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Abstract - The fusion zone formation is considered during
electrocontact alloying of a copper (Cu) plate with lead
(Pb). Under the electric current influence,the low-melting
Pb component is rapidly heated in a closed volume, which
leads to its accelerated propagation in the copper matrix
with the formation of a copper-bronze composite. The
influence of the current duration and the specific amount
of Pb on the structure of the fusion zone, its size, and the
ratio of components in the alloying zone was studied. The
possibility of obtaining a concentration of the alloying
component from 2 to 70 vol.% in the fusion zone is shown.
In this case, the thickness of the doped layer can vary from
0.1 to 3 mm. For example, on a copper plate with a size of
40x40x4 mm, an area with 14x11x0.3 mm was obtained,
the composition of which corresponded to the bronze of the
CuPb30 brand. The value of the sliding friction coefficient
for this region corresponded to a similar value for CuPb30
bronze.

Keywords — immiscible alloys, monotectic reaction,
adiabatic shear bands, electrocontact alloying, copper-
lead composite material.

I. INTRODUCTION

The development and research of new metal alloys and
composite materials are among the most critical topics in
metallurgy and materials science. Over the past four
decades, progress in modern materials technologies has
made it possible to artificially create an increasing number
of new metal alloys in systems that do not mix in
thermodynamic equilibrium. This possibility of alloying
elements between which there are no alloys in nature
opens up great opportunities for many areas of physics,
chemistry, and materials science. One of the obvious
questions that need to be answered is which new alloys can
be obtained and which areas of practical application their
properties will be most in demand [1]. In addition,
successful approaches were demonstrated to improve and
modify the functional properties of new metal alloys made
of immiscible components by reinforcing them with
ceramic [2], [3] or carbon [4], [5] particles.

Developing methods for surface alloying of copper with
heavy fusible elements is an essential task for developing
new anti-friction materials. To obtain composite materials
based on systems with limited solubility in the liquid state,

including the copper-lead system, a contact doping method
was proposed [6], based on the application of the
phenomenon of abnormally fast mass transfer of a liquid-
phase system through a solid single-phase or multi-phase
system, provided that a monotectic reaction occurs
between them. The essence of this phenomenon [7] is that
when energy sufficient to initiate a monotectic
transformation is brought into the contact zone of such
systems (while maintaining the refractory phase in the
solid-state), an abnormally fast mass transfer of the liquid-
phase system to the solid-phase one is observed. Energy
can be supplied to the contact zone, for example, by
heating, shock-wave loading. Depending on the method
and speed of energy supply, the continuity of the solid-
phase system may be preserved or broken during the mass
transfer process [14]. The technology based on the
mentioned phenomenon can be applied to a relatively
broad class of systems with stratification in the liquid state.
At the same time, a significant number of metal systems
that are important for practical application and do not
undergo a monotectic transformation remain beyond their
capabilities.

Further studies [8], [9] have shown that contact doping,
which essentially reduces to mutual mass transfer of
substances across the boundary of their contact, can occur
not only in the reverse monotectic reaction and not only in
monotectic systems. Thus, it turned out that intense pulsed
effects of various nature on the contact zone of two solid
metallic substances, depending on the energy, pulse
duration, as well as size and shape of the contact zone, can
lead to:

- to the abnormal mass transfer of one substance to
another without breaking the continuity of the latter;

- to mutual mass transfer and creating a region with a
homogeneous distribution of components in the contact
zone.

Preliminary studies have shown that the action of
current pulses with a duration of 0.01-1.00 s, a density of
(1-4) x 103 A/cm2 on contacting different metal reagents
leads to the formation of a region of pulsed fusion of
components and penetration of alloying components into
the matrix metal to a considerable depth [10]. The zone of
pulsed fusion of components formed in the central part of
the assembly has a shape close to an ellipsoid and, as a rule,
a homogeneous structure. Therefore, to control the
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alloying process, it is necessary to have information about
the influence on the size and structure of the fusion zone,
such values as the duration of the current pulse, the
characteristic dimensions, and the composition of the
assembly. This work was carried out to identify such
relationships using contact alloying of copper with lead as
a perspective immiscible components system for new anti-
friction materials.

Il. EXPERIMENTAL SETUP

Fig. 1 shows the experimental setup scheme. Between
two rectangular copper plates, "A" there is an electrically
insulating plate "B" with a thickness of L, in which there is
a round hole "C." An alloying (low-melting) component
"D," such as lead, is placed in cavity "C" formed by the
insulator and the copper plates so that it provides electrical
contact between the metal materials of the assembly. The
entire system is subjected to compression with a force P to
prevent the melts from leaving the fusion zone. The copper
plates are connected to the contacts of an electric pulse
unit, which outputs current pulses with a 50 Hz frequency
and a duration of T from 0.01 to 1 s. As a result of the
electro-pulse action, rapid local heating of the alloying
component occurs, which leads to a sharp increase in
pressure in the metal contact zone. As a result, mutual
penetration and mixing of the components are observed
with the fusion zone "E," schematically shown in Fig. 2.
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Fig 1: Scheme of the experimental setup

Fig 2: Fusion zone (schematically)

Fig 3: a) — the fusion zone microstucture; b) — the
fusion zone of Cu-Pb

For example, Fig. 3 shows the fusion zone formed on
two copper plates with dimensions of 25x25x4 mm under
the action of an electric current pulse with a duration of t
=0.8 s and an amplitude of 4000 A. The thickness of the
insulator L=0.4 mm, the parameter 6 =0.09. The fusion
zone has a clearly defined boundary in each plate and is
close to the paraboloid of rotation in shape. Fine rounded
inclusions of a copper-lead alloy with a high lead content
are relatively evenly distributed inside the copper array.
The maximum interaction depth is 2 mm. The average lead
content in the fusion zone is 20 wt.%. The accelerated
penetration of liquid lead into solid copper to a
considerable depth is explained by the presence of two
factors. With such duration of the electric current, the
temperature of the monotectic interaction is reached in the
contact zone of lead and copper. At the same time, in
cavity 2 (see Fig. 3) lead develops overpressure caused by
thermal expansion. The combination of high temperature
and overpressure contributes to the penetration of lead into
copper. Thus, with such an alloying contact scheme, a
composite in the form of a copper plate containing an alloy
region is obtained.

When conducting experiments [7], [11-12] on
electrocontact alloying, it was assumed that a particular
fusible material (for example, lead) was used as an
alloying component. This component is heated and melts
under the action of current pulses while its expansion
occurs. It leads to the appearance of excessive pressure in
the interaction area, which contributes to the penetration of
the fusible component into the alloyed material. The value
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of this pressure is directly related to the degree of filling of
the cavity. To characterize this effect, when using whole
samples, convenient to use the parameter &, which is
calculated by the following formula [11]:

0=1-V IV,

where V1 - is the alloying component initial volume, V;
- is the cavity volume. It was evident that the lower the
value of 9, the greater the pressure develops in cavity 2
during thermal expansion. However, there is a threshold
value 8* at which there is no excess pressure caused by
thermal expansion. It should be noted that at 8>0*, the
electrical contact in the assembly can be preserved since
the surface tension forces can prevent the melt from
spreading. For example, if the alloying component is lead,
then without taking into account the thermal expansion of
the insulator, we have 6*~ 0.1. If the fusible component is
such that 6<6*, then the excess pressure caused by thermal
expansion can lead to the adiabatic shear bands (ASB)
regions formation [13]. Such highly localized structures
are characterized by an increase in temperature by several
orders of magnitude, which contributes to the rapid
penetration of the low-melting component into the
refractory one to a considerable depth. Consequently, by
changing the degree of filling of cavity 2 with a low-
melting component, it is possible to influence the
development of electric pulse fusion and the
microstructure of the resulting composite materials.

The amount of energy supplied also has a significant
influence on the microstructure of the fusion zone. Its
value is determined by the duration of the electric pulse t.
For short (the temperature of the fusion zone is
significantly lower than the temperature of the monotectic
interaction) pulse, it is possible to form ASB regions
where the low-melting component penetrates with the
formation of alloys nonelectric composition. These
formations have a strongly elongated structure and, as a
rule, coincide with the grain boundaries of the refractory
component. A longer pulse leads to heating of the entire
fusion zone to the temperature of the monotectic
interaction. In this case, the low-melting component is part
of rounded inclusions consisting of an alloy with different
components. The distribution is relatively uniform and
finely dispersed. If we take an even longer pulse, this will
lead to small particles of the alloy beginning to enlarge,
forming structures of arbitrary shape. Thus, there are three
parameters for controlling doping: the pulse duration 1, the
degree of filling of the cavity 9§, the thickness of the
insulator L.

Il. EXPERIMENTAL RESULTS
Table 1 shows the results of several experiments on the
electric pulse fusion of copper and lead. It can be seen that
by changing the thickness d, the diameter D1 of the lead
disk, and the duration of the current pulse, it is possible to
control the depth of penetration of lead into copper, as well
as the ratio of components in the fusion region.

Table 1: Conditions of Electrocontact Alloying

Sample | Pulse Sample thickness | D1/ D | Pb concentration in the | The greatest
number | durationz,s | d, mm fusion zone , at% alloying depth, mm
1 0.02 0.80 0.8 70 0.1

2 0.04 0.80 1.0 31 0.4

3 0.04 0.40 1.0 16 0.5

4 0.14 0.40 0.9 9 1.1

5 0.2 0.40 0.9 6 2.5

6 0.14 0.80 0.9 10 1.7

Let us consider the results of the first series of
experiments in which the average temperature of the
fusion zone remains below the temperature of the
monotectic reaction.

In the copper-lead system, the processes of liquation
and monotectic transformation play an important role. It is
known that under certain conditions, liquid lead penetrates
solid copper to a considerable depth. The process starts if
the copper-lead mixture's temperature reaches the
temperature Tm of the monotectic reaction. At the same
time, an alloy of a monotectic composition appears at the
Cu-Pb contact boundary. If there is some force (for
example, gravity or pressure force due to thermal
expansion), then the lead melt under the influence of this
force penetrates the copper array. At T close to Tm, there
are three phases: an alloy containing about 36 wt.% Pb, Cu
crystals, and liquid with 92 wt.% Pb [11], [12]. An alloy
layer forms around the lead. Under the influence of gravity,
the lead sinks, pushing the alloy out of the interaction area.
Depending on the cooling rate, the ratio of the component

in the alloy may vary. Excess liquid lead from the alloy is
deposited on the melting drop. Copper crystals float up.
Externally, it looks like the passage of lead through a
volume of copper material without signs of any destruction
of the latter. Depending on the cooling rate, the ratio of
components in the alloy may vary.

Fig. 4 shows the view of the fusion zone in Experiment
No. 1. The copper-lead alloy in extended (about tens of
micrometers) regions is distributed in a copper matrix.
There is an occurrence of short ASB regions that look like
small dark inclusions in light areas. The light areas are
copper, and the dark areas are copper-lead alloy with high
lead content. Cu-Pb alloy inclusions in the copper array
range from 0.1 microns to several tens of microns. The
pulse's energy was enough to melt the lead and form an
alloy with eutectic composition. However, the pressure
caused by thermal expansion was small, preventing the
lead from penetrating the copper array to a significant
depth. The thickness of the fusion zone, in this case, was
only 0.1 mm.
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Fi 4: Microstructure of the fusion zone in experiment
Nel

As the pulse duration increases, the amount of energy
supplied increases. Fig. 5 shows the section of the fusion
zone in experiment No.2. In this case, initially, the entire
cavity "C" (Fig. 1) is filled with lead. It leads to significant
pressure in the fusion zone.lt can be seen that the length of
ASB and their number are increasing. At the same time,
lead spreads to a greater depth, and its concentration in the
fusion zone decreases. The inclusions of the alloy have a
characteristic size of 0.01-0.1 microns (experiment No. 3
in Table 1). In experiments No. 2 and No. 3, the duration
of the current action (i.e., the amount of energy) was fixed,
and it was enough for all the lead to react. At the same
time, the average temperature in the interaction zone did
not reach the temperature of the monotectic reaction.

Fig 5: Microstructure of the fusion zone in experiment
No2

At the same time, most of the fusion zone is a
homogeneous formation containing a copper-lead mixture
with a specific ratio of components. In Fig. 5, two points
(*) are highlighted with a white frame. A step-by-step
measurement of the copper and lead content was carried
out along the straight line connecting these points. The
scanning was performed with a spatial step of 0.1 microns
depending on the distance. Fig. 6 shows the results of these
measurements. It can be seen that there are no areas in the
entire studied section of the fusion zone where the
concentration of any of the components significantly
differs from the average concentration throughout the
entire zone. That also applies to areas containing ASB,
which are displayed as dark lines in the figure. In the entire
fusion zone, including the ASB regions, lead is evenly
distributed, and the characteristic size of the alloy
inclusions and the pure copper region does not exceed 0.1
microns.

Cu

Fig 6: Change in the Cu and Pb content between two points in the fusion zone

In the next series of experiments, the average
temperature in the zone of electric pulse fusion reaches the
temperature of the monotectic reaction. Thus, in
experiment No. 4, as a result of a long-term action of an
electric current, additional heating of the fusion region
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occurred. It led to the destruction of the ASB regions.
There was an enlargement of the structural elements of the
alloy with the appearance of some local texture (see Fig. 7);
lead began to concentrate along the boundaries of the
copper grains.
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Flg 7: Mlcrostructure of the fu3|on zonebln experlment
Neq

There is a significant change in the shape of the
boundary of the fusion zone. It becomes regular and closes
in shape to an ellipsoid while the volume of the fusion
zone increases and, as a result, the average concentration
of lead decreases.

Further heating of the fusion region (experiment No. 5)
removes all stresses and, as a result, local structures
disappear. As a result, the fusion region becomes

homogeneous with a uniform distribution of inclusions of
a copper-lead alloy with a characteristic size of 1-2 mm
(see Fig. 8). The depth of penetration of lead into copper,
in thls}case was 2. 5 mm.
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Flg 8: Microstructure of the fu5|0n zone in experlment
Ne§

It should be noted that the considered microstructural
formations can be observed within the same experiment. It
is possible to create conditions for all the above structures
to present in the same fusion zone. That is determined by
the characteristics of the electric pulse action and the
conditions of heat removal from the interaction zone.
When a high-energy electric current is applied, ASB
regions occur in the Pb-Cu contact zone, extending to the
entire fusion area (up to 2-3 mm). Due to this, the lead is
evenly distributed throughout the entire fusion zone. The
structures shown in Fig. 5 are observed near the boundary
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of the fusion zone. However, if the lead was in excess at
the initial moment, the structure shown in Fig. 4 is realized
near the contact point of copper and lead. If the electrical
action continues in the Pb-Cu contact zone, a heatwave
propagates through the fusion zone, heating the alloy to the
temperature Tm. That leads to a change in the
microstructure of the fusion zone, with the appearance of
the structures shown in Fig. 7 and 8.

IV. CONCLUSIONS

The possibility of copper contact with lead with forming
a composite in an alloy zone containing a given amount of
an alloying component is demonstrated. Furthermore, it is
shown that changing the duration of the current pulse (the
amount of transmitted energy) and the specific amount of
the alloying element makes it possible to control the
doping depth in the range from 0.1 mm to 2-3 mm. At the
same time, the content of the alloying component can vary
widely.

To demonstrate the possibilities of applying the results
of these studies, samples of composites with high
tribological properties were obtained (composite 1 and 2,
Table. 2) in the form of a copper plate with a size of
40x40x4 mm, containing an area of fusion with a size of
14x11 mm, the composition of which corresponded to the
composition of CuPb30 grade bronze (see Table 2). The
process of alloying the Composite 1 sample consisted of
sequentially obtaining five rectangular fusion zones of
11x3mm on a copper plate. When obtaining each of these
zones, an insulator with a thickness of L=0.4 mm was used,
the pulse duration Tt =0.04, the degree of filling of the
cavity 6=0.

Table 2: Samples' tribological properties

Sample name Content, wt% Kt Kt

Composite 1 Cu 68 0.23 | 0.45
Pl 32

Composite 2 Cu 68 0.25 | 0.50
PI 32
Quenched

Bushing 1 Cu75 0.25 | 0.60
Pl 25

Bushing 2 Cu 85 0.45 | 0.80
PI 10
Sn5

The following sample (Composite 2) was obtained
under the same conditions as Composite 1, but with
subsequent annealing at a temperature of 500°C and
quenching in water. These samples were tested on a TRB—
SEE-0000 CSM Instruments tribometer. The sliding
friction coefficient Kt was determined without lubrication
at a load of 0.25 N (counter body - a steel ball with a
diameter of 6 mm). The results are presented in Table 2.
Here are the test results of samples made from standard
industrial products that served as sliding bearings.

As can be seen from the table, for the Composite 1 and
Composite 2 samples, the Kt value is close to the value
corresponding to CuPb30 bronze and less than the
corresponding values for industrial materials. The last
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column of Table 2 shows the values of Kt* obtained in
experiments lasting 114 minutes at a load of 1.0 N. It can
be seen that the prototypes are more stable in results than
industrial bushings. Thus, the possibility of obtaining
composite materials with high anti-friction properties was
demonstrated.
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