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Abstract: A Ni−P coating was deposited on Cu substrate by electroless plating and the Al/Cu bimetal was produced by solid−liquid 

compound casting technology. The microstructure, mechanical properties and conductivity of Al/Cu joints with different process 

parameters (bonding temperature and preheating time) were investigated. The results showed that intermetallics formed at the 

interface and the thickness and variety increased with the increase of bonding temperature and preheating time. The Ni−P interlayer 

functioned as a diffusion barrier and protective film which effectively reduced the formation of intermetallics. The shear strength and 

conductivity of Al/Cu bimetal were reduced by increasing the thickness of intermetallics. In particular, the detrimental effect of 

Al2Cu phase was more obvious compared with the others. The sample preheated at 780 °C for 150 s exhibited the maximum shear 

strength and conductivity of 49.8 MPa and 5.29×105 S/cm, respectively. 

Key words: Al/Cu bimetal; solid−liquid compound casting; electroless Ni plating; Al2Cu phase; microstructure; mechanical 

properties; conductivity 

                                                                                                             

 

 

1 Introduction 
 

Bimetal compound materials have been widely 

studied and used in the last few decades attributing to its 

combination of the unique and numerous advantages of 

the bimetals，such as copper and aluminum compound 

structure [1−3]. Copper and its alloys have high  

electrical, thermal conductivity and low contact 

resistance. Aluminum and its alloys possess excellent 

properties such as low cost, high conductivity, high 

corrosion resistance and low density [4−6]. Therefore, 

there has been a growing interesting in joining Al and Cu 

together for playing the dual function of them. In fact, 

with extraordinary performances, they are widely used in 

electricity industries, acting as shield line, cable cleats 

and conductive strips [7−9]. 

There are many kinds of welding techniques such as 

cold roll welding [10,11], cold rolling [12], diffusion 

bonding [13,14], brazing [15,16], explosive     

welding [17,18], friction welding [19,20] and friction stir 

welding [21−23], which have been developed as 

alternative joining processes for joining Al and Cu. In 

these papers, particular difficulties of every method are 

introduced, but in summary, long process time, high 

processing cost and specific requirements for the shape 

of the substrate, may render these solid state joining 

processes as not easy for practical and industrial 

applications. Compound casting process is characterized 

as a process in which a metallic melt is cast onto or 

around a solid metal substrate, forming a liquid−solid 

diffusion reaction zone and thus a continuous metallic 

transition forms from one metal to the other. In the past 

three decades, the application of compound casting 

process was successfully applied in the field of bonding 

copper and aluminum because it can potentially provide 

an economical way to produce this bimetal without 

restriction of geometry and dimension [24−26]. 

In previous reports, we found some problems 

existing in Al/Cu couples, for example, ineffective 

surface treatment for copper, high temperature thermal 

oxidation and large amount of brittle intermetallic 

compounds at the interface of Al/Cu couple, such as 

Al2Cu, AlCu, Al2Cu3, Al3Cu4 and Al4Cu9 [4,10,17,23,27]. 

Hence, a protective film on Cu substrate as well as a 

barrier preventing Al/Cu atom diffusion may be utility 

for Al/Cu couples. Recently, considerable theoretical and 

experimental studies have been carried out on diffusion 
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bonding to study the effect of Ni interlayer, such as 

Mo/Cu [28], SS/Ti [29] and Mg/Al [30], and the results 

indicated that the Ni interlayer is helpful for improving 

the mechanical properties of dissimilar bimetals. ZHAO 

et al [8] have applied electroless Ni coating on Al in 

diffusion-bonded Al/Cu bimetal as Ni can substantially 

dissolve in Al and Cu, which makes it practical as an 

intermediate material. However, few researches have 

been conducted in compound casting process using 

electroless Ni coating on Cu substrate. Since electroless 

Ni coating on copper has shown great conveniences and 

advantages in previous works [31−34], it is worthy to 

investigate the feasibility and effect of the electroless Ni 

coating as an interlayer for Al/Cu bimetallic joint via 

compound casting process. 

In this work, a Ni−P film with thickness of 

approximately 6 μm is deposited on the polished and 

cleaned Cu substrate, and the comparison of Al/Cu joints 

with and without Ni−P interlayer is made. 

Microstructural changes, relevant mechanical properties 

and conductivity are evaluated. The objective of the 

present research is to obtain Al/Cu bimetal with good 

performance by compound casting process. 

 

2 Experimental  
 

2.1 Materials and substrate preparation 

The liquid−solid diffusion bonding was carried out 

on pure copper (T2) sheets and 6061 Al alloy plates with 

dimensions of 20 mm × 15 mm × 3 mm and 50 mm ×   

5 mm × 3 mm, respectively. The chemical compositions 

of the alloys are shown in Table 1. 

 

Table 1 Chemical compositions of T2 Cu and 6061 Al alloys 

(mass fraction, %) 

Alloy Ag Cu Mn Fe Zn Ni 

Cu(T2) 0.05 Bal. − 0.005 0.005 0.005 

6061Al − 0.15−0.4 0.15 0.7 0.25 − 

Alloy Pb Mg S Si Al 

Cu(T2) 0.005 − 0.005 − − 

6061Al − 0.8−1.2 − 0.4−0.8 Bal. 

 

To get a compact coating and achieve a sound joint, 

some pre-treatments of the bimetallic samples are 

important. The essential steps are as follows. First of all, 

the samples were mechanically polished on 150 to 600 

abrasive papers to offer clean and smooth surfaces; 

subsequently, they were ultrasonically cleaned in an 

acetone bath to remove adhered contaminants and then 

washed with alcohol and dried in air. Thereafter, Cu 

specimens were subjected to chemical cleaning which is 

an alkaline mixed solution comprising of sodium 

hydroxide and several sodium salts at 50−60 °C for   

15 min to remove residual oils and fats adhering to the 

surface. Afterwards, as exposure to the air, there may be 

oxidation film on the cleaned Cu surface, and the acid 

pickling is necessary to gain an unoxidized surface. The 

unoxidized surface was obtained at room temperature for 

30 s by dipping in a solution of 10% H2SO4 solution 

(volume fraction). The specimens must be rinsed with 

distilled water and dried in air after each chemical 

cleaning. Finally, after the wash-up in distilled water, the 

substrates were quickly transferred to the plating bath 

with constant temperature of 88 °C and pH value of 4.5 

for 40 min. After the last step of surface pre-treatment, 

the immersion plating must be performed as soon as 

possible to avoid oxidation of the substrate. This 

procedure can ensure the direct contact between the 

coating layer and the substrate. The composition and 

condition of plating solution are given in Table 2. 

 

Table 2 Plating solution for electroless nickel 

Parameter Value 

Concentration of nickel sulfate/(g·L−1) 35 

Concentration of sodium hypophosphite/(g·L−1) 40 

Concentration of lactic acid/(mL·L−1) 20 

Concentration of oxalic acid/(mg·L−1) 15 

Concentration of propionic acid/(mL·L−1) 5 

Concentration of sodium fluoride/(g·L−1) 0.5 

Concentration of zinc nitrate/(mg·L−1) 4 

Temperature/°C 88 

pH 4.5 

 

2.2 Experiments and analyses 

Al/Cu compound casting process was performed in 

a self-designed tube furnace to investigate the interfacial 

bonding and reactions that occurred between molten 

aluminum and the copper substrate. The schematic of the 

device for bimetallic experiments and relative operations 

were introduced in our previous report [35]. 

The microstructure and bonding behavior at the 

interface of the Al/Cu bimetallic samples were examined 

using an optical microscope (MR2000), a scanning 

electron microscope (SIRION200), and an electron probe 

micro-analyzer (JXA−8230) equipped with energy 

dispersions spectroscopy. A mechanical testing machine 

(MTS809) was used to determine the shear strength of 

the Al/Cu samples. The setup used for determining the 

shear strength of the bimetallic samples was described by 

XU et al [35]. The average dimensions of the shear 

strength specimens were 15 mm × 15 mm × 6 mm. 

A high precision micro-ohmmeter with accuracy of 

0.01 Ω was used to measure the electrical resistance of 

Al/Cu bimetal samples. ABBASI et al [10] have 

explained the details of this test method. Here, a power 
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supply was used to create voltage between the surfaces 

of the bimetal and then the current created by this supply 

voltage between these two surfaces was measured. The 

potential difference between two different points of the 

sample with defined distance (L) can be measured when 

the micro-ohmmeter passes a certain current (I). Then, 

the microprocessor of the micro-ohmmeter calculated 

automatically the resistance (R) of the distance (L) of the 

bimetal according to the Ohm law (R=U/I). The 

mathematic equation was described below: 
 

I

U
R


                                     (1) 

 
The necessary dimensions of the sample (width and 

thickness) were measured by a micrometer of 0.01 mm 

accuracy and then the resistivity (ρ) of the sample was 

calculated by the following equation: 
 

L

RS
                                     (2) 

 
where S is the cross section area. 

 

3 Results and discussion 
 

3.1 Characterization of electroless Ni−P coating 

Since standard oxidation−reduction potential of 

H2PO2
–/HPO3

2– couple (−1.57 V) is less than that of 

Ni2+/Ni couple (−0.25 V) [32], the oxidation−reduction  

reaction can occur. The overall reaction is expressed by 

two equations: 
 

H2PO2
–+H2O+Ni2+=3H++ HPO3

2–+Ni           (3) 
 

H2PO2
–+3Had=H2O+OH–+P+H2↑               (4) 

 

The SEM images of Ni coating are shown in Fig. 1. 

It can be seen in Fig. 1(a) that a lubricious and uniform 

Ni coating with thicknesses of 6−8 μm was obtained on 

Cu substrates after 40 min deposition, which can be 

functioned as an interlayer between Cu substrate and 

molten Al in the compound casting. Figure 1(b) exhibits 

the Ni coating surface morphology featuring a compact 

cell-shaped structure corresponding to the white 

ellipsoidal particles. Figure 1(c) shows the distribution of 

major elements (Cu, Ni, P) along the black line from the 

Cu substrate to the coating surface marked in Fig. 1(a). 

The elemental compositions of the Ni coating are shown 

in Fig. 1(d). The EDS results of the analyzed zone 

marked in Fig. 1(b) reveal that the coating is Ni−P alloy 

with Ni content of 91.25% and P content of 8.63% (mass 

fraction). Here, P will deoxidate CuO with the formation 

of oxide (2P+5CuO=5Cu+P2O5). And then, this oxide 

will form a composite with the oxidation of copper. The 

composite was liquid spreading out on the surface of 

copper during the compound casting process, which was 

also helpful for removing oxides formed on Cu   

surface [36]. 
 

 

Fig. 1 SEM images of Ni−P coating on Cu substrate for 40 min: (a) Cross-section of Cu substrate; (b) Surface morphology;       

(c) Element distribution of major element (Cu, Ni, P); (d) EDS of Ni coating 
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3.2 Microstructure and formation mechanism 

Figure 2(a) shows the microstructure of cross- 

section SEM image of the Al/Cu joint during the 

compound casting process with a bonding temperature of 

800 °C and preheating time of 160 s (Sample 1). There 

are three different regions from Al matrix to Cu substrate, 

marked as I, II and III, which can be recognized as 

follows: eutectic+dendritic α(Al) structure, eutectic 

structure and intermetallic layers, respectively. Besides, 

there are obvious gaps at the interface, indicating that a 

perfect metallurgical bonding is not achieved. On the one 

hand, it is suggested that the oxides form rapidly on the 

surface during the experimental process of this work 

despite the mechanical and chemical pretreatment of Cu 

substrate. Consequently, the atom diffusion of the melt 

and the substrate is prevented. On the other hand, 

because the linear expansion coefficients of Al, Cu and 

intermetallics are different, the gap will be formed during 

cooling process. Finally, it results in local and limited 

metal bond. The higher magnification images of 

rectangles A and B marked in Fig. 2(a) are shown in  

Figs. 2(b) and (c), respectively. In Fig. 2(b), the 

magnification of the eutectic structure is exhibited. 

According to the Cu−Al binary phase diagram shown in 

Fig. 3, the dark area is α(Al), the scattered grey region is 

Al2Cu (θ), the reaction can be described as 

)Al(
C2.548

 


L +θ. In Fig. 2(c), it can be seen that 

the grey Al2Cu phases appear block mingled with trifling 

α(Al), which can be affirmed as hypereutectic structure 

by the Cu−Al binary phase diagram. In order to analyze 

the constitutive phases of region III close to the Cu 

substrate, the measurement of X-ray diffraction pattern 

was carried  out. The results indicate that the light grey 

region with no obvious boundary is composed of AlCu 

and Al4Cu9 phases. The phases can be further affirmed 

by EPMA of four different positions (P1−P4 in Fig. 2(d)) 

that there are AlCu and Al4Cu9 Cu-rich phases from Al 

matrix to Cu, which is consistent with the previous 

studies [17,23,25]. The mole fractions of Cu and Al were 

measured and the results are demonstrated in Table 3. 

Figure 4 shows the interfacial micrographs of Al/Cu 

sample (Sample 2) with Ni interlayer under the same 

condition as Sample 1. As seen in Fig. 4(a), the Al/Cu 

couple with Ni interlayer has a continuous metallurgical 

bonding without any cracks or gaps and also three 

diffusion regions appear except abundant Al2Cu bulks 

produced by hypereutectic reaction. The higher 

magnification of rectangular A marked in Fig. 4(a) is 

shown in Fig. 4(b). The AlCu and Al4Cu9 phases     

still exist close to the Cu substrate just like that shown in 

Fig. 2(c), which can be affirmed by XRD pattern shown 

in Fig. 5(b). It can be seen in Fig. 4(b) that there are  

 

 

Fig. 2 SEM images of interfacial microstructure of Al/Cu joint direct bonding at 800 °C for 160 s (Sample 1): (a) Microstructure of 

cross-section; (b) Magnified image of rectangle A in (a); (c) Magnified image of rectangle B in (a); (d) Magnified image of rectangle 

C in (c) 
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Table 3 EPMA quantitative analysis results for points marked 

in Figs. 2(d), 4(b), 6(d) and 6(f) 

Position 
Mole fraction/% 

Possible phase 
Al Cu Ni 

P1 50.1707 49.0890 − 
AlCu 

P2 49.9892 48.0807 − 

P3 29.1510 69.7384 − 
Al4Cu9 

P4 28.4647 70.5342 − 

P5 56.2887 41.6576 1.8115 
Al55.97Cu41.69Ni2.16 

P6 55.6541 41.7303 2.5151 

P7 58.4721 39.4524 2.0654 
Al59.08Cu39.23Ni2.19 

P8 59.6814 39.0094 2.3081 

P9 32.1624 67.8365 − 
Al4Cu9 

P10 29.8137 69.2872 − 

P11 39.8111 59.8789 − 
Al2Cu3 

P12 40.4550 59.3418 − 

P13 42.8421 57.1578 − 
Al3Cu4 

P14 41.9356 58.0643 − 

P15 49.5390 50.0774 − 
AlCu 

P16 50.3565 48.6434 − 

      

 

Fig. 3 Cu−Al binary phase diagram 

 

 

Fig. 4 SEM images of Al/Cu interface with Ni interlayer at  

800 °C for 160 s (Sample 2): (a) Microstructure of cross- 

section; (b) Magnification of rectangle A 

 

 

Fig. 5 XRD patterns of interface close to Cu side: (a) Sample 1; 

(b) Sample 2 

 

many shallow blocks painted on the Al2Cu phases. It can 

be analyzed by means of EPMA and the results shown in 

Table 3 indicate that the phase contains Ni. Its chemical 

composition is Al55.97Cu41.69Ni2.16. However, there are no 

brittle Al−Ni intermetallic compounds. This may be 

ascribed to that the growth rate of Al−Cu intermetallics 

is much faster than that of Al−Ni intermetallics [8] and 

the thickness of Ni interlayer is not enough to react with 

Al. 

Compared with the direct bonded Al/Cu specimen 

under the same experimental condition, the interfacial 

microstructure of Al/Cu specimen with Ni interlayer is 

improved obviously. It is suggested that Ni interlayer 

functioning as a protective film can inhibit oxides 

formation on Cu surface, helping form continuous 

metallic transition from liquid Al to solid Cu. The Ni 

interlayer solved the difficulty described in previous 

study [25]. 

In order to investigate the influences of bonding 

temperature and preheating time on the Al/Cu couple and 

find out the appropriate process parameters of compound 

casting process, further study on these two experimental 

parameters was carried out. The SEM images of the 

cross-section of Al/Cu joints obtained at 750 °C for 120 s 

(Sample 3), 780 °C for 150 s (Sample 4) and 820 °C  

for 180 s (Sample 5) are shown in Figs. 6(a), (c) and (e),  
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Fig. 6 SEM images of interface of Al/Cu bimetal with Ni interlayer at different temperatures and preheating time: (a) Sample 3  

(750 °C, 120 s); (c) Sample 4 (780 °C, 150 s); (e) Sample 5 (820 °C, 180 s); (b, d, f) Magnified images of rectangles A−C, 

respectively 

 

respectively. As seen in Fig. 6, we can draw the 

conclusion that the higher the bonding temperature is and 

the longer the preheating time is, the thicker and the 

more types of layers of Al/Cu intermetallics are formed. 

If the bonding temperature and preheating time are 

decreased, the diffusion of the atoms is limited inevitably 

and a metal bond cannot be achieved, which can be seen 

in Fig. 6(a). Al ingress through Ni interlayer into the Cu 

substrate is found to be highly dependent on the 

temperature and time, so there are no Cu-rich phases 

appearing at previous Al/Cu interface. It is suggested that 

the Ni interlayer impedes the Al atoms from diffusing 

into the Cu substrate completely. Nevertheless, the Cu 

atoms still pass across the Ni interlayer diffusing into Al 

melt in a way as there are Al2Cu phases. The 

magnification of the rectangle A shown in Fig. 6(b) 
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proves that. It is because Cu atoms have the priority to 

diffuse to the Ni coating because of different diffusion 

coefficients of them [8]. In Fig. 6(c), the best Al/Cu joint 

is achieved under median bonding temperature and 

preheating time, in which intermetallic compounds are 

largely decreased from 300 to 25 μm compared with the 

joint shown in Fig. 6(e). The magnification images of 

rectangles B and C, marked in Figs. 6(c) and (e), are 

illustrated in Figs. 6(d) and (f), respectively. As seen in 

Fig. 6(d), there are Al59.08Cu39.23Ni2.19 phases painted on 

Al2Cu phase, which can be identified by EPMA. In 

addition, there are AlCu and Al4Cu9 layers directing to 

the Cu substrate based on the analysis above. Obviously, 

it can be noticed in Fig. 6(f) that the types of the layers 

are more and the width of each layer is much thicker than 

that of region at previous Al/Cu interfaces. There are four 

separated layers. In order to identify each layer, XRD 

analysis of interface close to Cu side is shown in Fig. 7. 

And chemical compositions of the positions labeled in 

Fig. 6(f) were measured by EPMA and the results are 

listed in Table 3. According to the XRD pattern as well 

as the results of EPMA and previous reports, each 

reaction layer from Al side to Cu side is corresponding to 

one of the Cu−Al intermetallic compounds AlCu (η), 

Cu3Al2 (δ), Cu4Al3 (ε), Al4Cu9 (γ), respectively [4,10,17]. 

 

 

Fig. 7 XRD pattern of interface close to Cu side (Sample 5) 

 

3.3 Interfacial strength of joint 

The shear strength test was performed to evaluate 

the whole mechanical properties of the Al/Cu joints. 

Figure 8 illustrates the average values of the shear 

strength tests obtained under different bonding 

temperatures and preheating time with and without Ni 

interlayer. Sample 1 represents the sample without Ni 

interlayer, whereas Samples 2−5 represent those with Ni 

interlayer. We may make a conclusion from the shear 

strength tests results as follows. On the one hand, the 

joints cast with Ni interlayer have higher shear strength 

than that without Ni interlayer under the same 

experimental condition. On the other hand, the joints 

have a decrease in shear strength when cast at higher 

temperature and longer time. It can be convinced from 

the values that the Ni coating is useful for improving the 

mechanical properties. In addition, if a sound 

metallurgical joint is achieved via adjusting time and 

temperature of the compound process, a slight increase 

of shear strength will be obtained. When achieving a 

sound metallurgical bonding, the amount and thickness 

of the brittle intermetallics have a great effect on the 

mechanical properties. It can be seen that the highest 

shear strength is 49.8 MPa, indicating that less and 

thinner brittle intermetallic layers are favorable to the 

mechanical properties of the bimetal, which are 

corresponding to the processing parameters of 780 °C for 

150 s. 

 

 

Fig. 8 Average shear strength of Al/Cu joints at different 

bonding temperature and preheating time: Sample 1 (800 °C, 

160 s, without Ni); Sample 2 (800 °C, 160 s, with Ni); Sample 

3 (750 °C, 120 s); Sample 4 (780 °C, 150 s); Sample 5 (820 °C, 

180 s) 

 

3.4 Conductivity 

Electrical properties of the produced Al/Cu bimetal 

samples were evaluated by their resistivity. Table 4 

illustrates the resistivity and conductivity of Al/Cu 

bimetal, measured by micro-ohmmeter and calculated in 

accordance with Eqs. (1) and (2). As can be known, 

Al/Cu bimetal has a median value between the 

resistivities of copper and aluminum. As ABBASI     

et al [10] reported that the resistance increased with 

increasing the intermetallic thickness due to the 

formation of low conductivity intermetallic layers. With 

increasing bonding temperature and preheating time, the 

thickness of intermetallics increases from 25 to 300 μm, 

the conductivity decreases from 5.29×105 to 3.83×105 

S/cm. Of all the intermetallics, the detrimental effect of 

Al2Cu phase is obvious because of the high proportion 

compared with the others. In addition, the laminar Al2Cu 

phases of the eutectic structure formed dispersedly in 

different regions have no detrimental effect on the 
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electrical conductivity of the Al/Cu bimetal, while the 

Al2Cu bulks of the hypereutectic structure with a high 

volume fraction damage the electrical conductivity badly. 

 

Table 4 Resistivity and conductivity of Al, Cu and Al/Cu 

bimetal 

Material Resistivity/(Ω·mm2·m−1) Conductivity/(S·cm−1) 

Al 2.84×10−2 (Ref. [2]) 3.52×105 

Cu 1.75×10−2 (Ref. [2]) 5.71×105 

Al/Cu 2.61×10−2−1.89×10−2 3.83×105−5.29×105 

 

4 Conclusions 
  

1) Liquid Al−solid Cu compound casting process 

was carried out on joining Al/Cu dissimilar metals using 

a Ni−P interlayer at different bonding temperatures and 

preheating time. The effects of Ni interlayer, bonding 

temperature and preheating time on the microstructure 

and properties of Al/Cu joints were investigated.  

2) The electroless Ni−P coating as a protective film 

as well as a diffusion barrier can effectively inhibit the 

formation of oxides on the Cu substrate and help to 

develop a sound metallurgical bonding. Thus, in this 

work, the method about bonding Al/Cu bimetal via 

liquid−solid compound casting process is introduced and 

electroless Ni plating is feasible. 

3) The high bonding temperature and long 

preheating time prompt the diffusion between the melt 

and solid and the formation of brittle intermetallic 

compounds. The maximum interfacial shear strength of 

the composites is obtained at 780 °C for 150 s. 

4) The conductivity of Al/Cu bimetal decreases with 

the formation of intermetallic layers, especially the 

detrimental influence of Al2Cu phase. However, the 

Al/Cu bimetal gets better electrical properties than the 

aluminum materials and combines the light mass 

advantage of aluminum. 
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Al/Cu 双金属复合材料在 

液固复合铸造过程中的组织和性能 
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合肥工业大学 材料科学与工程学院，合肥 230009  

 

摘  要：采用化学镀法在纯铜基体上镀上镍−磷镀层，并通过液固复合铸造工艺制备 Al/Cu 双金属材料。研究不

同工艺参数(结合温度、预热时间)下 Al/Cu 接头的显微组织、力学性能和导电性能。结果表明，各种金属间化合

物在界面处形成，其厚度和种类随结合温度和预热时间的增加而增加。Ni−P 夹层发挥了扩散阻碍层和保护膜的  

作用，有效地减少了金属间化合物的形成。Al/Cu 双金属复合材料的剪切强度和电导率随金属间化合物厚度的增

加而减小，特别地，Al2Cu 相的不利影响相比其他金属间化合物更加明显。在 780 °C 预热 150 s 条件下制备的试

样表现出最大的剪切强度和电导率，其值分别为 49.8 MPa 和 5.29×105 S/cm。 

关键词：Al/Cu 双金属；液固复合铸造；化学镀镍；Al2Cu 相；显微组织；力学性能；电导率 
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