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Abstract In this study, Al–Mg–Al trilaminated thin

plates were fabricated by one-pass hot rolling to improve

the processing capacity and bonding strength of magne-

sium alloy plates. The effects of processing parameters

were investigated. The results show that the optimal

bonding strength is up to 20 MPa with a reduction ratio of

40 % and rolling temperature of 400 �C, superior than that

in other one-pass rolling studies with regard to thin lami-

nated plates. In addition, a favorable property is achieved

with the annealing temperature of 250–300 �C or annealing

time of 1.5 h. When the annealing temperature exceeds

300 �C or annealing time exceeds 1.5 h, respectively, the

bonding strength of Al/Mg/Al plate decreases. The scan-

ning electron microscopy (SEM) and energy-dispersive

spectroscopy (EDS) analyses suggest that the appearance

of thin diffusion layers between Al and Mg interfaces is

helpful to improve the bonding strength, while the presence

of thick diffusion layer would reduce the bonding strength

greatly.

Keywords Al–Mg–Al thin plates; One-pass rolling;

Bonding strength; Mesophase; Microstructure

1 Introduction

Magnesium and its alloys are widely used metal materials.

Magnesium alloys have high specific strength, specific

stiffness, excellent damping properties and electromagnetic

shielding performance, which can withstand greater shock

and vibration loads compared with other metallic structural

materials [1]. Consequently, they are extensively used in

transportation, electronic industrial products, aerospace and

other fields [2]. However, magnesium has a hexagonal

crystal structure with few slip systems and poor plastic

deformation capacity, making it difficult to manufacture

into sheets, strips or other types [3]. In addition, magne-

sium is reactive with air by forming magnesium oxide,

which leads to a low corrosion resistance [4]. A lot of

researches were conducted on this important topic. For

example, the bond of Mg and Al was realized by laser

welding [5], friction stir welding [6] or the vacuum diffu-

sion bonding technology [7]. Liu et al. [7] investigated the

microstructure and phase constituents near the interface of

Mg/Al joint, demonstrating that an obvious diffusion zone

composed of intermetallic compounds of MgAl, Mg3Al2
and Mg2Al3 was formed near the Mg/Al interface. In their

work, the bonding process was carried out at 480 �C with

the vacuum degree of 6.5 9 10-4 Pa. In order to solve the

problems mentioned above, the aluminum plate was pro-

posed to coat on the surface of magnesium alloy. Firstly, it

can prevent the magnesium from reacting with the oxygen

in the air, which could increase the resistance to corrosion

of magnesium alloys; at the same time, compression stress

produced on the surface of magnesium alloys can reduce

the deformation of small cracks of magnesium alloys,

improving the processing and deformation capacity of

magnesium alloys [8].

In this work, 5083 Al alloy/AZ31 Mg alloy/5083 Al

alloy trilaminated plates were fabricated by one-pass hot

rolling with low density, relatively dense oxide film,

excellent corrosion resistance, outstanding plasticity and
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strong corrosion resistance of aluminum alloy. Finally,

both advantages of magnesium and aluminum alloy were

achieved [9]. The bonding strength of the laminated plates

was investigated and measured by four-point bending

method. At the same time, the microstructure of the lam-

inated plates was analyzed. Besides reduction ratio, rolling

temperature and annealing treatment were also very

important parameters affecting the bonding strength [10].

Moreover, the effects of reduction ratio and rolling tem-

perature on microstructure and bonding strength of the

constituent layers after hot rolling were also studied.

2 Experimental

2.1 Materials and processing

AZ31 magnesium alloy and 5083 aluminum alloy ingots

were utilized in this work. The chemical compositions of

AZ31 magnesium and 5083 aluminum alloy are shown in

Table 1. The Mg specimen was 50 mm in length, 40 mm

in width and 2 mm in thickness. The Al specimen was

120 mm in length, 90 mm in width and 0.5 mm in thick-

ness. All of these plates were ground with 200 mesh SiC

sandpaper. One Mg plate placed in the middle with two Al

sheets placed on both sides, stacking into an assemblage.

Hot rolling was carried out with four reduction ratios:

30 %, 35 %, 40 % and 45 % (single pass), at four tem-

peratures: 350, 375, 400 and 425 �C. The roller was

130 mm in diameter with rotational speed of 10 r�min-1.

After surface preparation, the plates were manipulated

carefully to avoid renewed contamination. Less than 50 s

was allowed as the interval between surface preparation

and package in an attempt to avoid the formation of a thick

and continuous oxide layer on the bonding surface of the

laminated plates [11]. Then, the two metal strips to be

joined were positioned with the two prepared intimate

surface against each other. The schematic illustration of hot

rolling bonding (HTB) is presented in Fig. 1.

2.2 Microstructure and bonding strength tests

Microstructures of the bonding interface were examined by

scanning electron microscopy (SEM, TESCAN-MIRA-3)

and backscattered electron microscopy (BSE, TESCAN-

MIRA-3). Phase and element compositions were deter-

mined by X-ray diffraction (XRD, Y-2000X) with Cu Ka
radiation and energy-dispersive spectrometer (EDS).

The bonding strength tests were performed using the

SANS-CMT5105 tensile testing machine with an initial

strain rate of 1 9 10-3 s-1 at room temperature. The

sample was bonded together with cylindrical stainless steel

after cutting into U10 mm [12]. The bonding model is

shown in Fig. 2. The test model is shown in Fig. 3, which

was used to measure the bonding strength of the laminated

plates after being bonded as shown in Fig. 2. As can be

seen from the four-point bending method depicted in

Fig. 3, the middle section was pure bending, both sides

were horizontal force bending, and the cross section was

only moments and without shear in the pure bending sec-

tion. This four-point bending method requires two loading

force and the distance between the end point and the action

point is a, which is equal to 0.25L (length) of the sample.

The maximum bending moment (M) of the beam style is

F 9 0.25L, where F is the loading force, among which:

r ¼ M

I
� Y ð1Þ

Table 1 Chemical compositions of AZ31B magnesium alloy and

5083 aluminum alloy

Elements Al Zn Mn Fe Si Cu Mg

AZ31B 3.18 1.02 0.34 0.002 0.022 0.0021 Bal.

5083Al Bal. 0.25 0.70 0.200 0.400 0.1000 4.5

Fig. 1 Schematic view of hot roll bonding (HRB)

Fig. 2 Sketch map of bonding strength testing specimen
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Wz ¼
I

Y
¼ pd4=64

d=2
¼ pd3

32
ð2Þ

where, according to classical laminate theory (CLT) [13], r
is the maximum normal stress, characterization of the

bonding strength, I is the moment of inertia, Y is the

deflection, Wz is the bending resistance section modulus, L

is the length of the sample bar and d is the diameter of the

round-shaped specimen which was cut by linear cutting

machine. The final formula of the bonding strength was

calculated as

r ¼ 8FL

pd3
ð3Þ

3 Results and discussion

3.1 Bonding strength and effects of rolling parameters

During hot rolling, the laminated plates were subjected to a

plastic deformation, which would cause grains to elongate

along the rolling direction [14]. When the deformation

temperature reaches the recrystallization temperature, taken

as 0.4–0.6Tm (Tm is the melting point of the composite

material), the plastic deformation exceeds a critical strain (or

peak strain), and the grains between Mg and Al side would

reunite and grow, which promotes the appearance of inter-

mediate phase [15]. In this study, the rolling temperature

(350–425 �C) is higher than that of the average theoretical

recrystallization temperature of AZ31 magnesium alloy

(260–390 �C, Tm of 650 �C) and 5083 aluminum alloy

(242–363 �C, Tm from 570 to 640 �C) [16]. The effects of

rolling parameters on bonding strength are shown in Fig. 4.

Figure 4 shows that the bonding strength increases with

the reduction ratio increasing (\40 %) due to that the

increase of rolling pressure leads to an increase in expan-

ded surface area and crack number [17, 18]. However, the

bonding strength decreases when the reduction ratio

exceeds 40 %, which may be caused by the metallographic

structure and the diffusion layer. For the sample rolled at

400 �C, the bonding strength reaches 20 MPa with a

reduction ratio of 40 %, while it decreases to 12.5 MPa

with a reduction ratio of 45 % due to the cracking of

binding interface layer as shown in Fig. 5c. It is commonly

reported that the bonding strength of laminated plates

increases with the reduction ratio increasing due to an

increase in contact mean pressure; however, the bonding

strength decreases evidently if the reduction ratio surpasses

a certain value [9]. As shown in Fig. 4, when the rolling

temperature is 375 �C, the bonding strength decreases with

the reduction ratio of 30 % and 35 % compared with the

rolling temperature of 350 �C. The reason is that the dif-

fusion of the atom between Mg and Al sides becomes

active and forms the intermediate phase in the interface

layer [19, 20]. It is clear that the strength of the majority

materials decreases with the grain size increasing.

Fig. 3 Four-point bending method

Fig. 4 Effects of rolling parameters on bonding strength

Fig. 5 BSE images of bonding interfaces with different rolling

parameters: a 400 �C, 30 %; b 400 �C, 40 %; c 400 �C, 45 %;

d 425 �C, 40 %
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However, the bonding strength increases when the rolling

temperature reaches 400 �C, because the atom in the

boundary obtains high activation energy and migrates to

the surface to form thin diffusion layer, which promotes the

combination of Al/Mg/Al laminated plates. Nonetheless,

the bonding strength decreases when the temperature is

425 �C due to the conformation of interdiffusion layer as

shown in Fig. 5d. The morphologies under different rolling

parameters are shown in Fig. 5.

3.2 Microstructure and composition

During hot rolling, when the deformation temperature

reaches the recrystallization temperature or higher, new

phase would generate due to diffusion, which causes the

conformation of mesosphere [21].

With rolling temperature of 400 �C and reduction ratio

of 40 %, the rolling marks are the dislocation of the plastic

deformation during the rolling process and neatly arrange

in parallel as shown in Fig. 6a, b, which could improve the

bonding strength [22]. However, with the rolling temper-

ature increasing, lots of intermediate phases generated both

in Al side and in Mg side, in other words, the cracking of

the laminated plates start with intermediate compound

layer as shown in Fig. 6c, d. These results happen in the

breaking and locking of the brittle interface layers. The

thicker the mesophase is, the less the compaction surface of

the laminated plates is. Consequently, the bonding strength

decreases consciously [23]. The results of XRD analysis

are shown in Figs. 7 and 8. The constituent phases on the

surface of the Al plate are a-Al and a small amount of

Al3Mg2, while those of the Mg plate are mainly b-Mg and

Al12Mg17 in the experimental laminated plates. In addition,

there is no discrepancy in the phases present for all cases

[24].

Fig. 6 SEM images of peeling layer of laminated plates with different rolling parameters: a 400 �C, 40 %, Al side; b 400 �C, 40 %, Mg side;

c 425 �C, 40 %, Al side, inset being EDS analysis of Al3Mg2; d 425 �C, 40 %, Mg side, inset being EDS analysis of Mg17Al2

Fig. 7 XRD pattern of Al alloy plate
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3.3 Effects of annealing treatment on bonding strength

As shown in Fig. 9, the optimal annealing temperature is

300 �C. When it exceeds 300 �C, the bonding strength

decreases. The reason is that the width of the diffusion of

the Al/Mg/Al laminated plate increases with the annealing

temperature increasing. The reason is that temperature has

a significant impact on the rate of the diffusion atom. It is

confirmed that the rate of the diffusion atom is slow when

the temperature is low, which is unable to form inter-

metallic compound; when the temperature increases, the

diffusion atom are qualified with thermodynamic and

kinetic conditions for the formation of intermetallic com-

pounds [25]. Consequently, the thickness of the diffusion

layer increases as shown in Fig. 10. When annealed at

300 �C for 20 min, the interface of the laminated plates is

divided evidently without any intermediate phase

(Fig. 10a); when the annealing temperature reaches

400 �C, parts of intermediate phases generate (Fig. 10b).

As a result, the combination degree of the Al and Mg

matrixes degrades, which causes the debridement of the

bonding strength.

The effect of annealing time on the diffusion layer was

also investigated after hot rolling at 400 �C with reduc-

tion ratio of 35 %. The effects of annealing time on the

bonding strength are mainly attributed to the effects of the

thickness of interdiffusion layers. The morphologies of

the interface of the samples are shown in Fig. 11. As

shown in Fig. 11, the thickness of the interdiffusion layers

increases with the annealing time increasing. Conse-

quently, the binding property of the laminated sheets

degrades obviously.

Fig. 8 XRD pattern of Mg alloy plate

Fig. 9 Effect of annealing temperature on bonding strength

Fig. 10 SEM images of samples annealed for 20 min: a 300 �C and b 400 �C. Inset being EDS analysis of A2Mg
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4 Conclusion

The microstructure and bonding strength of 5083 Al/

AZ31 Mg/5083 Al laminated plate after one-pass hot

rolling were investigated in this study. In summary, the

width of the diffusion layer increases with the rolling

temperatures increasing and annealing time extending, and

the bonding strength of the samples decreases when the

rolling temperature exceeds 400 �C due to the diffusion of

the atom between the two sides of the matrixes and the

growth of the intermediate phase. The maximum bonding

strength of the thin plate is nearly 20 MPa with rolling

temperature of 400 �C and reduction ratio of 40 %, and the

bonding strength of the experimental laminated plate

decreases when the reduction ratio exceeds 40 % due to the

appearance of crack and flow. When the annealing tem-

perature is 250–300 �C or annealing time is 1.5 h, a better

property of the materials is achieved. When the annealing

temperature exceeds 300 �C or annealing time exceeds

1.5 h, respectively, the bonding strength of Al/Mg/Al plate

decreases.
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