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Abstract The microstructure, phase constitution, melting
character, and 6061 aluminum alloy brazing properties of
Al-Si-Cu-Zn-Re filler metals with different copper contents
were investigated. The Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-
15Cu-10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler
metals had the same solidus, at about 502 °C. Increasing the
copper content lowered the liquidus temperature of the filler
metals. In general, increasing the copper content and brazing
time decreased the average joint shear strength of joints bond-
ed with the Al-Si-Cu-Zn-Re filler metals. The joint strength of
the 6061 aluminum alloy brazed with Al-9.6Si-10Cu-10Zn-
0.1Re filler metal at 530 °C for 10 min without flux was about
72.9 MPa. All of the shear fractures occurred in the filler
metals near the interface between the brazing alloy and the
base metal. Due to the formation of Al2Cu intermetallic com-
pounds and Si particles, the hardness values of the filler metals
were higher than that of the 6061 aluminum substrate. Increas-
ing the copper content in the filler metals also increased the
width of the brazed joint regions with higher hardness.

Keywords (IIW Thesaurus) Brazing fillers . CU additions .

Aluminum alloys . Rare-earth additions

1 Introduction

Due to their combination of outstanding properties, such as
high specific strength, good workability, and excellent corro-
sion resistance, aluminum alloys have been widely used in the
automotive, aircraft, ship building, and chemical industries.
Aluminum alloys also exhibit high electrical and thermal con-
ductivities, so they are also widely used in heat exchangers
and cooking utensils. One effective method for manufacturing
aluminum heat exchangers, bicycle frames, and automobiles
is brazing. However, brazing of aluminum and aluminum al-
loys has been considered to be problematic because direct
wetting of the filler metals is hindered by a stable oxide layer
on the surface of aluminum alloys [1, 2]. Traditional Al-12Si
eutectic filler metal, which has a melting point of about
577 °C, has been adopted as a reliable braze for the brazing
of some aluminum alloys [3]. Unfortunately, the working tem-
perature of Al-12Si filler must be above 590 °C. This brazing
temperature is too high relative to the melting point of most
commercial high-strength aluminum alloys, which degrade or
melt at high temperatures. Previous studies have reported the
development of a series of low-melting-point aluminum filler
metals for brazing aluminum alloys by adding copper, germa-
nium, zinc, magnesium, or tin into Al-Si alloys [2, 4]. The
addition of copper or germanium into the traditional Al-12Si
alloy can significantly reduce the melting point of Al-Si filler
[5, 6]. However, various factors limit the use of such alloying
elements. For example, germanium is expensive, limiting its
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use in filler metals, and the high vapor pressure of zinc makes
high concentrations of zinc unsuitable for filler metals used in
the vacuum brazing process [7]. Recently, some studies have
indicated that trace amounts of rare earth elements in alumi-
num brazes promote the wetting of the filler metals on alumi-
num alloys and improve the joining strengths of aluminum
alloys [8–11]. This study employed three low-melting-point
filler metals, Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-10Zn-
0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re, all of which
contained trace amounts of rare earth elements, to join 6061
aluminum alloy. The effects of the copper content on the mi-
crostructures and thermal properties of the filler metals were
investigated. The effects of brazing duration on joint reliability
were also analyzed by measuring the shear strengths of the
brazing joints and characterizing the interfacial reaction prod-
ucts, microstructures, fractography, and microhardness.

2 Experimental

The filler metals used in this study were Al-9.6Si-10Cu-10Zn-
0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-
0.1Re. They were prepared from eutectic Al-12Si alloy (sup-
plied by Degussa AG, Germany), high purity (99.99 %) cop-
per and zinc, and mixed rare earth elements in a vacuum arc
furnace under a high-purity inert argon atmosphere. The
chemical composition of the mixture of rare earth elements
(Re) used in the study was 77.82 wt% La, 16.84 wt% Pr, 3.24
wt% Ce, and 2.10 wt% Nd. The major chemical compositions
of the filler metals in the study are shown in Table 1. To ensure
a homogeneous composition within the filler metals, all alloys
were mechanically stirred every 3 min during melting and
remelted at least three times. The melted filler metals were
then poured in a water-cooled copper mold with a diameter
of approximately 2 cm. After solidifying, the cast ingots were
rolled into 0.2-mm-thick foils. The microstructures and chem-
ical compositions of the filler metals in the study were deter-
mined using a field emission scanning electron microscope
and an electron probe microanalyzer (EPMA, JEOL TXA-

8600SX). The existing phases were identified using a Siemens
D5000 X-ray diffractometer with Mo Kα radiation (λ=
0.71073 Å) at a scanning rate of 0.02° per second in the 2θ
range of 5–95°. The solidus and liquidus temperatures of the
three Al-Si-Cu-Zn-Re filler metals were measured through
differential thermal analysis (DTA, TA Instruments SDT-
2960) at a heating rate of 10 °C/min from room temperature
to 600 °C under an inert argon atmosphere. The material
joined in this study was the 6061 aluminum alloy. The chem-
ical composition, solidus, and liquidus of the 6061 aluminum
alloy are listed in Table 2.

The materials for brazing were cut and machined into rect-
angular plates with a size of 40×6.5×3 mm. The geometry
and dimensions of the brazing specimens subjected to shear
testing are shown in Fig. 1. Before assembly, the bonding
surfaces of the 6061 aluminum alloy and the surfaces of filler
metals were ground with SiC paper down to grade 1200.
Then, the 6061 aluminum alloy and filler metals were ultra-
sonically cleaned in acetone for 15 min and dried in air. A
stainless steel fixture was designed to fix the brazing speci-
mens into a sandwich structure, as schematically shown in
Fig. 2. The filler metal foils with a thickness of 200 μm were
cut into dimensions of 6.5 mm×3 mm and then placed be-
tween the 6061 aluminum plate specimens. The overlapping
length of the brazed joints in the joining experiment was
3 mm.

Table 1 Chemical compositions of the filler metals used in the study

Alloy Chemical composition ( wt%)

Al Si Cu Zn La Pr

Al-9.6Si-10Cu-10Zn-0.1Re Bal. 9.6 10 10 0.08 0.02

Al-9Si-15Cu-10Zn-0.1Re Bal. 9 15 10 0.08 0.02

Al-8.4Si-20Cu-10Zn-0.1Re Bal. 8.4 20 10 0.08 0.02

Table 2 Chemical composition, solidus, and liquidus of the 6061
aluminum alloy used in the study

Alloy Chemical composition (wt%) TS°C TL°C

Al Si Cr Cu Mg Mn

6061 aluminum alloy Bal. 0.61 0.12 0.25 1.1 0.01 592 654

Fig. 1 Schematic representation of the brazed specimen for shear testing
in this study
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Brazing was performed at an isothermal temperature of
530 °C in a vacuum furnace under a high-purity argon atmo-
sphere. The samples were heated to the brazing temperature at
a rate of 20 °C/min. After isothermal holding for 10, 30, and
60 min, the joined specimens were finally cooled to room
temperature in the furnace. To estimate the reliability of the
joints, the bonding strengths of the joints were measured by
shear testing. Shear tests were carried out using a tensile test-
ing machine (Hung Ta Instrument Co., HT-2402) at a constant
crosshead speed of 3 mm/min. To ascertain reproducibility, at
least two measurements were performed, and the reported
values are averages of the tests. Fractured surfaces from shear
testing were characterized with a Philips XL40 field emission
scanning electron microscope (FE-SEM) equipped with an
energy-dispersive spectrometer (EDS). A set of the brazed
specimens was cross sectioned and polished for microstruc-
tural observation using an electron probe microanalyzer
(EPMA, JEOL TXA-8600SX) equipped with a wavelength-
dispersive spectrometer (WDS). The microhardness distribu-
tion of the filler metals and the interfaces of the brazing joints
were conducted using a Shimadzu microsclerometer
(Shimadzu HMV-2) with Vickers diamond pyramid indenters
under a 50-g load for 10 s. Five measurements were taken per
sample, and the average microhardness values were
determined.

3 Results and discussion

Figures 3, 4, and 5 show the microstructures of the Al-9.6Si-
10Cu-10Zn-0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and Al-8.4Si-
20Cu-10Zn-0.1Re filler metals, respectively. In the figures, it
can be observed the Al-rich solid solution phase (gray), Al2Cu
intermetallic compounds (white), silicon particles in the dark
region, and a few fine needle-like La3Al11 intermetallic com-
pounds. Higher amounts of copper in the Al-Si-Cu-Zn alloy
caused larger amounts of Al2Cu intermetallic compounds to
form. Moreover, increasing the copper content increased the
particle size of the silicon. Large silicon particles of 20 to
50 μm were found in the Al-8.4Si-20Cu-10Zn-0.1Re alloy,
as shown in Fig. 5.

Figure 6 shows the XRD analysis of the Al-9.6Si-10Cu-
10Zn-0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and Al-8.4Si-20Cu-
10Zn-0.1Re filler metals. The XRD patterns confirmed the
phases observed in the microstructures of the filler metals:
Al-rich solid solution, Si particles, Zn-rich phase, and Al2Cu
intermetallic compounds.

Figure 7 shows the differential thermal analysis (DTA)
curves of the Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-
10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals.
Two endothermic peaks were found in the DTA curves of

Fig. 2 Schematic diagrams
showing the geometry of the
fixture in the test

Fig. 3 Microstructure of the Al-9.6Si-10Cu-10Zn-0.1Re filler metal Fig. 4 Microstructure of the Al-9Si-15Cu-10Zn-0.1Re filler metal
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the Al-9.6Si-10Cu-10Zn-0.1Re and Al-9Si-15Cu-10Zn-
0.1Re alloys. The solidus of the Al-8.4Si-20Cu-10Zn-0.1Re
alloy was almost the same as those of the Al-9.6Si-10Cu-
10Zn-0.1Re and Al-9Si-15Cu-10Zn-0.1Re alloys, at about
502 °C. Only one endothermic peak was found in the DTA
curve of the Al-8.4Si-20Cu-10Zn-0.1Re filler metal. The
melting temperature range of the Al-8.4Si-20Cu-10Zn-0.1Re
filler was from 502 to 518 °C. Previous research [6] indicated
that the solidus and liquidus temperatures of the traditional Al-
12Si filler metal were 586.1 and 591.7 °C. The addition of 20
wt% copper, 10 wt% zinc, and 0.1 wt% rare earth elements
into the Al-12Si to form Al-8.4Si-20Cu-10Zn-0.1Re filler
metal lowered the solidus and liquidus temperatures by about
84 and 73.7 °C, respectively. However, melting temperatures
have not been affected by adding trace amount of rare earth
element (0.1 wt%) in this study. The melting points of the Al-
Si-Cu-Zn-Re alloys decreased with increase of copper
concentration.

Figure 8 shows the shear strengths of the 6061 aluminum
alloy brazed with Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-

10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals for
various periods. The shear strengths of the joints brazed with
the rare earth elements containing Al-Si-Cu-Zn filler metals
ranged from 40 to 80 MPa. The joints brazed with Al-9.6Si-
10Cu-10Zn-0.1Re filler had a higher average joining strength
than the joints brazed with Al-9Si-15Cu-10Zn-0.1Re and Al-
8.4Si-20Cu-10Zn-0.1Re filler metals. The joint strengths of
the 6061 aluminum alloy brazed with the Al-9.6Si-10Cu-
10Zn-0.1Re filler metal at 530 °C decreased slightly as braz-
ing time increased. The average shear strengths of the joints
were about 72.9 MPa after 10 min, about 68.9 MPa after
30 min, and about 65.1 MPa after 60 min of brazing with
Al-9.6Si-10Cu-10Zn-0.1Re filler metal at 530 °C, respective-
ly. The highest joint strength, 80 MPa, was found in the 6061
aluminum alloy brazed with Al-9.6Si-10Cu-10Zn-0.1Re filler
metal at 530 °C for 10min without flux. Besides the exception

Fig. 5 Microstructure of the Al-8.4Si-20Cu-10Zn-0.1Re filler metal

Fig. 6 XRD analysis for the Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-
10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals

Fig. 7 DTA curves of the Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-
10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals

Fig. 8 Shear strengths of 6061 aluminum alloy joints after brazing with
Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and Al-8.4Si-
20Cu-10Zn-0.1Re filler metals
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at the brazing time of 30 min, which can be explained by
experimental bias, in the general, the average joint shear
strength decreased as copper content increased.

Figure 9a–c shows micrographs of cross sections of the
interface joints of the 6061 aluminum alloy brazed with Al-
9.6Si-10Cu-10Zn-0.1Re filler metal at 530 °C for 10, 30, and
60 min, respectively. Al2Cu intermetallic compounds and
some Si particles were found in the zone of the filler metal.
Increasing the brazing periods did not significantly alter the
microstructures. Figure 10a–c shows micrographs of cross
sections of interface joints for the 6061 aluminum alloy brazed
with Al-9Si-15Cu-10Zn-0.1Re filler metal at 530 °C for 10,
30, and 60 min, respectively. A large number of coarse clus-
ters of Al2Cuwere embedded in the filler metal, and the Al2Cu
tended to segregate at the grain boundaries of the filler metal

after brazing. Themicrostructures of the interfaces of the 6061
aluminum alloy joints brazed with Al-8.4Si-20Cu-10Zn-
0.1Re filler metal at 530 °C for 10, 30, and 60 min are shown
in Fig. 11a–c, respectively. Large numbers of Al2Cu were
found in the zone of the filler metal. Reliable tight joints were
obtained using the Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-
10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals in
this study.

Figures 12, 13, and 14 show the microhardness values of
joints brazed with Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-
10Zn-0.1Re, and Al-8.4Si-20Cu-10Zn-0.1Re filler metals at
530 °C for various brazing periods. The Al2Cu intermetallic
compounds and Si particles formed within the filler metals
had hardness values above that of the 6061 aluminum sub-
strate. The microhardness values of the filler metals after

Fig. 9 Micrographs of the 6061 aluminum alloy joints after brazing with
the Al-9.6Si-10Cu-10Zn-0.1Re filler metal at 530 °C for a 10 min, b
30 min, and c 60 min

Fig. 10 Micrographs of the 6061 aluminum alloy joints after brazing
with the Al-9Si-15Cu-10Ze-0.1Re filler metal at 530 °C for a 10 min, b
30 min, and c 60 min
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brazing under various conditions were about 200–250Hv,
much higher than that of 6061 aluminum alloy, about 54Hv.
The width of the butt joint regions with higher hardness
values, where copper penetrated into the 6061 aluminum, in-
creased with higher copper content in the filler metals. Fig-
ures 15, 16, and 17 show fractographs of 6061 aluminum alloy
joints brazed with the various filler metals after shear tests.
The fractographs showed brittle fractures in the filler metals.
In all cases, the fractured surfaces of the brazed 6061 alumi-
num alloy specimens were covered with filler metals. Failure
of the joints occurred in the zone of the filler metals very close
to the interface of the filler metal/6061 aluminum alloy. Due to
the brittleness of the filler metals, a larger dispersion of results
of shear strengths was observed for all brazing conditions. As
the copper content in the filler metal increased, the amount of

Fig. 11 Micrographs of the 6061 aluminum alloy joints after brazing
with the Al-8.4Si-20Cu-10Zn-0.1Re filler metal at 530 °C for a 10 min,
b 30 min, and c 60 min

Fig. 12 Microhardness values across a 6061 aluminum alloy joint
bonded with Al-9.6Si-10Cu-10Zn-0.1Re filler metals at 530 °C for
various brazing periods

Fig. 13 Microhardness values across a 6061 aluminum alloy joint
bonded with Al-9Si-15Cu-10Zn-0.1Re filler metals at 530 °C for
various brazing periods

Fig. 14 Microhardness across a 6061 aluminum alloy joint bonded with
Al-8.4Si-20Cu-10Zn-0.1Re filler metals at 530 °C for various brazing
periods
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Al2Cu particles on the fracture surface increased and lowered
the joint strength.

4 Conclusion

Three filler metals containing rare earth elements with a
lower solidus temperature of around 502 °C, Al-9.6Si-
10Cu-10Zn-0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and Al-8.4Si-
20Cu-10Zn-0.1Re, were developed for brazing 6061 alumi-
num alloy. Increasing the copper content lowered the
liquidus temperatures. The main microstructures of all the
Al-9.6Si-10Cu-10Zn-0.1Re, Al-9Si-15Cu-10Zn-0.1Re, and
Al-8.4Si-20Cu-10Zn-0.1Re filler metals consisted of an Al-

rich phase, Al2Cu and La3Al11 intermetallic compounds, and
some Si particles. A high copper content led to the forma-
tion of a large amount of Al2Cu intermetallic compounds.
The joints brazed with Al-9.6Si-10Cu-10Zn-0.1Re filler
without flux had high average joining shear strengths of 65
to 73 MPa. Increasing the copper content in the filler metals
decreased the average joint shear strength. The hardness
values of the Al2Cu intermetallic compounds and Si parti-
cles that formed within the filler metals were higher than
that of the 6061 aluminum substrate. Increasing the copper
content in the filler metals also increased the width of the
butt joint regions with higher hardness values. Shear tests
revealed that all of the joints formed with the three filler
metals failed in the zone of the filler metals.

Fig. 15 Fractographs of the 6061 aluminum alloy joints bonded with Al-
9.6Si-10Cu-10Zn-0.1Re filler metal at 530 °C for a 10min, b 30min, and
c 60 min

Fig. 16 Fractographs of the 6061 aluminum alloy joints bonded with Al-
9Si-15Cu-10Zn-0.1Re filler metal at 530 °C for a 10 min, b 30min, and c
60 min
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