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An Al 6061/Mg AZ31B composite plate with good bonding and excellent comprehensive mechanical properties was

prepared through solid-liquid cast-rolling bonding (SLCRB). The microstructure evolution and mechanical behavior

of Al/Mg composite plates under different rolling passes were studied. The results showed that with the increase of

rolling passes, the bonding layer of the composite plate was crushed, and the base material on both sides of the

substrate gradually grew towards the broken part of the bonding layer. The microstructure on both sides of the

substrate extended along the rolling direction and was dynamically recrystallized to a certain extent. In the Mg

substrate, because the preheating temperature was higher than its recrystallization temperature, with the increase

of rolling passes, the grains in Mg substrate were crystallized. When the rolling passes reached the fourth pass,

complete recrystallization basically took place in the Mg substrate. 

6061 aluminum alloy  AZ31B magnesium alloy  multi-pass rolling  interface organization

mechanical property

1. Introduction

In recent years, the energy crisis and environmental pollution in the world have become increasingly serious.

Reducing the use of precious metal resources to reduce energy consumption and making the weight of vehicles

such as automobiles and airplanes less than before to reduce environmental pollution have become urgent

problems for the manufacturing industry. Therefore, the technical development and practical application of

lightweight composite materials have become the focus of materials research . Metal matrix composites integrate

the advantages of each component in the design, make up for the shortcomings of each component, and have

excellent properties unmatched by a single metal or alloy . Wu et al.  reported that real solid-state bonding in

composites has been achieved through various metals, including mechanical bonding and diffusion bonding. As we

all know, magnesium alloy, as the first light metal used in industry, has the advantages of high specific strength,

high specific stiffness, good shock absorption, excellent electrical and thermal conductivity, and so on. However,

due to the low equilibrium potential, its surface stability is very poor. Therefore, even if the magnesium oxide layer

is formed on the surface of magnesium alloy, it still lacks the ability of self-healing and self-passivation after

corrosion, and its corrosion resistance is poor . This is one of the reasons that the application of magnesium alloy

in the industry is severely limited. Aluminum alloy is another light metal widely used in industry. Due to its high

metal activity, aluminum atoms on the surface of the aluminum alloy react easily with the oxygen in the air,

producing a dense layer of Al O  films, which can effectively prevent further reaction between the internal
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aluminum atoms and oxygen atoms; so aluminum has good corrosion resistance at room temperature. At the same

time, aluminum alloy has good plasticity at room temperature due to its face-centered cubic crystal structure .

Therefore, the composite of aluminum and magnesium can organically combine the advantages of aluminum and

magnesium materials, give full play to their characteristics, make up for the shortcomings of a single material in

performance , and prepare an ideal lightweight composite material with broad application prospects.

So far, there are many processes for manufacturing Al/Mg composites, such as diffusion welding , friction stir

welding , explosive welding , gravity composite casting , lost mode composite casting , rolling

 and solid-liquid casting and rolling combination . Solid-liquid cast-rolling bonding (SLCRB) is a novelty

method in which the liquid metal is poured on the surface of the solid metal, and then both are sent to the rolling

mill together. This technology combines the composite casting method with the rolling method, which not only

solves the problem of too thick of a bonding layer in the process of compound casting, but also solves the problem

of too large residual stress in the process of rolling. This method has attracted the attention of many scholars in

recent years. Huang et al.  pointed out that compared with other forming methods, SLCRB technology is an

emerging composite technology with good development prospects, which has the advantages of low cost, low

energy consumption, short process, and high production efficiency. However, the intermetallic compound layer

generated at the bonding interface is prone to fracture and debonding under stress, which leads to crack

propagation along the interface with the extension of stress time. Finally, the connection between the Al layer and

Mg layer disappears and the composite plate breaks and fails . This problem can be solved by introducing an

appropriate interlayer between the two components of the composite. However, the interfacial bonding properties

of Al/Mg composites prepared by introducing an interlayer still can not meet expectations.

Post-deformation treatment is an effective method to improve the interfacial bonding properties of Al/Mg

composites. Paramsothy et al.  reported that Al/Mg intermetallic compound was not found on the bonding

interface of Al/Mg composites prepared by casting and hot co-extrusion in subsequent testing. Liu et al.  realized

the connection between Al and Mg through composite casting and multi-pass warm diameter rolling. It was found

that the brittle intermetallic compound layer would break after multi-pass rolling, which improved the interfacial

bonding properties of the composites.

For the production of the composite plate with different thicknesses, the rolling process is not only effective , but

also can improve the mechanical properties of the composite plate . Zhang et al.  found that with the increase

of the reduction rate, the grain size and diffusion layer width decrease, and the bonding strength increases with the

increase of the reduction rate. At present, there are few reports on using multi-pass rolling subsequent treatment

processes to improve the interfacial bonding properties of Al/Mg composites prepared by SLCRB, and the

microstructure evolution in the composites during rolling plays a very important role in the preparation of

composites. Many as-cast composites (i.e., plates and bars) need further deformation treatment before formal

service.

2. Interfacial Characteristics of 6061/AZ31B Composites in
Multi-Pass Rolling
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g
2.1. Effect of Rolling Passes on Microstructure

During the rolling process, the composite pla underwent plastic deformation, which causes the microstructure of

the substrate on both sides to extend along the rolling direction. When the deformation temperature reached the

dynamic recrystallization temperature of 0.6 Tm (Tm is the melting point) and the plastic deformation exceeded the

critical strain (or peak strain) of the substrate material on both sides, plate dynamic recrystallization occurred inside

the substrate and new grains were generated, which transformed the tensile grains into equiaxed grains . With

the increase of deformation temperature and strain, the volume fraction of plate dynamic recrystallization also

increased. When the plastic deformation became large enough, complete plate dynamic recrystallization occurred

inside the metal, and the grains become equiaxed . OM photos of the Mg side, bonding layer, and Al side of the

composite plate prepared in this experiment are shown in Figure 1. It can be seen that with the increase of rolling

passes, the bonding layer was gradually crushed. At the third pass and the fourth pass (Figure 1i,j), both Al and

Mg substrates had a tendency to grow towards the bonding layer. From the microstructure of the Mg substrate

(Figure 1a–e), it can be seen that with the increase of rolling passes, the grain size in the Mg substrate gradually

decreased and was distributed along the rolling direction. When the fourth pass of rolling was carried out, complete

plate dynamic recrystallization occurred in the metal. The reasons are as follows: First, Mg alloy has a reduced slip

system and dislocation is easy to plug up, which quickly reaches the dislocation density required for dynamic

recrystallization; Second, the stacking fault energy of Mg and Mg alloys is low and the extended dislocations are

difficult to gather, so it is difficult to slip and climb, and the plate recovery speed is slow, which is conducive to the

occurrence of dynamic recrystallization. Third, the grain boundary diffusion rate of Mg alloy is high, and the

dislocation accumulated on the subgrain boundaries can be absorbed by these grain boundaries, thus accelerating

the process of plate dynamic recrystallization . All these factors resulted in the complete plate dynamic

recrystallization of Mg substrate during the fourth rolling. It can be seen from the microstructure of Al substrate

(Figure 1k–o) that with the increase of rolling passes, the grains in the Al substrate were gradually elongated and

distributed along the rolling direction, and only a few grains were recrystallized. This is because the higher strain

rate leads to a large number of dislocation entanglements, which leads to stress concentration and reduces the

nucleation rate of plate dynamic recrystallization. A lower temperature would weaken the diffusion rate of vacancy

atoms, making it difficult for the cross slip of dislocation to occur, limiting their plate dynamic recrystallization

nucleation, and thus improving the critical conditions for plate dynamic recrystallization . It is worth noting that

the initial resulting microstructural arrays of Al samples are constituted by grains and dendritic arms. The former

had its sizes substantially decreased with the evolution of rolling stages. However, the dendritic spacings were

deformed, and after four rolling passes, the average of these arm spacings was maintained. A similar observation

was reported when Al-based alloy powders were investigated . These microstructural parameters associated

with other ones are responsible for the resulting mechanical strengths .
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Figure 1. Interface of Al/Mg composite plate under different rolling passes: Mg side: (a) not rolled, (b) first pass, (c)

second pass, (d) third pass, (e) fourth pass; Intermediate bonding layer: (f) not rolled, (g) first pass, (h) second

pass, (i) third pass, (j) fourth pass; Al side: (k) not rolled, (l) first pass, (m) second pass, (n) third pass, (o) fourth

pass.

In order to study the coordinated deformation of the 6061/AZ31B composite plate after different passes of rolling,

the relative deformation is shown in Figure 2. The contribution of Mg and Al substrates to the reduction rate of the

composite plate is summarized in Table 1. It can be seen that the Al substrate bore most of the deformation in the

first and second passes of rolling due to the as-cast structure before rolling. The thickness of the Al substrate was

significantly reduced. However, during the last two rolling periods, a large amount of energy and deformation

accumulated in the Al substrate, and the deformation capacity was obviously weakened. At this time, the Mg

substrate bore most of the deformation, and the two substrates achieved coordinated deformation.
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Figure 2. Thickness values of different rolling passes of Al and Mg substrates.

Table 1. Contribution of Al and Mg to a reduced rate of composite plate.

2.2. Distribution of Alloying Elements in Different Rolling Passes

Rolling
Pass

Thickness
of Mg

Substrate
before

Rolling/mm

Thickness
of Mg

Substrate
after

Rolling/mm

Reduction
Contribution

Ratio/%

Thickness
of Al

Substrate
before

Rolling/mm

Thickness
of Al

Substrate
after

Rolling/mm

Reduction
Contribution

Ratio/%

Actual Total
Reduction/mm

1
3.87 ±
0.07

3.57 ±
0.08

28.57
3.95 ±
0.05

3.2 ± 0.06 71.43 1.05

2
3.57 ±
0.08

3.2 ± 0.03 41.57 3.2 ± 0.06
2.68 ±
0.06

58.43 0.89

3 3.2 ± 0.03
2.78 ±
0.03

68.85
2.68 ±
0.06

2.49 ±
0.04

31.15 0.61

4
2.78 ±
0.03

2.45 ±
0.02

89.19
2.49 ±
0.04

2.45 ±
0.03

10.81 0.37
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In the process of rolling, due to the action of rolling mill pressure, the original bonding layer of the composite plate

was gradually crushed, and the substrate on both sides was gradually grown into the cracks of the bonding layer.

After rolling, the composite plate was air-cooled to room temperature, which takes about 1 h. EDS was used to

scan the bonding part in the middle of the composite plate to determine the element distribution of the bonding

interface after each roll. The results of linear scanning are shown in Figure 3. The thickness of the bonding layer

decreased gradually from 60 μm to 20 μm at the third pass of rolling. The thickness of the bonding layer after the

first and second passes was 35 μm and 24 μm, respectively. The thickness of the bonding layer increased to 25

μm after the fourth pass of rolling. The thickness of the bonded layer decreased the most at the first rolling, and the

reduction of the thickness of the bonded layer was slightly larger than the reduction of each pass because the

hardness and plasticity of the AlMg Zn  phase in the bonded layer were higher than those of the base metal on

both sides (the calculated values have been reported in the previous paper). In the binding region, it can be

observed that the concentration of Al decreases from the side of 6061 aluminum alloy to the side of AZ31B

magnesium alloy, while the concentration distribution of Mg is the opposite. In the rolling process, severe plastic

deformation caused the temperature to rise, and the temperature rise increased with the increase of rolling passes

. In this experiment, air cooling was carried out after each roll, and the reduction rate of each roll was set as

15% of the previous one. Therefore, the increase of temperature during rolling does not greatly increase the

diffusion coefficient of Al and Mg, resulting in the growth of the interfacial bonding layer. However, with the increase

of rolling passes (i.e., the increase of reduction rate), the diffusion coefficient and cooling time will increase with the

increase of reduction rate. Accordingly, after the fourth pass of rolling, the width of the diffusion layer increased with

the increase of rolling temperature caused by the rolling reduction rate. From the surface scanning results in

Figure 4, it can be seen that the Zn element is mainly distributed in the intermetallic compound of the interface

bonding layer, and large-scale diffusion occurs to the substrates on both sides.

Figure 3. Interface and EDS line scanning results of Al/Mg composite plate under different rolling passes: (a) not

rolled, (b) first pass, (c) second pass, (d) third pass, and (e) fourth pass.

4 11
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Figure 4. EDS surface scanning results of Al/Mg composite plate interface under different rolling passes: (a) not

rolled, (b) first pass, (c) second pass, (d) third pass, and (e) fourth pass.

2.3. EBSD Analysis of Different Rolling Passes

The effect of rolling pass on the texture evolution of the Al/Mg composite plate was studied by the EBSD method.

Figure 5 shows the reverse pole diagram (IPF) and pole diagram (PF) of the Al/Mg composite plate under unrolled

conditions and four-pass rolling conditions. After four passes of rolling, most Al grains were in a long strip shape

along RD, indicating that it was difficult to stimulate the recovery and dynamic recrystallization of Al substrate at

350 °C for 10 min. Therefore, the (111) PFs of Al substrate exhibited a typical {112} < 111 > copper texture, which

is relatively stable and prevalent in face-centered cubic (FCC) metal plates, especially in FCC metals with high

stacking fault energy like Al . The copper texture strength increased from 2.11 to 2.53 with the increase of rolling

passes to four passes. On the whole, only part of the grains near the bonding zone recrystallized in the Mg

substrate before rolling, and the texture disappeared, while most of the texture remained in the Mg substrate.

When the composite plate was rolled four times, the Mg substrate was dominated by equiaxed grains, indicating

that sufficient dynamic recrystallization took place in the Mg substrate, and the original texture and microstructure

of the Mg substrate recrystallized to form fine equiaxed grains. AZ31 grains were held at 350 °C for 10 min and

completely recrystallized under four passes of rolling because of the influence of strong internal and external stress

. In addition, from the PFs of the Mg substrate after four passes of rolling, it can be seen that all (0001) substrate

textures are stretched along RD. The texture strength decreased from 12.04 before rolling to 9.81 after four passes

of rolling because a large number of dynamic recrystallizations occurred in the Mg substrate, and the original

texture in Mg substrate disappeared, resulting in the decline of texture strength.

[29]
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Figure 5. EBSD test results of Al and Mg composite plates: (a) not rolled, (b) fourth pass.

Figure 6 shows the distribution results of directional Angle of Al and Mg substrates after no rolling and four passes

rolling, and the corresponding directional Angle distribution also show the same results as above. The grain

boundary Angle of Mg grains after four passes of rolling is about 30°, which is closely related to the grain boundary

Angle of recrystallized Mg grains.
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Figure 6. Grain boundary dislocation of Al/Mg composite plate: not rolled: (a) Al, (b) Mg; The fourth pass: (c) Al, (d)

Mg.

From Figure 7 after four times of rolling Al substrate and Mg substrate central organization, large deformation and

dynamic grain size recrystallization can be seen in the Al substrate in the vast majority of grains. In contrast, for the

Mg substrate, only a small degree of dynamic recrystallization of the grain size was observed, in accordance with

the above analysis.

Figure 7. Diagram of microstructure, recrystallization, and large deformation grain number of Al/Mg composite

plate: (a) Al, (b) Mg.

2.4. Variation of Mechanical Properties with Rolling Passes
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In this experiment, three tensile and shear samples were taken from the samples produced after each pass of

rolling. A tensile test and shear test at room temperature were carried out at a speed of 0.5 mm/min. The average

of the values measured by the three experimental data was taken as the final experimental data under the

experimental parameters, and the error value between the measured data and the final experimental data was

represented by an error bar. The tensile strength and shear strength of the composite plate prepared by four

passes are shown in Figure 8.

Figure 8. Tensile strength (a) and shear strength (b) of Al/Mg composite plate under different rolling passes.

Figure 8a shows the tensile strength of the composite plate prepared by four passes. It can be seen that the

tensile strength of the composite plate increased gradually with the increase of rolling passes. When rolling to the

fourth pass, the tensile strength of the composite plate increased by about 40% compared with that of the unrolled

plate. This is because the grains in the metal substrates on both sides were deformed and recrystallized during

rolling, and the mechanical properties of the deformed grains along the rolling direction were greatly improved.

After dynamic recrystallization, the grain size was far smaller in volume than before. This dynamic recrystallization

strengthened the fine grain, greatly increasing the tensile strength of the substrate. With the increase of rolling

passes, the tensile strength of the composite plate was gradually increased, but at the expense of the elongation of

the composite plate. As shown in the stress-strain curve in Figure 9a (Some relevant data are shown in Table 2),

with the increase of rolling passes, the tensile strength of the composite plate increased from 136 MPa (unrolled

plate) to 190 MPa (fourth pass plate), and the tensile strength increased by about 40%. The elongation of the

composite plate decreased from 6.3% to 5.4%, and the elongation decreased by about 1%.
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Figure 9. (a) Tensile stress-strain curve of Al/Mg composite plate at room temperature in different rolling passes,

(b) Relevant scholars’ tensile strength data of Al/Mg composite plate .

Table 2. The YS, UTS, and elongation of each sample in Figure 7a.

Figure 9b shows the relevant data of tensile strength obtained by relevant scholars from the research on rolling

passes of Al/Mg composites. It can be seen that the tensile strength of Al/Mg composites increases with the

increase of rolling passes because grain deformation and dynamic recrystallization occur in the base material

during the rolling of Al/Mg composites. All of these will improve the tensile properties of composites.

The schematic diagram of crack propagation is shown in Figure 10. In Figure 10a, the composite plate is not

rolled and the bonding layer is in a continuous state. During the shear test, the interfacial bond layer was

composed of brittle and hard intermetallic compound phases. With the application of tensile force, cracks appeared

in the interfacial bond layer. As tension increased, the crack increased gradually. However, because the crack

direction and the shear stress direction were parallel, these cracks could propagate directly. Then, in the area

where the bonding between the interface and the matrix was weak, the interface bond layer was stratified and the

crack propagated along with the interface. After that, the cracks generated in the bonding layer were connected to

form a larger one. With the progress of the tensile test, when the tensile force was large enough, the crack

expanded rapidly along with the interface and passed through to the other side at an angle of 45° in the Mg

substrate and reached the other side of the interface. At this point, the Al and Mg substrates separated. The

composite panels failed completely. In Figure 10b, the interlayer has been fractured due to rolling and is no longer

[21][31][32]

  Not Rolled First Pass Second Pass Third Pass Forth Pass

YS/MPa 12.878 12.609 14.983 15.639 10.669

UTS/MPa 135.669 146.233 156.507 167.883 190.311

Elongation/% 6.275 5.911 5.712 5.577 5.445
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in a continuous state. With the application of tension, cracks appeared in the interfacial bonding layer. As the

tension increased, the crack expanded along with the interface, and when the crack expanded to the crack on the

bonding interface, part of the stress accumulated at the crack tip was released. In the part without separation, new

cracks were generated as the tension continues to increase, and the above process was repeated again. When the

tension increased to a certain extent, the cracks penetrated the Mg layer and fractured the Mg substrate, resulting

in composite plate failure. In Figure 10c, due to the large reduction rate, the base materials in the Al and Mg

substrates on both sides are squeezed into the cracks in the bonding layer and placed into contact with each other,

forming an alternate structure of hard and soft. During the tensile test, cracks were initially apparent in the

intermetallic compound at the Al/Mg interface. With the increase in the tensile crack along with weakened regional

extension of the layer binding force, when it extended to the interface of Al and Mg, the crack changed in the

direction of the deflection. When the intermetallic layer was extended again, another deflection occurred due to

different binding forces. When the tensile strain reached 5.4%, the crack passed through the whole composite plate

and the composite plate failed in stratification. In conclusion, in the tensile test of the Al/Mg composite plate in

which the middle layer was crushed and both sides of the base metal contacted each other, the well-bonded

interface layer blocked the crack propagation and absorbed energy due to uniform fracture and crack deflection,

thus improving the bonding strength. This is consistent with what Wang et al.  reported.

Figure 10. Schematic diagram of crack propagation: (a) not rolled, (b) second pass, (c) fourth pass.

Figure 8b shows the shear strength of the composite plate prepared by four passes. It can be seen that the shear

strength of the composite plate increased gradually with the increase of the rolling passes. When rolling to the

fourth pass, the shear strength of the composite plate increased about 32% compared with the tensile strength of

the unrolled plate. This is because with the increase of rolling passes, the bonding layer was cracked, and the base

metal in the substrates on both sides was gradually squeezed into the crack of the bonding layer. At this time, the

bonding layer became a soft and hard phase structure composed of the intermetallic compounds with low plasticity

and high stiffness and base metal with high plasticity and low hardness. When the crack propagated, the crack

propagation direction changed.

2.5. Shear Section Analysis

In order to better determine the failure mechanism of the middle layer of the composite plate, the cross-sections of

the shear samples prepared before rolling and after each pass of rolling were detected by SEM-EDS. The section

morphology is shown in Figure 11. It can be seen that there is no macroscopic plastic deformation trace on the

[19]
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section of the composite plate when it is not rolled. The fracture surface is smooth and distributed. With the

increase of rolling passes, many parallels and continuous “river-like” cracks appeared on both sides of Al and Mg,

and many small planes (facets) existed at the same time. From the first pass to the second pass, the number of

“river-like” cracks on both sides of Al and Mg sections continued to increase. When the rolling passes increased to

the third pass and the fourth pass, the number of “river-like” cracks on the section decreased, and ridge-like cracks

appeared. This is because, with the increase of rolling passes, the reduction rate and the increase of rolling

temperature caused by the increase of the reduction rate encourage the metal substrate on both sides to grow

towards the crack at the bonding layer, resulting in the self-healing process of the composite plate . Combined

with the EDS point scanning detection results (Table 5), it can be seen that Zn content is relatively high in the

brighter part of the SEM image. According to the atomic calculation ratio detected by EDS, it can be estimated that

the Al cross sections before rolling after the first rolling, and the second rolling contain three phases: Al3Mg2,

Al12Mg17, and AlMg4Zn11. All point scanning results show that the atomic percentage of the Al element is less

than 63%. Therefore, it can be inferred that the Al matrix did not appear on these three sections, and the fracture

occurred at the bonding layer of the composite plate. However, in the third pass of rolling and the ridged crack on

the section after the fourth pass of rolling, the atomic percentage of Al element was as high as 98%, indicating that

in the two passes of rolling, the Al side matrix had grown to the binding layer. Similarly, this phenomenon can also

be observed on the Mg side section. In contrast to the Al side, the presence of Al3Mg2 phase was not detected on

the Mg side section, indicating that the toughness of the Al3Mg2 phase was higher than that of the Al12Mg17

phase, and the fracture occurred in the Al12Mg17 binding region with poor performance, which is consistent with

the previous research .

[33]
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Figure 11. SEM cross-section of the composite plate under different rolling passes: Al side: (a) not rolled, (b) first

pass, (c) second pass, (c) third pass, (d) fourth pass; Mg side: (f) not rolled, (g) first pass, (h) second pass, (i) third

pass, (j) fourth pass.

Table 3. EDS point scanning analysis of composite plate section in different rolling passes.

Area
No.

Element Composition, Atomic Fraction/% Probable
PhaseAl Mg Zn

1 31.5 51.4 17.1 Al Mg  + AlMg Zn

2 64.1 35.2 0.7 Al Mg

3 62.6 37.0 0.4 Al Mg

4 33.5 52.4 14.1 Al Mg  + AlMg Zn

5 28.8 56.9 14.3 Al Mg  + AlMg Zn

12 17 4 11

3 2

3 2

12 17 4 11

12 17 4 11
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