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Abstract: Rapid electric current heat treatment has been successfully applied to a cold-rolled sheet of
commercially pure titanium (CP Ti). The electric current heat treatment was conducted at various
temperatures (400, 500, 600 and 700 °C) by altering the current density (A/mm?). The detailed
microstructure and texture evolution was studied using electron backscatter and X-ray diffraction
analysis. For comparison, conventional heat treatment at 400, 500 and 600 °C were also applied to
the cold-rolled sheets. The electrically heat-treated sample showed a much smaller and uniform
grain size with a relatively weak texture than the conventionally heat-treated one. As a result, the
electrically heat-treated samples exhibited better tensile properties than conventionally heat-treated
samples. Furthermore, the electric current treatment produced minimum sheet distortion and good
oxidation resistance compared with the conventional heat treatment.

Keywords: CP titanium; electric current heat treatment; microstructure; tensile properties; oxidation

1. Introduction

Recent years have witnessed significant interest in commercially pure titanium (CP Ti)
for power generation, electrochemical and biomedical industries owing to its exceptional
corrosion resistance, biocompatibility and high specific strength over other metallic materi-
als [1,2]. However, CP Ti has a critical issue to overcome for structural applications because
of its low yield strength. To improve its strength, grain refinement is a commonly used
strengthening mechanism base on the Hall-Petch relationship [3-5]. Recently, Chausov
et al. [6,7] utilized the complex combined (impact-oscillatory) loading mode to enhance
the strength and fracture toughness of Ti-based alloys. In particular, high-reduction cold
rolling [8-10], rolling at cryogenic temperatures [3,11] and applying severe plastic defor-
mation with equal channel angular pressing or high-pressure torsion process [12-15] have
been adopted for the fabrication of high-strength CP Ti sheets. We previously reported
that cold rolling and cryogenic rolling can help the enhancement of the yield strength of
CP Ti sheets up to a range of 700-900 MPa under the as-rolled condition, attributed to the
formation of a twinning-induced ultrafine-grained microstructure [16,17]. However, owing
to the high density of low-angle boundaries and dislocations, severely deformed CP Ti
sheets tend to exhibit low ductility and formability.

Applying heat treatment, such as stress relieving and annealing, to deformed materials
can effectively improve their microstructure and mechanical properties, particularly ductil-
ity and fatigue performance [18,19]. However, conventional heat treatment may deteriorate
the material quality and properties mainly because of grain coarsening, surface oxidation
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and shape distortion of thin parts [20-22]. Furthermore, heat treatment conducted in a
thermal furnace is a time and energy-consuming process. Therefore, an advanced method
is required for the heat treatment of severely deformed CP Ti sheets.

In recent years, pulsed electric current treatment, which involves directly applying
a high-density electric current to a material, has been suggested as an alternative to con-
ventional heat treatments [23-28]. Especially, the electric current heat treatment got great
attention in the sheet metal processing of titanium and magnesium alloys [29,30]. Due to
high-density electric current and less electropulsing time, the electric current heat treat-
ment provides effective grain refinement since the recrystallized grains have not enough
time to grow [31]. Several researchers have been found the formation of ultrafine-grained
microstructure and improved mechanical properties of various alloy systems utilizing the
electric heat treatment [29-32]. For instance, Park et al. [25] revealed that electropulsing
treatment could accelerate the recrystallization of sheet materials with an athermal effect
distinct from Joule heating and effectively reduce the annealing time and temperature.
Zhao et al. [27] reported that an electric current-treated Ti-6Al-4V alloy shows improved me-
chanical properties over the conventionally heat-treated one owing to phase transformation
and enhanced texture development.

Thus, considering the severely cold-rolled CP Ti sheets show a remarkably high
strength but limited ductility. In the present work, an attempt was made to modify
the microstructure and texture by applying an electric current treatment to increase the
ductility. Such an improvement in the strength—ductility balance was realized by grain
growth restriction and the development of a weak texture. The benefits of electric current
treatment in terms of specimen geometry, oxidation resistance, mechanical properties and
microstructural analyses are discussed.

2. Experimental Procedure

A hot-rolled and mill-annealed ASTM grade 1 level CP Ti plate with a thickness of
3 mm was obtained from POSCO, Korea, and used as the initial material in this study.
The contents of interstitial solutes were 1200, 30, 3 and 6.7 ppm for oxygen, nitrogen,
carbon and hydrogen, respectively. The initial CP Ti plate was subjected to cold rolling
at room temperature to a final thickness of 0.8 mm with a total reduction of 73.3%. The
cold-rolled sheet was subsequently machined with a width of 50 mm and a length of
150 mm and subjected to electric current treatment at 400-700 °C. The electric current
treatment was conducted at the University of Ulsan, Korea, and the detailed procedure of
the electric current treatment has been described elsewhere [28]. As schematically shown
in Figure 1, the titanium sheet was positioned between copper electrodes, and an electric
current was applied along the longitudinal direction for 0.5 s. Table 1 lists the experimental
parameters related to electric current treatment. For an accurate comparison between the
processing temperatures, the current was applied for a constant duration of 0.5 s under
all conditions. During electric current treatment and cooling, the temperature history and
temperature profile were measured using an infrared thermal imaging camera calibrated
with a thermocouple. For comparison, a conventional heat treatment in the range of
400-600 °C was also conducted using a thermal furnace followed by air cooling.

The microstructural features and recrystallization behavior was studied using optical
microscopy (OM), (Olympus GX51, Seoul, Republic of Korea) scanning electron microscopy
(SEM), (JEOL, Tokyo, Japan) coupled with energy-dispersive X-ray spectroscopy (EDS) and
electron backscatter diffraction (EBSD). The crystallographic texture was analyzed using
an X-ray diffraction (XRD) instrument obtained from POSTECH, Korea. Five different pole
figures, namely (10.0), (00.2), (10.1), (10.2) and (10.3), were measured up to a tilt angle of
70° using the Schultz reflection method. Longitudinal tensile properties were measured
using dog-bone-shaped specimens with a gauge length of 25 mm and a width of 6 mm at a
strain rate of 1073 s~ (ASTM-ES).
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Figure 1. Experimental setup for electric current treatment.

Table 1. List of experimental conditions used for the electric current treatment of CP Ti sheet.

Case Current density (A/mm?) I (kA) Duration (s) Temperature (°C)
1 56 225 400
2 60.5 242 05 500
3 66 2.64 ’ 600
4 71 2.85 700

3. Results and Discussion
3.1. Electric Current Treatment

When an electric current is applied to a metallic material, heat is generated through
the electrical resistance within a relatively short time. For example, at a current density
of 66 A/mm?, the temperature of the electric current-treated specimen rapidly reaches a
peak temperature of 600 °C in 0.5 s and decreases to room temperature in 340 s, as shown
in Figure 2. In addition, the image captured using an infrared thermal camera revealed
that the temperature was uniformly distributed over the entire sample subjected to peak
electric current treatment. Similarly, all the samples were successfully current-treated in
the target temperature range of 400-700 °C.

600
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100

T T
0 100 200 300 400

Time, s

Figure 2. Temperature profile of electric current treated CP Ti with a current density of 66 A/mm?.
The inset shows the temperature distribution in the sample.
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3.2. Microstructure Evolution

Figure 3a shows the EBSD inverse pole figure map of the as cold-rolled CP Ti sheets.
Plastic deformation leads to the development of elongated grains along the rolling direction
with a relatively low dislocation density and a large number of shear bands with a high
dislocation density which could not be identified by EBSD, and it presents as a black area
in the inverse pole figure map, as reported in previous works [3]. Choi et al. [16] revealed
that the combination of grain orientation, grain size and grain morphology could result in
the formation of inhomogeneous microstructures.

As-cold rolled CP Ti sheet Conventional heat treatment at 400 °C Conventional heat treatment at 500 °C Conventional heat treatment at 600 °C

Figure 3. EBSD IPF maps of (a) as-received sample, microstructural evolution during conventional heat treatment (b-d) and

electric current treatment (e-h) at various temperatures.

Figure 3b—d show the conventionally heat-treated microstructure of CP Ti sheets
treated at 400, 500 and 600 °C for 1 h, respectively. At 400 °C, recrystallization occurred
mostly near the shear bands, and a small amount of recrystallized grains could be observed
near the elongated grains (Figure 3b). To examine the amount of recrystallization activity,
the recrystallized grains were identified based on a grain orientation spread value lower
than 1° [33]. The area fraction of the recrystallized region in the sample annealed at 400 °C
is 26.3%, with an average grain size of 0.94 um. After being heat-treated at 500 °C, the
sample showed a fully annealed microstructure with an average grain size of 7.2 pm.
Upon increase in the heat treatment temperature up to 600 °C, the grains exhibit dramatic
coarsening with an average grain size of 17.0 pum.

Figure 3e—g show the electric current-treated microstructure of CP Ti sheets at 400,
500 and 600 °C, respectively. Unlike the conventionally heat-treated specimen, the electric
current-treated specimen did not show any recrystallization behavior at 400 °C, as shown
in Figure 3e. The electric current treatment at 400 °C applied for a short duration (0.5 s)
is insufficient for the activation of recrystallization. At 500 °C, recrystallization begins
and the area fraction of the recrystallized region is 19.7%, which is similar to that of the
specimen conventionally heat-treated at 400 °C. The average grain size of the recrystallized
grains is 0.54 um. At 600 °C, 84.1% of the area shows recrystallization with an average
grain size of 5.0 um. To obtain a fully annealed microstructure by applying an electric
current, an additional treatment was conducted with the peak temperature increased to
700 °C. Interestingly, there was no grain coarsening even at a high processing temperature,
and the size of the uniformly recrystallized grains was 5.9 um.
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As-cold rolled CP Ti sheet
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3.3. Texture Evolution

The texture is also an important factor, particularly for sheet materials. Figure 4 shows
the (00.2) pole figures of the alloy sheets under various conditions obtained by XRD. The
results show that the texture of the cold-rolled CP Ti sheet (Figure 4a) can be described
by a broadened angular distribution of the basal poles from the normal direction toward
the transverse direction, as well as by the splitting of the basal poles tilted 30-50° toward
the transverse direction, a texture that is typical of rolled «-titanium alloys [17,34]. As
shown in Figure 4b, heat treatment at 400 °C did not significantly change the texture. After
conventional heat treatment at 500 °C and 600 °C, the splitting of the basal poles in the
transverse direction was strengthened with the gradual increase in the maximum intensity
as 5.9 and 6.2, respectively (Figure 4c,d).

Conventional heat treatment at 400 °C Conventional heat treatment at 500 °C Conventional heat treatment at 600 °C

() - 0 (d) 2
/ \ / \ / \ 1.0
/ — 2.()
™ }” > \} ™ :[’ & G \I 3.0
/ / \ / 4.0
\ / \\ / \ / >

Max. 4.7 Max 5 9 Max. 6.2

{/_ ™ /3 FARYWAR
NVAN AN

Max. 4.5 Max. 4.3

’/

3/ \\

T

\

o

Max. 4.5

Figure 4. Texture evolution in as-cold rolled CP Ti sheet (a), during conventional heat treatment (b—d) and electric current

treatment (e-h).

As shown in Figure 4e-h, the texture evolution, particularly in terms of the angular
distribution of the basal poles during electric current treatment, is not significantly different
from that observed in the conventionally heat-treated specimen. However, the maximum
intensity of the basal pole slightly decreases with an increase in the processing temperature,
which is opposite to that observed in the conventional heat treatment.

3.4. Effect of Electric Current Treatment on Recrystallization Behavior

Such a difference between conventional and electric current treatments in terms of the
microstructure and texture evolution can be explained by the recrystallization behaviors
during post-processing. For a detailed comparison of the early recrystallization behavior
between the two cases, the recrystallized grains in the specimen conventionally heat-treated
at 400 °C and the electric current-treated sample at 500 °C were selected and the respective
microstructure and texture pole figures are shown in Figure 5. Interestingly, the average
grain size of the electric current-treated sample (Figure 5c) in the early stages is much
smaller than that of the conventionally heat-treated specimen (Figure 5a). The average grain
size of electric current and conventional heat treatment specimen was noted as 0.54 um
and 0.94 pum, respectively. In addition, the recrystallized grains in the conventionally
heat-treated specimens show texture development in which the basal pole distribution is
similar to the as-rolled and overall texture with high intensity.
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0001

Figure 5. Early-stage recrystallization of a specimen subjected to conventional heat treatment (a,b)
and electric current treatment (c,d) and respective texture pole figures.

The recrystallized grains in the conventionally heat-treated specimen can be divided
into two groups: ones with a size > 1.1 um and ones with a size < 1.1 um (Figure 6a).
As shown in Figure 6b, smaller grains have relatively weak and randomly distributed
orientations, and larger grains tend to show a strengthened texture (Figure 6¢). This is
mainly due to the different recrystallization mechanisms occurring in each case. In metallic
materials, five recrystallization mechanisms have been proposed: (i) grain boundary
nucleation [35], (ii) sub-grain boundary migration [36], (iii) particle stimulated nucleation
(PSN) [37], (iv) shear band induced nucleation (SBIN) [38-40] and (v) deformation twin
induced nucleation (DTIN) [41,42]. In the case of small recrystallized grains, they are
found near unidentified regions by the EBSD comprising shear bands and a large number
of deformation twins. SBIN and DTIN occur near heavily deformed regions and have a
much higher driving force for nucleation and rapid nucleation compared with the other
recrystallization mechanisms [38—42]. Kim et al. [33] also reported that SBIN and DTIN
exhibit relatively random orientations compared to other recrystallization mechanisms.
As a result, small grains can have a weak texture and small size. On the other hand,
larger recrystallized grains were observed near the elongated grains. Larger grains are
nucleated with sub-grain boundary migration within the elongated grains during heating
and have a similar orientation as their parent grains [36]. In addition, larger grains tend
to have a similar size as their parent grain width owing to dislocation re-arrangement
perpendicular to the elongated direction. As a result, larger grains can have a strong
texture with a relatively larger size (Figure 6¢c). Compared with the heat-treated specimen,
the recrystallization mechanism of the electric current treated samples is predominantly
SBIN and DTIN because of the short processing time for generating sub-grain boundary
migration. Thus, a small grain size is possible with a relatively weak texture, which is
an advantage for deformation [17]—such a microstructure and texture evolution during
recrystallization affected by further treatment. In addition, the short duration of the
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electric current treatment could suppress the grain growth, resulting in a small grain size,
whereas the grains in the heat-treated sample were dramatically coarsened with further
heat treatment.
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Figure 6. (a) Recrystallized grain size variation in the conventionally heat-treated sample and texture pole figures for
(b) smaller grains (<1.1 um) and (c) larger grains (>1.1 um).

3.5. Effect of Electric Current Treatment on Mechanical Properties

Figure 7a shows the tensile properties of the as-cold rolled CP Ti sheet after heat
treatment and electric current treatment at various temperatures. In both the treatments, the
elongation increased with increasing temperature, whereas the yield strength and ultimate
tensile strength decreased. In particular, the mechanical properties dramatically changed
after full recrystallization in both cases. However, there were differences in the degree
to which the elongation increased and strength degradation with increasing temperature
between the heat-treated and current-treated specimens after full recrystallization. In the
case of conventional heat treatment, the specimen heat-treated at 500 °C showed the highest
elongation (36.8%) and both the strength and elongation decreased after 600 °C, mainly
due to grain coarsening and texture strengthening [43]. In comparison, the electric-treated
sample exhibited higher strength and elongation than the heat-treated specimen. This is
consistent with the microstructure and texture evolution result in that a smaller grain size
with a relatively weak texture could enhance the mechanical properties [44,45]. In addition,
grain growth is effectively restricted and shows a good strength—elongation combination
at higher temperatures. The strength—ductility balance of the materials can be examined
using the relationship YS-El and I = YS x EL (Figure 7b,c, respectively)) [4,16]. For the
conventional heat treatment, the maximum value of I was 11.4 GPa at 500 °C. In the case of
the electric current treatment, the maximum value of I was 15.4 GPa at 600 °C. This result
indicates that the strength—ductility balance was enhanced by the electric current treatment.
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Figure 7. Room-temperature tensile properties of CP Ti processed under various conditions (a), YS-El and YS x El comparison

plot of conventionally heat-treated and electric current-treated CP Ti (b,c), respectively, where the red and gray dots indicated

the electric current treatment and conventional heat treatment, respectively.

3.6. Effect of Electric Current Treatment on Sheet Shape and Oxidation

As mentioned previously, the electric current treatment is not only an effective method
for saving time and improving the mechanical properties but is also beneficial for prevent-
ing oxidation and distortion of thin sheets. Figure 8 shows the overall shape of the sheets
after applying conventional heat treatment and electric treatment at 600 °C. The conven-
tionally heat-treated sheet is severely bent, and the oxide layer covers the entire surface.
In comparison, the electric current-treated specimen shows a relatively flat configuration
with a small change in the color on the surface. For a detailed analysis, a cross-section
of the specimens was prepared for microstructural observation, as illustrated in Figure 9.
Figure 9a,b show the backscattered electron micrographs of the oxide scales of the thermal
and electric treated specimens at 600 °C, respectively. A thick layer of oxide scale (8.5 um)
was formed during heat treatment, which loosened the middle layer of the oxide scale,
indicating spallation. In contrast, the oxide scale of the electric current-treated sample was
thin, compact and adhered to the base alloy owing to the short duration of the treatment.
The oxygen distribution analysis results shown with the EDS mapping (Figure 9¢,d) also
clearly indicate the difference in the oxide behaviors between the two samples. It can be
concluded that the electric current-treated sheet has the advantages of short processing
time and enhanced mechanical properties, sheet distortion and oxidation resistance. Thus,
the electric current heat treatment method provides a lot of possibilities to control and
regulate the amount of supplied energy, thereby the microstructure, mechanical properties
and corrosion resistance.
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Conventional HT

Electric CT.

Figure 8. Shape changes in CP Ti sheet after applying conventional heat treatment and electric
current treatment at 600 °C.

© @

Figure 9. The thickness of the oxide scale and respective oxygen EDS mapping of conventional (a,c)
and electric heat-treated (b,d) CP Ti sheets at 600 °C.

4. Conclusions

The present study revealed that the electric current heat treatment has considerable
benefits as compared with the conventional heat treatment. From the observed results, the
following conclusions are drawn:

(i) The electric current treatment results in the development of finer microstructure with
relatively weak texture as compared to the conventional heat treated sample due to
the difference in recrystallization behavior.

(ii) In the case of electric current heat treatment, the smaller recrystallized grains nucle-
ated near the shear bands and deformation twins with relatively random orientations.
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Besides, recrystallization in the conventional heat treatment is occurred by the sub-
grain boundary migration within the elongated grains during heating and has a
similar orientation as their parent grains with relatively larger grain size.

(iii) Due to the refined grain morphology with weak texture intensity, the room-temperature
tensile properties of the electric current treatment samples were superior to those of
the conventional heat-treated specimens.

(iv) The degree of distortion and the oxidation resistance of electric heat-treated samples
was significantly improved as compared with the conventional heat-treated ones due
to the rapid processing time.
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