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Abstract: Au-Ge-Ni solder was chosen for brazing of the Cu-Cr-Zr alloy cylinder and a part with
a cylindrical hole (sleeve) below 550 ◦C. The Au based solder was first sintered on the surface of
the cylinder and then brazed to the inner surface of the sleeve. The effects of the heating process,
the temperature and the holding time at the temperature on the microstructure of the sintered layer
on the surface of the cylinder, the brazed interfacial microstructure, and the brazed shear strength
between the cylinder and the sleeve were investigated by scanning electron microscope, energy
dispersive X-ray spectroscopy analysis, and tensile shear tests. By approach of side solder melt
feeding and brazing under proper parameters, the voids and micro cracks due to a lack of enough
solder melt feeding are greatly lessened and the brazed shear strength of 100 MPa is ensured even
with large clearances around 0.01 mm.
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1. Introduction

Cu and Cu based alloys have found wide and important applications in many fields, especially in
electrical appliances and electronic products [1,2]. In an electronic product, a long cylinder is welded
to the inner surface of a sleeve. Both of them are made of red copper with the tensile strength of
280 MPa. With upgrading and updating of the product, the strength of the cylinder and the sleeve
are designed to be above 400 MPa after welding. By taking into account strength and the electrical
conductivity, Cu-Cr-Zr alloy (chemical composition: 0.94 wt % Cr, 0.137 wt % Zr, and Cu in balance)
was chosen. The tensile strength of this alloy is above 500 MPa. However, its strength will decline to
below 400 MPa when the temperature is over 550 ◦C [2,3]. This means that the cylinder and the sleeve
must be welded below this temperature.

It is known that several welding methods are widely used for fabrication of copper and its alloys,
such as laser welding, ion beam welding, tungsten arc inert gas welding, metal arc inert gas welding,
and brazing [4,5]. Kaya et al. [6] have developed a new procedure by adding an external electrical
current to the conventional diffusion welding for austenitic stainless steel and copper materials.
In recent years, welding of copper materials and dissimilar material joints by the friction stirring
process is a hot topic. Bisadi et al. [7] have reported the effect of tool rotation speed on mechanical
properties and formation of intermetallic compounds of copper-Al5083 friction stir welded butt
joints. Qiao et al. [8] and Shanjeevi et al. [9] have reported their study on optimization of friction
welding parameters for AISI 304L austenitic stainless steel and copper joints in power generators.
Elyasi et al. [10] have reported their study on the effect of tool tilt angle on properties and formation of
intermetallic compounds in friction stir welded A441 AISI to AA1100 aluminum butt joints.
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By taking into consideration of the strength of the weld and the decline of the Cu-Cr-Zr alloy
strength during the welding process, the approach by solder brazing below 550 ◦C was chosen.

As for low melting temperature soldering, Sn-Pb eutectic solder alloy has been widely used for
decades due to its excellent performances [11–13]. However, legislation, like Institute of Electrical
and Electronics Engineers (IEEE) and Restriction of Hazardous Substances (RoHS), has restricted the
application of this kind of solder mainly due to the toxicity of Pb. Therefore, various Pb-free alloys,
such as Sn-Ag-Cu and Sn-Zn-Bi solder alloys, have been developed to replace the conventional eutectic
Sn-Pb solder alloys. It has been reported that the addition of small amounts of Ni, Cu, and/or Sb to
the solder alloys can refine the microstructure and improve the mechanical properties [11–13]. As for
Sn-8Zn-3Bi-1.5Sb solder alloy, the tensile strength of the brazed joint can reach about 85 MPa [11].
However, the mechanical strength cannot meet the requirement for brazing of the Cu-Cr-Zr alloy.
The Ag-based solder alloys, such as Ag-Cu, Ag-Sn, Ag-Al, Ag-Zn, and Ag-Ga, can be applied to reach
a shear strength of more than 150 MPa [14]. However, the melting temperature of this series of solder
alloys is higher than 500 ◦C.

As for brazing of copper and its alloys, Au based solders are widely used due to their
excellent electrical conductivity, good electromigration resistance, and high fatigue resistance [15–19].
These mainly include Au-Sn, Au-Ge, Au-In, and Au-Ni. As for Au-Sn solder, although the eutectic
point of Au-Sn is 282 ◦C, the brazed tensile strength is only about 48 MPa [15,16]. While for Au-Ni and
Au-Cu solders, they are not suitable to be used for Cu-Cr-Zr alloy as their eutectic points are above
900 ◦C [13]. Recently Au-12Ge (wt %) eutectic alloy has attracted great attention as are no Au-Ge
intermetallic phases in its cast structure and its eutectic point is 365 ◦C [18–22]. It has been used for
brazing of Cu, Ni, and other substrates.

In this work, with the aim of brazing the Cu-Cr-Zr cylinder and sleeve below 550 ◦C, while
ensuring the shear strength of the brazed joints is above 90 MPa, properties of the newly developed
Au-Ge solder with an addition of minor Ni and Cu were tested; the effect of the wrapping of the
solder foil and the sintering process on the microstructure of the sintered layer on the surface of
the cylinder were investigated by scanning electron microscope (SEM) and Energy dispersive X-ray
spectroscopy (EDS), and the effect of the brazing process and the side solder melt feeding on the
interfacial microstructure, including micro defects and the brazed shear strength, were studied by SEM
and tensile shear tests.

2. Materials and Methods

The cylinders and the sleeves were made by a Cu-Cr-Zr alloy with the chemical composition of:
0.94 wt % Cr, 0.137 wt % Zr, and Cu in balance.

The solder was the newly developed Au-Ge alloy with the chemical composition of: 10 wt % Ge,
1.5 wt % Ni, 0.5 wt % Cu, and Au in balance. The solder was fabricated by first melting and casting,
then isothermal rolling, and finally finish rolling to 0.5 mm thick sheets and 0.08 mm thick foils.

The sintering of the solder onto the surface of the cylinder includes: first wrapping up of the
solder foil on the surface of the cylinder, second, wrapping up of the solder foil by 0.08 mm thick
1Cr18Ni9Ti stainless steel foil, third, wrapping of the steel foil by steel wire or wrapping up of the
steel foil by half sets and wrapping of the half sets by steel wire, and, finally, sintering in a vacuum
aluminum brazing furnace at different temperatures and heating processes. The wrapping of the
solder foil onto surface of the cylinder is shown in a schematic in Figure 1. Before the brazing to the
sleeve, the surface solder layer sintered on the cylinders was precision cut.

The brazing of the cylinder and the sleeve includes: first, surface precision cutting of the sintered
cylinder, then, inserting it into the sleeve, finally, brazing in a vacuum aluminum brazing furnace
under different temperatures and heating processes. The shape and the size of the cylinder and the
sleeve are shown in Figure 2. It should be noted that a piece of solder sheet with a thickness of 0.5 mm
is set at one side of the brazing seam. In the results in Section 3.3.1, it can be seen that the brazed shear
strength is below 90 MPa and there are many voids and micro cracks related to lack of solder melt
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feeding during solidification of the solder melt in the brazing seam. The role of this solder piece at the
seam side is to lessen the brazing defects by providing enough solder melt feeding during solder melt
solidification, and, therefore, to promote brazed shear strength.Metals 2017, 7, 247  3 of 14 
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The tensile shear tests were carried out on a 10-tonne test machine. The test continued until the
specimens failed with a cross-head speed of 1 mm/min. The shear strength is the maximum load
divided by the area of the brazed cylinder (i.e., π × cylinder diameter 8.3 mm × brazed length of the
cylinder 10 mm). Figure 3 shows a description of the setup for the tensile shear test.

The cross-section morphologies of the sintered and brazed samples were characterized by SEM
(Quanta-200, FEI Corporation, Hillsboro, OR, USA) with an accelerating voltage of 20 kV. Energy
dispersive X-ray spectroscopy (EDS, Genesis 60 s, INCAPentaFET-x3, Oxford Instruments, Oxfordshire,
UK) analysis was used to reveal the chemical composition of selected points/regions. The specimens
for SEM examination and EDS analysis were mechanically polished with abrasive paper without
etching. Siemens X-ray diffractometer D5000 (XRD, Cu Kα radiation, Rigaku, Tokyo, Japan) was used
to identify the phase constitution of the solder and the solder sintered on the surface of the Cu-Cr-Zr
alloy. The X-ray generator settings were 36 kV and 30 mA with a scan speed of 4◦/min and a scan
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range from 10◦ to 95◦ (in 2θ). DTA (Differential Thermal Analysis) of the solder foil was carried out by
the STA449C (Netzsch Instruments, Bavaria, Germany) apparatus at a heating rate of 15 K/min.Metals 2017, 7, 247  4 of 14 
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3. Results and Discussion

3.1. Properties of the Au Based Solder

Due to the obvious decrease in strength of the Cu-Cr-Zr alloy at above 550 ◦C, the brazing
temperature for the Cu-Cr-Zr alloy cylinder and sleeve should be below this temperature. Therefore,
by reference to a number of binary diagrams and the research results of [18–22], a new Au-Ge solder
was developed by addition of 1.5 wt % Ni and 0.5 wt % Cu into Au-10 wt % Ge. The role of Ni and Cu
is mainly to promote the strength of the solder and its wettability to the Cu-Cr-Zr alloy.

Figure 4 shows the cross-sectional SEM morphology of the solder foil. It can be seen that there are
a number of polygonal particles with the size about 5–10 µm and a large number of small particles
with the size about 2 µm distributed in the Au matrix. From the XRD pattern of the solder in Figure 5,
it can be concluded that these particles are Ge particles and Au3Ge2 intermetallic particles. The EDS
result in Figure 3b indicates that the large polygonal particles are Ge particles.Metals 2017, 7, 247  5 of 14 
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Figure 5. X-ray diffractometer (XRD) patterns of the solder and the solder sintered on Cu-Cr-Zr alloy.

Figure 6 displays two inflection points of the DTA curve. It can be seen that the first and the
second points are measured to be 368 and 544.4 ◦C, respectively. Therefore, the melting point of
the solder can be determined to be 368 ◦C. The point at 544.4 ◦C is related to the melting of Ge-Ni
intermetallic particles in the solder.
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3.2. Sintering of the Solder to the Surface of the Cu-Cr-Zr Cylinder and the Microstructure

Figure 7 shows images of the Cu-Cr-Zr cylinder vacuum-sintered by the solder wrapped by steel
wire. From Figure 7b it can be seen that the solder has covered the surface of the cylinder. However,
bossing can be found on the surface of the sintered layer. Figure 7c shows the cross-sectional SEM
image of the cylinder sintered by the solder. Although the elements of the solder have been diffused
into the surface layer of the cylinder during the sintering process, there are long holes between the
cylinder and the sintered layer. These are mainly due to the wrapping of the steel wire to the solder
foil. During the surface precision cutting of the sintered layer, the sintered solder was removed totally
at the holes, as shown in Figure 7d, which resulted in space gaps without solder between the cylinder
and the sleeve and was, therefore, detrimental to obtaining brazing strength between the cylinder and
the sleeve.
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Figure 7. Images of the Cu-Cr-Zr cylinder vacuum-sintered by the solder wrapped by steel wire,
(a) steel wire wrapped cylinder, (b) the solder sintered cylinder, (c) the cross-sectional SEM image of
the solder sintered cylinder, and (d) the solder sintered cylinder after surface cutting.

Figure 8 shows images of the Cu-Cr-Zr cylinder vacuum-sintered by the solder wrapped by half
sets and steel wire. It was first heated to the temperature of 320 ◦C at a rate of 180 ◦C/h while holding
at the temperature for 20 min, and then heated to the temperature of 420 ◦C at a rate of 200 ◦C/h and
holding at the temperature for 15 min. From the cross-sectional SEM image of the sintered cylinder
as shown in Figure 8b, it can be seen that the surface of the sintered solder on the cylinder is smooth
and there is no bossing as was seen in Figure 7b,c. After surface precision cutting of the sintered layer,
the sintered solder is relatively uniform on the surface of the cylinder, as shown in Figure 8c.

Figure 9 shows the cross-sectional SEM morphology of the sintered cylinder by magnification and
the EDS spectrum. It can be seen that there are large amounts of polygonal particles and strip particles.
From the XRD pattern of the solder sintered on the surface of Cu-Cr-Zr alloy in Figure 5, it can be
concluded that these particles are Ge particles and Ge-Ni intermetallic particles. The EDS results
demonstrate that the polygonal particles are Ge-Ni intermetallic compounds, with about 56 wt % Ge
and 43 wt % Ni, and that the strip particles are Ge particles. During the sintered process, the elements
of Au and Ge diffuse into the surface layer of the Cu-Cr-Zr cylinder with a thickness of about 20 µm.
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Figure 9. Cross-sectional SEM morphology of the sintered cylinder by magnification (a) and the EDS
spectrum (b).

During the sintering process, the heating rate, temperature, and holding time at the temperature
can affect the melting of the solder foil, the thickness of the solder elements diffused into surface layer
of the Cu-Cr-Zr cylinder, and the formation of intermetallic particles. In this work, the temperature was
first heated to 320 ◦C at the rate of 180 ◦C/h and holding at the temperature for 20 min to homogenize
the temperature of the samples. Then, the temperature was heated to the values for the sintering
process. The temperatures for the sintering were 395, 420, and 430 ◦C. The heating rates to the final
temperatures were 100 and 200 ◦C/h. The holding time at the sintering temperatures were 15 and
20 min. Figure 10 shows cross-sectional SEM morphologies of the sintered cylinder at temperatures
of 395 and 430 ◦C. It can be found that the distributions of the intermetallic particles in Figure 10 are
obviously different to that in Figure 8b. At 395 ◦C, the polygonal particles of the Ge-Ni intermetallic
compounds are distributed at the outer side, as shown in Figure 10a, and at 430 ◦C, these particles are
distributed at the inner side, as shown in Figure 10b. However, for the case sintered at 420 ◦C, these
particles are almost uniform in their distribution in the sintered layer, as shown in Figure 8b. This can
be ascribed to the effect of the temperature on the diffusion ability of Ni. The distribution of Ge-Ni
particles in Figure 8b is advantageous to the brazing strength. The proper sintered process parameters
are determined to be: first, heating the temperature to 320 ◦C at the rate of 180 ◦C/h and holding at the



Metals 2017, 7, 247 8 of 14

temperature for 20 min, then, heating the temperature to 420 ◦C at the rate of 200 ◦C/h and holding at
the temperature for 15 min.
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3.3. The Brazed Microstructure and Shear Strength

3.3.1. Effect of the Brazing Temperature and the Holding Time

During the brazing process of the sintered cylinder and the sleeve, two stages for the heating were
adopted. The first stage was the same for all of the samples, i.e., the temperature was heated to 320 ◦C at
a rate of 180 ◦C/h and holding at the temperature for 20 min. As for the second stage, the temperature
was heated to 510, 535, and 550 ◦C at the rate of 600 ◦C/h, and holding at the temperature for 10, 20,
and 30 min, respectively. As for brazing of the cylinder and the sleeve, it is obvious that the clearance
between the sintered cylinder and the sleeve will have an effect on the brazing strength. Therefore,
for all of the samples, the clearances between the sintered cylinder and the sleeve must be precision
controlled. In our experiment these clearances were measured to be 0.002–0.004 mm at one side.

Figure 11 shows part of the brazed samples. Table 1 shows the shear strength for the samples
brazed at temperature of 500, 535, and 550 ◦C. It can be seen that the brazing temperature had obvious
effects on the shear strength. The highest shear strength was obtained at 535 ◦C. These shear strength
values are related to the interfacial microstructure and micro defects formed between the cylinder and
the sleeve during the brazing process at different temperatures.
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Table 1. The shear strength for the samples brazed at different temperatures.

Temperature/◦C 1# 2# 3# 4# 5# 6# Average Shear
Strength/MPa

Standard
Deviations

500 83.1 84.4 86.5 81.8 78.4 74.9 81.52 4.22
535 85.3 92.7 87.5 84.2 83.9 88.7 87.05 3.35
550 52.7 43.8 50.2 48.6 53.1 47.9 49.38 3.45
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Figure 12 shows the cross-sectional SEM morphologies of the brazed interfacial region for the
sample brazed at 550 ◦C. In Figure 12a, two kinds of micro defects can be observed. The first kind of
micro defect is the long crack or void along the circular interface between the cylinder and the sleeve
as shown in Figure 12b. The formation of this defect can be ascribed to lack of melt feeding during
the solidification process of the solder melt. The diffusion of Au and Ge into the surface layer of the
Cu-Cr-Zr alloy cylinder and sleeve at high temperature accelerates this process. Obviously, the regions
where these micro defects are located are weak. The second kind of micro defect is a lack of solder
melt action on the surface of the sleeve as shown in Figure 12c. It can be seen that there is almost no
diffusion layer on the inner surface of the sleeve. This is mainly due to the fact that the sintered solder
layer that remained on the surface of the cylinder after surface precision cutting was too thin to bring
the solder melt into contact with the surface of the sleeve. Of course, the regions where these micro
defects are located are also weak. The total length of two kinds of micro defects along the interface is
measured to be about 40% of the circular length of the interface.
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Figure 13 shows the cross-sectional SEM morphologies of the brazed interfacial region for the
sample brazed at 535 ◦C. Although there are still cracks and voids along the interface of the cylinder
and the sleeve, they are short and discontinuous as compared with those in Figure 12b. The length
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of these micro defects along the interface was measured to be about 15% of the circular length of
the interface. These short cracks and voids are also induced by a lack of melt feeding during the
solidification process of the solder melt.
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Figure 13. Cross-sectional SEM morphologies of micro defects for the sample brazed at 535 ◦C.

Table 2 shows the shear strength for the samples brazed for different holding time at 535 ◦C. It can
be seen that the holding time at the brazing temperature also has obvious effects on the shear strength.
Long holding time at the brazing temperature induce a decline of the shear strength. The highest shear
strength was obtained for 10 min holding at 535 ◦C.

Table 2. The shear strength for the samples brazed for different holding times at 535 ◦C.

Holding
Time/min 1# 2# 3# 4# 5# 6# Average Shear

Strength/MPa
Standard

Deviations

10 85.3 92.7 87.5 84.2 83.9 88.7 87.05 3.35
20 66.6 69.9 64.7 68.2 74.8 69.2 68.90 3.44
30 58.4 57.9 57.4 61.8 60.2 57.6 58.88 1.75

Figure 14a,b shows the cross-sectional SEM morphologies of the micro defects for the sample
brazed for 30 min holding at 535 ◦C. As compared with the sample brazed for 10 min holding
at 535 ◦C, in addition to the cracks along the interface as shown in Figure 13, the micro defects
related to congregation of large amounts of Ge-Ni particles along the interface can be observed in
Figures 13b and 14a for 30 min holding at 535 ◦C. According to the EDS result in Figure 14d, these
dark particles are Ge-Ni particles with about 55.2 wt % Ge and 43.17 wt % Ni. It is known that uniform
distribution of small Ge-Ni particles in the brazed interfacial region is advantageous to the brazing
strength. However, when these particles are congregated in the narrow interface and almost grow into
contact each other, the brazed Au based solder seam will be ruptured by these particles. Generally,
micro cracks accompany these ruptured seams, as shown in Figure 14c, due to hindering to the melt
feeding by the congregated primary Ge-Ni particles. Therefore, the brazed shear strength declines
greatly with the holding time at 535 ◦C.
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Figure 14. Cross-sectional SEM morphologies of micro defects (a–c) and EDS spectrum (d) for the
sample brazed for 30 min holding at 535 ◦C.

3.3.2. Effect of the Brazing with Side Solder Feeding

The results in Section 3.3.1 demonstrated that in order to promote the brazing strength between
the cylinder and the sleeve, it is necessary to reduce the extent of micro defects. One of the approaches
is to ensure effective feeding of the solder melt during solidification. Hence, a disk of solder sheet with
0.5 mm thickness, as shown in Figure 2, was set up.

Figure 15 shows the brazed samples brazed at 535 ◦C and 10 min holding at the temperature
with side solder feeding. Table 3 gives the shear strength of these samples. It can be seen that the
average shear strength increased to 102.95 MPa from the highest value of 87.05 MPa in the above
section. Furthermore, the dispersion of the shear strength is also reduced greatly by the approach of
side solder feeding.
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Table 3. The shear strength for the samples brazed with side solder feeding.

1# 2# 3# 4# 5# 6# Average Shear Strength/MPa Standard Deviations

102.2 105.7 102.5 100.3 101.9 105.1 102.95 2.05

Figure 16 displays the cross-sectional SEM morphologies of the brazed interfacial microstructure
for the sample brazed at 535 ◦C and 10 min holding at the temperature with side solder feeding. It can
be seen that, firstly, there are almost no large cracks and voids along the interface between the cylinder
and the sleeve and, secondly, the primary Ge-Ni particles are separately distributed in the brazed seam.
By careful SEM examination along the total brazed interface, it was found that the length of the micro
defects was below 4% of the circular length along the interface. The high brazed shear strength and its
low dispersion can be ascribed to a significant reduction of the micro defects by the approach of side
solder feeding.
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sample brazed with side solder feeding.

In the above experiment, the clearances between the sintered cylinder and the sleeve were
controlled to be 0.002–0.004 mm at one side. The precision control by cutting to the cylinder and
the sleeve and the measurement of the clearance between them is requires a lot of time and manual
effort. Therefore, it would be interesting to know if the brazing using side solder feeding is suitable
to the large clearance values. Table 4 shows the measured clearances between the cylinder and the
sleeve for 12 samples. They are between 0.011 and 0.015 mm at one side, obviously much bigger than
0.002–0.004 mm. Table 4 also shows the shear strength of these 12 samples. It can be seen that the
maximum, the minimum, and the average shear strength are 105.3, 98.8, and 102.83 MPa, respectively.
The dispersion of the shear strength is 6.32%. The results demonstrate that the brazing using side
solder feeding is suitable to the case of large clearance values, i.e., 0.011–0.015 mm at one side, between
the cylinder and the sleeve.

Table 4. The shear strength for the samples brazed with side solder feeding with large clearances.

Sample 1# 2# 3# 4# 5# 6# 7# 8# 9# 10# 11# 12# Average

Clearance/mm 0.011 0.013 0.010 0.014 0.015 0.012 0.012 0.011 0.014 0.013 0.013 0.015 0.01275
Shear strength/MPa 102.3 103.1 98.8 99.6 105.3 102.7 105.3 103.6 104.2 101.8 103.1 104.2 102.83

The brazing of a cylinder and a sleeve is a special structure which is not widely used. Although
shear strength of more than 100 MPa is achieved, there are still micro defects in the brazed joint.
The length of the micro defects is about 4% of the circular length of the brazed cylinder. Future
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research should look to reduce the micro defects to improve the mechanical strength. In addition,
the reliability of the brazed joint under complex environments should be examined. As was studied
in [21], the compatibility regarding electrical properties of the welding joint to the parent metals is
important. In our experiments, compatibility of electrical resistance of the welding joint to the parent
metal was achieved, which will be reported in a following paper.

4. Conclusions

(1) The proper process parameters for sintering of a Au-Ge solder on the surface of the Cu-Cr-Zr
cylinder by half sets are, first, heating the temperature to 320 ◦C at the rate of 180 ◦C/h and
holding at the temperature for 20 min, then, heating the temperature to 420 ◦C at the rate of
200 ◦C/h and holding at the temperature for 15 min.

(2) For brazing without side solder melt feeding, the highest brazed shear strength was 87.05 MPa.
There were a number of voids and micro cracks along the interface of the cylinder and the sleeve
due to lack of enough melt feeding and the congregation of large amounts of Ge-Ni particles
with about 55.2 wt % Ge and 43.17 wt % Ni during solidification of the solder melt. High brazing
temperature and long holding time at the temperature accelerate formation of these micro defects.
One suitable condition was brazing at a temperature of 535 ◦C and holding at this temperature
for 10 min.

(3) For brazing by side solder melt feeding, the brazed shear strength was increased to 102.95 MPa.
Furthermore, the brazed shear strength of about 100 MPa can be achieved even for large clearances
of 0.011–0.015 mm between the cylinder and the sleeve at one side.
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