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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
Al,Cu 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 5.29x10° S/cm, respectively.
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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
Al,Cu, AlCu, Al,Cu;, Al;Cuyand Al,Cuy[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

Foundation item: Project (51571080) supported by the National Natural Science Foundation of China
Corresponding author: Yi-qing CHEN; Tel: +86-551-62901139; E-mail: chenyq63@ hfut.edu.cn

DOI: 10.1016/51003-6326(16)64261-9



1556 Yuan HU, et al/Trans. Nonferrous Met. Soc. China 26(2016) 1555—-1563

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 um 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 x 15 mm x 3 mm and 50 mm x
5 mm X 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 - 0.15-04 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% H,SO4 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™") 35
Concentration of sodium hypophosphite/(g-L™") 40
Concentration of lactic acid/(mL-L™") 20
Concentration of oxalic acid/(mg-L™") 15
Concentration of propionic acid/(mL-L™") 5

Concentration of sodium fluoride/(g-L™") 0.5
Concentration of zinc nitrate/(mg-L ") 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 x 15 mm x 6 mm.

A high precision micro-ohmmeter with accuracy of
0.01 Q 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 (/). 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/). The
mathematic equation was described below:

Ay
1

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 (p) of the sample was
calculated by the following equation:

RS
- 2
7 (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
H,PO, /HPO;> couple (—1.57 V) is less than that of
Ni**/Ni couple (—0.25 V) [32], the oxidation—reduction

1557

reaction can occur. The overall reaction is expressed by
two equations:

H,PO, +H,0+Ni**=3H"+ HPO;* +Ni 3)

)

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 um 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+P,0s). 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].

H2P027+3Had:H20+OH7+P+H2T

) \ T
(a) 10K ol !
- \' o ’
€l
(c)
Element  w/%
Cu Ni 91.25
2 Ni
P
Ni
0 5 10 15 20 0 5 10 15 20 25
Distance/pm Energy/keV

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: eutectictdendritic a(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 4 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 a(Al), the scattered grey region is
ALCu (6), the reaction can be described as

L—%82C 5 5 (Al)+6. In Fig. 2(c), it can be seen that

the grey Al,Cu phases appear block mingled with trifling
a(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 Al,Cuy phases. The phases can be further affirmed
by EPMA of four different positions (P1—P4 in Fig. 2(d))
that there are AICu and Al4Cuy 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 Al,Cu bulks
produced by hypereutectic reaction. The higher
magnification of rectangular 4 marked in Fig. 4(a) is
shown in Fig. 4(b). The AlCu and Al,Cuy 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 4 in (a); (c) Magnified image of rectangle B in (a); (d) Magnified image of rectangle

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

(b) Sample 2
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Fig. 3 Cu—Al binary phase diagram

(a) 6061 Al

10 um

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 4

many shallow blocks painted on the Al,Cu 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 Alss ¢7Cuy; ¢9Niy 1. 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 AI-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 4—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 Al,Cu phases. The
magnification of the rectangle 4 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 um 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 AlsggCus9,3Ni, 19 phases painted on
Al Cu phase, which can be identified by EPMA. In
addition, there are AlCu and Al;Cuy 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 (7),
Cu;Al, (0), CusAl; (), AlsCug (p), respectively [4,10,17].

e— Cu

a— Al

=— ALCu
*— Al,Cu,
v— AlCu

» — CwyAly
<«— Cu;Aly

y il | 2

20 30 40 S50 60 70 80 90 100
20/(°)

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, 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.

if a

=)
=]

N
[=]
T

&
=]
T

36.2
28.9 —

(3]
(=
T
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(=]
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Average shear strength/MPa

—
=]
T

1 2 3 4 5
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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 Egs. (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 um,
the conductivity decreases from 5.29x10° to 3.83x10°
S/cm. Of all the intermetallics, the detrimental effect of
AlLCu phase is obvious because of the high proportion
compared with the others. In addition, the laminar Al,Cu
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
Al,Cu 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/(Q-mm*m™')  Conductivity/(S-cm ')

Al 2.84x1072 (Ref. [2]) 3.52x10°
Cu 1.75%1072 (Ref. [2]) 5.71x10°
Al/Cu  2.61x10%-1.89x10> 3.83x10°-5.29x10°

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 Al,Cu 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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