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Abstract

In the present study, the tensile deformation behavior of transformation-induced plasticity (TRIP)-aided steel under pulsed
electric current is investigated. When a pulsed electric current is applied to the specimen during entire tensile deformation,
a significant reduction of elongation is observed. The reason is that the mechanically induced martensitic transformation
(MIMT) effect does not work properly as the stability of retained austenite phase increases due to temperature rise by the
applied electric current. To improve the ductility of the TRIP-aided steel, the pulsing pattern of electric current is modified
to apply the electric current only in the early stage of deformation immediately before the phase transformation of retained
austenite phase begins to take place. As a result, the elongation is significantly increased by delaying the MIMT effect and
making it work properly in the latter stage of deformation. Also, the electrically-induced annealing effect, which occurs in
the early stage of deformation where a dislocation plasticity occurs dominantly, contributes to the improvement of elonga-
tion. The modified pulsing pattern suggested in the present study provides an easy-to-implement technique to improve the

formability of the TRIP-aided steel.

Keywords TRIP-aided steel - Formability - Electroplastic effect - Electrically assisted Manufacturing (EAM) -

Mechanically induced martensitic transformation (MIMT)

1 Introduction

Recently, demands for weight reduction in many automotive
industries have been driving the development of advanced
high-strength steels (AHSSs) with high strength-to-weight
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ratios. This is due not only to improvements in fuel effi-
ciency, but also to the consumer’s increasing demand for
safer and more comfortable vehicle [1, 2]. To satisfy these
demands, steel makers are trying to increase the strength
of steels without significantly deteriorating their ductility
by generating multiphase microstructures [3, 4]. One of the
various AHSSs containing multiphase is transformation-
induced plasticity (TRIP)-aided steel, which consists of a
ferrite, metastable retained austenite, bainite and martensite
phases [5, 6]. Note that TRIP refers to a phenomenon in
which a permanent strain remains after the solid—solid phase
transformation under external stress [7, 8]. The retained
austenite phase in the TRIP-aided steel transforms into
hard martensite phase, which is induced mechanically by
an external stress or strain, leading to higher ductility due
to a delay effect of necking (TRIP effect) [9]. This phase
transformation proceeding by an external stress or strain is
hereafter denoted as the mechanically induced martensitic
transformation (MIMT). Thus, TRIP-aided steels contain-
ing a large volume fraction of retained austenite phase are
preferred types of AHSSs [10].

However, TRIP-aided steel with a high strength still
shows large springback and forming load during forming,
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which make it difficult for automakers to manufacture auto-
motive parts in desired shapes with a reasonable cost. Fur-
thermore, for TRIP-aided steel, it is well established that the
MIMT effect takes place between the M (martensite start
temperature) and the M, (stress-induced martensite start
temperature), above which the austenite becomes completely
stable [11-13]. Therefore, there is a temperature between
M, and M, at which the MIMT effect is suppressed moder-
ately and the resultant strain hardenability is held in a large
strain range, leading to maximum benefit of the MIMT
effect. However, in terms of warm and hot forming process,
the process temperature, which is generally between 550
and 850 °C, is higher than M, (200—400 °C) [14]. Thus, the
MIMT effect could not work properly in the hot forming pro-
cess of the TRIP-aided steels. Additionally, the hot forming
process inevitably induces increased adhesion between the
material and the die, decreased die strength, surface oxida-
tion, and low production efficiency.

To overcome these problems, the electrically assisted
manufacturing (EAM) technique can be suggested as a
promising new forming method for TRIP-aided steels. The
EAM technique may alter the microstructure and improve
the mechanical property of metal alloys by applying high
electric current to the materials during deformation. Note
that the effect of the electric current on the metals during
deformation is often called the electroplastic effect. Many
researchers have carried out researches to understand the
electroplastic effect on mechanical behavior and micro-
structure. The influence of the electroplastic effect was first
reported by Troistkii [15] in 1969. Conrad et al. [16, 17]
conducted a series of extensive studies on the electroplastic
effect in various metals, supporting the fact that high electric
current can clearly enhance the ductility of metals in addi-
tion to the side effect of Joule heating. Ross and Roth [18,
19] also investigated the effect of electric current on various
metal alloys including aluminum alloy, copper alloy, and
brass alloy. Recently, Kim et al. [20] observed the accelera-
tion of dislocation annihilation by applying pulsed electric
current during tensile tests of 5052 aluminum alloy, resulting
in a large increase in the elongation.

Furthermore, there have been many cases of applying
electric current to high-strength steels [21-25]. Tang et al.
[21] reported that the drawing stress of stainless steel wire
was decreased by approximately 20-50% with the applica-
tion of electric current pulses, showing the improvement in
plasticity. Kim et al. [22] studied the effect of electric current
density on the mechanical properties of AHSS under quasi-
static tensile loads. The authors reported that the electric
current can be effectively used to reduce the springback of
the material. Lu and Qin [23] also investigated the effect of
electric current on the tempering of martensite in dual-phase
steels. The authors indicated that high electric current can
significantly enhance the strength of tempered dual-phase

steels via the formation of ultrafine-grained ferrite with
nanocementite particles.

The fundamental mechanism about these electroplastic
effects has not been identified yet. Several electroplasticity
hypothesis have been proposed to explain the mechanical
behavior during electrically assisted deformation. One of
them, the mechanical behavior of metals under an electric
current could be described satisfactorily in terms of the
thermal effects of Joule heating [26, 27]. However, it also
has been reported that the electroplasticity cannot be clearly
understood without any consideration of the athermal effect,
which is distinct from the Joule heating, such as electric
current-induced annealing [20], aging [28] dissolution [29],
and recrystallization [30]. They share one common idea that
the electric current can enhance mobility of metal atoms
resulting in accelerating the diffusion kinetics [20, 28-33].

Based on the positive effects of electric current on the
plastic deformation, Liu et al. [34] applied the electric cur-
rent to TRIP-aided steel during tensile test. However, the
authors observed that the ductility was not improved by
applying electric current, despite of the reduction in flow
stress. This was explained by the suppression of the MIMT
effect due to the increased temperature [34]. Unfortunately,
the technique, which can improve the formability of TRIP-
aided steel by applying electric current, has not been devel-
oped until now. In the present study, the effect of electric
current on the MIMT during tensile deformation is inves-
tigated and a modified pulsing pattern of electric current
is suggested based on the microstructural observation to
improve the formability of TRIP-aided steel.

2 Experimental Set-up

The chemical composition of the investigated TRIP-aided
steel is Fe-0.35C-3.68Mn-0.19Si-5.27Al in wt.%. The higher
Al content in this alloy than other conventional TRIP-aided
steels provides a density reduction effect by means of sub-
stitution and lattice expansion. Typical tensile specimens
(ASTM-EO08) with a gauge width of 6.25 mm, thickness of
1 mm, and gauge length of 25 mm were fabricated along the
rolling direction of the sheet.

Quasi-static uniaxial tensile tests were conducted using
the experimental set-up described in Fig. 1a with a constant
crosshead speed of 1.5 mm/min (corresponding to the nomi-
nal strain rate of 1 x 107¥/s) at room temperature (RT 25 °C).
The tensile test machine (INSTRON 5584, USA) was modi-
fied to apply electric current only through the specimen by
inserting Bakelite (Insulator) between the specimen and each
grip. The displacement of the specimen was measured by
ARAMIS Digital Image Correlation (DIC) system (GOM,
Germany), which provides non-contact measurement based
on the principle of digital image correlation. Note that the
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Fig.1 Schematics of a experimental set-up for non-pulsed/pulsed
tensile tests and b two types pulsing conditions applied to the speci-
men during uniaxial tensile test

experimental set-up described in Fig. 1a is identical to that
described in the previous studies [20, 28, 29].

The pulsed tensile tests were carried out by using two
pulsing patterns of electric current, and the electric current
was generated by a Vadal SP-1000U welder (Hyosung,
South Korea). First, the electric current was periodically
applied to the specimen with a duration (t;) of 0.1 s and a
period (t,) of 30 s during deformation (multi-pulsed ten-
sion), as schematically shown in Fig. 1b. The first pulse
of electric current was applied immediately before yield-
ing. The amplitude of the electric current was selected to
induce a nominal electric current density (p,) of 50 A/mm?
based on the original cross-sectional area of the speci-
men. Note that as the specimen is continuously deformed
by tension, the cross sectional area of the gage continu-
ously decreases. Therefore, with the constant amplitude
of electric current, the true electric current density (p,)

based on the actual cross-sectional area for each pulse of
electric current continuously increases. Second, the tensile
test with three pulses of electric current (3-pulsed ten-
sion) was conducted under the condition of a duration (t)
of 0.1 s and a true electric current density (p,) of 95 A/
mm?, as schematically shown in Fig. 1b. The first pulse
of electric current was applied immediately before yield-
ing. Three pulses of electric current were applied to the
specimen only in the early stage of deformation, when the
phase transformation of retained austenite phase begins
to take place. In order to maintain a constant electric cur-
rent density (p,) based on the initial cross-sectional area
of the specimen, a different amplitude of electric current
was applied to the specimen considering the decrease in
cross-sectional area of the specimen during deformation.

The non-pulsed tensions at high temperature were also
performed using the same tensile machine with an envi-
ronmental chamber at cross-head speed 1.5 mm/min. Tar-
get temperatures was set to 100 and 200 °C, which cover
the temperature range measured during the multi-pulsed
and 3-pulsed tension, to evaluate the thermal effect due to
Joule heating on the mechanical behavior. Test was per-
formed after the target temperature was reached.

The temperature change of the specimen during the
pulsed tensile test was measured using an FLIR-E40
infra-red (IR) thermal imaging camera (FLIR, Sweden).
One side of the specimen was sprayed with black thermal
paint to stabilize the emissivity and thus to improve the
accuracy of temperature measurement. The emissivity was
calibrated by comparing the measured temperature using
a K-type thermocouple. The temperature was measured
for the middle part of the specimen, which is the highest-
temperature part when the electric current was applied to
the specimen.

The microstructure of the initial specimen was character-
ized by a JXA- 8530F electron probe microanalyzer (EPMA,
JEOL Ltd., Japan) and a field emission gun scanning elec-
tron microscope (FE-SEM, SU70, Hitachi, Japan) equipped
with an electron backscatter diffraction (EBSD) system
(EDAX/TSL, Hikari, USA). To calculate the M, tempera-
ture, the quantities of carbon (C), aluminum (Al), silicon
(Si), and manganese (Mn) in the retained austenite phase
were obtained from the EPMA analysis. The X-ray diffrac-
tion (XRD) measurement was carried out using a Lab X-ray
diffractometer (Smart Lab, Rigaku, Japan) with a Mo radia-
tion source operating at 50 kV at RT. The diffraction pat-
terns were recorded in the angular range of 18°-36° with a
scan rate of 1°/min. The phase identification was performed
by matching the peak positions and relative intensities with
PDF reference data. To check the change in dislocation
density during the pulsed tensile test, the full width at half
maximum (FWHM) value was obtained from the X-ray dif-
fraction peak data. The diffraction peaks could be fitted well
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with the Pseudo-Voigt function. In order to measure the frac-
tion of the retained austenite phase, a Rietveld refinement
was performed for all specimens using the TOPAS (version
4.2) software package. The specimens for microstructure
observation were prepared by mechanical grinding followed
by electropolishing with a 100 ml perchloric acid and 900 ml
ethanol solution. For the EBSD analysis, the accelerating
voltage and scan step size were 15 kV and 0.4 pm, respec-
tively. The critical misorientation angle was set to 15° for
grain identification.

3 Results and Discussion
3.1 Initial Properties
Figure 2a, b show the EBSD inverse pole figure (IPF) and

phase maps for the investigated TRIP-aided steel. The dif-
ferent colors in the IPF map indicate the orientation of

a(211)

Y(220)

Intensity (a.u.)

.
‘Zytlll)

Target source : Mo i

20 (degree)
(c)

Fig.2 a EBSD inverse pole figure map for normal direction (ND), b
EBSD phase map (red area: retained austenite phase, green area: fer-
rite matrix), and ¢ X-ray diffraction pattern in the range of 18-36° for
the investigated TRIP-aided steel
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each grain with respect to normal direction (ND). The ini-
tial specimen consists of a ferrite matrix (green area) with
some retained austenite grains (red area). The average grain
sizes of the ferrite and retained austenite phase were 7.2 and
2.0 pm, respectively. The volume fraction of these retained
austenite phase is 24.5%, which was measured from EBSD
analysis. In order to ensure the reliability and accuracy of
the data, an additional XRD measurement was conducted.
The X-ray diffraction pattern of the initial specimen was pre-
sented in Fig. 2b. The (111), (200), and (220) peaks of the
austenite phase were identified under the given measurement
condition. The (110), (200), and (210) peaks of the ferrite
phase were also identified. Through the Rietveld method
using TOPAS, the volume fraction of austenite phase was
determined to be approximately 26.5%. The discrepancy of
the phase fraction might originate from the limitation of the
EBSD analysis, which is performed only on the surface of
the specimen. Thus, the value obtained from XRD measure-
ment (26.5%) was used as reference value in this study.
Figure 3 shows the backscattered electron micrograph
and distributions of C, Al, Si, and Mn in the initial speci-
men which were obtained from the EPMA analysis. As a
result, the measured concentrations of C, Mn, Al, and Si in
the retained austenite phase were 1.21, 5.76, 4.18, and 0.06
wt.%, respectively. The concentrations of C and Mn in the

N

(d)

Fig.3 Elements distribution in the initial specimen: a backscattered
electron image, b C distribution, ¢ Al distribution, d Si distribution,
and e Mn distribution
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retained austenite phase were much higher than the nominal
concentration (0.35 and 3.68 wt.%, respectively), as shown
in Fig. 3b, c. This showed good agreement with the fact
that C and Mn concentrate in the retained austenite phase
accompanying the ferrite and bainite phase transformation
for TRIP-aided steels [35]. On the contrary, it was observed
that Al and Si were slightly concentrated on the ferrite phase
compared with the retained austenite, as shown in Fig. 3d, e.

Based on the concentration of elements in the retained
austenite phase determined quantitatively from the EPMA
analysis, the M, temperature of the retained austenite in this
material was calculated to be —22 °C using the following
equation [36]:

M (°C) = 539 — 423C — 30.4Mn — 7.58i + 30Al, (D)

where C, Mn, Si, and Al are the contents of these elements
in wt.%. It is clear that the M, temperature is lower than the
RT (25 °C). Thus, the austenite phase in the investigated
TRIP-aided steel can remain metastable at RT.

3.2 Mechanical Behavior with Periodic Pulsed
Electric Current

In the non-pulsed tension, the specimen showed strain hard-
ening after yielding at~500 MPa and failed by fracture at the
true strain of 0.33, as shown in Fig. 4a. In the multi-pulsed
tension, the flow stress decreased rapidly immediately after
each pulse and then increased owing to strain hardening until
the next pulse, as shown in Fig. 4a. The decrease in flow
stress by applied electric current is known to be caused by
thermal and athermal effects, as described in Jeong et al.
[33]. When compared to the non-pulsed specimen, the multi-
pulsed specimen showed a reduction in ductility in spite of
the decrease in flow stress. The elongation decreased from
0.33 to 0.26. Under the non-pulsed tension at 100 °C, the
flow stress decreased and the elongation also decreased from
0.33 to 0.25, compared with the non-pulsed tension at RT.
There is no significant difference between the multi-pulsed
tension and non-pulsed tension at 100 °C with respect to the
flow stress and elongation at fracture.

The measured specimen temperature during the multi-
pulsed tension is presented in the Fig. 4b. During an elec-
tric pulse application, the specimen temperature increased
instantly due to the Joule heating effect. After applying the
electric pulse, the specimen temperature decreased by air
cooling until the next pulse. The peak value of the measured
temperature showed a steady increase owing to the continu-
ously increasing true electric current density with decreasing
cross-sectional area during deformation.

For the multi-pulsed tension and non-pulsed tension at
100 °C, it was observed that the slope of true stress-strain
curve noticeably changed in comparison with the non-pulsed
tension at RT. The slope of the stress-strain curve indicates
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Fig.4 a The calculated strain hardening exponent and b the fraction
of retained austenite phase as a function of true strain for non-pulsed
tension at RT (in black), non-pulsed tension at 100°C (in green), and
multi-pulsed tension (in blue). The experimental data (symbols) and
calculated data (lines) were based on the XRD measurement and
MIMT kinetics model, respectively

the strain hardening rate, which is called the strain hard-
ening exponent (n). The strain hardening exponent can be
expressed as true stress (o) and true strain (e):

dlno
"= e @

The change in hardening rate of TRIP-aided steels is
related to the volume fraction of mechanically induced mar-
tensite phase [10, 12]. The increase in the fraction of the
hard martensite phase with increasing true strain induces the
increase in the hardening rate. This increase in the hardening
rate due to the fraction of hard martensite phase is denoted
as phase hardening, according to Han et al. [12].
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Fig.5 a True stress-strain curves of non-pulsed tension at RT (in
black), non-pulsed tension at 100°C (in green), and multi-pulsed ten-
sion (in blue) under the cross head speed of 1.5 mm/min. b The tem-
perature of specimen measured during multi-pulsed

To check the influence of electric current on the phase
hardening effect, the strain hardening exponent was calcu-
lated and plotted as a function of true strain in Fig. 5a. In
the non-pulsed tension at RT, the strain hardening exponent
increased until the true strain was approximately 0.2, and
the maximum value was approximately 0.4. However, in the
non-pulsed tension at 100 °C, the value of strain hardening
exponent gradually decreased as the deformation progressed.
For the multi-pulsed tension, it is difficult to compare the
strain hardening exponent properly due to the stress drop
phenomenon caused by applying periodic electric current.
Thus, considering only the maximum flow stress points in
the strain hardening zones where the electric current was
eliminated, the strain hardening exponent values were calcu-
lated and are shown as symbols in Fig. 5a. The line connect-
ing the symbols is presented by the dotted line in Fig. Sa.

@ Springer KE;E

It was identified that the strain hardening exponent value
under the multi-pulsed tension was significantly lower than
that under the non-pulsed tension at RT, although it showed
a slight increase as the deformation progressed. This sug-
gests that the phase hardening effect did not occur, owing to
the suppression of the MIMT effect caused by a temperature
increase under the given condition of multi-pulsed tension.

To quantitatively investigate the suppression effect of
the MIMT by applying electric current, the microstructural
changes were analyzed as the deformation progressed, focus-
ing on the change in the retained austenite phase fraction.
As shown in Fig. 5b, for the non-pulsed tension at RT, the
fraction of the retained austenite phase decreased as the
deformation progressed. The fractions of the retained aus-
tenite phase at the true strains of 0.076, 0.117, and 0.207
were 23.8, 21.5, and 15.3%, respectively. For the specimen
immediately after fracture, the retained austenite phase frac-
tion of 8.5% remained. This means that the retained austenite
phase obviously transformed into martensite phase during
deformation at RT. However, in the multi-pulsed tension,
the retained austenite phase fraction slightly decreased as
the deformation progressed. The fraction of the retained
austenite phase in the multi-pulsed specimen immediately
after fracture was 21.5%, which was much higher than that
in the non-pulsed tension at RT (8.5%). For the non-pulsed
tension at 100 °C, there is no noticeable change in the frac-
tion of the retained austenite phase during the deformation.
This indicates that the MIMT effect hardly worked, because
the stability of the retained austenite phase increased due to
the temperature rise under the conditions of multi-pulsed
and non-pulsed tension at 100 °C.

Based on these results, it can be seen that periodically
applying multi pulses of electric current to the specimens
interferes with the MIMT effect and causes the ductility
to decrease, as shown in Fig. 4a. Therefore, a new design
of electric current pulsing pattern should be developed
for improving the formability of TRIP-aided steel without
requiring additional processing.

3.3 Mechanical Behavior with Three Pulses
of Electric Current in the Early Stage
of Deformation

For improving the ductility of the TRIP-aided steel, the puls-
ing pattern of electric current was modified to apply three
pulses of electric current in the early stage of deformation
immediately before the phase transformation of retained
austenite phase begins. The point at which to apply elec-
tric current was selected to be before an inflection point.
Note that the MIMT occurred significantly at the inflection
point according to the result in Fig. 5b. Thus, based on the
inflection point occurring at a true strain of approximately
0.10, the three pulses of electric current were applied at the



International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:315-327 321

1600 L 1 " 1 A 1 n 1 L 1 L 1 " 1 2 1
Non-pulsed tension at RT

1400 | = 3-pulsed tension r

1200

1000 1

800 7

600

True Stress (MPa)

0-r T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.25 030 035 0.40 0.45
True Strain

(a)

300 L 1 " 1 L 1 n 1 N 1 L 1 L 1 N 1
—— 3-pulsed tension

250 -

200 -

150 -

100 -

Temperature (°C)

504 -

0 T T T T T T T T
0.00 0.05 0.10 0.15 020 025 030 0.35 040 0.45

True Strain
(b)

Fig.6 a True stress-strain curves of non-pulsed tension at RT (in
black) and 3-pulsed tension (in red) under the cross head speed
of 1.5 mm/min. b The temperature of specimen measured during
3-pulsed tensile test

true strains of 0.01, 0.039, and 0.076, respectively. Moreo-
ver, in order to maintain the same electrical energy per unit
volume, the electric currents were applied to the specimen
while maintaining constant current density. As a result, the
3-pulsed specimen showed a significant increase in elonga-
tion, as shown in Fig. 6a. The elongation increased from
0.33 to 0.40 by applying only three pulses of electric current
compared to the non-pulsed tension at RT. The flow stress
in the 3-pulsed tension was much lower than that in the non-
pulsed tension at RT. Figure 6b shows the measured speci-
men temperature during the 3-pulsed tension. The peak val-
ues of the measured temperature at each electric pulse were
170, 215, and 216 °C, respectively. Because the true current
density was maintained as constant, the measured specimen
temperature should theoretically be the same. However,
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Fig.7 a The calculated strain hardening exponent and b the fraction
of retained austenite phase as a function of true strain for the non-
pulsed tension at RT (in black) and 3-pulsed tension (in red). The
experimental data (symbols) and calculated data (lines) was based on
the XRD measurement and MIMT kinetics model, respectively

since the first pulse was applied at RT and the second pulse
was then applied at the state in which the specimen had not
completely cooled to RT, it is thought that a difference in the
measured temperature occurred.

In the 3-pulsed tension, it was also observed that the slope
of the true stress-strain curve after applying three pulses
was noticeably changed in comparison with the non-pulsed
tension at RT. To check the effect of three pulses on the
phase hardening effect, the strain hardening exponent (n)
was calculated and is plotted as a function of true strain in
Fig. 7a. The calculation was performed from the true strain
of 0.10 after applying three pulses due to a large fluctuation
by stress drop. As a result, in the 3-pulsed tension, the curve
of strain hardening exponent was significantly different from
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the non-pulsed tension at RT. The n value decreased to 0.13
until the true strain was 0.13, and then increased to 0.56 until
the true strain was 0.26. When the three pulses were applied
in the early stage of deformation, the maximum value of n
appeared in the latter stage of deformation and increased in
comparison with the non-pulsed tension at RT. This means
that because the phase transformation from the retained
austenite to the martensite phase was delayed by applying
electric current, the phase hardening effect was amplified in
the latter stage of deformation. This delay effect of phase
transformation was caused by the increase in stability of the
retained austenite phase during electric current application,
as mentioned in Sect. 3.2.

To clarify the phase transformation delay effect by apply-
ing three pulses of electric current, the change in retained
austenite phase fraction was measured based on the XRD
measurement, as shown in Fig. 7b. In the 3-pulsed tension,
it was observed that the curve of retained austenite phase
fraction as a function of true strain was shifted to the right
compared to the non-pulsed tension at RT. The fraction val-
ues of retained austenite phase for the 3-pulsed tension at the
true strains of 0.076, 0.117, and 0.207 were 26.3, 25.8, and
19.8%, respectively. Since the fraction value of the retained
austenite phase at the true strain of 0.117 was similar to the
initial value (26.5%), it can be seen that the phase transfor-
mation hardly occurs up to the true strain of 0.117 under the
application of electric current. From the true strain of 0.117,
the fraction value of the retained austenite phase decreased
in earnest, while the MIMT occurred properly. Moreover, at
the true strain of 0.207, the fraction value of retained aus-
tenite phase in the 3-pulsed tension was still higher than that
in the non-pulsed tension at RT. Thus, it was confirmed that
applying the electric current in the early stage of deforma-
tion clearly induces the delay effect of MIMT.

In addition, for the specimen immediately after fracture
in the 3-pulsed tension, the retained austenite phase fraction
was 7.9%, which was similar with that in the non-pulsed
tension at RT (8.5%). Moreover, there is no difference in
the maximum true stress values at fracture between the
non-pulsed tension at RT and 3-pulsed tension, as shown in
Fig. 6a. This means that there is no negative effect of electric
current on the implementation of the original mechanical
properties for the investigated TRIP-aided steel.

3.4 Electric Current-Induced Annealing Effect

According to the study of Kim et al. [20], when a pulsed
electric current was applied during deformation, the Al-Mg
alloy was annealed due to the annihilation of dislocations.
For the reasons of this annealing by applying electric cur-
rent, two kinds of effect were suggested, which are ther-
mal and athermal effects (electric current-induced anneal-
ing effect). In the present study of the TRIP-aided steel,
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under application of an electric current, the flow stress also
decreased compared to the non-pulsed tension at RT, as
shown in Figs. 4a and 6a. This implies a possibility that the
annealing effect may occur by applying an electric current
during deformation, as with the AI-Mg alloy. Therefore, the
fact that annealing would take place under the given condi-
tion should be verified in this study.

The FWHM analysis of the diffraction peak profile is
a well-established technique for determining the disloca-
tion density in crystalline materials. Generally, diffraction
peak profile is broadened when subgrains are small or if
the crystal lattice is distorted by lattice defects, especially
by dislocations [37-39]. Here, instrumental effects on the
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Fig.8 a Temperature histories during 3-pulsed tension (in red),
non-pulsed tension at RT (in black), 100°C (in green) and 200°C
(in purple) until the true strain of 0.076. EBSD phase maps (red
area: retained austenite phase, green area: ferrite matrix) for the four
specimens obtained from: b the non-pulsed tension at RT, ¢ the non-
pulsed tension at 100°C, d the non-pulsed tension at 200°C, and e the
3-pulsed tension
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diffraction peak broadening were assumed to be the same in
all specimens, with a focus on the major effects of disloca-
tions. Additionally, since the fraction of martensite phase
and grain size can affect the FWHM value, the specimens
containing the same fraction of martensite phase and grain
size should be compared.

As shown in Fig. 8a, four specimens strained to the
true strain of 0.076 in the non-pulsed tensions at RT, 100,
200 °C, and 3-pulsed tension were prepared to obtain the
FWHM values of the ferrite peaks. From the XRD analy-
sis results, it was identified that three specimens excluding
the non-pulsed specimen at RT have the same fraction of
retained austenite phase (26.5%), which means that there
is no change in phase fraction until the true strain reached
0.076 under the three given conditions (non-pulsed ten-
sions at 100, 200 °C, and 3-pulsed tension). Additionally,
EBSD analysis was conducted for the four specimens to
verify whether the grain size of the ferrite phase was same
for the four specimens. Figure 8b—e show the phase map
obtained from the non-pulsed tensions at RT, 100, 200 °C,
and 3-pulsed tension, respectively. The ferrite and austen-
ite phase are indicated by green and red, respectively. As
a result, the average grain size of the ferrite phase for the
four specimens obtained from the non-pulsed tensions at
RT, 100, 200 °C, and 3-pulsed tension were almost the same
as 6.44, 6.79, 6.13, and 6.28 pm, respectively (Fig. 8b—e).

Thus, the annealing effect was then qualitatively dis-
cussed by comparing of the FWHM values of the ferrite
peaks for the four specimens under the same instrumental
conditions, retained austenite phase fraction, and grain size.

The FWHM profiles obtained from the non-pulsed ten-
sions at RT, 100, 200 °C and 3-pulsed tension at the same
true strain of 0.076 are presented in the Fig. 9, as well as the
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Fig.9 FWHM profiles (symbols, left axis) of ferrite phase peaks
and X-ray diffraction patterns (lines, right axis) in the range of 18°-
36° for the four specimens strained to the true strain of 0.076 in the
3-pulsed tension (in red), non-pulsed tension at RT (in black), 100°C
(in green) and 200°C (in purple)

X-ray diffraction patterns. The FWHM values are presented
as a function of 26, where 0 is the Bragg angle. As a result,
for the non-pulsed tension, the values of FWHM decreased
with increasing temperature. This was due to recovery
effect of dislocation as the temperature increased. However,
the values of FWHM obtained from the specimen in the
3-pulsed tension was lower than the non-pulsed tension at
100 °C and similar to the non-pulsed tension at 200 °C. Note
that the strained specimen at 200 °C was deformed under
stronger temperature condition, with respect to thermal
energy, than the temperature condition of specimen due to
Joule heating during 3-pulsed tension. This suggests that
the specimen was clearly annealed due to the annihilation
of dislocations by both thermal and athermal effects while
three pulses of electric current were applied.

Based on this result, it is thought that the electric current-
induced annealing would also occur in the multi-pulsed ten-
sion. However, when multi pulses of electric current were
applied, the suppression of the MIMT effect overwhelmed
the electric current-induced annealing effect so that the duc-
tility was decreased.

Therefore, applying an electric current at the state in
which the phase transformation of the retained austen-
ite phase begins to take place can clearly induce both the
electric current-induced annealing and an adequate delay
of the MIMT effects. This enhances the ductility without
deteriorating of mechanical property. Thus, it was confirmed
that the formability of TRIP-aided steel can be sufficiently
improved by applying an electric current. Furthermore, our
results show that the EAM technique can save a lot of energy
and time in the forming of TRIP-aided steel.

3.5 Calculation for MIMT Kinetics

In addition to the experimental measurement of the retained
austenite phase fraction, a calculation of the MIMT kinetics
in both non-pulsed and pulsed tensions was performed using
the model, which was derived based on the concept of ener-
getically favorable variant selection under an external stress
field [40]. In this model, the chemical free energy change,
AG, and the entropy change, AS, were defined in terms of
the thermodynamic theory for the austenite-to-martensite
transformation. The mechanical interaction energy, U, for
the ith martensitic variant between the externally applied
stress and the lattice deformation in austenite during phase
transformation can be defined as the product of applied
stress and the transformation strain for the ith martensitic
variant. Han et al. [40] derived the following expression for
the increment of the extended martensite volume fraction in
the retained austenite, df!

df! = A'de” + Bd(XH(-dX))H(-dX)H|(AG® - X)]. (3)

ex

@ Springer KE;E



324 International Journal of Precision Engineering and Manufacturing-Green Technology (2019) 6:315-327

where X is AG + U' and dé” is the effective plastic strain
increment accumulated in the parent austenite. In the present
study, the value of déf; was calculated reflecting strain par-
titioning effect during deformation based on the ratio of the
hardness value for each phase in the TRIP-aided steel. Thus,
the value of dég was calculated using the following equation:

=P
detolal

= dé;’ +de? + de’ 4)

=P
where dé otal®

ment, the effective plastic strain increments accumulated in
the ferrite and martensite phases, respectively. The dé; al
value was taken from the experimental data obtained from
the true stress-strain curve. It was reported that the nano-
hardness value of the martensite phase is four times higher
than that of the ferrite phase [41]. Thus, the effective plastic
strain during tensile deformation was assumed to be
inversely proportional to the hardness of each phase. For the
simplicity of calculation, it was also assumed that the hard-
ness of the ferrite phase is the same as that of the austenite
phase. In Eq. (3), H is the Heaviside step function, reflecting
the fact that the martensitic transformation can occur when
the driving force exceeds the critical free energy. AG should
be defined as a function of temperature. AGC is known to be
2100 J/mol regardless of chemical composition according to
Jaccin and Beyer [42]. Under the assumption that AG is a
linear function of temperature, AG and AS can be derived
as follows:

dé}f , and d&” are the total plastic strain incre-

AG = AGE + AS(T - M,), o)

AS = —AGC (T, - M,), (6)
where T is the temperature at which the difference in the
chemical free energy between austenite and martensite is
zero. The T, temperature was obtained by a CALPHAD
method [43]. The M, temperature of the retained austen-
ite phase in this material was — 22 °C, as mentioned in the
Sect. 3.1.

For the temperature, 7, the experimentally measured tem-
perature data should be reflected as an input value. However,
for a duration time of 0.1 s when the electric current was
applied, it should not be calculated solely based on the meas-
ured temperature due to Joule heating. According to previ-
ous studies [20, 22, 28-30], it was commonly indicated that
the athermal effect of electric current can obviously accel-
erate the microstructural changes through atomic diffusion,
which is distinct from the thermal effect due to Joule heat-
ing. However, it is difficult to separate the athermal effect of
electric current on MIMT kinetics from thermal effect dur-
ing application of electric current in this study. Therefore,
the calculation was performed only for the region where the
electric current was eliminated.

@ Springer KE;E

Additionally, the functions of A and B in Eq. (3) were
derived on the basis of the observation that the strain-
induced nucleation occurs predominantly at shear-band
intersections [44, 45]. They are expressed by the following
formulas [40]:

. 0.011asy(f,) " (1-1,) ,- ;
Al=— SAAS (AG+ U, @)

0.011[1 +6(f,,)"]

8
24AS8 ’ ®)

where « is the shear-band formation rate, and 6 and y are
the geometric constants. f, is the volume fraction of shear-
bands. It is known that the parameter on the rate of shear-
band formation, o, decreases with increasing temperature
[44, 45]. These three material’s parameters were adjusted to
give the best agreement between the experimental data and
calculated transformation Kinetics data.

Thus, based on the extension of the classical John-
son—-Mehl-Avrami—Kolmogrov (JMAK) theory for the simul-
taneous decomposition of austenite [46], the real volume frac-
tion of ith martensitic variant at time, ¢ + dt, can be obtained
as:

foa =1 +df", )
dfi=(1- Z f+dz>dﬁx- (10)
i=1

Then, the total volume fraction of martensite in the retained
austenite then becomes:

24
f=21 (1
i=1

where frefers to the volume fraction of the martensite trans-
formed from one parent austenite.

Finally, the total volume fraction of martensite, X,,, in the
TRIP-aided steel specimen can be obtained as:

X, = X.f, (12)
where Xi is the initial volume fraction of retained austenite
in the TRIP-aided steel.

Table 1 Material’s parameters in Eq. (7) for the investigated TRIP-
aided steel

a S r T, (°C) M, (°C)

3244 exp[—0.0208(T+273)] 0.25 344 532 =22
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Based on the above MIMT kinetic model, the MIMT kinet-
ics for the given test conditions were calculated. The reliabil-
ity of the experimental data for the retained austenite phase
fraction was improved by comparing between the experimen-
tal data (symbols) and calculated data (lines) for the phase
transformation kinetics, as shown in Figs. 5b and 6b. First,
the material’s parameters in Eq. (7) obtained from the result
of non-puled tension at RT are listed in Table 1 and used in the
calculation of MIMT kinetics for all test conditions.

As aresult, as shown in Figs. 5b and 7b, the calculated and
experimental data were in good agreement for all test condi-
tions. This result shows that the MIMT kinetics of this mate-
rial can be successfully described by the model. Moreover,
it was obviously confirmed that the dominant suppression
effect of the MIMT occurred in the multi-pulsed tension and
a proper delay effect of the MIMT occurred in the 3-pulsed
tension. However, one aspect needs to be noted. The athermal
effect on MIMT during application of electric current was
not considered in the present study. Thus, it could be thought
that the athermal effect does not exist through the fact that
the experimental value was well matched with the calculated
value. However, since the current duration time of 0.1 s is
quite short and the MIMT occurs during the cooling after
applying the electric current, it appears as if there is no ather-
mal effect. Thus, it should not be concluded that there is no
athermal effect. A further quantitative analysis to distinguish
the distinct electric current effect from thermal effect due to
Joule heating in the MIMT kinetics for TRIP-aided steels is
beyond the scope of the present study and will be reported in
a separate study.

4 Conclusions

In the present study, the effect of electric current on the
MIMT for TRIP-aided steel was investigated based on
microstructural analysis and calculations. When a periodic
pulsed electric current was applied to the specimen during
plastic deformation, the elongation at fracture decreased
compared to the non-pulsed tension at RT, although the flow
stress substantially decreased. From the XRD measurement
and calculation of MIMT kinetics, it was identified that the
MIMT effect could not work properly in the multi-pulsed
and non-pulsed tension at 100 °C, because the stability of
the retained austenite phase increased due to a temperature
rise.

A new pulsing pattern of electric current was designed to
improve the formability of TRIP-aided steel. Three pulses of
electric current were applied in the early stage of deforma-
tion immediately before the phase transformation of retained
austenite phase begins to take place. As a result, a significant
increase in elongation was observed compared to non-pulsed

tension at RT. The increase in elongation in the 3-pulsed ten-
sion was due to two types of effect. One is the delay effect
of the phase transformation, causing the MIMT effect to be
exhibited in the latter stage of deformation. The other is an
annealing effect during application of electric current, which
is identified by comparing the FWHM values obtained from
the XRD measurement.

Therefore, this study suggests that the effect of elec-
tric current on the mechanical behavior can be strongly
affected by microstructural phenomena in the selected
metal alloy under deformation. The EAM technique can
efficiently improve the formability by designing the pulsing
pattern of electric current in accordance with the material
characteristic.
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