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Abstract: The electropulsing-assisted bending test was carried out on Ti—6Al—4V alloy sheet with the effective current
density of 0—3.2 A/mm? and duty ratio of 10%—70%. The results show that the bending forming displacement increased
from 9.15 to 15.60 mm with increasing effective current density from 0 to 2.4 A/mm?. The crack changed to be shallow
and small at the same time. Besides, the springback angle decreased as the effective current density increased at the
bending displacement of 8§ mm. Duty ratio also affected bending angle, where 30% duty ratio led to the lowest bending
angle of 135.0°. The thermal stability temperature increased with increasing effective current density and varied
non-monotonically with duty ratio. In addition, grain coarsening, {0001} texture strengthening and sub-grain
development were observed during electropulsing-assisted bending. The electropulsing decreased dislocation density
and accelerated dislocation rearrangement, the rearranged and piled-up dislocation inside a grains promoted sub-grain
structure formation, which improved the formability. The contribution of athermal effect made the low-temperature
formability of Ti—6Al—4V alloy comparable to that at high temperature.

Key words: Ti—-6A1-4V alloy sheet; microstructural evolution; formability; electropulsing-assisted bending; springback;
dislocation; athermal effect

1 Introduction

Titanium alloy has become an attractive
lightweight structure material due to the
combination of high strength, low density and good
corrosion resistance [1,2]. Especially, Ti—6Al-4V
alloy sheet is widely used in aerospace, marine
industry, automotive and chemical industry.
However, the high strength of Ti—6Al-4V alloy
leads to large forming force and high deformation
resistance at ambient temperature, which may cause
cracking during sheet forming process. In addition,
the large springback of Ti—6Al-4V alloy sheet after

deformation makes the sheet
forming difficult.

Conventionally, hot forming process is applied
to improving the formability of lightweight alloy
sheet due to the remarkable thermal effect [3—6].
ZHAN et al [3] reviewed the development of hot
spinning technique for the production of light metal
complex parts. Such a hot forming process
extended the forming limit of materials, decreased
the forming forces and reduced process chains.
ZONG et al [6] investigated the springback
characteristics during hot V-bending process of
Ti—6Al-4V alloy sheet, and found that the positive
and negative springback occurred at 300—-650 °C and
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700—750 °C, respectively. The springback angle
decreased as temperature increased. In addition, the
microstructure and deformation mechanism during
high temperature deformation of titanium alloy
sheet have also been researched [7—9]. FAN et al 8]
revealed the relationship between microstructure
and mechanical properties of TA-32 titanium alloy
sheets during tensile deformation at 800 °C. The
grain coarsening and dislocation annihilation
weakened the deformation ability of material.
Although the traditional hot sheet forming
technique is effective to reduce flow stress and
springback, it still has shortcomings. The low
thermal conductivity of titanium alloy sheet causes
temperature gradient and residual stress. The
oxidation and grain coarsening decrease the
mechanical properties.

Compared with traditional thermal forming,
electropulsing-assisted sheet forming has received
much attention due to lower cost of time and energy.
SHENG et al [10] reviewed the effect of high-
density electropulsing treatment on microstructure
and properties of metallic materials. The improved
fatigue property and corrosion performance by
electropulsing were attributed to grain refinement
and recrystallization. AMBROGIO et al [11]
proposed a hot incremental sheet forming method
assisted by current, which allowed a higher
formability as compared to cold forming. Some
researchers also investigated the electropulsing-
assisted sheet forming of Ti—6Al-4V alloy. AO
et al [12] found that the increase of electropulsing
parameters enhanced formability of Ti—6Al-4V
alloy sheet during incremental forming, and the
maximum fracture depth of groove rose to 7.0 mm,
which increased by 52.2% compared with
conventional ambient incremental forming. SONG
et al [13] found that the electropulsing treatment
significantly improved the formability of Ti—
6Al-4V alloy sheet. The uniform elongation
increased by 35%, the yield stress decreased by
19.8% and the ratio of yield to tensile decreased by
17.6%.

Researchers mostly agree that thermal effect
and athermal electroplastic effect both contribute to
the improvement of sheet formability under
electropulsing. Thermal effect is the generated Joule
heating when current flows through the material,
whereas the athermal effect generally consists of
electron wind effect, magnetic compression effect

and skin effect [14,15]. AO et al [16] clarified that
the athermal effect promoted dislocation motion
and pile-up unraveling, therefore suppressed the
springback during V-bending of Ti—6Al-4V alloy
sheet. ZHAO et al [17] found that the grain growth,
thermal expansion on dislocation motion, and
phase transformation contributed to stress softening,
which relieved the springback of Ti—6Al—4V sheets
during stretch U-bending. ZHOU et al [18] studied
the effect of electropulsing on deformation behavior
of Ti—6Al—4V alloy during cold drawing, and found
that electropulsing enhanced the deformability
of the grains with unfavorable orientations
by promoting prismatic {a) slip moving. However,
previous researches are insufficient on the
microstructure and texture of Ti—6Al—4V alloy
sheet during electropulsing-assisted bending. The
relationship among microstructure, temperature
field and formability improvement has not been
studied systematically.

In this research, the temperature field and
heating behaviors of Ti—6Al1—4V alloy sheet during
electropulsing-assisted V-bending process were
studied. The effects of electropulsing parameters on
forming limit and springback behavior were
revealed. The microstructure and texture evolution
during bending and their effect on formability were
discussed. The athermal effect of electropulsing was
confirmed and discussed from the viewpoint of
dislocation. This research provides an approach for
improving the formability of titanium alloys at low
temperatures.

2 Experimental

The chemical composition of as-received
Ti—6Al-4V rolled sheet is listed in Table 1. The
electropulsing-assisted V-bending platform in
present study was established based on UTM4304
electronic universal testing machine. The live view
and schematic diagram of experimental setup are
shown in Figs. 1(a) and (b), respectively. The die
and punch were insulated from the equipment,
where current flowed into the specimen from the

Table 1 Chemical composition of Ti—6Al-4V alloy sheet
(wt.%)
Al v Fe C H o Ti
5917 4.164 0.115 0.005 0.008 0.071 Bal
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Fig. 1 Live view (a) and schematic diagram (b) of electropulsing-assisted bending platform, electropulsing waveform

(c), and dimensions of bending specimen (d) (Unit: mm)

punch and flowed out through the die. K-type
thermal couple was welded at different positions of
specimen to obtain the temperature distribution.
The pulsed current was provided by a CTNP—
12/2000(6000)FN electropulsing generator with an
input current of 2000 A and a maximum output
current of 6000 A, where the output current can be
adjusted through the current percentage (7.). The
peak current density J,, effective current density J,
duty ratio D and their relationships were described
in Egs. (1) to (3):

2000
Jo=— (1)
S 0
Jy=Je/De (2)
De=ti/t, 3)

where effective current density J. represents the
total current flowing in the alloy sheet divided by
cross sectional area (Sp). As shown in the waveform
schematic in Fig. 1(c), peak current density .J, is the
maximum current density of electropulsing, duty
ratio D, means the ratio of power-on time () to an
entire pulse period ().

The as-received 2 mm-thick alloy sheet was
cut into bending specimens along rolling direction
with the gauge dimensions of 25 mm (width) x
55 mm (length), as shown in Fig. 1(d), where RD

and TD represent the rolling direction and
transverse direction, respectively. Bending test was
carried out with a punch speed of 5 mm/min and a
punch degree of 90°. To investigate the effect of
electropulsing parameters on the bending behavior,
the effective current densities were set to be 1.2, 1.6,
2.0, 2.4, 2.8 and 3.2 A/mm?, the pulse duty ratio
varied from 10% to 70%, and the pulse frequency
was set to be 1000 Hz. Specimens were tested three
times under each bending condition to ensure
repeatability. The microstructure was characterized
by optical microscope (LEICA DM2700M) and
scanning electron microscope (SEM, TESCAN
MIRA3 LMH) equipped with electron backscatter
diffraction (EBSD). The location for microscopic
characterization was at the radius corner of bended
Ti—6Al-4V alloy sheet. The EBSD specimens were
electrochemically polished in a solution of 6 vol.%
perchloric acid, 60 vol.% butanol, and 34 vol.%
carbinol for 60 s with current density of 1.0 A/cm?
and operating voltage of 36 V.

3 Results

3.1 As-received microstructure
Figure 2(a) shows the backscattered electron
(BSE) image of as-received Ti—6Al—4V alloy sheet.
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The light contrast region represents S phase and
dark contrast region represents remained o phase.
Figure 2(b) displays the inverse pole figure (IPF)
map of a phase, where f phase is ignored during
EBSD analysis. The a phase exhibits the equiaxed
or continuous morphology, which is distributed
homogeneously in the f matrix. The grain size
distribution and (0001) pole figure (PF) are shown
in Figs. 2(c) and (d), respectively. The average
grain size of « phase was calculated to be 4.28 pum.
The o phase has a texture adjacent to (0001)
orientation, where the peak pole intensity splits by
+15° from normal direction (ND).

3.2 Forming limit under electropulsing

The forming limit of Ti—6Al—4V alloy sheet
was investigated under different effective current
densities. As shown in the displacement—bending
load curves in Fig. 3(a), the alloy sheet ruptured at
the bending displacement of 9.15 mm without
electropulsing, the bending displacement reaches
10.40, 13.35, 14.05, and 15.60 mm at 1.2, 1.6,
2.0, and 2.4 A/mm?, respectively. The forming
limit increases and the load value decreases
as the effective current density increases. The
improvement of formability by electropulsing is
also observed from the crack morphologies in

Fig. 3(b). The displacements of specimens in
Fig. 3(b) are the same to the bending displacement
after rupture in Fig. 3(a). The cracks appear at the
radius corner of the alloy sheet due to the large
deformation. The deep and large crack changes to
be shallow and small as the effective current density
increases. This is because crack hindered current
flowing, leading to high current density at crack tip
and low current density at the crack center. The
high current density increased temperature by Joule
heating effect and generated thermal stress around
the crack tip, arrested the crack propagation and
healed the crack [19].

The thermal effect and temperature increase
are the reasons for formability improvement [5,20].
Figure 3(c) displays the temperature at different
positions of alloy sheet under effective current
density of 2.4 A/mm?. The schematic diagram of
temperature measurement positions is shown in the
figure. Firstly, the temperature increases rapidly
with increasing bending time, following a nearly
liner relationship. Then, the slop of curve decreases
gradually until the temperature reaches a constant
value. It is not difficult to find that the temperature
decreases from the radius corner (Point 1) to the
outside part (Point 3), which is because the radius
corner is the dominant deformation region during

Frequency/%
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Fig. 2 BSE image (a), IPF map with respect to ND (b), grain size distribution chart (c) and (0001) pole figure (d) of
as-received Ti—6Al—4V alloy sheet
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Fig. 3 Displacement—bending load curves (a) and crack morphologies at different effective current densities (b), and
temperature change at different positions and 2.4 A/mm? (c) and at different effective current densities and Point 1 (d)

bending. The thermal stability temperatures reach
385, 330, and 281°C at Points 1, 2, and 3,
respectively. Figure 3(d) depicts the temperature
change at different effective current densities. The
thermal stability temperatures at Point 1 are 88,
201, 298, 385, and 487 °C under the effective
current densities of 1.2, 1.6, 2.0, 2.4, and 2.8 A/mm?,
respectively. The higher effective current density
caused higher heating rate and higher thermal
stability temperature, therefore improved the
forming limit as shown in Fig. 3(a).

3.3 Springback under electropulsing

The effect of effective current density on
springback behavior was investigated with the same
bending displacement of 8 mm. The displacement—
bending load curves are presented in Fig. 4(a).
The curves are well overlapped during elastic
deformation, implying that the effective current
density hardly affects elastic modulus. During
plastic deformation, the bending load value
decreases as the effective current density increases.

The effect of effective current density on bending
angle of alloy sheet is shown in Fig. 4(b). It can be
observed that the bending angle decreases as
effective current density increases. When the
effective current density increases from 0 to
2.0 A/mm?, the bending angle slightly changes from
149.2° to 146.3°. However, the bending angle
greatly changes from 144.6° to 135.0° when the
effective current density increases from 2.4 to
3.2 A/mm?. The above results indicate that the
high current density can suppress springback
significantly during bending of Ti—6Al-4V alloy
sheet.

In addition, the effect of duty ratio on
springback was investigated with the same bending
displacement of 8 mm and effective current density
of 3.2 A/mm?. As presented in Fig. 4(c), the duty
ratio has limited effect on elastic modules. During
plastic deformation stage, the bending loads are
2729.6, 1219.1, 2260.8, and 2473.2 N at duty ratios
of 10%, 30%, 50%, and 70%, respectively. The
bending load firstly decreases and then increases
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with the increase of duty ratio. Figure 4(d) presents
the bending angles under different duty ratios. The
lowest bending angle was obtained at the duty ratio
of 30%, which was attributed to the low yield
strength and alloy softening effect.

Figure 5 depicts the temperature at Point 1
under different effective current densities and duty
ratios. The thermal stability temperature at Point 1
is only 88 °C without current, leading to a large
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springback as shown in Fig. 4(b). The thermal
stability temperature is the highest at a current
density of 3.2 A/mm?, leading to lowest loading
value and springback. The temperature varies non-
monotonically with duty ratio as shown in Fig. 5(b).
This is because low duty ratio represents short
power-on time, and high duty ratio represents
low peak current density as shown in Fig. 1(c)
and Eq. (2). Therefore, 70% duty ratio did not lead to

150
(b)

145 -

140 -

Bending angle/(°)

135+

130

1 2 3
Effective current density/(A-mm™)

ok

150
)

145 -

140

Bending angle/(°)

135

130 L~ s . ,
10 30 50 70

Duty ratio/%

Fig. 4 Displacement—bending load curves (a, c) and bending angles (b, d) at different effective current densities (a, b)

and duty ratios (c, d) and displacement of 8 mm
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Fig. 5§ Temperature dependence on effective current density (a) and duty ratio (b) at Point 1 and displacement of 8§ mm
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the largest thermal effect, the temperature is the
highest and bending angle is the lowest at the
intermediate duty ratio of 30%.

3.4 Microstructure of
bended alloy sheet

It is known that the mechanical properties and
formability of titanium alloys are highly influenced
by microstructure and texture. Figure 6(a) shows
the microstructure at radius corner of bended
Ti—6Al-4V alloy sheet without electropulsing. a
grains show elongated and equiaxed morphologies
after deformation. The average grain size of a phase
is 4.50 ym as shown in Fig. 6(c), which is close
to the grain size of as-received alloy (4.28 um),
indicating that the bending without electropulsing
hardly changes the grain size of a phase. Figure 6(b)
depicts the microstructure at radius corner and
current density of 3.2 A/mm? The average grain
size of a phase is 6.20 pm as shown in Fig. 6(c),
which is larger than that of as-received alloy sheet.
The electropulsing caused temperature increase,
therefore a grain coarsening occurred [21].

Figure 6(d) shows the texture of bended
specimens. The specimen without electropulsing
presents a typical {0001} basal texture with the
maximum density of 21.79 mud, which is similar to

electropulsing-assisted

the as-received alloy in Fig. 2. Mud (multiple of
uniform density) is the unit of texture intensity.
However, the peak of pole intensity has a +15°
misorientation compared with that of the as-
received alloy, implying that the cold deformation
caused the grain rotation to ND. The specimen with
electropulsing shows a stronger {0001} basal
texture with the maximum density of 40 mud. In
addition, the {0001} orientated grains become more
dominant as shown in the {0001} pole figure.
Thus, the electropulsing significantly promoted the
{0001} texture formation during bending. This may
be attributed to the prominent slip system activation
and grain growth at high temperature.

Figure 7 presents grain boundary distribution
maps at radius corner of bended specimen. The red
line and black line represent low angle grain
boundary (<15°, LAGB) and high angle grain
boundary (>15°, HAGB), respectively. It is
observed that the LAGB fraction is higher in
the specimen with electropulsing, implying the
formation of sub-grain structure. This is because
deformation at ambient temperature accelerated
the dislocation accumulation inside grains and
suppressed the dislocation motion. On the contrary,
the deformation under electropulsing at high
temperature relieved the dislocation tangle and
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3.2 A/mm? (b)

promoted dislocation rearrangement, leading to
sub-grain structure formation [22]. In addition, the
decreased HAGB fraction indicated that the
recrystallization was not promoted under electro-
pulsing of 3.2 A/mm?>.

The deformation mechanism under electro-
pulsing was investigated by Schmid factor (SF) as
shown in Fig. 8. The average SF values of basal {a),
prismatic {(a), and pyramidal {(ct+a) slip systems are
listed in Table 2. The basal (a) slip system has the
lowest SF wvalue, implying the inhibition of slip
activation during deformation. The prismatic (a)
and pyramidal {cta) slip systems are favorable to
be activated due to large SF value. However, the
(cta) type slip system has large critical resolved
shear stress (CRSS) value than {(a) type slip
system [23], thus the prismatic {a) slip contributes
to deformation dominantly in present work. In
addition, less prismatic (@) slip system is activated
under electropulsing of 3.2 A/mm? than that of
0 A/mm?, as shown in Table 2.

4 Discussion

4.1 Thermal effect of electropulsing

Electropulsing flows through alloy sheet and
generates Joel heating effect, which can be divided
into two parts as shown in Eq. (4):

Dy =ADg +AD 4)

where @j is the Joel heating, &s is the increased
thermal energy in alloy sheet, and @p;ss is the thermal
heat loss. In the initial stage of electropulsing-
assisted bending, the thermal heat loss is limited
due to the small temperature difference between
the specimen and the environment (D=Ads).
YANAGIMOTO and IZUMI [20], and ZHU

et al [24] concluded that the temperature increase
rate in this stage can be expressed by

ar RrR(J.Y
a_r )
dt cpl S

where T is the temperature, ¢ is the time, R is the
electrical resistance of metal, ¢ is the specific
heat capacity, p is the density, and S is the
cross-sectional area of the specimen. According to
Eq. (5), the temperature increase rate is dependent
on the square of effective current intensity.
Therefore, the temperatures increase more rapidly
in the initial stage under high current density in
Fig. 3(d) and Fig.5. After the initial stage, the
thermal heat loss increases because of the large
temperature difference between specimen and
environment. The specimen reaches thermal
stability when the thermal heat loss is equal to the
increased thermal energy (@=A®npiss), where ADpigs
can be calculated as follows:

dr

ADy, = /1A3+hA’(T—TO) (6)

where Ty is environmental temperature, 4 and 4’ are
heat transfer areas between the specimen and the
die, and between the specimen and the environment,
respectively, A is heat transfer coefficient, and /4 is
convection heat transfer coefficient. Combining
Egs. (5) and (6), Eq. (7) can be obtained as follows:

[72 (ORd: | 4T

AA—|+hA'(T-T 7
dt + ( 0) ()

cpS?

The thermal stability temperature in present
work thus can be calculated as

T=60.33J2+T, (8)
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Je=0 A/mm2 0-

—— J~32 AJmm?

Fig. 8 Schmid factor maps of basal (a) (a, b), prismatic (@) (c, d), and pyramidal {(ct+a) (e, f) slip systems at current

density of 0 A/mm?(a, c, €) and 3.2 A/mm? (b, d, 1)

Table 2 Average Schmid factor values of basal (a),
prismatic (a), and pyramidal {(ct+a) slip systems at
different J. values

7 Basal {(a) Prismatic Pyramidal
(A-mm?) {009 1} B {a) 3 _(c-i-a) B
(1120) {1010}¢1120) {1011}(1123)
0 0.204 0.421 0.471
3.2 0.229 0.394 0.464

Therefore, the thermal stability temperature is
dependent on the square of the effective current
intensity. The higher current density causes
higher thermal stability temperature. The calculated
thermal stability temperatures by Eq. (8) together
with the experimental temperatures are plotted in

Fig. 9. It can be observed that the calculated and
experimental curves overlap well with each other,
indicating that Eq.(8) is reliable to predict
temperature change during electropulsing-assisted
bending in present work. The larger temperature
deviation at high effective current density may be
due to the increased thermal loss.

Thus, the electropulsing generated high
temperature in a short time, softened alloy sheet
and decreased the bending load value, which
significantly —improved the formability and
suppressed springback. On the other hand, the
electropulsing also determined microstructure and
texture evolution during deformation. As shown in
Section 3.4, {0001} basal texture was strengthened,
and the activation of prismatic {(a) slip system was
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Fig. 9 Experimental and calculated thermal stability
temperatures at different effective current densities

suppressed under electropulsing. It was reported
that the strong {0001} texture led to high flow
stress and low formability due to the slip system
activation [8,25]. The {0001} orientated grains are
unfavorable for prismatic (@) slip system activation
because of the parallel or perpendicular relationship
between prismatic {1010} slip plane and force
direction, therefore, the difficulty of prismatic {(a)
slip system activation increases the flow stress.
However, in the present work, the strengthened
{0001} texture under electropulsing did not
increase flow stress because of the dramatical
temperature increase. Besides, the suppressed
prismatic {a) slip system may also contribute to the
alloy softening. That is to say, the effect of {0001}
texture strengthening on bending formability is
limited under electropulsing due to temperature
increase and slip system activation. In addition,
electropulsing caused slight grain coarsening from
4.50 to 6.20 um during bending. However, the
formability deterioration by grain coarsening was
not observed in the present work because the
increased temperature by electropulsing led to
outstanding alloy softening.

4.2 Athermal effect and microstructure evolution

The athermal effect of electropulsing in the
present work is confirmed, as shown in Table 3. The
thermal stability temperatures present a noticeable
difference of more than 100 °C with different duty
ratios at 3.2 A/mm?, implying the unequal thermal
effect of electropulsing. However, the bending
angles of three specimens are almost same
around 145°. The similar formability at different

temperatures indicates that the athermal effect also
contributes to formability improvement, especially
at duty ratios of 10% and 70%. The dramatical
athermal effect at duty ratios of 10% and 70% may
be due to the high peak effective current density
and long power-on time, respectively. It should be
noted that, the reinforcement of athermal effect by
adjusting electropulsing parameters can make
low-temperature formability of Ti—6Al—4V alloy
sheet comparable to that at higher temperature,
which may avoid the grain coarsening and
oxidation during hot forming.

Table 3 Thermal stability temperature and bending angle
at various duty ratios and 3.2 A/mm?

e B
10 219 146.8
50 368 144.8
70 275 145.3

To discuss the dislocation density under
electropulsing, the kernel average misorientation
(KAM) maps and distribution curves are shown
in Fig. 10. The bended specimen without electro-
pulsing presents higher KAM value than the
as-received sheet, indicating the higher dislocation
density and dislocation accumulation after cold
forming. However, the large dislocation accumulated
area disappears after bending under 3.2 A/mm?
(Fig. 10(c)). The KAM value curve shifts left
compared with that of cold bending, indicating the
decreased dislocation density. This is because pulse
current can promote the dislocation motion, relieve
dislocation pinning and decrease dislocation density
by the electron wind effect. Electron wind effect
accelerates interchange of vacancies and atoms
through the increased driving pressure, therefore
decreases dislocation density [26,27].

The LAGB and sub-grain formation is
promoted by electropulsing, as discussed in Fig. 7.
The LAGB formation mechanism is displayed
through partial grain boundary map and KAM map
in Fig. 11. As depicted in Figs. 11(a) and (c), the
yellow arrow marks the o grain within high
dislocation density and few LAGBs, this is because
the dislocation is accumulated during cold bending.
However, under electropulsing of 3.2 A/mm?, the
dislocation accumulation was relieved with lower
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Fig. 10 KAM maps of as-received specimen (a), bended specimen without electropulsing (d), and bended specimen at

3.2 A/mm?(c) and KAM value distribution (d)

dislocation density and more LAGB formation
(Figs. 11(b) and (d)). The formation process of
the LAGB is explained as follows: the tangled
dislocation broke wup and relieved wunder
electropulsing. Then, the dislocation migrated to the
linear region and piled up there. The sub-grain
boundary gradually formed with increasing piled-up
dislocation [27]. As marked by yellow arrows, some
LAGBs have already formed in the high dislocation
density regions, whereas, some LAGBs are to be
formed due to the insufficient piled-up dislocations.
Such sub-grain formation released the accumulated
dislocation inside a grains and made grain boundary
migration and grain deformation easy [28—30]. It is
noted that the recrystallization of a phase did not
occur in the present work due to the insufficient
temperature increase and deformation degree.
Nonetheless, it is possible to obtain a recrystallized
microstructure with refined grain size and weak
texture by adjusting electropulsing and deformation
parameters [13].

In conclusion, the athermal effect by
electropulsing also plays an important role in
the improvement of formability. The decreased
dislocation density, the promoted dislocation
motion and sub-grain formation contribute to the
alloy softening.

5 Conclusions

(1) The forming limit increased and the crack
changed to be shallow with increasing effective
current density. The bending load and bending
angle decreased as the effective current density
increased. Duty ratios also determined bending
angles under 3.2 A/mm?, which were 146.8°, 135.0°,
144.8° and 145.3° at duty ratios of 10%, 30%, 50%
and 70%, respectively.

(2) The thermal stability temperature increased
with increasing effective current density, which was
the main reason for formability improvement. The
temperature varied non-monotonically with the
change of duty ratio, where 30% duty ratio led
to the highest temperature. The thermal stability
temperature can be calculated as 7=60.33.J 7 +T, .

(3) Electropulsing caused grain coarsening,
{0001} texture strengthening and sub-grain
development during bending. Prismatic {(a) slip
system activated dominantly during bending,
whereas, the basal (a) slip system was slightly
promoted at 3.2 A/mm?. However, the alloy
hardening effect by {0001} texture was limited due
to the dramatical temperature increase.
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Accumulated and tangle dislocation
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Disloeation motion
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Fig. 11 KAM (a, b) and grain boundary (c, d) maps under electropulsing of 0 A/mm? (a, ¢) and 3.2 A/mm? (b, d)

(4) Thermal and athermal effects contributed to
the formability improvement during electropusling-
assisted bending. The thermal effect generated
high temperature in a short time. The athermal
effect decreased dislocation density, promoted
sub-grain formation by dislocation motion and
rearrangement.
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