UDK 544.344.016.5:691.714.018.8
Original scientific article/Izvirni znanstveni ¢lanek

MICROSTRUCTURE EVOLUTION OF CORRUGATED INTERFACE
304/Q345R ROLLING-COMPOSITE PLATE

RAZVOJ MIKROSTRUKTURE NA NAGUBANI MEJI V
KOMPOZITNI PLOSCI NASTALI Z VALJANJEM NERJAVNEGA
JEKLA 304 IN JEKLA ZA TLACNE POSODE Q345R

Guanghui Zhao!4, Ruifeng Zhang!-*4*, Juan Li'*4, Huaying Li'-*4, Liu Haitao?,
Lifeng Mal=3+4

ITaiyuan University of Science and Technology, Taiyuan 030024, China
2State Key Laboratory of Rolling and Automation, Northeastern University, Shenyang 110819, PR China
3Shanxi Provincial Key Laboratory of Metallurgical Device Design Theory and Technology
4The Coordinative Innovation Center of Taiyuan Heavy Machinery Equipment

Prejem rokopisa — received: 2021-10-12; sprejem za objavo — accepted for publication: 2021-12-10
doi:10.17222/mit.2021.291

A new method for the composite rolling of 304/Q345R was explored in the present study. The composite interface of the com-
posite plate was studied using a scanning electron microscope (SEM) and electron-backscatter diffraction (EBSD). The results
showed that a composite interface was formed with corrugated connections, increasing the length of the composite interface.
Furthermore, the elongation of the corrugated interface relative to the original wave interface and the original horizontal inter-
face were 29.43 % and 59.12 %, respectively. The composite interface became a 3D ripple interface from the traditional 2D
plane. In the EBSD analysis, the strain energy at the interface of the corrugated composite interface was large, especially in the
composite interface of the wave-waist position, indicating that the position of the ripple interface had a large deformation de-
gree. This deformation is beneficial to the interface oxide and broken hardened layer conducive to the interface of the complex.

Key words: ripple interface, rolling composite, microstructure

V pri¢ujofem ¢lanku avtorji predstavljajo novo metodo izdelave kompozita z medsebojnim valjanjem valovite plosce iz
nerjavnega jekla vrste 304 in plo3Ce iz jekla za tlacne posode Q345R. Medfazno mejo, nastalo na kompozitni plos¢i so
analizirali z vrsti¢nim elektronskim mikroskopom (SEM) in difrakcijsko spektroskopijo na osnovi povratno sipanih elektronov
(EBSD). Rezultati analiz so pokazali, da je kompozilna fazna meja nastala z gubanjem plasti jekla pri Cemer se je povelala
dolZina kompozitne meje. Nadalje je bilo podalj$anje z nagubanjem fazne meje v primerjavi z zaCetno sti¢no mejo med obema
plos¢ama jekla ocenjeno v horizontalni smeri za prvi izbrani primer 29,43 % oziroma za drugi primer 59,12 %. Nastala je
tri-dimenzionalna (3D) nagrbanfena (nagubana) fazna meja iz osnovne dvo-dimenzionalne (2D) ploife. EBSD analiza je
pokazala, da je bila za nagubanje fazne meje potrebna velika deformacijska energija, 3¢ posebej v najoZjem delu fazne meje
kompozita. Na fazni meji je tako velika stopnja deformacije moc¢no pripomogla k lomljenju trde povriinske plasti jekla in
drobljenju oksidov ter s tem do nastanka kompleksne kohezivne mejne povriine kompozita, izdelanega iz plos¢ dveh razli¢nih
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vrst jekla.

Kljune besede: nagubana mejna povrdina, valjanje kompozita, mikrostruktura

1 INTRODUCTION

Having carbon steel as the base layer and stainless
steel cladding the composite panels, both the stainless
steel’s corrosion resistance and the carbon steel’s me-
chanical strength and processing performance can be
widely used in areas such as chemistry, marine engineer-
ing, construction, and food engineering.!> As a material
to save resources and reduce costs, it has aroused great
interest and a variety of manufacturing methods have
been developed, which can be mass-produced mainly
through the rolling-composite method.>*

In the 1980s, many researchers conducted research
on metal solid-phase rolling compounds. For example,
D. R. Cooper observed through scanning electron mi-
croscopy (SEM) that there were many oxide fragments

*Corresponding author’s e-mail:
zrf18234222278(@163.com (Ruifeng Zhang)
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on the metal-bonded surface of the composite plate,
which was considered to be the interface between the
two metals and the metal-bond connection of the layered
metal.>¢ L. Long underwent hot-rolled experimental
studies of stainless steel and low-carbon steel.” The ex-
perimental results showed that there were impurities and
oxides in the composite interface of the hot-rolled stain-
less-steel composite plate, and the distribution of the ox-
ide layer was consistent with the distribution of the oxide
layer in the N3-Bay metal solid-phase mechanism. The
authors found that the coherence of the brittle layer at the
interface of the composite metal broke during the rolling
process, and fresh metal was exposed at the grassroots
level and extruded from the fractured cracks in the brittle
layer, which had been broken on both sides under the
rolling pressure.®® This mechanism was also confirmed
by other researchers through SEM observations, though
the composite interface’s fracture-surface morphology

51



G. ZHAO et al.: MICROSTRUCTURE EVOLUTION OF CORRUGATED INTERFACE 304/Q345R ...

and the composition is yet to be confirmed.'” In the past
5 years, researchers have carried out an in-depth study of
a rolled stainless-steel composite panel, such as
304/Q235 clad plates. They obtained excellent proper-
ties, far exceeding the standards.'"-!?

However, for the existing production process of roll-
ing clad plate, the rolling force required to achieve the
composite state needs excellent requirements for the per-
formance of the rolling mill. At the same time, the com-
posite plate has the problem of a poor bonding strength
and a low recombination rate due to the difference in the
mechanical properties of the two kinds of metallic mate-
rials.'*!15 Furthermore, the composite interface is unstable
and the toughness is poor.'® Based on our previous un-
derstanding of the rolling-compounding mechanism, it
was found that under the dual action of a strong rolling
force and thermal diffusion, the compound surface-oxi-
dation layer and the grinding-hardening layer of the two
metals were broken. And the fresh metals of the sub-
strate and the clad plate squeezed into each other under
plastic deformation, Finally, metallurgical bonding was
realized by hot-pressing diffusion The plastic deforma-
tion of the crack was crushed into the surface where
there was contact. With the continuation of thermal pres-
sure diffusion, the formation of the entire interface metal
bond metallurgy was ultimately combined.!”-'® Based on
the shortcomings of the current rolling-composite pro-
cess, Wang Tao’s research team first proposed the corru-
gated rolling-composite process. It had the characteris-

(a)The Vertical map of rolled

ND 304 6mm
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0Q345R

(b)Diagram of rolling composite corrngated interface
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Figure 1: a) Corrugated slab side view, b) Diagram of rolling compos-
ite corrugated interface
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tics of a low residual stress, a good plate shape and a
high bonding strength.'” They used the corrugated rolling
method to roll an AZ31B magnesium alloy and a 5052
aluminum-alloy composite plate.” In the process of cor-
rugated processing, the corrugated roller could accelerate
the rupture of the substrate work-hardening layers and
facilitate the mutual extrusion of fresh metals to enhance
the interface bonding. Meanwhile, compared with the
traditional flat-rolling method, the composite plate had a
higher ultimate tensile strength of about 8 %.*

This paper presented a ripple interface rolling com-
posite 304/Q345R composite board method. The com-
posite interface of the composite plate was studied by
using super-depth microscope (SEM), and electron-back-
scatter diffraction (EBSD) observations.

2 EXPERIMENTAL PART
2.1 Materials

In this paper, the Q345R container steel composite
board is used as the base layer, the 304 stainless steel is
used as the compound layer, and the elemental composi-
tion of the base layer. The composite material is shown
in Table 1.

Table 1: Chemical composition of clad and base materials (w/%)

C Si Mn P S Cr Ni
304 | 0.04 | 033 | 1.37 | 0.037 | 0.005] 183 | 8.1
Q345R| 0.13 | 0.44 | 1.52 | 0.013 ] 0.004| - -

2.2 Experimental method

Based on the experimental conditions of the labora-
tory and the exploration of the riveting interface rolling
process, the ripples in the test were machined with the
wire-cutting method. The 304 stainless steel was placed
parallel with the two sides of the corrugated plate, the
Q345R container board was single corrugated (with
stainless steel corresponding to the surface to be mixed),
and the lower surface was flat. The specific shape of the
corrugated billet is described in Table 2.

Using a wire brush wire-drawing machine to polish
the substrate, the visible metal substrate was cleaned, the
surface was polished with a wire brush to show the "sand
surface” effect, and the roughness of the surface to be
compounded was increased (conducive to the subsequent
composite). The polished composite surfaces were
cleaned with absolute ethanol to remove the adhesion
and oil stain on the surface. Then the slab was dried and
pressed. This was then followed by welding the compos-
ite slab with argon arc welding and a welding vacuum
gas nozzle. Finally, two diffusion vacuum pumps were
used on the slab vacuum using a 1 x 10~ Pa high-vac-
uum state and a high-temperature hot-pressure-sealed
suction nozzle. Figure 1a shows a side view of the cor-
rugated slab. The composite slab was vacuum sealed, or-
dinary four-roll mill rolls were used for a flat roll
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Table 2: Shape and dimensions of five kinds of corrugated plate (mm)

Waveform | 304 thickness QS;lr?ilikE[ll\;rs‘age Wave height | Wave length | Plate length | Plate width TOta]ch;_I;Eth of
2-6 3 9 2 6 100 100 122.9389

Table 3: Process table of corrugated hot rolling

Roll diameter (mm) Rolling temperature (°C)

Rolling direction

Reduction rate (%) Rolling speed (m/s)

306 1150

Vertical corrugation di- 75
rection -

0.2

through a pass, or rolled a number of times to meet the
requirements of the thickness of the surface of the com-
posite plate. The rolling diagram is shown in Figure 1b.
The specific rolling process is presented in Table 3.

The microstructure of the composite interface of
RD-ND was analyzed by line cutting and sampling on a
304/Q345R rolling composite plate, as shown in Fig-
ure 2a. A 4 % nitric acid alcohol etching solution was
selected to erode the metallographic samples after ero-
sion. The microscopic microstructures of the metal com-
posite interface were observed with a Zeiss SIGMA
SEM., and the elements were analyzed by scanning elec-
tron microscopy (SEM). The elemental analysis was car-
ried out at the interface. The composite interface was an-
alyzed by EBSD. The EBSD sample first underwent
mechanical polishing and then electrolytic polishing.
The electrolytic polishing liquid consisted of 10 %
perchloric acid + 90 % acetic acid, was set at a voltage of
10 V, and a current of 0.16 A for 30—40 s. The EBSD in-
terface with Channel5 software for deformation and ori-
entation analysis.

(b)

Hot rolling

Figure 2: a) Location map of corrugated interface microstructure,
b) Schematic view of hot-rolling process and test
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3 RESULTS AND DISCUSSION
3.1 Composite interface morphology analysis

The composite plate produces plastic deformation
under the action of high temperature and rolling pres-
sure. It breaks the oxide layer on the contact surface of
the two plates, and the atoms exposed on the fresh metal
surface are embedded and attracted to each other. When
the adjacent atoms are stably arranged, the outer free
electrons of the two metal atoms form metal bonds, and
the metal atoms diffuse to form a common diffusion
layer and realize the recombination. When the adjacent
atoms are arranged in a balanced pitch, the outer elec-
trons of the two metal atoms become common electrons,
forming metal bonds and adding metal atoms to each
other to form a common diffusion layer. The composite
deformation of the exposed surface exhibits one of the
necessary conditions for the formation of welding nuclei.
Another important factor in the formation of welding nu-
clei is the amount of pressure. Only a high enough pres-
sure can produce a strong shear deformation and create
more dislocation movement. Therefore, the deformation
of the composite billet must be enough to promote the
physical combination of components.?> Figure 3 shows
the RD-ND cross-section composite effect of the com-
posite sheet at a 25 % reduction in the waveform inter-
face. As can be seen, for the upper part of the sample, the

Figure 3: Location map of corrugated interface microstructure
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color is bright 304 stainless steel, and the lower part of
the color is dark Q345R container board, which forms a

corrugated composite interface. It is then followed by the
formation of the corrugated interface peaks and troughs.
The ripple interface rolled 304/Q345R was rolled to
form a 3D composite interface. The composite plate was
subjected to ultrasonic flaw detection, and the composite
ratio was 100 %.

Figure 4a presents the measured interface length.
The corrugation length before and after rolling is
7.376 mm and 9.547 mm, respectively, and the horizon-
tal length of the ripple is 6 mm. The ripple interface
clearly increases the area of the interface between the
304 stainless steel and Q345R steel. Figure 4b shows the
rate of the original wave interface and the original hori-
zontal interface of the corrugated interface, which are
29.43 % and 59.12 %, respectively. The interfacial roll-
ing increases the ductility of the composite interface, al-
lowing the flat interface to increase more obviously.
From the above analysis it can be seen that the ripple in-
terface helps to increase the ductility of the composite
interface, which is beneficial for the recombination. X.
Li, from the China University of Science and Technol-
ogy, studied aluminum/dovetail channel explosion weld-
ing to enhance the composite plate bonding rate and in-
crease the interface area, and studied the composite
interface of the meshing connection structure of the com-
posite plate to increase the composite area and improve
the quality of the composite.?*

3.2 Composite interface microstructure analysis

Figures 5a to 5c correspond to a 25 % reduction rate
of the composite interface peak, wave waist, and trough
position. It can be seen from Figure 5 that, under the

Figure 5: The 1000x SEM photos and EDS results: a) wave crest, b) slope, ¢) valley
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wave depth of 2 mm, wavelength of 6 mm, and 25 % re-
duction rate, the grains at the wave crest of the compos-
ite interface are the smallest, which is then followed by
the valley, and the wave waist have mixed crystals,
where the grain size is uneven. This is due to the actual
reduction rate of the peak. There are more impurities and
oxides at the composite interface wave waist position,
which shows a 10-20-um-long strip along the interface
distribution. Furthermore, the peaks and valleys at the
composite interface are relatively clean, the particles of
the impurities and oxides are small, and the peak at the
actual reduction rate is conducive to breaking the metal
having a complex interface with the contaminants and
oxide layer, causing the fresh metal in the larger rolling
to be under the control of the metallurgical compound.
Due to the contact deformation of the corrugated inter-
face, the interface of the composite interface is also rela-
tively clean, which increases the relative shear movement
deformation of the interface metal structure. This is ben-
eficial to the interface friction, enhances the interface
“cracking and embedding”, and promotes the sur-
face-hardening layer, accelerated membrane rupture, and
dislocation. Under the action of thermal diffusion, the
composite interface at the trough can achieve suitable re-
combination by hot-pressure diffusion. There are also
fewer local oxide particles and composite interface im-
purities and oxides at the wave waist position. Due to the
large actual reduction rate at the wave crest, it is condu-
cive to crush the polluted layer and oxide layer at the in-
terface to be compounded, so that the fresh metal can
produce metallurgical compounding under a large rolling
force. The black impurities and oxides at the composite
interface were analyzed by EDS. The main elements at
the wave crest of the composite interface are Fe. Cr, Mn
and O from Cr and Mn oxides. Mn and Si oxides are
mainly contained at the slope of the composite interface.
The valley of the composite interface mainly contains
Mn and Si oxides.

Figure 6 shows a wave with a depth of 2 mm and
wavelength of 6 mm, and a 25 % reduction rate of the
composite interface scan-line results. Figure 6a to 6c¢
correspondingly shows the line-scan results of the com-
posite interface peak, wave waist, and trough position at
a 25 % reduction rate. The Fe, Cr, and Ni greatly change
at the wavelength of 6 mm and a 25 % reduction in the

wave depth. This is because the difference between Fe,
Cr, and Ni in the Q345R substrate is obvious. The 304
stainless steel contains a significant amount of Cr and
Ni, and a relatively small amount of Fe. Furthermore, the
energy spectrum of C and other light elements’ sensitiv-
ity is low, so the change in the composite interface on
both sides of the C element is not obvious. The 304
stainless steel in the Cr and Ni cross the original inter-
face to the carbon steel side of the diffusion, and the Cr
diffusion distance is higher than that for the Ni. The dif-
fusion of the composite interface elements from the dif-
fusion layer of Cr and Ni, and the element diffusion layer
at the wavefront, wave waist, and trough at the compos-
ite interface is approximately (13; 19: 15) um, respec-
tively.

3.3 EBSD analysis

The composite interface of the corrugated interface
304/Q345R composite plate with a wave depth of 2 mm
and wavelength of 6 mm was studied. The EBSD tech-
nique was used to study the composite interface’s orien-
tation, dynamic recrystallization and strain energy.

Figure 7 presents the plane of the ripple interface at a
25 % reduction rate of the composite interface (IPF) +
grain boundary, where the RD and ND directions are se-
lected. For the upper half of the composite interface, the
fine grain is Q345R container steel, the middle of the
white is not resolved out of the composite interface tran-
sition layer, and the lower part is 304 stainless steel. It
can be seen from Figure 8 that the corrugated interface
Q345R steel side of the grain is small, and the changes in
the crest, wave waist, and trough are not obvious. Addi-
tionally, there is no obvious preferred orientation. The
304 stainless-steel side grain is not uniform, there is no
obvious preferred orientation at the peak position of the
smallest grain, and the wave waist and trough position
have coarse grains. Each large grain shows an orienta-
tion, where there are few color differences near the grain
boundary. In other words, the grain boundary near the
orientation subtly changes, and the grains at the wave
valley are relatively smaller than those at the wave waist.
For the corrugated interface of the 304 stainless-steel
side, the wave waist and trough position of the large
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Figure 6: Resulls of SEM: a) wave crest, b) slope, ¢) valley
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crystal grain is attributable to the observation and analy-
sis of the corrugated interface on the role of stainless
steel showing difficulty in changing the metal. The billet
selection of the coarse grain and the stainless-steel grain
are thick. The actual rolling temperature is approxi-
mately 1150 °C, and the grain grows rapidly.

Figure 8 shows a wave with a wave depth of 2 mm
and wavelength of 6 mm ripple interface rolling compos-
ite interface orientation difference (local mis-orienta-
tion), which reflects the degree of deformation of the
composite interface. Each composite interface of the re-
verse pole of the upper part of the fine grain is Q345R
container steel, the middle of the white is not resolved
out of the composite interface transition layer, and the
lower part is 304 stainless steel. It can be seen from Fig-
ure 8 that there is a uniform orientation difference distri-
bution on the steel side of the corrugated interface
Q345R, indicating that the degree of deformation is rela-
tively consistent. Furthermore, at the 304 stainless-steel
side of the ripple interface, the apparent orientation dif-
ference is mainly distributed at the composite interface.
On the grain boundary of the composite interface and
large grains, a large deformation can be observed. At the
25 % reduction rate, there is a significant difference in
the orientation of the composite interface at the waist po-
sition, indicating that the position of the corrugated inter-
face wave waist has a large degree of deformation. This
deformation facilitates the breakage of the interface ox-
ide and the hardened layer of the compound.

4 CONCLUSIONS

1) The corrugated interfacial rolling composite
304/Q345R rolling composite method was used to form
a composite surface that exhibits a corrugated shape. Not
only does it increase the length of the composite inter-
face, but the composite interface from the traditional 2D
plane also becomes a 3D ripple interface.

2) With a wave depth of 2 mm and wavelength of
6 mm, there is a 25 % reduction rate of the composite in-
terface peak at the smallest grain, which is followed by
the valley at the grain. The wave waist at a certain degree
of mixed crystal grain size is not uniform. The contact
deformation of the interfacial interface increases the
number of intertwined metal structures relative to the
shear deformation, facilitating interface friction, enhanc-
ing the interface “rupture and embedding”, promoting
the surface-hardening layer, and accelerating the rupture
of the oxide film.

3) The diffusion of the complex interface elements
forms the diffusion layer of Cr and Ni, and the element
diffusion layer at the composite interface is about (13;
19; 15) pm, respectively. In the EBSD analysis, the strain
energy at the interface of the corrugated composite inter-
face is large, especially in the composite interface of the
wave-waist position, which indicates that the position of
the ripple interface has a large deformation degree.

S A 13|;
=100 km. Dol [}

Figure 7: Reconstructed maps using IPF contrast for composite plate with corrugated interface under 25 % rolling rate: a) wave crest, b) slope,

c) valley

Figure 8: Reconstructed maps using local mis-orientation for a roll-bonded 304/Q345R composite plate with a 2—6 corrugated interface: a) wave
crest, b) slope, c) valley
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