer. We set the proper threshold value (0.3 mV) for AE
signal. In this time, the noise amplitude is 0.08 mV. Data are
sampled at an interval of 100 ns. Also, we use the computer
with a GPIB interface (NI GPIB-USB-HS, National Instru-
ment) to control tensile machine, a monochrome PCI frame
grabber (mvTITAN-G1, Matrix Vision) to acquire 1024 x768
8-bit grayscale digital image from the CCD camera and two
12-bit AD converters (PCI-3163, Interface) to acquire AE
signals from four AE sensors. Then, the in-house software
integrated with tensile machine control system, local strain
distribution measurement system and twin region measure-
ment system is constructed suited on a Lab VIEW platform.

Results
Microstructure of Polycrystalline Pure Ti

Figure 4(a) depicts an optical image of microstructure for
present Ti. Also, Fig. 4(b) presents the pole figures for
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{0001}, {1012} and {1122} planes. As shown in these
figures, we can see some residual slips or twins as a result of
cold rolling. ¢ axis inclines from ND direction to TD direction,
and hexagonal close-packed structure spins at the position.

SEM
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Fig. 4 Microstructure (a) and pole figures (b) of polycrystalline pure Ti

Macroscopic Stress—Strain Curves of Polycrystalline Pure Ti

Figure 5 portrays macroscopic stress—strain curves for the
specimens which are cut out from 0°, 30°, 45° and 90°
relative to plate rolling direction. From these results, it is
seen that 0° specimen result shows the same behavior with
30° specimen result. In contrast, 45° specimen result shows
a little larger yield stress and flow stress than that of 0° and
30° specimens. Additionally, 90° specimen result shows
more larger ones than others.

Local Strain Distribution Around Yield Point
of Polycrystalline Pure Ti

Figure 6(a)—(d) demonstrate stress-time curve and longitu-
dinal local strain distribution for 0°, 30°, 45° and 90°
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Fig. 5 Macroscopic stress—strain curves of polycrystalline pure Ti

specimens. Local strain distribution is measured at the
times indicated as (1)—(12) in Fig. 6. The strain value is
shown in right hand scale level in Fig. 6. The longitudinal
and transversal axes in Fig. 6 show the position on picture
used in DIC, which are along to x (horizontal axis)
direction and y (vertical axis) direction in picture. From
even a cursory examination of Fig. 6(a)—(d), it is seen that
all specimen results reveal inhomogeneous strain distribu-
tion, and the cluster of local strain gradually increase
around yield point of stress—strain curve. In addition, the
cluster nucleation of local strain depends on the cut
direction of specimen. It becomes late from 0° to 90°.

Twin Region Nucleation Around Yield Point
of Polycrystalline Pure Ti

Figure 7 gives stress-time curves, cumulative AE event
count-time curves and AE event count rate—time curves
around yield point for all specimens under tensile loading.
As presented in the result of AE event count rate—time
curves, it can be seen that 0° and 30° specimen results show
the avalanche behavior of twin region nucleation around
yield point. 0° specimen result especially presents the
drastic avalanche behavior around the early stage of yield
point. Additionally, the twin region nucleation speed
becomes equilibrium state from latter stage of yield point.
In contrast, the twin region nucleation does not appear
around the early stage of yield point for 45° and 90°
specimens. Then, their specimen results show small
avalanche behavior at the latter stage of yield point or the
beginning stage of plastic deformation, as compared with
former ones.

Discussion
Mechanism of Twin Region Nucleation

Twin region nucleation is strongly governed by grain
orientation in Ti [14, 15]. Changes of stress system and of
specimen orientation have been shown to produce a variety
of twin structures in Ti sheet metal and other hcp sheet
metals. These variations will be discussed in the terms of
the interaction of the imposed stress system with the
crystallographic texture of the metal, and of the contrasts
between polycrystalline sheet metal and single crystal
behavior [14, 16, 23-28]. For hcp metals, a length change
along the ¢ axis can also be accomplished by twinning. In
single crystal Ti, it is known that {1012}, {1121}, and
{1123} twins allow an extension along the c axis, while
{1122}, {1011}, and {1124} twins permit a reduction [12].
In polycrystalline pure Ti, it is reported that {1012} twin or
{1122} twin can be observed at room temperature [13-16].

Figure 4(b) presents the pole figures for {0001}, {1012}
and {1122} planes of present Ti plate. From Fig. 4(b), the
results show that {0001} plane strongly indicates anisotro-
py for the in-plane direction. The ¢ axis inclines from ND
direction to TD direction, and is transverse to specimen
rolling direction. In uniaxial tension at room temperature,
0° specimen contains {1122} twin as a result of ¢ axis
compression. In 90° specimen, {1012} twin appears,
activated by c axis tension [14, 15]. Present experimental
results obviously show the anisotropic characteristics in the
macroscopic stress—strain curve, local strain distribution
and twin region nucleation behavior. We can assume that
these characteristics may result not only from twin
nucleation as a result of ¢ axis orientation but also from
several interactions between slips and twins. In fact,
Paton et al. have reported that metallographic examina-
tion of the deformed single crystals Ti revealed only
{1122} twins under compression parallel to the c axis, and
copious prism slips appeared in addition to {1012} twins
under compression perpendicular to the ¢ axis at room
temperature [12]. Furthermore, Yoo has reported the
interaction between slips and twins in deformed polycrys-
talline hcp metals [13]. The interaction between slips and
twins provides much important information for elucidating
the plasticity of hcp metal, thereby measuring the
interactions would be necessity for us.

Mechanism for the Avalanche Behavior of Twin Region
Nucleation

Bulatov et al. have assumed from their numerical results
that various inelastic processes in solids have a common
microscopic origin, i.e., local inelastic transformations
involving relatively small pieces of solid structure [29]. In
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< Fig. 6 Longitudinal strain distribution of polycrystalline pure Ti

under uniaxial tensile loading (a) 0° specimen, (b) 30° specimen, (c)
45° specimen, (d) 90° specimen

fact, a twin region measured as an AE signal consists of
some twinned grains, and some twin regions form a cluster
of local strain in macroscopic level. Thereby we can notice
that such a deformation process has something to do with
the origin for avalanche behavior of twin region nucleation.
AE event counts are considered as the number of twin
region, and it is assumed that AE signal amplitudes are
related to the twin region size. From these measurement
data, we try to discuss about the mechanism for avalanche
behavior of twin region nucleation. Here, AE signals occur
as a result of twin reorientation in a grain. However, the AE
event counts during twin reorientation are found to be one
or two orders of magnitude lower than during nucleation
[30]. Therefore, AE event counts as a result of twin
reorientation are not considered in present experiment.

Growth of twin region

Figure 8 displays the amplitude distributions obtained from
AE signals for polycrystalline pure Ti under tensile loading.
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Fig. 7 Cumulative AE event count—time curves and AE event count
rate—time curves of polycrystalline pure Ti under uniaxial tensile
loading

Additionally, Fig. 8(a)-(d) show the results which speci-
mens are cut out from 0°, 30°, 45° and 90° relative to plate
rolling direction. Maximum voltage is detected for each AE
signal, and that is related to the twin region size for each
event. Figure 8(a)—(d) also demonstrate the results for each
250 event counts up to 2,000 event counts during
deformation. From these figures, we can see that all
specimens have a lot of twin regions from small size to
large size for each 250 event counts. In addition, it can be
seen that the distribution at the latter stage of event counts
depends on the cut direction. In the case of nearly 0°
specimen, larger twin region size increases during defor-
mation. These facts imply that a small twin region
formation occurs, and its subsequent formation into a large
twin region happens. Furthermore, it can be seen from
Figs. 7 and 8 that the percentage of lager twin region size
drastically increases after the equilibrium state of nucleation
speed. This means that the interaction between nucleated
smaller twin regions influences on the formation of a larger
twin region. That is to say, twin coalescence or increase in
local stress affecting the twin growth may occur. In
contrast, the size distribution of twin region is almost
constant during deformation in the case of nearly 90°
specimen. This means that the interaction between twin
regions does not occur, thereby the formation of a larger
twin region does not appear.

Avalanche behavior

0° specimen demonstrates the drastic avalanche behavior of
twin region nucleation. In addition, larger twin regions
happen in deformed 0° specimen. This implies that the
avalanche behavior occurs as a result of the larger twin
region formation. Figure 9 shows a schematic illustration of
twin region growing process. The twin region size transits
from smaller size distribution state to larger size distribution
state around yield point. In the transition process of 0°
specimen, twin regions may nucleate with inhomogeneous
like Fig. 9(a). Thereby twin region size change drastically
happens. On the other hand, twin regions nucleate with
relatively homogeneous like Fig. 9(b) in the transition
process of 90° specimen. In this time, twin region size
change calmly happens.

It is much important for us to study about “how does the
twinning behave in polycrystalline pure Ti under deforma-
tion”. The related studies [8, 10, 29, 31] conclude that the
deformation of crystals having highly mobile dislocations
exhibits the attributes of a self-organized critical process
[32, 33]. For example, Bulatov et al. have proposed the
numerical approach to account for various common features
of plastic flow in solids, and to compare the kinetics of
simulated plasticity in ordered and disordered solid under
similar loading conditions. They have investigated the
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relationship between macroscopic stress—strain curve and
local inelastic transformations occurring in small volume
elements. Thereby different initial structural states showed
that the character of plastic flow in transients was strongly
affected by the degree of initial disorder [29]. In addition to
present results, it is much interesting for us to discuss about
the nucleation and growth of twin region based on such a
self-organized critical process. However, the studies about
the spatial information in the nucleation and growth of twin
region are future work.

The Bridge Mechanism of Deformation Behaviors
from Macroscale to Microscale

We could measure the cluster of local strain at macroscale,
and nucleation and growth behaviors of twin region at
subscale for polycrystalline pure Ti under deformation. As
a result, following bridge mechanism of deformation
behaviors from macroscale to microscale can be supposed.
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(1) Macroscale deformation behavior

Figure 10 shows the schematic illustration of
macroscopic inhomogeneity arising in polycrystalline
pure Ti under uniaxial tensile loading. As you can see
this illustration, the clusters of local strain begin to
appear around yield point. The cluster drastically
increases up to the beginning of plastic deformation.
Then, the increase of clusters becomes constant under
plastic deformation.

(2) Subscale and microscale deformation behavior

Figure 11 illustrates the bridge mechanism of
deformation behaviors from macroscale to microscale
for polycrystalline pure Ti under uniaxial tensile
loading. As illustrated in Fig. 11, a macroscopic
cluster of local strain consists of a lot of twin regions.
Additionally, the nucleation and growth of twin region
behave with intermittent, scale invariant, avalanche
and spatial clustering at subscale. A twin region
consists of some twinned grains. At microscale, a
twin in a grain nucleates and grows during deforma-

Fig. 11 The bridge mechanism

of deformation behaviors from B
macroscale to microscale for
polycrystalline pure Ti under
deformation
i |

Cluster of local strain

tion. Here, a twin is formed as lenticular shape and
zigzag shape of crystal structures. Also, a twin can
grow in a grain as a result of twin reorientation after
nucleation under deformation.

Conclusions

Firstly, we prepared commercial polycrystalline pure Ti
plate, and investigated the microstructure and pole figures.
Secondly, tensile specimens were cut out from 0°, 30°, 45°
and 90° relative to plate rolling direction. Then, we
measured the macroscopic stress—strain curve, local strain
distribution and nucleation and growth of twin region
arising in specimens under uniaxial tensile loading.
Obtained results are the following.

(1) From the results of macroscopic stress—strain curves,
45° specimen result displays a little larger yield stress
and flow stress than 0° and 30° specimen results. 90°
specimen result shows more larger ones than others.

(2) From the results of local strain distribution, all specimen
results reveal inhomogeneous deformation behavior. In
addition, the cluster of local strain gradually increase
around yield point of stress—strain curve. Furthermore,
the cluster nucleation of local strain depends on the cut
direction of specimen, and it becomes late from 0° to 90°.

(3) From the results of the nucleation and growth of twin
region, 0° and 30° specimen results show the
avalanche behavior of twin region nucleation around
yield point. 0° specimen result especially demonstrates
drastic avalanche behavior. Additionally, the nucle-
ation speed of twin region becomes equilibrium state
after showing avalanche behavior. In contrast, the twin
region nucleation does not appear around yield point
for 45° and 90° specimens. Then, their specimens
gives small avalanche behavior at the latter stage of
yield point or the beginning stage of plastic deforma-
tion, as compared with former ones.

Twin region

Twins

(b) Subscale: Cluster of twin region

(a) Macroscale: Inhomogeneity of local strain

on a specimen

(¢) Microscale: Twins in a lenticular twin band

SEM
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Results showed the anisotropic characteristics in macro-
scopic stress—strain curve, local strain distribution and twin
region nucleation behavior. Those could be related to ¢ axis in
hep lattice. However, detailed anisotropic mechanism may
have something to do with several interactions between slips
and twins arising in its body. It was also understood that
drastic avalanche behavior of twin region nucleation might
occur as a result of larger twin region formation, with
inhomogeneous small twin region nucleation in transient
process. Finally, we could suppose the bridge mechanism of
deformation behaviors from macroscale to microscale.
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