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Abstract: Brazing was one of the earliest material-joining methods to be invented and widely
used by humans. In the past 30 years, the technology and materials employed for brazing have
developed rapidly and continuously. With the rise of the international new industrial revolution,
the manufacturing industry is moving towards diversification, and brazing filler metals are also
evolving in the direction of eco-friendliness, compounding and diversification. In the “carbon neutral”
environment of 2021, green composite brazing materials will become mainstream. In this paper,
the classification and characteristics of flux-containing brazing materials are summarized, and the
preparation technology, composition design and typical application of composite brazing materials
such as flux-cored brazing filler metal, flux-coated brazing filler metal and powder metallurgy
brazing filler metal are analyzed. The article highlights the problems encountered in the research and
development of composite brazing materials and proposes future development directions, such as
with low-silver and cadmium-free brazing filler metals, the creation of new powder brazing filler
metal-forming technology and improvements to the quality of brazing filler metals by shape control
and performance optimization, to accelerate the process of brazing automation.

Keywords: flux-containing brazing filler metal; flux-cored; flux-coated; powder metallurgy

1. Introduction

Brazing is one of the fundamental technologies in manufacturing and is widely used
in aerospace, rail transit, semiconductors, refrigerating appliances and other fields [1,2].
The traditional brazing process involves precoating the flux on the component to be brazed,
removing the oxide film of the base metal and promoting the wettability of the filler metals
during the brazing process [3]. The difficulties in this process include the inability to
precisely control the flux, excessive residual flux and cleaning after brazing, which lead to
serious wastage of flux and environmental pollution [4], as well as affecting the service life
of weldments [5]. With the development trend of automatic and green brazing [6], these
problems of filler alloy overflowing, poor joint quality and environmental pollution caused
by excessive flux when using traditional filler alloy [7] and flux must be solved urgently.

The greening of brazing materials has become a long-term ambition worldwide. With
increased environmental protection control, the halogens in brazing flux have become a
major problem in respect of the continual involvement of brazing in green manufacturing.
In particular, the fumes released by the decomposition of chloride and fluoride during
brazing endanger the health of operators, the residues cause corrosion and decay of the
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surrounding materials and the wastewater after cleaning the brazing seam contains halides
that cause environmental pollution. However, halogen elements play an important role in
brazing materials. Reducing the use of halogen elements in the brazing process without
increasing the cost or affecting the performance is an important subject in the field of
brazing material research.

With the transformation and upgrading of the manufacturing industry related to
brazing, the quantity of filler metals required for automated brazing is growing rapidly.
However, currently, most of the commercial automatic brazing filler metals in China are
occupied by foreign brands such as Umicore of Belgium and Lucas and Harris, both of the
US, while the market share of Chinese brands is shrinking with the promotion of automated
brazing [1]. The reason for the above phenomenon is that the manufacturing technology
of filler metals made in China lags behind. These products have few varieties and poor
performance, such as activity of flux and wettability of filler alloy. In addition, there
are few atomistic theoretical and theoretical-leading-to-experimental realization works
on novel technological brazing filler materials with prefabricated properties (such as the
first-principles calculation method based on density functional theory [8]), which can bring
about novel fundamental technologies nowadays [9–11]. Therefore, there is an urgent need
to develop a novel filler alloy and flux composition, design a new filler metal structure and
improve manufacturing technology [12].

Integrating the brazing filler metal with the brazing flux to achieve quantitative
and fixed-ratio addition is the most promising means of achieving green and automated
development of brazing materials. Flux-cored brazing filler metals (Figure 1a) use filler
alloys to wrap the flux. Alternatively, coating the flux on the outer surface of the filler
alloys is possible to create flux-coated brazing filler metals (Figure 1b). In a third approach,
powder metallurgy brazing filler metal can be prepared by hot pressing of filler alloy
particles and flux powder or powder forging followed by hot extrusion (Figure 1c). The
development of these processes reflects the trend in progress in relation to brazing materials
and technology [13], which aims to reduce the amount of flux and thus of pollution [14].
Flux-containing brazing materials have great application potential in refrigeration, power,
tools, oil drill bits and the motor industry. In this article, we summarize different types of
medium- and high-temperature composite and green filler metals considering three aspects:
structure and preparation technology, composition design and typical applications.
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Figure 1. Flux-containing brazing materials: (a) flux-cored brazing filler metal; (b) flux-coated brazing filler metal;
(c) powder metallurgy brazing filler metal.

2. Research on Flux-Cored Brazing Filler Metals
2.1. Structure and Preparation of Flux-Cored Filler Metals

The common structural forms of flux-cored filler metals are mainly seamless and
seamed types [13]. Seamed flux-cored filler metal is divided into two types: butt seam (as
shown in Figure 2a) and lap seam (as shown in Figure 2b [15] and Figure 2c). Seamless flux-
cored filler metal has better moisture absorption resistance and lower powder leakage rates,
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while butt-seamed flux-cored filler metal absorbs the most moisture and causes serious
powder leakage. Furthermore, considering flux splash during brazing, butt-seamed flux is
better than lap-seam flux-cored filler metal, while seamless metal is prone to splash.
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Figure 2. Schematic diagrams of seam types of flux-cored brazing materials [16]: (a) linear butt seam; (b) linear lap seam;
(c) spiral lap seam.

The preparation technology for seamed flux-cored filler metal [17] mainly applies the
cold-rolled metal strip method or the coil method. The cold-rolled metal strip method
is commonly used worldwide and can be achieved by either tandem rolling or rolling–
drawing. The tandem rolling method is relatively simple, with the processes of pay off,
U-shaping, powder feeding, closing and rolling reduction all completed continuously on
one production line. As this occurs, the material quality and installation accuracy of the
rolls are strictly controlled. As for the rolling–drawing method (as shown in Figure 3),
the diameter-reduction process is changed from rolling to drawing, and the processes
are completed using different equipment (rolling mills, drawing machines). In recent
years, with the emergence of new high-speed wire drawing machines and polymerized
crystal diamond (PCD) drawing dies, the drawing process has become simple. The rolling–
drawing method thus presents a promising opportunity to further improve the production
efficiency and surface quality of flux-cored filler metal. Researchers from Zhengzhou
Research Institute of Mechanical Engineering created flux-cored silver filler metal with
a spiral seam structure (Figure 2c) [18], prepared via the strip rolling method [16]. The
ribbon-shaped silver-based filler metal with internal surface roughening is rotated and
rolled into a spiral tubular structure with lap joints. During the rolling process, brazing
flux is added to the spiral tube, and then the diameter is reduced by drawing or rolling to
prepare the flux-cored filler metal at a specified size. This technology can add flux efficiently
and conveniently at a low cost. In addition, it is easy to achieve automatic production,
which is fitting for the popularization and application of an automatic brazing process.
Chen et al. [19,20] successfully prepared brittle Φ 2.0 mm Al–10Si–10Cu flux-cored brazing
wire using the rolling method. Shanghai Longshuo Welding Materials Co., Ltd. [21] used a
cold-rolled composite strip (4045 aluminum alloy/Cu/4045 aluminum alloy) to prepare
a brazing filler metal, which solved the difficult problem of brittle flux-cored filler metal
processing. The coiling method, however, was first developed by Lincoln Electric Co. (USA)
for the production of flux-cored welding wire. This technology splits the cylindrical solid
welding rod into two halves from the center. The coiling method has fewer cold-rolling
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passes and requires no intermediate annealing [17]. However, the coiling method is not
suitable for the production of flux-cored filler metal with a fine diameter (≤2.0 mm) in
terms of efficiency, cost or quality stability. As a result, this technology is rarely used to
prepare flux-cored filler metals.
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Figure 3. Processes of the rolling–drawing method for seamed flux-cored filler metal [16].

In comparison to seamed flux-cored filler metal, the manufacturing cost for seamless
cored filler metal is relatively high. Its preparation technology mainly applies either
the ingot extrusion method or the metal tube drawing method. Long [22] pioneered
synchronous laminar extrusion preparation technology for seamless flux-cored aluminum
filler metal in 2002. Through the integration of composite ingot casting, synchronous
extrusion and roller mill drawing, a short process for the efficient preparation of seamless
flux-cored aluminum filler metal was realized, which involved a positioning–temperature-
timing quantitative accurate response and efficient use of flux (Figure 4). The key difficulties
of the process, however, were the pretreatment and compound addition of active flux.
Li [23] used the ingot extrusion method to prepare a seamless silver-based flux-cored filler
metal. First, the flux powder was filled into a tank and heated to a liquid state. Then,
by feeding inert gas into the tank through the inlet valve, the liquid flux was pressed
into a hollow filler alloy ingot, where it cooled and solidified. The metal tube drawing
method is based on mechanical vibrations, which are utilized to fill a tube with mixed flux-
cored powder. The tube is then sealed and rolled to prepare the brazing filler metal. The
technology has low production efficiency and is prone to unstable powder filling, which
contribute to its limited development. Shanghai Smick Welding Materials Co., Ltd. [24]
prepared seamless flux-cored aluminum filler metals by the metal tube drawing method.
The steps are as follows: extrusion and drawing to prepare a hollow aluminum alloy tube
with an outer diameter of 12 mm, filling the prepared seamless aluminum alloy tube with
flux powder, sealing the two ends of the tube and then rolling, drawing and winding
to obtain a seamless aluminum filler metal wire of Φ 2.4 mm. Alternatively, the online
welding method (using special welding machines—such as for high-frequency welding,
laser welding or pulsed argon arc welding—to weld the seam) [17,25,26] is a commonly
used method for preparing seamless carbon steel and stainless steel flux-cored brazing
wires. However, this involves a large welded pipe diameter and poor weldability to thin-
walled nonferrous alloy filler metal, and the subsequent processing is difficult, so it has not
been popularized and applied in flux-cored filler metal development.

2.2. Composition and Application of Flux-Cored Filler Metals

Flux-cored filler metal is mainly divided into flux-cored aluminum filler metal [27],
flux-cored copper filler metal and flux-cored silver filler metal, according to the metal shell.
Research in this area focuses on alloying or coating the outer filler alloy, the processes of
which have been developed in recent years, and improving the properties and structure of
the filler metal [28,29]. Using an in situ synthesis method [30–32] to prepare the coating on
the surface of the outer filler alloy can solve the formation problem of brittle brazing filler
metal. Preparation of an internal isolation metal layer (tin layer or indium layer), as shown
in Figure 5, can protect the outer filler alloy from corrosion by the flux in the core and
improve the wettability of the composite brazing filler metal. The thickness of the isolation



Crystals 2021, 11, 1045 5 of 17

metal layer is 0.001–0.08 mm. The melting point of the tin layer is 232 ◦C, and the melting
point of the indium layer is 156.6 ◦C. The flux in the core contains inorganic substances
such as boric anhydride, potassium fluoride and potassium hydrofluoride, which are easy
to absorb moisture and corrosive after moisture absorption. The insolation metal layer can
inhibit flux from moisture absorption and then prevent outer filler alloy from flux corrosion.
In addition, the insolation metal layer is preferentially melted into liquid during brazing,
dissolves the flux and diffuses with the outer filler alloy, thus reducing the melting point of
the composite brazing filler metal.
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Figure 5. Schematic diagram of flux-cored brazing filler metal with internal isolation metal layer:
1, flux in the core; 2, outer filler alloy; 3, internal isolation metal layer.

As shown in Figure 6, the core layer is added with particles (metal powder, alloy
powder, oxide particles, etc.) to improve the brazing performance of the flux-cored brazing
filler metal [33–40]. Synthetic growth of any composite materials is as dependent on
the optimum addition of precursor/dopant [8,41]. Researchers at Harbin Institute of
Technology [33] invented a self-fluxing flux-cored wire for aluminum/steel brazing. The
core layer is mainly composed of Al–Si alloy powder, Sn, Ti, Ni, Zn, Ag, rare-earth elements
and fluoroaluminate. It is suitable for gas metal arc welding (GMAW) and gas tungsten arc
welding (GTAW) and various heat source arcs in hybrid welding. Researchers at Nanjing
University of Aeronautics and Astronautics separately studied the effect of Ga2O3 [40]
and CeO2 [36] particles on the wettability of Ag30CuZnSn flux-cored brazing filler metals.
As presented in Figure 7, the results showed that Ga2O3 and CeO2 addition can improve
wettability; the optimum addition was 0.4 wt.% and 0.3 wt.%, respectively. Long [34]
created a metal particle-reinforced flux-cored aluminum filler metal, which is prepared by
mixing Al–Si, Cu–Si and Al–Cu master alloys and potassium fluoroaluminate. The brazing
filler metal ensures the processing performance, improves the fluidity and wettability of
the filler metal, reduces the ductile–brittle transition temperature and crack sensitivity
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and improves the low-temperature impact toughness and brazing strength of the weld.
In addition, the author’s recent research [42–44] shows that adding Al and Si powder to
the core can aid deoxidation and film removal, reaction heat generation, purification and
strengthening of the brazing joint due to the formation of a Al–Si bond at the atomistic
level [45] during the brazing process. Adding Ga and B powder to the flux core can activate
and enable the brazing metallurgical process, reduce the surface tension of the molten
pool and improve the fluidity of the filler metal. Furthermore, adding a small amount of
high-melting-point metal into the core can realize dispersion strengthening and inhibit
segregation during the brazing filler metal solidification process, as well as improving the
toughness, corrosion resistance and fatigue resistance of the brazing joint.
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2.2.1. Flux-Cored Aluminum Filler Metal

Aluminum brazing filler metal is mainly used for brazing Al/Al or Al/dissimilar
metal materials. Long first systematically explained the composition design, preparation
and application of flux-cored aluminum filler metal in 2002, and then a large number of
related papers and patents began to appear in the industry. At present, the commonly
used flux-cored aluminum filler metals include Al–Si and Zn–Al series. Different alloying
elements (such as Cu, Mn, Zn, Ag, Ni, etc.) can be added to Al–Si alloys [13]. Zhengzhou
Research Institute of Mechanical Engineering [34] developed a metal particle-reinforced
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flux-cored aluminum brazing wire, which is composed of an Al–Si alloy shell filled with a
core powder.

To research the application of flux-cored Al–Si filler metal, Zhou et al. [46] used Al–12Si
flux-cored filler metal to join 5052-H32 aluminum alloy and H62-Y2 brass by arc welding-
brazing and then obtained a well-formed GTAW joint. Li et al. [47] used laser welding to
braze a 6061-T6 aluminum alloy (2 mm) and DP590 steel with an Al–12Si flux-cored filler
metal. The DP590 steel side had three bevel types: square, semi-Y and semi-V. Test results
showed that the temperature gradient along the interface thickness direction of the joint
with semi-V groove is the smallest, that the thickness of the intermetallic compound was
unchanged and that the joint had the maximum tensile strength.

Zn–Al filler metal is mainly used for flame brazing, resistance brazing and furnace
brazing of Cu/Al and steel/Al dissimilar metals in the refrigeration and electric power
industries, and is especially suitable for nonoxygen acetylene flame brazing [27]. Zn–Al
filler metal is mainly modified by adding Ag [48], Al [49], Si [50], Zr [51], rare-earth
elements [52] or other elements [53]. To suppress the embrittlement of Zn–Al filler metal,
small amounts of Mg and Be can be added. This can not only improve the resistance to
intergranular corrosion [54] but can also improve the cleanliness of the filler metal, ensuring
the quality and reliability of the brazed joint.

2.2.2. Flux-Cored Copper Filler Metal

Brass filler metal and copper-based high-temperature filler metal have broad applica-
tion prospects. Researchers at Zhengzhou Research Institute of Mechanical Engineering
created a brass flux-cored brazing filler metal with its own reducing agent and glidant [55].
The brazing filler alloy shell is a spiral lap-joint tubular structure, wrapping the brazing
wire with elements such as Sn, Ni and Si added and the inner mixed flux made of copper
brazing flux, reducing agent and glidant. When the content of alloying elements in the braz-
ing filler alloy shell is low, the wrapped brazing alloy wire is still enough to ensure that the
filler metal has excellent processability, good wettability and fluidity. Copper–phosphorus
filler metal has poor plasticity, and it is difficult to process and shape. Researchers at
Zhengzhou Research Institute of Mechanical Engineering [56] developed a mixed flux
wrapped with pure copper tube. The internal mixed flux consisted of Cu-15P master
alloy powder, Ag powder, Sn powder and flux powder. The composite flux-cored method
solved the problems of poor flowability and low brazing seam strength during brass
brazing and overcame the difficulty of processing copper–phosphorus–tin brazing wire
with high-phosphorus via the traditional preparation techniques. In addition, Hangzhou
Huaguang Welding New Material Co., Ltd. disclosed three invention patents related to
flux-cored copper filler metal [57–59], including composite-flux-cored copper brazing rings
and copper brazing wires. The filler core wire can appropriately reduce the thickness of
the shell, which is beneficial to processing and forming. It can also improve the fluidity of
the flux, conducive to the spreading and wetting of the filler metal.

2.2.3. Flux-Cored Silver Filler Metal

Silver filler metals have been widely used because of their excellent wettability and
corrosion resistance. Due to the difference in processability, the development of flux-
cored silver filler metal lagged behind that of flux-cored aluminum filler metal. Recently,
however, with the continuous transformation and upgrading of China’s equipment man-
ufacturing industry, flux-cored silver filler metal has developed rapidly in the direction
of low cost [60,61], high quality and automation. In addition to the conventional circular
cross-section filler metal [62], the current form of flux-cored silver filler metal includes
semi-closed filler metal, with a C-shaped hollow cylinder in the cross-section [63], and
seamless cored silver filler metal with an oval cross-section [64].

Metal elements such as Sn, Ni and Si can be added to the flux in the form of a
master alloy to improve the brazing performance of the flux-cored silver filler metal [13,65].
Belohlav et al. [66] created a 30Ag flux-cored silver filler metal containing 2 wt.% Ni.
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They showed that the addition of Ni can enhance the corrosion resistance of the interface,
improve the wettability of the filler metal and increase the strength of the brazing joint.
Xue et al. [17] prepared BAg30CuZn flux-cored brazing filler metal containing Ni and
found that when the Ni content was above 2.5%, the brazing filler metal could be directly
prepared by continuous cold rolling without heat treatment. The team also prepared
17AgCuZnSn filler metal with a low Ag content by adding rare-earth Ce and Ga elements,
which provided data support for the development of low-Ag flux-cored filler metal [67].

At present, flux-cored silver filler metal is mainly used to braze pipes in the refrigera-
tion industry [16], and its feasibility to replace solid silver filler metal has been verified by
more than a dozen companies. Researchers at Zhengzhou Research Institute of Mechanical
Engineering developed BAg30CuZnSn flux-cored filler metal to meet the urgent require-
ment for automatic brazing of refrigeration, rail transit and other pipeline components, for
which automatic wire feeding induction brazing technology and automatic collar brazing
technology are well suited. Figure 8 presents a comparison of flux-cored/solid filler metal
brazing effects. It can be seen that the joints of welds brazed with flux-cored filler metal
are smooth and without redundancy. According to Haier’s production and manufacturing
site verification, as shown in Table 1, the average maintenance dosage of traditional solid
silver filler metal for a single joint is 0.5 g/point, while the average single-point filler
metal consumption of composite filler metal is reduced to 0.35 g/point. Compared with
traditional solid silver filler metal, composite filler metal can save 30% of materials.
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Figure 8. Comparison of brazed joints with different kinds of brazing filler metal [68]: (a) solid silver filler metal;
(b) flux-cored silver filler metal.

Table 1. Consumption of filler alloy and flux in a single brazed joint.

Single Brazed Joint Solid Filler Metal Flux-Cored Filler Metal

Consumption of filler alloy 0.5 g 0.35 g
Consumption of flux 0.1 g 0.05 g

3. Research on Flux-Coated Brazing Filler Metals

With the development of brazing technology, the structure of brazing material has
become increasingly diversified. Preformed filler metals are adapted to the development
trend of automation and intelligent production. Coating a layer of flux on the surface
of the preformed filler metals as a coating filler metal has become another alternative
technology option for the preparation of emission reduction brazing material. The shapes
of preformed flux-coated filler metals include strip, ring, square, trapezoid, sector and arc,
among which the ring is the most common. The coating of conventional flux-coated filler
metal is prepared by pressure coating, and the coating layer mainly includes adhesive,
plasticizer and flux. The development of the adhesive is the key process and difficulty
in the preparation of the flux-coated filler metal. The adhesives are mainly divided into
organic and inorganic types. Most of the conventional coated electrodes contain organic
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adhesive [68], which pollutes the environment and damages human health. For example,
to apply the solution flux on the surface of filler metals, US. Lucas Co. uses a large amount
of organic adhesive. During the brazing process, the organic adhesive decomposes and
carbonizes by heat, which produces harmful gases, as shown in Figure 9a. Researchers
at Zhengzhou Research Institute of Mechanical Engineering developed a variety of flux-
coated brazing filler metal rings [69,70] without organic adhesive, as shown in Figure 1b.
These reduce the labor intensity of the brazing process and environmental pollution (as
shown in Figure 9b).
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Figure 9. Comparison of weld fumes during induction brazing of a bundy tube with different kinds of flux-coated silver
filler metal rings: (a) filler metal ring with organic adhesive; (b) filler metal ring without organic adhesive.

3.1. Preparation of Flux-Coated Filler Metals

Figure 10 shows the process flow chart for the preparation of a flux-coated filler metal
ring. The coating process marked with a red star is the key process [68]. The coating
technology of flux-coated filler metal rings mainly applies the dip-coating method, melt
adhesion method, high-pressure airless spraying method, air spraying method or drum-
coating method [71]. The dip-coating method directly immerses the filler metal in the
coating paste. The melting adhesion method heats the powder flux so that it can be firmly
attached to the filler metals as the coating. Compared with the air spraying method, the
high-pressure airless spraying method has a higher coating efficiency and paste filler metal
utilization and can quickly create a thick and dense coating. The drum-coating and high-
pressure airless spraying methods are both relatively mature methods for high-quality
flux-coated filler metals. The drum-coating method is expensive and requires special
equipment. The high-pressure airless spraying method can be modified on the basis of
existing equipment, low costs and broad application prospects. The new environmentally
friendly flux-coated filler metal rings [72,73] prepared by Zhengzhou Research Institute of
Mechanical Engineering via the high-pressure airless spraying method have an excellent
brazing performance at a competitive price.

3.2. Application of Flux-Coated Filler Metals

In recent years, automatic flame-brazing technology (Figure 11) has developed rapidly.
The technology simulates and optimizes manual brazing actions through mechanical pro-
gramming, which has the advantages of a stable production rhythm and quality. For the
air-conditioning pipeline, the internal structure is complicated. There are precision valve
bodies, wires, sound insulation cotton, nameplate barcodes, etc., where flame brazing
is not suitable, and high-frequency brazing is required. Compared with flame brazing,
induction brazing has the advantages of higher energy utilization, rapid heating, lower
energy consumption, less pollution and a smaller heat-affected zone. Figure 12 shows the
application of the multiple flux-coated filler metal rings [74] developed by Zhengzhou
Research Institute of Mechanical Engineering in the pipeline brazing of an air-conditioning
distributor. The multicircle flux-coated filler metal ring can increase the contact area be-
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tween the filler metal ring and the workpiece to be welded, improving the heat conduction
velocity and avoiding overheating or overburning of the workpiece to be welded. Com-
pared with solid filler metals, it can reduce the usage of flux and protect the environment.
Automatic brazing technology, meanwhile, can realize the automatic, quantitative and
accurate addition of filler metals and flux, avoiding the waste caused by excessive use
of flux, significantly reducing environmental pollution, ensuring the consistency of the
brazing and the stability of the joint quality and avoiding excessive dependence on the
skill level of the operator.
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It can be seen from Figure 12 that the flux-coated filler metal ring has a good filling
ability during melting and excellent formability during solidification. At present, the
flux-coated filler metal ring developed by Zhengzhou Research Institute of Mechanical
Engineering has been applied in batches in the refrigeration industry and has been widely
used in the vehicle, tool and other industries. Refrigerators, freezers, air conditioners
and other household appliances, as well as refrigeration accessories (four-way valve, stop
valve, etc.), mainly use flux-coated cadmium-free silver filler metal rings and flux-coated
copper–phosphorus filler metal rings, which have been used by Haier, Hisense, Midea,
Gree, TCL, Meiling, Xinfei, Sanhua and other enterprises for many years.
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4. Research on Powder Metallurgy Filler Metals

In addition to the common flux-cored filler metals and flux-coated filler metals, the
composite brazing materials with flux also include powder metallurgy brazing filler metals.
As early as 2004, Sunkwang Brazing Filler Metal Co., Ltd. [75] created two kinds of powder
metallurgy brazing filler metals. The brazing filler alloys are Al–Si alloys or Zn–Al alloys,
and the fluxes are potassium fluoroaluminate and cesium fluoroaluminate. The specific
forming process is shown in Figure 13. Powder metallurgy brazing filler metals successively
go through the processes of weighing (10–40% based on the weight of the flux), powder
mixing, powder forging, hot extrusion and cutting. A photo of the powder metallurgy
filler ring is shown in Figure 1c, and the microstructure is shown in Figure 14. The flux is
evenly distributed in the matrix, which can improve the moisture absorption resistance of
the flux, reduce the amount of flux and simplify the brazing process.

Yantai Guguang Welding Materials Co., Ltd. [76] shared a preparation method for a
low-temperature copper–aluminum brazing filler metal. Different compositions composed
of Al, Cu and Si are mixed in proportion, and medium-temperature noncorrosive aluminum
flux powder is added. After ball milling for several hours, it is extruded in a 300-ton press.
The temperature of the extrusion process is controlled at 200–350 ◦C. The protective gas is
carbon dioxide or nitrogen. Changzhou Sinleh Metal New Material Co., Ltd. [77] also uses
a similar processing technology to prepare Zn–Al-based powder metallurgy brazing filler
metals. The brazing filler metal and flux are evenly mixed, and the product’s performance
is stable and consistent.
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Figure 14. Microstructure of the composite brazing filler metal prepared by powder metallurgy.

Differently from the above process, Li et al. [78] of Zhengzhou Research Institute
of Mechanical Engineering developed a kind of filler metal by the hot-pressing method.
The brazing filler alloy particles and the flux powder were mixed firstly, loaded into a
hot-pressing mold and finally pressed and sintered into a special shape of composite filler
metal. A schematic diagram of the hot-pressing mold is shown in Figure 15. Firstly, the
Nocolok flux and Al–12Si filler metal powder are dried (100 ◦C, 1 h) to remove water vapor.
Secondly, 15 wt.% flux and 85 wt.% filler metals are mixed and ground in a KQM-X4C/B
planetary four-head fast ball mill. Then, the mixed powder of flux and brazing filler metal
is loaded into the cavity of the pressing die through the powder charging shoe. The upper
pressing head reciprocates and drives a punch to compact the mixed powder and remove
the gas in the cavity. The above operation is repeated until the aluminum brazing ring with
the required thickness is obtained. Finally, it is quickly heated to a certain temperature
under a certain pressure for sintering, and the self-fluxing aluminum brazing ring with the
required specification is obtained through the ejection mechanism.
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Li et al. also systematically studied the effects of pressure [79], as well as tempera-
ture [80], time [81] and other parameters of hot-pressure sintering on the microstructure,
wettability and brazing properties of powder metallurgy brazing filler metal, revealing
that the hot-pressure sintering mechanism of filler metal rings solved the problems of low
toughness and too many pores that are found in traditional extruded filler metals ring.
Filler metal rings prepared under the optimized process have good wettability to LF21
aluminum alloy, and the tensile strength of the brazed joint is about 60 MPa.

5. Conclusions and Prospects

Composite brazing filler metal is an important means of practicing green and auto-
mated brazing due to less flux and accurate brazing reaction. At present, there are still
problems in the field of composite brazing filler metal, such as a lack of technology research
and independent innovation and mismatch between brazing materials and manufacturing
equipment, which severely restricts the application and promotion of composite brazing
filler metal. It is necessary to develop new component brazing materials, and the corre-
sponding processing and manufacturing technology also urgently needs to be improved.

In the past few decades, scientific research institutes, enterprises and universities
worldwide have been committed to the research into and application of green and efficient
brazing materials, continuously promoting the development of green brazing technology.
They have successively invented flux-cored brazing filler metals, coated brazing filler met-
als and powder metallurgy brazing filler metals, as well as a series of original technologies
such as particle reinforcement, surface activation and pilot wetting, in line with the current
development trend and market demand of advanced manufacturing industry.

In reviewing the development of composite brazing filler metal, combined with the
increasingly stringent demand for brazing, we look forward to a future research and devel-
opment focus on composite brazing filler metal. Material genome technology [82] has been
proposed as a means of designing the compositions of brazing filler metals and developing
low-silver cadmium-free filler metals [29] with high activity flux and low emissions. Atom-
istic theoretical and theoretical-leading-to-experimental realization studies (such as the
first-principles calculation method based on density functional theory) should be widely
promoted on novel technological brazing filler materials with prefabricated properties.
Researchers are continuously innovating the processing and preparation technology of
composite filler metals, such as friction stir processing technology and electromagnetic
plasticization technology, to create new powder brazing filler metal-forming technologies.
Research teams are controlling the shape and improving the development of continuous
plate-packed and barrel-packed flux-cored composite filler metals, with excellent surface
quality resulting, to replace the traditional manual-strip filler metals and accelerate the
process of automation and advent of intelligent brazing [83].
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