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Abstract:    Despite the use of various preventive maintenance measures, there are still a number of problem areas that can ad-
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identified. The effectiveness of various palliative measures is determined and the misconceptions about their effectiveness are dealt 
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INTRODUCTION 
 

The primary purpose of an electrical connection 
is to allow the uninterrupted passage of electrical 
current across the contact interface, which can only be 
achieved if a good metal-to-metal contact is estab-
lished. The processes occurring in the contact zone 
are complex and not fully explained within the limits 
of present knowledge. Although the nature of these 
processes may be different, they are all governed by 
the same fundamental phenomena, the most important 
being the degradation of the contacting interface and 
the associated changes in contact resistance, load, 
temperature, and other parameters of a multipoint 
contact. 

Experimental evidence and various reports of 
service problems strongly suggest that reliable power 
connections are not obtained by routine application of 
established practices and methods. The degradation 
rate of power connectors in service cannot be deter-
mined precisely, which makes maintenance schedul-
ing difficult.  

There are two main reasons for this: first, there is 
a general lack of awareness of the problem, since 
connection deterioration is a time-related process; and 
second, the specific features of connection deteriora-

tion are not readily recognizable, because the failure 
of a power connection is usually associated with 
thermal runaway, thus making identification of the 
degradation mechanism difficult. The adverse con-
sequences of this situation are reflected in the mate-
rials specifications for electrical joints, their usage 
and maintenance, and thus reliability of the entire 
power network. 

The necessity of developing reliable electrical 
contact dates back to the beginning of the 19th cen-
tury when the first electrical machines were used. 
First contacts were made of copper. As electric en-
gineering evolved, the metal-carbon-graphite material 
became the most common material presently widely 
used in sliding contacts such as many types of electric 
machines and current pick-offs.  

Progress in power engineering, the development 
of new electronic circuits and automatics and tele-
communication devices prompted extensive applica-
tions of separable, breaking, and sliding contacts of 
new kinds such as: relay contacts, low-voltage and 
high-voltage electrical apparatuses, rheostats, poten-
tiometers, electronic circuit joints, etc. Currents and 
voltages at which the contacts operate can vary by ten 
and more orders of magnitude and their operating 
conditions include space, vacuum and high tempera-
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tures (hundreds of centigrade). 
In the 21st century, electric energy still remains 

as one of the most basic need for civilization. A huge 
number of various electrical contacts are being used in 
the process of energy production, transmission, dis-
tribution, and usage. The trend of the extensive utili-
zation of microprocessor devices, automatic control 
systems of technological processes, communication 
equipment, speedy electric transport, and the modular 
telecommunication device design increases the 
number of contact joints reaching thousands and tens 
of thousands in one article. For instance, a mother-
board of a PC unit may comprise up to 20000 con-
tacts.   

Because of some intrinsic problems with elec-
trical contacts such as noise, constricted current 
transfer across the contact interface, numerous at-
tempts are being made to use electronic non-contact 
circuits as an alternative in some electrical/electronic 
devices.  

However, the ability of these non-contact re-
placements may be compromised and their cost pro-
hibitive. Consequently, any notion that in the future 
the application field of electrical contacts will become 
narrower or even obsolete is unjustified.  

The variety of types of contacts and operating 
requirements prompted the use of a great number of 
conducting materials from graphite to rhenium. The 
world consumption of only noble metals used in the 
fabrication of materials and coatings for contacts is in 
thousands of tons. On the other hand, not only noble 
metals but also common contact material, such as 
copper, is becoming more and more deficient. 
Therefore, the replacement of copper with aluminum 
with improved connectability and reliability is an 
important step towards a wider use of aluminum in 
electrical devices.  

 
 

ELECTRICAL CONTACT REQUIREMENTS   
 

Different types of contacts should satisfy dif-
ferent set of requirements depending on their stability 
and reliability. These problems can be addressed and 
solved by careful consideration of the application, 
design, and operating conditions of electrical contacts. 
Since the main function of an electrical contact is to 
enable transmission of the electric current from one 
contacting member to another with a minimal impact 

on the transmitted signal, the following set of re-
quirements should be met: (1) Electrical: low power 
losses, no signal distortion, no overheating; (2) Me-
chanical: stable contact force during closing and 
opening, high wear resistance; (3) Ecological: resis-
tance to environment factors, minimal pollution to the 
environment under fabricating, operating, and recy-
cling conditions; (4) Ergonomic: simplicity of design 
and fabrication, simple maintenance repair and re-
placement, possibility of combining units; (5) Eco-
nomical: minimal content of noble and deficient 
non-ferrous metals. 

In view of the above set of requirements, the re-
liability has become one of the most important char-
acteristics of any electric/electronic device. Hence, as 
the requirements on the connectors increase, the de-
velopment process becomes substantially more com-
plex.   
 
 
FACTORS AFFECTING RELIABILITY 
 

One of the most important problems in providing 
reliability to electrical contact is the discrete nature of 
the interface. An electrical contact between solids is 
formed at discrete areas within the contacting inter-
face and these areas (a-spots) are the only current 
conducting paths.   

The formation of the real and conductive contact 
areas controls the reliability and efficiency of the elec-
trical contact. These processes depend on a great 
number of independent or interrelated factors. The 
variety of the factors can be conventionally divided 
into the performance factors governed by the operat-
ing conditions and the design-technological factors 
determined by the fabrication characteristics of a 
contact unit. The performance factors (parameters) 
are divided basically into two groups: internal and 
external (Fig.1).  

The internal factors are the mechanical (the 
contact load, the type and characteristics of motion 
such as slip, the sliding velocity, and reciprocation) 
and electric (type and strength of current, operating 
voltages) factors. The external factors may be tem-
perature-time variation, humidity, atmospheric pres-
sure, and effect of aerosols, etc., which are often un-
controllable. The performance factors affect the 
properties of contact materials and surface films, the 
occurrence of physical and chemical processes in the 
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contact zone, and the wear particle formation, which 
influence the state of the interface and, finally, the 
contact resistance and reliability of electrical contacts. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.2 shows schematically the influence of the 

design-technological factors on the reliability and 
quality of electrical contacts. The selected kind of 
contact materials, the contact geometry, the interme-
diate layers separating the contacting surfaces, the 
quality of the deposited coatings and the contact sur-
face microrelief determine the apparent contact area, 
the size, number, and distribution of contact spots. 
This, in its turn, influences the real and electrical 
contact areas, the constriction and surface film resis-
tances, and, finally, the electrical contact reliability. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The widespread use of aluminium in a variety of 
electrical applications has prompted numerous studies 
into the processes occurring in aluminium connec-
tions. Published experimental evidence and various 
reports of trouble in service suggest that reliable 
aluminium connections cannot be obtained by routine 
application of the practices and methods established 
for joints with copper conductors.  

The complexity of failure mechanisms in alu-
minium power connections is best described in the 
form of a cycle as seen in Fig.3. Breaking this cycle 
requires a thorough understanding of the parameters 
affecting various properties of aluminium and other 
conductor and contact materials subjected to different 
load and environmental conditions.  
 
 
 
 
 
 
 
 
 
 
 
 
Contact area   

It has been established (Holm, 1967) that real 
surfaces are not flat but comprise many asperities. 
Hence, when contact is made between two metals, 
surface asperities of the contacting members will 
penetrate the natural oxide and other surface con-
taminant films, establishing localized metallic con-
tacts and, thus, conducting paths. As the force in-
creases, the number and the area of these small 
metal-metal contact spots will increase due to the 
rupturing of the oxide film and extrusion of metal 
through the ruptures. These spots, termed a-spots, are 
small cold welds providing the only conducting paths 
for the transfer of electrical current. Current passing 
across a contact interface is thus constricted to flow 
through these a-spots as seen in Fig.4.  

Hence, the electrical resistance of the contact due 
to this constricted flow of current is called “constric-
tion resistance” and is related to the basic properties 
of metals such as hardness and electrical resistivity. 
The constriction resistance for a single a-spot of the 

Fig.1  Effect of performance factors on the reliability of  
electrical contacts 
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Fig.2  Effect of design-technological factors on the per-
formance of electrical contacts 
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Fig.3  Schematic of degradation mechanisms in alumin-
ium connections 
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same two contacting metals can be expressed as 
(Holm, 1967): 

 
Rc=ρ/(2a),                            (1) 

 
where ρ is  the resistivity of the contacting metals, a is 
the radius of the metal-to-metal contact area. Since 
the metals are not clean, the passage of electric cur-
rent may be affected by thin oxide, sulfide and other 
inorganic films usually present on metal surfaces. 
Hence, the total contact resistance of a joint is a sum 
of the constriction resistance (Rc) and the resistance of 
the film (Rf): 
 

R=Rc+Rf,         Rf=σ/(πa2),             (2) 
 

where σ is the resistance per area of the film. In most 
practical applications, the contribution of these films 
to the total contact resistance is of minor importance, 
since the contact spots are usually created by the 
mechanical rupture of surface films.  

Increasing the number of electrical current paths 
and more uniform distribution of current can be 
achieved by increasing the surface roughness thus 
increased probability to establish many metal-metal 
contacts at much lower loads than with smooth sur-
face. Hence, the contact surfaces finished with rough 
abrading will have appreciably lower contact resis-
tance than those smoothly machined (Naybour and 
Farrell, 1973a; Oberg and Olsson, 1992).  

When the current is confined to flow through the 
conducting spots (a-spots), the temperature of the 
point of contact (Tc) may be higher than that of the 
bulk (Tb). Hence, the increase in constriction resis-
tance over the resistance that would exist if the 

metal-metal contact were continuous across the entire 
contact area can be expressed as: 

 
Rc=Rc(0)[1+2/3(Tc−Tb )].              (3) 

 
The term (Tc−Tb) is called the super-temperature and 
is related to the voltage drop across the contact in-
terface (U) as: 
 
      Tc

2−Tb
2=U 2/(4L),              (4) 

 
where L is the Wiedemann-Franz Lorenz number 
(2.45×10−8 V2/K2). Hence, a small increase in the 
contact voltage (U) can raise the super-temperature 
high enough to produce metallurgical changes such as 
softening or even melting of the conducting areas. 

In a good connection, the temperature of the in-
terface is only slightly higher than the bulk tempera-
ture but in a poor connection the super-temperature is 
higher than the bulk temperature and accelerates de-
terioration of the contact areas, causing higher resis-
tance. The deterioration is cumulative resulting in 
increasingly higher temperatures and ultimate failure 
of the connection.  

The deterioration of a connector proceeds slowly 
at a rate determined by the nature of different proc-
esses operating in the contact zone and in the envi-
ronment. This initial stage persists for a long time 
without any noticeable deterioration until the final 
stages of the connector life when a self-accelerating 
deterioration, resulting from the interaction of thermal, 
chemical, mechanical and electrical processes is 
triggered causing the contact resistance to rise 
abruptly (Williamson, 1968). 

 
Oxidation 

The oxidation of the metal-metal contacts within 
the contact interface is widely considered as the most 
serious degradation mechanism occurring in me-
chanical connectors. In the copper connections and in 
the presence of oxygen-bearing atmospheres, the 
continuous oxidation of the metal-metal contacts by 
oxidation can cause rapid increase in the contact re-
sistance to a high value after remaining relatively low 
for a considerable length of time. The oxides of cop-
per grow, flake and spall off from the base metal. 
From about 40 °C to about 200 °C in air, there is a 
continual temperature dependent thickness growth of 
the Cu2O oxide. At about 200 °C and above, other 

 
Fig.4  Schematic of real contact area and current con-
striction 
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copper oxides form while continually consuming 
metal. Copper oxides are softer as compared with 
aluminium oxides and more easily disrupted by the 
applied contact force and are also semiconducting. 
The electrical resistivity of Cu2O is 1010 µΩ·cm. 

In the aluminium contacts, however, oxidation is 
generally considered as a less likely mechanism of 
degradation since the oxide growth is self-limiting to 
a thickness of about 10 nm within a very short period 
of time. When exposed to the oxygen-containing 
atmosphere, aluminium oxide Al2O3 forms as a du-
plex film which is hard, tenacious, and brittle with a 
high resistivity of 1024 µΩ·cm. 

The hardness and tenacity of the Al2O3 film 
makes it difficulty to establish a good contact through 
this film as compared with the relative ease of form-
ing metal-to-metal contacts in copper through a Cu2O 
film. As a result, in the electrical contacts having one 
or both contact members of aluminium, the current 
flow is restricted to flow through the areas where the 
oxide film is ruptured.  

The hardness of the oxide film can be signifi-
cantly reduced by segregation of solute or impurities 
to the free surface. Thermal cycling of an Al-0.5 
at.%Mg alloy was found to cause impurities to seg-
regate to free surfaces and thus reduce the hardness 
and contact resistance (Braunovic et al., 1977). The 
solute surface segregation made the oxide more brittle, 
thus creating more cracks through which the con-
tacting materials extruded to form conducting paths.  

 
Galvanic corrosion 

Whenever dissimilar metals are coupled in the 
presence of solutions containing ionized salts, gal-
vanic corrosion will occur. The metal with the most 
negative electrolytic potential is anodic and will be 
consumed by galvanic action. In the Al-Cu connec-
tions, aluminium (the anodic component) dissolves 
and is deposited at the copper cathode in the form of a 
complex hydrated aluminium oxide, with a simulta-
neous evolution of hydrogen at the cathode (copper). 
The process will continue as long as the electrolyte is 
present or until all the aluminium has been consumed, 
even though the build-up of corrosion products may 
limit the rate of corrosion at the surface. 

The Al-Cu connection is affected by corrosion in 
two ways: either the contact area is drastically re-
duced, causing an electrical failure, or the connector is 

severely corroded, causing a mechanical failure. In 
most instances, failure is due to a combination of both 
effects. The factors that influence the degree or se-
verity of galvanic corrosion are numerous and com-
plex but probably the most important is humidity.  

 
Dust corrosion 

This type of corrosion occurs due to presence of 
water-soluble salts in the dust. Such solutions form 
electrolyte and cause metal to corrode. This problem 
has been extensively studied by Lin and Zhang (2004) 
and Wan et al.(1999) who have shown that the relative 
humidity and the pH factor are the most important 
parameters affecting dust corrosion. Corrosion of dust 
particle increases almost linearly with the relative 
humidity as seen in Fig.5 whereas the typical ap-
pearance of corrosion product around the dust particle 
is shown in Fig.6. 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.5  Corrosion ratios of dust particles with different pH
as a function of relative humidity 
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Thermal expansion 
When exposed to an increase in temperature, 

aluminium expands at a greater rate than copper and 
causes large lateral movements in the contact zone, 
which shears the metal-contact bridges thus reducing 
the contact area and increasing the contact resistance 
so causing the connection temperature to rise. At 
higher temperatures, the stresses may be relieved by 
recovery in the matrix.  

On cooling, however, the thermal stresses build 
up again and further interfacial shearing occurs since 
at lower temperatures there will be very little recovery 
in the matrix and thus little stress relief. When the 
process is repeated many times, considerable plastic 
deformation in the contact zone will take place if the 
thermal stresses generated are greater than the yield 
stress of the aluminium. The result is a cascading 
effect, which accelerates the degradation of the con-
nection until failure. 

Another result of the greater thermal expansion 
of aluminium is thermoelastic ratcheting. In a bolted 
Al-Cu joint when a steel bolt is used, excessive 
tightening of the bolt can plastically deform the alu-
minium and copper conductors during heating which 
cannot regain their original dimensions during cool-
ing. Repeated heating and cooling can thus cause 
loosening of the joint, which, in turn, will increase the 
joint temperature and contact resistance.  

 
Fretting 

Fretting is a common problem of significant 
practical importance that can affect a wide range of 
electrical equipment, incur costly component re-
placement and even more expensive equipment 
downtime. The process is defined as accelerated sur-
face damage occurring at the interface of contacting 
materials subjected to small oscillatory movements 
that can be produced by mechanical vibrations, dif-
ferential thermal expansion, load relaxation, and by 
junction heating as the power is switched on and off.  

Fretting is generally concerned with slip ampli-
tudes not greater than 125 µm. The nature of fretting 
depends on a large number of variables, and many 
theories have been proposed to account for the effects 
observed but no unified model for the process has yet 
emerged. A comprehensive review of fretting in 
power connections is given elsewhere (Braunovic, 
1999). The examples of fretting damage in contacts of 

aluminium with copper and tin-plated contact are 
illustrated in Fig.7. 

The reliability of bolted joints is generally at-
tributed to high contact forces and large apparent 
contact areas with virtually no relative displacement 
between the contacting members. Although this may 
hold for copper-copper joints, it is certainly not the 
case of the Al-Cu connections. 

The differential thermal expansion, generated by 
higher coefficient of thermal expansion of aluminium 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.7  (a) Schematic of fretting damage evolution in elec-
trical contacts. Effect of fretting on the contact resistance
of (b) Al-Cu and (c) Al-Sn (tin-plated copper) contacts 
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(1.36 greater than copper), will cause displacement of 
the contact interface, shear the metallic bonds at the 
contact interface and induce significant joint degra-
dation.   

The fretting damage in the real life connectors 
has been reported in the case of tin-plated bolted 
joints commonly used for distribution transformers 
(Braunovic and Gervais, 1990). These connectors had 
been removed after 7~10 years of service due to either 
overheating, or unstable performance on the network 
under normal operating conditions.  

Fig.8 shows a typical example of severe fretting 
damage in a connector as evidenced by a characteris-
tic band of accumulated fretting debris and oxides 
formed in the contact zone around the bolt hole. The 
contact resistance of these zones was found to in-
crease rapidly to very high values, and in some loca-
tions, an open-circuit conditions was developed 
(Fig.9). 

More recently, the effects of fretting in cop-
per-to-copper contacts under AC (60 Hz) and DC 
current conditions at fretting frequency 1 Hz, slip am- 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

plitude 100 µm and current 50 mA were investigated 
(Braunovic and Gervais, 1990). The results showed 
that the overall contact resistance behaviour of cop-
per-to-copper wire-plate couples under AC and DC 
current was practically the same as illustrated in 
Fig.10.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The characteristic feature of the samples under 
AC current conditions is a pronounced distortion of 
the contact voltage (Fig.11) and the presence of large 
amounts of flake-like fretting debris widely scattered 
around the contact zone (Fig.12). However, fretting 
debris in the samples fretted under DC conditions are 
compacted without the flake-like debris. 
 
Intermetallic compounds 

Bimetallic welds, particularly, Al-Cu are in-
creasingly being used in a variety of electrical appli-
cations. Such joints, made by friction welding, pres-
sure welding, diffusion and roll bonding, flash weld-
ing and explosion welding, are characterized by a 
relatively stable joint interface and negligible inter-
metallic formation. In service, however, frequent 

Fig.8  Fretting damage in a tin-plated connector removed
from service 

Fig.9  Contact resistance variations in contact zone
damaged by fretting 
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current surges on the network may generate favorable 
conditions for interdiffusion to occur and thus nu-
cleation and growth of intermetallics at or near the 
initial interface. This, in turn, can seriously impair the 
overall electrical stability and mechanical integrity of 
bimetallic joints since intermetallic phases have much 
higher electrical resistance and lower mechanical 
strength.  

Published experimental evidence of 
roll-bonded, hot-pressed and flash-welded alumin-
ium-to-copper joints show that the mechanical and 
electrical properties are significantly affected by the 
formation and growth of intermetallics at the joint 
interface (Bauer and Lessmann, 1976; Timsit, 1986; 
Wallach and Davis, 1977; Braunovic and Alexandrov, 
1994). When the total width of intermetallic phases 
exceeds 2~5 µm, the Al-Cu joint rapidly loses its 
mechanical integrity (Timsit, 1986). 

The effect of electrical current on the kinetics of 
formation and morphology of intermetallic phases has 
recently been demonstrated in the case of fric-

tion-welded Al-Cu joints (Braunovic and Alexandrov, 
1994). It was shown that the growth kinetics of in-
termetallic phases under the influence of electrical 
current is much higher than that under diffusion an-
nealing in a temperature gradient. The deleterious 
effect of intermetallic phases is reflected in the greater 
brittleness of the contact interface (Fig.13a) and sig-
nificantly higher contact resistance is found to in-
crease linearly with the thickness of the intermetallic 
phases formed (Figs.13b and 13c). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Stress relaxation and creep 

Creep, or cold flow occurs when aluminum is 
subjected to a constant external force over a period of 
time. The rate of creep depends on stress and tem-
perature and is higher for aluminium than for copper. 
Stress relaxation also depends on time, temperature 
and stress but, unlike creep, is not accompanied by 
dimensional changes. It occurs at high stress levels 
and is evidenced by a reduction in the contact pressure 
due to changes in metallurgical structure.  

Fig.12  SEM images of the contact zones after 40000 fret-
ting cycles under AC (a) and DC (b) current conditions 
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Fig.13  Formation of brittle intermetallics in Al-Cu bi-
metallic joints (a), and evolution of contact resistance in
diffusion annealed Al-Cu joints in electric (b) and ther-
mal gradient (c) 
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The change from elastic to plastic strain has the 
effect of significantly reducing the residual contact 
pressure in the joints, resulting in increased contact 
resistance, possibly to the point of failure. The loss of 
initial contact pressure can be further accelerated at 
elevated temperatures, causing a loss of contact area 
in a relatively short time. Hence, excessive conductor 
deformation and high stresses produced by certain 
connector systems having no means of providing 
residual mechanical loading to the contact interface 
can cause accelerated stress relaxation and eventual 
failure of a joint. 

The metallurgical state and temperature was 
found to exert strong effect on the stress relaxation of 
aluminum and copper (Naybour and Farrell, 1973b; 
Atermo, 1973). It was shown that, for electrical grade 
aluminum (EC-1350 grade), increasing the tempera-
ture and the amount of hardening augmented the rate 
of stress relaxation. It was also revealed that stress 
relaxation in hard-drawn EC-grade aluminum con-
ductors was anisotropic, being much faster in the 
transverse than in the longitudinal direction, and 
much faster in hard-drawn than annealed wire. This is 
shown in Fig.14. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Mounting evidence indicates that mechanical 

properties such as creep, stress relaxation, flow stress 
can be significantly affected by the action of electric 
current. This so-called electroplasticity manifests 
itself in a dramatic increase in the ductility of a ma-
terial. It is generally believed that the effect is a result 
of the interaction between electrons and dislocations, 
 

although some controversy still exists regarding the 
exact nature of this electron-dislocation interaction. A 
comprehensive overview of the electroplastic effect in 
metals was given by Sprecher et al.(1986). 

Troitskii and co-workers (Troitskii, 1985) have 
used stress relaxation to study the electroplastic effect 
in a number of metals such as zinc, lead and cadmium 
under the influence of high-density (104 A/cm2) cur-
rent pulses. The frequency of the pulsing current was 
100 Hz and the pulse duration 65 µs. They found that 
the application of current increases the rate of stress 
relaxation and significantly affects its onset. Fig.15a 
depicts stress relaxation dependence on time with and 
without current. Fig.15b illustrates the rate of stress 
relaxation with and without current as a function of 
applied stress. Note that the onset of stress relaxation 
with and without electric current is different: it is 
significantly lower for the samples under the influ-
ence of electric current. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.15  (a) Variation of stress relaxation with time with 
and without current; (b) Variation of the rate of stress 
relaxation with applied stress for samples with and 
without current 
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Fig.14  Effect of metallurgical state on the stress re-
laxation of aluminum 
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PALLIATIVE MEASURES 
 
Contact area 

The size of the contact area is generally deter-
mined by the hardness of the contacting members, 
applied force, and the rated current density. It should 
be sufficiently large to prevent the rise of the contact 
interface temperature under normal and emergency 
conditions. The contact temperature itself is not a 
critical parameter since it is a result rather than a 
cause of the processes occurring in a joint, being a 
function of the current density, the contact geometry 
and the voltage drop across the contact. The stability 
of the contact performance can only be assured when 
the changes in the contact temperature and voltage 
with the connector operating time remain very small.  

Practice and published experimental evidence 
show that mechanical abrasion (brushing) is the sim-
plest and most effective method of obtaining a large 
number of contact points. To serrate the connector 
contact surfaces is another efficient method when 
splicing conductors because the sharp serrated edges 
ensure a large contact surface area between connector 
and conductor. Examples of serrated contact surfaces 
are illustrated in Fig.16. 
 
 
 
 
 
 
 
 
 
 
 
 

In a bolted joint, current lines are distorted at the 
joints as a result of which, the resistance of even a 
perfectly made overlapping joint (no interface resis-
tance) is higher than that of a bar of the same length as 
the joint. This is known as “streamline effect” and is 
determined by the ratio between the overlap and 
busbar thickness. The current distortion can be 
minimized when the overlap length in a bolted joint is 
5~7 times the busbar thickness. As a rule of thumb, 
the minimum overlap should be from 8 to 10 times the 
bar thickness. Furthermore, since the actual area of 

contact is much less than the total area of overlap, the 
current density in the contact surface should not ex-
ceed 1/3 to 1/4 of the current density in the busbar 
cross section.  

Current distortion in the joint (streamline effect) 
can be substantially reduced by slanting the busbar 
ends under 45° (Fig.17a) which, in turn, will make the 
current distribution across the joint more uniform. 
The initial contact resistance of bolted joints with 
slanted ends is 15% lower than that without slanted 
ends. This is due to uniform current distribution at the 
contact interface, which eliminates localized over-
heating and thus improves the contact thermal stabil-
ity.  

Cutting the slots in the bus bars (Fig.17c) can 
enlarge the contact area by 1.5 to 1.7 times that 
without slots. The contact resistance of a joint con-
figuration with slots in Fig.17c is 30%~40% lower 
than that of Fig.17b and is mechanically and electri-
cally more stable. The beneficial effect of sectioning 
the bus bar is attributed to a uniform contact pressure 
distribution under the bolt which, in turn, enlarges the 
contact area (Boychenko and Dzektser, 1978).  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.16  Examples of the serrated contact surfaces 

  

Fig.17  (a) Equipotential and current lines of an idealized
joint with slanted bus bar ends; Schematic of bolted
joints without (b) and with (c) slots 
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Contact pressure 
A well-designed connector should have adequate 

mechanical strength to maintain its mechanical in-
tegrity under normal and overload conductor operat-
ing conditions and sufficient contact pressure to 
maintain an ample contact area, thus allowing unin-
terrupted passage of current across the contacting 
interfaces. The pressure, however, should never ex-
ceed elastic limits of the joint components since 
plastic deformation can increase stress relaxation and 
creep of the contacting members, which leads to 
eventual loss of a contact.  

In a compression connector, there are definite 
relationships between the degree of compression and 
the resulting electrical and mechanical characteristics 
of the connection. In the initial stages of this defor-
mation, the contact resistance is practically propor-
tional to the deformation i.e. it decreases as the de-
formation increases. However, once the conductor is 
fixed firmly in the sleeve, the decrease in contact 
resistance levels off until no decrease is noticed with 
further deformation. At this point a satisfactory elec-
trical connection has been established. 

In the bolted joints, the use of contact force as an 
indicator of a satisfactory joint assembly is impracti-
cal, instead, tightening torque is almost entirely used 
in practical situations. Tightening torques depend 
upon the contact pressure required for the particular 
bus bar application. The amount of pressure for a 
given torque value varies over a wide range, de-
pending upon whether threads are dry, lubricated, hot 
galvanized or otherwise treated. Hence, it is essential 
to maintain the tightening torque within the elastic 
limit of the bus bars since upon exceeding it, bus bars 
will undergo plastic deformation, which, in turn, will 
increase the stress relaxation and creep and thus cause 
loosening of a joint.  

 
Mechanical contact aid devices 

Although a bolted type connection is widely 
used method of joining aluminium and copper con-
ductors, there are doubts concerning its reliability 
under the operating conditions, owing primarily to the 
fact that when two dissimilar metals are used, the 
difference in their physical, mechanical and metal-
lurgical properties results in difficulties to make a 
satisfactory joint.  

The heating and cooling of a bus joint as the 

result of normal changes in electrical load cause the 
corresponding increases and diminutions in the 
thickness of the bolted joint, varying in magnitude 
with the thermal expansion coefficient of the material. 
Moreover, the bolts are usually not heated by the 
current in the conductors to the same extent as the 
conductor itself resulting in a temperature differential 
of 10 °C or more between the bolt and the conductor, 
which tends to narrow over a period of time. During 
the hot portion of the load cycle, the differential ex-
pansion of the bus conductor and the bolts add addi-
tional stresses to the original stresses in the conductor 
and the bolt.  

Studies of the effect of different types of me-
chanical contact devices on the performance of bolted 
Al-Al and Al-Cu joints under current cycling and 
stress relaxation showed that a combination of a 
disc-spring (Belleville) and thick flat washers assured 
the most satisfactory mechanical and electrical integ-
rity of bolted joints under current-cycling and stress 
relaxation conditions (Braunovic and Marjanov, 
1988).  

The most important characteristics of disc-spring 
washers are their ability to elastically absorb defor-
mation caused by an outside load. Fig.18 illustrates 
the preferred joint configurations for jointing alumi-
num or copper bus bar conductors. In all cases, in 
order to have a more uniform stress distribution in the 
bus bars under the washer and to avoid its buckling, it 
is recommended to use flat washers at least 3~4 mm 
thick.  

When steel bolts are used, it is recommended to 
use disc-spring washers with a high spring constant 
and flat washers with thickness at least twice that of 
the disc-spring washer. Furthermore, the disc-spring 
has to have a very high spring constant to provide the 
required elasticity of a joint during temperature ex-
cursions caused by joint overheating, short circuit 
conditions and other causes impacting on the me-
chanical integrity of a bolted joint. 

Failures due to differential thermal expansion 
can be avoided with the use of aluminium alloy bolts 
because the coefficients of expansion of the alumin-
ium conductor and the bolts are essentially the same.  
An alternative method of joining Al-Al or Al-Cu is 
the use of a transition washer inserted between the 
contacting aluminium and copper surfaces. The sharp 
surface profile of these washers ruptures the oxide 
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films without need for further cleaning and estab-
lishes substantially larger contact area that is more 
resistive to aging than the direct surface contact. It 
should be pointed out, however, that although these 
washers do not require surface preparation of the bus 
bar conductors, the use of contact aid compounds is 
essential. 

Fig.19 shows examples of transition washers 
commonly used in Germany (Fig.19a) and Great 
Britain, France and Canada (Fig.19b). Although these 
washers do not require surface preparation of the bus 
bar conductors, the use of contact aid compounds is 
essential.  
 
Coating (plating) 

The coating of aluminium or copper with dif-
ferent metals is one of the most common commercial 
practices used to improve the stability and suppress 
the galvanic corrosion of Al-Cu connections. The 
most widely used coating materials are tin, silver, and 
nickel. 

Tin-plating, traditionally used to suppress the 
adverse effects of galvanic corrosion, requires no 
special surface preparation prior to assembly and 
improves the performance of joints at higher tempe- 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ratures. However, there is mounting evidence that the 
use of tin-plating is not as advantageous as previously 
thought, for two main reasons.  

First, tin-plated contacts are very susceptible to 
fretting, which causes severe degradation of contact-
ing interfaces and leads to unacceptably higher con-
tact resistance, instability and, ultimately, an open 
circuit.  

Second, tin easily forms intermetallic phases 
with copper even at room temperature, rendering the 
contact interface very brittle, highly resistive and 
susceptible to the influence of the environment. Fur-
thermore, galvanic corrosion is not eliminated by tin 
coating and therefore lubrication is essential for re-
ducing the corrosion damage in a saline environment 
(Bonwitt, 1948). 

Silver is an excellent conductor and is widely 
used in joints for high temperature operation in the 
enclosed type switchgear assemblies. A plating 
thickness of 0.005 to 0.015 mm for coating switch-
gear and enclosed bus is generally considered ade-
quate, or even thicker than necessary. Because of the 
porosity of silver plating, however, a thicker deposit is 
required where abrasion and weather resistance are 
factors.  

Where the joint will be connected and discon-
nected many times during the life, for instance, of the  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.19  Transition washers made of (a) Al-Mg-Si alloy
(used in Germany) and (b) brass (used in the UK, France
and Canada) 
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Fig.18  Recommended bolted joint configurations for (a)
Al-Al; (b) Al-Cu and Cu-Cu busbar conductors 
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disconnect switch, the silver plating must be thick 
enough to prevent exposure of the aluminium or 
copper through wear. Despite the advantages of silver 
plating of electric contacts in maintaining low electric 
resistance, it has a potential disadvantage: silver, like 
copper, is cathodic to aluminium and may, therefore, 
cause galvanic corrosion of aluminium. 

Furthermore, due to sensitivity of silver to tar-
nishing, the use of silver-plating in environments 
where sulfurized contaminants are present has to be 
avoided. The coatings should be uniform and rela-
tively thick. The use of protective contact aid com-
pounds for optimum performance is essential for 
silver-coated joints that are exposed to high humidity 
or moisture. 

The available data indicate that the nickel-coated 
connections show superior performance as compared 
with other plating materials. The superiority of nickel 
plating is manifested by its stable contact resistance 
behaviour under simulated service conditions and also 
from the point of view both of its economy and the 
significant improvements to the metallurgical and 
contact properties of Al-Cu connections (Bond, 1969;  
Jackson, 1982; Lefebre et al., 1990; Bruel and Car-
balleira, 1986; Braunovic, 1990).  
 
Lubrication (contact aid compounds) 

It has been known for some time that the use of 
suitable lubricant (contact aid compound) improves 
the performance of an electric contact. When the 
contact is made, the lubricant is squeezed away from 
the points of highest pressure and hence the metallic 
conduction through the contact is not disturbed. As a 
result, the oxidation of clean metal surfaces is virtu-
ally prevented and a high area of metallic contact, 
hence, low contact resistance, and protection of the 
contact zone from adverse environmental effects are 
maintained. 

It is a common practice that for both aluminium 
and copper bus bar connections, the contact surfaces 
should be abraded through the suitable contact aid 
compound with a wire brush or abrasive cloth. Due to 
a more rapid formation of initial oxide film on alu-
minum, this procedure is more important for alumi-
num contacts than for copper. However, when elec-
trical equipment is supplied with either silver- or 
tin-plated terminals, the plated contact surfaces 

should not be scratched or brushed. Only the contact 
surfaces of the aluminium or copper bus that are to be 
bolted to these surfaces should be prepared. 

Recent studies have shown that the efficiency of 
a particular contact aid compound depends on its 
ability to protect the contact zones against corrosion 
and fretting, stability to thermal and UV degradation, 
spreading tendency, shear strength and the presence of 
metallic and/or nonmetallic particles added to im-
prove their ability to shear the oxide films on the 
contacting surfaces (Braunovic, 1992). 

It is now generally accepted practice to use 
contact aid compounds whenever aluminium is used. 
For all-copper connections, however, the use any 
lubricant is not a common practice since their dete-
rioration proceeds for a long time without any appre-
ciable changes in their performance. This is a false 
sense of security, since the experience has shown that 
the deterioration of copper connections occurs rather 
abruptly triggered by accelerated interaction of 
chemical, thermal, mechanical and electrical proc-
esses at the contact interface. Hence, to prolong the 
useful service life of copper connections, the use of 
appropriate contact aid compounds is strongly rec-
ommended. 

It should be pointed out, however, that despite 
the protective benefits derived from the use of contact 
aid compounds, in some cases, the effectiveness of 
these compounds may be limited due to inadequate or 
improper application of the compound, loss of com-
pound as a result of excessive operating temperatures 
and weathering characteristics of the compound. 

 
 

CONCLUSION 
 

The major parameters influencing the reliability 
and life of Al-Al and Al-Cu connections are identified 
and the effectiveness of various palliative measures 
are determined and the misconceptions about their 
effectiveness are dealt in detail. 

It was shown that maintaining a large contacts 
area, adequate contact pressure and applying different 
mitigating measures such as lubrication, mechanical 
contact devices and coating are essential for assuring 
the reliability of power connections. 
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