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Abstract – The article considers the substitution of silver in interrupting electrical contacts by a nonprecious metal on the basis of copper. Technical speciﬁcations for the material capable of replacing silver
are formulated, including high softening temperature and weak adhesion of oxides to the base metal. As
a result, a composite nanomaterial on the basis of copper is oﬀered to substitute silver. Microstructure,
mechanical, thermı̂-mechanical, physical properties of the nanocomposite was studied. Changes of contact
resistance during the formation of oxides on the surfaces of copper, silver, and the nanocomposite was
studied, as well as losses of volume when exposing these materials to an electric arc. The prospects of
substituting silver by the nanocomposite on the basis of copper were proven by the results of comparative
bench testing of materials.
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1 Introduction
Silver has the highest electrical and thermal conductivities among metals. Electrical and thermal conductivities of copper are only 6% less than that of silver. But copper cannot replace silver in interrupting electric contacts.
In the situations when silver is used, copper is intensively
worn out with deep damage to the contact zone. At the
same time, silver cannot be subsituted in contacts by heat
resistant low-alloy bronzes of Cu-Cr, Cu-Nb, Cu-Cr-Nb,
Cu-Cr-Zr, Cu-Cr-V systems and arc-resistant electrotechnical composites on the basis of copper, for example materials of the Cu-W system [1–4].
Table 1 shows main properties of copper and silver.
Copper has better mechanical properties compared with
silver, including under higher temperatures. Copper has
higher melting and boiling temperatures as well as speciﬁc
heat capacity than silver.
Consequently, all things being equal, copper needs
more energy to heat, melt, evaporate and boil. Copper
has a higher value of surface tension in a liquid state, consequently it moistens its solid substrate better. Therefore
copper has higher erosion resistance and arc resistance
than silver [5]. With virtually equal plasticity copper is
stronger and harder than silver, consequently, all things
a
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being equal, copper will be less exposed to mechanical
wear and fatigue failures. Besides copper has smaller density compared with silver, consequently, with equal volumes, the amount of copper needed will be 15% less than
that of silver.
Thus, copper is better than silver in terms of its mechanical, thermo-mechanical and thermal properties and
is only slightly behind silver in terms of electrical conductivity and thermal conductivity. Copper and silver have
approximately the same dependencies of physical properties from temperatures. The only signiﬁcant diﬀerence
is the vapour pressure. Under the same temperature the
vapour pressure of silver is much more than that of copper, which is not an advantage of silver as contact material. Copper not only has better mechanical properties
but also a very high softening temperature even though
it is close to that of silver.
According to technical requirements for electrical
contacts allowable operational temperatures are around
75 ◦ C for copper and 200 ◦ C and more for silver. Therefore
thermal conductivity, electrical conductivity, mechanical
and thermo-mechanical properties are not the deﬁning
factors for the use of silver in electrical contacts.
Such deﬁning characteristics are rather thermodynamic properties of oxides of copper and silver. In terms
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Table 1. Properties of silver and copper [6, 7].
Properties
Potential of atom ionization, eV
Density, 103 kg.m−3
Speciﬁc thermal capacity at 288 K, J/(kg.K)
Temperature of melting, K
Temperature of boiling, K
Melting heat , J.kg−1
Sublimation heat at 298 K, J.kg−1
Thermal conductivity at 300 K, W/(mK)
Thermal expansion coeﬃcient at 300 K, 10−6 K−1
Coeﬃcient of surface tension in liquid state, J.m−2
Speciﬁc electrical resistance at 293 K, mkOhm.m
thermal coeﬃcient electrical resistance at 273 K, K−1
Temporary tensile resistance, MPa
Relative elongation, %
Hardness, HB

of these properties copper and silver are signiﬁcantly different from one another.
Table 2 shows thermodynamic characteristics of copper and silver oxides, in particular free energy of their
formation [8].
Thermodynamic properties (Tab. 2) are the only properties that are signiﬁcantly diﬀerent for copper and silver. It was already shown above that in terms of their
mechanical, thermomechanical, physical properties copper and silver are not much diﬀerent. Therefore one can
assume the reason why copper cannot be used at higher
temperatures as opposed to silver.
If there are arcing contacts in the contactor in addition to main contacts, then at disconnecting no arc is
formed between the main contacts. When using copper
contacts with increased currents and temperature, thick
layers of hard oxides are formed on their working surfaces. Due to signiﬁcant growth of transient resistance
high temperature develops in the contact. As the result
of the formation of a thick layer of oxides the contact
may interrupt commutation. At higher temperatures the
base metal softens, deforms, and oxides will be falling oﬀ
along the base metal. As the result the working surface
gets deeply damaged and quickly wears out.
Oxides on silver contacts, according to the data from
Table 2, are thermodynamically unstable at increased
temperatures. That is why silver contacts can be used
at high currents and increased temperatures.

2 Requirements for promising materials
for interrupting electrical contacts instead
of silver
In addition to traditional requirements to physical,
mechanical and thermo-mechanical properties, electrical
contact materials aimed at replacing silver-based materials are to meet requirements related to instability of the
oxides on the working surfaces. Since copper has speciﬁc
electrical conductivity which is only 6% less than that
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Copper
7.724
8.933
0.369
1357
2816
205.7
5319
401.2
16.61
1.351
0.0172
0.0043
265
60
41

Silver
7.574
10.499
0.235
1235
2440
104.9
2644
432.5
18.8
0.930
0,0162
0.0041
177
65
25

of silver, only copper can be the base contact material
instead of silver.
However, thermodynamically stable oxides are formed
on copper. Therefore, a material is needed without a
strong adhesion of oxides to the substrate. Such materials can be dispersion reinforced copper composites with
very ﬁnely dispersed particles.
At the same time the material should have its heat
resistance as high as possible with very high starting softening temperature of at least 700 ◦ C. This requirement
is necessary in order to remove oxides not along the substrate material but along the border between this materials and the oxides.
Speciﬁc electrical resistance of the proposed material
is not to be lower than speciﬁc electrical resistance of
the most common material based on silver Ag-15%CdO,
which is 0.028 mkOhm.m (at least 62% IACS) [9].
The hardness should be no less than 80 HB, to provide
the necessary strength, but not to exceed 160 HB in order
not to signiﬁcantly reduce the contact area.
Such requirements are met by dispersion reinforced
materials on the basis of copper with the size of dispersed
inclusions of no more than 100 nm.
When exposed to an arc the material must not lose
volume more than copper does.

3 Materials and methods
In the experiments, the following materials were used:
silver Ag 99.99, cold-rolled copper Grade S11000. Composite material Cu-1 % volume Al2 O3 . Production of composite included the following main process steps: smelting of Cu-Al alloy, turning alloy into chips, oxidation of
copper, reduction of copper by oxidizing aluminum, processing of the material in a ball mill, hot pressing of prebriquetted powder.
Speciﬁc electrical resistance, hardness, tensile strength
were measured for the materials [2, 10, 11]. These properties were determined at 20 ◦ C before and after holding at
800 ◦ C and at 900 ◦ C. The temperature of softening was
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Table 2. Standard free energy of formation of silver and copper oxides. Temperature dependence of free energy of oxides
formation (10−3 kJ.mol−1 ), temperatures of melting and boiling.
Temperature, K
298
400
600
800
1000
1200
1400
1600
Temperature of melting, K
Temperature of boiling, K

determined according to the results of hardness measurement before and after holding the material for an hour at
this temperature. Above 700 ◦ C the holding temperature
was increased by 20 ◦ C increments.
Tests to determine the material volume loss when exposed to an arc were carried out in a DC arc with a single
exposure to the arc discharge. The arc was initiated between the pair of contacts made of the same material.
The current in the arc is 2.5 kA, the total arc time was
180 ms, the initial distance between contacts –10 mm.
Weight loss of contacts was measured. Volume loss was
determined by dividing the weight loss by material density. Figure 1 shows the dependence of current and voltage
in the arc on the arc time.
To determine the electrical resistance of oxide ﬁlms
on the contact materials, three samples of the materials
were kept at 200 ◦ C in the air for 1 h, 3 h, 5 h, 7 h and
10 . After each time period voltage drop across the oxide
ﬁlms (contact voltage) at a current of 100 A was determined. Then the electrical resistance (contact resistance)
was calculated.
Bench tests were carried out on the contactor at a
voltage of 50 V, a current of 1250 A. The tests determined
the comparative wear of contact materials made of copper
and of the nanocomposite Cu-Al2 O3 as well as change of
transient contact resistance.
For comparison with the wear of contacts made of
silver Ag-CdO composite and nanocomposite Cu-Al2 O3,
bench tests were carried out on the contactor at a voltage
of 1500 V and a current of 1300 A.
Microstructural studies were conducted on the
TEM [13–15].

4 Results and discussion
Microstructural studies of the composite carried out
using TEM showed that the size of the subgrains (Fig. 1)
were in the range of 100–150 microns.
This means that the composite is hard-drawn and has
relatively ﬁne subgrains [16]. Figure 2 shows an image of
the carbon replica of the composite. The average size of
the dispersed particles of Al2 O3 is about 30 nm. At the
same time, they occupy a large surface area – of about

Cu2 O
148.4
140.9
126.6
112.8
99.4
86.5
73.3
57.4
1515
2073

CuO
129.2
119.8
101.7
84.4
67.2
50.9
35.6
18
1609
−

Ag2 O
10.5
3.8
–8.58
–20.5
–32.2
–
–
–
460
−

Ag2 O2
–27.6
–45.6
–
–
–
–
–
–
–
−

Fig. 1. Subgrain structure of the nanocomposite Cu-Al2 O3 .

Fig. 2. Carbon replica of the nanocomposite Cu-Al2 O3 .

20%. This increases the softening temperature and reduces the adhesion of the oxide ﬁlm to the surface of the
composite. Dimensions of dispersed particles are of the
nanocomposite category [17, 18].
Mechanical properties, speciﬁc electrical conductivity
before and after an hour of annealing at 800 ◦ C, as well
as softening temperature are shown in Table 3.
Volume losses after exposure of the materials to the
electrical arc are shown in Figure 3.
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Table 3. Properties of materials in original state/after annealing at 800 ◦ .
Material
Cu-Al2 O3
Cu

Speciﬁc electrical
conductivity (IACS)
81/87
100/100

Tensile strength
at 20 ◦ C (MPa)
461/430
357/218

Hardness
(HB)
130/130
112/44

Tensile strength at
900 ◦ (MPA)
176/176
14.4/14.4

Temperature of
softening, ◦ C
860
210

Fig. 3. Material volume loss after exposure to an electric arc.

Figure 4 shows the dependence of the contact resistance of silver, copper, Cu-Al2 O3 nanocomposite on the
exposure time at 200 ◦ C.
Test results show that the Cu-Al2 O3 nanocomposite
has better strength and hardness compared with copper.
The nanocomposite is not signiﬁcantly inferior to copper
in terms of conductivity. However, the value of the electrical conductivity of the nanocomposite is greater than
the electrical conductivity of the composite Ag-CdO.
The main result of the tests is a much higher softening
temperature of the nanocomposite compared to the softening temperature of copper. It should be noted that the
softening temperature of the Cu-Al2 O3 nanocomposite
exceeds the softening temperature of the known heat resistant low-alloy copper alloys. The nanocomposite has a
high heat resistance with by an order of magnitude higher
strength than the strength of copper at 900 ◦ C. This may
indicate the increased resistance of the nanocomposite
Cu-Al2 O3 to mechanical wear at high temperatures.
Figure 4 shows that when exposed to an electric arc
the nanocomposite loses several times less volume than
copper, silver and composite Ag-CdO.
The nanocomposite Cu-Al2 O3 has a reduced contact
resistance in comparison with copper (Fig. 4). This conﬁrms the assumption that relatively unstable oxides are
formed on the contact surface.
Check of impact of the formation of oxides on the contact resistance and the wear process was carried out during bench tests. The results of the bench tests of contacts
from diﬀerent materials are given in Table 4.
Even though the initial contact resistance of copper is
almost two times smaller than that of the nanocomposite,
the ﬁnal contact resistance of copper is almost 2 times
greater than that of the nanocomposite. Wear of copper
contacts is approximately 2.5 times higher than the wear
of the nanocomposite contacts. Thus, the formation of
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Fig. 4. Dependence of the contact resistance of materials on
annealing time at 200 ◦ C.

mechanically unstable oxides on the surface of samples of
the nanocomposite Cu – Al2 O3 ensures reliable work of
electrical contacts during operation.
The results of bench tests for comparison with silver
contacts are shown in Table 5.
Contacts of the nanocomposite Cu – Al2 O3 are not
worn as intensively as the contacts from the composite
Ag-CdO.
Thus, less intensive wear of the electrical contacts from
the nanocomposites compared with copper is due to the
high softening temperature and the formation of oxides
on the surface of the nanocomposite with a weak bond
with the substrate.
In operation, the surface of electrical contacts gets deformed. Copper has a softening temperature below that
of the operating zone, that is why annealing occurs at its
surface. Directly at the surface of a layer, annealed copper about 300 microns thick is formed, capable of seazure
during the subsequent curcuit of electrical contacts. Upon
subsequent disconnection of the electrical contacts particles are torn from one of the surfaces to the depth of up
to 500 microns. Nanocomposite Cu – Al2O3 in contrast
to pure copper has a high softening temperature (800–
860 ◦ C). Therefore, annealing may not occur in this case,
it is hardened to a depth of 200 microns. Surface particles of two meeting electrical contacts are set together to
a much lesser extent.
Oxides formed on the surface of copper electrical contacts are resistant and have a good bond with the base
material. When such contacts are curcuit it partially oﬀsets oxides deforming the base material. Subsequent curcuits destroy these areas (oxides are torn deeply damaging
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Table 4. Results of bench test at the voltage of 50 V, current 1250 A.
Material
1

Cu

2

Cu – Al2 O3

Location
Movable
ﬁxed
Movable
ﬁxed

Contacts
Wear of contacts, g
0.273
0.191
0.118
0.078

Table 5. Comparative wear of contacts from the nanocomposite Cu – Al2 O3 and composite Ag-CdO.
Material of contacts
Ag-CdO
Cu – Al2 O3

Position
Movable
Fixed
Movable
Fixed

Wear of contacts, mm3
2.8
2.5
2.7
1.9

the base material). The situation is complicated by a relatively low temperature of softening of copper.
Oxides are formed on the surface of electrical contacts
from the nanocomposite Cu – Al2 O3 , and their bonding
to the base material is much weaker than that of copper. That is why they separate themselves from the base
material of electrical contacts during subsequent disconnections and curcuits.

5 Conclusion
The softening temperature of the nanocomposite is
more than 800 ◦ C. The cooper nanocomposite durability
is better than the silver durability in the breaking electric
contacts.
The nanocomposite is not behind the silver from the
durability point of view thanks to its high softening temperature and weak oxides adhesion to the basic material.
Cu – Al2 O3 cooper based nanocomposite is able to
substitute silver in the breaking electric contacts including those of the power plants of the heavy industry, transport, space industry for the currents more up to 1200 À,
in particular for switching engines cooling systems.
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