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Abstract: Based on theoretical and simulation analysis, the 6061 Al/AZ31B Mg/6061 Al laminated plates were fabricated by hot roll‐

ing, and the microstructure and mechanical properties were investigated. The best coverage rate of 6061 Al of the laminated plate was

obtained by classical laminated plate theory and the optimal reduction rate of the laminated plate was obtained by finite element meth‐

od (FEM). According to the theoretical and simulation results, the rolling experiments of 6061 Al/AZ31B Mg/6061 Al laminated plate

were carried out under different rolling temperatures, reduction rates and annealing time. And the microstructure experiment, tensile

property test and energy spectrum analysis of the laminated plates were carried out. The results show that refined grains are discov‐

ered in the Mg layer at the interface, and the formation of an intermetallic compound layer consisting of Mg17Al12 and Mg2Al3 is iden‐

tified at the interface. For the mechanical properties, with the increase of rolling reduction rate, the tensile strength, elongation and in‐

terface diffusion thickness of the 6061 Al/AZ31B Mg/6061 Al laminated plate increase significantly; with the increase of rolling tem‐

perature, the tensile strength, elongation and interface diffusion thickness of the laminated plate decrease greatly; with the increase of

annealing time, the tensile strength decreases and interface diffusion thickness of the laminated plate increases.

Key words: multilayer composite; interfacial bonding strength; evolution of interlaminar organization; thickness of bonding layer

Magnesium alloy is the lightest metal structure material at
present, and because of its low density, high specific strength,
good electromagnetic shielding performance and excellent vi‐
bration reducing performance, magnesium alloys are widely
used in transportation, electronic industrial products, aerospace
and other fields[1-3]. However, the application of magnesium al‐
loy is hindered by its corrosion resistance and poor deformation
ability. Aluminum alloys have the advantages of good corrosion
resistance, high plasticity, low production cost, convenient re‐
covery and reuse [4-6]. Cladding Al layer on the surface of Mg al‐
loys can greatly improve the corrosion resistance of Mg
alloys [7,8]. Al-Mg-Al laminated plates take into account the ex‐
cellent characteristics of the two metals; it can make up for their
shortcomings and expand their application range.

Rolling lamination is the plastic deformation of two or more

kinds of metal plates through the pressure of rolling mill, which
makes the hardened layer of surface metal break, and the internal
metal is extruded from the crack and contacts with each other to
formasolidbondingpoint.Thisprocessingmethodhas theadvan‐
tages of easy operation, low cost, stable performance, etc [9,10]. For
magnesium alloys, because of their hexagonal crystal structure
and poor plastic processing at room temperature,Al-Mg-Al lami‐
natedplatesareoftenpreparedbyhotrolling[11,12].

In recent years, scholars have conducted a lot of research on
Mg-Allaminatedplatesbyrolling.Zhangetal[13]prepared7075Al/
AZ31B Mg/7075Al laminated composites by hot rolling bonding
method and evaluated microstructure and bonding strength of the
experimentallaminatedcomposites,andthicknessratioofthecon‐
stituent layers after hot rolling. Liu et al [14]prepared two types of
laminatedmetalcomposites (LMCs, i.e.,Mg/MgandMg/Al/Mg)
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withdifferent reduction ratiosviawarmrollbonding.Microstruc‐
ture investigation, tensile and three-point bending tests were con‐
ducted to test the properties of the LMCs. Luo et al [15] preparedAl/
Mg/Allaminatedplatebytwopassesofhotrollingprocessatdiffer‐
ent temperatures. It was found that there were no new compounds
onthebondingsurfaceafter thefirst lowtemperaturerolling.With
the increase of annealing temperature, the growth rate of the new
compound increases, and inter-metallic compounds brake in the
second pass of high temperature hot rolling. Nie et al[16] fabricated
Al/Mg/Al laminates by hot rolling at 400 °C and annealed at tem‐
perature rangingfrom200°Cto400°Cfor1~4h.Microstructural
examination revealed that brittle intermetallic identified as
Mg17Al12 and Al3Mg2appears at Mg/Al interface when annealing
temperatureexceeds300°C.Luoetal [17] fabricated5052/AZ31B/
5052compositeplatesbytwo-passhotrolling,undertherollingpa‐
rameters of 623 K/15 min/40% for the first pass and 673 K/10
min/50% for the second pass. The structure and element change
in the zone of the joint interface were studied by optical micro‐
scope (OM), scanning electron microscope (SEM), and energy
dispersion spectrum (EDS). Lee et al [18] investigated the influ‐
ence of annealing and secondary warm rolling on the microstruc‐
tural evolution and mechanical properties of a roll-bonded three-
ply Al/Mg/Al sheet. After annealing at 300 ℃ , the formation of
an intermetallic compound (IMC) layer consisting of Mg17Al12

and Mg2Al3 was identified at the interface. Kim et al [19] prepared
Al/Mg laminated plate by hot rolling process, and studied the ef‐
fect of annealing temperature and rolling pass on the microstruc‐
ture and properties of the interface of the laminated plate. Gajan‐
an et al [20] used accumulative roll bonding (ARB) process to de‐
velop Mg-6% Zn/Al and Mg-6% Zn/anodized-Al multi-layered
composites and conducted microstructural characterization by
scanning electron microscopy, energy-dispersive X-ray spec‐
troscopy, electron backscattered diffraction, and transmission
electron microscopy. Wang et al [21] fabricated Ti/Al/Mg/Al/Ti
laminates by hot rolling at 450 ° C with various rolling reduc‐
tions, and the relationship between the mechanical properties
and microstructures was investigated in detail.

The laminated effect of the laminated surface is related to
rolling temperature, reduction rate and annealing temperature.
Therefore, before the rolling experiment, it is very important
to determine the best rolling parameters by theoretical analy‐
sis. In this study, 6061 Al/AZ31B Mg/6061 Al laminated
plates were fabricated by hot rolling based on theoretical and
simulation analysis, and the microstructure and mechanical
properties were investigated by microstructure experiment,
tensile property test and energy spectrum analysis. With the re‐
sults, it is of great scientific and practical significance to im‐
prove the production technology of Mg/Al laminated plates
and promote the application field of laminated materials.

11 Theoretical Calculation and FEM Simulation ofTheoretical Calculation and FEM Simulation of
60616061 Al/AZAl/AZ3131B Mg/B Mg/60616061 Al Laminated PlateAl Laminated Plate

1.1 Theoretical calculation of 6061 Al/AZ31B Mg/6061

Al laminated plate

Fig. 1 shows the geometric diagram of the laminated

plate. Because the stiffness and strength analyses of laminated
plates are more complex than those of single-layer plates, the
single-layer plates that make up laminated plates are generally
regarded as thin plates with uniform properties. As the basic
elements of laminated plates, their thickness is much smaller
than length and width, so each single-layer plate is approxi‐
mately regarded as a plane stress state [22].

Magnesium alloys and aluminum alloys are regarded as iso‐
tropic materials. σ1, σ2 and τ12 represent the normal stress and
shear stress under the action of the external force, respectively.
ε1, ε2 and γ12 represent the corresponding strain. According to the

classical laminated plate theory, the stress-strain relationship of
a single-layer plate in a plane stress state is shown in Eq.(1).

é

ë

ê
ê

ù

û

ú
ú

σx

σy

τxy

=

é

ë

ê
ê
êê

ù

û

ú
ú
úú

Q11 Q12 0

Q21 Q22 0

0 0 Q66

é

ë

ê
êê
ê

ù

û

ú
úú
ú

εx

εy

γxy

=

é

ë

ê

ê

ê

ê

ê

ê
êêê
ê

ê

ê

ù

û

ú

ú

ú

ú

ú

ú
úúú
ú

ú

ú

E

1 - v2

vE

1 - v2
0

vE

1 - v2

E

1 - v2
0

0 0
E

2 (1 + v )

é

ë

ê
êê
ê

ù

û

ú
úú
ú

εx

εy

γxy

（1）

In this study, magnesium alloy AZ31B and aluminum al‐
loy 6061 were adopted. The mechanical properties of AZ31B
Mg and 6061 Al are shown in Table 1.
1.1.1 Theoretical calculation of stiffness of 6061 Al/AZ31B

Mg/6061 Al laminated plate

The stiffness expression of the laminated plate is shown
in Eq.(2).
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Because this study is based on the plane stress hypothe‐
sis, the coupling stiffness Bij = 0. Assuming that N * = N/h,
M * = 6M/h2, A*
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Fig.1 Geometric diagram of the laminated plate

Table 1 Mechanical properties of materials

Material

6061 Al

AZ31B Mg

E/MPa

68950

43000

ν

0.3

0.31

ρ/g·cm-3

2.71

1.77

σs/MPa

276

140

σm/MPa

310

240

z0

z1

z2
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plate is 1, the thickness of single-layer 6061 Al pate is t, the

thickness of AZ31B Mg layer is 1-2t (0≤t≤0.5), and coverage

rate of 6061 Al is 2t [23], the expression of regularized stiffness

coefficient of laminated plate can be obtained, as shown in

Eq. (3).
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Substitute the corresponding parameters in Table 1 into

Eq.(3), the regularized tensile and bending stiffness coefficient

of 6061 Al/AZ31B Mg/6061 Al laminated plates can be ob‐

tained. The curves of the stiffness and specific stiffness (spe‐

cific stiffness is obtained by dividing stiffness by density) of

the 6061 Al/AZ31B Mg/6061 Al laminated plate with the cov‐

erage rate of the 6061 Al are shown in Fig.2.

It can be seen from Fig. 2 that the tensile stiffness and

bending stiffness of the laminated plate increase with the in‐

crease of the coverage rate of 6061 Al. And the tensile specific

stiffness of the laminated plate increases slightly with the in‐

crease of the coverage rate of 6061 Al. The bending specific

stiffness increases at first and then decreases with the increase

of coverage rate of 6061 Al. When the coverage rate of 6061

Al is 0.4, the bending specific stiffness of the laminated plate

is the maximum and the value is 32 574 MPa/(g·cm-3), which

is 18.6% higher than that of AZ31B Mg and 16.5% higher

than that of 6061 Al. In this situation, the specific stiffness per‐

formance of the laminated plate is optimum.
1.1.2 Theoretical calculation of strength of 6061 Al/AZ31B

Mg/6061 Al laminated plate

It is assumed that the failure strength of the first layer
metal is the yield strength of the laminated plate, and
Mx, My, Mxy are the internal torque (bending or torque) per
unit width of the cross section of the laminated plate. k repre‐
sents the k-layer of the laminated plate. The stress of the k-lay‐
er of the laminated plate can be expressed as:
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where {κ} is the curvature of bending and distorting deforma‐

tion of the symmetry plane of the middle-layer metal of the
laminated plate; ε0

ij is the normal and shear strain on the sym‐

metry plane of the middle-layer metal; [Qij ]
k
is the stiffness

matrix of the k-layer plate; z is the coordinate of the thickness
direction of the k-layer plate.

When the laminated plate is only subjected to internal

torque, {ε0} = 0, Eq.(6) can be written as
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It is assumed that the laminated plate only bears internal
torque in the x direction, and it is only necessary to check the
x-direction strength of each single-layer.
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Assuming that the regularized internal torque M *
x is equal

to the yield strength of Mg alloy, the relevant data is substitut‐
ed into the above formula.
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The failure strength formula of the 6061 Al/AZ31B Mg/
6061 Al laminated plate can be obtained as follows:

σ′s =
44.7s2 + 19.5s + 2.09

(9.74s + 2.09) × (1 - 2t )
R( )2

e （0<t<0.1） （8）

σ′s =
44.7s2 + 19.5s + 2.09

15.3s + 3.3
R( )1

e （0.1≤t<0.5） （9）

The relation of failure strength and specific strength of
the laminated plate with coverage rate of Al alloy is shown in
Fig.3.

It can be seen from Fig. 3a that with the increase of
coverage rate of Al alloy, the tensile and bending strengths

Fig.2 Curves of stiffness（a）and specific stiffness（b）of the lami‐

nated plate
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of the laminated plate increase, and the bending strength is
always higher than that of the tensile strength. It can be
seen from Fig. 3b that the tensile specific strength of the
6061 Al/AZ31B Mg/6061 Al laminated plate changes little.
With the increase of coverage rate of Al alloy, the bending
specific strength of laminated plate increases first and then
decreases. When the coverage rate of Al alloy is 0.4, the
bending specific strength of laminated plate reaches the
maximum value of 118.7 MPa/(g·cm-3), which is 50% high‐
er than that of Mg alloy, and 16% higher than that of Al al‐
loy. The optimum thickness ratio of the 6061 Al/AZ31B Mg/
6061 Al laminated plate is 1:3:1.

1.2 Analysis of FEM simulation results

Adopting the optimum thickness ratio, the 6061 Al alloy
plate with one layer thickness of 1 mm and the AZ31B Mg al‐
loy plate with 3 mm in thickness were selected to simulate the
hot rolling process of the Al/Mg/Al symmetrical laminated
plate by FEM software-Deform. Through the hot rolling pro‐
cess simulation, we can obtain parameters such as temperature
field, stress field, strain field and rolling force of the laminat‐
ed plate. However, only vertical compressive stress and equiv‐
alent strain are useful for determining whether the laminated
plate is effectively combined.

1.2.1 Vertical compressive stress of the laminated plates

Vertical compressive stress is an important factor in deter‐
mining whether the laminated plate is in plastic deformation
state [24].

According to the hot working characteristics of Al alloys
and Mg alloys, 400 ℃ was selected as the rolling temperature
[25]. When roll angular velocity is 0.5 rad/s, rolling temperature
is 400 ℃ and reduction rates are 25%, 30%, 35% and 40%,
the variation of vertical compressive stress of laminated plates
under different reduction rates along rolling deformation zone
length is shown in Fig.4.

It can be seen from Fig.4 that with the increase of re‐
duction rate, the maximum vertical compressive stress near
the interface increases. When the reduction rate is 25% and
rolling temperature is 400 ℃, the average value of the maxi‐
mum vertical compressive stress near the interface is about
74.8 MPa. It is slightly greater than the deformation resis‐
tance of 6061 Al, which is 71.4 MPa, indicating that the in‐
terface of the laminated plate can meet the bonding condi‐
tions in this situation. Considering material damage charac‐
teristics, the optimum relative reduction rate should be more
than 25%.

1.2.2 Equivalent strain of laminated plates

The equivalent strain contour of the laminated plate in
the length direction of the rolling deformation area is shown
in Fig.5. Fig.5a and 5b show the equivalent strain of Al alloy
and Mg alloy at the same point on the joint interface, when
roll angular velocity is 0.5 rad/s, rolling temperature is 400 ℃
and reduction rates are 25%, 30%, 35% and 40%. Table 2
shows the equivalent strain of the two metals.

As can be seen from Fig.5 and Table 2, with the increase
of the reduction rate, the equivalent strain difference between

the two alloys decreases.
According to Ref. [26], when the equivalent strain value

near the joint interface is less than 0.01, it can be considered
that the interface is effectively combined. As can be seen
above, when the reduction rate is greater than 30%, the equiva‐
lent strain difference value near the joint interface is less than
0.01, meeting the effective bonding conditions of the laminat‐

ed plate.

In a word, according to the above simulation results and
edge crack phenomenon of Mg alloy, it can be obtained that in
order to achieve a good combination of 6061 Al/AZ31B Mg/
6061 Al laminated plate, the optimal reduction rate should be
more than 25%.

Fig.3 Failure strength（a）and specific strength（b）of the laminat‐

ed plate

Fig.4 Vertical compressive stresses under different reduction rates
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22 ExperimentExperiment

2.1 Material and processing

Consistent with the theoretical calculation, 6061 Al alloy
and AZ31B Mg alloy were selected as component plates. The
main components of the experimental materials are shown in
Table 3 and Table 4. The initial dimension of the AZ31B Mg
plates was 200 mm×100 mm×3 mm and 6061 Al plates were
200 mm×100 mm×1 mm. In this situation, the coverage rate
of Al alloy was 0.4.

The rolling experiments of the 6061 Al/AZ31B Mg/6061
Al laminated plate were carried out on the two-roll experimen‐
tal rolling mill; the rolling process is illustrated in Fig.6. The
method includes the following steps: firstly, surface treatment
on the laminated surface of the metal plate; secondly, riveting
the three-layer metal plate, followed by heating and rolling for
laminated plate according to the rolling schedule; finally, heat
treatment on the laminated plate. Fig. 7 shows the laminated
plates before and after rolling, and the experimental results are
in good agreement with the simulation analysis by FEM.

The main parameters of the rolling mill is as follows: roll‐
er size is Φ320 mm×350 mm, motor capacity is 90 kW, motor
speed is 1500~2000 r/min, the max rolling force is 1500 kN,
and the max rolling speed is 2 m/s. According to the simula‐
tion results, the rolling experimental scheme of the 6061 Al/
AZ31B Mg/6061 Al laminated plate specimen (S1-S7) are
shown in Table 5, and the annealing temperature is 200 ℃.
2.2 Characterization

Microstructure of the Mg layer was examined by scan‐
ning electron microscopy (SEM) and optical microscopy.
Chemical component of the bond interface was characterized
by scanning electron microscopy (SEM) and energy-disper‐
sive X-ray spectroscopy (EDS). The mechanical properties
were examined by the WDW-200E universal testing machine.

Table 2 Equivalent strain of 6061 Al and AZ31B Mg

Reduction rate/%

25

30

35

40%

6061 Al

0.347

0.483

0.516

0.630

AZ31B Mg

0.328

0.473

0.508

0.624

Difference

0.019

0.01

0.008

0.005

Fig.5 Equivalent strain of the laminated plate at different reduction

rates：（a）Al alloy and（b）Mg alloy

Table 3 Main components of AZ31B Mg alloy（wt%）

Al

3.00

Mn

0.60

Zn

1.00

Fe

0.003

Cu

0.01

Si

0.08

Ni

0.001

Table 4 Main components of 6061 Al alloy（wt%）

Si

0.4~0.8

Fe

<0.7

Cu

0.15~0.4

Mn

<0.15

Mg

0.8~1.2

Cr

0.04~0.35

Zn

<0.25

Ti

<0.15

Al

Al

Mg Heat Anneal

Surface treatment

Reventing

Al

Mg

Hot rolling  

Fig.6 Specific process of hot rolling

 a 

 
b 

 

Fig.7 Laminated plate before（a）and after（b）rolling

1227



Yang Xia et al. / Rare Metal Materials and Engineering, 2021, 50(4):1223-1232

33 Results and DiscussionResults and Discussion

3.1 Microstructure and composition

3.1.1 Microstructure

Because there is only few slip systems in Mg alloy, the
deformation is twin in the rolling process, and the microstruc‐
ture of the rolled AZ31B Mg is very uneven. A large number
of fine grains are produced around the elongated rolling struc‐
ture, which is caused by the dynamic recrystallization of
AZ31B Mg structure. Due to the rapid reduction of tempera‐
ture caused by air-cooling after rolling, the recrystallized
grains cannot grow, so the shape is small. Different degrees of
dynamic recrystallization occur in the AZ31B Mg layer under
different reduction rates. Dynamic recrystallization occurs in
the experimental alloys during the hot rolling tests, and the al‐
loy plates in the experimental composite have equiaxed
grains, as shown in Fig.8.

It can be seen from Fig.8a that there are obvious original
coarse grains in the AZ31B Mg layer, and the dynamic recrys‐
tallization degree is very small. A small part of recrystallized
grains are produced near the grain boundary, and the grain
size is refined to a certain extent, presenting a large structural
heterogeneity. The original grains of AZ31B Mg are de‐
formed, and the coarse grains are elongated along the rolling
direction, so there are more larger elongated strip grains in
Fig.8b. In Fig.8c, the degree of dynamic recrystallization in‐
creases, more and more recrystallized grains appear around
the elongated grains, and grow continuously. With the increase
of plastic deformation, the shear strain at the joint interface of
AZ31B Mg and 6061 Al decreases, leading to the decrease of

the degree of structural heterogeneity. Compared with Fig.8b
and 8d, the grain size of AZ31B Mg increases with the in‐
crease of rolling temperature. As shown in Fig.8e~8g, with the
increase of annealing time, the recrystallized grains of AZ31B
Mg grow up, the grain boundary becomes clearer, and the av‐
erage grain size in Fig.8g is about 20 µm. A large number of
original grains are replaced by equiaxed grains, and the grain
size is gradually unified. After annealing, there are three pro‐
cesses in the 6061 Al/AZ31B Mg/6061 Al laminated plate: re‐
covery, recrystallization and grain growth. These three pro‐
cesses overlap and alternate, and there is no standard bound‐
ary between them.

Fig.9 shows the morphologies of the 6061 Al/AZ31B Mg/
6061 Al laminated plate. It can be seen that all laminated
plates have good bonding performance, and there is no obvi‐
ous defects in the bonding interface. With the increase of roll‐
ing reduction rate, the bonding interface is wavy, and there is
a diffusion of Al alloy and Mg alloy at the bonding interface.
The observation results for the interfacial microstructure in
the composite are similar to the above results, as shown in
Fig.9.
3.1.2 Element distribution

In order to further understand the influence of rolling re‐
duction rate, rolling temperature and annealing time on the dif‐
fusion of two metals at the interface of 6061 Al/AZ31B Mg/
6061 Al laminated plate, EDS line scanning was performed on
both sides of the laminated interface by EDS spectrometer.
The results are shown in Fig.10. A diffusion layer exists at the
interface. In the diffusion layer, the concentration of the ele‐
ment Al decreases from the 6061 Al alloy side to the AZ31B
Mg alloy side while the concentration distribution of the ele‐
ment Mg is the opposite.

Because with the increase of plastic deformation, the de‐
formation heat of the interface between Al alloy plate and Mg
alloy plate also increases, which leads to an increase in the ele‐
ment diffusion range; the higher the rolling temperature, the
faster the metal atoms move, the larger the range of atom mi‐
gration caused by thermal diffusion and the greater the thick‐
ness of diffusion layer. From Fig. 10a~10d, with the increase

Table 5 Rolling experimental scheme of the laminated plate

Specimen

Rolling temperature/℃

Reduction rate/%

Annealing time/h

S1

400

25

-

S2

400

30

-

S3

400

35

-

S4

450

35

-

S5

400

35

0.5

S6

400

35

1

S7

400

35

1.5

 a b c 

d e f g 

10 μm 

Fig.8 Microstructures of AZ31B Mg alloy at different reduction rates and temperatures：（a）400 ℃，25%；（b）400 ℃，30%；（c）400 ℃，

35%；（d）450 ℃，30%；（e）400 ℃，35%+200 ℃/0.5 h；（f）400 ℃，35%+200 ℃/1 h；（g）400 ℃，35%+200 ℃/1.5 h
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of reduction rate and rolling temperature, the element diffu‐
sion range of Al-Mg laminated interface increases, and the dif‐
fusion layer width ranges from 1 μm to 4 μm. From Fig.10e~
10g, it can be concluded that the diffusion thickness of the in‐
terlayer increases with the increase of annealing time, and the
diffusion layer width ranges from 5.1 μm to 7.2 μm.

Point scanning was carried out on the bonding area of the

6061 Al/AZ31B Mg/6061 Al laminated plate. Fig. 11 shows
EDS point scanning results, when the annealing time was 1 h
(specimen S6). As can be seen from Fig. 11c, the proportion of
Mg element toAl element is basically 2:2.94, which can be deter‐
mined as the Mg2Al3. In Fig.11d, the proportion of Mg element
to Al element is about 1.44, which is close to that of Mg17Al12, so
it can be basically determined that the compound is Mg17Al12. It
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Fig.9 Representative interfacial microstructures of 6061 Al/AZ31B Mg/6061 Al laminated plates：（a）400 ℃，25%；（b）400 ℃，30%；

（c）400 ℃，35%；（d）450 ℃，30%；（e）400 ℃，35%+200 ℃/0.5 h；（f）400 ℃，35%+200 ℃/1 h；（g）400 ℃，35%+200 ℃/1.5 h

Fig.10 Elemental distributions across the Mg/Al interface of the laminated plate：（a）400 ℃，25%；（b）400 ℃，30%；（c）400 ℃，35%；

（d）450 ℃，30%；（e）400 ℃，35%+200 ℃/0.5 h；（f）400 ℃，35%+200 ℃/1 h；（g）400 ℃，35%+200 ℃/1.5 h
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can be seen that the atomic percentage of Mg atom near the
AZ31B Mg region is higher than near the 6061Al region, indicat‐
ing that Mg17Al12 is produced near the AZ31B Mg region and
Mg2Al3 is produced near the 6061Al region.

3.2 Tensile property

The WDW-200E universal testing machine was used to
carry out the mechanical properties test, and the tensile speed
was 0.5 mm/min. Fig. 12 shows the schematic view of the
specimens for tensile strength test. Fig. 13 shows the stress-
strain curves of the specimens, and Table 6 shows the results.

Therefore, it can be seen that the tensile strength, yield
strength and the elongation of the 6061 Al/AZ31B Mg/6061
Al laminated plate increases with the increase of reduction
rate, and decreases with the increase of the rolling tempera‐
ture. In the tensile process, the tensile curve of the laminated
plate only has a stress drop phenomenon, indicating that when
the reduction rate is more than 25%, the Al-layer and the Mg-
layer are simultaneously broken. Therefore, combined perfor‐
mance of the laminated plate is already very good.

As shown in Table 6, under temperature of 400 ℃ and

Fig.11 Specimen S6 interface（a）and EDS point scanning results on the Mg/Al interface（b~e）of the laminated plate

1616

3
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120

1
2

.5

Rolling direction
 

Fig.12 Schematic view of the specimen for tensile strength test

Fig.13 Stress-strain curves of specimens at different reduction rates

and temperatures（a）and at different annealing time（b）

Table 6 Tensile strength and elongation of the laminated plates

Specimen

S1

S2

S3

S4

S5

S6

S7

Condition

400 ℃，25%

400 ℃，30%

400 ℃，35%

450 ℃，30%

400 ℃，35%+200 ℃/0.5 h

400 ℃，35%+200 ℃/1 h

400 ℃，35%+200 ℃/1.5 h

Strength/

MPa

210.2

225.1

243.2

217.6

243.4

232.2

226.5

Elongation/%

17.1

20.6

23.8

15.6

24.2

24.6

20.8

g
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rolling reduction rate of 35%, the tensile strength and elonga‐
tion of specimen S3 increase to 243.2 MPa and 23.8%, respec‐
tively. With the prolongation of annealing time, the tensile
strength and yield strength of the laminated plate decrease
gradually. Under 400 ℃ , 35%+200/1h condition, the tensile
strength and the elongation of specimen S6 decrease to 232.2
MPa and 24.6%, respectively, which is mainly caused by the
increase of grain size of Mg alloy matrix. When the annealing
time is 1.5 h, the elongation of the specimen decreases signifi‐
cantly, only 20.8%. This is because with the increase of an‐
nealing time, due to the diffusion of alloying elements and the
partial polymerization of solute atoms, the thickness of Mg-Al
interlaminar compound increases, and the precipitated phase
in the alloy increases, resulting in a reduction in the plasticity
of the laminated plate. At the same time, due to the decrease
of elongation, the hardening effect of Al alloy has not been ful‐
ly played, which make the tensile strength slightly reduce.

44 ConclusionsConclusions

1) The classical laminated plate theory can be used to cal‐
culate the mechanical properties of the 6061 Al/AZ31B Mg/
6061 Al laminated plate. When the coverage rate of Al alloy is
0.4, the thickness ratio and the mechanical propertied of the
laminated plate are the optimum.

2) In the FEM simulation, equivalent strain and vertical
compressive stress are used to determine the combination. In
order to achieve a good combination of the 6061 Al/AZ31B
Mg/6061 Al laminated plate, according to the simulation re‐
sults, the optimal reduction rate should be more than 25%.

3) According to the microstructure experiment and point
scan results, refined grains are discovered in the Mg layer at
the interface, and the formation of an intermetallic compound
layer consisting of Mg17Al12 and Mg2Al3 is identified at the in‐
terface. With the increase of annealing time, the grain size of
Mg alloy increases gradually and finally reaches 20 μm, and
then the grain size tends to be stable.

4) According to the tensile property test and energy spec‐
trum analysis results, when the rolling temperature is 400℃, the
rolling reduction rate is 35%, the tensile strength and elongation
of the 6061 Al/AZ31B Mg/6061 Al laminated plate gradually in‐
crease to 243.2 MPa and 23.8%, respectively, and the interface
diffusion thickness increases to 3.2 µm. Under 400 ℃ , 35%+
200 ℃/1 h, the tensile strength and elongation of the laminated
plate decrease to 232.2 MPa and 24.6%, respectively. When the
annealing time is 1.5 h, the tensile strength continues to de‐
crease, the elongation decreases to 20.8%, and the interface dif‐
fusion thickness increases to 7.2 mm.
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6061 Al/AZ31B Mg/6061 Al对称复合板的组织与力学性能

杨 霞 1，贺东升 1，2，杜晓钟 1，王荣军 1

(1. 太原科技大学 机械工程学院, 山西 太原 030024 )

(2. 晋西工业集团有限责任公司, 山西 太原 030024)

摘 要：在理论分析与模拟计算的基础上，通过热轧制备了6061 Al/AZ31B Mg/6061 Al对称复合板，并对其组织结构和力学性能进行

了研究。首先通过经典复合板理论计算得到了复合板中6061 Al的最佳包覆率，再通过有限元方法模拟得到了复合板的最佳压下率。依

据理论分析和仿真计算得到了铝的最佳包覆率和复合板的最佳压下率，对6061 Al/AZ31B Mg/6061 Al复合板进行组坯，并在不同轧制温

度、不同压下率和不同退火时间下进行了轧制实验，最后对实验得到的复合板进行了拉伸性能测试、微观组织和能谱分析。结果表明，

在复合板的复合界面处的镁层中发现了再结晶晶粒，且界面上形成了由Mg17Al12和Mg2Al3组成的金属间化合物；随着轧制压下率的增

大，6061 Al/AZ31B Mg/6061Al复合板的抗拉伸强度、延伸率和界面扩散厚度显著增大；随着轧制温度的升高，复合板的抗拉伸强度、

延伸率和界面扩散厚度也增大；而随着退火时间的增加，复合板的抗拉伸强度降低，但界面扩散厚度增加。

关键词：多层复合材料；界面结合强度；层间组织演变；结合层厚度
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