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Abstract—Pure copper is rather used as a good electric
conductor, but it’s mechanical properties first of all yielding and
tensile strength are not at levels that is needed for some kinds of
cables. For increasing the bearing capacity of an electric cable
aluminum was used, where the steel wire is used as a core, with
considerably higher strength than of a copper or aluminum. Many
efforts have been made in finding the proper material, it means an
alloy, with satisfied carrying capacity but small lowering of the
electrical conductivity. For such application here will be analyzed
a binary alloy on a copper base with magnesium as a main
constituent.

For cables both mechanical and electrical bearing capacity are
of importance. In reality the yielding strength could be more
important than the tensile strength. These data are important both
for producer and user. The behavior of these properties needs
discussion from a metallurgical point of view.
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conductivity, bearing capacity

I. INTRODUCTION

For industrial electric cables two properties are very
important: conductivity and loading/ bearing capacity. Both
properties strongly depend from the presence of alloying
element(s), also from impurities. The electrical conductivity of
pure copper (Cu) is very high, while the tensile strength is not.
The grain size of copper wire used in electric cables should be
the matter of detail monitoring. It is worth to mention that every
added metal (or nonmetal) into pure copper decreases the electric
conductivity, even a silver (Ag), which is the most conductive of
all metals [1].

low alloyed copper,

Copper for electric cable is deoxidized in production cycle by
using many elements: phosphorus (P), silicon (Si), etc., but for
improving various properties another metals were used as: silver
(Ag), chromium (Cr), zirconium (Zr), magnesium (Mg),
beryllium (Be), boron (B), etc. These elements are present into
copper cables in small amounts, and such alloys belong to the
group named as low alloyed copper [2], not characterized as
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bronze or brass. It means that in electric cables production the
using of a pure copper is decreasing by replacing it with a kind
of low alloyed copper, One example of such material is copper-
magnesium (Cu-Mg) alloy.

Many factors play decisive role in usage of an electric cable.
Here will be analyzed properties as electrical conductivity and
tensile properties. Well combination in relation to electric
conductivity vs. strength properties, offers Cu-Be system, but
these alloys are toxic during period of melting. So, binary Cu-
Mg alloys look like to be an effective material without a
significant deterioration of the electrical conductivity with
increased strength and little bit decreased density. From the
metallurgical point of view this alloying system is still not
explored and known enough.

Il. SHORT REVIEW OF COPPER ELECTRIC CABLES

Electric cables are diversified by their: cross section, number
of wires, kind of insulation, core material, etc., to ensure the
loading capacity as high as could be possible. For some examples
of cables see Fig. 1.

Wires, cables and trolleys, as in Fig. 1c), may be produced
on different ways, at the early stage of production by continuous
casting [2-5].

The loading capacity in its nature may be considered either
as mechanical or electrical, and both of these are important for
usage.

Trolley cables, however, are without the protection layer as
in Fig. 1a) and usually are made from an alloy kind. In past it was
often Cu-Cd but now are rather made from Cu-Mg alloy.
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Fig. 1. Some shapes and design of electric cables: a) without core [3];
b) performance wire rope with core; c) profiled/ grooved trolley wire and
cables made from Cu0.5Mg alloy [4]; and
d) cross section in a cast wire from same alloy [4]

A. Mechanical loading of cable

From the mechanical properties of any electrical cable
between two columns commonly is required to know the yield
and tensile properties, but as is well known copper has no great
values of those properties. In service, the overhead cable is
exposed to dilatation producing a value of sag, as shown in Fig.
2. Such load (or stress) state is well known and well described in
the mechanical engineering both theory or practice.

Distance (L) between the two columns becomes an important
factor for mechanical load for every electric cable, in
determining a value of sag (h), as shown in Fig. 2.

(L) Length of Span

Fig. 2. Dilatation expressed in a form of sag at overhead cable
between the two columns
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If the cable material is softer than the sagging value (h) is
higher. From this point of view it is important to reduce sag (h)
value. One effective way for improving the mechanical carrying
capacity is in increasing the strength of the cable material [6],
when the metallurgical behavior of used material plays a decisive
role.

For analyzing the strength of material, generally, rather is
considered the tensile strength than yielding strength, because in
testing is faster procedure for determination the value of tensile
strength. In analyzing the strength of materials it seems that the
yielding strength, as the point where begins the plastic flow of
material, is more reliable property then tensile strength.

B. Electric properties

From numerous properties of every electric cable as the most
important property is considered the specific electrical
conductivity, or vice versa it’s electrical resistivity. Other
properties also are important, which are less discussed, as for
example the melting temperature of applied cable material.

Numerical values of electrical conductivity and resistivity for
the best metal conductors, silver, then for copper and magnesium
are shown in Table 1., also with their densities. The density is an
important property for cable weight, and magnesium decreases
the weight of copper alloy.

Note: It is totally unusual that annealed metal, as copper is
here, shows the lower values of specific electrical conductivity
and higher resistivity than in deformed state [7]

Visual expression of specific electric conductivity of metals
is shown on Fig. 3. [8] According to this chart, in Fig. 3.,
magnesium took place quite high, near to copper.

TABLE I. SPECIFIC ELECTRICAL CONDUCTIVITY, RESISTIVITY AND
DENSITY OF SILVER, COPPER AND MAGNESIUM [7]
Selected properties of some metals
Metal conductivity Resistivity . .
o (S/m) at 20C P (@m) at 20C density (g/cm?)
Silver 6.30-107 1.59-10°® 10.49
Copper 5.96-107 1.68-108 8.92
Annealed 107 ins
Copper 5.80-10 1.72-10 8.92
Magnesium 2.15-107 4.66:1078 1.74
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Fig. 3. Chart of specific electrical conductivity of commonly used
pure metals at ambiental temperature at annealed state [8] (image is cropped)



Very closely related to the electrical properties is the thermal
conductivity of a material or metal. For the electric cable the
thermal property, principally has no significant importance, but
if any improper contact between cables is made then at such
place would be exhibited an unusual and undesired heating- up.
The amount of such heat at a moment may melt a cable just at
such contact and then the melting temperature might become an
important metal property.

The principal reason for using a low alloyed copper as
electric conductor lies in improving the mechanical properties of
pure copper, it means the mechanical carrying capacity, but with
small decreasing of the specific electrical conductivity as could
as possible.

C. Low alloyed copper

There are several kinds of low alloyed copper applicable in
usage for electric cables, as chromium, zirconium, etc., [2], [9]
but most of those metals are much heavier than copper. The
copper alloys with magnesium still are not in wide use, however,
so their properties including a phase diagram, are not well known
as at other copper alloys, it means on commercial bronzes or
brasses.

The main demands from here chosen alloys are referred to
the electrical conductivity and/ or loading/ bearing capacity, and
those properties should be regarded at the annealed state [10].

I1l. CONSTITUENTS OF COPPER —MAGNESIUM ALLOY

Copper and magnesium are the main constituents in this kind
of alloy, however, every alloy contains even a minor quantities
of other elements in any form, and all of them should be carefully
monitored.

A. Copper properties

No doubt that the properties of a copper metal are well known
- one of its most important properties is a very high value of
specific electrical conductivity, see Fig. 3. The drawback/
weakness of copper is in its low mechanical properties, either its
yield and/or tensile strength, but the density of 8.9 g/cm? for
cables also does not represent a desired property. Practically it
means that the mechanical carrying capacity is low if a distance
between two columns is longer.

Copper crystallizes in face central cubic (fcc) lattice, with
large number crystal planes enabling easy sliding during
deformation, which is a thrue explanation for good plasticity
During cold deformation, either by rolling or drawing, in copper
are increased the yield strength (up to =~ 400 MPa) and hardness
(up to =~ 140 MPa), while the specific electrical conductivity is
decreased. It is important to underline that higher reduction (==
94%) has no markably influenced on the specific electrical
conductivity, it remains above 90%IACS (International
Annealed Copper Standard). In any case, the refining of the
structure during cold deformation and/ or thermal treating always
require a carefully controlled processing.

B. Magnesium properties

Magnesium is, however, less known metal than copper. It is
a light, silver shining metal. For foundry works it is important to
know that pure magnesium is a highly reactive metal which
burns at open air with elaboration/ development of an intensive
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white light. In steel production magnesium is used for removing
the sulfur from the melt. For other uses in nature, magnesium is
essential for living beings (human, animal and/ or plant life) but
in metallurgy is used for alloying almost all the aluminum alloys
when the strength is increased, so they may be used in aerospace,
automotive and other industries. The density of magnesium, see
Table 1, is roughly 2/3 of the aluminum density (2.71 g/cm?®),
which represents an advantage for structural components, when
the high strength-to-weight or strength-to-density ratio plays an
important role. Magnesium also decreases the density at copper
alloy, improving the strength and the damping capacity.
Magnesium crystallizes in a hexagonal system (hcp lattice) and
its strength is significantly/ appreciable lower than of its alloys
with copper.

The using of magnesium in copper for production of wires,
however, has direct influence on lowering the specific electrical
conductivity, but the tensile strengths of copper-magnesium
alloys may reach values up to 700 MP, or even more. This is a
relative advantage, because the increasing of the strength is
higher/ greater than the decreasing of the specific electrical
conductivity of such an alloy.

C. Impurities at copper — magnesium alloy

The presence of impurities even in small amounts, for
example lower than 0.2wt.% or less, always are of the essential
interest for any kind of an alloy, generally for the quality. Those
impurities usually originate from mineral raw materials or used
secondary materials for remelting, [2], [9].

Main impurities which come from copper ores are: sulfur (S),
phosphorus (P), arsenic (As), silicon (Si), aluminum (Al), iron
(Fe), zinc (Zn), tin (Sn), etc., which may have the degradation
influence on electrical or other valuable properties.

Some kinds of impurities have no high/ great negative
influence on mechanical properties, while all impurities have the
deterioration effect on electrical conductivity, as mentioned
before when silver is present into copper.

For reducing the presence of impurities into metal/ alloy
various metallurgical procedures are regularly applied during
refining process of the molten metal, [9].

IV. PHASE DIAGRAM OF COPPER — MAGNESIUM SYSTEM

In a metallurgical sense the binary system Cu-Mg is not
complex, as could be seen from Fig. 4. [11]

On the copper side is solid solution with fcc lattice,

furthermore there are two intermetallic compounds Cu,Mg and
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Fig. 4. Cu — Mg binary phase diagram (Fig. 21 from [11])
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Fig. 5. Large a) and small b) radius of solute atoms and produced stresses
at crystal lattice [12] (image is cropped)

CuMgg, and three eutectic reactions, as shown in Fig. 4. [11]

A. Short review/ scope of strengthening mechanisms at copper
— magnesium alloys

The mechanisms of strengthening first of all depend from
constituents’ nature and frequently are explained by their radii,
as a geometrical factors. All metals, generally, are distinct by
their electrochemical potential. Copper belongs to the precious
metals; it means that Cu has positive charge, while magnesium
is an expressive electronegative metal. Common commercial Cu-
Mg alloys are considered to be stable against corrosion (or
corrosion-resistant), but this fact is still not fully investigated.

Atoms radii of those constituents are: copper 128 pm and
magnesium 160 pm. The solute atoms, from an alloying element,
may be larger or smaller than the parent atoms, as in Fig. 5 [12],
producing either compressive or tensile stresses, when crystal
lattice is deformed. Such crystal lattice deforming is an
explanation for the strengthening of alloy material.

After this kind of strengthening further there are several more
principal mechanisms from physical metallurgy [13-16] which
are used for explanation in more details of the strengthening at
other alloys, including the copper-magnesium system.

Various strengthening mechanisms have, however, different
contributions to the level of yield strength, as shown for three
types of Cu-Mg alloys in Fig. 6., according to [17-18].

A composition of a resistive material (in metals) can be
adjusted so that it impedes the current flow (high electrical
resistance). These materials are broadly classified into two types
[19]: "for electric resistance” used for e.g. resistors, and "for
electric heating" used for heating elements, etc. [19]
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Fig. 6. Contributions of strengthening mechanisms at three types of casted
Cu-Mg alloys [17-18] (image is cropped)

V. RELATIONS BETWEEN STRENGTH AND SPECIFIC ELECTRICAL
CONDUCTIVITY AND DISCUSSION

Among versatility of metal properties here will be analyzed
their two very common characteristics (tensile strength and
specific electrical conductivity) for three kinds of alloys from
Cu-Mg system, with various content/ contest of magnesium, Fig.
7, from [20-21].

Note: here are shown results obtained for strip of metal, but
similar (but not identical) results for electric cable could be
obtained - would not be differring/ distinguished in a lot amount
(could be approximately the same).

Further, it is interesting to know relations between Cu-Mg
and other copper alloys available and widely used in industrial
production, which possess strengthening by solid solution
mechanism or with other mechanisms [6], [9-10], [17-18], [20-
25]. In this case the yield strength is chosen (not the tensile
strenght), for the three chosen Cu-Mg alloys from MSP series,
Fig. 8. [21]. MSP series are Mitsubishi original Cu-Mg solid
solution strengthening alloys [21].

From Fig. 8. [21] is evident that Cu-Mg alloys offer some
advantages - it means higher values of yield strength, in relation
to other copper alloying systems. In metallurgy is known Cu-Be
system which offers the stronger and more conductive alloys, but
these alloys are toxic and with high costs. So, there is a wide/
great demand for the replacement of Cu-Be alloys by new toxic
free and high strength - high conductivity materials.
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Fig. 7. Tensile strength vs specific electrical conductivity for the three types
of Cu-Mg alloys [20-21]. Note: Other alloy marks belong to ASTM
International (American Society for Testing and Materials) designation
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Here are discussed those alloys on copper-magnesium base.
One common alloy from this system is Cu-0.4Mg(wt.%) which
may reach tensile strength of about 700 MPa and electrical
conductivity =~ 70% IACS, after drawing into the wire [5].
However, values of strength and electrical conductivity strongly
depend from the content/ contest and/or kind of an alloying
element, also from the kind and amount of other alloying
elements, also from the kind and amount of the impurities.

Yield strength frequently might be the more reliable than
tensile strength for explanation of a risk of damaging even failure
of the entire structure. For control of yield strength value
different metallurgical ,,tools* could be used. Some of them are:
solid solution hardening, Hall-Petch hardening, precipitation
hardening, and other mechanisms, less known to non-
metallurgists [13-16].

If is needed, the specific electrolytic or galvanic coating may
be used for protection of used Cu-Mg alloys at atmospheric or
similar environmental influence.

Single-phase  commercial Cu-Mg alloys may have
0.2-0.5 wt.%Mg, when slightly higher Mg content/ contents of
about 1-2 wt.% need more investigations [10].

Binary Cu-Mg alloys are promising for further additions of
Si, Ti, Ce and/or Y, for example, in order to further improve both
groups the mechanical and/or electrical properties which are all
important.

VI. CONCLUSION

Here chosen low alloyed copper alloys with magnesium
exhibit well combination and balance between mechanical
strength and electrical conductivity. It means that mechanical
properties are improved without significant deterioration of the
electrical conductivity. Those binary Cu-Mg alloys show a slight
decrease in density in comparison to pure copper, which could
be considered as an advantage.

Copper alloys with a specific Mg content up to 2wt% and
using proper strengthening procedures may obtain an ultimate
tensile strength (UTS) value of between 600 MPa and 800 MPa
while maintaining a satisfactory level of electrical properties.

Some novel high conductivity — high strength materials were
designed in the binary Cu-Mg system. They exhibit an excellent
balance between strength and electrical properties. The increase
of Mg content leads to a strong increase of strength (more than
1000 MPa) without significant deterioration of the electrical
conductivity, but what is needed is checking the every applied
technology procedure (at every situation).

From the metallurgical point of view it is possible to cause
an unexpected behavior with formation of eutectic islands
CuzMg/Cu, when high density of Cu.Mg nanoparticles may
appear during cooling, which should also be monitored by
detailed metallographic analysis.
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