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Plasma brazing of steels is performed using brazing filler metals having liquidus temperature higher than 1000 °C. 
This work shows the possibility of lowering the brazing temperature by applying brazing filler metals having a lower 
melting temperature. The method of high-temperature differential thermal analysis was used to establish the influence 
of manganese, nickel and silicon on solidus and liquidus temperatures of experimental alloys of the Cu‒Mn‒Ni‒Si 
system. Empirical data and mathematical processing methods were applied to determine the influence of chemical 
elements on calculated coefficients of the impact of alloying elements on solidus and liquidus temperatures of alloys of 
the Cu‒Mn‒Ni‒Si system that promotes lowering of melting temperature. The influence of nickel and silicon content 
at a fixed quantity of manganese of 10 and 16 wt.% on the spreading area over 08kp (rimmed) steel and melting tem-
perature range was studied. High-quality formation of brazed joints from 08kp alloy produced by plasma brazing with 
application of the studied alloys was proved experimentally. 16 Ref., 2 Tables, 5 Figures.
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Currently, as an alternative to MIG brazing, the pro-
cess of plasma brazing is developed, in which two 
independent arcs are used — pilot and primary one. 
Pilot arc is burning between the nozzle and tung-
sten electrode, and primary arc is burning between 
the tungsten electrode and a product. Brazing is per-
formed using an direct constant and modulated cur-
rent, the brazing filler metal is supplied automatically. 
Plasma brazing is quite successfully applied to join 
parts in the manufacture of car bodies, metal-plastic 
windows and ventilation boxes [1–6]. For plasma 
brazing, a wide range of standard copper based alloys 
is proposed, which are divided into three groups, de-
pending on the nature of alloying (Table 1).

Most often bronzes alloyed with silicon (SG‒
CuSi3) and aluminium (SG‒CuAl8) are used. All braz-
ing filler metals have a liquidus temperature of about 
1000 °C and higher. A decrease in the melting tem-

perature of the brazing filler metal allows reducing the 
input energy required to produce high-quality brazed 
joints [6, 9, 10]. This leads to a decrease in residual 
stresses and an increase in the life of brazed joints.

The aim of the work is to establish the regularities of 
the influence of Mn, Ni and Si on the solidus and liqui-
dus temperature of alloys of the Cu‒Mn‒Ni‒Si system, 
which are used as brazing filler metals in plasma brazing.

Procedure of experiment. For investigations, 
cast brazing filler metals were produced in a labora-
tory electrode installation (Figure 1) on a copper wa-
ter-cooled substrate in a purified argon.

As the source components, materials with cleanliness 
of not lower than 99.95 wt.% were used. The solidus and 
liquidus temperature of the produced alloys was deter-
mined by the method of high-temperature differential 
thermal analysis in the VDTA-8M installation in helium 
at heating and cooling rates of 40 °С/min. Based on the 
multifactorial planning method [11] and the analysis 
of binary diagrams of the state Cu‒Mn, Cu‒Ni and 
Cu‒Si [12, 13], a matrix with a variable composi-
tion of alloying elements Mn, Ni and Si was plotted. 
Cu‒13Mn‒2Ni‒2Si** alloy with a solidus temperature 
of 823 °C, and a liquidus one of 962 °С (interval of 
crystallization temperature is 139 °C) was selected 
as the base one. Concentration borders of manganese 

           
**Here and further wt.%.
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Table 1. Chemical composition of brazing filler metals and melt-
ing temperature [7, 8]

Order 
number

Bronze grade
Melting temperature interval, 

°C

1 SG–CuSi3 910‒1025
2 SG–CuSn6 910‒1040
3 SG–CuAl8 1030‒1040
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(10‒16 wt.%) were selected based on the analysis of 
binary diagrams of the state copper-manganese [12] 
with the account of the melting temperature interval.

The wetting of the experimental brazing filler met-
als of steel 08kp was performed using arc (TIG) meth-
od that contributes to the uniform heating of the larger 
area of the base metal substrate as compared to plasma 
heating [14]. The heating temperature was monitored 
using the Cr/Al thermocouple and the TRM device.

The ends of the thermocouple were welded-on from 
the reverse side of the base metal (substrate) to pro-
duce a hot brazing filler metal. The calculation of the 
obtained experimental data from spreading (spreading 
area) was carried out using AutoCard software.

For plasma brazing of specimens from steel 08kp, 
the power source KEMPPI Master TIG 2300 with a 
plasma module was used.

According to the standard procedure, microsec-
tions were prepared that were investigated without 
chemical etching using the TescanMira 3 LMU elec-
tron scanning microscope.

Results of experiments and their analysis. The 
influence of alloying elements Mn, Ni and Si to the 
liquidus and solidus temperature of copper-based al-
loys was evaluated using formulas (1) and (2). In fact, 
this implies the decomposition of the function of in-
fluence in a series of Taylor [15, 16] in the area of 
melting pure copper.
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 is the tangent of the inclination angle of 

the solidus and liquidus lines near the melting point 
of pure copper on the diagrams of the state of the re-
spective binary systems [13]. The area of the used 
alloying concentrations show that the dependence of 
solidus and liquidus temperature can be accepted as 

close to the linear and the ratio Cu
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, which indicates the influence of Mn, Ni 

and Si on the solidus and liquidus temperature of cop-
per-based alloys within the alloying complex, %: 1‒3 
of silicon; 1‒3 of nickel and 10‒16 of manganese. 
According to the results of calculations, it was deter-
mined that silicon greatly affects a decrease in the sol-
idus and liquidus temperature (Table 2).

The calculated coefficients of the influence of alloy-
ing elements on the solidus and liquidus temperature in 
the alloys of the Cu‒Mn‒Ni‒Si system show that at a 
set change in the concentration interval of the alloying 
elements, a decrease in the solidus and liquidus tem-
perature is more strongly influenced by a silicon con-
tent with a coefficient of ‒40.5 for solidus temperature 
and ‒23.5 for liquidus one. The amount of manganese 
affects the decrease in the solidus and liquidus tem-
perature to a lower extent, which is indicated by lower 
values of the coefficients: ‒8.3 and ‒0.33 (for solidus 
and liquidus temperature, respectively).

Based on the experimental data, which were ob-
tained while spreading of the investigated alloys, it was 
found that the presence of nickel within 1‒3 % in the 
brazing filler metal of the Cu‒Mn‒Ni‒Si system at a 
fixed concentration of manganese of 10 and silicon of 
lower than 2 %, leads to a decrease in spreading area (as 

Figure 1. Laboratory installation for melting brazing filler metals 
in argon

Table 2. Coefficients of influence of alloying elements on solidus and liquidus temperature of copper-based alloys (calculated data)

Alloying element i lic
iT∆ , °C sol

iT∆ , °C △Ci, wt.% (ΔT/ΔC)lic (ΔT/ΔC)sol

Mn –62 –50 6 –10.33 –8.33
Ni 12 7 2 6 3.5
Si –47 –81 2 –23.5 –40.5

Note. ∆C is the change of concentration interval, in which a decrease in melting temperature by the value of ∆T is observed. ∆T is a change 
in the temperature range, which depends on the concentration of the constituent elements.
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compared to the base one). An increase in the concen-
tration of silicon to more than 2 % and a decrease in the 
nickel content contribute to an increase in the spreading 
area as compared to the base alloy (Figure 2).

At a concentration of manganese of 16 % and silicon 
of lower than 2 %, a reduction in nickel content (up to 
1 %) as compared to the base one increases the spread-
ing area, and an increase in nickel to higher than 2 %, 
leads to a decrease in the spreading area. In the alloys 
with the content of manganese of 16 % and nickel of 
lower than 2 % and silicon within 1‒3 %, a gradual in-
crease in the spreading area to 104.49 and 127.15 mm2, 
respectively, is observed. With an amount of nickel be-
ing higher than 2 %, a reduction in the silicon content 
as compared to base one reduces the spreading area.

The results of investigations of experimental braz-
ing filler metals by high-temperature differential ther-
mal analysis showed that with a manganese content 
of 10 % and of silicon being lower than 2 %, nickel 
alloying in the range of 1‒3 % increases the solidus 
and liquidus temperature. While reducing the amount 
of nickel in the alloy containing 10 % of manganese 
and more than 2 % of silicon, a decrease in the solidus 
and liquidus temperature of the alloy is observed. An 
increase in the content of the nickel increases the sol-
idus temperature (Figure 3, a).

In the alloy containing 16 % of manganese and 
lower than 2 % of silicon, alloying by nickel contrib-

utes to an increase in the solidus temperature. The liq-
uidus temperature also grows, but slightly (Figure 3, 
b). Doping of the alloy by silicon (up to 3 %), contain-
ing an increased concentration of nickel (up to 3 %) 
contributes to reduction in the solidus and liquidus 
temperature (Figure 3, a, b).

It is known that the temperature interval of melt-
ing is the difference between the solidus and liquidus 
temperature of the alloy. From the obtained results of 
investigations, it follows that at the concentration of 
manganese of 10 % and silicon being lower than 2 %, 
alloying by nickel reduces the crystallization interval 
as compared to the base alloy.

The content of silicon being higher than 2 % and a 
decrease in the amount of nickel lead to an increase in 
the temperature interval of melting as compared to the 
base values, whereas an increase in the nickel content 
reduces it (Figure 4).

Nickel doping within 1‒3 % of the alloy of the Cu‒
Mn‒Ni‒Si system containing 16 % of manganese and 
less than 2 % of silicon leads to a decrease in the tem-
perature interval of melting, which is also observed in 
the alloys, containing more than 2 % of silicon.

Based on the obtained results of experimental in-
vestigations, the optimal components of brazing filler 
metals with an acceptable temperature interval were 
selected, which were used in plasma brazing. Structur-

Figure 2. Dependence of spreading area of experimental alloys 
of the Cu‒Mn‒Ni‒Si system at a fixed Mn content on the amount 
of Mn and Si

Figure 3. Dependence of solidus (a) and liquidus (b) temperature of experimental alloys of the Cu‒Mn‒Ni‒Si system on content of 
manganese, nickel and silicon

Figure 4. Dependence of temperature interval of melting experi-
mental alloys of the Cu‒Mn‒Ni‒Si system on content of manga-
nese, nickel and silicon



20 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 8, 2021

BRAZING PROCESSES

                                                                                                            

                                                                                                                                                                                                    

al investigations of brazed joints showed a high-qual-
ity formation of dense defect-free welds while using 
the brazing filler metal Cu‒16Mn‒1Ni‒3Si (Tlic = 
= 912 °C) (Figure 5).
Conclusions
Applying the calculation method, the coefficients of 
influence of alloying elements on the solidus and liq-
uidus temperature in the alloys of the Cu‒Mn‒Ni‒Si 
system were determined, which show that at a set 
change in the concentration interval of alloying ele-
ments, a decrease in the solidus and liquidus tempera-
ture is more strongly influenced by a silicon content 
with a coefficient of ‒40.5 for solidus temperature and 
‒23.5 for liquidus one. The amount of manganese af-
fects a decrease in the solidus and liquidus tempera-
ture to a lower extent, which is indicated by lower 
values of the coefficients: ‒8.3 and ‒10.33 (for solidus 
and liquidus temperature, respectively).

It was experimentally proved that alloying with 
nickel within the range of 1‒3 % of the alloy of the 
Cu‒Mn‒Si system, which contains a fixed amount of 
manganese of 10 %, silicon of lower than 2 %, leads to 
a decrease in the spreading area (to 99.03‒83.44 mm2) 
and an increase in the solidus temperature to 
860‒914 °С and the liquidus one to 996‒1008 °С as 
compared to the base alloy. At an increase in the con-
centration of silicon to 3 %, a decrease in the content 
of nickel promotes an increase in the spreading area to 
123.68 mm2 as compared to the base alloy.

The results of experimental studies show that an 
increase in the nickel content at a manganese concen-
tration of 10 % and that of silicon being lower than 
2 % reduces the melting temperature interval from 
136 to 94 °C as compared to the base one. Reducing 
the amount of nickel in the alloy with an increased 
concentration of silicon (more than 2 %) increases 
the of melting temperature interval to 150 °C as com-
pared to the similar indices of the base alloy.

Nickel doping of the alloy containing 16 % of 
manganese and less than 2 % of silicon reduces the 
temperature interval of crystallization to 74–92 °C as 
compared to the base values. At an increased concen-
tration of silicon, alloying with nickel leads to an in-
crease in the melting interval to 106‒113 °C.

On the basis of a comprehensive evaluation of 
empirical data, the concentration limits of alloying 
elements were selected, wt.%: 10‒16 Mn, 1‒3 Ni, 
1‒3 Si, which provide an acceptable solidus and liq-
uidus temperature of the brazing filler metal on the 
base of copper and high-quality formation of brazed 
joints from steel 08kp.

1. Frigs, A., Stockel, S. (2012) Vollmechaniches Metall-Inert 
gas hartloten von feuerverzinktem Feinblech aus Stahl. Sch-
weissen und Schneiden, 12, 624–629.

2. Chovet, C., Guiheux, S. (2006) Possibilities offered by MIG 
and TIG brazing of galvanized ultra-high strength steel for 
automotive applications. La Metallurgia Italiana, 7‒8, 47–53.

3. Kim, Y., Park, K. (2016) A review of arc brazing process 
and its application in automotive institute for advanced engi-
neering. Robot Center, Yongin, Republic of Korea, Sungbok 
Kwak Duckyang Ind. Co., Ltd., R&D Center, Suwon, Repub-
lic of Korea. Int. J. of Mechanical Engineering and Robotics 
Research, 5(4), 246–250.

4. Matusiak, J., Wycislik, J. (2015) Influence of shielding gas on 
fume and gas emission during arc weld brazing of steel sheets 
with coatings. Shielding Gas on Fumeing Arc Weld Brazing of 
Steel Sheets with Coatings. Metalurgija, 54, 71–74.

5. Wook-Je Cho, Tae-Jin Yoon, Sung-Yun Kwak et al. (2017) Ef-
fects of brazing current on mechanical properties of gas metal 
arc brazed joint of 1000 MPa grade DP steel. J. of Welding 
and Joining, 35(2), 23–29.

6. Norbert Knopp, Mündersbach, Robert Killing, Solingen 
(2005) Brazing of galvanised sheets using an arc-reliable and 
economically viable. Welding and Cutting, 4(6), 7–9.

7. Belkacem Bouaifi (2003) Low-heat process enhances joining 
of coated sheet metals. Welding J., 1, 26–30.

8. Knopp, N., Killing, R. (2004) Hartlöten verzinkter Feinbleche 
mit dem lichtbogen sicher und wirtschaftlich (Teil 2). Der 
Praktiker, 1, 8–12 [in German].

9. Maksymova, S.V., Zvolinskyy, I.V., Yurkiv, V.V. et al. (2020) 
Residual stresses in thin-sheet galvanized steel joint after arc 
welding and plasma brazing. The Paton Welding J., 9, 31–35. 
DOI: https://doi.org/10.37434/tpwj2020.09.05.

10. Knopp, N., Killing, R. (2003) Hartloten verzinkter Feinbleche 
mit dem Lichtbogen – sicher und wirtschaftlict (Teil 1). Der 
Praktiker, 12, 366–371 [in German].

11. Ashmarin, I.P., Vasiliev, N.N., Ambrosov, V.A. (1975) Fast 
statistical methods and experimental design. Izd.-vo Lenin-
grad. Un-ta [in Russian].

12. Lyakishev, N.P. (1997) Constitutional diagrams of binary 
metal systems: Refer. Book, 3 Vol., Vol. 2. Moscow, Mashi-
nostroenie [in Russian].

13. Massalski, T.B., Okamoto, H., Subramanian, P.R., Kacpr-
zak, L. (1990) Binary alloy phase diagrams. The materials 
information society. ASM Int., 1.

14. Application of the process of plasma and plasma+TIG weld-
ing. https://www.svartools.ru/technology/primenenieprotses-
sa-plazmennoy-i-plazmennoy-tig-varki [in Russian].

15. Bronshtejn, I.N., Semendyaev, K.A. (1986) Mathematics 
handbook. Moscow, Nauka [in Russian].

16. Ivanchenko, V.G., Oshkaderov, S.P., Severina, S.N. (2012) 
Determination of optimum compositions of complex solid 
solution hardened alloys based on nickel-chrome for ortho-
pedic dentistry. Metallofizika i Novejshie Tekhnologii, 34(8), 
1133–1143 [in Russian].

Received 28.04.2021

Figure 5. Brazed joint of steel 08kp, produced in plasma brazing


