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ABSTRACT: With the increasing advances in various industries such as aerospace, chemical and fluid transfer, 
manufacturing of bimetal noncircular tubes as  their frequent use is more than ever important. In the present study, 
the squaring process of aluminum-copper bimetal pipes produced by explosive welding, using rolling process was 
studied. The effect of interface morphology on the microstructure and strength of the bond interface during the 
reshaping process was investigated by an optical microscope and shear strength test. Moreover, the presence and 
distribution of the intermetallic compounds at the interface was investigated by the electron microscope and energy 
dispersive X-ray spectroscopy analysis. The results show that the wavy form of the interface and the continuity 
and thickness of the intermetallic compound layer which is formed at the interface of the initial round pipes have a 
major importance during the reshaping process and effect on the mechanical properties and interface quality of the 
finished square tubes. Bond strength of tubes with wavy form interface and minimal intermetallic compounds at their 
interface, have not changed significantly before and after the forming process but the bond strength decreases by  
increasing the thickness of intermetallic compound layer and the drop in bond strength during the forming process is 
more severe for the tubes with thicker intermetallic compounds layer at their interface.
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1- Introduction
Due to recent advances in various industries such as liquid 
transportation, natural gas, and petroleum, chemical and 
heat exchangers, demand for  non-circular tubular bimetallic 
products have been widely increased. 
The bonding strength and formability of steel/aluminum 
clad tubes  prepared by explosive bonding method were  
investigated in the next forming process by Guo et al. [1]. No 
separation after the cold extruding and hydroforming process 
showed that the clad tube had excellent bonding properties 
and could endure the second plastic deformation. Sun et al. 
[2] studied bonding characteristics of the explosive welded 
Fe/Al clad tube interface before and after the hydro-bulging 
process. It is found that the good-bonding interface of the Fe/
Al clad tube plays a dominant role in the formation of the 
T-shape. Tajyar and Masoumi [3] investigated the effect of 
shape rolling process in different passes on the mechanical 
properties of Al/Cu bimetallic pipes. The experimental results 
showed that by  increasing the amount of roll gap reduction in 
each pass, the microhardness of layers increases and the bond 
strength decreases. Chen and Ye in two studies examined the 
squaring process to shape a circular tube into a symmetric 
square clad tube by a three-dimensional incremental elastic-
plastic finite-element method [4, 5]. The effects of various 
parameters on the occurrence of collapse in the squaring 
process were discussed and interpreted in a theoretical 
manner. 
In the present study, experimental analysis of reshaping 
thick bimetallic circular pipes into square tubes has been 
performed. The influence of the interface morphology of 
initial two-layer circular pipe on the microstructure and 

bond strength of interface after the reshape rolling process 
was studied. To investigate this objective, the morphology of 
the interface before and after the shape rolling for various 
conditions was examined.

2- Materials and Methods
In this study, the thick bimetallic circular pipes which were 
produced by the explosive welding process reshaped into 
square tubes through four flat rolls. The samples were cold 
rolled at five passes with roll gap reduction of 2 mm for 
each pass. In order to study the morphology of the interface 
bonding and the evaluation of the effect of the subsequent 
rolling process, interfaces were analyzed through an Optical 
Microscope (OM). Moreover, the presence of the intermetallic 
compounds at the interface was investigated by the Electron 
Microscope (SEM) equipped with Energy Dispersive X-ray 
Spectroscopy (EDS). Moreover, the shear strength of the 
bonded joints was evaluated for the clad circular pipes and 
shape rolled tubes.

3- Results and Discussion
3- 1- Microstructural observation
During the subsequent forming process on two-layer pipes, 
failures may  occur  due to non-uniform distribution of stresses 
in the bonding zone and intensification of metallurgical 
defects that can be created in the welding process. A 
network of cracks may be formed at the interface of the final 
sample during the reshaping process. The presence of this 
network of micro-cracks may cause separation and fracture 
at the interface. Fig. 1 (a) shows an image of the interface 
of the explosive-welded bimetal circular pipe. As  can be 
observed, the morphology of the joint was characterized by 
thick and continuous intermetallic layer with initial vertical Corresponding author, E-mail: amasomi@ut.ac.ir
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micro cracks. Fig. 1 (b) shows an image of the interface of 
the aluminum and copper tube after the last stage of shape 
rolling process. It is observed that the separation occurred 
at the interface of the bimetallic tube. During the shape 
rolling, intensive crack propagation in the microstructure of 
the bonding zone is obvious and as a result, breaking occurs 
at the last stage of forming process. The presence of initial 
cracks in thick and continuous intermetallic layer accelerates 
the nucleation and propagation of micro-cracks during the 
shape rolling and consequently increasing the number of 
cracks can cause separation at the interface.
Fig.2 (a) shows the morphology of the interface of the Al/
Cu pipe which was characterized by regular wavy structure 
and minimum intermetallic compounds. Fig. 2 (b) shows an 
image of the interface of the Al/Cu tube after the last stage 
of shape rolling process. It can be seen that no significant 
microstructural changes were identified and the wavy 
pattern at the Al/Cu interface is kept. On the other hand, the 
resistance of the wavy interface is enough during the shape 
rolling and it was not damaged. Also, no evidence was found 
that the intermetallic inclusion was affected by the loading 
during the shape rolling process, despite the expectation that 
brittle intermetallic compounds should be more susceptible 
to cracking. The number of intermetallic compounds have no 
adverse effects on the interface during the rolling process.

3- 2- Shear strength
The results of the shear strength tests of Al/Cu joints before 
and after shape rolling process revealed that the shear strength 
decreases when the intermetallic layer thickness increases 
and drop in the joint shear strength is more intensified after 
the shape rolling process for the samples with a thicker 
intermetallic layer. But the results for the interface of the 
sample with the wavy structure and minimum intermetallic 

compounds indicate that there are no significant changes in 
the shear bond strength of the interface before and after shape 
rolling and the fractures have occurred parallel to the weld 
line and in the aluminum layer. It indicates that the joint shear 
strength after rolling process is still higher than the strength 
of the aluminum.

4- Conclusion
In this study, based on evaluating the properties of the interface 
for different conditions before and after the reshaping process, 
the following results can be concluded:
• The continuity of intermetallic compound layer and 

initial vertical cracks are the effective factors on the bond 
strength of the interface during the reshaping process.

• In specimens which have the wave-shaped interface with 
intermetallic compounds, the wave pattern is maintained 
during the next forming process, but the area includes 
the intermetallic compounds which are affected during 
the reshaping process. By  increasing the amount of 
these compounds at the interface, the amount of micro-
cracking at the interface is further expanded during the 
forming process.

• In the case of wavy form interface and minimum 
intermetallic compounds, the resistance of the wavy 
interface is enough and is  not damaged. The waves 
are as a barrier during the reshaping process and the 
intermetallic compounds have no destructive effect on 
the interface during the reshaping process.

• By  increasing the thickness of the intermetallic layer 
at the interface, shear strength drop is more severe 
during the forming process. But for specimens which 
have the regularly wave-shaped interface and minimum 

Fig. 1. Cross-section optical image of Al/Cu interface with thick 
and continuous intermetallic layer (a) after explosive welding 

process (b) after the last stage of shape rolling process.

Fig. 2. Cross-section optical image of Al/Cu interface with wavy 
structure and minimum intermetallic compounds (a) after 

explosive welding process (b) after the last stage of shape rolling 
process.
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intermetallic compounds, there is no significant reduction 
in shear bond strength after reshaping process and 
separation occurs  in the aluminum layer and parallel to 
the interface. These results show that the bond strength of 
the two-layer tube after reshaping process is still higher 
than the strength of the aluminum.
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