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Abstract: The 7075/6009 aluminum composite ingot with the diameter of 65 mm was prepared by double-stream-pouring 
continuous casting. The deformation behavior and the mechanical properties of the composite ingot compressed at 543, 573, 623, 673 
and 723 K were analyzed. The results show that the gradient distributions of composition and hardness in the transition layer of the 
composite plates still exist after plastic deformation of the ingots. Meanwhile, the thickness of the transition layer reduces from 
millimeter order to micrometer order. The mechanical properties of the composite plate increase with the increase in deformation 
temperature from 543 K to 673 K. The best mechanical properties of the 7075/6009 aluminum composite are: σb=381 MPa, σ0.2=322 
MPa and δ=16.6%. The appropriate deformation temperature range is (0.75−0.85)TM, where TM is the melting point of 7075 alloy. 
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1 Introduction 
 

The use of aluminum alloys in automobile is 
expanding because aluminum alloys offer a low-weight 
alternative to steel, potentially increasing the efficiency 
of vehicles and lowering the amount of energy needed 
for transportation[1−2]. However, the application of 
aluminum in vehicles is still limited[3]. Although      
6xxx series aluminum alloys can meet some demands of 
automobile body plate because of their good formability, 
such as the 6009 alloy[4−5]. The relatively low strength 
of this aluminum alloy hinders its replacement of the 
original steel plate of automobile body. If the strength of 
the 6009 alloy can be improved by integrating the 
advantage of the 7075 alloy and its original excellent 
properties can still be maintained, the application of 6xxx 
series aluminum alloys would be expanded 
significantly[6]. The laminated plate combined by the 
6009 and 7075 aluminum alloys may contain such a 
possibility. 

Many manufacturing methods of laminated 
composite plate have been put forward. Continuous 

core-filling casting(CFC) process[7] is a method of 
preparing bimetal laminated composites, such as copper 
cladding aluminum. But the interface layer of laminated 
composites prepared by CFC may be a carbon, 
compound or oxidation layer with thickness ranging 
from 10 µm to 15 µm. Novelis FusionTM process[8] is a 
method of preparing laminated aluminum plate. The 
interface of laminated composites prepared by Novelis 
FusionTM is well bonded, extremely clean, and 
essentially free of oxides and pores. The interface 
thickness is 15−30 µm. Double-stream-pouring 
continuous casting(DSPCC) process[9] is another 
method of preparing laminated composites with gradient 
interface. The interface of laminated composites 
prepared by DSPCC is metallurgically bonded, 
essentially free of oxides and pores. And the thickness of 
gradient interface is of the order of millimeter[10−13]. 
Unfortunately, these kinds of composites can be 
practically used only after plastic deformation, such as 
compression and rolling. In this work, microstructures 
and mechanical properties of a deformed 6009/7075 
aluminum composite were studied. The composite plate 
was deformed based on the composite ingot prepared by 
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DSPCC. The main concern was paid to the deformation 
behavior of 7075/6009 aluminum composite under 
different plastic deformation temperatures. 
 
2 Experimental 
 

The specimens with dimensions of d 65 mm×300 
mm for plastic deformation were cut from 7075/6009 
composite ingot, which was prepared by DSPCC 
processing as introduced in our previous work[14]. The 
ingots were heated at temperature between 543 K and 
723 K for more than 30 min before the ingots were freely 
compressed into different thickness. The compression 
did not cease until the load charged on the plate reached 
the maximum capacity of the presser. Other parameters 
for free compression are listed in Table 1. The 
deformation direction is schematically shown in Fig.1. 
 

 

Fig.1 Schematic diagram of plastic deformation 
 

Fig.2(a) shows the schematic location of the tensile 
testing samples cut from the deformed plates. The 
dimension of the tensile specimen is shown in Fig.3. The 
tensile test was performed on a CMT5105−100 kN 
electronic universal tester. Macro-hardness distribution 
on the cross section of the composite ingot was measured 
in the universal Rockwell hardness tester and then 
micro-hardness was measured on the cross section of the 
samples using HVS−1000 digital display micro-hardness 
tester at load of 4.9 N and contact time of 20 s. The 
testing position is schematically shown in Fig.2(b). The 
agent for macrostructure etching is 10 mL HF+5 mL 
HCl+5 mL HNO3+380 mL H2O (Keller’s reagent). 
Composition distribution on the cross section of the 
samples was analyzed by EPMA−1600 electron probe. 
The fracture morphologies of the tensile samples were 

 

 
Fig.2 Schematic locations of tensile sample (a) and 
micro-hardness test (b) (X axis in Fig.2(b) is minor axis 
direction of cross section in Fig.2(a), and Y axis in Fig.2(b) is 
major axis direction of cross section in Fig.2(a)) 
 

 

Fig.3 Schematic dimensions of tensile samples (unit: mm) 
 
observed by SIRION 200 scanning electron microscope. 
 
3 Results 
 
3.1 Macrostructures 

After cutting the edges, the plates were etched using 
Keller’s reagent. The macrostructures are shown in Fig.4. 
Fig.4(a) indicates the macrostructure of the cross section 
of 7075/6009 composite ingot. After plastic deformation, 
the thicknesses of inside layer and outside layer are 

 
Table 1 Parameters of plastic deformation 

Sample Alloy 
Sample 

temperature/K 
Punch 

temperature/K 
Moving speed of upper punch/ 

(mm·s−1) 
Thickness of plate/

mm 

S1 7075/6009 543 543 3 15 

S2 7075/6009 573 573 3 13 

S3 7075/6009 623 623 3 13 

S4 7075/6009 673 673 3 13 

S5 7075/6009 723 723 3 13 

S6 6009 673 673 3 12  
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reduced along the minor axis direction and are expanded 
greatly along the major axis direction. However, the 
distinct difference between the outside layer and inside 
layer is still maintained. 
 
3.2 Hardness 

Fig.5(a) shows the Rockwell hardness distribution 
on the cross section of the 7075/6009 composite ingot. It 
can be seen that Rockwell hardness varies significantly 
along the radius direction of the ingot, especially in the 
range of radius between 15 mm and 25 mm; and beyond 
this range, the Rockwell hardness changes slightly. 

Fig.5(b) presents the micro-hardness distribution 
along the compression direction of the 7075/6009 
composite plates. On the compression direction of the 
plate, micro-hardness of internal alloy increases 
gradually with the increase in plastic deformation 
temperature from 543 K to 673 K. However, 
micro-hardness of external alloy has little change. When 
the plastic deformation temperature reaches 723 K, 
micro-hardness of either internal alloy or external alloy 
decreases greatly. Meanwhile, the width of transition 
layer is reduced with the plastic deformation temperature 
increasing. As shown in Fig.5(b), the width of transition 
layer is about 2 mm at 573 K and 0.5 mm at 723 K. The 

width of transition layer is reduced from 15 mm of the 
ingot to 0.5 mm of the plate, accounting for 97% 
reduction. 
 
3.3 Composition 

On the cross section of the 7075/6009 composite 
plate, Zn content was analyzed along the compression 
direction, as shown in Fig.6. The general tendency is that 
Zn content of the external alloy is very low and close to 
that of the 6009 alloy. In the internal region of the plates, 
Zn content keeps within the range of the 7075 alloy. 
When the plastic deformation temperature is 543 K or 
573 K, on the upper pressing surface of the plate, Zn 
content from the internal alloy to the external alloy 
descends gradually without sharp fluctuation. However, 
on the lower pressing surface of the plate, Zn content 
distribution from the internal alloy to the external alloy 
has a sharp fluctuation (see Figs.6(a)−(c)). This 
occurrence is attributed to the inhomogeneous plastic 
deformation of the composites. Because the 
microstructure of the composites is made up of many 
anisotropic grains and a lot of grain boundary[15], when 
the deformation temperature is low, the grain could not 
acquire enough energy to deform homogeneously,   
thus Zn content distribution is inhomogeneous. As plastic 

 

 
Fig.4 Macrostructures of 7075/6009 composite ingot (a) and 7075/6009 composite plates after plastic deformation (b) 
 

 
Fig.5 Hardness distributions of 7075/6009 composite ingot (a) and plates at different compression temperatures (b) 
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Fig.6 Zn distributions in transition layers of ingot and composite plates at different compression temperatures by linear-scanning 
analysis: (a) As-cast; (b) 543 K; (c) 573 K; (d) 623 K; (e) 673 K; (f) 723 K 
 
deformation temperature increases to 623 K, Zn 
distribution tends to be uniform in both internal alloy and 
external alloy. There is only a sharp charge of Zn 
distribution in transition layer within 0.2 mm in thickness. 
As shown in Fig.5(b) and Fig.6, Zn distribution is in 
accordance with micro-hardness distribution at the same 
plastic deformation temperature. 
 
3.4 Mechanical properties 

Tensile test was carried out for the compressed 

7075/6009 composite plates. As shown in Fig.7 and  
Fig.8, the ultimate strength, yield strength and elongation 
of the 7075/6009 composites increase with the increase 
of plastic deformation temperature from 543 K to 673 K. 
And then, the tensile properties of the plate decrease 
remarkably when the deformation temperature 
approaches to 723 K. It is found that the optimal tensile 
property of the 7075/6009 plate can be obtained to be 
σb=381 MPa, σ0.2=322 MPa when the deformation 
temperature is 673 K. The ultimate strength and yield 
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Fig.7 Ultimate strength, yield strength (a) and elongation (b) of 
7075/6009 plates and 6009 plate in as-cast condition 
 

 
Fig.8 True stress—strain curves of 7075/6009 and 6009 plates 
in as-cast condition 
 
strength of the 7075/6009 laminated plate are 111% and 
103.3% higher than those of the 6009 plate, respectively; 
and the elongation of the 7075/6009 plate is still as high 
as 16.6%. The results prove that the 7075/6009 
composite possesses more excellent mechanical 
properties than 6009 alloy in the as-cast condition. 

Fig.9 presents the fracture morphology of the 
7075/6009 laminated composite plates compressed at 
different temperatures. Figs.9(a), 9(c) and 9(e) show the 

ductile fracture of the external layer, in which a lot of 
dimples can be observed. The dimples become bigger 
and deeper with the increase in plastic deformation 
temperature from 543 K to 673 K, which is in good 
agreement with the excellent formability of the external 
6009 aluminum alloy. However, when the plastic 
deformation temperature reaches 723 K, the dimples 
become shallow significantly, which leads to a drastic 
decrease of the mechanical property of the plate. As for 
the fracture morphology of the internal alloy of the 
7075/6009 composite plate, brittle and ductile fractures 
are observed simultaneously when the temperature is 543 
K. This is due to the low temperature, inhomogeneous 
plastic deformation and coarsening of the second static 
re-crystallization grains. When the plastic deformation 
temperature is elevated to 673 K, the fracture 
morphology of the internal alloy becomes cleavage mode. 
The cavity increases more and more with the increase of 
plastic deformation temperature. However, when the 
temperature approaches 723 K, cleavage-type fracture 
becomes dominant and lots of crack and cavity can be 
found. Because 723 K is close to the solidus temperature 
of the 7075 alloy, it is highly possible for the occurrence 
of grain coarsening, grain boundary melting and defect in 
the internal layer by overheating. 
 
4 Discussion 
 

The effect of temperature on plastic deformation of 
metallic materials is significant. With the increase of 
plastic deformation temperature, the movability of atoms 
in metals becomes more active. New slip systems could 
be generated in the alloy, which is in favor of softening 
the metal matrix and recovering the defects during 
plastic deformation. 

During the plastic deformation, work hardening in 
the composites would happen due to dislocation tangling 
and anchoring. However, the work hardening rate of the 
composite decreases with the increase of deformation 
temperature. When the deformation temperature is 573 K, 
partial dynamic recrystallization may occur in aluminum 
alloys, and the dislocation density is higher than that at 
the deformation temperature of 773 K[16]. It is deduced 
that recovery and recrystallization are generated in the 
7075/6009 aluminum composite when the compression 
temperature is 573 K, which will induce the softening of 
the 7075/6009 composite. With the increase of 
compression temperature, dynamic recrystallization will 
complete. Thus, the softening of the 7075/6009 
composite in 673 K is easier than that in 543 K. In the 
meantime, the higher the compression temperature is, the 
more homogeneous the compression microstructures of 
the 7075/6009 composite can be obtained. So, Zn 
distribution in the internal layer of the composites at high 
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Fig.9 Fractographs of 7075/6009 laminated composite plates compressed at different temperatures: (a), (b) 543 K; (c), (d) 673 K;  
(e), (f): 723 K; (a), (c) and (e) External layers; (b), (d) and (f) Internal layers 
 
compression temperature is more homogeneous, as 
shown in Fig.6. Furthermore, the microhardness and 
tensile properties of the 7075/6009 composite plate 
increase with the increase of compression temperature 
from 543 K to 673 K. When the temperature approaches 
723 K, the 7075 alloy is prone to overheating because the 
temperature is very close to its solidus line. Thus, the 
increasing defects and grain boundary oxidation in the 
internal alloy would do harm to the mechanical 
properties of the 7075/6009 composite plates. 

From previous experimental results, it is found that 
the 7075/6009 composite possesses good plasticity and 
low deformation resistance at high temperature. A large 
degree of deformation and little defect of microstructure 
can be achieved in the composite. Furthermore, the 
distribution and morphology of the inclusions and the 
second phases in the composite can also be improved. 
However, such superiority can only happen in a 
favorable temperature interval. In the present study, the 
ideal deformation temperature of the 7075/6009 
composite ingots is in the range of (0.75−0.85)TM, where 

TM is the melting point of the 7075 alloy. 
 
5 Conclusions 
 

1) The gradient distributions of composition and 
hardness in the transition layer of the composite plates 
still exist after plastic deformation of the ingot. 
Meanwhile, the thickness of the transition layer reduces 
from millimeter order to micrometer order. 

2) The mechanical properties of the composite plate 
increase with the increase of deformation temperature 
from 543 K to 673 K. The best mechanical properties of 
the 7075/6009 aluminum composite are: σb=381 MPa, 
σ0.2=322 MPa and δ=16.6%. 

3) The appropriate plastic deformation temperature 
of the 7075/6009 composite is (0.75−0.85)TM, where TM 
is the melting point of the 7075 alloy. 
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