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Abstract The corrugated ? flat rolling (CFR) and tradi-

tional rolling (TR) methods were used to prepare Mg/Al

clad plates using AZ31B Mg and 5052 Al plates, and the

interface morphologies and mechanical properties of the

resulting clad plates were compared. Examination of the

microstructures of the plates showed that the TRed Mg/Al

clad plate presented a straight interface, while a corrugated

interface containing fractured intermetallic particulates was

observed for the CFRed plate due to the inhomogeneous

strain induced by the corrugated roller. During the CFR

process, the corrugated roller can accelerate the rupture of

the substrate work-hardening layers and facilitate the

mutual extrusion of fresh metals to enhance the interface

bonding. Compared with the traditional basal texture of the

Mg alloy, the CFR process can change the texture mor-

phology, thereby enhancing the plastic deformation ability

of the Mg plate. Tensile tests showed that the CFRed Mg/

Al clad plate exhibited a higher ultimate tensile strength

(UTS, 316 MPa), which was * 8% higher than that of the

TRed plate (293 MPa). In addition, the bending curve of

the CFRed clad plate was smooth and there was no stress

sudden drop phenomenon in the bending process. The

higher UTS and excellent bending properties of the CFRed

clad plate could be attributed to the enhanced coordinated

deformation ability of the substrates induced by the cor-

rugated interface, grain refinement, and the change in the

Mg alloy texture morphology.

Keywords Mg/Al clad plate; Corrugated ? flat rolling;

Traditional rolling; Interface morphologies; Mechanical

properties

1 Introduction

Owing to their low density, good thermal conductivity, and

high specific strength, Mg alloys have been employed

widely in the automobile, aerospace, and electronic

industries, and some other fields [1–3]. However, their poor

oxidation and corrosion resistances limit their further

application [4–6]. In contrast, Al alloys exhibiting good

plasticity are environmentally friendly light engineering

materials, and they can form compact oxide films to pre-

vent corrosion [7–9]. Al alloys can therefore be formed and

processed using a range of methods, and so have been

widely employed in shipbuilding, marine engineering, and

in oil and gas storage [10–12]. Thus, Mg/Al clad plates

exhibit a combination of these properties, being lightweight

and low cost, in addition to having high specific strength,

and good corrosion resistance [13–15]. Such materials are

therefore expected to be applicable in the aviation, aero-

space, nautical, and national defense industries [16–18].

A number of methods currently exist for the fabrication

of Mg/Al clad plates, including explosive welding, explo-

sive welding ? rolling, diffusion, and hot rolling. For

example, Zhang et al. [19] successfully prepared Mg/Al
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clad plates using the explosive welding method. The

interface of their plate presented a small wave shape, and

an adiabatic shear band existed on the Mg-side close to the

interface. In addition, Chen et al. [20] reported that the

tensile strength of Mg/Al clad plates manufactured by

explosive welding ? 5 passes of hot rolling initially

increased prior to decreasing upon increasing the annealing

temperature and holding time. However, the explosive

process results in significant environmental pollution and a

number of safety hazards. Liu et al. [21] obtained Mg/Al

clad plates via a vacuum diffusion technique; however, the

required equipment was complex and expensive, and this

method is not conducive for large-scale production due to

the long production cycle. As another example, Nie et al.

[22] produced three-layered Al/Mg/Al plates at 400 �C and

subsequent annealing at 200–400 �C for 1–4 h. They found

that thick intermetallics formed at the interface of the

plates annealed at 400 �C, which greatly weakened the

bonding strength. Among these methods, the hot rolling

method is increasing in popularity due to its simplicity, low

cost, and facile continuous production.

Recently, a new rolling process, namely corru-

gated ? flat rolling (CFR), was proposed for the produc-

tion of Cu/Al clad plates under the 20% reduction ratio,

and remarkable improvements in the plate tensile proper-

ties were observed [23]. Furthermore, this method was also

reported for the fabrication of Mg/Al clad plates, resulting

in an enhancement in the ultimate tensile strength (UTS)

[24, 25]. However, the differences between the Mg/Al clad

plates manufactured by the CFR method and the traditional

rolling (TR) method have yet to be examined. Thus, we

herein report the preparation of Mg/Al clad plates with the

same final thickness using the two rolling methods.

Microstructural observations of the interface are carried out

in addition to the determination of the plate mechanical

properties using scanning electron microscopy (SEM),

X-ray diffraction (XRD) measurements, electron

backscatter diffraction (EBSD) analysis, tensile experi-

ments, and three-point bending tests. The microstructural

evolutions and mechanical behaviors are then discussed in

detail.

2 Experimental

An AZ31B Mg plate and a 5052 Al plate were chosen as

the substrates. Dimensions of these matrix materials were

100 mm 9 60 mm9 2 mm. Prior to the rolling experi-

ment, the bonding surfaces of the Mg and Al plates were

polished using a steel wire brush to remove any oxides or

oil stains. The Mg and Al plates were then assembled and

bound to make a blank. Finally, the prepared blank was

placed into a vacuum heating furnace at 400 �C under an

argon atmosphere for 15 min. For the TR method, after

heat treatment, the Mg/Al blank was directly placed into

the rolling mill where the upper and lower rollers were

conventional flat rollers, and the reduction ratio was

51.25%. For the CFR method, two rolling passes were

employed. More specifically, the first pass involved cor-

rugated rolling at 35% reduction ratio, where the Mg plate

was in contact with the upper corrugated roller and the Al

plate was in contact with the lower flat roller. A corrugated

Mg/Al clad plate with a wavy Mg surface was obtained

after the first corrugated pass. The second pass involved flat

rolling at 25% reduction ratio, and this gave the finished

plate with a flat Mg surface. Intermediate heat treatment at

400 �C was conducted for 5 min between these two passes.

The Mg/Al clad plates were produced using a two-high

laboratory mill (150 mm diameter) without lubricant. The

surface of the corrugated roller was a sinusoidal curve with

an amplitude of 0.5 mm and a period of 0.06 rad. Flat Mg/

Al clad plates with equal final thickness (i.e., 1.95 mm)

were obtained using these two rolling processes. Figure 1

shows a schematic representation of the CFR and TR

methods for preparation of the Mg/Al clad plates.

The metallographic samples of the prepared Mg/Al clad

plate were cut using a wire cutting machine, and the sur-

face of the rolling direction and the normal direction (RD-

ND) plane was sanded with 600, 1000, 2000, and 4000

mesh sandpapers. The surfaces to be analyzed were pol-

ished with an alumina solution until the surfaces presented

a mirror effect. The interface characteristics of the samples

were observed using SEM (JEOL-IT500) combined with

energy-dispersive spectroscopy (EDS) and EBSD. XRD

(Bruker D8) was used to identify the interface phase

composition. A 5969 universal tensile testing machine was

employed to test the tensile strength, and for this purpose, a

tensile rate of 0.5 mm�min-1 and a three-point bending

strength with a bending rate of 3 mm�min-1 were used.

Tensile samples were cut from the Mg/Al clad plate along

the transverse direction (TD). The gauge length and width

of tensile specimens were 20 and 5 mm, respectively. The

length and width of the three-point bending samples were

45 and 5 mm, respectively.

3 Results

3.1 Interface microstructure

Figure 2 shows the interface SEM image of the CFRed Mg/

Al clad plate, where the bonding interface presents an

obvious corrugated shape structure. During the first cor-

rugated pass, a sample with a severe corrugated surface

structure for the upper Mg plate was produced due to the

local strong stress induced by the corrugated roller. In
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contrast, during the second flat pass, the Mg material

protruding after the first pass extended downward and on

both sides under the action of rolling force, forming a

trough position. The stress imparted on the concave Mg

metal surface during the second pass was relatively small,

and so a peak was formed, as shown in Fig. 2. Due to the

nonuniform strain at different interface positions, corru-

gated interface was obtained for the CFRed clad plate. To

facilitate the subsequent analysis, the ‘‘peak’’ and ‘‘trough’’

(as marked in Fig. 2) can be used to represent the typical

interface positions according to the corrugated shape.

Figure 3 shows the interface SEM images, elemental

distribution diagrams, and corresponding EDS line scan-

ning results for the Mg/Al clad plates prepared using these

two different rolling processes. More specifically, Fig. 3a

shows the TRed interface, while Fig. 3b, c displays the

CFRed interface at the peak position and trough position,

respectively. As can be seen from Fig. 3a, the TRed Mg/Al

interface was tightly bonded without holes and cracks

under the large reduction ratio of 51.25%. According to the

Line 1 scan result (Fig. 3a), sharp drops in the Mg and Al

contents were observed at the bond interface, indicating

that no intermetallic compounds (IMCs) were formed at the

interface [26]. The interface morphologies of the CFRed

clad plate (Fig. 3b, c) were found to differ significantly

from that of the TRed clad plate (Fig. 3a). The interface of

the CFRed clad plate was not continuously distributed, but

instead, presented a fractured zigzag shape both at the peak

and the trough positions. It can be seen from the elemental

distribution diagrams in Fig. 3b, c that the interface zigzag

regions contained significant quantities of Mg and Al. The

platform can be observed at the Mg/Al interface, as indi-

cated in EDS Line 2 (Fig. 3b), which indicates that

stable IMCs formed at the zigzag regions with a thickness

of * 13 lm. These hard and brittle IMCs were generated

during the intermediate heat treatment between the first

corrugated pass and the second flat pass.

As described in the literature [27], the IMCs are com-

posed of two layers, namely Mg17Al12 close to the Mg-

side, and Mg2Al3 close to the Al-side. During the second

flat pass, the IMCs were found to break with the prolon-

gation of the Mg/Al plate. From the peak (Fig. 3b) and

trough positions (Fig. 3c), a newly formed interface can be

observed between the fractured IMCs at the interface of the

Fig. 1 Schematic representation of rolling methods employed herein: a CFR, b TR

Fig. 2 Interface SEM image of CFRed Mg/Al clad plate
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CFRed clad plate. However, no cracks, holes, or

stable IMCs were observed at the new interface according

to EDS Line 3 shown in Fig. 3c.

To further determine the phase compositions at the

interface of the CFRed and TRed clad plates, XRD was

carried out on the bonding surface both at the Mg- and Al-

sides. As indicated in Fig. 4a, b, for the TRed specimen, no

additional phase was observed except for the base Mg and

Al phases at the interface. In contrast, for the CFRed

specimen, Mg17Al12 and Mg2Al3 phases could be detected

on the Mg-side (Fig. 4c), while Mg2Al3 was detected on

the Al-side (Fig. 4d). This confirmed the existence of IMCs

at the interface of the CFRed clad plate and indicated that

these hard and brittle IMCs formed at the CFRed specimen

interface during the intermediate annealing treatment.

Moreover, fractures formed within the Mg2Al3 layer

because of the brittleness for the Mg2Al3 [27].

3.2 Crystal structure

To investigate the influences of these two rolling pro-

cesses on the crystal structure of matrix Mg and matrix

Al, interface EBSD analysis was carried out. As shown

in Fig. 5a, after the TR deformation process, the mixed

grains of finer and coarse equiaxed grains formed by

dynamic recrystallization (DRX) were distributed at the

Mg-side, while the Al grains were elongated along the

RD with a large number of fine grains at the grain

boundary. It was worth noting that fine equiaxed grains

also appeared at the Mg-side after the CFR process for

both the peak (Fig. 5b) and the trough positions (Fig. 5c)

[28]. Compared with the TRed clad plate (Fig. 5a), it

should be noted that the grains close to the Mg/Al

interface were smaller than those further from the

interface of the CFRed clad plate; this phenomenon was

more pronounced at the trough position (Fig. 5c). The

average Mg grain size was 2.83 lm at the peak of the

CFRed clad plate, and 2.55 lm at the trough, indicating

finer grains than those of the TRed clad plate (3.53 lm).

In addition, many Al grains at the peak position (Fig. 5b)

still maintained the coarse equiaxed state, but the Al

grains were elongated along the RD at the trough posi-

tion (Fig. 5c), and many finer sub-grains formed at the Al

grain boundary.

Fig. 3 SEM images of Mg/Al interfaces: a TR, b CFR peak, c CFR trough
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3.3 Texture and misorientation angle

Figure 6 shows the (0001) pole figure (PF) of the Mg alloy

and the (111) pole figure of the Al alloy, as well as the

misorientation angle distribution of the substrate metals

after these two rolling processes. It can be seen from

Fig. 6a that the c-axis of the TRed Mg grains was parallel

to the ND, which was the typical basal texture. Following

the CFR process, the c-axis of the Mg grains at the trough

position (Fig. 6c) was parallel to the ND, giving a basal

texture, while the c-axis of the Mg grains at the peak

position (Fig. 6b) rotated 90� parallel to the TD. Greater

stress was therefore required to satisfy the larger critical

resolved shear stress (CRSS) when deactivating the\

c?a[ slip. Since the CRSS of the basal\a[ slip is *
0.45–0.81 MPa, the prismatic\a[ slip is * 39.2 MPa,

and the pyramidal\c?a[ slip is * 45–81 MPa [29].

Therefore, the CFR process can result in rotation of the

c-axis of the Mg grains, which can improve the plastic

deformation ability of the Mg plate and enhance the yield

strength of the Mg/Al clad plate. In terms of the Al plate,

no obvious macroscopic texture was formed at the Al-side

in the TR (Fig. 6d) or the CFR process (Fig. 6e, f). As a

result, Al plate will exhibit good plastic deformation

behavior in the plastic deformation process.

During the TR process, high angle grain boundaries

(HAGBs) ([ 15�) of the Mg alloy accounted for a large

proportion (i.e., 71.1%), while the content of low angle

Fig. 4 XRD patterns of bonding surfaces: a Mg-side of TR, b Al-side of TR, c Mg-side of CFR, d Al-side of CFR

Fig. 5 Inverse pole figure (IPF) maps of bonding interfaces: a TR, b CFR peak, c CFR trough
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grain boundaries (LAGBs) (2–15�) was only of 28.9%,

thereby giving an average misorientation angle of 44.4�
(Fig. 6a). In addition, significant peak values were

observed at * 30� and 86� (Fig. 6a), which indicated that

dynamic recrystallization took place, and tensile twins

formed at the Mg-side of the TRed clad plate [30]. The

percentage of LAGBs for the Mg was 57.00% at the peak

position (Fig. 6b) and 54.18% at the trough position

(Fig. 6c), while that of HAGBs was 43.00% (Fig. 6b) and

45.82% (Fig. 6c), respectively, for the CFRed clad plate.

Compared with that in the TR process, the proportion of

LAGBs at the Mg-side increased after the CFR process.

Thus, the average misorientation angle of the Mg alloy

decreased to 24.43� at the peak position (Fig. 6b) and 25.2�
at the trough position (Fig. 6c). Moreover, a clear peak

value formed at 30� for both peak and trough positions,

which indicated that dynamic recrystallization occurred at

the Mg-side.

In terms of the Al alloy plate, LAGBs accounted for a

large proportion (i.e., 92.2%) of the TRed clad plate, giving

an average misorientation angle of 6.24� (Fig. 6d), thereby
indicating a high dislocation density. Meanwhile, the pro-

portions of LAGBs at the peak position (Fig. 6e) and the

trough position (Fig. 6f) of the CFRed clad plate

decreased, giving values of 67.63% and 76.75%, respec-

tively. The average misorientation angle increased to

18.95� at the peak (Fig. 6e) and 15.50� at the trough

(Fig. 6f), which indicated that the dislocation density

decreased compared with that obtained using the TR

process.

3.4 Tensile test

Figure 7a shows the tensile curves of the Mg/Al clad plates

along the TD at room temperature, where it can be seen

that the UTS of the CFRed clad plate was 316 MPa, which

was * 8% higher than that of the TRed clad plate

(293 MPa). However, the fracture elongation of the CFRed

clad plate was 13%, which was lower than that of the TRed

clad plate (15%). Although the UTS of the CFRed clad

plate likely increased due to fine grain strengthening, the

work-hardening phenomenon resulting from two passes of

the CFR process resulted in a decrease in the fracture

elongation.

Although there were differences in the UTS and fracture

elongation of the Mg/Al clad plates prepared using the two

different rolling methods, it can be seen from the tensile

curves (Fig. 7a) that the stress suddenly dropped and then

rebounded slightly in both cases. During the tensile pro-

cess, the Mg plate broke initially due to its brittle nature,

while with further development of the tensile process,

delamination occurred along the Mg/Al interface. Ulti-

mately, the Al plate exhibiting superior plasticity continued

to extend until fracture. This accounted for the sudden

decrease and subsequent increase in the tensile stress,

which was ultimately due to interface delamination. In

addition, Fig. 7b shows the macro-tensile fracture diagrams

of the Mg/Al clad plates, where it can be seen that two

substrates of the TRed clad plate had undergone complete

stratification at the gauge position after the tensile process.

In contrast, the CFRed clad plate was still in combination,

Fig. 6 PF maps and misorientation angle of substrates: a, d TR; b, e CFR peak; c, f CFR trough
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which could be mainly attributed to its corrugated

interface.

3.5 Bending test

Figure 8 shows the three-point bending curves of the clad

plates along the RD at room temperature, where it can be

seen that the bending strength of the CFRed clad plate was

400 MPa, while that of the TRed clad plate was higher

(415 MPa). However, the yield strength of the former was

345 MPa, which was a higher value than that recorded for

the latter (280 MPa). It can also be seen from the bending

curve of the TRed clad plate that the load dropped abruptly

when the strain was 14%, and this was mainly caused by

interface delamination and Mg sheet creaking. While this

was not observed for the CFRed clad plate, the load

dropped smoothly after exceeding the maximum stress

value. Figure 9 displays the interface bending fracture

SEM images of the Mg/Al clad plates after the bending

tests. It can be seen that fractures were observed on the

Mg-side and on the interface, and the extruded Mg metal

blocks can be observed for the TRed clad plate (Fig. 9a).

However, no cracks were observed on the substrates after

the bending tests, and no delamination took place at the

interface of the CFRed clad plate (Fig. 9b).

4 Discussion

4.1 Interface bonding behavior

The stress state acting on the Mg/Al clad plates prepared by

the CFR and TR methods differs. During the CFR defor-

mation process, the corrugated roller imposes an inhomo-

geneous strain distribution between Mg matrix and Al

matrix, which can lead to a high strain at the trough

position and a low strain at the peak position. In contrast,

the stress induced by the traditional flat roller on the Mg/Al

clad plate appears to be homogeneous. While friction

deformation is dominant in the TR process, shear defor-

mation behavior caused by the inhomogeneous stress is

also observed in the CFR process [31]. The obvious shear

stress induced by the corrugated roller can cause tearing of

the metal surface, which results in fresh metal being

squeezed into the opposite matrix to form a bond, which

further enhances the interface bonding [32, 33]. Moreover,

the corrugated interface can increase the contact areas

between the Mg plate and the Al plate and promote the

interface combination of the CFRed clad plate, which

differs significantly from the flat interface of the TRed clad

plate.

As shown in Fig. 5b, c, finer Mg grains can be observed

in the CFRed Mg/Al clad plate. The formation of these fine

Mg grains can be attributed to the DRX phenomenon,

where new grains nucleate and grow in the deformed grains

when the metals deform at a certain temperature [34]. A

high strain can enhance the nucleation rate of recrystal-

lization, which promotes the formation of finer grains [3].

In addition, the DRX temperature drops with an increase in

the deformation strain, which also promotes DRX in these

grains. Furthermore, the Mg plate exhibiting hexagonal

close-packed structure and low stacking fault energy is

Fig. 7 a Tensile curves of Mg/Al clad plates, b macro-tensile fracture diagrams

Fig. 8 Three-point bending stress–strain curves of Mg/Al clad plate
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prone to DRX when the temperature and strain are rela-

tively low. Corrugated rolling can therefore produce a high

strain at the Mg/Al interface, which can refine the Mg

grains and improve the interface bonding strength.

4.2 Mechanical behavior

During the intermediate heat treatment process, continu-

ous IMCs layer is generated, which greatly weakens the

mechanical properties of the clad plates [24]. During the

second flat pass, swelling Mg metals flow forward under

the action of the rolling force, and the clad plate is

extended along the RD [35]. As a result, elongation of the

CFRed clad plate, especially the AZ31B Mg plate, is

significantly improved, which is fully compatible with the

plastic deformation between the AZ31B Mg and the 5052

Al sheets. In addition, the shear strain at the bonding

interface caused by the CFR process changes the stress

state between Mg and Al, thereby promoting larger shear

deformation zones at both the peak and the trough of the

CFRed clad plate. Furthermore, as shown in Fig. 5, the

average Mg grain size of the CFRed clad plate is smaller

than that of the TRed Mg grains, which can contribute to a

higher strength due to fine grain strengthening. Moreover,

the hard and brittle IMCs formed during intermediate

heating break due to the formation of corrugated interface

and newly formed interface, which can improve the

interface combination and mechanical behavior of the

CFRed clad plate [25]. When the CFRed Mg/Al clad plate

is subjected to tensile stress or bending stress, the IMCs

exhibiting fracture distribution at the interface can hinder

delamination of the interface.

In contrast to the Mg alloy basal texture of the TRed

clad plate, the CFR method induces a special texture

configuration in the Mg alloy. It should be noted here that

the basal texture of the TRed Mg alloy will affect the

plastic formability of the plate. Moreover, a change in the

texture morphology at the peak and trough of the CFRed

Mg alloy can greatly enhance elongation of the Mg plate

and increase the collaborative deformation ability between

the Mg and Al plates, thereby improving the interface

bonding of the CFRed clad plate. Compared to the TRed

clad plate, it is apparent that alternation of the Mg alloy

texture and the corrugated interface is conducive to

improving the bending resistance of the Mg alloy of the

CFRed clad plate.

5 Conclusion

Corrugated ? flat rolling (CFR) and traditional rolling

(TR) methods were applied for the preparation of Mg/Al

clad plates, and subsequent comparison of the interface

morphologies and mechanical properties of the resulting

clad plates were reported. It was found that a flat interface

was presented in the TRed Mg/Al clad plate, whereas a

corrugated interface was observed in the CFRed clad plate,

likely due to the inhomogeneous strain induced by the

corrugated roller. In addition, in contrast to the Mg alloy

basal texture of the TRed clad plate, the Mg alloy texture of

the CFRed clad plate was found to vary with different

interface positions. The finer Mg alloy grains of the CFRed

clad plate were attributed to the dynamic recrystallization

induced by the local high stress. Finally, the greater ulti-

mate tensile strength and excellent bending properties of

the CFRed Mg/Al clad plate were considered to result from

the enhanced coordinated deformation between the Mg

plate and the Al plate, which in turn was caused by the

corrugated interface structure, grain refinement, and the

changes in the Mg alloy texture.
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