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The physical and mechanical properties of the joining zone of metal produced by autonomous vacuum
brazing of copper M1 on steel billets were determined. During tensile test the fracture of standard specimens
occurred always in the copper part. At the same time, the strength properties of brazed copper layer in the
initial state exceeded the reference values for wrought and annealed copper M1. The ultimate tear strength
of brazed copper layer determined on the special specimens is equal to the temporary rupture strength of
steel 20. The investigations of physical characteristics of the joining zone showed that during technical
calculations the additional electrical and thermal resistances of the contact zone can be neglected. 13 Ref.,
1 Table, 7 Figures.
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Figure 2. Scheme of carrying out autonomous vacuum brazing: 1 – thermal furnace; 2 – pilot billet; 3 – vacuum
conductor; 4 – manovacuum gauge; 5 – gate valve; 6 –
forevacuum pump

Figure 1. Sketch of pilot billet for brazing: 1 – hollow
cylinder; 2 – melting component (copper); 3 – cover;
4 – branch pipe for vacuuming; 5 – sealing welds

steel—copper transition zone, produced by melting copper in autonomous vacuum, namely, of
electrical and thermal resistance, mechanical
strength, tensile and tear strength.
To carry out investigations the hollow cylinders with a massive bottom of steel 20 were manufactured. The cavities of cylinders were tightly
filled with cuttings of copper sheet M1 of 2.5 mm
thickness. The opening of the cavity was closed
by steel cover, to the center of which a thinwalled steel pipe was welded-in. The cover was
sealed by argon arc welding (Figure 1).
The cylinders prepared for testing were placed
in the thermal furnace with a usual atmosphere.
The branch pipe-vacuum conductor was brought
out to the outside and connected to the forevacuum pump through the gate valve with a manovacuum gauge (Figure 2).
Before heating, the evacuation was created
inside the cylinders by the forevacuum pump and
the gate valve was closed. The thermal furnace
was heated to 1150 °C and after 30 min of iso-
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thermal holding it was switched off and the door
was opened. The cylinders were left inside the
furnace until their complete cooling. During
heating the evacuation inside the cylinders according to the indications of the manovacuum
gauge was almost unchanged.
After cooling each cylinder was cut along the
forming part into the four equal parts, of which
the specimens for mechanical tests were manufactured, the measurements of electrical resistance and study of microstructure of the transition zone were carried out.
Figure 3 shows a photo of macrosection of the
longitudinal template of cylindrical copper-steel
billet. The visual inspection of macrosection using magnifying glass of 10-fold increase did not
reveal defects, violating the integrity of metal in
the brazed copper and in the zone of its joining
with steel.

Figure 3. Macrosection of steel-copper bimetal joint: 1 –
copper; 2 – steel
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Figure 4. Specimens after tensile tests

To carry out mechanical tensile tests the specimens with 6 mm diameter of rupture part and
40 mm length were manufactured. The steel—copper contact was located in the middle of the rupture part. During tests the fracture of all the
specimens occurred along the copper part (Figure 4). This means that the strength of the copper—steel contact is higher than the tensile
strength of copper.
The test results are given in the Table.
The given data evidence that the values of
mechanical properties of the tested specimens are
higher than those of the deformed and annealed
copper according to the reference values [12].
The main characteristic of quality of bimetal
joint is the tear strength of the brazed layer. To
obtain the reliable data on tear strength the specimens of a special type should be tested, which
have a ring-type groove on a stronger joint element (Figure 5).
Such a groove reduces the area of contact of
copper with steel, at the same time preserving
constant diameter of the copper part of the specimen [13]. The tests showed that the fracture
occurred along the line of joining. The average
value of ultimate tear strength was 480 MPa,
that corresponds to the value of ultimate rupture
strength of annealed steel 20 [12].

Thus, the results of above-mentioned mechanical tests evidence that the method of autonomous
vacuum brazing allows producing the coppersteel bimetal with high strength of layer joining.
The other important characteristics, which
provide a reliable operation of bimetal at high
electrical and thermal loads, are the values of
electric and thermal resistance in the steel—copper contact. The lower are these resistances, the
better is heat removal through the interface and
lower the electrical losses of current passing
through it. In the transition zone the change of
coefficients of electrical and thermal conductivity occurs from values, inherent to steel, to those
of copper. At the absence of a large number of
pores, cracks and other defects in it violating
the density of metal, these changes occur
smoothly. Therefore, in the transition zone the
value of these coefficients may be taken as an
average value between the coefficients of copper and steel parts. On this assumption the
total electrical and thermal resistances of transition zone are determined only by its width.
The transition zone of steel-copper bimetal
joints, produced using different methods of
welding and melting, is determined as the area
of propagating the solid solutions of copper into
steel and steel into copper on both sides of the
interface. These solid solutions have lower values of electrical and thermal conductivity than
the pure copper [7]. Thus, by measuring the
thermal or electrical conductivity of the bimetal specimen in the direction perpendicular
to the joining line, the width of the transition
zone can be experimentally determined.
In metallic conductors a direct connection between electrical and thermal resistance exists,
determined by the Wiedemann—Franz law in its
modern interpretation. Thus, knowing one of
these values it is always possible to determine
the other one. Methodically it is much easier to
measure the electrical resistance. Therefore, we
conducted its evaluation using the procedure,
proposed in work [7].
Mechanical properties of steel-copper specimens as compared to
properties of copper
Specimen number

Figure 5. Sketch of specimen for testing on static tear: 1 –
copper; 2 – steel part

54

Yield
Tensile
strength, MPa strength, MPa

Reduction in
area, %

1

110.3

282.5

70

2

113.5

281.0

73.1

3

127.4

282.8

73.1

Average

117.06

282.7

72.06

74

216

75

Copper, wrought
and annealed [12]
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From the cylinders the specimens of 4 × 4 ×
× 40 mm were manufactured so that the steel—
copper interface was in the middle.
The measurements were carried out using the
ammeter-voltmeter method in the differential
variant by moving the potentiometric fork with
the separation of electrodes of 2.3 mm at 1 mm
pitch from the steel part to the copper one perpendicular to the fusion line. The measurement
results are shown in Figure 6.
The diagram in this Figure shows that the
change in electrical resistance at the steel—copper
interface is concentrated on the length of about
4 mm. However, the size of this length can not
be identified with the transition zone width of
our joint. In fact, it is much smaller. This is
evidenced by the nature of curve of changes of
electrical resistance in the area of steel—copper
interface.
In fact, judging from the diagram, the initial
change in resistance occurs smoothly from steel
to copper during more than 2 mm and then decreases sharply down to the value inherent to
copper. Such a form of the curve indicates that
the width of transition zone is smaller than the
distance between electrodes of the potentiometric
fork. Therefore, the resolving capacity of the
method proposed in [7], does not allow evaluating the width of thin transition zones, but only
determining the average value of electrical resistance in it.
To reveal the sizes of transition zone is possible
by metallographic method through investigation
of microsections. Figure 7 shows microstructure
of bimetal joint produced by autonomous vacuum
brazing of copper on steel surface.
As a result of interaction of melt of copper
M1 with steel 20 at 100 magnification the fusion
line of increased etching is observed. At 1000
magnification the initial stage of penetration of
copper into steel is visible. The structure of steel
(ferrite + pearlite) near the fusion line is not
essentially different from the rest array. Around
the whole volume of the brazed copper the fine
non-metallic inclusions occur, the concentration
of which increases near the interface at the distance of 40—50 μm.
The microhardness was measured at 50 g load
in the direction perpendicular to the fusion line.
On the side of steel a sharp increase in microhardness was noted. So, in the main array of steel
the microhardness amounts to about 1880 MPa.
At the distance of 10—15 μm from the fusion line
and ahead of it the microhardness reaches to
3000 MPa. On the side of copper the abrupt
changes in microhardness are not observed.
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Figure 6. Diagram of changes in electrical resistance of
transition zone of steel-copper bimetal produced using
autonomous vacuum brazing

Across the whole cross-section of the brazed copper it amounts to 920—1080 MPa.
Thus, studying microstructure of bimetal joint
on both sides of interface two anomalous regions
were revealed, where the change of coefficients
of electrical and thermal conductivity may occur.
On the side of steel this is the area of increased

Figure 7. Microstructure of bimetal joint produced using
autonomous vacuum brazing of copper on steel: a – ×100;
b – ×1000
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microhardness, and on the side of copper this is
the area of high concentration of non-metallic
inclusions.
The total length of these regions does not exceed 70 μm. Therefore, the size of this area may
be identified with the width of transition zone
from steel to copper.
This width is at least 3 times smaller than the
width of each component of steel-copper bimetal.
Consequently, the total additional electrical and
thermal resistances of transition zone, determined as the product of mean values of resistances
in it by its width, will be also 3 times lower than
the resistance of each part of the bimetallic contact. Therefore, during engineering electrical and
thermal calculations of bimetal steel-copper
joint, produced using autonomous vacuum brazing, these additional resistances can be neglected.
Conclusions

1. The contact between steel and copper in bimetal joints, produced by autonomous vacuum
brazing-on of copper, during electrical and thermal calculations can be considered perfect.
2. During tensile test the fracture of standard
bimetallic specimens occurs along copper. At the
same time, the strength properties of brazed copper layer exceed the reference values for deformed
and annealed copper M1.
3. The ultimate tear strength of the brazed
copper layer determined on the special specimens
corresponds to the ultimate rupture strength of
steel 20.
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4. The technology of autonomous vacuum
brazing can be used to produce bimetal consisting
of carbon steels and copper of other grades.
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