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Abstract: In this article, environmental friendly BAg25
Cu40Zn34Sn (BAg-25) and BAg30Cu37Zn32Sn (BAg-30)
flux-core solder metal capable of facilitating automatic
production of brazing manufacturing processes were pre-
pared. The butt and lap induction brazing tests were carried
out on the substrate with BAg-25 and BAg-30. Wettability,
microstructure and mechanical properties of the solders on
the base metal were studied by field emission scanning
electron microscope (SEM-EDS), electron backscattering
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diffraction (EBSD), tensile testing machine and microhard-
ness tester. Results indicated that the wetting property of
BAg-30 with 30% silver content was better than that of BAg-
25 with 25% silver content. At the same time, besides copper
and silver-based solid solutions, the brazed joint of BAg-30
solder also contain Cu + Ag eutectic phase. In the brazed
joint of BAg-25 solder, the grain size is smaller, which
makes the tensile strength and the shear strength of the
joints better. Therefore, the BAg-25 flux-core solder metal
will further reduce the industrial cost and meet the require-
ments of mechanical properties.

Keywords: composite filler metal, induction brazing, wett-
ability, microstructure, grain refinement

1 Introduction

Ag-Cu-Zn brazing filler metal is widely used to weld
various steels, high temperature nickel-based alloys,
copper-based alloys, and other materials [1] due to its
good electrical conductivity [2], thermal conductivity [3],
low melting point [4], high strength and corrosion resis-
tance [5]. The addition of Cu element in the silver base
solder can reduce the melting temperature of Ag base
solder [6], and at the same time, a variety of elements
can be fixed to form a solid solution rather than brittle
phases [7]. The addition of Zn and other metal elements
in the silver base filler metal is beneficial to form a
ternary alloy [8], which can further reduce the liquidus
temperature of the filler metal and improve the brazing
performance of the filler metal [9]. However, as a pre-
cious metal for silver, lots of additions in Ag—-Cu-Zn
solder limit its widespread applications on braze welding.
Therefore, Yijie et al. [10] prepared the Ag—Cu-Zn-Cd
solder by adding the element Cd to lower the Ag content.
It was concluded that adding Cd effectively reduced the
liquidus temperature of the solder and helped to only
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form Ag-based and Cu-based solid solutions instead of
hard brittle phases, obtaining the enhanced plastic proces-
sing performance of the solder [11]. However, Cd was listed
as the seventh hazardous substance to human health by
the World Health Organization. Hence, Schnee et al. [12]
synthesized Ag—Cu—-Zn-Sn filler metal by using Sn instead
of Cd and found that Sn could reduce the solidity and
liquidus of the filler metal and improve the wettability of
the filler metal. Daniel S of Umicore also prepared BAg43-
CuZnMnSn solder [13]. However, with the increase of the
Sn content, there is a certain proportion of brittle phase in
the microstructure of brazing filler metal, which seriously
affects the mechanical properties of brazed joint [14].
Therefore, controlling the content of Sn in solder is a hot
spot in the field of brazing research [15].

However, during the brazing process, the composite
application form of brazing filler metal and brazing flux is
usually the use of solid brazing flux immersion. This
method increases the prewelding procedure and opera-
tion time, and the controllability gets worse, which af-
fects the consistency and the quality stability of the
welding [16]. Moreover, to ensure the quality of brazing,
excessive brazing agent has to be added, which cause
other nonnegligible problems such as polluting the air,
endangering the health of operators and excessive con-
sumption of brazing agent [17]. Therefore, the new silver-
based composite filler metal Ag—Cu—Zn—Sn recommended
in this study meets the requirements of green manufac-
turing and is suitable for automatic and intelligent welding
technology [18]. Related research shows that compared
with traditional filler metals, flux filler metals can improve
production efficiency and brazing quality [19].

In this article, the wettability, microstructure and phase
evolution were studied, and the enhancement performance
and the corresponding mechanism were analyzed.

2 Experimental procedures

The matrix material Q235A used for the wettability test
was 40 x 40 x 3 (mm), and the matrix material used for
induction brazing test was 70 x 20 x 3 (mm). The compo-
nents of BAg-25 and BAg-30, the new type of solders used
in the test, are presented in Table 1. Before induction
brazing, the wettability of the solder on the base metal
was measured to obtain the best wettability. The heating
treatment was conducted for 30 s in a box-type resistance
furnace (SX2-10-12G) with a heating temperature rating of
1,200, a power of 10 kW and a voltage of 380 v. According
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Table 1: Chemical composition of silver-based composite filler
metals

Materials Ag Cu Zn Sn
BAg25TS 25 40 34 1
BAg30T 30 37 32 1

to the standard GB/t 11364-2008, the wettability of solder
was tested. The dosage of solder and brazing agent are
0.2 and 0.15 g, respectively. Before brazing, the surface of
the substrate is polished with sandpaper to remove oily
impurities and oxides, which are considered to affect the
wettability of substrate [20] and then cleaned in the
acetone solution by ultrasonic. At the same time, mark
a scale on the filler metal at intervals of 20 mm to quantify
the filler metal in the welding process.

For induction brazing, butt joint and lap joint are
adopted. The lap length of the joint is 5mm, and the
base material was fixed on the special fixture according
to the lap length and butt joint. After the joint is heated to
the optimum wetting temperature and kept for 10 s, the
brazing is carried out in an induction brazing machine.
After the joints are cooled to room temperature in air, the
residual brazing flux on the joint surface is removed by
mechanical cleaning [21].

The tensile strength and the shear strength of joints
were tested on a precision universal electronic tensile
testing machine (AG-1250KN SHIMADZU). Scanning elec-
tron microscope (SEM, JSM-560LV) and energy dispersive
spectrometer were used to study the interface morphology
and phase evolution of the brazed joint. The hardness of
the cross section of brazed joints was measured on a micro-
hardness tester.

3 Results and discussion

3.1 Wettability of silver based composite
solder

Wetting and spreading experiments were carried out on
the base metals of BAg-25 and BAg-30 for 30 s at 800, 825,
850 and 875, respectively. Figure 1(a) shows that the
wettability of BAg-30 on the base metal is better, and
the overall spreading area is larger than that of BAg-25.
The wetting areas of the two kinds of solder alloys reached
the maximum at 850°C, being 374 and 275 mm?,
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Figure 1: (@) Wetting area curve and (b) wetting and spreading image of brazing joints.

respectively. When the temperature is lower than 850°C,
the wetting areas of the two kinds of filler metals increase
with the increase of temperature, and when the tempera-
ture exceeds 850°C, the wetting areas decrease sharply. It
can be seen from the image of wetting and spreading of
BAg-30 solders on the base metal in Figure 1(b), BAg-30
was proved to have good wettability, which was proved by
a bright white precursor film outside the metal filling. The
filler metal with wider precursor film has lower viscosity
and better fluidity. Preferential spreading of the precursor
film reduces the surface tension between the solder and the
base metal, which makes the spread area of the filler metal
for BAg-30 welding larger [22]. When the temperature con-
tinues to increase, the temperature in the furnace is higher
than the flux protection temperature, which leads to flux
failure and serious oxidation of basic filler metal, resulting
in poor wettability of the flux filler material [23].

3.2 Microstructure of brazing joint of silver-
based composite filler metal

The SEM images of BAg-25 and BAg-30 brazing joints of
silver-based composite filler metals are shown in Figure
2. The left substrate Q235 and the right brazing joint are
welded and fused together, forming a good intersecting
surface without microcracks and slag inclusion. In Figure
2(a), gray-black clusters with the size of 6-12 pm are irre-
gularly surrounded by small-sized gray-black phases. In
Figure 2(b), except for the presence of larger-sized gray-
black and gray-white phases, the needle substance was
found to be interwoven with gray-white phase. In the
range of 8-20 pm, the size of gray-black clusters is
larger than that shown in Figure 2(a). The chemical

compositions of the three phases by the energy spectrum
analysis are listed in Table 2. The lumpy gray-black phase
shown in Figure 2(a) and (b) is the Cu-based solid solution
[24], while the gray-white phase and needle-like substance
are analyzed as Ag-based solid solution and (Cu + Ag)
eutectic phase, respectively, which is consistent with
Ref. [25].

The scanning results of the energy spectrum of the
brazed joint are shown in Figure 2(c—f). According to the
phase diagrams of Cu-Fe and Fe-Zn at 850°C, both Cu
and Zn can dissolve in the base metal Fe, where the solid
solubility of Zn is higher than that of Cu [26]. However,
Ag in the solder cannot dissolve in a-Fe [27]. The com-
parison of the line scanning results in Figure 2(e) and (f)
shows that the degree of diffusion of Cu, Ag and Zn in the
brazed joint of BAg-30 is higher than that of Cu, Ag and
Zn in the brazed joint of BAg-25. At the same time, the
scan results of the energy spectrum show that the step-
like scanning area where copper element can be higher
than silver element is copper-based solid solution [28].
However, in the results of energy spectrum scanning, the
concave—convex scanning area where the silver element
is higher than the copper element is the silver-based solid
solution. In Figure 2(f), which is a typical Ag—Cu eutectic
region [29], is not only the linear scanning region corre-
sponding to Cu-based solid solution and Ag-based solid
solution but also the region corresponding to the peak
value of Ag and the lowest value of Cu energy spectrum
scanning curve [30].

To clearly illustrate the formation modes of Cu-based
solid solution and Ag-based solid solution in the brazing
process, Figure 3 shows the crystal cell model of the two
solid solution forming processes. In the periodic table, Cu
and Zn are in the same element period, while Ag and Zn
are in different element periods. The difference in atomic
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Figure 2: SEM images of (a) BAg25TS brazing joint; (b) BAg30T brazing joint; (c and d) BAg25TS, BAg30T brazing joint line scanning position

and (e and f) line scan results.

Table 2: Mass phase energy spectrum of brazing joint of silver-
based composite core filler metal

Point W(Ag) W(Cu) W(Zn) W(Sn) W(other)
1 15.1 57.2 27.7 — —

71.8 5.9 22.3 — —
3 57.8 19.5 19.7 2.5 0.5

diameter percentage between Cu and Zn is smaller than
that of Ag and Zn, and the solid solubility of Zn in Cu is
greater than that of Zn in Ag [31]. Therefore, as the tem-
perature decreases, the solid solution composed of Cu
and Zn with high melting point crystallizes first [32].

With the solidification process going on, the content of
residual Cu and Zn atoms in the liquid phase decreases.
Finally, Cu and Zn are dissolved in Ag with low melting
point, forming silver-based solid solution. When the tem-
perature drops to the eutectic point, the remaining liquid
phase forms (Cu + Ag) the eutectic structure [33]. Figure 4
shows the EBSD micrographs of the solder joint, and
Figure 4(a) and (b) shows the texture direction of the
joint. Figure 5 is the pole diagram of each phase in the
brazed joint. Different colors can show different texture
directions. Figure 4(c) and (d) are the inverse pole figure
of each phase in Figure 4(a) and (b). It can be seen from
the figure that the two kinds of brazing filler metals do
not form texture with specific orientation during brazing
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Figure 3: EBSD images of samples of (a) BAg25TS; (b) BAg30T and (c and d) inverse pole figure.
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Figure 4: Pole figures of Cu-based solid solution (Cu), Ag-based solid solution (Ag), a-Fe phase (Fe) in BAg25TS and BAg30T brazing joints.
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Figure 5: Cell model diagram of the formation process of copper and silver-based solid solutions.
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Figure 6: EDS distribution diagram of brazing joints interface at BAg25TS brazing joint. (a) cross section morphology of brazed joints; (b)
surface scanning; (c) Fe; (d) Sn; (e) Ag; (f) Cu; (8) Zn; (H) C.
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Figure 7: EDS distribution diagram of brazing joints interface at BAg30T brazing joint. (a) Cross section morphology of brazed joints; (b)

surface scanning; (c) Fe; (d) Sn; (e) Ag; (f) Cu; (g) Zn; (H) C.

[34], and the grain size in the brazing joint of BAg-30 is
significantly larger than that in the brazing joint of BAg-
25 [35].

The scanning results of the energy spectrum of the
brazing joint of the silver base filler metal are shown in
Figures 6 and 7. By comparing the distribution of the Sn
element in Figures 6(d) and 7(d) at the interface of the
brazing joint, it can be found that the Sn element is evenly
distributed at the interface of the brazing joint. By obser-
ving distribution of copper and silver elements in brazed
joints and comparing Figure 6(e) and (f) with Figure 7(e)
and (f), it can be found that the interface Cu element in the
brazing joint using BAg-25 brazing filler metal is distributed
in a cluster, while Ag element is closely distributed around
the cluster Cu element and connected to each other. How-
ever, in the brazed joint using BAg-30 brazing filler metal,
the clubbed Cu element is not as uniformly distributed as
shown in Figure 6(f), which is consistent with the phenom-
enon that the size of Cu-based solid solution is smaller in
the brazing joint using BAg-25 filler metal shown in Figure
2(a). By comparing Figures 6(g) and 7(g), it can be found

T T L) I T T T
|—m— BAg2STS 7
\—®— BAg30T

130 |

Micro-hardness, HV

I
| . |
1Brazing seam,
| 1
I 1
I I
100 1 1
1 1

-0.40 -0.32 -0.24 -0.16 -0.08 0.00 0.08 0.16 0.24 0.32 0.40
Distance, mm

Figure 8: Microhardness of brazing joint of silver base composite
filler metal.

that the Zn element is uniformly distributed in the Cu-
based solid solution, Ag-based solid solution and (Cu +
Ag) eutectic phase without segregation [36].
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3.3 Mechanical properties of brazing joint
with silver-based composite filler metal

The microhardness of the brazed joint was measured by a
HV-1000 microhardness tester. The test load was 200 gf,
and the loading time was 10 s. The microhardness curve of
brazed joints and interface are shown in Figure 8. Figure 8
shows that the hardness values of the brazing joints in the
two brazing joints are significantly higher than that of the
base metal. The mean microhardness of the highest point
of BAg-25 is 132.8 HV, while that at BAg-30 is 125.8 HV. The
microhardness of BAg-25 is higher than that of BAg-30.
AG-1250KN SHIMADZU precision universal electronic
tensile testing machine was used to test the tensile
strength and the shear strength of the brazed joint. The
results of the tensile test are shown in Figure 9(a), and
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the shear strength and the tensile strength are shown in
Figure 9(b). During the process of the shear test, the
specimen with the overlapping length of 5mm finally
broke at the overlapping surface. Figure 9(a) and (b)
show that the average tensile strength of the brazing
joint of BAg-25 is 206 MPa, which is higher than the
average 172 MPa of the brazing joint of BAg-25, and
the shear strength of BAg-25 is 116 MPa, which is sig-
nificantly higher than the shear strength of BAg-30
brazing joint. However, the experimental results are
discrete. To quantitatively analyze its mechanical prop-
erties, a two-parameter Weibull distribution model is
introduced [37]:

a
P(X)=1-exp {—(ij } 1)
B
(b) 250
Tensile strength
T Shear strength
200 | 1
I
I
? 150 |-
= ;
- 100 |
2 -
0
BAg25TS BAg30T
(d) T T T
1 A4 BAg30T & A
m BAg2STS
ot 1
N’
>
—_—
~ -1} .
v
=
—_
£ a2 ]
3k a .
4.2 4.3 44 45 4.6 4.7 4.8 49
Inx

Figure 9: (a) Force—displacement curve of brazing joint and (b) columnar diagram of tensile strength and shear strength of brazing joint.
Weibull distribution of (c) tensile strength and (d) shear strength of brazed joint.
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where f are the ruler parameter, indicating the character-
istic strength of the material; a is the Weibull modulus,
reflecting the intensity dispersion. The statistical sample
size for each experiment was about 20. In the ascending
order of tensile strength and shear strength, the corre-
sponding probability of fracture is P; = n%l, where i is
the ordinal number of the ascending order and n is the
total number of samples. When the Weibull function is

fitted to the sample, equation (1) can be transformed into
In[In(1-p)'l=alnx - alnp. ®)

According to the experimental data, the Weibull dis-
tribution parameters  and a are obtained by using the
least square method [38]. The results of the tensile test
and the shear test of brazed joints using BAg-25 and BAg-
30 solder were statistically analyzed, and the Weibull
fitting results are shown in Figure 9(c) and (d). In the
shear and tensile tests, the scale parameters of BAg-25
are larger than those of BAg-30. BAg-25 has higher shape
parameters in the tensile test than BAg-30, but lower shape
parameters in the shear test. The results show that BAg-25
has higher breaking strength and smaller breaking disper-
sion in the tensile test. However, in the shear experiment,
BAg-25 has a larger shear strength value and the fracture
strength dispersion is higher than BAg-30.

The results show that the mechanical properties of
BAg-25 brazed joint are obviously better than those of
BAg-30 brazing joint. Because the size of the Cu-based
solid solution in BAg-25 brazing joint is smaller than that
in BAg-30 brazing joint, which is equivalent to grain re-
finement, there is no (Cu + Ag) eutectic phase formation
in BAg-25 brazing joint [39].

4 Conclusion

The experimental results and analysis show that the me-
chanical properties of the new type BAg-25 flux-cored
solder with lower silver content are better than those of
BAg-30 flux-cored solder, which will further reduce the
industrial cost.

The wettability of BAg-30 filler metal on the substrate
increases with the increase in temperature and decreases
after exceeding 850°C, which is better than BAg-25 in
general. The maximum wetting areas of two kinds of me-
tals appear at 850°C, that of BAg-30 is 374 mm? and that
of BAg-25 is 275mm? Both kinds of filler metals can
achieve a good metallurgical bonding with substrate
Q235, without microcracks and slag inclusion. However,

DE GRUYTER

both BAg-25 and BAg-30 are composed of copper-based
and silver-based solid solutions, but the latter has a larger
size microstructure interwoven with a small amount of
needle-like eutectic silver-copper eutectic. Compared with
the base metal, the microhardness of BAg-25 brazed joint is
significantly increased, reaching 132.8 HV, and that of BAg-
30 brazed joint is 125.8 HV. The tensile strength and the
shear strength of BAg-25 brazed joint are generally higher
than those of BAg-30 brazed joint, but the fracture disper-
sion of BAg-30 brazed joint in the shear test is better than
that of BAg-25 brazed joint.
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