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Mg/Al composites were successfully fabricated by the differential tempera-
ture + asymmetrical rolling (DTAR) and the isothermal + symmetrical rolling
(ISR), respectively. The effects of DTAR and ISR on the tensile properties,
bonding strength, interface morphology, and microstructure of composite
plates were investigated. The results indicated that grains near the Mg layer
of the Mg/Al interface were fine and equiaxed because of the occurrence of
dynamic recrystallization on the Mg layer. In contrast, the grains at the center
and near the Al side interface were elongated. DTAR enhanced the recrys-
tallization degree of Mg side grains. The tensile properties and bonding
strength of the composite plates increased gradually with increase in reduc-
tion rate, while the interface morphology was gradually flat with increase in
reduction rate. The ultimate tensile strength of DTAR sample reaches

205 MPa, which is 25% higher than that of ISR sample.

INTRODUCTION

Laminated composite plates with a unique per-
formance by combining different material proper-
ties have attracted a wide range of attention from
researchers.’”? Compared with alloys with rare
metals, these new-type materials can be widely
used in many industries, such as aerospace, elec-
tronics, and shipbuilding, because of their excellent
properties and low cost.>* Thus, the appropriate
selection of matrix and clad materials has a signif-
icant meaning in producing composite materials
with the desired properties to achieve the goal of
energy-saving and emission reduction.

In recent years, Mg alloys have been used in
automobiles and high-speed trains because of the
distinct merits of low density, high specific strength,
and stiffness.>® However, because of the formation
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of loose and porous oxide film on alloys’ surfaces, the
active chemical properties of magnesium alloys
greatly limit the application of alloys in corrosive
environments.” There is an urgent need to improve
the corrosion resistance of magnesium alloys to
broaden their applications. On the contrary, the
oxidation on the Al surface can greatly prevent
alloys from corroding.® Therefore, Mg/Al composite
plates are fabricated to take the advantage of
component metals.

Mg and Al alloys can be combined b%r explosive
welding,? extrusions,'® and roll bonding.'* The most
widespread production method is roll bonding,
which has the advantages of simple equipment
and large-scale continuous production.'*'® How-
ever, the Mg/Al composite plates fabricated by the
traditional rolling process have some defects, such
as easy cracking, severe warping, and poor mechan-
ical properties. The reasons can be concluded to the
following: (1) At room temperature, the plastic
deformation ability of Mg and its alloys is inferior
because of the hexagonal closed pack (HCP) crystal
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structure, which will affect the coordinate ability of
matrix and clad sheets during the rolling process.'*
On the contrary, prismatic and pyramidal slips of
Mg and its alloy can be activated under hot rolling,
but the oxide formation in the interface will
decrease the bonding strength.'®® (2) The incoor-
dinate deformation of matrix and clad sheets will
produce residual stress due to the immense strain in
the rolling process, making composite plates warp
and unable to carry out subsequent processes.

Various new Mg alloys have been developed
recently, and Mg-Sn based alloys have attracted
great interest among them. The reason is that the
addition of the Sn elements not only causes trans-
formation in grain size, secondary phase, and grain
orientation distribution,!” but also reduces the
unstable stacking fault energy, resulting in the
activation of the slip system.'® At the same time, the
formation of the Mg2Sn phase provides the ability of
Mg-Sn based alloys to resist creep at high temper-
atures.'® A previous study has reported that Y
addition could help Mg alloys maintain excellent
ductility and stretch formability at room tempera-
ture.?® Therefore, it has more excellent application
prospects for applying Mg-Sn-Y alloys as a sub-
strate material to prepare Mg/Al composite plates.

To overcome the shortcomings of conventional
rolling Mg/Al composite plates, a novel rolling
method named differential temperature + asym-
metrical rolling (DTAR) in this study is proposed
to manufacture Mg/Al laminated composites. On the
one hand, compared with isothermal + symmetrical
rolling (ISR), asymmetrical rolling is beneficial in
reducing the critical pressure drop ratio required for
dissimilar metal recombination, reducing the rolling
force, promoting the shear deformation of the
composite plate interface, enhancing the mechani-
cal meshing between dissimilar metals, and improv-
ing the quality of interface bonding compared with
symmetrical rolling.2%?? Lj et al.?® studied the effect
of asymmetrical rolling on the bonding strength of
Al/Cu/Al composite plates and realized stronger
interface bonding by providing additional shear
deformation by asymmetrical rolling. In recent
years, the application of asymmetrical rolling on
magnesium alloy has only focused on the effect of
single magnesium alloy microstructure®* and form-
ing properties.?” Studies on the fabrication of Mg/Al
composite plates are still scarce and need further
exploration. On the other hand, temperature gradi-
ents could decrease the plasticity gap of component
metals and improve the deformation uniformity and
bond strength of composite plates.?® Consequently,
the DTAR technology is an excellent preparation
process for Mg/Al composite plates.

In this study, Mg-Sn-Y alloy and 6061 Al alloy
sheets were rolling bonded by the DTAR process at
400°C with different rolling reductions. The com-
posite blanks were also rolled by isothermal + sym-
metrical rolling (ISR) at identical reductions for
contrast to investigate the microstructure evolution,

including the interface morphology, grain refine-
ment, and texture, and the differences between
DTAR and ISR on the mechanical properties were
also discussed.

MATERIALS AND EXPERIMENTAL
PROCEDURE

Fabrication of Mg/Al Composite Plates

The results of the previous studies showed that
the comprehensive mechanical properties of Mg/Al
laminates were better at rolling temperatures of
400°C, rolling speeds of 10 rpm to 20 rpm, and total
rolling reductions of 30% to 70%.2"?® Therefore, the
single-pass roll bonding process was carried out at
the rolling temperature of 400°C and the rolling
speed of 0.1 m/s with the rolling reductions of 40%,
50%, and 60%, respectively.

A Mg-Sn-Y ingot was prepared from high-purity
Mg, Sn, and Y, whose chemical compositions are
listed in Table I. A resistance furnace (SG5-10) with
a power of 5 KW was used for smelting. The
magnesium ingot was melted by heating to a
temperature between 660°C-720°C, and the protec-
tive gas was a mixture of SFg and CO;. After the Mg
had been completely melted, the preheated Sn and
Y were added into the molten Mg as required. The
alloying elements were melted and stirred every
10 min, and the casting was carried out at 650°C.
The ingot was firstly solubilized at 345°C/
4 h + 500°C/6 h and quenched into the hot water
at about 80°C. After heat treatment at 390°C for
90 min before pressing, the extrusion temperature
was between 360°C and 370°C, the extrusion speed
was 1.05 mm/s, and the extrusion ratio was 16:1.
The extruded Mg-Sn-Y alloy and Al6061 alloy were
used in this study.

The dimensions of Mg-Sn-Y alloy and 6061 sheets
were 100 x 60 x 3 mm and 100 x 60 x 1.5 mm,
respectively. The contact surface was cleaned by
using a wire brush and acetone to remove the oxides
and greases. Riveting with rivets can effectively
prevent slippage between dissimilar metals during
the rolling process. These assembled sheets were
heated in a resistance furnace at 400°C for 15 min
under a protective atmosphere. Both ISR and DTAR
processes proceeded in a two-roll mill. An upper
roller of 320 x 350 mm with 150°C and lower
roller of 224 x 350 mm with 25°C were used in
DTAR so that the speed ratio was 1.43. The blanks
were rolled by a single pass under the reduction of
40%, 50%, and 60% so that the plates rolled by
DTAR were marked as DTAR-40%, DTAR-50%, and
DTAR-60%, respectively. Notably, the Mg sheet
touched the upper roller with a faster linear speed.
Two rollers of 320 x 350 mm with 150°C were
used in ISR. The blanks were also rolled by single
pass under the same reductions, and the plates
rolled by ISR were marked as ISR-40%, ISR-50%,
and ISR-60%, respectively. A schematic description
of the experimental procedure is shown in Fig. 1.
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Table I. Specifications of primary sheets

Material Chemical composition (wt%) Sheet dimensions
Al6061 97.8 Al, 0.61 Si, 0.23 Fe, 0.26 Cu, 0.002 Mn, 0.98 Mg, 0.001 Zn, 0.01 Ti, and 0.06 Cr 100 x 60 x 1.5 mm
Mg-Sn-Y 99.05 Mg, 0.5 Sn and 0.45Y 100 x 60 x 3 mm

Grinding and

3mmMg -0.5Sn-0.45Y sheets

1.5mm Al6061 sheets

Isothermal + synchronous rolling:
T,=T,: 150°C
Rolling Speed:0.1m/s
Single pass reduction:
40%-. 50%-. 60%

Differential temperature +
asynchronous rolling:
Speed ratio: 1.43
T;=150°C, T;=25°C
Rolling Speed:0.1m/s
Single pass reduction:
40%-. 50%-. 60%

Fig. 1. Experimental procedure schematic of rolling processes.

decreasing
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Riveting

Preheating under

protective atmosphere:
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Microstructure Characterization

The samples were prepared in a direction parallel
to the rolling direction for microstructure analysis.
Then, they were mechanically polished to a mirror-
like surface. With the help of a scanning electron
microscope (SEM) and energy-dispersive spectrom-
eter (EDS), composite plate interface morphology
and microstructures were characterized. Specimens
of electron backscatter diffraction (EBSD) were
ground with SiC papers, washed, and electropol-
ished at -25°C. All EBSD data were analyzed using
the Channel 5 software.

Mechanical Properties

The uniaxial tensile experiments were carried out
at room temperature with a crosshead velocity of
0.75 mm/min, in which an optical extensometer was
used. For accuracy, the tensile test was repeated
three times. For laminated metal composites, bond
strength is an essential criterion for judging
whether dissimilar metals achieve good bonding.
The bonding strength test was carried out on a

universal testing machine at a speed of 0.75 mm/
min at room temperature. The dimensions of the
specimen for the interface bonding strength test are
shown in Fig. 2. The bonding strength can be
calculated by Eq. 1.

t=F/S (1)

where the F is the tensile strength load, and the S is
the shear area.

RESULTS AND DISCUSSION

Mechanical Properties of Mg/Al Composite
Plates

Tensile Properties

Figure 3 illustrates the tensile properties of Mg/
Al composite plates with different rolling reductions
on ISR and DTAR. Under both processes, the larger
the rolling reduction is, the stronger the ultimate
tensile strength and yield strength of Mg/Al com-
posite plates, while the elongation showed the
opposite trend. In detail, there were also differences
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in the comprehensive mechanical properties of the
rolled plates under the two processes. The ultimate
tensile strength of the composite plates under ISR
increased from 173 to 190 MPa, and yield strength
increased from 91 to 140 MPa; the elongation
decreased from 3.9% to 2.7% when the rolling
reductions were 40%-60%. In contrast, the ultimate
tensile strength of the composites rolled by DTAR
increased from 188 to 205 MPa, and yield strength
increased from 100 to 156 MPa, but elongation
decreased from 3.1% to 2.1% under the same rolling
reductions. It is distinct that the Mg/Al composite
plates rolled by DTAR had higher ultimate tensile
strength and yield strength but lower elongation.
The higher strength in Mg/Al composite plates
rolled by DTAR was mainly attributed to the
coupled effects of work hardening and grain refine-
ment strengthening. During the DTAR process, the
plate was subject to vertical compressive stress. In
addition, owing to the speed difference between the
two rollers, the plate was also subject to a pair of
shear stresses, which generated shear strain in the
direction of the thickness of the plate. Therefore, the
deformation caused by single-pass DTAR rolling
was more severe than that in the case of ISR. The
effect of frictional shear on the component metals
was enhanced, contributing more deformation
energy into heat energy for the thermal activation
of dynamic recrystallization (DRX) and obtaining
finer microstructure. According to the Hall-Petch

relationship (g, = gg +kd"1?), the degree of grain
refinement is inversely proportional to the strength
of the plate.?® Thus, the strength was significantly
improved under the DTAR process. However, the
higher work-hardening effect was detrimental to
the ductility.

Figure 4 shows the tensile fracture morphology of
Mg and Al layers along the rolling direction (RD)
and the transverse direction (TD) in tensile test
samples of ISR-60% and DTAR-60%. There is little
difference in the fracture morphology of Al layers of
ISR-60% and DTAR-60% samples, which were char-
acterized by uniform dimples, showing a feature of
ductile fracture. In contrast, the fracture

N

Fig. 2. Schematic drawing of machined specimens for the bonding test.

morphology of Mg layers between samples of ISR-
60% and DTAR-60% was different. A small number
of dimples accompanied by cleavage planes existed
in the ISR-60% sample, indicating that two fracture
mechanisms simultaneously occurred. For the Mg
layer in DTAR-60% sample, no dimples were
observed, accounting for the low ductility of com-
posite plates.

Hardness

The Vickers hardness tests were conducted to
investigate the mechanical properties of Mg/Al
composite plates under ISR and DTAR. The hard-
ness values were measured from the Mg side to the
Al side for the samples with different rolling
reductions by ISR and DTAR. As shown in Fig. 5,
the hardness of the component metals of rolled
composite plates under ISR and DTAR gradually
increased with the increase in rolling reduction, and
the hardness at the interface showed the same
trend. The increase in hardness was attributed to
the grain refinement strengthening, which was
related to the recovery and recrystallization during
the rolling process. Moreover, it is reported that
with increasing rolling reduction, the main
strengthening mechanism was grain refinement
strengthening due to the formation of ultrafine
grains.

It is not difficult to find that the overall hardness
of composite plates rolled by DTAR was higher than
that of the plates rolled by ISR at the same rolling
reductions. This is because in the DTAR, the plate
deformation zone existed as a cross shear deforma-
tion zone, which played a role in refining the
microstructure, hindering the dislocation migration
during plastic deformation, and increasing the
hardness of the com}B)onent metal. At the same
time, Nussbaum et al.>! pointed out that the shear
force introduced during the rolling process resulted
in a more pronounced refinement of the second
phase of component metal, which had a more
significant hindering effect on dislocations, leading
to an increase in the overall hardness of plates.

20mm Smm

Smm 20mm

53mm
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Fig. 3. The stress-strain curves of rolled Mg/Al composite plates by (a, b) ISR and (c, d) DTAR.
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Fig. 4. Fracture images after the tensile tests of Mg/Al composite plates: (a) ISR-60%-Mg; (b) DTAR-60%-Mg; (c) ISR-60%-Al; (d) DTAR-60%-Al.

Bonding Strength ISR and DTAR. The bonding strength of plates
Figure 6 shows the bonding strength of Mg/Al rolled by both ISR and DTAR increased with the
composite plates with different rolling reductions by increase in rolling reduction, and notably the
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55

50.3
50 - 46./§
442
o 45 F i/i
=
< 40 F 42.7
S
=1
8 35|
w2
2
5 30r 315
5
D25 | —e— DTAR
ISR
20 L 233
15 1 1 1
40% 50% 60%

Reduction rate(%)

Fig. 6. The bonding strength of rolled Mg/Al composite plates.

bonding strength of the plates rolled by DTAR was
higher than that of the plates rolled by ISR under
the same reduction.

This phenomenon could be explicated by the
following two aspects: (1) It was proposed that
shear and normal deformation were the fundamen-
tal reasons for the mechanical bonding of composite
plate interfaces.?! Therefore, at the same rolling
reductions, the DTAR process promoted the coordi-
nated deformation of component metals and intro-
duced a cross shear deformation zone on the
compounded area, which enhanced the frictional
shear effect between component metals. Deforma-
tion from the normal direction allowed fresh metals
near the junction to penetrate each other through
surface cracks. In addition, the DTAR process
improved the degree of atomic diffusion and pro-
moted the formation of metal bonding between
magnesium and aluminum atoms. (2) Compared
with ISR, the frictional shear effect during DTAR at
the same reduction rates caused significant grain
fragmentation and refinement of the matrix metal,
which enhanced the degree of DRX within the

matrix plates and the bonding between the compo-
nent metals.

Interface Morphology of Mg/Al Composite
Plates

Figure 7a-f shows the SEM image of the Mg/Al
interfaces and the corresponding line scan resulting
from the different rolling reductions by ISR and
DTAR. As shown in Fig. 7a-c, there were no appar-
ent voids or defects in the interfacial regions.
However, it is worth noting that the interface
morphology of ISR-40% was very rough and uneven
(see Fig. 7o and c¢). The interface morphology
became smooth with the increase in rolling reduc-
tions. It is well known that the interface was
gradually flattened with increasing rolling force,
which helped break down the hardening layer of the
component metals and promote the exposure of
fresh metal. Thus, the bonding mechanism from the
mechanical bonding under the low reduction grad-
ually transformed into metallurgical bonding under
significant reduction.

Figure 7d-f shows that the samples under DTAR
showed relatively straight and tight interfaces, and
there were no gaps and holes at the bonding
interface. The shear deformation under DTAR
produced work hardening promoting the coordi-
nated deformation of component metals. At the
same time, it also intensified the friction between
contact surfaces, resulting in energy accumulation.
The deformation work and the accumulated energy
on the interface exposed the fresh metal under the
surface, and the composite area expanded. In addi-
tion, a temperature gradient reduced the plastic gap
between component metals and promoted coordi-
nated deformation during DTAR, so matrix and clad
sheets achieved close contact and high bonding
strength. From the EDS line scanning across bond-
ing interfaces of the Mg/Al composite plates in
Fig. 7a-f, the two lines were X-shaped, and no
strictly steep lines appeared, indicating no inter-
metallic compounds were generated at the
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Fig. 7. SEM images of the rolled Mg/Al composite plates: (a) ISR-40%; (b) ISR-50%; (c) ISR-60%; (d) DTAR-40%; (e) DTAR-50%; (f) DTAR-

60%.

interfaces. A metallurgical combination at the
interface is conducive to improving the bond
strength of the composite plate.

Microstructure of Mg/Al Composite Plates
Misorientation Angle

Figures 8 and 9 exhibit the distribution of grain
boundary misorientation angle in the matrix and
clad layers in as-extruded, ISR-60%, and DTAR-
60% plates, respectively. The high-angle grain
boundaries (HAGBs, > 15°) and low-angle grain
boundaries (LAGBs, 2°-15°) are indicated in black

and white lines, respectively. It could be noted that
the fraction of LAGBs and HAGBs was 0.25 and
0.47 for the Mg layer in ISR-60% sample. However,
the percentage of LAGBs decreased to 0.15, HAGBs
increased to 0.61, and the average value of misori-
entation angle of Mg alloy increased to 26.07° in
DTAR sample. The enormous deformation provided
by DTAR activated many slip systems, which made
deformation energy accumulate in Mg layers.>?
Besides, the shear stress in DTAR sample made it
possible to convert part of the deformation energy
into thermal energy, providing good conditions for
the thermal activation of DRX and enhancing the
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Fig. 9. Distribution of misorientation angle of Al layer (a,d) as-extruded; (b,e) ISR-60%,; (c,f) DTAR-60.

degree of DRX. The original structure dominated by
subgrains grew up gradually and transformed into
recrystallized grains with HAGBs in the DTAR
sample.??

It is important to note that there was a peak value
of around 30° in the Mg layer of as-extruded, ISR-
60%, and DTAR-60% plates, which was related to
DRX grain boundaries and a lower proportion of
LAGBs,?* indicating the occurrence of pronounced

DRX.?% Moreover, the specimens of as-extruded and
DTAR-60% plates have another peak at approxi-
mately 86°, which was the typical orientation
difference of tensile twins.?¢37

As shown in Fig. 9, equiaxed grains of the as-
extruded aluminum alloy disappeared, and grains
extended along the RD direction, presenting a
banded structure through two different rolling
ways. During the deformation process, the HAGBs



2932

Cai, Wu, Ma, Wang, Zhi, and Lei

Number fraction(%)

I Recrystallized
F[ ] Substructured

I Deformed

54.5

As-rolled

ISR-60% DTAR-60%

Fig. 10. Recrystallization of Mg layer: (a) as-extruded; (b) ISR-60%; (c) DTAR-60%,; (d) Recrystallization statistics chart.

of the recrystallized grain were destroyed, resulting
in many LAGBs in the clad plates. The average
value of misorientation angle in Al alloy decreased
from 30.78° to 12.37°and 11.52°, respectively. The
fractions of LAGBs and HAGBs of ISR-60% sample
were 0.54 and 0.25, which were a little higher than
in the DTAR-60% sample. The reason for the slight
difference in misorientation angle in the Al layer is
that the speed ratio of asymmetrical rolling is small,
which cannot activate the shear strain, so the
increase in yield strength is not evident compared
with symmetrical rolling.®® The difference in speed
between the two sides of the Al layer in DTAR
process was tiny, so the zone shear deformation in
asymmetrical rolling could cause some damage to
grain boundaries, but the effect on grain deforma-
tion was similar to the ISR process.

Recrystallization

Figure 10 illustrates the distribution of recrystal-
lized grains, substructured grains, and large
deformed grains of Mg layers in as-extruded, ISR-
60%, and DTAR-60%. As seen in Fig. 10d, the
fraction of these recrystallized grains was only
6.8%. The number of recrystallized Mg grains
increased largely after both rolling processes, so it
could be considered that the increase in the fraction
of recrystallized grains in the Mg layer occurred in
the DRX process. The enormous deformation pro-
moted the breakage and recrystallization of grains.
At the same time, due to the low stacking fault
energy of Mg alloy, DRX is easy to activate.”
However, it is worth noting that the number of

recrystallized Mg grains in DTAR-60% sample was
higher than in ISR-60% sample. The actual defor-
mation caused by one pass of DTAR is higher than
that of ISR because of the speed ratio with the same
rolling reduction. Therefore, the increase in defor-
mation and accumulative strain was conducive to
accelerating the DRX in these grains.

The distribution of recrystallized grains, sub-
structured grains, and large deformed grains of Al
layers is shown in Fig. 11. The fraction of recrys-
tallized grains in the as-extruded plate accounted
for 71.1%. In the subsequent rolling process, the
original structure was destroyed, and many defor-
mation twins were formed, accounting for 96.2%
and 96.6%, respectively. The reason for this phe-
nomenon is that the holding time was short, and the
deformation of the rolling process did not provide
enough driving force for recrystallization. The
higher fractions of LAGBs and the high-density
dislocation produced during both rolling processes
were sufficiently prepared to activate the static
recrystallization for subsequent annealing of the
composite plate. The grain proportions of ISR-60%
and DTAR-60% were similar. Thus, it is reasonable
to infer that the mechanical property of composite
plates is more dependent on the properties of the Mg
base plate by the rolling process.

CONCLUSION

1. The yield strength and ultimate tensile strength
of laminates increased with the enhancement of
compression, and the yield strength increased
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slightly more than the tensile strength. Com-
pared with the ISR sample, the strength of
laminates obtained by DTAR was 205 MPa,
which was significantly increased by 10%. At
the same time, due to the cross shear deforma-
tion zone under DTAR, the hardness of DTAR
sample was higher than in ISR sample.

2. The interfaces of Mg/Al laminates were well
bonded under different processes, and no inter-
mediate compounds were formed. DTAR pro-
vided a strong shear force to form metal bonding
in the composite interface. Under different
reduction rates, the bonding strength increased
in the range of 25%-88%, up to 50 MPa, and the
interface morphology of Mg/Al composite plates
gradually tended to be flat.

3. The dominant grain on the Mg layer was
recrystallized, while the deformation grain was
the primary grain on the Al layer when the
reduction rate was 60%. The high strain gener-
ated in the DTAR converted strain energy into
heat energy, which activated the recrystalliza-
tion and improved the fraction of HAGBs. The
fraction of recrystallized grains was up to about
80% under DTAR.
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