
13ISSN 0957-798X THE PATON WELDING JOURNAL, No. 7, 2021

BRAZING PROCESSES                                                                                                                                                                                                    

                                                                                                            

https://doi.org/10.37434/tpwj2021.07.03

VACUUM BRAZING 
OF KOVAR–MOLYBDENUM DISSIMILAR JOINTS

S.V. Maksymova, P.V. Kovalchuk and V.V. Voronov
E.O. Paton Electric Welding Institute of the NAS of Ukraine 

11 Kazymyr Malevych Str., 03150, Kyiv, Ukraine. E-mail: office@paton.kiev.ua
The features of spreading of brazing filler metals of Cu‒Mn‒Co system over molybdenum and Kovar were established 
based on the performed studies. Micro X-ray spectral analysis determined that zonal crystallization of a brazing fill-
er metal drop on the base metal substrate occurs during spreading: pronounced areas of copper-based solid solution 
(Cu‒12.92Mn‒4.69Co) form along the outer perimeter of the drop, and dendrites of manganese-based solid solution, 
characterized by a higher melting point, are crystallized in the drop central part. It has been experimentally proven 
that an increase in the heating temperature contributes to an increase in the spreading area of the brazing filler metal 
by improving the spreading of copper-based solid solution. It was found that a copper-based solid solution forms in 
the brazed seam of dissimilar Kovar‒molybdenum joints, and a molybdenum-based reaction layer (about 1 μm wide), 
crystallizes at the molybdenum-brazing filler metal interface. This layer is enriched in cobalt (15.80 %) and manganese 
(14.12 %) and contains a small amount of copper (1.63 %). As a result of mechanical tests of Kovar‒molybdenum 
overlap joints under static loads at room temperature, destruction occurs partly along the brazed seam and partly along 
the base metal–molybdenum. 14 Ref., 2 Tables, 6 Figures.
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Individual components from dissimilar materials are 
often used to obtain certain properties of structures. 
Producing them by brazing involves a number of 
problems that is due to chemical composition of the 
materials being joined, and different physicomechan-
ical properties.

At brazing dissimilar joints of molybdenum-stain-
less steel (Kovar), it is necessary to take into account 
the features of each material. Molybdenum belongs 
to refractory high-temperature materials due to a high 
melting temperature (2600 °C), and considerable spe-
cific strength under the conditions of high temperature. 
Its brazing is conducted under vacuum or in shielding 
gases, as it actively reacts with oxygen at heating in 
air that promotes its oxidation and lowers its mechan-
ical properties [1]. Brazing temperature should not 
exceed its recrystallization temperature. At transition 
through recrystallization threshold, molybdenum be-
comes brittle [2] that is important to take into account 
at selection of the brazing filler metal and its melting 
ranges. Moreover, the difference in the coefficients of 
thermal expansion of both the metals leads to appear-
ance of residual stresses, product deformations and 
crack initiation [3‒5]. Therefore, at their combination 
copper and its alloys are usually used as brazing filler 
metal, which act as a damper between the parts being 
joined and promote relaxation of the arising stresses. 

Special ductile interlayers can be used, which are ef-
fective at joining dissimilar metals, with considerably 
different physicomechanical properties [4].

Much fewer works are devoted to joining molyb-
denum to Kovar (Fe‒29Ni‒17Co), compared to braz-
ing molybdenum to stainless steel. Still, such work 
has been performed for many years, and it became 
particularly urgent in connection with development of 
new units and structural elements in instrument-mak-
ing. At present, joining dissimilar Kovar‒molybde-
num materials, designed for high-temperature appli-
cation, is urgent [5, 6]. Kovar belongs to precision 
alloys with specified temperature coefficient of linear 
expansion (TCLA), which is close to that of borosil-
icate glass [7] that promotes its application in optical 
instruments operated in a broad temperature range. 
Brazing of these metals involves problems of a dif-
ferent nature. On the one hand, their TCLA are close: 
for Kovar it is equal to ~ 4.6–5.29∙10‒6 °C‒1 (in the 
temperature range of 20–400 °C and it grows rapidly 
with increasing temperature) [8], and for molybde-
num it is equal to 5∙10‒6 °C‒1 (in the temperature range 
of 0–100 °C) that is a positive moment when making 
Kovar‒molybdenum brazed joints. On the other hand, 
however, based on melting diagram of Mo‒Fe system 
one can see that molybdenum and iron have consid-
erable areas of solubility at high temperature. With its 
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lowering, however, these areas rapidly become nar-
rower and at room temperature the mutual solubility 
is practically absent. A series of intermetallic phases 
forms between the considered elements, which can 
have a negative role, leading to brittleness of the 
brazed joint [9]. Formation of intermetallic phases 
has a negative influence on the mechanical properties 
of dissimilar joints, which were produced by different 
methods, also by welding [6, 10]. Detailed studies of 
microstructure of the joints produced at electron beam 
braze-welding of Kovar with molybdenum showed 
that three zones form on the joint interphase, where an 
iron-based and molybdenum-based solid solutions 
were found, as well as brittle intermetallic phases: 
Fe5Mo3, FeMo, which are the cause of brittle fracture 
and low strength [10].

At vacuum brazing of Kovar to molybdenum 
(at the temperature of 1115 °C), using pure copper 
100 μm thick as brazing filler metal, the joint strength 
is equal to 72–75 MPa [5].

This work presents the results of investigations 
on spreading of experimental brazing filler metals of 
Cu‒Mn‒Co system on Kovar and molybdenum and 
features of formation of the structure of dissimilar 
Kovar‒molybdenum brazed joints that were produced 
by vacuum high-temperature brazing. 

Experimental part. Molybdenum sheets of MCh 
grade (3 mm thick) and Kovar precision alloy (2 mm 
thick, Table 1) were used as base metal to conduct the 
experiments.

Experimental brazing filler metals were produced on 
a copper backing in an argon atmosphere with applica-
tion of arc heating. In order to study the influence of co-
balt on solidus and liquidus temperature, a number of ex-
perimental alloys of Cu‒Mn‒(0.5‒4.5)Co system were 
produced and their melting ranges were determined by 
high-temperature differential thermal analysis (HTDTA) 
(Table 2), using VDTA-8M3 unit in high-purity helium 
at the heating rate of 40 °C/min (±5 °C).

In order to conduct the experiments, Cu‒Mn‒
(0.5‒4.5)Co polycrystalline alloys in the cast 

and rolled state were used in the form of a strip of 
~ 100 μm thickness.

Experiments on spreading of the studied al-
loys were conducted on molybdenum substrates of 
15×15 mm size. Brazing filler metals in the quanti-
ty of 300 mg were placed in the central zone of base 
metal substrate, heating was conducted in a vacuum 
furnace with radiation heating at the temperature that 
exceeds the liquidus temperature by 30 °C at rarefac-
tion of the working space of 1.33∙10‒4 Pa for 180 s. 
The spreading areas of experimental brazing filler 
metals were measured using scanning and KOM-
PAS-3Dv17.1 program.

Brazing dissimilar overlap joints (with a capillary 
gap) was also performed at the temperature which ex-
ceeds TL by 30 °C, soaking time was 180 s. Obtained 
samples were cut normal to the sheet surface and mi-
crosections were prepared by a standard procedure 
and their chemical heterogeneity was studied, using a 
scanning electron microscope TescanMira with LMU. 
Micro X-ray spectral studies and determination of lo-
cal distribution of elements in individual phases were 
conducted using energy-dispersive spectrometer Ox-
ford Instruments X-max 80 mm2, which is fitted with 
INCA program package. Microsections were studied 
without chemical etching.

Experimental results and their analysis. Obtained 
investigation results showed that experimental alloys 
have a quite narrow melting range, not exceeding 22–
35 °C, but increasing cobalt concentration leads to its 
widening due to increase of liquidus temperature. With 
increase of cobalt concentration from 0.5 to 4.5 wt.%, 
the alloy solidus temperature rises by 14 °C.

When conducting the experiments, the maximum 
overheating above the alloy solidus temperature was 
equal to 65 °C (Figure 1).

Ternary alloys of Cu‒Mn‒(0.5‒4.5)Co system are 
characterized by a cast structure that is formed by two 
solid solutions based on copper and on manganese. 
The latter is observed in the form of dark dendrites 
of the solid solution with pronounced liquation by the 

Table 1. Chemical composition of experimental materials, wt.%

Composition Fe C Si Ni Co Mo

Mo Up to 0.01 Up to 0.005 Up to 0.01 Up to 0.005 ‒ min 99.96
29NK 51.14‒54.5 ‒ ‒ 28.5‒29.5 17.0‒18.0 ‒

Table 2. Experimental alloys and temperature of spreading (brazing)

Alloy number Composition, wt.% Spreading temperature, °C
Melting temperature range, 

°C
Heating above solidus 

temperature, °C

1 Cu–Mn–0.5Co 939 22 52
2 Cu–Mn–1Co 946 21 51
3 Cu–Mn–2Co 955 26 56
4 Cu–Mn–4.5Co 966 35 65
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component elements that is inherent in alloys of this 
system [11]. Cobalt is a component element of both 
the solid solutions. Kovar structure is single-phase 
and is formed by γ-solid solution, which is resistant at 
the temperature higher than ‒70 °C. At an unfavour-
able ratio of nickel and cobalt and present impurities, 
partial γ→α transformation (of martensite nature) is 
possible at T = ‒70 °C, which may lead to TCLA in-
crease that should be taken into account at creation of 
structures and components from such dissimilar ma-
terials as Kovar and molybdenum.

It is known that one of the important physicochem-
ical characteristics of producing a sound joint is the 
ability of brazing filler metal to wet the base metal and 
spread over it [12]. The quality of brazed products de-
pends on the completeness of running of this complex 
metallurgical process. Proceeding from the conducted 
investigations, it was found that at spreading of cast 
brazing filler metal (Figure 2, a) of Cu‒Mn‒CO sys-
tem on molybdenum, a drop of inhomogeneous struc-
ture forms, which can be conditionally divided into 
zones (Figure 2, b, c).

In the central zone (No.1), a manganese-based sol-
id solution crystallizes as dispersed dendrites, which 
form the tip of brazing filler metal drop. They are lo-

cated against the background of the copper matrix, 
but their liquidus temperature is higher than that of 
copper-based solid solution [13]. The results of micro 
X-ray spectral analysis revealed considerable chem-
ical inhomogeneity of the intermediate zone (No.2) 
which is a copper-based solid solution of varying 
concentration. The morphology of this zone differs 
considerably from the previous one, and consists of 
rather coarse dendrites of the solid solution with a 
pronounced liquation by component elements (Fig-
ure 2, d) that is determined by the cooling rate and 
crystallization temperature range [11]. Manganese 
concentration is in the range of 16.2–32.15 %.

Figure 1. Brazing temperature (1) and solidus temperature (2) of 
experimental alloys

Figure 2. Cu‒Mn‒4.5Co brazing filler metal on a molybdenum substrate (a), after spreading (b, c) and structure of the intermediate 
zone – dendrites of copper-based solid solution (d)



16 ISSN 0957-798X THE PATON WELDING JOURNAL, No. 7, 2021

BRAZING PROCESSES

                                                                                                            

                                                                                                                                                                                                    

A halo in the form of a plane crystallization front 
is observed around the drop perimeter (zone No.3), 
which is formed by a copper-based solid solution 
with minimum manganese concentration (12.92Mn), 
which is characterized by the lowest melting tempera-
ture and is the last to crystallize. The low concentra-
tion of manganese in this zone is due to high vapour 
pressure and time of brazing filler metal staying in the 
liquid state under vacuum. Note that zonal formation 
of the structure at molybdenum spreading is charac-
teristic for all the studied brazing filler metals (see 
Table 1).

It was proved experimentally that at increase of 
heating temperature the area of brazing filler metal 
spreading increases (Figure 3, a) due to improvement 
of spreading of copper-based solid solution, which 
crystallizes around the perimeter of brazing filler met-
al drop in the form of a halo. The tendency to increase 
of the area is observed at spreading of experimental 
brazing filler metals both on molybdenum (Figure 3, 
a), and over Kovar (Figure 3, b). Obtained data show 
the good capillary properties of brazing filler metals 
of Cu‒Mn‒Co system.

Dissimilar reference-samples were brazed simul-
taneously with samples for mechanical testing, in or-

der to study the brazed seam properties and conduct 
metallographic examination. External examination of 
the samples showed that at brazing of dissimilar mo-
lybdenum-Kovar joints (by Cu‒Mn‒4.5Co brazing 
filler metal) formation of a full direct and reverse fillet 
section is observed (Figure 4, a, b).

Micro X-ray spectral analysis showed that the 
brazed seam metal consists of a matrix — cop-
per-based solid solution of Cu‒Mn‒Ni, which con-
tains 2.87 % cobalt and 3.73 % iron. A molybde-
num-based reaction layer (about 1 μm wide), enriched 
in cobalt (15.80 %), and manganese (14.12 %) and 
having a small amount of copper (1.63%), forms on 
molybdenum–brazing filler metal interphase.

Moreover, a small amount of discrete grains based 
on iron (27.05–28.29 %) and enriched in manganese 
(27.94–26.93 %) is observed against the background 
of the solid solution that is confirmed by investiga-
tions at electron beam scanning of the brazed sample 
(Figure 5).

Note that such features of structure formation are 
due to nonequilibrium conditions of crystallization of 
brazed seam metal, presence of concentration gradi-
ent on base metal – brazing filler metal interphase and 
diffusion processes running during brazing. Owing to 

Figure 3. Spreading area of brazing filler metals Nos 1‒4 of Cu‒Mn‒Co system, on molybdenum (a) and on Kovar (b)

Figure 4. Appearance of a brazed dissimilar Kovar‒Mo joint: direct (a) and reverse fillets (b)
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diffusion processes, the brazed seam meal is saturat-
ed by base metal elements, and, as a result, it differs 
from the initial brazing filler metal by chemical com-
position, that affects the mechanical properties of the 
brazed joints.

Overlap sheet brazed Kovar‒molybdenum sam-
ples were used to study the mechanical properties un-
der static loading conditions at room temperature [14] 
which were produced with application of brazing fill-
er metal (No.4) Cu‒Mn‒4.5Co. Their appearance in 
the initial condition (as-brazed) is indicative of sound 
formation of the fillet sections and absence of pores in 
the welds (Figure 6, a, b).

During testing destruction of the samples occurs 
partially in the brazed seam and partially in the base 
metal–molybdenum (Figure 6, c). Proceeding from 
mechanical testing results, it was determined that the 
shear strength of brazed Kovar‒molybdenum samples 
is in the range of 168.18– 278.87 MPa.

Conclusions

Obtained investigation results showed that at spread-
ing of brazing filler metals of Cu‒Mn‒4.5Co system 
on molybdenum, zonal crystallization of brazing fill-
er metal drop takes place. Pronounced regions with 
plane fronts of crystallization of copper-based solid 
solution (Cu12.92Mn‒4.69Co) form around the drop 
perimeter. In the intermediate zone, dendrites of cop-
per-based solid solution, containing a varying con-
centration of manganese (16.2–32.15 %) are observed 
that is due to dendritic segregation at crystallization.

Dendrites of manganese-based solid solution form 
in the drop central (upper) zone against the back-
ground of copper-based solid solution. Their melting 
temperature is higher than that of copper-based solid 
solution.

It is found that increase of the heating temperature 
leads to increase of brazing filler metal spreading area 

Figure 5. Electron image and distribution of iron, manganese, cobalt, and molybdenum in the weld of brazed dissimilar Kovar‒Mo 
joint

Figure 6. Appearance of brazed Kovar‒molybdenum samples before (a, b) and after testing (c)
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that is due to melting temperature of copper-based 
solid solution which practically does not change.

Shear strength at room temperature of brazed 
overlap dissimilar Kovar‒molybdenum samples is in 
the range of 168.18–178.87 MPa. Destruction of the 
samples runs partially through the brazed seam and 
partially–through base metal–molybdenum.
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