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Bimetallic materials are construction materials that are increasingly used
in many industries: in the graphic industry, tobacco processing industry for
various cutting knives, in the chemical industry for various plants and
vessels, food industry, military industry, etc. In the production of ships, their
use becomes dominant, primarily as a combination of cheap construction
materials highly resistant to corrosion, at a price closer to construction
materials. The appearance of plating with the help of explosion energy has
significantly increased the range and quality of available multilayer metals.
Although stainless steels and aluminum are the most commonly used
material for bimetallic and clad materials, materials such as titanium,
zirconium or tantalum are increasingly used.

The paper analyzes the process of explosion welding and the results of
exploration of the explosion of a welded joint of copper and brass. The
microhardness of the material in the welded joint, tribological
characteristics and scratch test joint were analyzed.

© 2021 Published by Faculty of Engineering

1. INTRODUCTION

the 50s of the last century and very quickly
spread to other processes of metal processing by

Processing of new materials with classical
procedures is very complex, often impossible.
Therefore, new processes are being introduced,
which are more progressive, enabling higher
productivity and economy of metal processing.
These processes include high-energy joining and
deformation processes, such as explosion and
magnetic pulse processing [1, 5, 10].

In the field of metal joining, the industrial
application of explosives in the world began in
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plastic deformation. Nowadays, the number of
operations that use energy obtained by
explosion is increasing [7].

Numerous tests in the field of new technologies
with impulse loads have shown that the energy of
explosion can be successfully used in processes
such as:

- metal joining operations (welding, ie cladding
of flat, curved and cylindrical surfaces),
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- hardening of metals,

- sheet metal processing by deformation (with
or without perforation),

- riveting,

- calibration,

- polishing,

- pressing of metal powders and plating,

- injection molding; cleaning of castings,

- application of metal powder on worn surfaces,

- obtaining complex shapes from pipes, etc.

Explosion welding of different and very specific
materials makes this process more and more
relevant. Joining steel and copper gives a
material of good electrical conductivity and good
mechanical properties, joining aluminum and
steel reduces the weight of the product (eg cars),
joining copper and brass gives a material good
mechanical properties, high electrical
conductivity intended for work in corrosive
environments [8]. Many materials are very
sensitive to elevated temperatures, have
different coefficients of thermal expansion and
melting temperature, or are chemically active at
elevated temperatures (e.g. Ti). Zinc evaporates
during welding and forms a porous joint during
welding, etc. [6].

Copper and its alloys have a very wide
application as mechanical and construction
materials. They are used in all branches of
industry, in microelectronics, in process
equipment, in large construction plants, etc.
Their advantage over other materials is
reflected in high corrosion resistance, they
have relatively high strength and have good
thermal and electrical conductivity. All known
joining techniques are used for their joining
[2]. Brass, as a very commonly used copper
alloy, has very good mechanical properties,
high machinability, high corrosion resistance
and wear resistance and therefore has a wide
range of applications [4].

2. EXPLOSION WELDING

Multilayer materials usually consist of two or
more interconnected different metals. In the
case of multilayer materials, the layers, as a
rule, fulfill different functions, and in
accordance with that, clad materials, bimetals
or multilayer materials can be used. In the

case of clad materials, there are basic (clad)
and cladding layers. The base layer has the
function of a supporting element, is
significantly thicker than the cladding layer
and is made of a material that has a lower
price.

The cladding layer, depending on the
requirements, has specific properties such as
high corrosion resistance, fire resistance, wear
resistance, electrical conductivity,
decorativeness, etc., is usually less thick and is
made of more expensive material [11].

The basis of the technological process of
obtaining multilayer materials is the process
of pressure welding.

Explosion welding of metals is an ultra fast
oblique collision of metals under the action of
detonation products, relatively high velocities
of plates that join with the appearance of high
dynamic pressure and plastic deformations in
waveform at the joint boundary and adiabatic
local heating of metal surface layers [9].

The criteria that must be met in the process of
such a merger are:

1. The collision speed must be high enough to
provide a collision pressure that is greater
than the critical pressure,

2. The speed of the point of impact must be less
than the local speed of sound in the joining
metals,

3. The kinetic energy of the pushed plate must
be sufficient to cause plastic deformations in
the surface layers of the metal,

4. The upper limit of energy is determined by
the effect of destruction and

5. The initial distance must be greater than
half the thickness of the pushed plate, due
to the required acceleration on the free
path.

The joining process consists of placing the
welded plates in parallel at a certain distance or
at a certain angle at a given distance. An
appropriate amount of explosives is placed on
the plate to be pushed. Initiation is performed
from the bottom to the top. After initiation, the
detonation process develops and a very high
pressure is created by pushing the upper plate
which collides with the lower plate at high speed
(Fig. 1 and 2).
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Ve
Fig. 1. Schematic representation of the mechanism of

metal cladding by explosion, Vc - contact point speed;
Y - dynamic angle of impact; Vd - detonation speed.

The collision is performed gradually, during
which the plate rotates and creates conditions
for the appearance of "surface" cumulative
current, and the surface of the plate turns into
a quasi-liquid state. In the collision zone, metal
particles are brought to the distance by the
action of interatomic forces. At the same time,
a tangential component of the collision
velocity appears in the direction of
propagation of the detonation wave, which
during the plastic deformation makes the
metal joint zone wavy.

Difficulties occur when joining dissimilar metals
due to differences in structure, coefficients of
linear expansion, thermal conductivity, electrical
conductivity, chemical resistance, melting
temperature, solubility in liquid and solid state
and the like. Therefore, a pair of dissimilar
metals that are joined must meet some of the
conditions such as:

- the same type of crystal lattice,

- small difference of electro-chemical

properties, etc.

These conditions are met by metals from the same
group of the periodic table of elements [3]. The
first studies of the mechanism of formation of a
metal compound by explosion were Abrahamson's
studies in the boundary layer of colliding surfaces
of two metals connected by explosion [9, 13]. He
tried to explain the appearance of waves from the
position of the hydrodynamic theory of an ideal
(incompressible) fluid, according to which any
solid body can be replaced by an ideal
incompressible fluid if the collision pressure is far
greater than the strength of the material itself. At
the boundary of the collided surfaces of both
metals, in any collision, a wavy shape does not
always appear.

The conditions for the appearance of waves are
defined by a number of criteria. When a small
change in any collision parameter results in the
formation of a wavy shape of the joint, such a
regime is called critical.

The most important criteria for creating a wavy
shape of the boundary joint of two metals are:

- minimum collision pressure and

- collision point velocity.

In addition to the above basic criteria, the
character of waves and the size of their
parameters are also affected by:

- amount of explosive charge,

- detonation charge of explosive charge (Vd),

- initial distance between plates (h),

- properties of joining metals, etc.
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Fig. 2. Stages (a, b, c) of joint formation during explosion welding, [ - zone of intensive compaction, II - zone of
intense plastic shear, III - zone of action of cumulative current, IV - zone of elastic relief, h - gap between plates
before welding, 61, 62 - thickness of oxide layers before welding, Vk - direction of cumulative current movement.
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As the formation of the wavy shape of the joint
is, first of all, the process of plastic
deformations of the metal on the collision
surface, the collision pressure must be higher
than the dynamic strength of the collided
materials:

Ps > Pyy (1)

where:

Ps - collision pressure caused by the shock
wave of the explosive mixture,

Pkr - critical pressure that depends on the type
of collided materials.

The results of experimental tests of collided
surfaces show that not only high pressure but
also the joint speed (collision point speed) is
sufficient, ie that the corrugated joint occurs
only at the collision speed which is less than
the local sound speed of the collided materials:

Vis > Vg (2)

where:
Vts - collision point speed,
Vz- local speed of sound of collided materials.

This expression represents the criterion of the
collision speed for the appearance of a wavy
shape at the boundary of the collided metal
surfaces. The collision parameters (thrust
plate velocity, collision point velocity, angle,
critical pressure, collision plate thickness, etc.)
affect the wave geometry differently.

In the joint zone, due to large plastic
deformations, heat is released which can cause
local melting of metals in the joint zone. Due to
the high values of the parameters, vortices
usually appear in the collision, so mutual
inclusions of one metal in another are possible
(Fig. 3) [10].

Vortexing can have a negative effect on the
strength of the joint. Wave parameters (length,
amplitude, shape) change depending on the
initial conditions of metal joining, and above
all the initial angle between the plates, whose
increase, the wave parameters increase to a
certain value. Therefore, for the analysis of the
waveform creation process, corrections
related to the amplitude, length and waveform
are introduced.

Cc‘)p'per.

Brass

Fig. 3. Image of Cu - brass joint [10].

The metal merges in a millionth of a second,
when under the action of high dynamic
pressure, created by the explosive mixture, the
formation of surface cumulative currents and
the quasi-liquid state of the surfaces occurs,
Figure 4 [12, 14].
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Fig. 4. The mechanism of wave formation in the
collision zone: a) moment of deformation start, b)
allowing for velocity of the parent plate, ¢) hump
interfering with jet, d) formation of tall, e) formation
of forward trunk, f) formation of front vortex, g)
completion of process.

Q)

The elements of the plate volume gain speed due
to the action of the impulse and thus prepared,
they collide with the elements of the plate plates
at a certain angle. The joint is realized with
metal connections due to plastic deformations
and in conditions of high speed and pressure.
The short coupling time disables the diffusion
process or minimizes it.

3. EXPERIMENTAL TESTS

The dimensions of the copper and brass plates,
as bimetal plates, were 150x100x2mm. In this
experiment, a copper plate with explosives on it
was tilted at an angle of 200, Figure 5. The
minimum mutual distance of a copper cladding
plate from a clad (basic) brass plate was 5mm.
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The explosive charge was initiated by placing an
electric detonator (KDE) in the middle of the
shorter side of the plate. Plastic pentrite
explosive PEP-500, density 1.50 g/cm with a
detonation velocity of 7400 m/s, was used as an
explosive charge. The thickness of the explosive
charge placed on the cladding brass plate is 3
mm. The experiment was performed at the
Technical Repair Institute in Kragujevac.

Explosive
Flyer Plate

Detonator

Stand-off

Parent Plate
Anvil

Fig. 5. Position of plates in an explosive welding
experiment.

The quality of the brass-copper welded joint
included tests of the welded joint:

- surface topography,

- chemical composition,

- microhardness,

- scratch test, i

- tribological characteristics.

All tests were performed at the Center for
Tribology, Faculty of Engineering, University
of Kragujevac. Before testing the welded
brass-copper joint, in the company Valjaonica
Bakra, Sevojno, samples were prepared:

cutting to dimensions 10x7x4 mm, pouring
into plastic and polishing. The cutting was
performed so that the examined surface is in
the direction of propagation of the shock wave,
Figure 6.

b)

Fig. 6. Samples with welded copper-brass joint; a)
after cutting, b) embedded in a resin and polished.
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Fig. 7. Optical microscopy - Appearance of a welded joint.

Figure 7 shows the boundary of the welded joint,
where the greenish color represents the brass
layer and the light brown the copper layer.

3.1 Chemical composition

Tests of a brass-copper weld on a SEM ProX
Desktop Phenom scanning microscope include
the determination of its chemical composition in
the weld zone. The chemical composition of the
copper and brass samples was determined in
three places, while the chemical composition
(Table 1) in the welded joint zone was
determined in 9 places according to the matrix
in Figure 8.

3 4 5 6 7 8 9 10 1 12 fE) @

Fig. 8. Measurement of the chemical composition in
the weld zone a) Scanning electron microscopy,
position of the measurement point and b) spectral
analysis at 8 points of the weld.
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Table 1. Chemical composition of the joint

Measurement
point %
Carbon Zinc Copper
7 6,3 - 93,7
6 6,4 - 93,6
5 59 - 94,1
9 6,5 - 93,5
1 6,3 30,8 62,9
8 6,2 35,3 58,5
2 6,4 33,9 59,7
3 6,5 34,6 58,9
4 6,8 34,5 58,7

The appearance of carbon in spectral analysis
can be due to several reasons:

- contamination of the vacuum chamber due to
inadequate cleaning of the sample,

- inadequate sample preparation for SEM
microscope measurement, sample polishing,
etc.

- the existence of materials that are close to
carbon in the spectrum or misidentification
of materials, etc.

3.2 Micro hardness of the welded joint

Mechanical tests were performed using a Micro
Scratch Tester & Nano Hardness Tester Anton
Paar NHT2. Mechanical tests included the
determination of micro / nano hardness and
modulus of elasticity of the layers of test materials.
These tests of mechanical characteristics involved
the penetration of the indentator in the form of a
regular three - sided diamond Berkovic pyramid
into the surface of the material whose
characteristics are determined, Figure 9.

The first brass/copper test was performed with a
1x21 matrix, where the embossing step was 100
um, ie the total test length + 1.0 mm in relation to
the welded joint (Figure 10, blue line). The second
brass/copper test was performed with a 1x25
matrix, where the embossing step was 25 um, ie
the total test width + 0.3 mm in relation to the
welded joint (Figure 10, red line). The injection
force was 50 mN.

In Figures 7 and 9, the boundary of the welded
joint can be seen, with the greenish color
representing the brass layer and the light brown
the copper layer. When pressing the three-sided

pyramid into brass, an impression of

approximately 5 pum was achieved, while when
pressing into copper, an impression of about
7 um was achieved.

Fig. 9. Optical microscopy - Imprint of the Berkovic
pyramid in copper immediately near the welded joint.
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Fig. 10. Diagrams of microhardness and modulus of

elasticity in the zone of welded joint brass/copper:
a) microhardness and b) elastic modulus.

3.3 Scratch test of welded joint

After measuring the microhardness, a Micro
Scratch test was performed. Figure 11 shows the
obtained scratch mark, and Figure 12, the
diagram of changes in the measured quantities.
The sliding distance was 1.0 mm where the
boundary of the joint of the two materials was
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approximately in the middle of the scratch
sliding distance. The scratch test was performed
at a constant load force Fn = 0.5 N, a speed of
0.25 mm / min and a radius of the tip of a
diamond Rackwell needle of 100 um.
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Fig. 11. Optical Microscopy - Micro Scratch wear track.

3.4 Topography of the welded joint surface

Measurement of the topography of the surface of
the samples of copper, brass and brass/copper
was performed on three samples in two places, in
Table 2 are the mean values of the measured
quantities. It can be concluded that there is no
significant difference in surface roughness. Copper
as the softest material has a higher roughness,
while brass the least, as a material with higher
hardness. Figure 13 shows the topography of the
surface of the welded brass / copper joint in the
transverse direction with respect to the joint line.
Table 4 shows the values for Ra and Rmax for the
tested samples after polishing.

Table 2. Ra and Rmax surface parameters

b)

Fig. 12. Diagram of change of measured quantities in
Scratch Test, Fn - Applied normal load (Fn=0.5 N), Ft -
Friction force, Pd - Penetration depth during scratch,
Rd - Residual depth after scratch.

A larger wear track width is observed in copper
and greater extrusion of the material towards
the edges of the wear track. No significant
changes in the measured parameters are
observed at the joint. Analysis of the force signal
and friction coefficient, as well as other
parameters can show the joint location. At the
joint, there are changes in the measured
parameters, but these changes are not large. The
main reason is the different hardness of the
material in the joint.
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: ) e A\ EE} 3.5. Tribological tests
, Lokl o ( \ | Tribological tests were performed in the Tribology
o | o n-kn n-fn 080 kﬂ LIS (S R Y Laboratory on the TPD-95 tribometer. Samples
ks Siiding distance, mm measuring 4x4x15 mm were made of brass/copper

bimetal, using three sides of the test specimens.
Normal load was 20 N, and slip speeds: 0.25; 0.5
and 0.75 m/s. The length of the test path was 50 m.
The contact was without lubrication. The disc with a
diameter of 35 mm and a width of 6.3 mm is made
of 30CrNiMo8 steel, hardness 60-62 HRC.

Tribological tests were aimed at measuring the
force and coefficient of friction of materials in
the joint measurement and wear of bimetals.

Figure 14 shows the change in the coefficient of
friction for the tested materials. It can be
concluded that the lowest coefficient of friction
in the brass samples is, while the coefficient of
friction in the copper samples and the welded
joint samples is approximately the same.
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Figure 15 shows the change in the volume of the
wear track on the sample with the welded joint.
As the sliding speed increases, the width of the
wear track increases, and thus its volume.
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Fig. 14. Coefficient of friction
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Fig. 15. The volume of the wear track in a sample
with a welded joint
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Fig. 16. Wear track in samples with brass/copper welds
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4. CONCLUSION

Using microscopy, chemical analysis and SEM
microscopy, it can be concluded that there is a

clear boundary between explosively welded
materials. There is a mixing of materials in the
joint, which is manifested by the appearance of
waves, while the spectral analysis did not show
the diffusion of one material into another. A
detailed analysis of the copper/brass joints did
not show the melting of any material in the joint.
The formed welded joint is with waves properly
distributed, height 5-7 pm and length 20-25 pm.
Microhardness measurements and the Scratch
test did not show a significant change in the
hardness or modulus of elasticity of the tested
materials in the welded joint. Tribological tests
have shown that the lowest coefficient of friction
at the contact of the steel disc and the brass
block, while the coefficient of friction in the
samples of copper and samples with welded
joints is approximately equal. The wear of the
brocade with the welded joint was more intense
on the copper side, as a softer material.

All realized tests have shown that from the
aspect of metallurgical and mechanical and
tribological properties, the newly obtained
bimetallic material has retained the properties
of the material from which it is made and that
the joint has no new properties.
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