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1. INTRODUCTION

In recent years, engineers have been searching

for alternatives for copper for electrical

applications. A potential alternative must help to

maintain a reasonable electrical conductivity and

high strength as well as reducing the price and

weight of the product. Due to the low weight and

price and good electrical conductivity of

aluminum, Al/Cu bimetallic composites seem

appropriate for this purpose [1]. These

composites are used as transition piece in high

direct-current bus systems and aerospace

structural applications [2-5]. A wide range of

welding techniques, e.g., diffusion bonding [6],

cold rolling [6], extrusion [1], explosive welding

[7] and friction stir welding [8] have been used to

produce such composites.

Equal channel angular pressing (ECAP) has

been recently proposed by Eivani and Karimi

Taheri [9] as a new method for producing cladded

rods. In ECAP, sample is inserted into a vertical

channel and pressed into a continuing horizontal

channel, imposing a large shear strain on the

sample. In this process, the cross section of the

billet is not subjected to change [10]. According

to Zebardast et al. [11], strain caused by the

deformation makes two mating surfaces extrude

into each other. Therefore, the extruded virgin

metals reach to atomic distance and cold weld

forms [11].

In order to increase the ductility and relieve the

residual stresses developed in Al and Cu after

deformation, annealing treatment may be used [4,

11, 12]. However, due to the high activity

between copper and aluminum, application of

annealing treatment may result in intermetallic

formation. Since intermetallic compounds are

brittle and have low strength and high electrical

resistivity, intermetallic formation decreases the

electrical conductivity and the bond strength

between Al and Cu [13]. Therefore, the post-

deformation annealing must be performed at

optimum time and temperature to enhance the

bonding strength through the inter-diffusion of

two metals and prevent formation of intermetallic

compounds at the interface [4, 12, 14]. Eslami et

al. [13] combined ECAP with diffusion bonding

for producing Al-Cu bimetallic rods. The joint

shear strength was found to increase by

application of this process [13]. In this combined

process, holding time and temperature should be

controlled to prevent the formation of

intermetallic compounds at the interface. 

In the present research, effects of annealing

treatment after equal channel angular pressing on
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the interface properties and shear bond strength

of Al-Cu bimetallic rods are investigated. For this

purpose, Al-Cu bimetallic rods are produced by

one and two passes ECAP at room temperature.

Extruded specimens are annealed at 250, 300,

350 and 400 ͦ C for one hour. The joint properties

between Al and Cu in terms of formation and

thickness of intermetallic compounds at the

interface are studied. Variations in shear bond

strength of the samples are investigated and

correlated to intermetallic formation.

2. EXPERIMENTAL PROCEDURE

Commercially pure aluminum rod and copper

pipe were used for producing the bimetallic rod.

Aluminum samples were machined from a 20

mm thick aluminum sheet. Table 1 shows the

initial dimensions of the components used for

producing the composite, before which, the

copper pipe and aluminum rod were annealed for

an hour at 500 and 350 ͦ C, respectively.

The diameter of the channel of the ECAP die

used in this study was 20 mm. The die

intersecting angle was 90 ͦ  with an outer curved

corner angle of 22 ͦ. The die was designed using a

split configuration to enable the removal of the

mandrels and the extruded specimen after the

process. 

In order to remove surface contamination and

oxide layers, mating surfaces of copper sheath

and aluminum core were prepared by

conventional grinding and wire brushing. Scratch

brushing was performed using a steel wire brush

with 0.4 mm diameter wires fixed on an

electromotor with the rotation speed of 3000 rpm.

Afterwards, samples were degreased by acetone

and dried with compressed air. The time interval

between the surface preparation and ECAP

process was kept less than 2 min to avoid the

formation of a thick and continuous oxide layer

on the mating surfaces [13]. 

For producing the bimetallic rods, the

aluminum rod was inserted into copper cylinder

and deformed in ECAP up to two passes using

route A. A 220 ton capacity hydraulic press with

a ram speed of 2 mm/s was used. Indeed, the ram

speed, i.e., the movement speed of the cross head

of the press, is kept constant during the process.

It should be noted that this may result in different

interfacial speed at the interface between

aluminum and copper which is not the subject of

study in this investigation. In route A, the sample

is extruded without rotation between passes. To

reduce frictional effects between the samples and

die walls, molybdenum disulfide (MoS2) was

used as the lubricant during pressing [13].

Subsequently, extruded specimens were annealed

at 250, 300, 350 and 400 ͦ  C for one hour in a

furnace. The interfaces of the samples were

examined using Roventec Vega Tescan scanning

electron microscope (SEM). Image Tools

software was used for measuring the thickness of

intermetallic compounds formed at the interface

after annealing.

In order to measure the shear bond strength

between copper sheath and aluminum core, shear

bond strength tests were performed on the

samples using a die designed according to ASTM

F1044-87 standard [11, 13]. In each case, three

samples were prepared for the test and average

value was reported. The compaction force was

imposed to the mandrel by using the compaction

mode of SCENK TREBEL tensile strength test

machine. With dividing the compaction force by

the mating surface of Al/Cu the shear bond

strength of the specimens were calculated. Fig. 1

shows the design and image of the die and the

sample cut from the bimetallic rod.

3. RESULT AND DISCUSSION

3. 1. Characterization of the Interface

Fig. 2 shows the SEM images of the joint

interface of the samples after one and two passes

ECAP. These images are taken from the regions
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Material 
Outer 

diameter 
(mm) 

Inner 
diameter 

(mm) 

Length 
(mm) 

Copper pipe 19.8 15.3 130 

Aluminum rod 15.2 - 130 
 

Table 1. Dimensions of the components used for producing
the composites.
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of full contact between the two metals. In fact,

investigation of the joint interface indicated that

in some regions (around 50 % of the interface), a

perfect contact between the two metals occurred.

However, in some other regions no contact

between the two metals was formed. This is

probably due to the non-uniformity of strain

distribution in the transverse cross-section of the

samples [15]. After the first pass of ECAP, a

significant strain variation occurs between upper

and lower sections of the sample [15]. The

fraction of contacted regions increases from 50 to

about 90 % by increasing the number of passes to

two. This may be correlated to the higher strain

and better homogeneity of strain caused by the

deformation in the second pass that forces Al and

Cu to squeeze significantly into each other and

forms a serrated and wavy interface boundary as

shown in Fig. 2 (b). 

ECAP is known for applying a high level of

strain to deforming materials. This is the case as

well for the aluminum core and copper sheath

and consequently a high level of residual stresses

remains in the product [11]. These stresses can

develop a diffusion bonding between the two

metals during heat treatment. Fig. 3 shows the

interface of the samples deformed for two passes

after annealing at 250 and 300 ͦ C for 1hr. After

annealing at 250 ͦ C, no intermediate layer is

observed at the interface. In other words, no

intermetallic compounds are formed after

annealing at this temperature. This is in

agreement with the results of Abbasi et. al. [4]. In

fact, low temperature prevents the formation of

intermetallic compounds at the interface. Low

temperature annealing causes the Al/Cu rough

interface (Fig. 2b) to become smooth (Fig. 3a).

This phenomenon is probably related to the

diffusion between Al and Cu [16].

With increasing annealing temperature to 300 ͦ

C, an intermediate layer forms at the interface

[16] (Fig. 3b). EDS analysis results of a point on

this layer is shown in Fig. 4. CuAl2(θ) is the most

likely formed compound as it is the closest

composition to the results of EDS analysis [16].

Magnesium content in this phase is attributed to

  

                      (a)                                           (b)       
20 mm

Fig. 1- a) schematic illustration and b) image of the sample and the die used for measuring shear bond strength.
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magnesium impurity in aluminum that diffuses to

the interface during heat treatment. According to

the research conducted by Xu et al. [17], CuAl2 is

the first phase which forms at 300 ͦ C. This may

be correlated to the lower melting point of Al in

comparison with Cu and its higher diffusion

coefficient at a single temperature. Therefore

with the diffusion of Cu through Al, CuAl2

initially forms, as it has the lowest effective heat

of formation among intermetallic compounds of

Al-Cu system [17, 18].

Presence of oxygen in the results of EDS

analysis (Fig. 5) indicates the formation of oxides

at the interface after annealing. The furnace

atmosphere contains oxygen. Therefore, with

increasing temperature during the heat treatment,

the formation of oxides at the interface, i.e., the

regions that they are not in complete contact,

would be expected. Since the EDS detector

analysis is not reliable for the quantitative

analysis of light elements, the exact amount of

oxygen at the interface cannot be obtained using
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Fig. 2. SEM images of Al/Cu interface in the full contacted regions after (a) one, (b) two passes of ECAP.
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Fig. 3. Interface development after annealing at (a) 250 and (b) 300 ͦ C for 1h.
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this method.

The interface of the sample deformed for two

passes after annealing at 350 ͦ C for 1 h, is shown

in Fig. 5. Because of the short duration of

annealing, the compounds formed at the interface

are thin. Moreover, due to small color differences

of these intermetallic compounds, it is hard to

distinguish them from one another. This is related

to their little difference in average atomic number

of the constituting elements of the compounds.

Table 2 presents the chemical composition of the

region shown by point 1 (near copper) and point

2 (near aluminum) in Fig. 5. Cu3Al(ξ2) and

CuAl2(θ) are the closest intermetallics in

chemical composition to the results of EDS

analysis of points 1 and 2, respectively.  Thus, as

the annealing temperature increases, Cu-rich

(Cu3Al) and Al-rich compounds (CuAl2) form

near aluminum and near copper, respectively.

Solubility of copper in aluminum is much lower

than the solubility of aluminum in copper. Therefore,

it is expected that Al(Cu) solid solution saturates

more rapidly which results in the formation of

aluminum-rich phases such as CuAl2[19]. In

addition, the formation of intermetallic compounds

is attributed to their formation energy. Based on the

formation energy of intermetallic compounds CuAl2
is the first phase that forms due to it’s low formation

energy [20, 21]. With further increase in

temperature, the diffusion of Copper increases and

intermetallic compounds with more copper content

(Cu9Al4, CuAl, Cu4Al3 and Cu3Al) are formed at the

interface [2, 20, 21].

 

At% 

Al                    66.19 

Cu                 32.98 

Mg                0.83 

Fig. 4. Results of EDS analysis of the intermediate layer formed after annealing at 300 ͦ C for 1h.

  

2
1

5 m

Fig. 5. Interface developed between Al and Cu after
annealing at 350 ͦ C for 1h.

Most likely intermetallic compound Mg Al Cu Test position 
CuAl2 0.79 67.55 31.65 1 
Cu3Al 1.03 28.46 70.51 2 

Table 2. Compositions of two different regions (points 1 and 2 in Fig.5) along interface (at.%).
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3. 2. Effect of Annealing Temperature on the

Formation of Intermetallic Compounds

In Fig. 6, the variation of the average thickness of

the intermetallic layers at the interface with

increasing the annealing temperature is shown.

Intermetallic layers formed at the interface have low

thickness and high standard deviation representing

the non-uniform thickness of these layers.

According to Fig. 6, no intermetallics form at the

interface after annealing at 250°C. Increasing

annealing temperature causes nucleation and

growth of the intermetallic compounds at the

interface. With further increase in temperature, the

thickness of the layer formed at the interface,

increases [20]. According to Lee et al. [22], by

increasing annealing temperature, the thickness of

intermetallic layer increases linearly which is in line

with the results of current research. According to

Abbasi et al. [4], increasing the thickness of

intermetallic compounds at the interface increases

the electrical resistivity of the bimetal. Therefore,

formation of these compounds is not desirable.

3.3. Shear Bond Strength

Average shear bond strength after the first pass

was 9.55 MPa. After the second pass of ECAP,

shear bond strength increased to 23.57 MPa. Low

bond strength indicates a weak joint between

aluminum and copper after one pass ECAP. Due

to the higher strain in the second pass of

deformation, a noticeable increase occurs in bond

strength after the second pass of ECAP. Increase

in shear strength reveals an improvement in the

quality of the joint after the second pass of

deformation. In other words, after the second

pass a good weld has been formed in about 90 %

of the interface which causes significant increase

in shear strength.

Fig. 7 shows the variations in shear strength in

samples deformed for one and two passes and

annealed at different temperatures. According to

Fig. 7 (a), a notable reduction occurred in shear

bond strength of the sample deformed for one

pass by annealing at 250 ͦC (p1, 250) and bond

strength decreased to 4.9 MPa. As discussed

earlier, no joint has been formed between

aluminum and copper in about half of the

interface after the first pass of ECAP. This means

that at these areas oxide layers form at the mating

surfaces after annealing at 250 ͦ C. An example of

these oxide layers is shown in Fig. 8. Besides,

according to Zebardast [11], annealing unlocks
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the mechanical locks developed at the interface

after the first pass of ECAP. Therefore, the shear

strength of the annealed specimen can be

considered as the metallurgical share of the

strength between the copper sheath and

aluminum core [11]. Consequently, elimination

of mechanical locks and formation of oxide

layers after annealing lead to notable reduction in

shear strength of the specimens deformed for one

pass. Slight increase in shear strength in higher

annealing temperatures may be correlated to the

increase in diffusion rate and occurrence of
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Fig. 7. Dependence of the joint shear strength of the samples on annealing temperature. The samples are deformed for (a)
one and (b) two passes of pass. 
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diffusion bonding.

As shown in Fig. 7 (b), the shear bond strength

of the specimen deformed for two passes (p2)

reduced to 19.8 MPa after annealing at 250 ͦ  C

(p1, 250) for one hour. This reduction is most

likely due to the elimination of mechanical locks

after annealing. Due to the improvement in

joining of aluminum and copper after the second

pass of ECAP, reduction in the shear strength of

the specimen deformed for two passes (p2) after

annealing at 250 ͦ C (p1,250), is significantly less

than the sample deformed for one pass. Thus,

after the second pass metallurgical bonds are

more extensively formed with respect to that after

the first pass. On the other hand, after the second

pass of ECAP, a good joint forms between

aluminum and copper and the residual stresses

develop at the interface due to the severe plastic

deformation. Therefore, diffusion bonding occurs

between the two metals during heat treatment.

With increasing annealing temperature to 350 ͦ C,

shear strength reaches 24.8 MPa. This is

correlated to the increase in the diffusion rate of

copper and aluminum with increasing annealing

temperature. 

By increasing annealing temperature to 400 ͦC,

shear bond strength decreases slightly. The

interdiffusion of Al and Cu leads to the formation

of intermetallic compounds at the interface.

According to Fig. 6, the thickness of the

intermetallic compounds at the interface

increases with increasing annealing temperature.

Based on a study conducted by Abbasi et al. [11],

increasing the width of intermetallic layer more

than a critical value causes a reduction in bond

strength [11]. Slight decrease in bond strength

after annealing at 400 ͦ C may be attributed to the

increased amount of intermetallic compounds at

the interface. Moreover, formation of oxide

compounds with increasing annealing

temperature increases [13]. Thickening of the

oxide and intermetallic phases weakens the

metallurgical bonding between aluminum and

copper and reduces shear bond strength. Since

such phases are brittle and have covalence bond

[4]. In other words, the formation of intermetallic

compounds at the interface is destructive to shear

bond strength and electrical conductivity of the

bimetal [4].

4. CONCLUSIONS

In this study, influences of annealing treatment

after equal channel angular pressing on interface

properties and shear bond strength of Al-Cu

bimetallic rods was investigated. Al-Cu

bimetallic rods were fabricated by one and two

passes ECAP and annealed at different

temperatures. According to the results of this

investigation, the following conclusions are

made:

1. After two passes ECAP, shear bond

strength between aluminum and copper

significantly increased from 9.55 to 23.57

MPa.

2. By annealing the samples after the second

pass, non-uniform intermetallic layer

formed at the interface and Al-rich and Cu-

rich intermetallic layers formed near Al and

Cu interface, respectively. Thicknesses of

the layers increased linearly with increasing

annealing temperature. 

3. By annealing the specimens after the first

pass of ECAP, shear bond strength

significantly decreased. With annealing the

sample produced by two passes ECAP,
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Fig. 8. Oxide layer formed at the interface of the sample
deformed for one pass after annealing at 250 ͦ C.
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diffusion bonding occurs between

aluminum and copper. Consequently, shear

strength increased to 24.8 MPa after

annealing at 350 ͦ  C for an hour. With

further increase in annealing temperature,

shear bond strength decreased. 
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