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Abstract: To meet the requirements of automatic produc-
tion, a new type of green BAl88Si cored solder was devel-
oped. The lap brazing experiments were carried out with
copper and aluminum as brazing substrates. The micro-
structure, phase composition, and corrosion behavior of
solder joint interface were studied by field emission scan-
ning electron microscopy, energy dispersive spectroscopy,
transmission electron microscopy, electron backscattering
diffraction, tensile testing machine, and electrochemical
workstation. The results show that the brazing joint of
Cu/BAl88Si/Al is metallurgical bonding, and the brazing
joint of Cu/BAl88Si/Al is composed of Cu9Al4, CuAl2, a-Al,

(CuAl2 + a-Al + Si) ternary eutectic. In addition, there is no
obvious preference for each grain in the brazing joint, and
there are S texture {123}<634>, Copper texture {112}<111>,
and Brass texture {110}<112>. The interface of Cu9Al4/
CuAl2 is a non-coherent crystal plane and does not have
good lattice matching. The average particle size of CuAl2 is
11.95 µm and that of Al is 28.3 µm. However, the kernel
average misorientation (KAM) value at the brazed joint
interface is obviously higher than that at the brazed joint
interface copper, so the defect density at the brazed
joint interface aluminum is higher than that at the brazed
joint interface copper. At the same time, due to poor cor-
rosion resistance at the interface on the aluminum side of
the brazed joint, serious corrosion spots and corrosion
cracks occur at the same time, which leads to the shear
performance of the brazed joint decreasing by about 75%
after salt spray test for 240 h.

Keywords: flux filler metal, IMC, lattice mismatch, prefer-
ential orientation, KAM, corrosion behavior

1 Introduction

Copper is widely used in the manufacture of thermal
components in refrigeration fields such as air condi-
tioners and refrigerators, aerospace, and power indus-
tries because of its excellent thermal conductivity and
electrical conductivity. But copper prices have long soared
as resources have become increasingly scarce [1–3]. In
addition, copper has a higher density, which leads to a
higher quality of copper. Especially, the use of copper
parts in automobiles and airplanes will improve the quality,
which contradicts the concept of energy-saving and emis-
sion reduction [4,5]. Copper–aluminum composite metal
joints are widely used in aerospace, air conditioning, house-
hold appliance refrigeration, and other industries and have
high application value [6,7]. Aluminum and its alloys have
low density, good thermal conductivity, and electrical
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conductivity [8]. Therefore, in some parts, aluminum can
partially or completely replace copper products, thereby
greatly reducing the production costs and realizing the com-
plementary advantages of the two metals [9,10].

The connection of Cu–Al dissimilar metals is the key
technique. At present, the connection of Cu–Al dissimilar
metals mainly includes mechanical connection, pressure
welding, and brazing [11–13]. In the process of mecha-
nical connection, due to the active chemical properties of
aluminum, a dense oxide protective film was formed in
the air. The film has a very high resistivity and is very
stable under normal conditions, which seriously affects
the electrical conductivity and thermal properties of the
copper–aluminum connection point, resulting in prema-
ture failure of the copper–aluminum connection point
[14]. In the process of press welding, the welding joint
of different copper and aluminum metals with good per-
formance can be obtained. However, there are a series of
problems in pressure welding, such as high welding cost,
complex process, poor adaptability to complex welding
parts, long production cycle, etc., which restrict the
application of pressure welding in different copper and
aluminum welding [15,16]. However, brazing has a series
of advantages such as low cost, simple equipment, and
large-scale production. It has gradually become a
research focus in the industry and has good development
prospects. Therefore, brazing is widely used in the con-
nection of two different metals, copper and aluminum,
resulting in a joint with high strength and good airtight-
ness [17,18]. Copper and aluminum brazing mainly use
Zn–Al, Sn–Zn, and Al–Si brazing materials [19–21]. Al–Si
brazing materials have good plasticity and are easy to be
processed and formed. Compared with Zn–Al brazing
filler metal, Al–Si brazing filler metal has better corrosion
resistance, and the strength of the brazed joint is much
higher than that of Sn–Zn brazing filler metal, so Al–Si
brazing filler metal is more suitable for joining dissimilar
metals of copper and aluminum [22,23]. However, there
are few reports on the corrosion behavior of brazed Cu–Al
joints with Al–Si base brazing filler metals. Huang, Ye
et al. mainly studied the effects of Zn–Al and Sn–Zn
filler metals on the corrosion microstructure and shear
strength with the content of alloy element and salt spray
test time [24,25].

At the same time, in the traditional brazing process,
the composite application form of brazing filler metal and
brazing flux usually adopts the way of placing brazing
filler metal on brazing parent metal in advance or sticking
brazing flux on solid brazing filler metal. This method
greatly increases the pre-welding process and operation
time and adds a variable during the brazing process,

which affects the consistency and quality stability of
welding. In addition, to ensure the quality of brazing,
excessive brazing flux is often added, which will pollute
the air and harm the health of operators and cause
brazing flux waste [26]. Therefore, a new type of BAl88Si
solder was prepared in this experiment, which meets the
requirements of green manufacturing and is suitable
for automatic and intelligent welding technology [27].
In addition, intermetallic compounds are the inevitable
mesophase in copper–aluminum brazed joints. These
hard and brittle intermetallic compounds with high resis-
tivity will greatly reduce the performance of brazed joints
and affect the integrity and stability of the joints [28,29].
However, there are few reports on the interfacial micro-
structure and lattice mismatch of intermetallic compounds
in BAl88Si brazed Cu/Al joints.

Therefore, the lattice mismatch, texture preference
orientation, and corrosion behavior of the interfacial
phase in the brazed Cu–Al joint of BAl88Si were ana-
lyzed. The innovative combination of lattice mismatch
and KAM value at the brazing interface and corrosion
behavior at the brazing interface are helpful to study
corrosion protection of copper and aluminum brazed
joints in the outdoor wet environment.

2 Test materials and methods

2.1 Test material

The substrate materials used in the induction brazing
experiment are copper plates and aluminum plates. The
sizes of the experimental matrix materials are 70mm ×
20mm × 2 mm and 70mm × 30mm × 3mm, respectively.
The chemical compositions of the basic materials and
BAl88Si new solders are shown in Table 1.

2.2 Experimental method

Pretreatment of the experimental substrate before induc-
tion brazing: the substrate surface was polished with

Table 1: Chemical composition of matrix material

Materials Cu Al Si Others

T2 Copper Base — — ≦0.1
1060 Aluminum — Base — ≦0.4
BAl88Si — 88 10 ≦2
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400#, 600#, and 800# sandpaper in sequence, and the
polished steel plate was cleaned with alcohol ultrasonic
wave. At the same time, mark a scale on the filler metal
every 20mm to quantify the filler metal during welding.

Induction brazing: the brazed joint is in the form of a
lap joint, as shown in Figure 1. The lap length of the joint
is 15 mm, and the substrate is fixed on the special fixture
according to the lap length. Start the induction brazing
machine for heating, and the current is set to 240 A.
When the temperature reaches 580℃, keep the tempera-
ture for 10 s. After cooling with hollow air, the joint
reaches room temperature, and the residual brazing flux
and the oxide film on the surface of the substrate are
removed by mechanical cleaning. The 10mm × 10mm
joints are cut on the brazed lap joint by wire cutting, and
the wire-cut joints are inlaid and polished.

After induction brazing, first, the electrochemical
tests were carried out on the Cu–Al joint. The scanning
speed in the experimental parameters was set to 1 mV/s,
and the scanning range in the electrochemical experi-
ment was set to ±250mV. In the whole electrochemical
experiment, the electrolyte solution composed of 3.5%
sodium chloride salt and deionized water was chosen,
and the solution temperature was room temperature.
Second, the inlaid sample and the welded joint are put
into a salt spray test box, and the sodium chloride solu-
tion with a concentration of 3.5% was poured into the
saltwater tank. During the test, the temperature in the
cabinet was adjusted to 35℃, and the welding samples

were taken out at 0, 24, 96, 168, 240, and 480 h, respec-
tively. Three samples were taken out at a time, rinsed
with water, dried, and stored.

The morphology of the brazing joint was observed by
scanning electron microscope (SEM). The composition
and texture of each phase of the brazing joint were
measured by energy dispersive spectrometer, electron
backscatter diffraction (EBSD), and field emission scan-
ning electron microscope. Transmission samples at the
Cu/BAl88Si/Al interface were prepared by FIB technology
for the first time, and the interface and phase boundary
structure of the brazed joint were characterized and
analyzed.

3 Results and discussion

3.1 Microstructure of the interface region of
brazed joint

Figure 2 shows a scanning electron microscope image of
the microstructure of the Cu/BAl88Si/Al brazing joint.
Figure 2(a) shows the microstructure of brazed joints
near copper. Figure 2(b) shows the micro-morphology
of the middle region of the brazed joint. Figure 2(c) shows
the microstructure of the brazing joint near aluminum. It
can be seen from Figure 2(a) and (c) that the solder alloy
has achieved good metallurgical bonding with the base
metal without forming cracks or voids. Two dense interme-
tallic compound layers were formed at the brazing interface
near Cu, with a thickness of 7–15 µm. The intermetallic com-
pounds away from the copper interface of brazed joints
tend to grow in brazed joints. In Figure 2(a)–(c), there is
no obvious dense intermetallic compound at the brazing
interface far from the copper side. It is composed of
gray-white skeleton phase, dendritic gray-black phase,
and obvious needle-like eutectic phase. Therefore, each

Figure 1: Model of the CU–Al brazing lap joint.

Figure 2: Scanning electron microscope image of the brazing joint of BAl88Si filler metal: (a)microstructure of the brazing joint interface on
the copper side, (b) microstructure of brazing seam, and (c) microstructure of the brazed joint interface on the aluminum side.
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phase in Figure 2 is subjected to energy spectrum ana-
lysis and surface analysis. The experimental results are
shown in Table 1, Figures 3–5. From the surface scan-
ning results, it can be seen that Cu elements in the base
metal and brazed joint have been fully diffused, and
Cu elements are mainly concentrated in the dense inter-
metallic compounds near the Cu side interface, as well
as gray-white skeleton phase and needle-like eutectic
phase in brazed joint, but the content of dendrites in
the brazed joint is relatively small. At the same time,
the results of surface scanning show that the total alu-
minum content in the gray-black phase of brazing den-
drite is the highest, while the total aluminum content of
needle eutectic phase, gray-white skeleton phase, and
intermetallic compounds near the copper side gradually
decreases. The surface scanning results showed that Si
elements were obviously agglomerated in the dendrite
gray-black phase and uniformly distributed in other
phases of the brazing seam. The analysis results are
shown in Table 2. According to the results in Table 2
and related literature, it can be inferred that the inter-
metallic compound formed near the interface of the
copper side in Figure 2(a) is Cu9Al4, and the interme-
tallic compound beside Cu9Al4 is CuAl2 the gray-white
skeleton phase in the brazing joint is presumed to be
CuAl2, gray-black dendrite phase is presumed to be
α-Al, and the needle-like eutectic ternary eutectic
α-Al + CuAl2 + Si [30]. At the brazing temperature,
due to the high affinity between copper and aluminum,
the molten Al–Si brazing alloy wetted the surface of the
copper substrate, and the copper atoms diffused into
the Al–Si brazing alloy. During the cooling process, the

Cu9Al4 phase with high copper atom content forms on
the copper/brazing interface. With a further decrease
of brazing temperature, the concentration of copper
atoms decreases based on Gibbs free energy, and a
second IMC CuAl2 phase was formed on the surface of
the Cu9Al4 phase. In the brazing zone, Cu phase and
α-Al (Cu) solid solutions are formed by diffusing copper
atoms and Al–Si solder. With the decrease of tempera-
ture, the copper atoms diffused into the brazing area
react with the filler metal to form ternary eutectic α-Al +
CuAl2 + Si [31].

3.2 Phase analysis of the interface region of
brazed joint

Figure 6 shows a transmission electron microscope (TEM)
image of the copper and brazing joint area. Figure 6(a)
shows low-power TEM images, and Figure 6(b)–(e) shows
electron diffraction patterns of different microscopic
regions in Figure 6(a). There are two kinds of reaction
products between copper-based metal and BAl88Si solder
at the brazing interface near the copper side. According to
the SAED calibration in Figure 6(c) and (d), these two
intermetallic compounds are CuAl2 and Cu9Al4, which is
consistent with the results of the above energy spectrum
analysis. Figure 6(b) shows the inverse fast fourier trans-
form (IFFT) image of the interface between the CuAl2 and
Cu9Al4 metal compounds. In the fast Fourier transform cor-
responding to high-resolution TEM (Figure 6(e)), the (660)
and (100) crystal planes of Cu9Al4 and the (310) and (310)

Figure 3: EDS distribution diagram of Cu side brazing joint interface: (a) surface scanning, (b) C, (c) Al, (d) Cu, (e) Si, and (f) O.
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crystal planes of Cu9Al4 are marked by calibrated diffraction
points. The interplanar distances between the two planes are
dCuAl2 (310) = 1.919 nm, dCu9Al4 (660) = 1.025 nm, and
dCu9Al4 (100) = 0.7944 nm. Therefore, the lattice mismatch

ratio of CuAl2 (310)/Cu9Al4 (660) crystal plane is 0.466, and
the lattice mismatch ratio of CuAl2 (310)/Cu9Al4 (100) inter-
face is 0.586, so there is no good semi-coherent interface [32].

The crystallographic information of the interface
region of the brazed joint was obtained by EBSD, and
the microstructure of the interface region was further
proved, as shown in Figure 7. It can be seen from
Figure 7(a) that every grain in the brazed joint is aniso-
tropic and has no obvious preferred orientation [33]. At
the same time, the grain size at the copper interface of the
brazed joint was significantly larger than that at the alu-
minum interface. Therefore, the grain size of the brazed
joint was also analyzed, and the analysis results are
shown in Figure 7(b), (c), and (e). Comparing the grain

Figure 4: EDS distribution of brazing seam: (a) surface scanning, (b) C, (c) Al, (d) Cu, (e) Si, and (f) O.

Figure 5: EDS distribution diagram of brazing seam on the CU side: (a) surface scanning, (b) C, (c) Al, (d) Cu, (e) Si, and (f) O.

Table 2: Physical phase energy spectrum of BAl88Si solder brazing
joint

Measuring point W(Al) W(Cu) W(Si) W(Sb) W(C)

a 30.16 69.84 — — —
b 69.76 30.24 — — —
c 85.2 10.68 4.12 — —
d 98.12 — — — 1.88
e 68.21 29.79 — — 2
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size of the three phases, the average grain size of CuAl2 is
at least 11.95 µm, while the average grain size of Al is at
most 28.3 µm. This is mainly due to the fact that Al grains
in the molten brazing filler metal grow up continuously

during the brazing process, and the heat transfer capacity
of Cu is higher than that of Al, which makes the thermal
energy on the fixture continuously transfer to the Cu side
interface filler metal after brazing.

Figure 6: TEM image of interface between BAl88Si solder and Cu base metal: (a) low power TEM image of Cu and brazing joint interface, (b)
Cu9Al4/CuAl2, interface IFFT image, (c) CuAl2 SAED, (d) Cu9Al4 SAED, and (e) Cu9Al4/CuAl2 interface FFT.

Figure 7: BAl88Si brazing joint EBSD image: (a) IPF map of the interface region, (b) grain size diagram of Cu, (c) grain size diagram of CuAl2,
(d) inverse polar diagram of CuAl and CuAl2 and (e) grain size diagram of Al.
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To further analyze the grain orientation characteris-
tics of Cu, Al, and CuAl2, by processing EBSD data, the
polar diagram of each phase is obtained, as shown in
Figure 8. Compared with the standard texture, there
are S texture {123}<634>, Copper texture {112}<111>, and
Brass texture {110}<112> in the brazing joint [34].

Figure 9(a) shows the KAM diagram corresponding to
the inverted diagram of Figure 9(d), from which the dis-
tortion density and distribution at the interface of brazing
joints can be explained. It can be seen from the figure that
the KAM value on the brazed joint aluminum interface is
obviously higher than that at the brazed joint copper
interface, which means that defect density on the brazed
joint aluminum interface is higher than that on the
brazed joint copper interface [35]. Figure 9(b) shows the
distribution of grain boundaries in the brazed joint. It can
be seen that there is a grain boundary with a large angle
at the interface of brazing joint Al, which means that the
grain size at the interface of brazing joint Al is smaller
and more uniform than that at the Cu interface. Figure 9(c)
is the recrystallization diagram of the brazed connection.
It can be seen that the KAM value at the brazing joint Cu
side interface is lower than the KAM value at the brazing
joint aluminum side interface, so the grain boundary
migration rate at the aluminum side interface is higher
than that at the Cu side interface in the recrystallization
process [36].

3.3 Corrosion behaviors of brazed joints

Figure 10 is the electrochemical test chart of brazing,
copper, and aluminum, wherein Figure 10(a) is a Tafel
curve. Figure 10(b) is the impedance curve and Figure 10(c)
is the electrochemical sample graph. By comparing fig-
ures, it can be found from Figure 10(a) and (b) that the
maximum corrosion potential of copper is −0.096 V and
the impedance radius is the smallest. However, Al and
brazing seam corrosion potential are both lower than
Cu, which are −0.831 and −0.757 V, respectively, and
the impedance radius is larger. And the corrosion current
density of the brazed joint is 8.456 × 105. Therefore, when
the copper-aluminum joint is placed in the salt spray test
chamber, the corrosion resistance of the copper side
interface of the brazed joint is significantly higher
than that of the aluminum side interface of the brazed
joint [37].

After the neutral salt spray test for 480 h, the micro-
scopic corrosion morphology and shear performance of
the brazed joint in each period are shown in Figure 11.
Figure 11(a) shows the microscopic corrosion morphology
of the brazed joint at 480 h; it can be clearly seen that
pitting pits with a depth of 140−170 μm are formed at the
aluminum interface of the brazed joints, which is consis-
tent with the conclusion that the corrosion resistance of
the aluminum interface is low. Figure 11(b) shows the

Figure 8: Pole figures of Cu, Al, and Al2Cu in the BAl88Si brazing point.
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corrosion crack morphology after 96 h of salt spray corro-
sion, and Figure 11(c) is an enlarged view of Figure 11(b).
It can be clearly observed that cracks have been formed at
the interface between the aluminum side and the brazed
joint, and the corrosion crack continues to spread with
a-Al. During the shear test, the stress corrosion crack tip
of the diffusion layer becomes the stress concentration
point, which will seriously reduce the mechanical prop-
erties of the joint [38]. This is because the radius of Cl−

in the salt spray test is very small, so it can be adsorbed
on the surface of the sample and combined with cations
in the metal on the surface of the sample to form soluble
chloride and then become pitting corrosion nuclei [39].
In this way, the pitting core can corrode the surface of the
substrate, and the pitting core will continue to grow,
which will lead to the dissolution of the metal anode
and gradually becoming pitting pits. This is how the pits
observed in Figure 11(a) are generated. The neutral salt spray
corrosion is electrochemical corrosion, in which metal is the
anode and the other areas are the cathode, thus forming a
corrosion cell.

Reduction reaction takes place in the cathode:

+ + →
− −O 2H O 4e 4OH .2 2

Aluminum is oxidized at the anode:

→ +
+ −Al Al 2e .2

As the progress of redox reaction, the anions generated
by the cathode attract the cations to move to the cathode,
while the actions generated by the anode attract Cl− to move
to the anode, and the corrosion continues. With the decrease
of pH value in local corrosion pits, pitting corrosion expands
and deepens, and the number and area of small pitting cor-
rosion pits increase and gradually expand to the surrounding
area and develop into comprehensive corrosion [40].

It can be seen from Figure 11d. The shear strength of
the joint before the salt spray test was 64 MPa. With the
increase of salt spray corrosion time, the overall shear
strength of the sample decreased significantly. The ten-
sile strength decreased by nearly 50% at 96 h, and by
nearly 75% at 240 h. In the first 240 h, the tensile strength
of the sample decreased obviously, which was mainly

Figure 9: (a) KAM diagram, (b) grain boundary diagram, and (c) recrystallation diagram of brazing joints.

Figure 10: Image of electrochemical results: (a) Tafel polarization curves of the solder and base metal; (b) electrochemical impedance
spectroscopy of the solder and base metal, and (c) diagram of samples for electrochemical tests.
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due to the corrosion crack at the Al side interface of the
brazed joint, which reduced the mechanical properties of
the joint to the greatest extent, which was consistent with
the microstructure analysis mentioned above.

4 Conclusion

The experimental results show that the copper–aluminum
joint brazed with new green BAl88Si brazing filler metal
can obtain good metallurgical bonding as a whole, and no
cracks and voids are formed. The interface at the brazed Cu
side is composed of two layers of dense intermetallic

compounds with a thickness of 7−15 µm, Cu9Al4 and CuAl2.
The latticemismatch rate of the crystal surface of CuAl2 (310)/
Cu9Al4 (660) and the interface of CuAl2 (310)/Cu9Al4 (100)
is 0.466 and 0.586, respectively. Therefore, there is no good
semi-coherent interface between these two intermetallic
compounds. The interface away from brazing copper is
mainly composed of gray skeleton phase CuAl2, dendrite
gray-black phase a-Al, and obvious needle eutectic phase
ternary eutectic a-Al + CuAl2 + Si. The mean grain size of
CuAl2 in the brazed joint is 11.95 µm, while that of Al was
28.3 µm. However, the KAM value of the brazed joint alu-
minum interface is obviously higher than that of the brazed
joint copper interface, so the defect density of the brazed joint
aluminum interface is higher than that of the brazed joint
copper interface. At the same time, due to poor corrosion
resistance at the aluminum interface of the brazed joint,
serious pitting corrosion and corrosion cracks appeared,
resulting in the shear performance of the brazed joint
decreased by nearly 75% in the first 240 h.
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