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Abstract

It is difficult to effectively improve the low bonding strength of TA1/304 clad plates. This study proposes a new
process for applying pulse current (1500 A, 500 Hz, 50% duty cycle) to TA1/304 clad plates during the rolling process,
which changes the interface microstructure and effectively improves the bonding strength of the clad plates. The
influence of the pulsed current on the interface microstructure and bonding strength was systematically studied.

The results indicate that the clad plate is initially bonded at 750 °C and 35% reduction ratio under electrically-assisted
rolling (EAR), and finally the higher bonding strength is obtained at 850 °C and 48% reduction ratio, reaching 395 MPa.
The strengthening of the interface element diffusion and grain refinement under the action of the pulsed current are
important reasons for the improvement in the bonding strength of the clad plate. This discovery provides new ideas

strength

for the preparation of clad plates with high bonding performance.
Keywords TA1/304 clad plates, Electrically-assisted rolling (EAR), Element diffusion, Microstructure, Tensile shear

1 Introduction

Titanium/steel clad plate exhibits the excellent corrosion
resistance of titanium and the good mechanical prop-
erties of steel. It has important applications in marine
engineering, aerospace, petrochemicals, and other fields.
Researchers have explored a variety of techniques for
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preparing high-performance titanium/steel clad plates.
Among them, the rolling process has high production
efficiency, safety, and stability and is expected to become
the mainstream process for the preparation of titanium/
steel clad plates in future industrial production.

At present, owing to the significant differences in the
physical properties and metallurgical incompatibility
between titanium and steel, there is a problem of defor-
mation incompatibility during rolling. Large residual
stresses and brittle intermetallic compounds are gen-
erated at the interface, resulting in relatively low bond-
ing strength between titanium and steel. Therefore,
researchers have primarily focused on adjusting the roll-
ing process to improve the interfacial bonding strength
of titanium/steel clad plates. Changing the reduction
ratio and rolling temperature are the two most impor-
tant methods. It is found that breaking the metal oxide
film can be achieved by increasing the reduction ratio,
and the hard and brittle precipitates such as TiC formed
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at the interface can be broken and dispersed to enhance
the interface bonding strength [1]. However, it is dif-
ficult to ensure the coordinated deformation of the two
metals under a high first pass reduction ratio, which
makes the clad plate micro-crack expand, and the allow-
able rolling force of the rolling mill is put forward higher
requirements.

Controlling the bonding strength of titanium/steel clad
plates using temperature has become a popular research
topic. Zhao et al. [2] studied the effect of temperature
on the mechanical properties of cold spray-assisted hot-
rolled titanium/steel clad plates in the range of 850—
1050 °C. The results showed that the bonding strength
decreased significantly with the increase of temperature
above 950 °C. At the same time, it was proved that brit-
tle compounds (Fe-Ti, TiC) control the properties of tita-
nium/steel clad plates, and the 4 um thick diffusion layer
exhibits poor mechanical properties at 1050 °C. Yu et al.
[3] combined TA2 and Q235B by rolling at 850 °C, and
the shear strength reached 271.2 MPa at a 68% reduc-
tion ratio. However, the interface shear strength of TA2/
Q235B clad plates prepared at 950 and 1050 °C decreased
significantly, which was due to the formation of brittle
compounds of Fe-Ti and TiC in the ferrite region near
the interface at higher temperatures. It can be seen that
the bonding performance of the clad plate is improved by
adjusting the rolling temperature, but high temperatures
caused the interface compound to grow too fast, easily
causing cracks and spontaneous expansion, resulting in
the failure of the clad plate, especially when the tempera-
ture is higher than the phase transition point of o-Ti [4].

In recent years, the concept of electrically assisted
processing (EAP) has been proposed, which is consid-
ered a promising processing technology, and has gradu-
ally become an important development direction in the
field of metal forming manufacturing. Researchers have
attempted to introduce a pulsed current into the rolling
process of a single material and achieved good results.
Xu et al. [5] found that an AZ31 strip produced by elec-
troplastic rolling (ER) has a lower deformation resistance
and better toughness. Kuang et al. [6] carried out single-
pass large-strain electroplastic rolling (LSER) of an AZ31
alloy with different pulsed current densities. They believe
that the nonthermal effect of the pulse current on the
deformation mechanism makes LSER an effective texture
modification technology for magnesium alloys, which
can improve formability. In recent years, pulsed current
has been applied in the preparation of dissimilar metal
composite plates to obtain better bonding properties.
However, there are few related studies, and the content of
this study is relatively simple. Guo et al. [7] first studied
the effect of a pulse current on the bonding strength dur-
ing the rolling process of composite plates, then explored
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the influence of a pulse current on the bonding strength
of composite plates at different temperatures and reduc-
tion ratios. This study did not further investigate the
effect of the pulse current on the matrix microstructure.
Zhang et al. [8] applied pulse current-assisted rolling
welding (PCARW) technology to manufacture Mg/Al
alloy plates and found that metal droplets were formed at
the interface at high temperatures and squeezed during
rolling, resulting in a serrated morphology in the inter-
face transition layer. However, there is a lack of research
on the microstructure. Ren et al. [9] studied the effects
of current density and annealing time on the mechani-
cal properties of TA1/304 stainless steel-clad plates by
pulse-current post-treatment. The best mechanical prop-
erties were obtained when the current density was 25.3
A/mm? and the time was 1 min. However, systematic and
in-depth research on electrically assisted rolling (EAR)
is lacking, and its internal mechanism requires further
study. For example, the influence of microstructure on
the diffusion of interface elements, matrix strength, and
interface bonding strength is very important. It is nec-
essary to analyze the contribution of current to the dif-
fusion of interface elements and dislocation motion in
combination with the microstructure, using a method
such as electron backscatter diffractometry (EBSD).

This paper proposes a new hot-rolling process for
titanium/steel clad plates. Using a modified rolling mill,
a pulsed current was completely applied to the tita-
nium/steel plates of the asymmetric billet during the
rolling process. Then, in the temperature range of 750—
900 ‘C, EAR tests with reduction rates of 35% and 48%
were carried out, with current parameters of 500 A,
1500 Hz and 50% duty cycle. The effects of the pulsed
current on the interface microstructure and shear
strength of the clad plates were systematically analyzed.
The internal mechanism of the improvement in the
interface bonding strength of the clad plates under the
action of pulsed current was revealed.

2 Materials and Methods

2.1 Materials

Commercial-grade pure Ti (TAl) and 304 stainless
steel were used as raw materials; their chemical com-
positions are listed in Table 1. The TA1 was 100 X 60 X
2 mm, and the sizes of the 304 stainless steels were 120
X 60 X 3 mm and 140 X 60 X 1 mm. The 3 mm thick
steel was used to form billets with TA1, and the 1 mm
thick steel was used to connect the copper brush. The
3 mm thick 304 stainless steel was longer than the TA1
to avoid cracking caused by secondary welding during
the subsequent billet assembly process.
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Table 1 Chemical composition of 304 stainless steel and TAT (w.t.%)
Materials C Si Mn P S Ni Fe Cr Cu Ti
304 0.052 0.36 0.89 0.032 0.002 8.083 Bal. 18.089 0.155 0.008
TA1 — — — — — — 003 — — Bal.
(€Y, insulation screw copper
Vacuum furnace Cop rlmlsh - i

'\; _ Roller

304 guide plate
Pulsed pomcr supply
(‘unie line

Slab assembly of Ti and steel

Temperature/°C

‘ Protected by argon

CuyNizg as Sampling position
. 304 ]_”

304 850°C. 900°C EAR process

Holding 1.5h

B 29999 PN

Figure 1 The schematic diagram of the composite plate rolling
compound process

rature

2.2 Test Method and EAR Equipment Introduction

Figure 1 shows a flowchart of the billet and rolling
process. Before assembly, the surfaces of the 304 and TA1
plates were polished with a flap disc and plate grinder
to remove metal surface oxide, repeatedly cleaned with
alcohol, and immediately dried. The treated plates were
stacked in double layers, and a Cu70Ni30 welding wire
was used to perform gas tungsten arc welding (GTAW)
with an 80 A welding current under argon gas to achieve
a double-layer plate assembly. A 304 stainless-steel plate
with dimensions of 140 X 60 X 1 mm was welded on both
sides of the stainless steel to facilitate the application of
a pulse current. Then the prepared billets were put into
the heating furnace at a gradient interval of 50 °C at
750-900 C for 1.5 h, shielded by argon gas. Subsequently,
the heated blank was pushed into the fixture for pulse
current-assisted rolling. The current parameters in the
rolling process were set to 500 A, 1500 Hz and 50% duty
cycles. Through single-pass hot rolling, the reduction
ratios reached 35% and 48%, and the rolling speed was
0.12 m/s. Finally, all the clad plates were cooled to room
temperature.

The rolling mill required modification to ensure
that the pulse current flows through the rolling zone
completely during the rolling process. As shown in
Figure 2, pulse-current application fixtures were set at
the entrance and exit of the rolling mill (Figure 2a, b), and
the current was applied through the contact between the
copper brush and the slab. Simultaneously, the contact
part between the fixture and frame was connected to
the insulating screw through the insulating plate, which

Figure 2 Rolling mill modifications: a The entrance of rolling mill, b
The exit of rolling mill, ¢ The front of the slab after assembly, d The
flank of the slab after assembly

not only ensured the safety of the experiment, but also
reduced the current loss during the experiment as much
as possible. The elongated 304 stainless-steel guide plate
ensured that the billet (Figure 2c, d) was rolled with
the assistance of a pulse current throughout the rolling
process.

2.3 Tensile Shear Test and Microstructure Characterization
The samples used for the tensile-shear test and
microstructure characterization were prepared using
wire electrical discharge machining along the rolling
direction of the plate. The shear strength was calculated
by t = F/S, where 1 was the strength (MPa), F was the
loading force (N), S was the lap area (mm?), and the
tensile shear specimen was shown in Figure 3. An Instron
Series 5969 testing machine (Instron Ltd., Norwood,
MA, USA) was used at room temperature at a pull rate
of 1 mm/min. Three samples from each condition were
tested to ensure the repeatability of the results.

The interface characteristics of the samples were
observed using a scanning electron microscope (SEM,
JOEIT500, JEOL Ltd., Tokyo, Japan) equipped with an
energy dispersive spectrometer (EDS) and EBSD. The
samples for microstructural observation were ground
with emery papers up to No. 2000 and polished with a
SiO, suspension having a particle size of 0.04 um. The
EBSD samples were initially polished for 1 h with a 2.5 kV
ion beam on a Leica RES101 (Leica, Wetzlar, Germany).
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Figure 3 The schematic diagram of the samples for the tensile shear
test

At 20 kV and 0.5 um steps, the corresponding EBSD data
were obtained by SEM, and then the data were analyzed
by Channel 5 and Aztec Crystal software.

3 Results

3.1 Interface Structure

Figure 4a—d shows the SEM images of the interface at a
35% reduction ratio. The thickness of the TA1 layer was
measured under different rolling conditions, and the
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ratio of the TA1 layer thickness to the total thickness was
calculated. The statistical results are shown in Figure 5.
The thickness of the TA1 layer accounts for about 41%
under different working conditions. Evidently, the EAR
did not significantly change the thickness ratio of the
TA1/304 clad plates. Figure 4e—h shows the scan routes
of the interface. When the temperature is 800 °C, the
conventional rolling (CR) interface element diffusion is
about 1.3 pm, and the EAR interface increases to 1.6 pm.
At 850 °C, the element diffusion at the CR interface
is about 1.7 pum, and the EAR interface increases to
2.0 um (Figure 4i-1 EDS line scan results). Therefore, the
EDS results show that the EAR leads to a more intense
diffusion of elements.

3.2 Microstructure Evolution

It is not difficult to see that there are significant
differences in element diffusion in Figure 4, and this
difference is mainly due to the change in the matrix
microstructure. Therefore, microstructural analysis
of the steel-side matrix is helpful for understanding
the influence mechanism of the current on the
microstructure and element diffusion. Therefore, EBSD
analysis was first performed on steel near the interface
at a 35% reduction ratio. The sampling position is shown

850°'C-CR

IlJSOpm
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1309pm
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Figure 4 a-hThe SEM images of the clad interface with a reduction ratio of 35%, i-1 EDS line scan curves corresponding to red lines segment

marked in panels (e-h)
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Figure 5 Statistics of the thickness proportion of each layer of Ti/
steel clad plates at the reduction ratio of 35%

in Figure 6. Figure 7 shows the EBSD results, including
the grain size maps (a—d), kernel average misorientation
(KAM) maps (e-h), and grain boundary distributions
(i-1) of the TA1/ 304 plates under different conditions. As
shown in Figure 7a—d, when plastic deformation occurs,
the geometry and orientation of the grains change,
resulting in uneven grain orientation. After rolling
deformation, the grains are elongated and more obvious
at 850 °C.

The KAM diagrams in Figure 7e—h reflect the distribu-
tion and difference in the local strain in the microstruc-
ture. KAM is also useful for calculating the geometrically
necessary dislocation (GND) density in crystalline mate-
rials, and reflects the local dislocation density of the
material. The higher the value, the greater the degree
of local plastic deformation and the higher the disloca-
tion density of the material [10]. A large number of local
strains caused by rolling deformation are observed on
the stainless steel side after rolling, and the average KAM
increases from 0.94 ° to 1.11° at EAR and 800 °C. At 850
°C, the average KAM increases from 1.06° to 1.41°. Over-
all, the local strain distribution under the CR condition
was not uniform, the local strain under the EAR condi-
tion was significantly improved, and the uniformity of the
dislocation distribution was improved.

Figure 7i-1 shows the distribution maps of the low-
angle grain boundaries (LAGBs) and high-angle grain
boundaries (HAGBs). Among them, the part with grain
boundary misorientation of 2°~15° was defined as LAGB,
and the part with grain boundary misorientation greater
than 15° was defined as HAGB. It can be observed from
the figure that at the same temperature, the LAGBs
on the steel side under EAR conditions increased
significantly. When the rolling temperature was 800 °C,

Page 5 of 16
TAl
Steel RN

RD

Figure 6 EBSD sampling location

the proportion of LAGB in the 304 stainless steel layer
under the action of pulse current increased from 46.6% to
52.2%, and the average orientation difference decreased
from 40.70° to 38.74°. When the rolling temperature is
850 °C, the proportion of LAGBs in the stainless steel
layer increased from 59.4% to 70.7%, and the average
grain boundary misorientation decreased from 36.49° to
32.57°. The statistical results are shown in Figure 8c—d.

Figure 9 shows the EBSD results near the interface
after conventional rolling and pulse current assisted
rolling at 850 °C and a 35 % reduction ratio. As shown
in Figure 9a, d, the interface after rolling showed good
bonding quality without pores or cracks, but the grain
size on both sides of the interface changed significantly.
The grain size of the TA1 side after CR was 5.07 um, and
the grain size of the TA1 side after EAR was 8.52 ym. In
addition, the grain distribution was not uniform near
the interface after EAR, and obvious shear bands and a
large number of fine-grained zones were observed. The
grain deformation on the steel side after EAR was larger,
showing an elongated state, and the grain size was 25.4
pum, which is significantly smaller than the 32.2 pm of
CR. It can be seen that the effect of current on the grain
refinement of the matrix is significant.

To clarify the distribution of dislocations in the
TA1/304 clad plates after EAR, the KAM method was
used to calculate the local misorientation on both sides of
the interface from the EBSD data (Figure 10). For calcu-
lating local misorientation, the range of grain boundary
misorientation was limited to less than 2°, because the
misorientation of grain boundaries greater than 2° was
caused by grain boundaries, not by GND pile-up. The
strain gradient theory established by Gao et al. [11] and
Kubin et al. [12] was used to calculate GND density.

enp _ 20

b (1)
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Figure 7 EBSD results of the 304 said at interface: a—d grain size maps, e-h KAM maps, i-I grain boundary distributions

where p is the GND density, 0 is the local misorientation,
b is the Burgers vector, y is the scanning step (0.5 pm).
The calculation results for the GND density near
the TA1/304 clad plate interface under CR and EAR
conditions are shown in Figure 9c, f, respectively. It can
be seen that the GND density near the interface under
different rolling processes is significantly different, and
the GND density on the steel side under EAR is obviously
higher than that under CR.

Figure 11 shows the average GND density statistics
of the matrix on both sides under different working
conditions. The GND density of the steel layer under EAR
(5.84 x 1014 m™%) was higher than that under CR (4.94 x
1014 m™). In contrast, the GND density of the TA1 layer
under the EAR (4.67 x 1014 m™) was lower than that
under the CR (5.41 x 1014 m™). From these results, it
can be observed that there was a difference between the
strengthening of the TA1 and 304 layers during the EAR
process. The increase in the interface deformation led to
grain refinement on the TA1 side and an increase in the
dislocation density on the 304 side.

Figure 12 illustrates the distribution of recrystallized,
sub-structured, and large deformed grains. On the TA1
side of CR, the proportion of deformed grains was 37.08%
and the recrystallized grains were evenly distributed
throughout the TA1 layer (Figure 12a). Compared to
CR, the proportion of deformed grains on the TA1 side
under EAR was reduced to 27.45%, and the recrystallized

grains were concentrated in the fine grain region near the
interface (Figure 12d). In contrast to TA1, the proportion
of deformed grains on the 304 side at CR was 42.23%, and
the proportion of deformed grains at EAR increased to
69.37%.

3.3 Mechanical Property

The tensile-shear properties of the TA1/304 clad plates
were tested under different working conditions, and the
results are shown in Figure 13. Figure 13a shows the
tensile shear curve for a 35% reduction under different
rolling conditions. The clad plate was initially combined
at 750 °C under EAR, but the shear strength was only
113 MPa. As the rolling temperature increased, the shear
strength increased significantly. At 800 °C, the shear
strengths were 260 MPa under CR and 287 MPa under
EAR. At 850 °C, the shear strengths were 297 MPa under
CR and 338 MPa under EAR.

Figure 13b shows the tensile shear curves at 48% reduc-
tion under different rolling conditions. The tensile shear
strength increased with the reduction ratio. The bond-
ing strength of the clad plate is significantly improved
at 750 °C under EAR, reaching 179 MPa. Increasing the
temperature remains an effective way to improve the
bonding strength. The shear strength increased from
327 MPa to 36 8MPa under CR at 800 °C and from 319
MPa to 395 MPa under EAR. However, the tensile shear
strength decreased when the temperature reached 900
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°C, yielding at 225 MPa and 284 MPa under CR and EAR
conditions, respectively.

Figure 13c shows the typical tensile-shear fracture
characteristics of the TA1/304 clad plates under different
conditions. Under the condition of 750 °C-35%-EAR, the
fracture surface was parallel to the rolling direction (RD).

B 30 laver |

§3%: 54 Iron bee

ize maps and histogram; b, e phase maps; (c), f GND distributions

Under the condition of 850 °C-35%-EAR, the fracture
was 15° to the RD, and under the condition of 850 °C -48
%-EAR, the fracture was 21° to the RD. Overall, the shear
properties of TA1/304 clad plates were improved under
the action of pulse current below 850 °C, and the shear
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strength began to decrease when the rolling temperature
was higher than 850 °C.

3.4 Fracture Morphology
Figure 14 shows the experimental results and fracture
morphologies under different rolling conditions at

750 °C. As shown in Figure 14a, when the reduction
ratio was 35%, the interface between TA1 and 304 under
CR showed obvious cracking and no bonding, while
under EAR, the interface between TA1l and 304 was
obviously bonded. Figure 14b—d shows the shear section
morphology and surface scanning results under a 35%
reduction ratio and EAR conditions. The fracture surface
exhibited a small amount of island matrix residue.
Surface scanning results showed that the residue was a
TA1 matrix. After the reduction ratio was increased to
48%, the SEM morphology showed that a large amount
of TAl matrix tearing remained on the steel side
(Figure 14e—g), suggesting an increased bond strength.
Figure 15 shows the shear fracture morphology of the
steel side under different rolling conditions at 800 °C.
When the reduction ratio was 35%, there was a small
amount of island TA1 matrix residue on the steel side of
the shear fracture under CR conditions. Under the EAR
condition, a large area of TAl matrix tearing remained
in the shear section. When the reduction ratio was
increased to 48% in the CR process, there was a large
area of TA1 matrix tearing residue in the lower section,
and dimples were found on the TA1 matrix. Similarly, the
coverage area of the TA1l matrix increased under EAR
conditions. In general, the shear fracture of TA1/304 clad
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plates at 800 °C was caused by interface fracture and TA1
matrix tearing, and EAR increased the proportion of TA1
matrix tearing.

Figure 16 shows the shear fracture morphology of the
304 side under different rolling conditions at 850 °C.
When the reduction ratio was 35% under CR conditions,
the area of TA1 matrix tearing on the steel side of the
shear fracture accounted for approximately half of the
entire shear area. The area of TA1 matrix tearing under
the EAR condition increased significantly; however, there
was still a small amount of interface cracking.

When the reduction ratio was 48%, the fracture section
of the CR process showed that the TA1 matrix and the
interface fracture were mixed, whereas the TA1 matrix
almost completely covered the entire section under the
EAR conditions. In general, the coverage area of TAl
matrix on the shear fracture surface of the TA1/304
clad plates at 850 °C was significantly higher than that
at 800 °C. Correspondingly, the proportion of interface
fractures was significantly reduced, which indicates that
the interface bonding strength was improved, and its
shear strength is higher than that of the TA1 matrix. The
fracture surface expanded along the TA1l matrix. Local
interface fracture during the EAR process may be due to
different interface forces during the stretching process.
In other words, the lap surface rotates at a certain angle
during shearing. When the shear force on the lap surface
is no longer uniform, the bending of the TA1 side causes
an interface fracture.

4 Discussion

4.1 Interface Element Diffusion

Hot-rolling bonding involves close bonding and elemen-
tal diffusion between TA1 and 304 stainless steel. Under
a strong rolling force, the metal layers on both sides
undergo plastic deformation, and many defects, such as
dislocations and vacancies, are formed at the interface.
These provide channels for the diffusion of alloying ele-
ments, and finally form a complete bonding interface.

As shown in Figure 17, the current flows from the
304 stainless steel during the EAR process, accumulates
and flows around the contact tip, and is aggregated in
this area as a high-density pulse current. It then flows
through the TA1 side and into the negative electrode of
the power supply. First, the diffusion activation energy
of the alloying elements under the action of a pulsed
current is reduced. In other words, the electromigration
(EM) effect of the pulse current can provide additional
power for the diffusion of atoms under high-density
conditions (exceeding a certain threshold current).
Simultaneously, vacancy defects are generated at the
interface, which introduce new diffusion channels
in the material [13]. Second, under the action of the
EAR, a large number of fine grains generated on the
TA1 side at the interface of the plate provide a higher
density of grain boundaries (Figure 9d), and a high
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Figure 13 (a) Tensile shear strength of TA1/304 clad plates at 35 % reduction ratio, (b) Tensile shear strength of TA1/304 clad plates at 48%
reduction ratio, (c) The profile-view tensile shear fracture characteristics of TA1/304 clad plates at different parameters, (d) The profile tensile shear

fracture characteristics of TA1/304 clad plates at different parameters

density of dislocations are generated on the steel side
(Figure 9f), which produced rich elemental diffusion
paths [14]. The increase in the density of structural
defects, such as dislocations and vacancies, caused by
EAR is beneficial for reducing the diffusion barrier and
strengthening the diffusion of elements [15]. However,
when the temperature is high, the temperature of
the CR is consistent with that of the EAR; the pulse
current may have periodic instantaneous effects, and
the contribution of the EAR to the element diffusion
process is continuous during the high-temperature
interface bonding process. Finally, the elemental
diffusion distance increases (Figure 4). The element
diffusion distance is increased by about 0.3 pum at
800 °C, 35% reduction and 850 °C, 35% reduction. The
mutual diffusion of the elements forms a solid-solution
diffusion layer at the interface, which strengthens the

interfacial bonding performance and improves the
interfacial bonding strength.

Generally, a pulse current can increase the tempera-
ture of a metal in a short time. However, in this study,
the effect of the pulse current did not lead to an exces-
sive temperature increase at the interface, which can
be explained by previous studies. In previous studies, it
was reported that complete recrystallization occurred
on the TAl side at 900 °C and a very obvious com-
pound layer formed at 950 °C [16]. However, in this
study, no complete recrystallization occurred on the
TA1 side (Figure 9d and Figure 12d) and there was no
obvious compound layer (Figure 4). This is due to the
small range of interface temperature during rolling,
which is actually much lower than 900 °C. This can be
attributed to the short rolling time and extremely short
duration of the pulse current, which was not sufficient
to cause a rapid increase in the interface temperature.
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In other words, the possible influence of the Joule heat-
ing effect on the rolling process can be excluded, and it
is considered that the strengthening effect of element
diffusion mainly depends on the pulse current effect.
Therefore, the main reason for the diffusion of elements
is the electrical effect of the pulsed current. At 850 °C,
the diffusion distance of elements increases to 2 pm
under EAR, which is higher than that of CR.

4.2 Microstructure Evolution
As shown in Figures 7 and 9, the microstructures of the
stainless-steel and TA1 matrices after CR and EAR were
significantly different. It is well known that the evolution
mechanism of grains during rolling is related to the lat-
tice type and stacking fault energy of the material itself.
The stacking fault energy of pure titanium is higher
than that of 304 stainless steel [17, 18], and the
deformation resistance is lower than that of 304 stainless
steel; pure titanium is easier to deform, and dislocations
proliferate during rolling. Therefore, as shown in Figure 9

Figure 15 304 side of shear fracture of TA1/304 clad plate at 800 °C with a reduction ratio of 35% and 48%: (a), (d), (g), (j) SEM of shear fracture
surface; (b), (e), (h), (k) Enlarged regions of (a), (d), (g) and (j); (c), (f), (i), (I) the element distribution of (b), (), (h) and (k)
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e

Figure 16 304 side of shear fracture of TA1/304 clad plate at 850°C with a reduction ratio of 35% and 48%: (a), (d), (g), (j) SEM of shear fracture
surface; (b), (), (h), (k) enlarged regions of a, d, g and j; (), (f), (i), (I) the element distribution of (b), (e), (h) and (k)

Figure 17 Current density distribution of rolling process

and Figure 11, the GND density on the TA1 side is 5.41
x 1014 m™, which is higher than that on the stainless-
steel side (4.94 x 1014 m™). During the EAR, a high-
density pulse current was collected at the interface, the
TA1 matrix softened, and a stronger shear force was
received during the rolling deformation process. This
shear force contributed to the proliferation and slip of
dislocations in the titanium crystals. At the same time,
the pulse current helped the subgrain structure in the

TA1 grains break through the energy barrier to form
grain boundaries, promote the rotation and refinement
of the grains, transform the LAGBs into HAGBs, and
lead to the formation of shear bands on the TA1 matrix
side (Figure 9d).

For 304 stainless steel, the size and proportion of
LAGB:s in the matrix gradually increased (Figure 7), and
the average grain boundary misorientation decreased
(Figure 8) after the EAR. This is due to the friction
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between the bimetal contact surfaces during CR, as
well as the shear force being the largest near the inter-
face, while a larger plastic deformation is produced and
the dislocation density increases (Figure 9 c). Away from
the interface, there was a high dislocation density near
the grain boundary, and the dislocation density inside
the grains was low. This is due to the hindrance of the
grain boundaries due to dislocations. Dislocations accu-
mulate at the grain boundaries adjacent to the interface
[19], making it difficult for them to cross and continue
to transfer downward. During EAR, the pulsed cur-
rent helped the dislocations move, forming a higher
dislocation density in the grains far from the interface
(Figure 9f). As 304 stainless steel softens under a high-
density current, the grains were elongated under rolling
pressure, and deformation accumulated near the inter-
face, but this did not lead to obvious grain refinement. It
can be clearly seen from Figure 12 that the proportion of
deformed crystals on the side of 304 stainless steel after
EAR increased significantly, which again shows that the
deformation degree of 304 stainless steel increased after
EAR.

Based on the above analysis, the micro-texture
evolution of the TA1/304 stainless-steel clad plates
during EAR is summarized and schematically shown
in Figure 18. It mainly includes four stages: current
accumulation occurs at the tip of the area to be bonded
at the beginning of rolling, the interface matrices squeeze
each other during the rolling process to produce large
plastic deformation, interface bonding, and the diffusion
of interface elements accelerates under the action of the
current. During the rolling process, the high-density
pulse current gathered in the transition region between
the bonded and unbonded regions led to a decrease in
the deformation difference between the matrix and the
interface (Figure 7). The strain distribution extended
from the middle region concentrated in the thickness
direction of the matrix to the entire thickness direction,
that is, homogenization. The higher the temperature,
the more significant the phenomenon. This implies
that for the same overall strain, the reduction ratio
is consistent with the thickness ratio, and the metal
matrix near the interface undergoes a greater plastic
deformation under the action of the rolling force. At
this time, the strong shear stress at the interface leads to
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the tearing of the metal surface, which causes the new
metal to be squeezed into the opposite matrix, thereby
further enhancing interface bonding. TA1l underwent
dislocation proliferation and grain refinement under the
action of a strong shear force, whereas stainless steel
extended along the rolling direction under the action
of the interface friction shear force. The grains were
elongated, and dislocations proliferated inside the grains.
Under the action of the pulse current, the dislocation
movement accelerated and proliferated inside the grains
far from the interface, while under the action of high-
density dislocations and current, element diffusion and
interface bonding are further strengthened. Therefore,
the pulse current played a key role in the change in the
microstructure of the composite plate matrix and the
increase in the dislocation density, which is not possible
in CR.

4.3 Shear Strengthening Mechanism

The microstructure of a material significantly affects its
mechanical properties [20]. The results in Figure 9 show
that significant grain refinement occurred near the inter-
face of the TA1 matrix, and the fine-grained strengthen-
ing effect was evident. The form of shear fracture was
directly related to the state of the near-interface matrix
on the TAl side. At the same time, the stress change
during the tension-shear process also caused the near-
interface matrix to participate in shear deformation to a
greater extent. Therefore, fine-grained strengthening was
manifested in the subsequent shear properties.

The shear fracture process primarily includes interface
fracture and matrix tearing. As shown in Figure 13c, dif-
ferent shear strengths lead to different angles between
the fracture surface and rolling direction. In this study,
the shear strength was the highest at 850 °C-48%-EAR,
and the torsion angle of the corresponding fracture
was the largest, reaching 21°. The shear strength at 750°
C-35%-EAR is only 113 MPa, and the fracture had almost
no torsion. Liu et al. [21] reported similar phenomena
after shear tests on stainless-steel clad plates at different
degrees of vacuum. Studies have shown that an increased
torsion angle indicates increased bonding strength. To
further study the reason for this phenomenon, Wu et al.
[16] observed the microstructure of the TAl matrix
under varied working conditions and found that the
matrix dislocation density, recrystallization degree, and
element diffusion degree differed under different work-
ing conditions, which led to a difference in the TA1l
matrix strength, and the difference was reflected in the
shear strength. At 750 °C, the CR process cannot success-
fully bond the clad plate (Figure 14a). Although the EAR
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can successfully bond a clad plate, its bonding strength
is not high. When the reduction ratio was 35%, only a
very small amount of TA1 matrix residue was bonded to
the steel side of the shear fracture surface, and the shear
strength was only 113 MPa. When the reduction ratio is
increased to 48%, the TA1l matrix residue on the shear
section increased significantly, but the shear strength was
still not greatly improved.

At 800 °C and 850 °C, the interface shear strength was
related to the amount of TA1l bonding, and a greater
amount of bonding led to a higher shear strength. At 800
°C, the shear fracture generally showed a mixed fracture
morphology of interface fracture and TA1 matrix tearing,
and the proportion of TA1 matrix tearing was not high.
At 850 °C, the tearing ratio of the TA1 matrix in the shear
section increased significantly. Under CR conditions, the
tearing of TA1 matrix accounted for approximately 50%
of the entire shear section. Under EAR conditions, the
shear fracture surface was almost full of the TA1 matrix,
indicating that the interface bonding strength exceeded
the strength of the TAl matrix. According to GB / T
3280-2015 [22], the tensile strength of 304 stainless
steel matrix is not less than 520 MPa. According to GB
/ T 3621-2007 [23], the tensile strength of TA1 is not less
than 240 MPa. The matrix strength of 304 stainless steel
is much larger than that of TA1; therefore, it is reason-
able for shear fracture to occur on the TAl side. Addi-
tionally, due to the large number of dislocations and work
hardening in the TA1 matrix after rolling, the strength of
the matrix will be improved, and the shear strength of the
clad plate will be as high as 395 MPa. The reason for the
decrease of bonding strength at 900 °C is the matrix sof-
tening caused by the recrystallization growth of TA1, as
seen in previous studies [16].

The SEM images of the shear fracture surfaces in Fig-
uresl4, 15, 16 show that when the shear strength is high,
the area ratio of the shear fracture at the interface is very
small. This is because the diffusion of elements under the
action of the pulsed current was enhanced, which con-
tributed to the enhancement of interface bonding. The
ability of the interface to withstand shear was greater
than that of the TA1 matrix; therefore, fractures occurred
on the TA1 matrix side. Simultaneously, it is necessary to
consider that the interface is no longer simply subjected
to shear after torsion during the shear process and that
the interface position will be subjected to the combined
action of tensile and shear forces. A clad plate with a low
interface bonding strength is more likely to crack at the
interface during the shear process. This phenomenon
gradually improves with an increase in bonding strength,
indicating that the clad plate has a better ability to with-
stand shear force. Overall, the interface cracking area
under the EAR condition was smaller than that under
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the CR condition, indicating that the interface of the clad
plate prepared using EAR can withstand a higher shear
force and have a higher bonding strength.

5 Conclusions

(1) EAR promotes the diffusion of elements at the
interface of the TA1/304 clad plates, which can
make the interface form a stronger combination.
Under EAR (500 A, 1500 Hz, 50 duty cycle), the
clad plates can be initially bonded at 750 °C and a
35 % reduction ratio, which cannot be achieved by
CR. Finally, the diffusion distance of interface ele-
ments reached 2 um at 850 °C -EAR-48%.

(2) After EAR, shear bands and a large number of fine
grains were formed on the titanium side of the clad
plate, and dislocations with high density and uni-
form distribution were formed on the steel side,
which had a positive effect on the element diffusion
and shear strength of the clad plate.

(3) The TA1/304 clad plates prepared by the EAR pro-
cess had higher shear strength and shear resistance
in the case of uneven shear stress. When processing
with EAR at 850 °C, the shear strength reached 338
MPa and 395 MPa under 35 % and 48 % reduction,
respectively. Shear fracture occurred on the TA1l
matrix side.
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