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The paper presents practical results of developments and investigations in the field of brazing different materials: 
aluminium, copper, high-temperature nickel and titanium alloys, as well as promising materials based on Ni3a1 and 
γ-Tial intermetallics and steels of different grades. Data on reactive-flux brazing of aluminium thin-walled structures in 
a controlled gas environment are given. a lot of attention is paid to producing brazed joints from dissimilar materials: 
Mo+c (stainless steel), W+cu, hard alloy material (vK 20)+steel, al+steel, etc. Effective application of the developed 
technologies of brazing high-temperature nickel and titanium alloys in fabrication of critical structures for high tem-
perature applications and results of mechanical testing of brazed joints are shown. The developed brazing filler metal 
and technologies of high-temperature vacuum brazing were applied to produce joints from new generation alloys based 
on nickel and titanium aluminides, which have been successfully tested for long-term strength under the conditions of 
higher temperature and continuously applied stresses. 17 ref., 1 Table, 14 Figures.
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Nowadays, brazing occupies an important place among 
the different methods of producing permanent joints and 
is widely used in different industries: aircraft, space, 
instrument making, automotive during manufacture of 
refrigeration and cryogenic engineering, at jewelry en-
terprises and other [1, 2]. The advantages of brazing over 
welding consist in the ability of combining different ma-
terials without their melting, which provides preserva-
tion of the initial structure of base metal, provided that 
the temperature and time parameters of brazing process 
and chemical composition of the brazing filler materi-
al are correctly selected. a great importance belongs to 
the application of brazing process for joining materials 
characterized by poor weldability, because of cracking 
in the heat-affected zone and in the weld [3]. One more 
factor in favor of brazing is the ability of combining the 
heat treatment mode of the base metal with a thermal 
mode of brazing and automation with a simultaneous 
producing of several elements of a complex geometric 
configuration [4]. The decisive factor in brazing is the 
ability of producing joints in hard-to-reach areas where 
it is impossible to join base materials with the use of con-
ventional welding methods. in such cases, brazing is the 
only possible method of producing joints.

however, notwithstanding such positive character-
istics of brazing process, there are some peculiarities 
and problems that need to be solved in order to provide 
the operational properties of the brazed structures. They 
include chemical composition and form of a used braz-
ing filler metal. currently, there are many brazing filler 
metals on different bases: tin, aluminium, copper, silver, 
nickel, titanium, iron, etc. They are applied in the cast 

state, in the form of powders, wires of different diam-
eters, plastic tapes, produced with the use of traditional 
methods of metallurgical processing or by ultrafast hard-
ening, etc. [4, 5]. The choice of chemical composition 
of brazing filler metal is predetermined by physical and 
chemical properties of the base metal and performance 
characteristics of brazed products. One of the indices of 
brazing filler metal compatibility with the base metal is 
the ability of brazing filler metal to wet the base metal 
and spread over its surface at the brazing temperature [6, 
7]. The use of brazing filler metals with a wide interval 
of melting leads to the development of chemical het-
erogeneity and liquation processes in the weld metal, as 
well as porosity. The use of eutectic brazing filler metals 
allows a brazed joint to solidify at a constant tempera-
ture, but at the same time an eutectic structure is formed, 
which often contributes to embrittlement of the weld 
metal. Therefore, each pair of materials to be brazed 
requires an individual approach and a specific chemical 
composition of brazing filler metal with a predetermined 
temperature interval and mechanical properties.

at PWi for many years systematic investigations in 
the field of brazing has been conducting, the physico-
chemical processes have been studied that occur during 
heating to brazing temperature, the relationship be-
tween mechanical properties of brazed joints, structure 
of brazed joints, chemical composition of brazing filler 
metal and base metal have been studied. Based on the 
results of the investigations, brazing filler metals were 
created that are compatible with the base metal, braz-
ing technological processes were developed to provide 
the brazed joints with the necessary service properties. 
This paper presents some results of the carried out in-
vestigstions and the examples of practical applications 
in different industries.
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Aluminium brazed joints. at PWi the technolo-
gy of brazing aluminium alloys was developed and a 
method for furnace brazing of aluminium thin-walled 
structures was proposed (Figure 1) in a controlled gas 
environment (nitrogen, argon). This method is en-
vironmentally friendly and less energy intensive as 
compared to existing brazing methods (for example, 
immersion in salt melts).

For high-temperature brazing of aluminium alloys 
of series 1000 ((90.3−99.98) a1) and 3000 (al−Mn 
systems), brazing filler metals of al−si system and 
non-hygroscopic reactive flux of the salt system K, 
al, si/F are used, which provide the equal strength 
of brazed joints in the conditions of multiple shocks, 
vibration according to TU U 14307274-009:2016.

The melting point of brazing filler metal and flux 
should be lower than solidus temperature of the brazed 
aluminium alloy, which determines the upper limit of 
the brazing temperature interval. The antenna arrays 
with the overall dimensions (640×640×26 mm) were 
manufactured. The weight of the antenna is 2.07 kg. 
it should be noted that during the manufacture of this 
antenna it is necessary to produce brazed joints about 
6000 mm in length. however, the flux consumption 
are insignificant and amount to ≤50 g, which favor-
ably differentiates the cost of this method as com-
pared to the existing ones.

The thin-walled aluminium waveguides made in 
the controlled gas medium (Figure 2) are character-
ized by a large total area of a brazed joint, which is 

about 1562 mm2. The consumption of brazing filler 
metal per a unit of product is 1.1−1.5 g, flux — 2−3 g.

The produced brazed weld of a thin-walled struc-
ture is characterized by the presence of a smooth fillet 
and the absence of defects (Figure 2, b).

The technological process of reactive-flux brazing 
is used in the manufacture of plate-type aluminium 
heat exchangers of the electrothermal module of the 
rolling stock used for preparation of water, microwave 
antenna elements and a number of other products of 
the national economy (Figure 3).

The overall dimensions of such heat exchangers 
are 145×160×82 mm, the number of plates is 82 piec-
es and the total area of a brazed joint is 1740 mm2. 
The flux consumption is negligible and is ≤ 20 g.

in this case, brazing proceeds with the use of reac-
tive fluoride flux, which melts during heating to brazing 
temperature and interacts with aluminium and forms 
a liquid phase of the al−si system, which is close to 
the eutectic composition and serves as a brazing filler 
metal [8]. The produced brazed joints are characterized 
by the presence of brazed welds, whose width is much 
smaller than the width of the welds produced with the 
use of flux with brazing filler metal (Figure 4).

Dissimilar brazed joints. The choice and use of 
dissimilar metals as structural materials is determined 
by the service requirements and economic indicators 
specified to the finished products. Most high-tech 

Figure 1. general view of brazed antenna array

Figure 2. appearance of thin-walled aluminium waveguide (a), brazed weld along the perimeter of the structure (b)

Figure 3. Brazed products of aluminium alloys: a — plate alumin-
ium heat exchanger; b — element of ultra-high frequency module; 
c — tubulat heating elements for household appliances (d)
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equipment contains separate assemblies of dissimi-
lar materials that are produced by brazing. it should 
be noted that during brazing of dissimilar materials, 
the problems arise caused by different physical and 
chemical properties of base materials. The quality of 
brazed joints is significantly affected by the difference 
in the coefficients of thermal expansion, which con-
tributes to the arising of inner stresses. reducing the 
effect of inner stresses provides a correct choice of 
brazing filler metal composition and temperature-time 
parameters of the brazing process.

The developed technology of flux induction braz-
ing of steel-aluminium pipe adapters (saPa) with an 
inside diameter (10−300 mm) in an argon medium (for 
cryogenic engineering) was developed. as far as the 
coefficients of thermal expansion of the basic dissim-
ilar materials (corrosion-resistant steel 12Kh18N10T 
and aluminium alloy of the series 3000 (aMts)) differ, 
during brazing in the brazed joint residual stresses oc-
cur. Their level is much lower as compared to the weld-
ed joints produced with the use of existing arc welding 

methods. The brazed steel-aluminium pipe adapters 
(Figure 5, a) were successfully tested for strength and 
sealing according to the requirements of Ta.

The obtained results of thermocyclic tests show that 
under the conditions of working pressure of 1 MPa/cm2 
brazed steel-aluminium pipe adapters can withstand 50 
cycles at the temperature variation from 35 to −196 °c 
preserving sealing and without fracturing. They are char-
acterized by a high strength, which amounts to 0.95−0.98 
of the strength of the aMts alloy.

 Brazing a pair of dissimilar materials copper-tung-
sten represents a particular interest and considerable 
difficulties. They find application in the manufacture 
of plasmatrons, powerful X-ray tubes, individual units 
of the thermonuclear fusion diverter, etc. On the basis 
of systematic investigations the technological process 
of vacuum brazing of dissimilar joints copper–tung-
sten, designed for application in rigid conditions of 
thermocyclic loading and neutron irradiation, was de-
veloped. For such tests, by means of brazing the mod-
els of diverters copper-tungsten were produced (Fig-
ure 5, b). Under the action of a pulsating heat flux, in 
the model an uneven temperature distribution is gen-
erated. The heat flux power and the duration of its ac-
tion were determined in such a way that the maximum 
temperature on the surface of the tungsten coating and 
in the zone of brazed weld at the interface with the 
copper base corresponded to the design temperature 
at a constant flux with the power Q = 10 MW/m2. The 
results of thermocyclic tests showed good thermal fa-
tigue properties on the base of 1∙103 cycles (Table).

after neutron irradiation with the dose of 
5∙1021 neutr/cm2 at a temperature of 100 °c, an in-
crease in the tensile strength of the brazed joints from 
200 (in the initial state after brazing) to 250 MPa, 
which is associated with the processes of ordering the 
solid solution in the brazed weld, the specimens pre-
serve a sufficient strength also at 400 °c (Figure 6).

The technological process of vacuum high-tem-
perature brazing of dissimilar joints molybdenum–
carbon alloys (stainless steel), which are serviceable 
under rigid conditions of thermal loads (Figure 7, a, 
b), was created.

The brazed tubular joints molybdenum–stainless 
steel with tight brazed welds were produced, where 
cracks and a formed structure of solid solution were 
absent (Figure 7, c).

The dissimilar joints kovar–titanium alloy are 
widely used in instrument making. To produce them 
by brazing, a special technology of preliminary treat-
ment of the base metal (titanium alloy) was developed 
and applying vacuum radiation heating individual 
brazed assemblies were manufactured (Figure 8). The 
carried out tests on sealing gave positive results and 
testify to the quality formation of brazed welds.

The flux brazing of hard-alloy plates for sawing 
discs and holders were worked out during the manu-

Figure 4. Microstructure of brazed weld of aluminium brazed 
joint produced using brazing filler metal and flux (a) and with flux 
without brazing filler metal (b)

Figure 5. Brazed pipe steel-aluminium adapters (a) and brazed 
model of cu−W diverter assembly for thermocyclic tests (b)
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facture of circular saw blades for woodworking and 
metalworking tools.

The brazing process is used in the manufacture of 
cylindrical elements for semiconductor devices con-
sisting of dissimilar materials, such as metallic 22Xc 
ceramics and kovar (or copper).

The brazing of dissimilar materials of hard-alloy 
cutters for body blades (made of steel) during manufac-
ture of drill bits was mastered [9]. in addition, during 
operation of drill bits a partial fracture of the surface 
of hard-alloy cutters occurs and spallings are observed 
(Figure 9, a), which deteriorates their serviceability.

Therefore, it becomes necessary to perform de-
fect restoration and repair works with the use of flux 
brazing of dissimilar steel materials with hard-alloy 

cutters, as well as in the use of strength carbide-con-
taining coatings. it allows continuing drilling with the 
recovered drilling tool (Figure 9, b) with a consider-
able saving of material resources.

Brazing of copper and its alloys. Brazing filler met-
als based on copper-phosphorus system were developed, 
flux and vacuum brazing (repair) of copper alloys, in-
cluding bronzes of different grades (dispersion-harden-
ing type BrKhTsr), dispersion-hardening alloys (of type 
glidcop), 0.25 a12O3), cupronickels (MNZhMts31-1), 
cunials (cu−Ni−al), non-silbers (MNTs15-20), etc. 
were worked out. corrosion-resistant cupronickels are 
used in the manufacture of seawater desalting plants, 
medical tools and marine shipbuilding.

in the production of refrigeration and heat exchange 
(Figure 10, b) equipment, capillary brazing of copper 
pipelines is used. heat exchangers (of copper, cupron-
ickel — MNZhMts3-1) are used in shipbuilding.

in diesel locomotive building and in the production 
of gas columns heat exchangers are used (Figure 10, 
b), whose components are brazed elements of copper 
(or brass). The carried out investigations of strength of 
brazed joints made of copper M3 and alloys MNZh-5-1 
and MNZhMts 30-1-1 under static and cyclic loads gave 

Figure 6. strength of brazed cu−W joints: in the initial state after 
brazing (1); after neutron irradiation in the sM-2 reactor at T = 
= 100 °c and a dose of 5−1021 neutron/cm2 (2); at T = 310 °c, in 
the sM-2 reactor, dose of 5−1021 neutron/cm2 (3); in the BOr-60 
reactor at T = 400 °c, dose of 5−1022 neutrons/cm2 (4)

Figure 7. Brazed assembly graphite–molybdenum (a) and model of diverter device (b) containing brazed elements Mo−c (stainless steel) 
produced by vacuum high-temperature brazing for thermocyclic tests; microstructure of brazed joint molybdenum–stainless steel (c)

Figure 8. Brazed specimens of dissimilar materials kovar–titanium alloy: model specimen for tests on sealing (a); tubular element (b); 
brazed assembly with plug (c)

results of thermocyclic tests of brazed models of cu−W diverter

Loading 
type

Pulse/pause 
duration, s

heat flow 
capacity, 
MW/m2

Number of 
cycles, N

1 0.3/18−25 26−28 1000
2 0.5/26−28 26−28 200
3 10/13 13/14 1000
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a positive result and provided a reliable operability of 
telescopic and collar-pipe tubular structures.

copper-phosphorus brazing filler metals are used 
to braze copper joints, which consist of tubular ele-
ments and plates applied in solar collectors for heat-
ing water (Figure 10, a). solar collectors are a great 
way to save energy resources. Due to the free solar 
energy, it is possible to provide hot water for econom-
ic needs (for at least) 6−7 months a year and in other 
months also to support the heating system [10]. in the 
manufacture of solar collectors, the process of brazing 
steel components can also be applied.

Different heating for brazing copper tubular struc-
tures, including flame arc or plasma methods can 
be effectively used, where as a filler material cop-
per-phosphorus brazing filler metals by additional al-
loying with different elements are applied.

Vacuum brazing of high-temperature nickel al-
loys. The creation of permanent brazed joints in the 
manufacture of critical structures from nickel cast, 
dispersion-solid, intermetallic alloys based on Ni3al, 
which are operated at high temperatures, is an import-
ant task today, and its solution determines the possi-
bility of using these materials in the manufacture of 
parts of the hot passage of gas turbine engines, power 
plants, jet engines and heat engineering equipment.

For brazing high-temperature nickel alloys, com-
mercial nickel-based brazing filler metals are widely 
used, in which as depressants silicon and boron are 
applied. These elements, on the one hand, reduce the 
melting point and improve spreading and on the other 
hand, they form low-melting brittle (eutectic) phases 
in brazed welds and in the base material [11−13], 
which cannot be dissolved even at a long-term iso-
thermal holding, which adversely affects the mechan-

ical properties of brazed joints during a long-term op-
eration under the conditions of high temperature and 
permanent stresses. The use of brazing filler metals 
containing silver, copper, nickel does not provide the 
required level of heat resistance.

in this regard, the fundamental investigations of 
physico-metallurgical processes occurring during 
vacuum brazing of high-temperature dispersion-sol-
id nickel alloys (iN 718) were carried out and reg-
ularities of the structure formation of brazed joints 
were determined. it was established that producing 
single-phase structure of a brazed weld provides sta-
ble results of short-term strength of brazed joints at a 
room and elevated (550 °c) temperature, respective-
ly (Figure 11, a), as well as high values of long-term 
strength (132 h without fracturing) at a temperature 
of 550 °c and set stresses of 785 MPa (Figure 11, b). 
The obtained data of long-term strength more than 
twice exceed the similar data obtained with the use 
of industrial brazing filler metal. This technology is 
used in the manufacture of a closed centrifugal wheel 
(Figure 11, c).

Brazing of intermetallic alloys. For today, the 
traditional metal alloys providing solid-soluble and 
carbide strengthening are almost obsolete in terms 
of radical improvement of properties, especially for 
high-temperature applications. some reserve for the 
near future is constituted by dispersion-strengthened, 
single-crystal and eutectic alloys. The increase of 
temperature in gas turbine engines is achieved due to 
intensive cooling of the blades, which, in turn, leads 
to decrease in efficiency. a real alternative to metal al-
loys is represented by alloys based on intermetallics, 
which are designed for high-temperature applications 
and contribute to expanding the field of using cooled 
blades with providing a high heat resistance without 
the use of coating [14].

The brazing filler metals together with the tech-
nological process of vacuum brazing (repair) of 
heat-temperature nickel alloys of different grades 
were created: casting alloys (Zhs6U), perspective 
heat-temperature nickel alloys based on intermetal-
lic Ni3a1 (Ni–8a1–14Mo–0.05v), operating under 
the conditions of high temperature, aggressive envi-
ronment and continuous loads. They are used for the 
manufacture of individual parts and assemblies in the 
hot sections of gas turbine engines (Figure 12, a, b). 
The produced brazed joints of nickel alloy based on 
Ni3a1 are characterized by a high long-term strength 
at an elevated temperature of 900 °c and permanent 
stresses of 150 MPa (Figure 12, c).

The class of promising intermetallic alloys in-
cludes titanium alloys based on Tial. They are prom-
inent representatives of high-strength and heat-resis-
tant intermetallic alloys of the new generation, which 
are promising for the use in aircraft construction in 
the manufacture of a number of parts of the hot sec-
tions of gas turbine engines. in terms of heat-resistant Figure 10. Brazed element of solar collector (a) and heat ex-

changer (b)

Figure 9. Matrix drill bit of 215.9 mm diameter for surface drill-
ing during oil and gas production before (a) and after repair (b)
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characteristics at a temperature of 700–750 °С, they 
can compete with highly alloyed nickel alloys due 
to a low specific weight of 3.8 g/cm3 (8.9 g/cm3 in 
nickel). This will provide a reduction in the weight of 
the gas turbine engine by 30 % and an increase in its 
operating characteristics. as a classic example of in-
termetallic titanium alloys Ti–48a1–2cr–2Nb (at.%) 
can be, the main structural component of which is an 
ordered γ-phase (Tial), on the boundaries of which 
a small amount of α2-phase (Ti3a1) is evolved in the 
form of lamellar grains. Due to such layered structure, 
this alloy has a good balance of ductility at a room 

temperature, strength at a high temperature and resis-
tance to oxidation. The alloys, in which the volume 
fraction of α2-phase is at the level of 10–15 %, have 
the maximum level of ductility [15]. The γ-Tia1 alloy 
(47KhD) has a high strength both at a room tempera-
ture (650–700 MPa) as well as at elevated tempera-
ture (at 700 °С, 320–350 MPa).

at PWi the investigations on joining intermetallic ti-
tanium alloys based on γ-Tial (Ti−45al−2Nb−2Mn + 
0.8 vol. % TiB2) with the use of vacuum heating and 
adhesion-active brazing filler metals based on titani-
um-zirconium system were carried out [16]. The pro-

Figure 11. Tensile strength of butt brazed joints (a) produced using filler metals of the system: Ni−Pd−cr−si (1); Ni−Pd−cr−co−si 
(2); Ni−Pd−cr−B (3); Ni−Pd−cr−ge (4); long-term strength (b); double shrouded centrifugal wheel of axial flow compressor of 
gas-turbine engine (c)

Figure 12. gas-turbine engine (a), blade (b), long-term strength of butt similar brazed joints Ni3al+Ni3al produced using multicomponent 
nickel brazing filler metal without heat treatment (1), with heat treatment (2) and dissimilar joints Ni3al+Zhs6U with heat treatment

Figure 13. Brazed thin-walled stainless steel structures: rocket 
rudders (a); plate heat exchanger (b); automotive oil cooler: exte-
rior (c) and vertical section (d)

Figure 14. Brazed elements of high-strength austenitic steel and 
steel 45 before (a) and after brazing (b)
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duced joints successfully passed mechanical strength 
tests at a room, elevated temperature and showed a 
good long-term strength at an elevated temperature 
and a constant stress.

Brazing of stainless steel. stainless steel struc-
tures are often operated under the conditions of ag-
gressive environments and elevated temperature. The 
technological process of vacuum brazing of stainless 
steel relating to thin-walled products such as: rudders 
of rockets, faceted structures [17], automobile heat 
exchangers (Figure 13) was worked out.

The car heat exchangers of stainless steel (Fig-
ure 13, c, d) are designed to maintain the optimum 
temperature conditions in cars, tractors, combines and 
other machines.

in industry, brazed assemblies of steels of different 
grades are widely used. The brazing process can be 
performed in a vacuum, in the environment of shield-
ing gas and in the air. an example is a brazed assem-
bly of high-strength austenitic steel and plugs of steel 
45 (Figure 14), characterized by a uniform strength 
and used in a laboratory bench to test structures of 
rolling stock (rail cars) on rail transport.

a special attention should be paid to the experi-
ments on brazing in outer space: in the conditions of 
zero-gravity and a significant temperature gradient, 
which affect the process of brazed joints formation 
and differ significantly from the earth’s conditions. 
Only the first steps were made in this direction, and 
to study the physical and metallurgical features of the 
formation of brazed joints in more details, the further 
systematic investigations are needed.
Conclusions
in this paper some aspects of practical application of 
investigations results and created scientific and techno-
logical developments in the field of brazing of dissim-
ilar materials are briefly covered such as: aluminium, 
copper, steel, high-temperature nickel, titanium alloys 
and advanced materials of the new generation based on 
Ni3a1 and γ-Tial intermetalics. a particular attention 
should be paid to the considerable volume of exper-
imental investigations while producing brazed joints, 
designed for operation in severe conditions of high 
temperature and continuously applied stresses. The ex-
amples of the application of brazed joints of dissimilar 
materials, differing in physicochemical properties and 
requiring a complex approach during the selection (de-
velopment) of chemical composition of a brazing fill-
er metal and the technological process of brazing, are 
shown. The practical solutions mentioned in the work 
are of great importance to many industries and extend 
the scope of brazed structures applications.
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