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Abstract: 6009/7050 alloy bimetal slab was prepared by a direct-chill (DC) casting process. Homogenizing annealing, hot rolling
and T6 treatment were successively performed and their effects on microstructure and properties of the slab were studied. The results
reveal that the average diffusion layer thickness of as-cast slab, determined by interdiffusion of elements Zn, Cu, Mg and Si, was
about 400 um. Excellent metallurgical bonding was achieved because all tensile samples fractured on the softer 6009 alloy side after
homogenizing annealing. After homogenizing annealing plus rolling, the average diffusion layer thickness decreased to 100 um,
while the network structure of 7050 alloy side transformed to dispersive nubby structure. Furthermore, subsequent T6 treatment
resulted in diffusion layer thickness up to 200 pm and an obvious increase of the Vickers hardness for both 7050 and 6009 sides. The
layered structure of the as-cast 6009/7050 bimetal is retained after hot rolling and T6 treatment.
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1 Introduction

Bimetallic materials have been widely used in many
industrial fields due to the combination of excellent
physical and chemical properties of the base metals,
which cannot be achieved by the individual alloy acting
alone [1]. Several conventional approaches have been
used to manufacture the bimetallic materials including
rolling bonding [2-5], explosive welding [6—9],
diffusion bonding [10—13], extrusion cladding [14,15],
centrifugal casting [16], laser cladding [17], and so on.
LI et al [18] prepared 7075/6009 aluminum composite
ingot by double-stream-pouring continuous casting.
Compared with these methods, direct-chill (DC) casting
provides many advantages, such as lower cost, superior
metallurgical bonding and high productivity, and has
been applied to prepare lots of industrial used bimetals.
WAGSTAFF et al [19] investigated the clad ingot
produced by the well-known Novelis fusion process.
SUN et al [20] produced Al-Si alloy and Al-Mn alloy
bimetal slab using continuous casting. FU et al [21]
illustrated the microstructure and mechanical properties

of Al-1Mn and AI-10Si alloy circular clad ingot
prepared by DC casting. LIU et al [22] produced the
3003/4045 clad hollow billet via horizontal continuous
casting. WANG et al [23] investigated the development
of Al-Li and AlI-Mn bimetal slab prepared by a modified
DC casting process. However, up to date, few literatures
exist reporting on the successful using DC casting to
produce bimetals containing Al-Zn—Mg—Cu high-
strength alloys, which can be used widely in aerospace
field.

The 7050 alloy, typical Al-Zn—Mg—Cu high-
strength alloy, is considered as an ideal material for
preparing aircraft skin due to its high specific
strength [24]. However, it suffers from the poor
corrosion resistance and is prone to cracking during
solidification and rolling process. The 6009 alloy has
superior corrosion resistance and good formability, and is
widely applied in automobile plates, but its applications
limited in the low strength [25]. The 6009/7050 bimetal
material combines the advantages of two alloys and
features high strength and superior corrosion resistance
as well as good formability, which could meet the
requirements of mass reduction and safety improvement
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in automobile and airplane industries.

In this work, a 6009/7050 bimetal slab was prepared
by a DC casting process. The fabricated slabs were
subjected to homogenizing annealing, hot rolling, solid
solution and aging. The microstructure, composition
distribution and mechanical properties of the as cast,
rolled and heat treated slab were studied in detail.

2 Experimental

2.1 Materials and ingot preparation

The chemical compositions of the 6009 and 7050
alloy are given in Table 1. The schematic diagram of
experimental setup is shown in Fig. 1. Three dominant
factors influencing the metallurgical bonding between
two alloys are pouring temperature, elevating speed and
cooling water flow rate. As presented in Fig. 1, the hot
top was fixed on the top of a mold. The water-cooled
baffle was placed into the mold as inner mold and the
cooling water flow can be controlled. A layer of
refractory material to insulate the heat covered on one
side of the water-cooled baffle and the water passage was
embedded on the other side. The 6009 alloy melt at
670 °C was firstly poured into the left part of the mold
and a semisolid shell would be formed once the melt
contacted with the water cooled side of water cooled
dividing baffle. The 7050 melt at 730 °C was then
poured into the right part of the mold when the 6009
semisolid shell was strength enough, at the same time,
the dividing baffle was drawn up to keep the relative
motion between the bimetal slab and the water-cooled
baffle at the speed of 60 mm/min, and the cooling water
flow rate is 140 L/h. After the baffle and melts were
separated, the bimetal ingot (130 mm x 120 mm X
100 mm) was fabricated successfully. After a series of
systematic experiments, the optimized experimental
parameters were as follows: the pouring temperatures
were 730 °C and 670 °C for 7050 and 6009 alloys,

Test sample

. Homogenizing
anneal

=)

Bimetal
slab

Table 1 Chemical compositions of experimental alloys (mass
fraction, %)

Alloy Zn Cu Mg Si
7050 6.5327 2.2728 2.2852 0.0557
6009 - - 0.6032 0.9547
Alloy Fe Mn Cr Al
7050 0.1090 0.0026 0.0256 Bal.
6009 0.1307 0.0034 0.0209 Bal.

Cutting —»-

Elevating
1 direction

\
\

%

Fig. 1 Schematic illustration of modified direct-chill casting
process: 1—Hot top; 2—Mold; 3—Water cooled baffle; 4—
6009 alloy melt; 5—6009 alloy semisolid shell; 6—Heat
insulation layer; 7—7050 alloy melt; 8—Bimetal slab

respectively; the drawing speed of the dividing baffle
was 60 mm/min, and the cooling water flow rate was
140 L/h.

2.2 Homogenizing annealing, rolling, solid solution
and aging

As presented in Fig. 2, the test sample was

prepared with a length of 100 mm, width of 15 mm and

thickness of 15 mm by wire-electrode cutting technique

from the bimetal slab (130 mm x 120 mm x 100 mm).

N

Solid solution ||
and aging

Fig. 2 Schematic illustration of heat treatment and plastic deformation procedures of bimetal sample
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Homogenizing annealing was firstly performed on test
sample at 460 °C for 24 h and then cooled inside the
furnace to room temperature. After homogenizing
annealing, the test sample with 15 mm in thickness was
rolled at (450+5) °C to produce a 6 mm thick plate. The
6 mm thick plate was then cut into two parts (part A and
part B) along the dashed line shown in Fig. 2. Part A (the
smaller part) was wused as the specimen for
microstructure observation, composition distribution
analysis and hardness measurement, while part B (the
larger part) continued to be rolled into 4 mm thick plate
under the same rolling conditions. This process was
sequentially repeated to produce 2 mm and 1 mm thick
plates. Four test plates were thus acquired after rolling
processes. Solution treatment was performed on the
2 mm thick plate after homogenizing annealing and
rolling at 475 °C for 40 min, followed by water-
immersion quenching with a maximum delay of 6 s.
Shortly thereafter, the 2 mm thick plate was subjected to
an artificial aging treatment at 175 °C for 10 h.

2.3 Structure observation, composition analysis and

properties test

The macrostructure image is obtained after milling.
The as-cast, homogenizing annealed, hot rolled, and T6
treated specimens were polished and etched with Keller’s
reagent (1% HF+1.5% HCI+2.5% HNO;+95% distilled
water), then observed by optical microscope and scanning
electron microscope (SEM) equipped with energy
dispersive spectrometer (EDS). Electron microprobe
(EPMA) was applied to reveal the alloy elements
composition in the interfacial region of the bimetal
samples. Tensile tests were performed using a DNS 100
test machine with a strain rate of 2 mm/min. The Vickers
hardness variation in the interfacial region of the test
samples was measured with a load of 50 g for 15 s.

3 Results and discussion

3.1 Microstructure and composition analysis

Figure 3 shows the macrostructure and
microstructure of the 6009/7050 bimetal slab. The 6009
and 7050 materials are distinctly separated, and the
interface is clearly identified due to the brightness
contrast between the alloys after fine milling (Fig. 3(a)).
The straight interface is obtained without any inclusions
and porosities. Figure 3(b) shows the microstructure of
the bimetal slab at the interface. On the 7050 alloy side,
the network structure distributes at the grain boundary.
On the 6009 alloy side, no apparent precipitated phases
can be seen at the grain boundary. In addition, there are
no discontinuities at the interface, indicating that a good
metallurgical bonding between the two alloys is
achieved.

Figure 4 clearly shows two main precipitated phases

(b)

Diffusion direction
of Zn element
Diffusion direction
of Cu element
Diffusion direction
of Mg element

6009

Diffusion direction
of Si element

Fig. 3 Cross sectional image (a) and interface microstructure (b)
of as-cast bimetal slab

Fig. 4 SEM images of network structure (a) and plate-like
phase (b) distributed at grain boundary on 7050 alloy side
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distributed at the grain boundary on the 7050 alloy side.
As can be seen, the network structure principally consists
of skeletal structure (Fig. 4(a)) and the plate-like phases
(Fig. 4(b)). According to the EPMA results, the
composition of skeletal eutectic structure is 23.467% Zn,
24.856% Cu, 13.450% Mg and 38.127% Al (mass
fraction), which is in accordance with the a(Al) +
T(AlZnMgCu) eutectic structure. The eutectic phase is
also considered to be T(Al,Mg;Zn;3) + S(ALCuMg) [26].
The composition of the plate-like phase is 31.067% Cu
and 45.379% Al, which is close to ALCu phase in
composition.

The layer of semisolid shell formed when 6009 melt
contacted the water-cooled baffle. This shell would
served as a heterogeneous nucleation substrate for the
primary a(Al) phase of the 7050 alloy. Once the 7050
melt was poured into the mould, a(Al) started to nucleate
and grew on the surface of 6009 semisolid shell.

Moreover, the 7050 alloy is enriched with Zn, Cu,
Mg elements, while the 6009 primarily contains Mg and
Si elements. As concentration difference of these
elements exists between the two alloys, according to
Fick’s Law, interdiffusion takes place in the vicinity of
the interface, i.e., Zn, Cu and Mg atoms diffuse from the
7050 side to the 6009 side, while Si atoms move in an
opposite direction during solidification. This implies that
solute distribution in the diffusion layer is important.

Figure 5 shows the composition variations of the
Zn, Cu, Mg and Si elements in the diffusion layer. Three
parts can be seen: the 7050 alloy in right side, diffusion
layer in the middle and the 6009 alloy in left hand. From
7050 to diffusion layer, the contents of Zn, Cu and Mg
elements tend to decrease rapidly, and the same case is
found from diffusion layer to 6009 alloy side, while the
contents of these elements decrease gradually across the
diffusion layer. This finding is consistent with the
foregoing inference that 6009 serves as a heterogeneous
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Fig. 5 EPMA line analysis of as-cast bimetal slab

nucleation substrate for the primary a(Al) of the 7050
alloy. In present study, the thickness of diffusion layer,
defined as the diffusion distance of Zn element across the
interface, is found to be 400 pum.

3.2 Mechanical properties

The variation of Vickers hardness across the
interface of the bimetal is presented in Fig. 6. The
average hardness in the 7050 side was about HV 125
while that in the 6009 side, was about HV 60. The
hardness of the interfacial region tended to decrease
gradually from 7050 alloy side to 6009 alloy side,
namely, the hardness of the interface was higher than that
of 6009 alloy and lower than that of 7050 alloy. In
addition, the Vickers hardness (HV) and yield strength
(o) of the material approximately obey the three times
relationship, i.e. HV=3¢ [27]. Thus, it can be concluded
that the yield strength of interface is also higher than that
of 6009 alloy and lower than that of 7050 alloy, which
can be attributed to the effect of solution strengthening
by diffused atoms.
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Fig. 6 Vickers hardness distribution across bonding interface of

as-cast bimetal slab

Bonding strength of the bimetal slab is measured by
performing tensile test. The schematic illustration of the
tensile specimen is presented in Fig. 7(a). Figure 7(b)
shows the homogenizing-anneal sample after tensile test.
The tensile fractures of all the homogenizing-annealed
simples occurred on the lower strength 6009 alloy side,
while the interface remained well. The results are
consistent with the report that the plasticity
predominantly occurs in the softer component of the
compound tensile samples, and failure occurs when the
ultimate tensile strength of the softer component is
reached [28]. Figure 8 shows the tensile strength—
displacement curves of the tensile sample. The tensile
strength of the homogenizing-annealed bimetal clad was
about 100 MPa, which was close to the strength of the
6009 alloy. Thus, the tensile strength of interface was
higher than that of 6009, suggesting an excellent
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metallurgical bonding between the 7050 alloy and 6009
alloy.
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Fig. 7 Schematic illustration of tensile specimen (a) and tensile
fractured sample (b) (unit: mm)
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Fig. 8 Tensile strength—displacement curves of homogenizing

annealing sample

3.3 Homogenizing annealing and plastic deformation

It is essential to perform homogenizing annealing
on the as-cast bimetal slab before rolling since
homogenizing annealing decreases resistance to plastic
flow of 7050 alloy, and reduces the content of bulky
precipitated phases distributed at grain boundaries of
7050 alloy to avoid crazing during rolling.

The variation of the clad ratio and the thickness of
6009 during hot rolling is presented Fig. 9. Clad ratio is
defined as the ratio of the 6009 thickness to the total
sample thickness. When the plate was rolled from 15 to 4
mm, the clad ratio was stable at around 20%. As the
rolling temperature was 450 °C, the resistance to plastic
flow of 7050 alloy declined so much compared to as-cast
alloy that it was close to the resistance to plastic flow of
6009 alloy, and this gave rise to the compatible
deformation during rolling. Further rolling to 1 mm plate,
the clad ratio increased from 20% to 23%. This slight
improvement of clad ratio can be attributed to the less
increment in the plastic flow resistance of 7050 alloy
than that of 6009 alloy.

Figure 10 shows the microstructure of
homogenizing-annealed 6009/7050 clad samples after

rolling to different thicknesses along the deformation
direction. The two layers in as-cast state were still
maintained after rolling process. When the sample was
rolled to 6.14 mm plate (Fig. 10(a)), the net structure of
7050 side began to fade away, most of the coarse
(a(Al) + T(AlZnMgCu)) eutectic structure fragmented
and part of them was dissolved. Besides, it is clear to see
plastic deformation near the interfacial region on 7050
side. With the further reduction of the simple thickness,
the eutectic structure transformed to dispersive nubby
phase, and the net structure of 7050 side disappeared
completely. In addition, as is shown in Figs. 10(b)—(d),
the fine and dispersive phases can be seen obviously in
the matrix on both 6009 and 7050 alloy sides.

30
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Fig. 9 Variation of clad ratio and 6009 clad layer thickness in
bimetal after homogenizing annealing and rolling process
(Sample 1: 15.32 mm; Sample 2: 6.14 mm; Sample 3: 4.14 mm;
Sample 4: 2.15 mm; Sample 5: 1.35 mm)

The content variations of the Zn, Cu, Mg and Si
elements across the interface of the rolled 2.15 mm
bimetal slab are presented in Fig. 11. Compared to the
as-cast sample (Fig. 5), the thickness of diffusion layer
decreased to about 100 pm after homogenizing annealing
and rolling, indicating that the decrement in the thickness
of diffusion layer caused by plastic deformation is larger
than the increment caused by atoms diffusion during the
rolling and annealing.

Figure 12 shows the distribution of Zn, Cu, Mg and
Si elements at the interface. The result reveals that,
despite that it has been rolled to 2.15 mm, bimetal slab
retains the layered characteristics of as-cast, a distinct
boundary can be seen and there is a big difference in the
contents of Zn and Mg elements between 7050 alloy and
6009 alloy. Due to dissolution and fragment of (a(Al) +
T(AlZnMgCu)) eutectic structure, the dispersive nubby
phases can be seen on 7050 alloy side. These dispersive
nubby phases are enriched with Cu and Mg elements
instead of Zn element. Nonuniform Cu is due to its larger
radius, which causes more difficult diffusion compared
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Fig. 10 Microstructures of interfacial region of homogenizing-annealed clad samples after rolling: (a) 6.14 mm; (b) 4.14 mm;

(c) 2.15 mm; (d) 1.35 mm
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Fig. 11 EPMA line analysis of 2.15 mm homogenizing-
annealed bimetal slab after rolling

to Mg and Zn. A small quantity of Mg element is
enriched in the residual phase because the diffusion time
is not enough for Mg element to diffuse into a(Al) matrix
completely. With the faster diffusion speed, the
distribution of Zn element is more uniform compared to
Mg and Cu elements.

Variation of microhardness across the interface of

the homogenizing-annealed sample after rolling is shown
in Fig. 13. The result reveals that the layered
characteristics of the microhardness distribution were
retained. When the annealed sample was rolled to
6.14 mm, the average hardness of 7050 alloy side was
about HV 110, while that of the 6009 alloy side was
about HV 45. Further rolling to 1.35 mm (Figs. 13(a)—
(c)), the microhardnesses of the 7050 alloy and 6009
sides increased to about HV 132 and HV 62, respectively.
This further increased hardness was attributed to work
hardening behavior and precipitation strengthening
mechanism.

3.4 T6 treatment

Solid solution and aging were performed on the
2.15 mm sample after homogenizing annealing and
rolling. The backscattered micrograph in the interfacial
region and the composition variation of Zn, Cu, Mg and
Si elements and are shown in Fig. 14. Compared to
element distribution of rolled sample (Fig. 11), it can be
seen obviously that, the distance of diffusion layer
increased from 100 pm to 200 pm due to solute atoms
diffusion across the interface during solution treatment.
The aforementioned fine and dispersive phases in rolled
7050 alloy dissolved into the matrix during solution
treatment. Zn, Cu, Mg and Si elements diffused into
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Fig. 12 EPMA analysis of 2.15 mm homogenizing-annealed sample after rolling element mapping of Zn (a), Cu (b), Mg (c¢) and Si (d)
in interfacial region
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Fig. 13 Microhardness distribution across interfacial region of homogenizing-annealed samples after rolling: (a) 6.14 mm;
(b) 4.14 mm; (¢) 2.15 mm; (d) 1.35 mm
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Fig. 14 Distribution of Zn, Cu, Mg and Si elements and

backscattered micrograph in interfacial region of rolled
2.15 mm bimetal slab after T6 heat treatment

o(Al) matrix during solution treatment, which lead to the
redistribution of these element after aging. Figure 15
shows the element mapping of Zn, Cu, Mg and Si
elements of the 2.15 mm thick bimetal slab after
homogenizing-anneal, rolling and T6 treatment. The

(a)

result reveals that composition distribution of the bimetal
slab still maintains layered characteristics of as-cast state.
Compared to rolled state (Fig. 11), the Mg and Zn
elements distribution of the sample after T6 treatment on
7050 alloy side is more uniform due to atoms diffusion
during solution and aging, while Cu element still gathers
in the residual nubby phase due to its poor diffusion
ability. On the 6009 alloy side, the massive precipitate
phases are enriched with Cu and Si elements.

Figure 16 shows the Vickers hardness variation
across the interfacial region of the sample after
homogenizing annealing, rolling and T6 heat treatment.
It can be seen that the average microhardness values of
both 7050 and 6009 alloy sides show an obvious increase
compared to the condition after homogenizing annealing
and rolling. The hardness of the 7050 side was about HV
172, and about HV 80 for 6009 alloy after T6 heat
treatment. The promoted hardness was attributed to
precipitation  strengthening and  solid  solution
strengthening mechanisms. RANGANATHA et al [29]
reported that the presence of fine precipitate structure of
GP zones and metastable phase #(MgZn,) was attributed
to the strengthening of AA7049 alloy after T6 heat
treatment.

Fig. 15 Element mappings of Zn (a), Cu (b), Mg (c) and Si (d) in interfacial region of rolled 2.15 mm bimetal slab after T6 heat

treatment
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Fig. 16 Vickers hardness distribution across bonding interface

of rolled 2.15 mm bimetal slab after T6 heat treatment

4 Conclusions

1) 6009/7050 bimetal could be successfully
prepared by a direct-chill casting process with optimized
experimental parameters.

2) The earlier poured 6009 alloy melt served as the
heterogeneous nucleation substrate for the 7050 alloy.
Interdiffusion of Zn, Cu, Mg and Si elements took place
in the interfacial region, which resulted in a 400 um
thick diffusion layer.

3) The tensile strength of the bimetal after
homogenizing annealing averaged at 100 MPa. The
fracture located on the softer 6009 side, which indicated
an excellent metallurgical bonding between 6009 alloy
and 7050 alloy.

4) After hot rolling, the network structure of 7050
alloy side transformed into dispersive nubby phase and
the thickness of the diffusion layer was decreased to
100 um. The Vickers hardness of 7050 alloy, interface
and 6009 alloy are all increased upon hot rolling.

5) The interface can be strengthened and the
diffusion layer thickness was increased to 200 um after
subsequent T6 treatment.
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