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Abstract: The microstructure and properties of a Cu/304 stainless steel dissimilar metal joint brazed
with a low silver Ag16.5CuZnSn-xGa-yCe braze filler after aging treatment were investigated.
The results indicated that the addition of Ce could reduce the intergranular penetration depth
of the filler metal into the stainless steel during the aging process. The minimum penetration depth
in the Ag16.5CuZnSn-0.15Ce brazed joint was decreased by 48.8% compared with the Ag16.5CuZnSn
brazed joint. Moreover, the shear strength of the brazed joint decreased with aging time while the
shear strength of the AgCuZnSn-xGa-yCe joint was still obviously higher than the Ag16.5CuZnSn
joint after a 600 h aging treatment. The fracture type of the Ag16.5CuZnSn-xGa-yCe brazed joints
before aging begins ductile and turns slightly brittle during the aging process. Compared to all the
results, the Ag16.5CuZnSn-2Ga-0.15Ce brazed joints show the best performance and could satisfy the
requirements for cost reduction and long-term use.
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1. Introduction

The increasing demand for advanced manufacturing has required equipment with complex
structures and diversified properties. This demand has made the use of mixed-materials an
urgent need in various fields. For example, brass has excellent electrical and thermal conductivity,
but the low strength of brass joints can’t satisfy the requirements of industrial applications, such as
bearing compressing loads. Meanwhile, stainless steel posseses high strength but has poor thermal
performance [1–3]. Therefore, a combination of brass and stainless steel could possibly satisfy
requirements for both conductivity and mechanical properties. Currently, the composite structure of
brass and stainless steel has been widely used in the fabrication of cooling equipment, pressure vessels,
liquid cryogenic storage tanks, and heat exchangers [4–6].

Brazing has been proved to be an efficient way to achieve the joining of dissimilar metals by
using appropriate filler metals. Currently, the Ag-Cu-Zn series filler metal possess a number of
advantages: excellent wetting performance, excellent mechanical properties, outstanding conductivity,
and corrosion resistance. Therefore, Ag-Cu-Zn series filler metals have been commonly used in brazing
various ferrous metals and most non-ferrous metals, including steel to steel, copper to steel, copper

Metals 2019, 9, 198; doi:10.3390/met9020198 www.mdpi.com/journal/metals

http://www.mdpi.com/journal/metals
http://www.mdpi.com
http://dx.doi.org/10.3390/met9020198
http://www.mdpi.com/journal/metals
http://www.mdpi.com/2075-4701/9/2/198?type=check_update&version=2


Metals 2019, 9, 198 2 of 10

to copper, and titanium alloy to steel [5–8]. To further improve the performance of a brazed joint,
a series of trace additions including Ca [9], In [10], Ni [11], and rare earth elements [12] has been
used to improve the mechanical properties and reliability of a Ag-Cu-Zn brazed joint. However, with
increasing competitive pressures in the manufacturing industry, silver-based filler metals are unable
to satisfy present requirements, due to the high cost of Ag (>30 wt.%). Therefore, the research of low
silver filler metal without sacrificing the properties of Ag-Cu-Zn based filler metal has become an
urgent issue.

Present research mainly focuses on improving the properties of Ag-Cu-Zn based filler metals
and the microstructure of joints through micro alloying [13–15], while research on the brazed joints
of brass/stainless steel, especially on their mechanical properties during the aging process, is still
rare. Considering the reliability of a brass/stainless steel joint in long-term service, filler metals with
designed additions of Ga and Ce were prepared in this paper. The effect of Ga and Ce addition on
the microstructure, properties, and fracture morphology of a brass/stainless steel joint after aging
treatment was investigated, and the relationship between the microstructure and its mechanical
properties was analyzed.

2. Experimental Procedure

All alloys were made from pure Ag (99.95 wt.%), pure Cu (99.95 wt.%), pure Zn (99.95 wt.%),
pure Sn (99.95 wt.%), pure Ga (99.95 wt.%), and pure Ce (99.5 wt.%). Raw materials of Ag, Cu, Zn, and
Ga were first melted in a medium induction furnace. Then, Sn-5Ce master alloy ingots were added
into the melted liquid alloy, which was held for 15 min, and mechanical stirring was performed every
5 min. Based on the previous research [16,17], the designed additions of Ga and Ce in the filler metal
are listed in Table 1.

Table 1. Compositions of filler metals (wt.%).

No. Ag Cu Zn Sn Ga Ce

1 16.5 Bal. 35.44 2 0 0
2 16.5 Bal. 34.60 2 2 0
3 16.5 Bal. 34.26 2 0 0.15
4 16.5 Bal. 32.70 2 2 0.15

Figure 1 shows the geometry and dimensions of the brazing specimens for the shear strength test.
According to China’s National Standard, GB/T 11363-2008 [18], H62 brass and 304 stainless steel were
used as base metals and were cut into plates with dimensions of 80 mm × 25 mm × 3 mm. The brazed
joint specimens were prepared through automatic torch brazing using FB102 flux (B2O3(35 wt.%)
+ KBF4(23 wt.%) + KF(42 wt.%)). All specimens were cleaned in an ultrasonic batch using DI
water for 20 min after brazing. The strength of the brazed joints was tested on a SANS-CMT5105
electromechanical universal testing system (MTS, Minnesota, MN, USA) at room temperature, with a
constant crosshead speed of 2 mm/min. To ensure the accuracy of the results, each test was conducted
five times under the same conditions, and the average value was taken as the final result.

According to the test method, the military standard for microelectronics, MIL-STD-883 [19],
the specimens were placed in an oven maintained at a constant temperature for performing a high
temperature storage (HTS) test to determine the reliability of the brass/304 stainless steel brazed joints.
The aging temperature was 150 ◦C and the storage time was 0 h, 200 h, 400 h, and 600 h. The cross
sections of the brass/304 stainless steel joints were prepared by standard polishing techniques and
subsequently etched with etchant solutions ((NH4)2S2O8(15 g) + H2O (100 mL) + NH3·H2O (2 mL)).
Microstructure observations were conducted with an optical microscope and a thermal field emission
scanning electron microscope (SEM) (Hitachi, Tokyo, Japan) equipped with energy dispersive X-ray
spectroscopy (EDS) (Hitachi, Tokyo, Japan).
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stainless steel could be evidently observed, and the penetration depth increased with aging time. 
Moreover, the white phase appeared in the brazing seam, and the interfacial microstructure became 
more bulky over time. 
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Figure 1. Brazing specimens for shear strength test.

3. Results and Discussion

3.1. Effect of the Aging Treatments on the Interfacial Microstructure of the Brazed Joints

Figures 2 and 3 illustrate the interfacial microstructure of the brazed joints near the stainless
steel side after various aging times. The major composition of the brazing seams consisted of a Cu
based solution, a Cu-Zn phase, and a Ag-rich phase. It can be seen that the major composition in the
interfacial microstructure and morphology of the brazing seams had no significant change after aging
treatment. Moreover, the intergranular penetration phenomenon from the filler metal into the stainless
steel could be evidently observed, and the penetration depth increased with aging time. Moreover,
the white phase appeared in the brazing seam, and the interfacial microstructure became more bulky
over time.
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Figure 5 shows a diagram of intergranular penetration depth calculation. The intergranular 
penetration depth H from the filler metal into the stainless steel was calculated by H = S/d, where S 
represents the penetration area, which was analyzed by image process software, and d was measured 
as the width of the interface. Figure 6 shows the average intergranular penetration depth in the 
Ag16.5CuZnSn-xGa-yCe brazed joints during aging. It can be seen that the intergranular penetration 

Figure 3. Interfacial microstructure of the Ag16.5CuZnSn-xGa-yCe brazed joints after aging treatment:
(a–c) Ag16.5CuZnSn-0.15Ce, (d–f) Ag16.5CuZnSn-2Ga-0.15Ce.

Figure 4 illustrates the EDS results of the Ag16.5CuZnSn-2Ga brazed joints near the stainless steel
side after a 400 h aging treatment. As a result of intergranular penetration of the filler metal into the
stainless steel, it can be found that Ag accumulated at the grain boundary, but no obvious accumulation
of elements Fe and Cr was observed near the stainless steel side. Intergranular penetration has proven
to be the key factor which affects the microstructure and mechanical properties of a brazed joint.
Extensive intergranular penetration may significantly deteriorate the strength and plasticity of the
brazed joint, resulting in fractures and connection failures [20,21]. Hence, the intergranular penetration
depth during the aging process was calculated to further determine the reliability of the brazed joints
after aging treatment.
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Figure 4. EDS results of the Ag16.5CuZnSn-2Ga brazed joints after 400 h: (a) Cross section morphology
of brazed joints, (b) surface scanning, (c) Ag, (d) Cu, (e) Zn, (f) Ga, (g) Fe, (h) Cr, (i) Ni.

3.2. Effect of the Aging Treatment on Intergranular Penetration Depth in the Brazed Joints

Figure 5 shows a diagram of intergranular penetration depth calculation. The intergranular
penetration depth H from the filler metal into the stainless steel was calculated by H = S/d, where S
represents the penetration area, which was analyzed by image process software, and d was measured
as the width of the interface. Figure 6 shows the average intergranular penetration depth in the
Ag16.5CuZnSn-xGa-yCe brazed joints during aging. It can be seen that the intergranular penetration
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depth from the filler metal into the stainless steel increased with aging time. Compared to the original
Ag16.5CuZnSn filler metal, the intergranular penetration depth was greatly affected by the addition
of Ga/Ce during the aging process. After a 600 h aging treatment, the maximum intergranular
penetration depth was obtained in the Ag16.5CuZnSn-2Ga brazed joint, with a value of 5.258 µm,
while the minimum penetration depth in Ag16.5CuZnSn-0.15Ce was about 1.6 µm. The penetration
depth in the Ag16.5CuZnSn-2Ga-0.15Ce brazed joint reached 2.044 µm after a 600 h aging treatment,
which decreased by 48.8% compared to the original Ag16.5CuZnSn brazed joint. From the results
above, it can be concluded that the addition of Ce could reduce the intergranular penetration depth of
filler metal into stainless steel during the aging process. Previous studies have proven that the pining
effect caused by moderate intergranular penetration could be beneficial to the mechanical properties
of brazed joints [22]. However, excessive intergranular penetration would destabilize the interfacial
layer in the brazed joint near the stainless side, resulting in the formation of voids and fractures in the
non-planar interfacial layer, which would greatly reduce the mechanical properties of the brazed joint.
Therefore, the penetration depth is expected to be well controlled.
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Figure 6. Effect of the aging treatment on intergranular penetration depth in the Ag16.5CuZnSn-xGa-yCe
brazed joints.

3.3. Effect of the Aging Treatment on the Microstructure of the Brazing Seam

Figure 7 illustrates the microstructure of the Ag16.5CuZnSn-2Ga brazing seam after aging for
600 h. After a long time aging, a white phase appeared in the brazing seam; the composition of this
white phase consisted of Cu: 11.01 at.%, Zn: 26.05 at.%, and Ag: 60.40 at.%, based on the EDX result
in Figure 7c. Therefore, it can be concluded that the white phase is a Ag-rich phase. Moreover, a
bulk-like phase was found in the Ag16.5CuZnSn-0.15Ce brazing seam after 600 h of aging, as shown
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in Figure 8a. These intermetallic compounds(IMCs) were surrounded by a white phase. From the
EDX results in Figure 8b–f, the white phase consisted of a Ag-rich phase, while the composition of
the bulk-like phase, which can be interpreted as an RE-phase, consisted of elements Ce, Sn, and Ag.
According to the Hume-Rothery theory, the element Ce possess a large atomic radius and prefers to
form an intermetallic compound, instead of a solution, with Sn, Ag, and Cu, due to the large deviation
of its atomic radius [23]. Furthermore, formations of these IMCs tend to accumulate ahead of the solid
liquid interface during the brazing process, resulting in an increase of the under-cooling rate of the
filler metals; hence, the microstructure of the brazing seam is refined.
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3.4. Effect of the Aging Treatment on the Mechanical Properties of Brazed Joints

Figure 9 illustrates the effect of an aging treatment on the mechanical properties of the
brazed joints; it can be seen that the shear strength of the brazed joints decreases with aging
time. After an aging treatment for 600 h, the shear strength of Ag16.5CuZnSn, Ag16.5CuZnSn-2Ga,
Ag16.5CuZnSn-0.15Ce, and Ag16.5CuZnSn-2Ga-0.15Ce was lowered by 16.5%, 18.99%, 13.1%, and
15.0% respectively. Based on the results from Figures 7 and 8, since the Ag-rich phase possessed
higher hardness compared to the phases in the brazing seam, the detached Ag-rich phase during
the aging process caused defects due to the difference of physical properties with the surrounding
microstructure [24], which led to the deterioration of the mechanical properties of the brazed joints.

Moreover, the shear strength of the brazed joints bearing Ga/Ce was still obviously higher than
the original Ag16.5CuZnSn joint. It can be concluded that the addition of Ga and Ce could significantly
improve the mechanical properties of Ag16.5CuZnSn brazed joints after an aging treatment. Therefore,
brazed joints could satisfy the requirements for long-term use.
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3.5. Effect of the Aging Treatment on the Fracture Morphology of Brazed Joints

The fracture morphology of brazed joints can describe the effect of Ga and Ce additions
on the mechanical properties of filler metals. Figure 10 illustrates the fracture morphology of
Ag16.5CuZnSn-2Ga, Ag16.5CuZnSn-0.15Ce, and Ag16.5CuZnSn-2Ga-0.15Ce brazed joints with and
without aging treatment. It can be seen that the fracture morphology of brazed joints before aging
showed a dimpled structure, which means that the fracture type was ductile. Meanwhile, the fine
and uniform dimples in the fracture of the Ag16.5CuZnSn-2Ga-0.15Ce brazed joint showed excellent
performance compared to the other joints. Moreover, the microstructure of the fractures in the brazed
joints became coarse; there were particles and cracks observed in the fracture after aging treatment for
600 h, resulting in a slightly more brittle fracture type. The EDX results of spot A and B illustrate that
the main composition of the fracture microstructure consists of Ag, Cu, and Zn, which demonstrates
that the fracture occurred in the brazing seam. Based on the results in Figures 6–8, the transformation of
the microstructure, including intergranular penetration and the detached Ag-rich phase, could be the
main factor that deteriorated the mechanical properties of the brazed joints during the aging process.
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4. Conclusions

(1) The addition of Ce could reduce the intergranular penetration depth from filler metal to
stainless steel during the aging process. The minimum penetration depth in the Ag16.5CuZnSn-0.15Ce
brazed joint was 1.6 µm after a 600 h aging treatment, which was decreased by 48.8% compared to the
original Ag16.5CuZnSn brazed joint.

(2) The shear strength of brazed joints decreased with aging time, and the brazed joints bearing
Ga/Ce possessed notably higher mechanical properties than the original Ag16.5CuZnSn joint after a
600 h aging treatment. The optimum shear strength was obtained in the Ag16.5CuZnSn-2Ga-0.15Ce
brazed joint.

(3) The fracture type of the Ag16.5CuZnSn-xGa-yCe brazed joints before aging began ductile and
turned slightly brittle during the aging process. The Ag16.5CuZnSn-2Ga-0.15Ce brazed joint showed
optimum performance compared to the other joints.
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