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Abstract: Brazing filler metals are widely applied, which serve as an industrial adhesive in the joining of dissimilar structures. With
the continuous emergence of new structures and materials, the demand for novel brazing filler metals is ever-increasing. It is of great
significance to investigate the optimized composition design methods and to establish systematic design guidelines for brazing filler
metals. This study elucidated the fundamental rules for the composition design of brazing filler metals from a three-dimensional
perspective encompassing the basic properties of applied brazing filler metals, formability and processability, and overall cost. The
basic properties of brazing filler metals refer to their mechanical properties, physicochemical properties, electromagnetic properties,
corrosion resistance, and the wettability and fluidity during brazing. The formability and processability of brazing filler metals include
the processes of smelting and casting, extrusion, rolling, drawing and ring-making, as well as the processes of granulation, powder
production, and the molding of amorphous and microcrystalline structures. The cost of brazing filler metals corresponds to the sum of
materials value and manufacturing cost. Improving the comprehensive properties of brazing filler metals requires a comprehensive
and systematic consideration of design indicators. Highlighting the unique characteristics of brazing filler metals should focus on
relevant technical indicators. Binary or ternary eutectic structures can effectively enhance the flow spreading ability of brazing filler
metals, and solid solution structures contribute to the formability. By employing the proposed design guidelines, typical Ag based, Cu
based, Zn based brazing filler metals, and Sn based solders were designed and successfully applied in major scientific and engineering
projects.
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evolution

1 Introduction sity in mechanical, physicochemical, and -electromagnetic

properties of brazing filler metals resulting from changes in
their chemical compositions™. “Multiple-manufacturing pro-
cesses” describes the preparation procedures and technologies

The variety of brazing filler metals, each with distinct
properties, primarily stems from the demands of brazing

engineering and cost control. Since brazing is employed to designed to produce brazing filler metals in various shapes by

address engineering challenges that other joining technologies employing metal forming techniques such as casting, forging,

struggle to solve, brazing filler metals are confronted with the extrusion, rolling, drawing, shearing, and coiling to meet the

complex design challenges of “multiple-variety”, “multi- requirements of brazing operations™*.
»[1]

property”, and “multi-manufacturing processes The brazing filler metals can be classified into three cate-

“Multiple-variety” refers to the extensive range of chemical gories based on the analysis of internationally disclosed com-

composition in brazing filler metals, with varying elemental
ratios, promoting the continuous emergence of multiple-series
brazing filler metals™. “Multiple-property” denotes the diver-
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position, including high-temperature, medium-temperature,
and low-temperature filler metals. Among them, high-
temperature brazing filler metals mainly include Ni based™,
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Mn based'”, and Ti based filler metals'”’; medium-temperature
brazing filler metals primarily consist of Cu based™, Ag
based”, and Al based filler metals"”; while low-temperature
brazing filler metals are mainly Sn based"', Zn based"”, and
Au based filler metals"”. The State Key Laboratory of High-
Performance & Advanced Welding Materials at Zhengzhou
Research Institute of Mechanical Engineering Co., Ltd
(China) has manufactured over 1200 types of brazing filler
metals, tested more than 1500 types of brazing filler metals,
and documented over 3000 types of brazing filler metals in
the literature, approximately half of which are similar-
composition brazing filler metals produced by different institu-
tions. Among these brazing filler metals, high-temperature
filler metals are primarily used to braze superalloys"!, Ti
alloys"”, refractory metals"”, and ceramics'”. Medium-
temperature filler metals are mainly employed to braze steel
and stainless steel"™, copper and its alloys", cast iron®™,
cemented carbide”, aluminum and its alloys™, and carbon-

1 Low-temperature filler metals have the

based materials
widest range of applications and can be used to braze almost
all structural and functional materials, including but not
limited to electronic components, sensors, and light industrial

1 Due to the continuous emergence of new

products
materials, structures, and functionalities, the composition
design methods and technical pathways of brazing filler

metals deserve further research.

2 Design Guidelines for Composition of Brazing
Filler Metals

The design of brazing filler metals must achieve three
fundamental objectives: the basic properties of the material,
its manufacturability and operational applicability, and cost
(Fig. 1). The basic properties of brazing filler metals
encompass the mechanical properties of both the brazing filler
metals and brazed joints, physical and chemical properties,
electromagnetic properties, as well as adaptability to optical
and nuclear environments. Manufacturability and operational
applicability include the processability of brazing filler metals
for hot forming and cold working, the achievability of shape
and size specifications, as well as the requirements for
addition of brazing filler metals during brazing. The process-
ability of brazing mainly refers to wettability, castability, and
spreadability. Cost is largely tied to the compositional
elements, and for extreme-sized brazing filler metals, it is
essential to account for the costs of manufacturing process.

2.1 Selection rules of brazing alloy systems for wettability

The selection of brazing alloy systems should be based on
the physical, chemical, and metallurgical properties of the
base materials to be joined. The alloying -elements,
particularly the primary and secondary major elements, must
exhibit metallurgical compatibility with the base material.
Ideally, they form a solid solution with the highest solubility.
Alternatively, they form an intermetallic compounds (IMCs)
with adequate strength and toughness. For instance, Qin et
al™' fabricated CuZnNiMn brazing filler metals to effectively
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Fig.1 Design of composition of brazing filler metals

braze 42CrMo steel and YGB cemented carbide, and
obtained brazed joints with shear strength exceeding 260 MPa
and excellent gap filling capability. Based on the Cu-Fe and
Fe-Zn binary phase diagrams (Fig.2a—2b). The Cu and Zn
elements can both be solid-solved in the Fe matrix, and the Fe
element can also be solid-solved in the Cu matrix. The
microstructures in CuZnNiMn brazing filler metals mainly
contained CuMn (a) and CuZn (f) solid solutions, as shown in
Fig. 2c, and the Cu-Zn solid solution (f) was also formed
between CuZnNiMn filler metals and 42CrMo steel, as shown
in Fig. 2d. Therefore, the primary and secondary major
elements had a good metallurgical compatibility with Fe
matrix, conforming the selection rules of brazing alloys
systems.

BAg30CuZnSn brazing filler metals, prepared by Shi et

al®”

, were utilized to successfully braze copper with excellent
mechanical properties. The primary and secondary major
elements in BAg30CuZnSn brazing filler metals were Ag and
Cu, and the base material was copper. According to the Ag-Cu
binary phase diagram (Fig.3a), Ag and Cu elements tended to
solutions, exhibiting good metallurgical
compatibility. In our previous studies, the phases formed in
BAg30CuZnSn brazing filler metals were determined to be
Ag-rich, Cu-rich, and eutectic structures, as shown in Fig.3b.

The interfacial phase formed between brazing filler metals and

form  solid

base materials during brazing was Cu-rich solid solution
containing Ag element, as shown in Fig.3c.

Long et al®” designed an in-situ synthesized Al-Si-Cu
brazing filler metal to braze 3A21 aluminum alloys, and
obtained reliable brazed joints with high shear strength. For
the Al-Si-Cu brazing filler metals, the Si element has a certain
solubility in the Al matrix, based on the Al-Si binary phase
diagram in Fig.4a. The microstructures mainly consisted of Al
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Fig.3 Ag-Cu binary phase diagram (a); microstructure in the BAg30CuZnSn brazing filler metal (b); cross-sectional microstructure and elements

distribution in the Cu/BAg30CuZnSn/Cu joint (c)?%
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Fig.4 Al-Si binary phase diagram (a); microstructure in the Al-Si-Cu brazing filler metals (b); cross-sectional microstructure in the brazed joint

and local magnification (c)*”

dendrites, Si phases, and ALLCu IMCs, as shown in Fig. 4b.
The Al and Si elements were the primary and secondary major
elements, respectively, contributing to the high wettability of
filler metals. The Al phase was formed at the Al-Si-Cu/3A21
joints (Fig.4c), indicating a good metallurgical compatibility
between filler metals and base materials.

The alloy formed by the primary element of the brazing
filler metal has a melting temperature range lower than the
solidus line of the material to be welded, which strictly avoids
overheating of base materials during brazing. The primary and
secondary elements in the brazing alloy system act as the
“foundation and modifier”, determining the fundamental
properties of the brazing filler metals. Elements present in the
third and fourth highest proportions typically serve as
auxiliary components to modulate wettability and mechanical
performance, primarily adjusting the melting temperature and
flow-spreading property.

Trace elements in brazing alloys often play critical roles.
For instance, Ti in AgCuSnTi®®, Li in AgCuLi®, P in
CuZnP"™, and Mg in AISiMg"" enhance the alloys’ activity,
while Sb in SnPb systems improves the mechanical properties
of joints™,

2.2 Determination principle of element composition ratio
for spreadability

The spreadability of brazing filler metals refers to its
spreading properties, gap-filling capability, and brazing
processability which are essential for large-area or elongated
brazing seams. The primary factor influencing spreadability is

the liquid-to-solid phase ratios during brazing. As the brazing
process dynamic escalation, the
proportion of liquid phase increases with increasing the

involves temperature
temperature, consequently enhancing the spreadability of
brazing filler metals.

Evidently, a smaller temperature difference between the
liquidus and solidus lines of brazing filler metals represents
a better fluidity, which explains the industry s preference
for eutectic or near-eutectic brazing filler metals. In the
design of filler metals, near-binary eutectic composition, such
as  BAI8SSI™, BAg72Cu"™, BNi89P™,  BSn63Pb"",
BZn98AI”, and near-ternary eutectic composition, like
BAI67CuSi®®,  BCu76AgP®,  BNi76Cr14P10™  are
commonly selected.

When designing ternary, quaternary, or higher-order alloy
brazing filler metals, the proportional relationships of primary
elements can be determined through phase diagram analysis.
Alternatively, coordinated adjustments can be made by
preserving the elemental ratios of binary alloy eutectic points,
that is, using the eutectic ratio between two primary elements
as a foundational combination and then fine-tuning the
proportions between these base combinations.

2.3 Mechanism of a third element addition for strength of

brazing filler metals

The strength of brazing filler metal and the strength of
brazed joints correspond to two distinct
parameters. To enhance the versatility of brazing filler metals,

evaluation

it is generally necessary to improve the strength of filler
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metals, though the strength of brazed joints remains the more
critical factor in practical applications.

Alloys composed of two or three primary elements in
brazing filler metals enhance mechanical properties through
solid solution strengthening. However, achieving a balance
between strength and toughness in near-cutectic alloys is
challenging. This issue can be addressed by adding a third or
fourth element to introduce the second-phase precipitation
strengthening. Examples include systems such as AgCuNi™",
AgCuSn™, CuzZnSi™, SnAgCu™, SnPbAg"”, and ZnAICu™.
According to the origin of second phase, second-phase
strengthening includes phase transformation strengthening,
precipitation strengthening, and dispersion strengthening.
Among them, phase transformation strengthening involves the
formation of distinct microstructures through phase transfor-
mations induced by heat treatment and deformation;
precipitation strengthening is achieved via solid solution and
aging treatments to precipitate fine, dispersed, and uniformly
distributed second-phase particles; dispersion strengthening
introduces hard, finely dispersed, and uniformly distributed
second-phase particles to form a composite structure through
powder metallurgy, ion implantation, or chemical infiltration.

Another approach to strengthen the brazing filler metals is
grain refinement strengthening, achieved by incorporating
high-melting-point elements or grain refiners. For instance,
trace amounts of Cr, Ti, or Zr elements are added to Ag based
B4 and Ti, B, Sr, Sc, or Zr elements

are introduced to Al based filler metals™®”’. Additionally, grain

or Cu based filler metals

refinement in brazing filler metals can be achieved through
rapid cooling during liquid-solid transformation, cold
deformation, hot deformation, weld seam area treatment,
recrystallization, as well as compound processes.

2.4 Design of trace elements for enhanced strength of

brazed joints

It is noteworthy that improving the strength of brazed joints
through reactions between filler metals and base materials
during brazing represents an advanced design strategy of filler
metals. This involves introducing trace elements capable of
strongly interacting with the base materials. Besides the solid
solution strengthening, other mechanisms for strengthening
brazed joints include second-phase strengthening through
phase transformation, precipitation, segregation, or dispersion,
as well as grain refinement and deformation strengthening. All
four alloy strengthening mechanisms are applicable in brazing
technology, and the reaction between filler metals and base
materials is considered during design. This involves the
dissolution of base materials into filler metals and the
simultaneous diffusion of filler metals components into base
materials, utilizing elements from base materials as sources
for strengthening phases. Representative examples include Ni
based brazing filler metals for joining stainless steel, Zn based
brazing filler metals for brazing aluminum, and Sn based
solders for Cu soldering.

A specialized category involves filler metals incorporating
small amounts of active elements for brazing difficult-to-weld

materials. The active elements refer to the elements that react
intensely with the base materials, such as Ti and Zr elements
added in AgCu alloys for ceramic brazing®™, trace Ga element
doped in AlISiZnAg filler metals for aluminum joining”", and
B element contained in NiCrSi filler metals for superalloy
brazing™.

2.5 Design of special brazing filler metals for physico-

chemical properties

For enhancing electrical conductivity, the design of filler
metals should prioritize single-element or binary alloys with
face-centered cubic (fcc) structures, such as Ag, Cu, Al, and
AgCu systems. To improve corrosion resistance, design
considerations must include elemental electronegativity,
electrode potential, and the density of formed compound
films. For instance, adding Ni and Sn to Ag based brazing
filler metals enhances corrosion resistance”™, while excluding
Cu and Zn from Al based brazing filler metals also improves
corrosion resistance™,

In neutron irradiation environments, boron (B) exhibits a
dual effect. Due to the effective neutron absorption capability,
B is either restricted or intentionally used in large quantities.
Similarly, Ag element has special requirements in nuclear
engineering.

2.6 Composition design for processability of brazing filler
metals

Brazing filler metals are commonly manufactured in
diverse forms, including plates, strips, foils, sheets, wires,
rods, threads, rings, powders, and pastes. The processing
methods of filler metals encompass melting, casting, powder
spraying, powder reduction, granulation, extrusion, rolling,
drawing, straightening, ring forming, and amorphization.
Among them, the feasibility of melting, casting, granulation,
microsphere production, rolling, and drawing is closely
related to the composition of brazing filler metals.

For the cold forming of filler metals, the plasticity of filler
metals determines the feasibility and efficiency of processing.
The design principle involves analyzing binary phase
diagrams to determine the maximum solid solubility of
secondary elements in the primary matrix at ambient
temperatures. For instance, when the Zn content in Cu-Zn
systems is low and Zn/Cu ratio<39: 61, a -phase is formed,
enabling the effective cold rolling/drawing. When the Zn
content is relatively high and Zn/Cu ratio>45: 55, f-phase is
formed, significantly hindering the cold workability™.
Therefore, when introducing a third element, careful attention
should be paid to the solid solubility of added elements in
both primary and secondary matrix components.

3 Experiment

The raw materials of Ag based brazing filler metals were
pure Ag (99.99%), pure Cu (99.99%), pure Zn (99.99%), and
pure Sn (99.99%). The raw materials were melted in an
induction melting furnace, then poured into cast iron at 690 °C
to produce ingots, and cooled rapidly. Then, the brazing alloys
samples with desirable dimensions were cut from the ingot
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using wire electrical discharge machining. For the Ti based
brazing filler metals, pure Ti (99.99%), pure Zr (99.99%),
pure Cu (99.99%), and pure Ni (99.99%) were melted in a
vacuum arc melting furnace to prepare button ingots of
brazing alloys. Then, the ingots were heated to 1000 °C and
melted in an induction melting furnace, and the melt was
ejected onto the surface of a rotating copper roller to produce
foil of Ti based amorphous brazing alloys with a cooling rate
of about 106 °C/s. The melting temperatures of Ag based and
Ti based brazing filler metals were measured by an infrared
radiation thermometer. The details of raw materials for
preparing Al based, Cu based, and Ni based brazing filler
metals were reported in our previous studies™ **”,

The liquidus and solidus temperatures of different brazing
filler metals were measured through differential thermal
analysis, and the samples were heated and cooled in argon
protected atmosphere. To determine the wettability of brazing
filler metals, the square samples were placed on the surface of
base materials, heated to the set temperature, and held for a
certain time. The spreading areas were measured 3 times for
each sample to obtain the average value.

The Cu/BAg55ZnCuSn/Cu joints were brazed using
BAg55ZnCuSn brazing filler metals in an induction heating
furnace. The brazing of Ti alloys using TiZrCuNi amorphous
brazing filler metals was conducted in a vacuum brazing
furnace. The detailed information of brazing experiments
using Al based, Cu based, and Ni based brazing filler metals
was reported in our previous studies™****.,

The tensile and shear strengths of brazing filler metals and
joints were determined using a universal electron materials
tester at room temperature. The microstructures of brazing
filler metals, cross-sectional microstructures, and fracture
morphologies of brazed joints were detected by Phenom Pro-
XL scanning electronic microscope equipped with an energy
dispersive spectrometer (EDS).

4 Application of Design Guidelines and Results
Discussion

4.1 Examples for design of typical brazing filler metals
4.1.1 BAg55ZnCuSn brazing filler metals

To meet the requirements of wettability and mechanical
properties of Ag based brazing filler metals and brazed
joints for the hard windings and end-rings of large generator
rotors, the BAg55ZnCuSn brazing filler metals were
developed, as illustrated in Fig.5. The chemical composition
of BAg55ZnCuSn brazing filler metals determined by EDS is
within the following ranges: 54.0wt%—56.0wt% Ag, 20.0wt%—
22.0wt% Cu, 20.0wt%—24.0wt% Zn, and 1.5wt%—2.5wt% Sn.
The microstructures of cast BAg55ZnCuSn brazing filler
metals consist of Ag-rich phase, eutectic structures, and IMCs
(Fig. 5a), while the microstructures in brazed joints contain
Cu-rich phase, Ag-rich phase, eutectic structures, and IMCs
(Fig. 5b). The primary and secondary major elements in
BAg55ZnCuSn brazing filler metals were Ag and Zn,
respectively, which exhibit metallurgical compatibility with

the Cu based materials. The solidus and liquidus temperatures
were 642 and 663 °C, respectively, and the spreading area of
liquid BAg55ZnCuSn on the surface of Cu base materials was
245 mm’. The tensile strength, elongation, and impact work of
BAg55ZnCuSn brazing filler metals were 479.4 MPa, 13.9%,
and 64.9 J, respectively, and the tensile strength and impact
work of Cu/BAg55ZnCuSn/Cu joints were 228.7 MPa and
56.2 J, respectively, as shown in Fig. Sc. The wettability of
brazing filler metals is attributed to the decreased melting
temperature after addition of Cu and Sn elements, while the
strength improvement of brazing filler metals and joints is
ascribed to the solid solution strengthening and secondary-
phase strengthening. Additionally, the good corrosion
resistance of the Cu/BAg55ZnCuSn/Cu joints is related to the
addition of Sn element, elevating the electrode potential. In
comparison to BAg56CuZnSn, the Sn content in BAg55
ZnCuSn is reduced from 4.5%—5.5% to 1.5%-2.5%, resulting
in a significant improvement in workability. Meanwhile, the
silver content in BAg55ZnCuSn is reduced by 1%, providing
a certain cost advantage.

4.1.2 AlMgMnCrTiLa brazing filler metals

To obtain high-performance and clean Al based brazing
filler metals, Lu et al*”’ developed an A15Mg0.1Mn0.1Cr0.1Ti-
0.45La multicomponent brazing alloy. The microstructure was
mainly composed of an a-Al matrix, AL,Mg, phase, Al La,
phase, and a small amount of impurity phase, as shown in
Fig. 6a. Ti and B elements promoted the nucleation of «-Al
and refined the grains of Al dendrites (Fig.6b). Meanwhile, La
element enhanced the constitutional supercooling at the front
of liquid/solid interface, refining the grains and reducing its
dimensions. This brazing alloy after Sc addition with different
contents exhibited high tensile strength, elongation, and
impact energy, and a ductile fracture morphology was
observed on the fracture surface, as shown in Fig. 6d. The
enhanced strength was attributed to the solid solution
strengthening, grain refinement strengthening, and second-
phase strengthening, promoting the application of this brazing
alloys in brazing Al alloy components for rail transit. These
filler metals were mainly prepared through processes such as
smelting, casting, extrusion, and drawing. It has a low content
of alloying elements and low brittleness, and it is easy to
process. There are no precious metal elements in the filler
metals, and the content of rare earth elements is extremely
low, reflecting a lower cost.

4.1.3  TiZrCuNi amorphous brazing filler metals

Addressing the challenges of low strength of Ti alloys joints
and suboptimal composition design of Ti based brazing filler
metals, Zhengzhou Research Institute of Mechanical
Engineering Co., Ltd developed an amorphous foil filler metal
with low melting temperature, as shown in Fig. 7a. The
chemical composition of amorphous filler metals is
Ti27.6Zr22.4Cu39Nill, and the structure of filler metals is
determined to be amorphous through X-ray diffractometer
(XRD) analysis in Fig.7b. The spreading area is 55.6 mm’,
and the melting temperature is 895.5 °C. Ti solute solutions
and Ti-Cu IMCs are formed at the interface between filler
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metals and TC4 alloys (Fig. 7c), and the shear strength of
brazed joints is 235.6 MPa, as illustrated in Fig. 7d. The
amorphous foil filler metals have been successfully utilized to
braze Ti alloys heat exchangers (Fig.7¢). The high strength of
brazed joints is attributed to the solid solution strengthening

through the solid solution of Zr and Ni elements in Ti alloys
and the interfacial Ti-Cu IMCs through the enhanced reaction
between amorphous filler metals and base materials. This
brazing filler metal features amorphous ribbon forms in one
step, without the need for rolling, annealing, or other
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processes, resulting in a relatively low manufacturing cost.
4.1.4 CuSnTi brazing filler metals

To obtain high-performance cutting tools, Zhao et all
fabricated a Cu70Sn20Til0 brazing filler metals using in-situ

48]

synthesis method, forming a reliable polycrystalline cubic
boron nitride (PcBN)/YGS8 cemented carbide joints. The

microstructures of CuSnTi filler metals consisted of Cu-rich
phase, Cu-Sn IMCs, and eutectic structures, as shown in
Fig.8a. The filler metals enabled an effective joining between
PcBN and YGS8 cemented carbide with an average shear
strength of 96.06 MPa. The fracture behavior occurred at the
PcBN side, and no separation between filler metals and base
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Fig.8 Microstructure of Cu70Sn20Til0 brazing filler metals (a); cross-sectional microstructure of the PcBN/cemented carbide brazed joint (b);

properties and fracture morphology of brazed joints (c); application in cutting tools for CNC machine tools (d)™*¥
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materials was found, indicating good strength and toughness
of the brazed joints (Fig. 8b—8c). The addition of active Ti
elements strengthened the reaction between Cu based filler
metals and base materials including PcBN and YG8 cemented
carbide, ensuring metallurgical bonding and wide application
in the manufacture of cutting cools for computer numerical
control (CNC) machine tools (Fig. 8d). The CuSnTi brazing
filler material was produced through vacuum melting and gas
atomization to form a powdery filler, and its price was
substantially lower than that of Ag based active brazing filler
metals, demonstrating a significant cost advantage.

4.1.5 NiCrSiBFe brazing filler metals

The brazing filler metals for joining diamond and steel
substrate should possess both excellent wettability to form a
metallurgical bonding and sufficient wear resistance to match
the abrasive resistance of hard particles in the coatings.
Zhengzhou Research Institute of Mechanical Engineering Co.,
Ltd"” developed a Ni82Cr7Si4.5B3.1Fe3 brazing filler metal,
as shown in Fig.9a. The Cr element in the filler metals can
significantly improve the metallurgical reaction between the
diamond and 65Mn steel. A reaction layer was formed
between filler metals and steels (Fig.9b), which was a layered
solid solution phase formed through interdiffusion between Fe
and Ni atoms. The addition of TiC particles reduced the wear
of the coatings and decreased the mass loss of the coatings, as
shown in Fig. 9c. In addition, the addition of B and Si
elements reduced the melting point of Ni based brazing filler
metals, minimizing thermal damage of diamond and
enhancing the wear resistance of diamond brazed screw
conveyor and rotary tiller blades (Fig. 9d). The NiCrSiBFe
brazing filler metals contained brittle and hard phases, making

it difficult to be fabricated into sheet, wire, or ribbon forms. It
is usually produced by vacuum gas atomization to form a
powdery material. The matrix element is Ni, and its price is
significantly lower than that of Ag, providing a cost advantage.
4.2 Morphological evolution and growth mechanism of

typical microstructures

For the Ag based filler metals after compositional design,
the microstructures in the filler metals mainly consist of the
Ag-rich phase, Cu-rich phase, eutectic structures, and diversi-
fied IMCs®". The dimension, morphology, and distribution of
various phases have an important influence on the physical
and mechanical properties of filler metals and brazed joints.
Particularly, the eutectic structure, including the Ag-Cu binary
eutectic and Ag-Cu-f ternary eutectic structures, is one of the
typical microstructures in the Ag based filler metals™”. Based
on the results from the previous studies, it has been reported
that the difference in additional alloying elements (category™
and content™), controlled solidification conditions (temper-
ature’ and solidification velocity®”), and external energy
field (electric field®, magnetic field®”, and ultrasonic field™")
can promote the formation of eutectic structures with various
morphologies, such as Al-Si®’ and Sn-Cu,Sn,*” binary
eutectic structures as well as Al-Si-ALCu"” and Sn-Cu,Sn,-
Ag,Sn"™ ternary eutectic structures. It is worth noting that the
Al-Si binary eutectic consists of a non-faceted Al phase and a
faceted Si phase, while the Sn-Cu(Sn, binary eutectic
comprises a non-faceted Sn phase and a faceted Cu6Sn5
phase. However, the Ag-Cu binary eutectic is composed of
both non-faceted Ag and non-faceted Cu phases. For the Ag
based filler metals, the trace alloying elements, including Zn,

«z*Wear morphology of
~«diamond coatings

Reaction
layer

Carbon steel substrate

Mass Loss per 5 min/g

20 30
Time/min

otary tiller blades

Fig.9 Microstructures of Ni based brazing filler metals (a) and diamond coatings (b); wear morphologies of diamond coatings and matrix and

mass loss of diamond coatings (c); application in diamond brazed screw conveyor and rotary tiller blades (d)"*”
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Sn, Ni, Cd, In, and Mn elements, are selectively added to
prepare BAg72Cu, BAg70CuZn, BAg60CuSn, BAg60
CuZnSn, BAg50CuZnCd, BAg40CuZnln, BAg54CuZnNi,
BAg63CuSnNi, and BAg27CuZnMnNi filler metals with
desirable properties. The microstructures of these filler metals
mainly consist of white Ag-rich phase, black Cu-rich phase,
and interlaced white/black eutectic structures, as illustrated in
Fig. 10. The Ag-Cu binary eutectic and Ag-Cu- § ternary
eutectic structures with different morphologies are always
formed in the filler metals. Therefore, uncovering the effect of
alloying elements on the growth behavior and morphological
evolution of the binary and ternary eutectic structures is a key
to control the micro-structures and properties of the filler
metals and brazing seam.

4.2.1 Ag-Cu binary eutectic structures

For the BAg72Cu, BAg72CuLi, BAg70CuZn, BAg56CuNi,
and BAg60CuSn filler metals, the regularly formed lamellar,
fibrous, and anomalous Ag-Cu binary eutectic structure
contains two phases: Ag-rich phase and Cu-rich phase™. Ding
et al” found that increasing the Sn content and solidification
velocity promoted the transformation from lamellar Ag-Cu
binary eutectic structure to fibrous and anomalous eutectic
structures. Qin et al”" ™ controlled the sub-rapid cooling rates
to investigate the effect of cooling rate on the Ag-Cu binary
eutectic structures. The increasing cooling rate resulted in the
morphological transition from eutectic dendrites to equiaxed

%, 4 - v
B0 Eutectic structures
(8 T ™ PP

A

eutectic colony and spherical eutectic colony, accompanied by
the primary phase selection and changed eutectic lamellar
spacing. After addition of Sb alloying element, the
solidification interface of Ag-Cu eutectic structures changed
from a cellular morphology into a cellular dendrite and an
undeveloped dendrite, and the tip radius decreased. Therefore,
the addition of the third component strongly affects the
dimension and morphology of Ag-Cu binary eutectic
structure. However, the morphological transition and growth
mechanisms of Ag-Cu binary eutectic structures in the Ag
based filler metals versus the addition contents of the third
components (Zn, Ni and Mn) remain unclear.

Fig.11 shows the microstructures of Ag based filler metals
after addition of Zn, Ni, and Mn alloying elements. The Ag-
Cu binary eutectic structures have the lamellar, fibrous, and
anomalous morphologies. The fraction of lamellar eutectic
structures (LESs) is larger than that of fibrous eutectic
structures (FESs) and anomalous eutectic structures (AESs).
The AES is mostly located at the junction of LES clusters and/
or FES clusters. With increasing the Zn addition, the fraction
of FES and AES increases, as shown in Fig. 11a—11c. When
the content of Ni and/or Mn addition increases, the eutectic
structures are transformed from LES to FES and AES, as
illustrated in Fig. 11d — 11i. To uncover the formation and
morphological transition mechanisms, the growth mechanisms
of LES, FES, and AES will be analyzed.

There is a competition between Ag-Cu lamellar eutectic

Fig.10 Microstructures of different Ag based brazing filler metals: (a) BAg72Cu, (b) BAg70CuZn, (¢) BAg60CuSn, (d) BAg60CuZnSn,
(e) BAg50CuZnCd, (f) BAg40CuZnln, (g) BAg54CuZnNi, (h) BAg63CuSnNi, and (i) BAg27CuZnMnNi
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Fig.11 Microstructures and magnification of Ag-Cu binary eutectic structures after addition of Zn (a—c), Ni (d—f), and Mn (g—i) alloying elements

with different contents

structures and Ag-Cu fibrous eutectic structures, following the
growth model established by Jackson et al™. This is attributed
to the addition of Zn, Ni, and Mn elements which change the
undercooling of Ag based brazing filler metals during
solidification, accompanied by the changes in the lamellar
spacing. As the growth undercooling and spacing of Ag-Cu
LES satisfied the critical values, the Ag-Cu eutectic structures
are transformed from LES to FES. Fig. 12 shows the
morphology and schematic diagram of lamellar Ag-Cu
eutectic structures. The lamellar Ag-Cu eutectic structures
consist of regular alternation of coupled Ag lamellae and Cu
lamellae, as shown in Fig.12a. The relationship curve of solute
changes at the liquid/solid (L/S) interface front of eutectic
structure growth and corresponding Ag-Cu binary phase
diagram are shown in Fig. 12b. To describe the composition
distribution (C,) in the molten brazing filler metals at the L/S
front, assuming the eutectic phases growth in a stable state
and constant growth rate (v), the solute distribution within the
boundary layer can be described using two-dimensional
spatial coordinates”*':

v 9C., _ 9°Cq, N 9Ce, LV 9Ca _
D oz x> 9z D& oz

V:Co, + )
where x is the distance in the lateral growth direction of Ag-
Cu eutectic structures, with the Ag phase as the origin; z is the
distance to L/S interface; C., is solute composition of Cu
atoms at a specific position at the front of L/S interface; v is
the growth rate of the Ag-Cu eutectic interface; D" is the
diffusion coefficient of Cu atoms in the molten Ag based

brazing filler metals. Solving Eq.(1) yields the distribution of
Cu solute atoms at the L/S interface front of Ag-Cu eutectic
growth!™:

CCu(xJZ) = Cgu + AoeXp(_ch)
D

2 9 ()

w imx in

+Z-: 1|:Ai COS(T)GXP(*j Z)]

Ay =~(ACHE™ £ e + ACE™™ [y ) ?3)
Sin{ inf)y, pase

A =- vd (Ac&%phase - Achphase)M @)

"D i
where C¢, is the solute concentration of Cu atoms in the melt
of filler metals far from the L/S interface front of Ag-Cu
eutectic growth; ACSE™™ and ACS'P™* are the concentration
gradients of Cu atoms at the L/S interface front in the Ag
phase and Cu phase of Ag-Cu eutectic structures, respectively;
Sigphase @04 ¢, . ar€ the molar fractions of the Ag phase and
Cu phase in the eutectic structure, respectively; d is the
eutectic lamellar spacing (d=2/,,+2/.,). When the difference
(ACaEPse — ACEUP™) - orowth rate (v), and lamellar spacing
(d) increase, the concentration difference of solute atoms at
the growth fronts of Ag phase and Cu phase becomes larger. If
the Cu solute elements do not diffuse timely and the lateral
diffusion distance is relatively large, the enrichment of Cu
element occurs at the L/S interface front of Ag-Cu eutectic
structures. Subsequently, the lamellar eutectic will become
unstable, and will be transformed to eutectic structures with
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Fig.12 Morphology (a) and schematic diagram (b) of lamellar Ag-Cu eutectic structures

other different morphologies. are the concentration differences between Ag phase, Cu phase
Fig. 13 shows the morphology and schematic diagram of and eutectic point (7, Cy). The radius of rod-like Cu phase is
fibrous Ag-Cu eutectic structures. The fibrous Ag-Cu eutectic ¢, and the Ag phase is the matrix. Following the classical
structures in 3D contain rod-like Cu phases, and round Cu Jackson and Hunt model”, the steady-state solute diffusion
phases are uniformly distributed in Ag matrix, as shown in profile in the cylindrical system can be expressed by Eq.(5).
Fig.13a. The Ag-Cu binary alloy system with Ag and Cu ele- (azc + lﬂ) + ( _ VZ) ¥ c + Voc _ 0 5)
ments has equilibrium eutectic temperature (7;) and eutectic aar A oa ve)ez: Doz
concentration (Cy), as shown in Fig.13b. The AC,, and AC, The solution of the diffusion in Eq.(5) is obtained:
C= C, + Ayexp _l)(l_V;Z/V[)Z):i + Z:: 1AnJO( y;er)exp(—wnl), V<V, ©)
C,, V=7V,
y y ) . . " The average composition (C_Cu and C_Ag) in the liquid Ag
w,= 2D(1 - Vz/Vé) + [ZD(I 7 Vz/Vé) ]+ (}n) (7 based brazing filler metals at the interface ahead of the Cu
phase and Ag phase is obtained.
where C_ is the composition in the liquid brazing filler metals _ 4V (Aey + Apg)
far from the interface; 4, and 4, are the Fourier coefficients; .J, Coo=Cot gt = ACM (10)
is the Bessel function of zero order; y, is the n-th Bessel o 402, (hey T Ang) VAC,M .
function of first order. The values of A4, and 4, can be ag T e L 0 ( P )2 e D an
determined based on the solute conservation at the L/S Cu The o
interface. For the Ag-Cu binary phase diagram, the liquidus [J (y ﬁ)T
and solidus lines below T, are not parallel. The concentration :znw:l Ve . Py (12)
of Cu pha.se in the solid (CSCU) increz.ises with.CF_, while t.he Vi[Jo(Vn)] /1+[pn(1—V2/V,§)T—1+2k
concentration of Ag phase in the solid (Cy,,) increases with
(1-C}). 4, and 4, can be expressed by Eq.(8-9), respectively. Fig. 14 shows the morphologies of anomalous Ag-Cu
0o Cin - (1 - Cw)[ (icu N iAg)z ~ j’éu:' e;tecticd.sm.lctures, which is charact.eristic of irregu-lar Cu
A, = i - (8) phase distributed on the Ag matrix. The format_lon of
(/ICu + A Ag) anomalous Ag-Cu eutectic structures has two different
Jl[)’ (7 /R):| formation mechanisms””. One is transition from a lamellar
A, =4 /f (1~ k)"i“2 eutectic structure LES to an anomalous eutectic structure
)/.,[Jo(yn)] AES, as shown in Fig. 14a. During the rapid solidification of
) Ag based brazing filler metals, the release of latent heat leads
1 to the remelting of LES. The solute trapping effect during

X

solidification promotes the supersaturation of Cu atoms in the

2
— 2 2 —
/ 1+ [p "(1 e/ VD)] 1+2k Cu-rich phase of LES, generating a Cu concentration gradient
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Fig.13 Morphology (a) and schematic diagram (b) of fibrous Ag-Cu eutectic structures

(AC). This gradient drives the diffusion of Cu solutes from
low to high concentrations, enhancing the disturbance within
Cu-rich phase. The combination of concentration gradients
and curvature differences results in the remelting of LES and
formation of AES. Additionally, the formation of AES is
ascribed to the remelting of Ag-rich dendrite arms and growth
of Cu-rich phases, as shown in Fig.14b. The supersaturated Cu
element during solidification promotes partial remelting of Ag-
rich dendrite arms, causing the dendrite skeleton of Ag-rich
phase to be divided particles.
Subsequently, Cu-rich phases are nucleated and grow between

into several distinct
adjacent dendrite arms of Ag-rich dendrites.

4.2.2  Ag-Cu-p ternary eutectic structures

In multicomponent alloys, a ternary eutectic structure,
composed of three distinct phases, is usually formed during
solidification, such as Al-ALCu-Ag,Al™, Ag-Ge -¢,””, and
ALO,-YAG-ZrO, ternary eutectics™. The morphologies were

8 chain-like, and

reported to be lamellar, Chinese-script-like
non-chain-like patterns”®. The addition of Sn, Ni, and In
elements promoted the formation of Ag-Cu- (Ag, Cu)Zn ter-
nary eutectic structure in Ag-Cu-Zn brazing filler metals and
morphological transition™. However, the evolution of ternary
eutectic structures in Ag based filler metals has been rarely
reported, restricting the controlling of microstructures and

properties of brazed joints.

Fig. 15 shows the morphologies of Ag-Cu-(Ag, Cu)Zn ter-
nary eutectic structures after addition of Sn, Ni, and In
elements with different contents. The white, gray, and black
phases are Ag-rich, (Ag, Cu)Zn (f), and Cu-rich phases,
respectively. The fraction of Cu-rich phases is lower than that
of Ag-rich and f phases. The ternary eutectic structures
consist of lamellar Ag-rich and g phases as well as
discontinuous Cu-rich phases, and the arrangement of
lamellae is irregular. Additionally, the dimension of Ag-rich
phase is obviously larger than that of f and Cu-rich phases.
This is attributed to the difficulty of nucleating Cu-rich phase
from the liquid Ag based brazing filler metals™. With
increasing the content of Sn (Fig.15a—15¢), Ni (Fig.15d—15f),
and In (Fig. 15g— 15i) elements, the dimension of Ag-rich
phases decreases gradually, while the dimensions of  and Cu-
rich phases do not change significantly. For the Ag-Cu-f
ternary eutectic structures, the morphology of Cu-rich phase
formed between Ag-rich and S phases is transformed from
lamellae to irregular island with increasing the addition
content of Sn, Ni, and In.

When the addition of Sn, Ni, and In elements in the brazing
filler metals is low, an alternated and repeated arrangement of
Ag/Cu/f/Ag/Cu/p ternary eutectic structure is formed in the
Ag based brazing filler metals, as shown in Fig. 16a. The
thickness of Cu-rich lamellae between Ag-rich and £ phase is
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Fig.14 Morphologies and schematic diagrams of anomalous Ag-Cu eutectic structures transformed from lamellar eutectic structures (a) and Ag
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Fig.15 Microstructures and magnification of AgCuZn ternary eutectic structures after addition of Sn (a—c), Ni (d—f), and In (g—1) alloying

elements with different contents
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Fig.16 Schematic diagrams of growth of lamellar (a) and irregular (b) Ag-Cu-f ternary eutectic structures

thin. With increasing the Sn, Ni, and In addition contents, the
solute concentration at the growth front of Ag-rich, Cu-rich,
and f phases changes, generating oscillatory instability™’. The
oscillatory instability is characterized by the oscillation of the
Cu-rich phase (Fig. 16b), changing the lamellar patterns with
the presence of two mirror planes.

5 Conclusions

1) The design guidelines for composition of brazing filler
encompass the designs of Dbasic properties,
manufacturability, and cost of brazing filler metals. The basic
of brazing filler metals should include
processability of brazing, mainly referring to the wettability

metals
properties

and spreadability during brazing operations.

2) The constituent elements of brazing filler metals should
be selected based on the elements in the base materials being
joined. The refer to the metallurgical
compatibility between elements in filler metals and base

selection rules

materials as well as and the melting temperature ranges of
filler metals.
the key to enhance the

comprehensive properties of brazing filler metals, where

3) Integration design is

binary or ternary eutectic systems and maximum solid
solubility serve as guiding principles for ratios of element
combination.

4) The determination principle for the primary elements
ratio in brazing filler metals is approaching the eutectic
balancing the advantages and
disadvantages of hypoeutectic and hypereutectic alloys.

5) The addition of trace elements can effectively enhance
the basic properties of brazing filler metals by modifying their

composition,  while

phase composition. This requires consideration of new phases
formed through reactions with the base material after brazing,
as well as the new phases formed after the reaction between
the brazing filler metals and base materials.

6) The design of processing technology and compositional
should be conducted
synchronously, facilitating the conventional plastic forming as

design for brazing filler metals

well as granulation and powder production.

7) The designed representative brazing filler metals have
been successfully validated in applications including micro-
nuclear power plants, aerospace engines, new radar systems,
and thermonuclear fusion projects.
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