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Abstract: In this research, corrugated Mg/ Al clad sheet with good interface bonding was prepared
with a rolling mill of upper corrugated roll and a lower flat roll under the conditions of 35% reduction
and 400 °C. The mechanical properties of the corrugated Mg/ Al clad sheet were studied using the
transverse tensile test, Vickers microhardness and as well as its bending properties. Moreover, the
interface bonding mechanism of the corrugated clad sheet was researched through three-dimensional
contour analysis. The results showed that the UTS at the trough position was the highest (~296 MPa),
and that the peak position was the lowest (~257 MPa). The maximum fracture EL at the peak position
was ~13.4%, while the minimum fracture EL at the trough position was ~10.6%. In the transverse
tensile process, the interface cracked first due to the uneven stress distribution in the matrixes. Then,
the Mg sheet broke, and finally the Mg/ Al clad sheet failed with final fracturing of the Al sheet.
The microhardness of interface metal Al at the four positions was higher than that of the interface
metal Mg, which was closely related to the dislocation strengthening of the Al sheet. The interface
bonding mechanism of the corrugated Mg/ Al clad sheet could be divided into four stages: extrusion
deformation, rubbing fracture, compound extension and compound completion.
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1. Introduction

With the rapid development of aerospace, electronic technology and automobile man-
ufacturing, traditional single metal material is often affected by the lack of comprehensive
performance, high manufacturing costs and lack of natural resources; hence, it is difficult
to fully meet the use demand. Therefore, dissimilar metals with different characteristics are
combined through mechanical or metallurgical combination to make clad sheets to meet
the performance requirements [1-3]. The prepared clad sheets have excellent properties of
their component materials, including simple preparation methods, high bonding strength
and low cost [4].

Lightweight, high-strength and excellent corrosion resistant Mg/ Al clad sheets were
prepared by combining Mg and Al sheets [5,6]. This can not only reduce the weight, but also
ensure its use performance. Mg/ Al clad sheets have good application prospects in aerospace,
high-speed rail, marine transportation, automotive industry and other fields [7-9]. Mg/ Al
clad sheets can give full play to the advantages of their component metals in performance
and function. They represent one of the important directions for the development from tra-
ditional single materials to high-tech composite materials, and have important engineering
application value [10].

At present, there are many methods used to prepare Mg/ Al clad sheets, such as
traditional rolling, explosive welding, asynchronous rolling, diffusion compositing, accu-
mulative roll bonding, extrusion compositing, friction stir welding, cast-rolling compositing,
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etc. These methods can be divided into solid-solid bonding, solid-liquid bonding and
liquid-liquid bonding, according to the different initial physical states of the substrate and
cladding plate. Mg/ Al clad sheets manufactured through a rolling bonding method have
the advantages of simple operation, high production efficiency, low costs and easy-to-realize
large-scale industrial production, so they have been focused on by many scholars [11].
Nie et al. [12] prepared Al/Mg/Al three-layer laminates using a four-pass hot rolling
method at a temperature of 400°C and a reducton of 71%. Furthermore, the laminates were
annealed at 200 °C for 1 h. The results showed that the Mg grains equiaxed due to recrys-
tallization, while the Al grains had a deformed structure. Meanwhile, the tensile properties
along the rolling direction of these Al/Mg/Al three-layer laminates were measured; it
was found that the tensile strength was 230 MPa [13]. However, the Mg/ Al clad sheet
prepared by traditional flat rolling had serious shape warpage and low bonding strength.
The main reasons for these problems were attributed to the following points: (1) In the
rolling process, it was necessary to have a large reduction to obtain an Mg/ Al clad sheet
with tight interface bonding; (2) there was serious deformation disharmony between the
Mg sheet with its relatively brittle characteristics and the Al sheet with its good plastic
deformation ability. Using high reduction easily reduces the service life of the rolling mill.
Incoordination deformation between dissimilar metals leads to serious warpage of the
rolled plate, which is not conducive to the subsequent forming.

The strong plastic deformation rolling process is widely used in the preparation of
laminates. Chang et al. [14,15] prepared Mg/ Al multilayer composites by the accumulative
roll bonding method. The mechanical properties were improved by applying cumula-
tive strain to the plates to achieve interface metallurgical bonding and grain refinement.
Thangapandian et al. [16] and Bhovi et al. [17] studied the effects of a repeated corruga-
tion and straightening (RCS) method on grain refinement of AlI-Mg and Al-Mg-Sc alloy
sheets. It was found that the selection of an appropriate corrugation morphology was very
important for grain refinement. Corrugation-flat rolling (CFR) is a new rolling technology
for laminated metal composite plates. Wang et al. [18] produced Cu/Al clad sheet using
the CFR process at room temperature. The results showed that a corrugated interface was
formed, and the interfacial metal grains were significantly refined, resulting in excellent
tensile properties. In addition, Wang et al. [19] prepared an Mg/ Al clad sheet using the
CFR process at 400 °C. The results showed that the corrugated roll could produce uneven
shear deformation at the Mg substrate and the interface, which can lead to grain refinement.
Furthermore, the deformation ability of hard-to-deform metal Mg was promoted, and the
coordination deformation ability between the Mg sheet and the Al sheet was improved.
Interface metallurgical bonding was realized and the mechanical properties of the laminates
were improved.

The CER process is a kind of non-uniform plastic deformation process under pe-
riodic load, and the interface metal plastic deformation behavior is relatively complex.
The mechanical properties of the interface metal and interface bonding mechanism of the
corrugated Mg/ Al clad sheet at four typical positions (front waist, peak, back waist and
trough) have not been systematically studied. In view of this, this study observed the inter-
face microstructure through SEM observation and EBSD analysis. The tensile properties,
microhardness and bending properties of the Mg/ Al clad sheet at typical positions were
analyzed. The tensile shear section morphology of the interface at different positions was
analyzed to study the metal adhesion characteristics.

2. Experimental Procedure
2.1. Materials

AZ31B wrought Mg alloy sheet has high strength, is lightweight and has good machin-
ability. 5052 Al alloy sheet has good formability and corrosion resistance. Therefore, these
two materials were selected as the original materials in this research. In the experiment,
Mg sheet was used as the cladding plate and Al sheet as the substrate. The size of the Mg
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and Al sheets were 100 mm x 60 mm X 2 mm. The chemical composition of the AZ31B
Mg sheet and the 5052 Al sheet are shown in Table 1.

Table 1. Chemical compositions of AZ31B Mg sheet and 5052 Al sheet (wt. %).

Materials Mg Cu Ca Mn Si Al Zn Cr Fe
Mg sheet balance 0.01 0.04 0.8 0.07 3.2 1.2 - —
Al sheet 22-2.8 0.1 - 0.1 0.25 balance 0.1 0.15-0.35 0.4

2.2. Billet Preparation

The bonding surfaces of the original Mg and Al sheets were polished using a wire
brush. Then, the polished sheets were stacked. Figure 1 displays the topography, three-
dimensional outline and height nephogram of the Mg and Al sheets after grinding, in
which red represents the high area and blue represents the low area. It can be seen from
Figure 1a,d that the polished surfaces of the Mg and Al sheets showed obvious scratches.
The maximum height of the Mg surface was 13.184 um (Figure 1b). The height distribution
was relatively uniform, and the surface roughness of the polished Mg was 2.68 um. From
Figure le, the maximum height of the Al surface was 12.505 um. The surface roughness of
the polished Al sheet was 2.95 um. In order to prevent deviations of the Mg sheet and the
Al sheet during the rolling process, one end of the sheet was bound with Al wire, and the
other end was riveted with Al nails to make an Mg/ Al billet.

(b) 13.184 jm

1056.479 jun —RESSREE

10

Figure 1. Topography and three-dimensional profiles of Mg and Al sheets after grinding with a wire
brush: (a—c) Mg sheet; (d—f) Al sheet.

2.3. Heating before Rolling

The Mg/ Al billet was placed into a tubular heating furnace and argon protection for
heating, with a temperature of 400 °C and a holding time of 15 min. There was a great
influence of temperature on the plastic deformation ability of the Mg sheet. The non-
basal slips of the Mg alloy were easily activated, and the plastic deformation ability greatly
improved when the temperature was 225 °C~400 °C. Meanwhile, the deformation resistance
of the Mg sheet decreased with increasing temperature. Therefore, the temperature selected
in this study was 400 °C.

2.4. Corrugated Rolling Process

A rolling mill with an upper corrugated roll and a lower flat roll was used for the
corrugated rolling process. The reduction was 35% and the rolling speed was 0.12 m/s.
When the reduction was 35%, the overall shape of the corrugated Mg/ Al clad sheet was flat
and straight, which was conducive to the subsequent forming. Therefore, 35% reduction
was selected for the corrugated rolling process. During the rolling process, the Mg sheet
contacted with the upper corrugated roll, and the Al sheet contacted with the lower flat roll
without lubrication. The average diameter of the corrugated roll and the diameter of the
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flat roll was 150 mm. The surface curve of the corrugated roll was a sine curve, with an
amplitude of 0.5 mm and a corrugation number of 100. The experimental two-high mill
and the corrugated roll are shown in Figure 2. The corrugated Mg/ Al clad sheet with its
corrugated surface was obtained after the corrugated rolling process. Figure 3 displays the
four typical positions of the corrugated Mg/ Al clad sheet, namely front waist, peak, back
waist and trough.

Figure 2. Experimental equipment: (a) two-high mill; (b) corrugated roll.

ND Peak
{1

Trough
0

Figure 3. Four positions of the corrugated Mg/ Al clad sheet.

2.5. Microstructure Characterization and Mechanical Properties Tests

A scanning electron microscope (SEM) equipped with electron backscatter diffrac-
tion (EBSD) techniques (model: JSM-IT500, JEOL Ltd., Japan) was used to observe the
interface microstructure of the corrugated Mg/ Al clad sheet. The observation surface of
the sample was rolling direction (RD) x normal direction (ND), and the sample size was
8 mm x 6 mm (RD x TD). The voltage was 15~20 kV, and the working distance was
10~15 mm when using the scanning electron microscope for characterization. The surface
of the EBSD sample was polished and treated with argon ion precision etching technology.
During the observation, the sample tilt was 70°, the working distance was 15 mm; the
test voltage was 20 kV, and the scanning step was 0.6 um. Finally, the EBSD test data
were processed with Channel 5 software. Three-dimensional profile measurements of the
interface fracture sections at different positions were carried out through the shape analysis
laser microscope (model: VK-X1000, KEYENCE, Japan).

An Instron 5969 universal tensile testing machine (Instron Ltd., Norwood, MA, USA) was
used to measure the tensile properties of the corrugated Mg/ Al clad sheet along transverse
direction (TD) at a speed of 0.5 mm/min. Dog-bone tensile specimens with a gauge length of
20 mm and gauge width of 3 mm were cut using a wire cutting machine, and the specimens
were polished until a mirror effect was achieved. In order to research the fracture sequence of
the interface and matrix during the tensile process of the corrugated Mg/ Al clad sheet, a digital
image correlation (DIC) system was used to monitor the tensile process. The microhardness of
the matrixes was tested with a micro Vickers hardness tester (model: HVT-1000, Sichangyue
Optical Instrument Co., Ltd., Shanghai, China). The test force was 100 g and the test force
holding time was 10 s. Three points were selected from each position, and then the average
value was taken as the final hardness value of this position. The Instron 5969 universal tensile
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testing machine was used to carry out three-point bending tests on the corrugated Mg/ Al
clad sheet. The length of the specimen was 45 mm and the width was 3 mm. The bending
speed was 2 mm/min and the span was 30 mm.

3. Results and Discussion
3.1. Interface Morphology

The interfaces” SEM morphology can be observed in Figure 4. It can be seen from
Figure 4 that the interfaces at the four positions were well combined, and there were no
holes, cracks and other defects at the interfaces. Figure 5 shows the interface inverse pole
figure (IPF) of the four typical positions of the corrugated Mg/ Al clad sheet. The upper metal
was AZ31B Mg sheet and the lower metal was 5052 Al sheet. As can be seen from Figure 5,
a large number of fine equiaxed grains and a small number of coarse grains coexisted on the
Mg side at these four positions. Moreover, fine Mg grains were found at the coarse grain
boundary, which were due to the dynamic recrystallization during the corrugated rolling
process. For the Al side, the Al grains were obviously elongated at the four positions, and
fine grains were also observed at grain boundaries of the elongated grains. The reason for
this phenomenon is the occurrence of partial dynamic recrystallization [20]. After corrugated
rolling, the matrix metals had obvious grain refinement.

(a)

ND
20 pm
RD
Figure 4. Interface SEM images of the corrugated Mg/ Al clad sheet: (a) front waist, (b) peak, (c) back
waist, (d) trough.

ND 1 111
0001 1010
L, 2 N A
RD 1120 001 101

Figure 5. Interface IPF images of the corrugated Mg/ Al clad sheet: (a) front waist; (b) peak; (c) back
waist; (d) trough.
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During the corrugated rolling process, the interface metals at the peak position were
subjected to relatively high shear stress, which promoted grain refinement. The temperature
of Mg dynamic recrystallization can be decreased, and the dynamic recrystallization process
can be accelerated with higher compressive stress at the trough position. Meanwhile, strong
plastic deformation can provide a driving force for grain breakage and recrystallization,
which is conducive to the formation of finer grain structure [21]. Compared with the back
waist position, Mg grains at front waist position formed more fine grains in the severe
deformation process. The grain refinement degree of the matrix metal of the corrugated
Mg/ Al clad sheet was higher. Strong plastic deformation can increase the dislocation density.
The metal Al with high fault energy is prone to cross slip and climb of dislocations, which
conforms to the dislocation movement conditions required for dynamic recovery of Al alloy.

3.2. Mechanical Properties of the Corrugated Mg/Al Clad Sheet
3.2.1. Tensile Properties

Figure 6 shows the transverse tensile properties of the corrugated Mg/ Al clad sheet
at room temperature, and the sampling positions are shown in the embedded diagram
in Figure 6a. It can be seen from Figure 6 that the ultimate tensile strength (UTS) of the
corrugated Mg/ Al clad sheet at the trough position was the highest, reaching ~296 MPa.
This value was significantly higher than the UTS of the original Mg sheet (~284 MPa) and
the original Al sheet (~217 MPa). Moreover, the minimum UTS at the peak position was
~257 MPa. The front waist (~276 MPa) and the back waist (~272 MPa) values were in the
middle. The difference between the minimum and maximum values of the transverse UTS
at the four positions was ~39 MPa. The yield strength (YS) of the clad sheet at the trough
position was also the highest (~223 MPa), and the minimum YS at the peak position was
~173 MPa. On the contrary, the fracture elongation (EL) of the Mg/Al clad sheet at the
peak position was the largest, reaching ~13.4%, and the minimum at the trough position
was ~10.6%. Nevertheless, the fracture EL of the corrugated Mg/ Al clad sheet at the four
positions was higher than that of the original Mg sheet (~24%) and the original Al sheet
(~18%). This was caused by the obvious work-hardening phenomenon of the clad sheet
after the corrugated rolling process. During the tensile process, the stress of the Mg/Al
clad sheet at these four positions decreased after the strain reached a certain value, which
was due to the delamination phenomenon at the Mg/ Al interface.

( a) 350 — (b) 400 24
—=— Front waist - Front waist |+ 22
: 350 |
Y ——Pak 5 I peak J20
£ —— Back waist o I Backowaist ||
= :0f [ ——Trough || o “°f 1 ]
) g - Trough Jie =\=
z = 250 o
= = 14
< 200 = =
3 =
= 80 200 2 2
] s =
= 150 : = 103
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E ” & 150 s B
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= d 20mm 100 6
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Figure 6. Transverse tensile properties of the corrugated Mg/ Al clad sheet: (a) stress-strain curves;
(b) properties histogram.

The greater the plastic deformation of the metal, the more obvious the work hardening.
Furthermore, the higher the strength, the worse the plasticity. The UTS and YS of the Mg/ Al
clad sheet at the trough position were the highest, while the fracture EL was the lowest,
which is consistent with the work hardening behavior of the metal after strong plastic
deformation. The ratio of yield strength to ultimate tensile strength (YS/UTS) can affect the
plasticity of the clad sheet. The greater the YS/UTS, the worse the plasticity. Table 2 displays
the data statistics of the transverse tensile properties of the corrugated Mg/ Al clad sheet.
It can be seen from Table 2 that the YS/UTS of the clad sheet at trough position reached
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0.75, which was the largest of the four positions. That is, the UTS and YS were higher at the
trough position, while the fracture EL was lower. The fracture EL of the Mg/ Al clad sheet at
the peak position was the highest among the four positions, which is due to the fact that the
reduction in the corrugated roll acting on the peak metal was the lowest.

Table 2. Transverse tensile properties statistics at four positions of the corrugated clad sheet.

Positions UTS (MPa) YS (MPa) Fracture EL (%) YS/UTS
Front waist 276 184 13.3 0.66
Peak 257 173 134 0.67
Back waist 272 188 12.6 0.69
Trough 296 223 10.6 0.75

Figure 7 exhibits the macro tensile fracture morphologies of the corrugated Mg/ Al clad
sheet along the TD. From Figure 7a, it can be seen that the Mg plate at the four positions
displayed brittle fracture with a deflection of ~45° from the TD, while the Al plate showed
necking due to its good plasticity. It should be noted that the interface delamination appeared
near the fracture. Taking the clad sheet at the front waist position as an example, DIC strain
analysis was performed on the tensile fracture process, as shown in Figure 7b—f. At the initial
tensile stage, the Mg/ Al clad sheet showed zero strain. As the tensile process proceeded,
stress concentration occurred in the Mg sheet, but it did not break at this time. The uneven
stress distribution on both sides of the Mg and Al sheets led to interface cracking, which
was manifested as a slight drop in tensile stress on the tensile curve. Then, the Mg sheet
broke quickly and the stress dropped sharply due to stress concentration and interfacial
cracking. During the tensile process, the Al sheet necked and continued to deform after the
Mg sheet broke. Eventually, the Mg/ Al clad sheet failed completely.

Y ﬁﬁm ) I (c) ?'f';“ [

0.0007567
Al ne'ék.mg

|
Mg
Al necking 0002954 003811
Mg
W Back waist 000481 000663

Al nt’ac’kmg

0.08494

001417 E 0.008759

~0.0566 -0.06784

Figure 7. Tensile fracture of the corrugated clad sheet: (a) macroscopic fracture; (b—f) DIC strain
analysis of the front waist clad sheet in tensile fracture process.

Figure 8 is the SEM image of the tensile fracture morphologies of the corrugated
Mg/ Al clad sheet. It can be seen that obvious delamination occurred at the interface of
the Mg/ Al clad sheet at the four positions. The dimples on the Mg side were small and
shallow, mostly cleavage planes, corresponding to the brittleness characteristic. The Mg
sheet was the first to fracture due to its inherent brittleness, which is consistent with the
stress drop in the engineering stress—strain curve. Numerous dimples were observed on the
Al side, which indicated that the Al sheet retained relatively excellent extension properties.
It is worth noting that the dimples at the Al fracture surface were both large and deep at
the peak position, which corresponded to the longest fracture elongation.
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Figure 8. Tensile micro fractures of the corrugated clad sheet: (a) front waist; (b) peak; (c) back waist;
(d) trough.

3.2.2. Microhardness

Figure 9 shows the Vickers hardness of the interface matrixes at the four positions of
the corrugated Mg/ Al clad sheet. From Figure 9, it can be seen that the microhardness
difference between these four positions of the matrixes was small. The microhardness of the
Mg sheet at the peak position was the largest (~58 HV), and that at the back waist was the
smallest (~55 HV). The hardness of the Al sheet at the peak position was the largest among
the four positions, reaching ~68 HV, and that at the front waist was the smallest (~64 HV).

920

=H
wp a

1T

Front waist Peak Back waist  Trough

Vickers hardness/HV

Figure 9. Vickers hardness at interface metals of the corrugated clad sheet.

Although the reduction was the lowest at the peak position, the microhardness of the
Mg sheet and the Al sheet was the highest. The shear deformation at the peak position
can improve the microhardness of matrixes. The microhardness of the Al sheet was higher
than that of the Mg sheet at the four positions, which is largely related to the dislocation
strengthening of the Al alloy. The processing deformation was produced in the 5052 Al sheet
during the rolling process, and the dislocation density increased. Dislocation entanglement
was formed by dislocation interaction, resulting in dislocation movement being blocked and
the plate gradually hardening. In addition, the microhardness of the Al sheet at the trough
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position was lower than that at the peak position, which was due to the combined action of
heat being released by plastic deformation and high temperature rolling at the trough position.
Kernel average misorientation (KAM) is an important method to measure metal dislo-
cation density [22]. It can quantitatively represent the average misorientation difference
angle between a given point and its neighboring points belonging to the same grain, which
is related to the plastic strain inside the material. According to the strain gradient the-
ory [23], KAM can used to estimate the density of geometrically necessary dislocation
(GND) [23,24]. The relationship between GND density and KAM is shown as follows:

26
GND _ ﬁ (1)

In this equation, p®NP represents the density of geometrically necessary dislocation
(m~2). 0 represents the average angle of the local misorientation difference calculated from
the KAM data (°). i represents the EBSD analysis step size, 600 nm in this study. Finally, b
represents the Burgers vector (Mg is 0.321 nm [25], and Al is 0.286 nm [26]).

The KAM maps and the corresponding distribution curve of the matrixes were ob-
tained via EBSD technology at the four positions of the corrugated Mg/ Al clad sheet. As
shown in Figure 10, blue indicates the low dislocation density and red indicates the high
dislocation density. According to Equation (1), GND density distribution curves of the
matrixes at the four positions were obtained, as shown in Figure 11.
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Figure 10. KAM maps and corresponding distributions of the corrugated clad sheet: (a) front waist;
(b) peak; (c) back waist; (d) trough.
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Figure 11. GND density distribution at four positions of the corrugated clad sheet: (a—d) Mg side;
(e-h) Al side.

In Figure 10, the Mg side contains blue grains, which belong to the low dislocation
density region and were mainly caused by a dynamic recrystallization phenomenon. In
addition, the high dislocation density was mainly distributed at the boundary of the
deformed grains, while the low dislocation density was mainly distributed inside the grains;
this is due to the dislocation movement along the grain boundary when the grain boundary
slipped. During the deformation process, a large number of dislocations proliferate and
reproduce, which subsequently reach grain boundaries by slipping and climbing, thus
preventing dislocations movement. It can be seen from Figures 10 and 11 that the mean
values of the KAM (1.16° of Mg, 1.52° of Al) and GND density (2.29 x 10'* m~2 of Mg,
3.11 x 10 m~2 of Al) at the peak position were the largest for both the Mg and Al matrixes.
This shows that large stresses and strains were applied to the vertical direction of the trough
metal during the corrugated rolling process. With the increase in metal deformation at the
trough position, the strain energy accumulated during the rolling process was effectively
released by recovery or recrystallization, which led to a decrease in the strain storage energy
after rolling [27]. The metals generated dislocation entanglement and rearranged to form a
dislocation wall, and then evolved into low-angle grain boundaries (LAGBs). The strain
mainly accumulated near the grain boundaries. The increase in dislocation density at the
peak metal after the corrugated rolling helped to improve the microhardness of the plate,
which also corresponded to the microhardness distribution shown in Figure 9. At the same
position of the corrugated Mg/ Al clad sheet, the average KAM value of the Al sheet was
higher than that of the Mg sheet, so the hardening of the Al sheet was higher than that of the
Mg sheet. The average KAM value of the Mg sheet at the trough position was 1.13°, which
was higher than that of the front waist and back waist positions. However, the average KAM
values of the Mg sheet at these four positions showed little difference, which was because
numerous dynamic recrystallized Mg grains had a low local misorientation difference.
In conclusion, dislocation strengthening and grain refinement are helpful to improve the
microhardness of Mg and Al matrixes. However, the strengthening mechanism of the
corrugated Mg/ Al clad sheet at the peak position was mainly dislocation strengthening,
while the sheet at the trough position was mainly grain boundary strengthening.

3.2.3. Bending Properties

Figure 12 shows the transverse three-point bending curve and the macro morphology
after bending at the peak and trough positions of the corrugated Mg/ Al clad sheet. The
Mg sheet was in contact with the indenter during the bending process. As can be seen from
Figure 12a, the maximum stress of the peak clad sheet in the bending process was ~451 MPa,
which was less than that at the trough position (~673 MPa). In the bending experiment, the
metal at the peak position showed a stress drop when the strain was ~14.3%, which was
manifested as the metal Mg appearing cracked during extrusion. However, the stress at
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the trough position was continuous, and there was no dramatic load drop phenomenon,
which indicated that the trough metal Mg did not crack during the bending process. It is
noteworthy that the interfaces at the peak and trough positions were well combined. There
was no delamination during the bending process and no crack and fracture in the Al side. The
appearance of cracking on the Mg side at the peak position was due to the metal accumulation
phenomenon occurring in the bending process. Corrugated roll can impose shear deformation
on the Mg sheet and Al sheet, and improve their coordination deformation abilities. Moreover,
when the strain was coordinated in the thickness direction, the crack generation of Mg was
hindered. The good bending property at the trough position can be attributed to the excellent
deformation coordination between the Mg layer and the Al layer.

( a) 800
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Figure 12. Transverse bending properties of the corrugated clad sheet: (a) bending stress—strain
curves; (b) peak morphology after bending; (c) trough morphology after bending.

3.3. Interface Bonding Mechanism

In order to further analyze the cross-sectional characteristics of the corrugated Mg/ Al
clad sheet at different positions, three-dimensional contour measurement was used to
analyze the cross-section. Figure 13 shows the three-dimensional profile, the height cloud
map and the roughness curve of the line in the height cloud map of the cross-section of
the Al matrix. Red represents the high areas, and blue represents the low areas. Table 3
shows the section roughness statistics of the Al matrix. At the front waist position, the
maximum height of the Al side reached 40.397 um. Furthermore, a convex morphology
resembling a “small bamboo shoot” was observed, which was scattered on the Al side. It
can be inferred that these “bamboo shoots” may have been metal Mg left behind after the
tear process. Scattered red areas can also be seen in the height cloud map in Figure 13b.
The line roughness (Ra) in the height cloud map was 4.41 um. Due to the high compressive
stress on the front waist metal, the metal Mg adhered to the Al matrix during the tear
process, resulting in local high region morphology. The value of Ra did not reflect the
overall roughness, due to the uneven metal distribution in the cross-section. Therefore, the
surface roughness (Sa) of the cross-section was measured, and the result was 3.99 pm.

Table 3. Roughness statistics of Al matrix fracture surfaces.

Roughness Front Waist Peak Back Waist Trough
Ra 4.41 um 2.14 um 2.41 um 2.14 pm
Sa 3.99 pm 3.16 um 3.39 um 4.43 um

At the peak position, the maximum height of the cross-section on the Al side reduced
to 23.658 um, which is due to single higher area. Figure 13d mainly shows the distribution
morphology of Al side, but there are also individual high areas. The force of the peak metal
is small and the content of metal Mg extrusion into the Al matrix is less. Sa value of the
cross-section and the Ra value of the peak Al matrix are 3.16 pm and 2.14 pum, respectively.
Similar to the three-dimensional contour of the peak position, there are also individual
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convex areas at the back waist position (Figure 13g). The maximum height continues to
decrease to 16.829 um, but the Sa value and Ra value increase to 3.39 um and 2.41 um,
respectively, compared with the peak position. The maximum height of the Al matrix cross-
section at trough position drops to 16.343 um (Figure 13j). Nevertheless, the cross-section of
the Al matrix exhibited a high regional distribution, shown in red. Under the condition of
high reduction at the trough position, the bulk distribution of metal Mg appeared in the Al
matrix, which corresponded to the formation of homogeneously dispersed high regions on
the three-dimensional contour. A large area of metal Mg fracture can cause ups and downs
in the cross-section. The Sa value in Figure 13j significantly increased to 4.43 pm, indicating
that the fracture of the Mg trough improved the section roughness. By analyzing the change
in the three-dimensional contour and surface roughness of the cross-section, the interface
bonding of the corrugated Mg/ Al clad sheet at different positions was indirectly reflected.

(a) 0307 I
b 2
13 o i oy

Figure 13. Three-dimensional profile of Al cross-section: (a—c) front waist; (d—f) peak; (g-i) back

waist; (j—-1) trough.

Figure 14 shows the three-dimensional profile, the height cloud map, and the rough-
ness curve of the line in the height cloud map of the cross-section of the Mg matrix. Table 4
shows the section roughness statistics of the Mg matrix at the four positions. The maximum
height of the Mg side cross-section at the front waist position was 12.397 um, and no local
high point was found. The Sa of the three-dimensional profile and the Ra in the height
cloud map were 3.21 um and 1.66 pm, respectively. Local high points were found in the Mg
matrix cross-section of the peak and back waist positions, which were caused by tearing of
the interfacial adhesive metal Mg. According to Table 4, the Ra value and the Sa value of
the Mg matrix at the peak position were 3.01 um and 2.8 pm, respectively, and those at the
back waist position were 1.84 pm and 3.12 pum, respectively. The Ra value and the Sa value
of the trough Mg matrix cross-section increased to 3.69 pym and 3.6 pm, respectively. This
indicates that the fracture of Mg matrix caused the ups and downs of the cross-section when
the deformation was large. However, no obvious local high point formed at this position,
because the dimples generated by the fracture of the metal Mg were small. Meanwhile, the
Ra value at the trough position was very close to the Sa value, which can also reflect that
the fracture area of the Mg trough matrix was large and uniform.

Figure 15 is the schematic diagram of Mg/ Al interface bonding during the corrugated
rolling process. The interface bonding process can be divided into four stages: (1) Extrusion
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deformation occurred. After wire brush grinding, the surfaces to be bonded of the Mg
sheet and the Al sheet were rough and uneven, and a hardening layer was observed on
the surfaces. In Region 1(R1), the Mg sheet was in contact with the upper corrugated roll,
and the Al sheet was in contact with the lower flat roll. At this time, the interface metal
was almost undeformed, and the surface hardening layer was subjected to small forces and
was not deformed. When the Mg and Al sheets entered Region 2 (R2), the metal stretching
during the corrugated rolling process led to the tensile stress in the hardening layer in
the stretching direction. The hardening layer was deformed by the extrusion of interfacial
metals, which was accompanied by the generation of friction heat and deformation heat.
(2) Next, rubbing fracture occurred. As the rolling process progressed, reductions increased
gradually in Regions 3, 4 and 5 (R3, R4 and R5), and the compressive stress on the interfacial
metal also increased gradually. The hardening layer broke due to strong rubbing action,
exposing a large amount of fresh metals at the interface. (3) Then, compound extension
occurred. In Regions 6 and 7 (R6 and R7), the fresh metals exposed at the interface
were extruded through the cracks between the hardening layers, and extruded into each
other’s matrix to form bonds under the action of the rolling force. Meanwhile, the shear
deformation between the interface metals prompted grain refinement of the matrixes,
thereby enhancing the interface bonding. Compound extensions formed at the interface,
and the interface bonding effect enhanced. (4) The last stage was compound completion.
Stable interface bonding was achieved in Region 8 (R8) until the rolled piece left the roll.
Heat flow between the metals accompanied the entire rolling process.
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Figure 14. Three-dimensional profile of Mg cross-section: (a—c) front waist; (d—f) peak; (g—i) back
waist; (j-1) trough.

Table 4. Roughness statistics of Mg matrix fracture surfaces.

Roughness Front Waist Peak Back Waist Trough
Ra 1.66 um 3.01 um 1.84 um 3.69 um
Sa 3.21 um 2.80 um 3.12 um 3.60 um




Metals 2023, 13, 503

14 0of 15

References

. Deformation Metal flow
=
heat trend

} Heat flow Friction heat

A
1

Comf)ound Compound

extension  completion

Hardened layer ;
Rubbing

Extrusion
fracture

deformation

RI { R2{ R3 | R4 | RS | R6 | R7 RS

>
Rolling direction

Figure 15. Schematic diagram of interface bonding during the corrugated rolling process [28].

4. Conclusions

1.

After the corrugated rolling process, the interface of the corrugated Mg/ Al clad sheet
became well combined, and the interfacial metal grains refined significantly due to the
strong plastic deformation. The transverse tensile results showed that the maximum
UTS of the clad sheet at the trough position was ~296 MPa, while the minimum UTS
at the peak position was ~257 MPa. On the contrary, the fracture EL was largest at the
peak position (~13.4%), and smallest at the trough position (~10.6%).

During the transverse tensile process, stress concentration occurred first in the Mg
sheet, resulting in uneven stress distribution for both matrixes. As a result, the
interface stratified first, then the Mg sheet broke, and finally the clad sheet failed
along with the Al sheet fracturing.

By analyzing the GND density of the matrixes, the strengthening mechanism of the peak
position was determined to be mainly dislocation strengthening, while the strengthening
mechanism of the trough position was mainly grain boundary strengthening.

The interface bonding process of corrugated Mg/ Al clad sheet can be divided into
four stages: extrusion deformation, rubbing fracture, compound extension and
compound completion.
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