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Abstract

Innovative pulsed current-assisted multi-pass rolling tests were conducted on a twelve-roll mill during
the rolling deformation processing of SUS304 ultra-thin strips. The results show that in the first rolling pass,
the rolling reduction rate of a conventionally rolled sample (at room temperature) is 33.8%, which can be
increased to 41.5% by pulsed current-assisted rolling, enabling the formation of an ultra-thin strip with a size
of 67.3 um in only one rolling pass. After three passes of pulsed current-assisted rolling, the thickness of the
ultra-thin strip can be further. reduced to 54.7 um. To clearly compare the effects of a pulsed current on the
microstructure and mechanieal response of the ultra-thin strip, ultra-thin strips with nearly the same thickness
reduction were analyzeds It was found that pulsed current can reduce the degree of work-hardening of the
rolled samples by promoting dislocation detachment, reducing the density of stacking faults, inhibiting
martensitic phasetransformation, and shortening the total length of grain boundaries. As a result, the ductility
of ultra-thin strips can be effectively restored to approximately 16.3% while maintaining a high tensile strength
of 1 118 MPa. Therefore, pulsed current-assisted rolling deformation shows great potential for the formation

of ultra-thin strips'with a combination of high strength and ductility.
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1. Introduction

Ultra-thin strips (0.01 mm ~ 0.1 mm) of SUS304 stainless steel are used as raw materials for key
components in the aerospace, new energy, electronic communication, and medical devieeiindustries.because
of their excellent properties of light weight, high strength, extreme thinness, high precision, and fatigue
resistance [ 1-2]. Nevertheless, stainless steel has high deformation resistance and is highly susceptible to work
hardening, and these properties generally hinder the rolling process at room.temperature, especially for ultra-
thin strips. Multiple annealing treatments are effective means of eliminating d;formation-induced work-
hardening to obtain ultra-thin strips [3-5]. At present, SUS304 ultra-thin strips,are primarily produced using
multi-roll mills with high rigidity and stability, through processes involving small reductions, multiple passes,
repeated rolling and continuous online annealing after rolling [6-8]. The continuous online annealing process
has many disadvantages, including being resource-consuming, time-consuming and labor-intensive, and can
cause serious environmental pollution problems. Therefore, seeking am efficient and environmentally friendly
method to reduce the deformation resistance of SUS304 ultra-thin/strips is currently a focus of research.

It has been shown that the application of a pulsed current during the plastic deformation process of
metallic materials significantly enhances theipplastic deformability [9-10] and decreases their work-hardening
rate [11-12], thereby improving their formability [13-14] and ultimate elongation [15-16] without annealing.
A preliminary exploration of pulsed current-assisted forming of SUS304 ultra-thin strips revealed that the
pulsed current led to complete recovery of theiplasticity of samples subjected to small deformations while
reducing the strength and increasing thg elongation of samples subjected to large deformations [17]. By
employing a pulsed current in tensile tests of ultra-thin strips, it was found that excessive loading inhibited the
martensitic phase transformation and promoted the formation of hard and brittle intermetallic compounds via
solute segregation, which ledto.a sharp/decrease in the plasticity of ultra-thin strips [ 18].Moreover, it has been
found that the non-thermal effect produced by a pulsed current is the key to induce the reversion and
recrystallization of samples at“lower temperatures compared with heated tensile tests at equivalent
temperatures [19]. Overall, pulsed current excitation can significantly affect the microstructural evolution and
mechanical properties of SUS304 ultra-thin strips under tensile stress.

Accordinglyypulsed current-assisted rolling of SUS304 ultra-thin strips has broad industrial application
prospects. The application of a pulsed current can help overcome the rolling limit for SUS304 ultra-thin strips,
enabling the provision of basic materials for extreme manufacturing. However, although a high-energy electric
pulse can effectively improve the plastic deformability of rolled SUS304 ultra-thin strips, the underlying

reason/has remained unclear [20]. At present, the degree to which a pulsed current mitigates the work-
2

https://mc04.manuscriptcentral.com/ijem-caep



Page 3 of 21 International Journal of Extreme Manufacturing

oNOYTULT D WN =

Template for JEM
hardening of ultra-thin strips under rolling deformation is also still uncertain. For this purpose, the pulsed

current-assisted forming of SUS304 ultra-thin strips was investigated via multi-pass rolling tests in this study,
and conventional rolling tests were conducted under otherwise identical conditions for comparison. The
differences in the microstructures and mechanical properties of the samples rolled under the two sets of
working conditions were studied to analyze the effects of a pulsed current on the deformationsand work-

hardening of SUS304 ultra-thin strips during rolling.

2. Materials and experimental methods

2.1 Test materials

The raw materials for the rolling tests were SUS304 ultra-thin strips with 1 2 width of 10 mm and a
thickness of 115 pm, which were subjected to solid solution treatment at 1 100°C. Their chemical composition
is shown in Table 1. Figure 1 shows the microstructure and morphology of'a SUS304 ultra-thin strip with an
average grain size (fitted ellipsoidal main diameter) of approximately 7.67 nm, which consists of recrystallized
equiaxed grains and annealed twins. As shown in Figure 1(c), the raw material has no obvious preferred

orientation, and most of the grains are randomly oriented. The.maximum texture intensity is only 2.78.

Table 1. Chemical composition of SUS 304ultra-thif¥strip (wt%).

Element C Cr Ni Mo N Si. Mn P S Fe

Content 0.06 18 8.02 0.08 " 0.034, 0.5 1.06 0.025 0.03 Bal.

i (b) 20 () {111}
Daverage =17.67 Hm
15}
2
=
2 10}
S
S HH HHHHHHH, -

5 10 15 20 25 30
Diameter/pum

Figure 1. The microstructure of SUS 304 ultra-thin strip. (a) Inverse pole figure (IPF) diagram. (b) Grain diameter. (c) {111} pole figure, where
RDand TD represent the rolling direction and transverse direction, respectively.

2.2 Pulsed current-assisted.rolling tests

To construct a test platform for pulsed current-assisted ultra-thin strip rolling, a reversible twelve-roll
precision cold rolling mill was modified for insulation. Based on this platform, pulsed current-assisted multi-
pass rolling tests of SUS304 ultra-thin strips were conducted, following the specific test process illustrated in
Figure 2. AYS9000DB digital programmable pulse power supply was used to apply the pulsed current to the
ultra-thin.strip processed through copper bars and copper clamps on both the inlet and outlet sides of the

twelve-roll rolling mill, forming a closed circuit. The silicon nitride ceramic work rolls separated the mill roll
3
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system from the ultra-thin strip, thus solving the problem of insulating the mill body (Figure 2(b)). High-

temperature-resistant insulation tape separated the conductive copper bars, brackets, and mill body (Figure
2(c)). The tensiometer roll systems were treated with a high-temperature-resistant ceramic insulation coating

to achieve insulation of the unwinding and winding devices (Figure 2(d)). Noncontact infrared temperature

oNOYTULT D WN =

9 sensors were installed on both the inlet and outlet sides of the rolling mill to measure the temperature of the
ultra-thin strip at the inlet and outlet (Figure 2(e)). The direct current (DC) square wave with an output current
12 of the YS9000DB digital programmable pulse power supply is 0 ~ 600 A, the output frequencyis 50 Hz ~
14 2000 Hz, and the output duty cycle is 0 ~ 100% (Figure 2(f)).

15
16 To investigate the effects of a pulsed current on the rolling deformation®f SUS304 ultra-thin strips,
1273 pulsed current-assisted rolling (ER) tests were conducted along with conventional rolling (CR) tests as a

19 control group. The detailed rolling test parameters are shown in Table 2. Conveéntional rolling tests were
21  conducted with the pulse power turned off, under otherwise identical rolling conditions. Both sets of tests were
,3  carried out with the same forward and backward tension (50 MPa), the same rolling speed (5 rad-s), and the
same roll gap (0.05 mm) for three round-trip passes. Figure 3 shows a schematic diagram of the continuous

26  rolling of ultra-thin strips.

(b) Support
roller

B
‘ Tensio_p
coiler: =

Tension
coiler

Twelve roll precision cold
rolling mill roll system

| SR S S SS  S S p SU I —————

N
)

53 Figure 2. Layout of the rolling test platform. (a) Electric pulse assisted twelve-roll precision cold rolling mill. (b) Roll system distribution. (c)
54 Copper clamp. (d) Insulation treatment. (e) Infrared temperature sensor. (f) Pulse power supply.
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Table 2. Rolling parameters of conventional rolling and electric pulsed assisted rolling.
Sample name Rolling passes Thickness/um Cumulative strain Pulsed current parameters Temperature/°C
CR1 1 76.1 33.8% 0 25
Conventional * -p, 2 675 41.3% 0 25
rolling
CR3 3 59.7 48.1% 0 25
ER1 1 67.3 41.5% 5 A, 2 000 Hz, 10% 303
Pulsed current- ER2 2 59.4 48.3% 5 A, 2 000 Hz, 10% 320
assisted rolling  pp3 3 51.7 55.0% 5 A, 2 000 Hz, 10% 335
ERT' 1 75.6 34.2% 1 A, 1 00 Hz, 50% 87
a5 T b)
| (a) | (b) 90
| P“f:p‘l’o‘l’;”e’ | CR1ERY’
| I ER1
[ L Forward | g
| Pass1 —_—— — — —> | =60
o veey m
: l L Reverse : o
<« £
| Pass 2 -— — — — - l 3]
| | E 30
| — |
[ ‘ ‘ Forward |
Pass 3
I |
! i : 0 1 2 3
A Puised curent spplcationarea | Roling pass

Figure 3. Multi-pass continuous rolling process for ultra-thin strips. (a) Schématic/diagram ©f pulse current assisted rolling. (b) The thicknesses
of the rolled samples after each pass.

2.3 Property testing and microstructural characterization

The thicknesses of the rolled samples weresmeasured using a micrometer with an accuracy of 0.1 pum,
and the results are shown in Table 2. The hardnesses of the rolled samples were determined using an HVT-
1000 Vickers microhardness tester with aload of 100 g and a residence time of 10 s. The mechanical properties
of the rolled samples along the rolling direction, were measured using an Instron 5969 universal materials
testing machine at a tensile rate of Q.3:mmmin at room temperature. The tensile specimen dimensions were
specified based on the ASTM-E8M-15/standard [21] for room temperature tensile testing, with a gauge length
and width of 25 mm and 6 mm, respectively.

The volume fraction of martensite was measured using an FMP30 ferrite tester with a measurement
accuracy of 0.1%. Phaselcharacterization was performed using a DX-27mini X-ray diffractometer within the
range of 30° to 100° 4t a secanning speed of 2°-min"'. Microstructural characterization was conducted using a
JEOL-IT500 scanning,électron microscope (SEM) and electron backscatter diffraction (EBSD). The EBSD
data were analyzed using Aztec Crystal software. The dislocation structure was observed using an FEI Talos
F200X transmission. electron microscope (TEM) with an acceleration voltage of 200 kV. The TEM samples
were prepared by electrolytic double-spraying using a mixed solution of 10% perchloric acid and 90% alcohol.
All the mechanical property tests and microscopic characterizations were repeated at least three times to ensure

the accuracy'and reliability of the results.
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3 Results

3.1 Thickness of multi-pass rolled samples

Table 2 and Figure 3 compare the thickness changes in the conventionally rolled samples and the
samples rolled under a pulsed current. After the initial rolling, the thickness of the CR1 sample was, 76.1 um,
corresponding to a thickness reduction of 33.8%. As the number of rolling passes increased, the thickness of
the sample continued to decrease, and the cumulative deformation correspondingly increased. After the third
rolling pass, the thickness of the CR3 sample decreased to 59.7 um, with the cumulative thickness reduction
increasing to 48.1%. For the samples rolled under a pulsed current, the thickness of the ERI sample after one
rolling pass was 67.3 pum, corresponding to a relatively large thickness reduction of 41.5%. Accordingly, the
thickness of the ER1 sample was reduced by 8.8 pm compared with that ofithe CR1 sample. After three rolling
passes, the thickness of the ER3 sample further reduced to 51.7 pm, a cumulative reduction of 55%. These
results indicate that for the same number of rolling passes, the thickness of samples rolled under a pulsed
current is significantly lower than that of conventionally rolled samples; thereby revealing the potential
advantages of pulsed current-assisted rolling technology in impreving the material deformation efficiency.

As shown in Figure 3, the thickness of the ER1 sample issimilar to that of the CR2 sample, and the
thickness of the ER2 sample is close to that of the CR3 sample. This indicates that the deformation achieved
in one pass of pulsed current-assisted rolling is approximately equal to the cumulative deformation in two
passes of conventional rolling. Moreover, the cumulativerdeformation achieved in two passes of pulsed
current-assisted rolling is approximately equal torthe cumulative deformation in three passes of conventional
rolling. By adjusting the pulsed current parameters, the thickness of the ER1' sample is similar to that of the
CRI1 sample. Pulsed current-assisted rolling can effectively improve the rolling reduction rate of SUS304

ultra-thin strips, decreasing the number of rolling passes needed and enhancing the formability of the material.

3.2 Microstructure evolution =

Figure 4 shows the band contrast (BC) distributions of the conventionally rolled samples and the samples
rolled under a pulsed current after.each pass. The BC diagram reflects the microscopic strain distribution in a
sample, in which the grain boundaries and areas of strain concentration are indicated by darker colors. The
average BC value represents the degree of concentration of the strain distribution in the sample, with a larger
average BC value indicating a more uniform strain distribution. As shown in Figure 4, the average BC value
of the samples graduallysdecreases as the cumulative deformation increases with an increasing number of
rolling passes. During conventional rolling deformation, the BC value decreased from 106.3 for the CR1
sample to 75.8 for the CR3 sample, a decrease of 28.7%. During pulsed current-assisted rolling deformation,
it decreased from 115.9 for the ER1 sample to 84.3 for the ER3 sample, a reduction of 27.3%. It can be seen
that'the proportion of strain concentration areas in the rolled samples gradually increases with an increasing
number/of rolling passes.

6
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Figure 4 shows that the BC values of the samples rolled under a pulsed current are greater than those of

the conventionally rolled samples after the same number of rolling passes, with the BC value of the ER1
sample being 9% greater than that of the CR1 sample. Moreover, the BC values of the samples rolled under a
pulsed current are greater than those of the conventionally rolled samples with the same rolling deformation.
The BC value of the ER1 sample is 36.7% greater than that of the CR2 sample of the same thickness, while
that of the ER2 sample is 21.6% greater than that of the CR3 sample of the same thicknessThese results show
that although the thickness reduction in one pass of pulsed current-assisted rolling is‘alceady 41:5% (ER1),
this modified rolling process results in fewer strain concentration areas and a more uniform strain distribution

than the conventional rolling process needed to achieve the same rolling deformation (CR2).

Average=106.3 ) b: Average=84.8 ’ Average=75.8

50 100 150 200 [¥
" Band contrast y,

Average=115.9 L . - & 3 " . 82 Average=84.3

50 100 150 200] s 4 ST < ¢ e, - ; 50 100 150 200
_ Band contrast = - § 5
K o,

Figure 4. BC diagrams of conventionally rolled samples and samples rolled under a pulsed current. (a) CR1. (b) CR2. (c) CR3. (d) ER1. (e)
ER2. (f) ER3. The top right images in the (a)~(f) show the average BC values and the BC distributions.

N
To analyze the effect of a pulsed current on the microstructure of SUS304 ultra-thin strips in detail, the

CR1 sample, the CR2 samples the ER1 sample, and the ER1' sample are selected for further comparative
analysis, in which the thickness of the €R1 sample is the same as that of the ER1' sample, and the thickness
of the ER1 sample is the same as that of the CR2 sample. Figure 5 shows the IPF and kernel average
misorientation (KAM) diagrams-0f the conventionally rolled samples and the samples rolled under a pulsed
current. The histogram at the top right of the IPF diagram characterizes the grain size distribution. The main
diameter of the/fitted ellipse and the aspect ratio of the fitted ellipse along the rolling direction of the main
axis were used tocalculate the grain size and grain morphology. The samples were affected by the tension of
the coiler and the fiiction shear stress of the roll in the rolling direction, which caused the long-axis average
grain size andsthe grain aspect ratio to increase. Pulsed current can reduce dislocation accumulation and
promote grain rotation. Therefore, the average grain size of the ER1' sample is 10.25 pm, while the average

grain,size of the CR1 sample with the same thickness reduction is 12.85 pm. With the increase in the
7
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cumulative deformation, severe plastic deformation leads to grain fragmentation in the CR2 sample, resulting

in an average grain size of only 8.98 um. The interaction between dislocation accumulation and deformation
twins generated by severe plastic deformation can lead to severe grain fragmentation and uneven grain sizes
[22-23].

The KAM diagram can reflect the distributions of dislocation density and local strain in the
microstructure of a sample [24]. The strain gradient model [25-26] was used to calculate the geometrically
necessary dislocation (GND) density of each sample, and it was found that the distribation and change trend
of the GND density were consistent with those of the KAM. The higher the KAM value is'in-a sample, the
greater the dislocation density [27]. As shown in Figure 5(¢)-(h), the GND densities of CR1, CR2, ER1, and
ER1' are 8.31 X 10'* m™2, 16.42 x 10** m™2, 9.64 x 10** m~2, and 5.29 X 10 m™=2 respectively.
Comparing samples with the same thickness reduction, it can be seen that the GND'density of the ER1' sample
is reduced by approximately 36.3% compared to that of the CR1 sample, and the GND density of the ER1
sample is reduced by approximately 41.3% compared to that of the CR2 sample. This indicates that the

application of a pulsed current during rolling can reduce the dislocation density of the rolled samples.

Daverage =10.25 pm

D, ks B D, =8.98 um D, =12.24m
- & i - oy Aspect ratio = 2.26

Aspectratio = 2.43 oS i Aspectratio = 2.14 S Aspectratio =2.44

Fraction/%
SN
S

o o

0 to 20 30 40 soffh s N T30 0 § 10 20 30 40 50
Diameter/ym P Diameter/um

y 0 =
o g/ KAMayorage = 1.28 .01 > : o 8[KAM yerage = 1.69
GND, =8.31"10% m? ! = 2 S0 K GNDayerage =9.64*101 m?

Figure 5. IPF and KAM diagrams of conventionally rolled samples and samples rolled under a pulsed current. (a) and (¢) CR1. (b) and (f) CR2.
(c) and (g) ER1. (d) and (h) ER1". The top right images'in (a)-(d) show the average grain size and the aspect ratio of the grains. The top right
images in (€)=(h) show the average KAM and the GND density.

Figure 6 shows the grain boundary distributions and misorientation angle distributions of the
conventionally rolled samples and the samples rolled under a pulsed current. The proportion of low angle
grain boundaries (LAGBs) in each sample is significantly greater than that of high angle grain boundaries
(HAGBSs), and the. average misorientation angle is less than 15°, which indicates that LAGBs are the dominant
grain characteristics in dll rolled samples. The formation of LAGBs is related to the dislocation walls formed
by dislocation proliferation and entanglement caused by plastic deformation [28-29]. A comparison of Figure
6(a)-(d) shows that after the same rolling deformation, the proportion of LAGBs in the CR1 sample (69.7%)
is.obviously greater than that in the ER1' sample (62.8%). Similarly, the proportion of LAGBs in the CR2
sample 18 78.2%, which is significantly greater than that in the ER1 sample (an increase of 7.5%). By
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comparing Figure 6(c) and (d), it can be seen that the proportion of LAGBs in the ER1 sample is greater than

that in the ER1' sample for the same number of rolling passes. This indicates that different pulsed current
parameters have a significant impact on the LAGBs within the samples.

Figure 6(e) shows a comparison of the lengths of LAGBs, HAGBs, twin boundaries (TBs), and the total
grain boundary length in each sample. According to the variation in the total grain boundary length, the total
grain boundary length in the CR2 sample is significantly greater than that in the other samples. The lengths of
HAGBs and TBs are similar in each sample. Therefore, the increase in the total grain boundarylength in the
CR2 sample is mainly due to an increase in the length of LAGBs. As shown in Figure 6(e); the length of
LAGBs in the ER1 sample is significantly lower than that in the CR2 sample, which. indicates that the
application of a pulsed current during rolling can markedly reduce the length of LAGBs in a sample under the
same rolling deformation. The length of TBs in the ER1' sample is clearly greaterthan that in the CR1 sample,

showing that the pulsed current promotes the formation of deformationwins.
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Figure 6. Grain boundary diagrams and misorientation angle distribution diagrams of conventionally rolled samples and samples rolled under a
pulsed current. (a) CR1. (b) CR2.(¢) ER1. (d)ER1". (¢) The lengths of LAGBs, HAGBs, TBs, and the total grain boundary length in each
sample, where the LAGBs are shown as green lines, the HAGBs are shown as black lines, and TBs are shown as purple lines. In addition,

'correlated'’ represents adjacent grain orientation error, 'uncorrelated' represents non-adjacent grain orientation error, and 'random' represents
random grain orientation error.

Figure 7 shows\the orientation distribution function (ODF) diagrams of the conventionally rolled
samples and the samples.rolled under a pulsed current, displaying the main texture evolution of each sample.
Table 3 summarizes the common texture types of face-centered cubic (FCC) metals. The clustering of the
polar density distributions is clear, indicating that obvious textures have formed in the rolled samples. As
shown in Figure 7(a), Goss texture, Brass texture, S texture, and Copper texture with significant texture

intensities have formed in the CR1 sample. On the a-orientation line, there is a significant texture aggregation
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area between the Goss texture and the Brass texture. Figure 7(b) shows that the types of textures formed in

the CR2 sample are the same as those in the CR1 sample, and their texture intensities are significantly higher.
The Goss texture intensity is increased from 6.11 to 7.64, the Brass texture intensity is increased from 11.35
to 15.44, the S texture intensity is increased from 3.15 to 6.21, and the Copper texture intensity is increased
from 3.64 to 7.24.

A comparison of Figure 7(a)-(d) shows that the texture types formed in the samples rolled under a pulsed
current are the same as those in the conventionally rolled samples. Under the same rolling deformation, the
texture intensity in the sample rolled under a pulsed current is lower than that ofithe conventionally rolled
sample. Compared to those of the CR1 sample, the Goss texture intensity of the ER1' sample is 3.72, the Brass
texture intensity is 8.86, the S texture intensity is 2.26, and the Copper texture is barely evident at an intensity
of only 1.53. Similarly, compared to those of the CR2 sample, the Goss texture inténsity of the ER1 sample is
4.48, the Brass texture intensity is 12.95, the S texture intensity is 5.53jand the Copper texture intensity is
only 2.01. Thus, it can be seen that the application of a pulsed eurrent during rolling affects the texture

transitions as well as the degrees of texture aggregation in the rolléd:samples.

Table 3. Common types of texturesdan FCC metals.

Texture type Goss Brass A RotatedGoss Copper S
Miller ind {o11} <10 {011} <21 {o11} <11 (011):201 {112} <11 {123} <63
iller mnaex 0> 1> 1> 1> 1> 4>
' (e) Texture
(a) CR1 (b) CR2 (¢) ER1 (d) ER1 distribution

Goss Brass A

; Rotated Goss|

a-fiber

Copper

Brass [] Goss

s%

|
Min=0.00 Max=11.35 Min=0.00 Max=15.44 Min=0.00 Max=12.95 Min=0.00 Max=8.86

Figure 7.ODF diagrams of conventionally rolled samples and samples rolled under a pulsed current. (a) CR1. (b) CR2. (c) ER1. (d) ER1". (e)
Texture distribution.
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To analyze the influence of a pulsed current on the texture evolution of the rolled samples more intuitively,

Figure 8 shows the intensities of the polar densities of each rolled sample on the a- and -orientation lines.
The Brass orientation is the intersection of the a-orientation line and the B-orientation line. When FCC metals
are subjected to rolling deformation, this causes most grains to turn in the vicinity of the a- and B-orientation
lines [30]. As shown in Figure 8, relatively complete a- and B-orientation lines formed in gach sample. The
B-orientation lines gradually strengthen with increasing deformation, and the grains are continuously shifted
toward the Copper orientation, S orientation, and Brass orientation (Figure 8(b)). The Goss orientation is a
sub-stable orientation, and gradually transforms into the higher-stability Brass erientationiduring plastic
deformation. The transition from the Goss orientation to the Brass orientation’can be ¢learly observed in
Figure 7.

As shown in Figure 7, the texture intensities in the samples rolled under a‘pulsed current are all lower
than those in the conventionally rolled samples with the same thickness. Compared with those in the CR1
sample, the Goss texture intensity in the ER1' sample is decreasediby 39.1%;the Brass texture intensity is
decreased by 21.9%, the Copper texture intensity is decreased by, 60.0%, and the S texture intensity is
decreased by 28.3%. Similarly, compared with those in the CR2 sample, the Goss texture intensity in the ER1
sample is decreased by 41.4%, the Brass texture intensity is decrease(l by 16.1%, the Copper texture intensity
is decreased by 72.2%, and the S texture intensity is decreased by 11.0%. Among them, the decreases in the
intensities of the Goss texture and Copper texture‘are'the most significant. This is due to the formation of
deformation twins within the samples rolled under a pulsed current (Figure 6), as the emergence of
deformation twins causes the grains to rotate from the:Copper orientation to the Brass orientation [31]. As
shown in Figure 4, many slip shear bands formed duting the rolling of SUS304 ultra-thin strips, and these
slip shear bands drove the Goss-oriented-grains to turn toward the Brass orientation. It can be seen that the
application of a pulsed current during rolling promotes the emergence of deformation twins and shear band
deformation in the sample, which helps\to weaken the textures formed due to rolling deformation, thereby

reducing the texture intensities,improving the isotropy of the sample, and enhancing its plastic deformability.

Goss Brass A Rotated Goss Copper S Brass
(a) (b)
15} —=—CR1 15
—e—CR2
——ER1
20| RN £10
(2] (2]
c c
3 3
£ £
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Figure 8. Comparison of polar density strength between conventionally rolled samples and samples rolled under a pulsed current. (a) o-
orientation line. (b) B-orientation line.

3.3 Phase analysis

Figure 9 shows the XRD results and the volume fractions of martensite in conventionally rolled samples

oNOYTULT D WN =

9 and samples rolled under a pulsed current after each pass. As shown in Figure 9(a), the'inténsity of the
austenite diffraction peak in conventionally rolled samples gradually decreases with an incteasing number of
12 rolling passes, while the intensity of the martensite diffraction peak gradually increasés. By comparing with
14  Figure 9(b), it can be seen that the volume fraction of martensite in conventionally rolled samples
16 continuously increases with increasing cumulative deformation. Compared withithat in'the CR1 sample, the
volume fraction of martensite in the CR3 sample is increased by 4.32%.

19 As shown in Figure 9(a), the application of a pulsed current during rollinghas a great impact on the
21  diffraction peak intensity of each phase. For the same number of rolling passes, the intensity of the austenite
diffraction peak in the sample rolled under a pulsed current is obviously greaterithan that in the conventionally
24 rolled sample, while the intensity of the martensite diffractionmpeakiisdnarkedly less than that in the
26  conventionally rolled sample. As shown in Figure 9(b), the velume fraction of martensite in the ER1 sample
28 18 3.37% less than that in the CR1 sample, and the volume fraction on martensite in the ER3 sample is 6.02%
less than that in the CR3 sample. Moreover, for the same rolling deformation, the volume fraction of martensite
31 in the sample rolled under a pulsed current is markedly,lower than that in the conventionally rolled sample.
33 Specifically, the volume fraction of martensite in the ER1 sample is reduced by 5.13% compared to that in the
35 CR2 sample of the same thickness, while the volumefraction of martensite in the ER2 sample is reduced by
6.97% compared to that in the CR3 sample of the same thickness. It can be seen that pulsed current-assisted

38  rolling can significantly inhibit the transformation of austenite into martensite in the rolled samples.
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42 1600
43 W [LCcr3 I 7 N g
44 ; 1600 g
“ Pl e X, | 2

> 1600 o
46 » 800 | 7, 7 b
47 2 “[cr2 J? ‘N _a 7 e

2 1600 5
48 £ L =
49 *° | ERA A y 9

1600
50 L 7
o R 4 7 N 2
52 300 40 50 60 70 80 90 100
53 26/° Rolling pass
gg Figure 9. Comparison of phases between conventionally rolled samples and samples rolled under a pulsed current. (a) XRD pattern. (b) Volume
fraction of martensite.

56
;73 3.4 Mechanical properties
59 . . . . .
60 Figure 10 shows a comparison of the tensile properties between conventionally rolled samples and
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samples rolled under a pulsed current. As shown in Figure 10(a), there are significant differences in the tensile

curves of each sample, with different tensile strengths (TS) and elongations (EL). With an increase in the
number of rolling passes, both the conventionally rolled samples and the samples rolled under a pulsed current
exhibit an increase in tensile strength and a decrease in elongation. Specifically, the strength and. elongation
of the CR1 sample are 1 168 MPa and 10.5%, respectively, while the strength of the CR3 sample is incréased
to 1 426 MPa and its elongation is decreased to 3.1%. Similarly, the strength and elongation of the ER1 sample
are 1 118 MPa and 16.3%, respectively, while the strength of the ER3 sample is increased to 1 315 MPa and
its elongation is decreased to 3.3%. These results also show that the strength ofisthe conventionally rolled
samples is greater than that of the samples rolled under a pulsed current under'the same number of rolling
passes, and the elongation of the former is less than that of the latter, as shown.in the inset figure in Figure
10(a). _

Figure 10(b) shows a comparison of the mechanical properties of TRIP steelf316 stainless steel, and IF
steel [32-34], where the strength and elongation of the materials aresinversely proportional to each other. The
comparison of strength and elongation shows that the ultra-thinstrip of electrically rolled SUS304 stainless
steel produced in this study has good combined strength and elongation performance, which strongly supports
the fact that the pulsed current-assisted rolling of ultra-thin strips pro.vides an effective avenue for obtaining
ultra-thin strips with controllable and exceptional mechanical performance.

Figure 11(a) presents a comparison of the strengthhand elongation of conventionally rolled samples and
samples rolled under a pulsed current to reach the'same rolling deformation. Compared to that of the
conventionally rolled samples, the strength of the samples rolled under a pulsed current is slightly lower, while
the elongation is significantly greater. An particular, the strength of the ER2 sample is lower by 17.3% than
that of the CR3 sample of the same thickness; while its elongation is increased by a factor of 1.55; similarly,
the strength of the ER1 sample is lower by 12.0% than that of the CR2 sample of the same thickness, while
its elongation is higher by a factor of 1 .9?These results indicate that the samples rolled under a pulsed current
have excellent strength and faverable elongation.

Figure 11(b) shows the"Vickers microhardness test results for each sample. The microhardness of the
CR3 sample is higher by 45 HV than that of the CR1 sample, and that of the ER3 sample is higher by 54 HV
than that of the ER1 sample. For the same number of rolling passes, the microhardness of the samples rolled
under a pulsed current ds cleéarlylower than that of the conventionally rolled samples. Specifically, the
microhardness of the ERl.sample is lower by 29 HV than that of the CR1 sample, and the microhardness of
the ER3 sample is lower by 20 HV than that of the CR3 sample. Moreover, the microhardness of the samples
rolled under a pulsed current is markedly lower than that of the conventionally rolled samples with the same
rolling deformation. The microhardness of the ER1 sample is lower by 43 HV than that of the CR2 sample of
the same thickness, while the microhardness of the ER2 sample is lower by 37 HV than that of the CR3 sample
of the same thickness. These results indicate that pulsed current-assisted rolling can significantly reduce the
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microhardness of SUS304 ultra-thin strips.
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Figure 10. Comparison of mechanical properties. (a) Engineering stress-strain curves of conventionally rolledisamples and samples rolled under
a pulsed current. (b) Comparison of fracture strain and tensile strength in TRIP steel [32], 316 steel [331]; and IF steel [34] as reported in the
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Figure 11. Comparison of mechanical properties between conventionally rolled samples and samples rolled under a pulsed current to the same
thickness. (a) The tensile strength and elongation of the ER and CR samples. (b) The microhardness of each rolled sample.

N
Figure 12 shows the tensile/fracture morphologies and section shrinkage rates of the conventionally

rolled samples and the samples rolled undera pulsed current. The fracture morphology of each sample contains

many ductile dimples, which are the main morphological features of metal ductile fracture [35]. As shown in

Figure 12, the tensile fracture morphologies of the conventionally rolled samples also exhibit many scattered

flat surfaces, which arecaused by an uneven microstructure and the accumulation of dislocations. With

increasing rolling deformation, thesnumbers of ductile dimples in the tensile fracture surfaces of both the

conventionally rolled samples and the samples rolled under a pulsed current gradually decrease, and the

section shrinkage rates gradually increase. The section shrinkage rate of the CR3 sample is as high as 83.6%,

which indicates severe strength shrinkage. Combined with the elongation of each sample shown in Figure

10(a), it can be seen that the CR3 sample has the smallest elongation and the lowest plastic deformability,

whichrindicates that stress concentrations can easily form in the material during tensile deformation, resulting

in necking to fracture.
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Upon comparing the fracture of the conventionally rolled samples and the samples rolled under a pulsed

current to the same rolling deformation, it is found that the ductile fracture area of the ER1 sample is
significantly larger than that of the CR2 sample. The section shrinkage rate of the ER1 sample is only 33.6%,
which is notably lower than that of the CR2 sample. A greater section shrinkage rate means, that stress
concentrations can be more easily produced in the material during deformation, which deads to necking
fracture and decreases the plastic deformability [36]. Judging from the section shrinkage rate of each sample,
the ER1 sample possesses the greatest ductility. This finding corroborates the results for the tensile
deformability of each sample shown in Figure 10(a), and further supports the conclusion that pulsed current-

assisted rolling improves the plastic deformability of SUS304 ultra-thin strips.

Figure 12. Tensile fracture morphologies of conventionally rolled samples and samples rolled under a pulsed current. (a) CR1. (b) CR2. (c)
CR3.(d)ERI. (e) ER2. (f) ER3.

4 Discussion N

The results of the present study show that pulsed current-assisted rolling can restore the ductility of 304
ultra-thin strips, consistent with the results of Lyashenko et al. [37], who found that pulsed current-assisted
rolling helped to maintain better ductility in copper strips. Pulsed current-assisted rolling can increase the
thickness reduction in€ach pass,reduce the degree of work-hardening and improve the plastic deformability
of the processed piece.

Since work-hardening'is usually considered closely related to uniform flow resistance, to quantitatively
characterize the effect of pulsed current-assisted rolling on the work-hardening degree of each sample, the
work-hardening index n and the strain-hardening rate do/de were calculated using the Hollomon equation
based on the true stress-strain curve:

o=Ke" (D

where K is the strength coefficient, o is the true stress, and ¢ is the true strain. The work-hardening
15
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parameters and mechanical property parameters of each sample are shown in Table 4. The work-hardening

index is an important indicator reflecting the tensile ability of a material. A larger work-hardening index
indicates that the sample is capable of producing greater uniform deformation [38]. The work-hardening index
and strain-hardening rate of the ER1 sample are the largest, which indicates that the ER1 sample has better
uniform plastic deformability. It is also observed that the work-hardening degree of the ERT sample after
rolling deformation is the smallest. The CR3 sample has the smallest work-hardening index, the highest tensile
strength and the smallest elongation, indicating that the work-hardening degree of the, CR3 sample is the
largest. These results indicate that the pulsed current-assisted rolling can indeed reduce the wotk-hardening of

the rolled samples.

Table 4. Work-hardening parameters and mechanical property parameters of conventionally rolled samples and samples rolled under a pulsed.

current.

~
Sample name CR1 CR2 CR3 ERI1 ER2 ER3
n ~ 0.086 ~ 0.046 ~ 0.019 ~ 0.187 < 0.079 ~ 0.054
do'/dg/MPa ~ 14.29 ~ 11.09 ~ 437 ~»18.83 ~ 15.25 ~ 8.08
TS/MPa 1 168+ 14 1 27111 1 426+35 10118+21 1 179+19 1 315+12
EL/% 10.5+1.1 5.6%0.7 3.1£04 16.3%1:3 7.910.4 3.3x0.2

The work-hardening of SUS304 ultra-thin strips is mainly eaused by dislocation strengthening, phase
transformation strengthening, twin strengthening, and grain refinement (grain boundary strengthening) during
plastic deformation. Pulsed current-assisted rolling can teduce the degree of work-hardening of the samples,
so it is speculated that the pulsed current affects the degree of work-hardening by altering the microstructures
of the samples. The mechanisms by which pulsed.currentaets on the various microstructures of rolled samples
are discussed separately below. To observe the effects of a pulsed current on the microstructures more
intuitively, TEM tests were conducted on"twaisamples with the same rolling deformation, the CR2 and ER1
samples. Figure 13 shows the TEM images of the CR2 and ER1 samples, as well as the corresponding SAED
patterns and HRTEM images. y
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(200) (-

Figure 13. TEM images of conventionally rolled samples and samples rolled under a pulsed current. (a) and (b) Bright field images of the CR2
sample. (c) SAED pattern of the rectangular area marked by the yellowdotted framein'(a). (d) HRTEM image of the rectangular area marked by
the yellow dotted frame in (a). (¢) and (f) Martensite in the CR2 sample. (g).and (h) Bright field images of the ER1 sample. (i) SAED pattern of
the rectangular area marked by the yellow dotted frame in (g). (j) HRTEM image of the rectangular area marked by the yellow dotted frame in
(g). (k) Martensite in the ER1 sample. (1) HRTEM image of the elliptical area marked by the red dotted frame in (k).

Figure 13(a)-(d) show that the CR2 sample ¢ontains many stacking faults with fine intercepted units,
and the martensite is observed between the stacking fault units, indicating that stacking faults and martensitic
phase transformation are the main deformation mechanisms involved in the conventional rolling process of
SUS304 ultra-thin strips. Under the samedeformation, the stacking fault density of the ER1 sample decreases,
as shown in Figure 13(g) and (h). And nano twins are also observed in Figure 13(i) and (j). The increased
proportion of twins in the samples rolled under a pulsed current suggests that the source of the deformation
mechanism shifts to stacking faults and twinning during the pulsed current-assisted rolling process. Based on
the quantitative statistics of the LAGBs (Figure 6) and the GND density (Figure 5) in each sample, it can be
concluded that the proportion of LAGBs and the GND density in the ER1 sample are lower than those in the
CR2 sample. A larger proportion of LAGBs indicates that dislocation motion will be more entangled and
hindered [39]. Under the same deformation, the decrease in the proportion of LAGBs and the dislocation
density in the samplerolled under a pulsed current indicates that the application of a pulsed current can reduce
the density of stacking faults within the sample. Due to the effect of the pulsed current, the energy of atomic

motion inside the material is increased, the driving force of dislocation motion is increased, the release of

entangled dislocations is promoted, and the pinning is loosened, thereby reducing the dislocation density in
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the rolled sample [40-41]. Thus, the application of a pulsed current during rolling reduces the degree of work-

hardening of the sample by reducing its dislocation density.

As the rolling deformation increases, many slip shear bands formed by the accumulation of dislocations
appear in the material, as shown in Figure 4. Ferrira et al. [42] claimed that such slip shear bands are a
prerequisite for deformation-induced martensitic phase transformation, with the intersections of the slip'shear
bands being the nucleation points for martensite. According to the SAED pattern in ‘Figure 13(c), fine
martensite formed within the layered area of the CR2 sample. In addition, there is lath.martensite with the
width of 50 nm ~ 100 nm within the grains of the CR2 sample (Figure 13(e) andi(f)). As shown in Figure
9(b), the volume fraction of martensite in the ER1 sample is significantly lowerthan thatin the CR2 sample.
It is seen from Figure 13(f) and (k) that pulsed current-assisted rolling, significantly inhibited the
transformation of austenite to martensite. The observations show that the applicationrof a pulsed current during
rolling reduces the degree of work-hardening of the rolled samples‘by inhibiting the martensitic phase
transformation.

With increasing rolling deformation, the interaction between. dislecations, deformation twins, and
martensitic phase transformation leads to fragmentation of the.deformed grains [43]. Under the same rolling
deformation, the grain crushing in the CR2 sample is more serious, Xvith an average grain size of only 8.98
um (Figure 5). On the one hand, the pulsed current promotes the separation and annihilation of dislocations,
and reduces dislocation proliferation, leading to a decrease in the number of fragmented grains within the ER1
sample. On the other hand, the pulsed current facilitates.the temperature rise of the sample, which contributes
to grain growth. Consequently, the average grain size'in the ER1 sample is 12.24 um. Combined with the
comparison of the total grain boundaryslength in eachisample shown in Figure 6, it can be seen that the total
grain boundary length in the CR2 sampless significantly greater than that in the ER1 sample. Together, these
results show that the application of a pulsed current during rolling reduces the degree of work-hardening of
the rolled samples by reducing grain frag\mentation and the total grain boundary length.

Pulsed current-assisted rolling of SUS304 ultra-thin strips can reduce the work-hardening of the rolled
samples by reducing the stackingfault density, inhibiting the martensitic phase transformation, and reducing
the total grain boundary length. At the same time, the pulsed current can promote the formation of deformation
twins in the rolled samples, but this has little strengthening effect. For the dislocation density of samples rolled
under a pulsed cutrenty pulsed current promotes sample softening at elevated temperature, enhances
dislocation activity, freesidislocations from relatively weak constraints, and promotes dislocation motion [44].
Additionally, the pulsed current induces free electron drift, and the drifting electrons generate an additional
thrust on dislocations, helping dislocations overcome obstacles, releasing dislocation entanglement, reducing
the proliferation of dislocations, and promoting dislocation cancellation and rearrangement [45]. For the
martensitic phase transformation of samples rolled under a pulsed current, pulsed current induces an increase
in sample temperature, which helps to increase the stability of austenite and reduce the amount of martensitic

18

https://mc04.manuscriptcentral.com/ijem-caep



Page 19 of 21 International Journal of Extreme Manufacturing

oNOYTULT D WN =

Template for JEM
phase transformation [46]. Moreover, a pulsed current promotes the precipitation of solute atoms from the

material, increases the stacking fault energy, expands the cross-slip of dislocations, and reduces martensitic
nucleation [18].

In summary, pulsed current-assisted rolling helps to reduce the work-hardening of SUS304 ultra-thin
strips, decrease the deformation resistance, increase the rolling reduction rate, reduce the number of rolling
passes, and improve the rolling efficiency, and is expected to help overcome the present limitations on the
minimum rollable thickness of ultra-thin strips. It is therefore an effective method for the production of ultra-
thin strips with excellent mechanical properties that are highly efficient and environmentally friendly and save

energy.

5 Conclusions
~

In this work, pulsed current-assisted multi-pass rolling deformation. tests were carried out on SUS304
ultra-thin strips. Through comparisons with conventionally rolled samples, processed under the same
conditions, the resulting differences in microstructure and mechanieal properties were studied, and the effect
of the pulsed current on the work-hardening degree of the rolled samples was analyzed. The main conclusions
are as follows: y

(1) The rolling reduction rate of the conventionally rolled sample subjected to only one rolling pass was
33.8%, while the rolling reduction rate of the sample subjected to one rolling pass under a pulsed current was
41.5%. Moreover, the deformation achieved in one rolling pass under a pulsed current was approximately
equivalent to the cumulative deformation in two passes of conventional rolling. This finding indicates that
pulsed current-assisted rolling can significantly increase the rolling reduction rate of SUS304 ultra-thin strips,
reduce the number of rolling passes, and-help.to improve production efficiency.

(2) The pulsed current can promote dislocation detachment, reduce the stacking fault density, decrease
the martensitic nucleation caused by disBcation accumulation, increase the austenite stability, and inhibit the
martensitic phase transformation. The dislocation density and the volume fraction of martensite in the ER1
sample are 9.64 X 10 m~2 and 0.92%, respectively, which are 41.3% and 84.8% lower than those in the
CR2 sample with the same rolling deformation.

(3) Compared with-econventionally rolled samples of the same thickness, samples rolled under a pulsed
current have a lower stacking fault.density, a smaller volume fraction of martensite, and a shorter total grain
boundary lengthyCorresponding to a lower degree of work-hardening. The ductility of the samples rolled under

a pulsed current was restored to approximately 16.3%, while maintaining a high tensile strength of 1 118 MPa.
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