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A bimetal composite plate including a high-chromium cast iron (HCCI) and low-carbon steel (LCS) cladding was fabricated
with hot-rolling bonding in the form of a sandwich structure. In this work, the microstructure and mechanical properties of the
bimetal composite were analyzed. Experimental results showed that the brittle HCCI layer achieved good thermoplastic defor-
mation under the action of carbon-steel cladding. After hot rolling, the two metals were well bonded due to mechanical and met-
allurgical bonding, showing an excellent joint. C atoms diffused uphill the interface. A decarburization area was formed near the
LCS side and a fine pearlite diffusion band with a thickness of about 2-3 pm was formed on the bonding interface. The tensile
strength of the bimetal composite was 249.5 MPa, and a cleavage fracture appeared on the HCCI side. Interfacial delamination
cracks and tunnel cracks of the HCCI were observed in the bimetal composite during a bending test.
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Avtorji so izdelali bimetalno kompozitno plosco. Sendvi¢ strukturo so izdelali z vro¢im valjanjem zloZenih plos¢ iz v sredini
namescene mocno legirane kromove litine (HCCI) in z obeh strani obdajajocih se plo$¢ iz malooglji¢nega jekla (LCS). Opisali
so analizo mikrostrukture in mehanskih lastnosti izdelane bimetalne kompozitne strukture. Rezultati so pokazali, da se je krhka
HCCI plast dobro termoplasti¢no deformirala v objemu dveh plo$¢ iz maloogljicnega jekla. Ugotovili so, da je med vro¢im
valjanjem pri$lo do dobre medsebojne mehanske in metalurSke vezi z nastankom odli¢nega spoja. Ogljikovi atomi so difundirali
navzgor na meji med plo§¢ami. Na strani blizu LCS je pri$lo do razogljienja in na meji je nastala tanka perlitna difuzijska plast
debeline priblizno 2 um do 3 um. Izmerjena natezna trdnost bimetalnega kompozita je bila 249,5 MPa. Med porusitvijo je nastal
cepilni lom na HCCI strani. Med postopkom upogibnega testiranja bimetalnega kompozita so opazili nastanek mejnih
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delaminacijskih in pre¢nih razpok v HCCIL.

Kljuc¢ne besede: bimetal, mikrostruktura, vroce valjanje, mehanske lastnosti

1 INTRODUCTION

High-chromium cast iron (HCCI) with high hardness
and excellent wear resistance has been utilized for a long
time in cement manufacturing, steel making and mineral
processing.!* The HCCI has a higher volume fraction of
hard and coarse M;C; Cr-carbides. While these hard
Cr-carbides give the HCCI good wear resistance, they
also reduce its toughness.’ In addition, the poor welding
performance and plastic deformation ability of the HCCI
also limit its application in practical industrial fields.®

Bimetal composite materials, which can effectively
combine the advantages of two materials, have been used
more and more frequently in industry because of their
excellent mechanical properties, corrosion resistance and
light-ion irradiation resistance, etc.””'! Recently, the
HCCI and low-carbon steel (LCS) bimetal composites
have been fabricated in various ways, such as hot press-
ing diffusion, surfacing compound, duo-casting, centrifu-
gal casting with hot-rolling and powder metallurgy,
etc.'2* Sallam et al. prepared the AISI4140 steel and an

*Corresponding author's e-mail:
aygxyygf@163.com (Guofeng Yuan)
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HCCI bimetal composite through the duo-casting
method. The two metals exhibited excellent metallurgi-
cal bonding effect through duo-casting.'* Eroglu et al.
found that an increasing bonding temperature and hold-
ing time were beneficial to improving the bond strength
of the two metals in diffusion bonding.'® Gao et al. used
hot-pressing diffusion bonding to produce a sandwich-
structured composite, in which the HCCI was cladded by
LCS. They reported that rising the bonding temperature
and reducing the strain rate were favorable for improving
the bonding strength of the two metals."”

Roll-bonding is a common method to prepare a
bimetal composite.?>?® Bimetal composites prepared with
this method can achieve good metallurgical bonding be-
tween dissimilar metals and improve the microstructure
of the component materials effectively. Up to now, there
is little research on the solid-solid hot-rolling bonding of
HCCI/LCS bimetal composites because of the high crack
sensitivity and inherent brittleness of the HCCI. Xie et
al. prepared a LCS/HCCI/LCS composite with duo-cast-
ing and hot-rolling. Their research revealed that the soft
carbon steel cladding exhibited a "lubricating effect"
during the common deformation.?! Similarly, Liu et al.
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Table 1: Main chemical compositions (w/%) of HCCI and LCS

Material C Si Cr Mn P S Mo Ni Fe
HCCI 2.8 1.1 28 1.0 0.02 0.02 0.5 0.4 balance
LCS 0.12 0.2 0.1 0.5 0.01 0.002 - - balance

fabricated a sandwich-structured composite tube with
centrifugal casting, and then the blank was hot-rolled at
1170 °C to prepare a bimetal composite plate.??

Inspired by the previous studies, an LCS/HCCI/LCS
bimetal composite was prepared with solid-solid
hot-rolling bonding. In this work, the microstructures of
the bonding interface were investigated with a metallo-
graphic microscope and scanning electron microscope
(SEM). The mechanical properties of the LCS/HCCI/
LCS composite plate were evaluated and analyzed with
tensile and bending tests.

2 EXPERIMENTAL PART

In this work, the commercial LCS and the as-cast
HCCI were used for the ductile part and the wear-resis-
tant part, respectively. The nominal chemical composi-
tions of the two materials are listed in Table 1.

Figure 1 displays a schematic representation of the
bimetal assembly and the hot-rolling process. Raw sheets
were machined to the same size of (5 x 150 x 100) mm.
The surfaces of the sheets were polished with a steel
brush and cleaned with ethanol before the assembly. The
cleared plates were stacked in the LCS/HCCI/LCS pat-
tern, and then the four sides were welded together. Then
the slab was vacuumized using a vacuum pump through
a reserved air-extraction pipe. The vacuum degree for the
slab was less than 1 x 10~ Pa.

The assembled slab was heated to 1150 °C and held
for 30 min. A total of 4 passes of hot rolling were carried
out. The accumulated reduction rate was set to be 50 %.
The slab was air cooled after the end of the last pass. Af-
ter hot rolling, a sandwich-structured (LCS/HCCI/LCS)
bimetal composite was obtained. The upper LCS layer
could be worn out in the process or removed by the ma-
chine; then an HCCI/LCS bimetal composite was ob-
tained.

Metallographic specimens were cut from the middle
of the plate. The microstructures were observed via an
optical microscope (OM) and scanning electron micro-
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scope (SEM, Zeiss Sigma-300) with an electron
backscatter (EBSD) detector. The EBSD specimen was
prepared with electrochemical polishing in a solution of
10 % HCIO, and 90 % C,HsOH at 20 V, and the polish-
ing time was 45 s.

To explore the properties of the bimetal composite,
tensile tests were performed on a universal testing ma-
chine (SHIMASZU, AG-IC100KN) at room temperature
with a drawing speed of 1 mm/min. Meanwhile, the digi-
tal image correlation (DIC) technique was utilized to
measure the localized tensile strains of the thickness di-
rection of the test specimen. The tensile strain was ana-
lyzed based on the change in the location of randomly
distributed black spots on the surface of the sample.?”?8
The bending specimen was cut into a cuboid with dimen-
sions of (60 x 10 x 7.5) mm and the bending rate was
3 mm/min.

3 RESULTS AND DISCUSSION
3.1 Microstructure

Figure 2a displays a macrograph of a single HCCI
plate after hot-rolling at 1150 °C and 30 % total reduc-
tion rate. As can be seen, macroscopic cracks perpendic-
ular to the rolling direction can be observed after hot
rolling deformation. The single HCCI sheet could not
achieve good thermomechanical deformation due to the
high crack sensitivity and inherent birttleness.?® For the
composite slab, the bimetal composite material with a
sandwich structure can be clearly observed, as shown in
Figures 2b and 2c¢. The brittle HCCI layer in the core
achieved good plastic deformation without any cracks.
Macroscopically, the two metals achieved good bonding
quality without macroscopic cracks or holes at the inter-
face.

The microstructure and EDS results for the bonding
interface are displayed in Figure 3. Figures 3a and 3b
show OM micrographs of the bonding interface. As can
be seen, the bonding interface exhibited slight fluctua-
tions, mainly due to the inconsistent deformation of the

Heating Hot-rolling bonding

4 cycles

Figure 1: Schematic representation of the bimetal assembly and the hot-rolling process
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Figure 2: Morphology of the hot-rolled plate: a) single HCCI plate at 1150 °C and 30 % total reduction rate, b) and c¢) bimetal composite at

1150 °C and 50 % total reduction rate

two metals during hot-rolling deformation.®® The sur-
faces of the raw plates to be bonded were mechanically
cleaned with a steel brush. The initial mechanical grind-
ing not only increased the surface roughness but also
generated a work hardening layer. During hot-rolling
bonding, the work hardening layers were broken, and
fresh HCCI and LCS metals were exposed. During the
subsequent deformation, the HCCI and LCS alloys were
put in contact and bonded together.’!

According to Figure 3b, a black narrow diffusion
zone with a thickness of about 2-3 um was detected on
the interface and a carbon-poor ferrite zone was observed
near the LCS side, indicating that decarburization had
occurred. Figures 3¢ and 3d show SEM micrographs of
the interface. It can be seen that the broken oxide parti-
cles were dispersed at the interface. As shown in Fig-
ure 3d, the diffusion zone can be identified as fine
pearlite on the high magnification SEM image. Li et al.
found a similar interfacial microstructure of the bonding
interface between the HCCI and LCS. Their research
showed that the chemical potential of C in LCS was

higher than that of the HCCI, allowing C atoms to dif-
fuse from the LCS side to the HCCI side.?

After hot rolling deformation, the primary carbides of
the HCCI fractured into small blocks and were dispersed
into the iron matrix, as shown in Figure 3e. The fracture
refinement of carbides helped improve the overall tough-
ness of the HCCI.?? Figures 3g to 3h display the corre-
sponding distribution of Cr, Fe and Mn, respectively. Ac-
cording to Figure 3f, Fe was mainly distributed in the
LCS and the matrix of the HCCI. As shown in Fig-
ure 3g, Cr was mainly concentrated in M;Cs carbides,
and the content of Cr detected on the LCS side was mini-
mal.

Figure 4 displays the results of the EBSD analysis of
the bonding interface of the RD-ND section. As indi-
cated by the band contrast map of the interface, the two
metals were fused together. On the HCCI side, the
eutectic carbides and primary carbides were fractured
and broken into pieces due to some microcracks, as
shown in the red circle in Figure 4a. The fracture of
Cr-carbides in the HCCI during hot-rolling could effec-
tively reduce the deformation resistance of the matrix

CrKal

Figure 3: Microstructure of the bimetal composite: a) and b) OM image, c¢) and d) SEM image, e) to h) results of the EDS analysis
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Figure 4: Results of the EBSD analysis: a) band contrast map, b) phase map, c) recrystallization map, d) kernel average misorientation (KAM)

map

structure during hot-rolling, which was helpful in the re-
alization of the coordinated deformation between the
Cr-carbides and matrix. In the phase map, yellow repre-
sents M,C; carbides, red represents bcc and blue repre-
sents fcc. The LCS side was composed of ferrite, while
the HCCI side included retained austenite, martensite
and M;C; carbides. It can be seen from the phase map
that the fractured primary carbides and eutectic carbides
had a tendency to flow and align along the rolling direc-
tion. The recrystallization map of the bonding interface
is shown in Figure 4¢ where blue stands for recryst-
allized grains, red denotes deformed grains, and yellow
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represents subgrain structures. As can be seen, the
recrystallized structure and subgrain structure were the
main structures in the LCS layer, while deformed struc-
ture was the main structure in the HCCI layer.

Kernel average misorientation (KAM) values can be
used as an indicator to describe the local geometrically
necessary dislocation (GND) density.?? According to
Figure 4d, the KAM has a lower value in the LCS layer.
However, the KAM has a higher value in the HCCI layer,
especially in the iron matrix, indicating a higher disloca-
tion density in the matrix. Under the same deformation
condition, the HCCI layer accumulated higher strain en-
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Figure 5: Stress-strain curves of the HCCI, LCS and bimetal composite plate
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Figure 6: SEM fracture morphology of the bimetal tensile specimen

ergy than that of the LCS layer. The LCS layer consisted
of a single ferrite phase (bcc), which had high-stacking
fault energy and high dislocation mobility. When the
LCS layer deformed, the dislocation density increased
continuously. However, some dislocations would be rear-
ranged or eliminated due to the climbing activities or
cross-slipping, which reduced the dislocation density of
the LCS layer.*

3.2 Tensile property

Figure 5 displays tensile stress-strain curves of the
as-received HCCI, LCS and the hot rolled bimetal com-
posite. The tensile strength and elongation of the bimetal
composite were better than that of the as-cast HCCI and
poorer than that of LCS. The average tensile strength of
the bimetal reached 249.5 MPa, and the elongation was
about 24 %. According to Figure Sb, the obvious fluctu-
ations appeared in the stress-strain curve with an in-
crease in the tensile strain. The bimetal composite under-

(%]

went a "non-catastrophic fracture" stage during tensile
deformation.

Figure 6 presents microscopic fracture characteristic
of the bimetal composite. As can be seen, no
delamination was found at the bonding interface. Ac-
cording to Figure 6b, the LCS layer exhibited a ductile
fracture, and many dimples were formed near the frac-
ture. However, many cleavage planes and microcracks
were detected in the HCCI layer, and its fracture charac-
teristics were typical of a brittle fracture. After the ten-
sile fracture, the two metals were still closely bonded to-
gether, reflecting a good metallurgical bonding effect of
the two metals.*

A digital image correlation (DIC) analysis was car-
ried out to explore the fracture characteristics of the
bimetal composite during the tensile process. Figure 7
shows the strain distribution along the thickness direc-
tion of the bimetal composite specimen. It can be seen
that no obvious delamination was detected at the bond-
ing interface during the deformation process, indicating
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Figure 7: Strain distribution along the thickness direction of the bimetal composite specimen
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Figure 8: a) Schematic diagram of the fracture mechanism of the bimetal composite, b) macroscopic morphology of the tensile fracture of the

specimen

that the two metals obtained good bonding properties af-
ter hot rolling. When the nominal strain was 2.3 %, the
thickness direction of the tensile specimen showed dif-
ferent degrees of deformation. When the strain increased
to 7.5 %, a yellow spot with a larger strain appeared on
the surface of the specimen (see the red arrow in Fig-
ure 7), which may have been the source of the cracks
formed due to the cracking of the HCCI layer. It is re-
markable that the bimetal composite did not break imme-
diately at the first crack source. Instead, it experienced a
step-like fracture process and formed multiple fracture
cracks in the HCCI layer, indicating that a series of com-
plicated multiple failures took place. As shown in Fig-
ure 7, four fracture cracks were formed in the HCCI
layer when the strain was 21 %. These complicated mul-
tiple failures made the stress fluctuate with the increase
in the tensile strain, as shown in Figure 5.

Figure 8a shows fracture schematic diagrams of the
bimetal composite. During the elastic deformation stage,
the HCCI and LCS would deform together under the ac-
tion of the interfacial bonding force. The strongly
bonded interface was sufficient to prevent delamination
damage at the interface. The tunnel cracks would firstly
occur in the brittle HCCI layer during deformation. The
tunnel cracks of the HCCI were perpendicular to the ten-
sile direction and unlikely to extend to the LCS layer,
which was important for the toughening of the bimetal.
A similar phenomenon was found during the tensile tests
of Ti-(TiBw/Ti) composites by Liu et al. Their study re-
ported that the multiple tunneling cracks in TiBw/Ti con-
tributed to the fracture toughness.* Compared with the
brittle HCCI, the bimetal composite structure could en-
hance the ability of damage tolerance and energy absorp-
tion of the composite.’® Finally, one of the tunnel cracks
expanded into the LCS layer until the composite could

a)

Load (KN)

Interface

Figure 9: a) Load-displacement curve, b) bending image of the bimetal sample, ¢) micro-morphology of the fracture
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not withstand the increasing stress, resulting in a shear
fracture of the LCS, as shown in Figure 8b.

3.3 Bending property

The load-displacement curve and bending images of
the bimetal sample after a three-point bending test are
shown in Figure 9. According to Figure 9a, when the
displacement was about 1.5 mm, the bending curve fluc-
tuated slightly (as shown in the black circle), implying
that some cracks were generated during the test pro-
cess.’” From Figure 9b, it can be seen that there are
some fracture cracks in the HCCI layer, corresponding to
the fluctuant bending curve from Figure 9a.

Figure 9c shows the profile bending fracture charac-
teristics of the bimetal composite. Some interfacial
delamination cracks and tunnel cracks were observed in
the bimetal composite. The cracks in the HCCI layer
stagnated and deflected at the bonding interface, and the
LCS layers achieved good plastic deformation. Under the
bending condition, cracks would first occur at the maxi-
mum stress of the brittle HCCI layer, and the LCS layer
revealed plastic deformation. According to the material
deformation theory, the tensile stress was below the neu-
tral line (the center line of the HCCI layer). The tensile
stress in the bimetal composite can be expressed with the
following Equation (1):%

.8:Ebimctal i (1)
p

O bimetal = Lbimetan
where x represents the distance to the neutral line, and p
denotes the radius of the curvature. According to Equa-
tion (1), the largest tensile stress in the HCCI layer was
near the bonding interface below the neutral line. The
cracks first formed near the interface when the value of
Obimetal approached the fracture strength of the brittle
HCCI. As the degree of bending deformation increased,
many tunnel cracks formed and gradually expanded.

4 CONCLUSIONS

1) The brittle HCCI layer exhibited good thermo-
mechanical deformation when hot-rolled at 1150 °C in
the form of a sandwich structure. The HCCI and LCS
were well bonded after hot rolling bonding at a 50 % cu-
mulative reduction rate.

2) C atoms diffused uphill at the interface, and a car-
bon-poor ferrite zone was formed near the LCS side.
A fine pearlite diffusion zone with a thickness of about
2-3 pum was formed on the bonding interface.

3) Recrystallized structure and subgrain structure
were the main structures in the LCS layer, while de-
formed structure was the main structure in the HCCI
layer. The kernel average misorientation presents a
higher value for the HCCI layer, especially for the iron
matrix, indicating a higher dislocation density of the ma-
trix.

Materiali in tehnologije / Materials and technology 56 (2022) 6, 645-652

4) The average tensile strength of the bimetal com-
posite reached 249.5 MPa, and the elongation was about
24 %. Interfacial delamination cracks and tunnel cracks
of the HCCI were observed in the bimetal composite
during the bending test.
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