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The conductive area of a stationary electrical contact consists of many small
contact spots. The contact spots can be described as narrow metal bridges across
the interface between two conductors. Deterioration of a contact is closely related
to processes occurring in these microscopic areas. The objective of this work is to
clarify the basic mechanisms affecting the reliability and degradation of an
electrical contact by closely studying the contact spots.

Particular emphasis has been put on examining the contact spots occurring in
aluminium-aluminium interfaces when passing AC. Due to the small thermal
capacity of a contact spot the temperature in the contact spot cycles with twice the
frequency of the applied AC. The minimum temperature attained during one cycle
being the bulk temperature of the conductor, the maximum temperature can in
heavily stressed contacts be close to the melting point of the conductor material.
In the idealized contact used in the present investigation, this thermal cycling may
initiate thermal fatigue processes in the contact spot region.

Microscopic cracks appear in the contact spot region as the result of thermal
fatigue processes. The cracks not only lower the mechanical strength of the
conductor in close vicinity of the contact spot, they also cause a higher electrical
resistivity in these areas.

Alloying a tracer metal in one of the electrodes of the contact allows for closer
investigation of the crack propagation as it occurred during the experiments. The
tracer migrates into the heated contact spot region of the opposite electrode where
the cracks constitute a barrier impairing further diffusion into the electrode.
Further information on the thermal fatigue processes in the contact spot region is
obtained when examining metallographic images of cross sectioned contact spots.
Here it can be seen that the repetitive thermal stresses give rise to clearly localized
recrystallisation in the contact spot region.

Thermal fatigue is a well known failure mechanism in mechanical structures. It
has to the authors knowledge not previously been associated with the deterioration
of contact spots. However, the mechanical damage in the contact spot region
caused by the temperature cycling also has a detrimental effect on the electrical
behaviour of the contact. It is therefore suggested that thermal fatigue is of
considerable importance to the reliability and degradation of stationary electrical
contacts.
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a contact spot radius
A0 equipotential surface in contact spot
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At theoretically determined Ac

Ae experimentally determined Ac
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c fatigue ductility exponent
e electron charge
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I current (amplitude)
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Electrical contacts are of far greater importance in the field of electrical
engineering than it might be expected regarding the volume of production as well
as revenue, mainly due to the fact that electrical contacts are the weak point in
many electrical installations. This holds for any conceivable kind of electrical
contact independent of the voltage rating of the device, its material and holds also
across the basic classification in stationary, switching or moving contacts. This is
in particular remarkable, as the major task of all contact configurations is only to
pass electric current from one conductor to another conductor via the interface
between them. Generally, it is not very difficult to establish a sufficiently good
electrical contact between two conductors. However, it is a challenging exercise
to make the contact simple and inexpensive and at the same time reliable over
many years. 

When mating two electrical conductors the actual electrical contact is established
in microscopic areas of metal-to-metal connection, usually referred to as contact
spots. It is the processes and phenomena occuring in the microscopic contact spots
that are of great importance regarding the electrical behaviour and degradation of
the contact. The nature of the degradation mechanisms is very complex, involving
aspects of surface chemistry, metallurgy, elasticity theory, thermodynamics and
other fields. Continuous exposure of the contact to corrosive environment,
thermal or mechanical stresses may cause the contact spots to deteriorate, which
in turn results in unacceptable high electrical resistance across the contact. 

The intention of the present work is to closely examine processes contributing to
the deterioration of contact spots in stationary electrical contacts between
aluminium conductors when carrying AC. Aluminium as an electrical conductor
is mainly used in transmission lines, cables and bus bars in power engineering
applications, but also in the interconnects of integrated circuits and other
applications. Amongst the most outstanding advantages of aluminium for
electrical engineering purposes are its low density combined with a favourable
cost-to-conductivity-ratio and its ability to withstand corrosion. Problematic, on
the other hand, are the oxide layer covering the conductor and its ductility, in
particular when establishing stationary contacts. The widespread use of
aluminium as an electrical conductor and the inherent problems were the reason
for choosing aluminium as the subject for the experimental work. 
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The report begins with an introduction to the theory of stationary electrical
contacts followed by a brief review of the essential theory of thermal fatigue in
aluminium (Chapter 2). Then a detailed description of the experimental setup is
given in Chapter 3. The experimental results are presented in Chapter 4,
subdivided into the documentation of the data recorded during the experiments
and the presentation of the subsequent SEM and metallographic examinations of
the contact spots. An extensive discussion of the validity and significance of the
results from the present work follows in Chapter 5. Here the novel approach of
thermal fatigue in the contact spot contributing to the degradation of stationary
contacts is related to comparable previous findings and practical contact
applications. Concluding remarks completing the report follow in chapter 6.

Parts of this work have been published earlier. Chapters 4 and 5 contain excerpts
which have been presented in [1].
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2.1  Theory of stationary electrical contacts
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The main purpose of a stationary electrical contact is to pass a current between two
electrodes as if they were a continuous conductor. The ideal electrical contact
would have a resistance corresponding to the bulk resistance of the electrodes.
This chapter is meant to give a concise description of the basic theory behind
stationary electrical contacts. If not otherwise indicated most of the information
given below is taken from Holm’s book [2].

When mating two electrodes in order to form an electrical contact the size of the
actually conducting metal-to-metal area is by far less than the so called apparent
contact area Aa. The apparent contact area is that part of the electrode surface
which appears to be in physical contact with the mating electrode. The fact that
the area of physical contact is considerably smaller than Aa is due to micro
asperities as they appear on every surface - even if it is polished to a high degree.
When joining two conductors the physical contact between them is determined by
the number of micro asperities on the opposite surfaces touching each other. The
combined surface of all micro asperites in physical contact is called the load
bearing area Ab. It is only a fraction of the apparent contact area and can be related
to the mechanical load P on the electrodes as follows:

Ab ~ P / H (2.1)

where H is the hardness of the electrode material. It can be seen from (2.1) that
given a certain hardness H the load bearing area increases with the mechanical
load on the electrodes as the micro-asperities become deformed under the
pressure. 

The actually conducting metal-to-metal area Ac is considerably smaller than the
load bearing area Ab when taking insulating films on the electrodes into
consideration. This might be a thin oxide-layer covering the electrodes as in the
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case of e. g. aluminium conductors. Oxide film covered micro asperities in
physical contact with its corresponding counterpart on the surface of the opposite
electrode only contribute to Ac if the oxide film is broken such that metal-to-metal
contact is established. These metal bridges connecting the electrodes are
commonly referred to as contact spots or a-spots. This is shown schematically in
Fig 2.1. Most contacts are expected to have many contact spots. 

The oxide film usually present on aluminium electrodes can be broken in several
ways: either by mechanical or by electrical stress. Mechanical rupturing of the
oxide film occurs when the load bearing asperities as mentioned above are
deformed sufficiently, such that the brittle oxide film covering them cracks
locally. This is due to the fact that the rather soft aluminium gives little support to
a surface film which is much harder and less ductile. The oxide film breaks into
many small flake-like pieces leaving an irregular pattern of minuscule cracks. It
has been shown [3] that the underlying aluminium is squeezed through the cracks.
When this then meets with aluminium squeezed through cracks on the opposing
electrode a metal-to-metal contact is established. 

The electrical breaking of the oxide film is called fritting. Here two mechanisms
have to be distinguished: A-fritting and B-fritting.

Figure 2.1:  Schematic representation of a contact interface
a) Cross-section of surface asperities of oxide covered electrodes.

The vertical scale is exaggerated.
b) Transparent cylindrical electrodes in contact. Ac can be seen to 

be only a minor fraction of Ab, resp. Aa.
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Ab ,Ac
Ab

electrode

oxide

air-gap

oxide
electrode

Aa

Ab

Ac

a) b)
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A-fritting of the insulating oxide film with aluminium electrodes appears when the
electric field E across the film increases to values in the order of 108 V/m. The
oxide film on aluminium being usually about 10 nm thick this field is reached with
a fritting voltage in the order of 1 V applied to the electrodes. A-fritting starts with
the injection of electrons into the insulating film by field emission at one point of
the electrode surface. The injected electrons produce a current flow within a
narrow path through the film. The cohesion of the film along this path is
diminished resulting in a channel crossing the oxide. Molten metal is then
attracted into the channel and a contact spot is created. The contact spot
subsequently widens with increasing current. This is due to electromechanical
forces on the oxide. The process of widening of an existing contact spot is referred
to as B-fritting.

#"!"# �������
��
������
�����

The contact resistance is the resistance as it originates from the fact that the current
is forced to pass through the very small actual metallic contact area Ac, in addition
to the resistance of the electrodes. The contact resistance depends on the number,
the dimensions and the condition of the deformed micro-asperities contributing to
Ac. Several types of electrical contacts have to be considered:

2�
���������
��
�: Both electrodes are in immediate physical contact. The current
flow lines in the electrode distant from the contact spot are assumed to be parallel.
Close to the contact spot the current flow lines are bent together as shown in Fig.
2.2 This then leads to the constriction resistance as described in detail below.

3�����
���������
��
: In this case the electrodes are covered with an extremely
thin film, e.g. an oxide, less than 2 nm thick separating the electrodes such that no
metallic contact can be made. These films can easily be penetrated by the electrons
due to the tunnel-effect. Thus the contribution to the contact resistance originating
from the presence of these extremely thin films is negligible. 

���
��
��4�
���������
�������������
���� �����: Electrodes often are prone to
surface contamination resulting in a film of higher resistivity covering the
electrode, as e. g.  when exposed to a corrosive environment. The thickness of
these layers might be in the order of a few hundred nanometer. The resistance
arising from such contaminant layers has to be added to the constriction
resistance. 

An electrical contact between aluminium electrodes is a typical example of a
metallic contact. It is of no importance whether the metallic contact was made by
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mechanically rupturing the oxide film or by fritting. The sizes of the contact spots
connecting the electrodes are usually minute, perhaps only a few micrometer
across.

The constriction resistance Rc is due to the concentration of current flow lines in
the bulk electrode material (see Fig. 2.2). It may be calculated for an idealized
circular contact spot of radius a as follows [2], [4]:

Rc = (ρ/2πa)·atan(µ/a) (2.2)

The parameter µ identifies the ellipsoidal surface as shown in Fig. 2.3. Equation
2.2 gives the constriction resistance as it appears in the bulk of one electrode. In
the case of a long constriction (µ→∞) (2.2) becomes

Rc = ρ/4a (2.3)

As this only describes the constriction resistance in one electrode, the resistance
of the complete contact can be expressed as

Rc = ρ/2a (2.4)

assuming that both electrodes have the same resistivity. From (2.2) it can be seen
that the constriction resistance is concentrated in the electrode-bulk very close to
the contact spot: within a radius of r = a lies 50% of Rc. 

Figure 2.2:  The current flow lines are bent together when close to the contact spot.    
The constriction resistance is due to this effect

electrode A

electrode B

current flow line
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When the contact spot is of elliptic shape (2.4) can be adapted by introducing a
shape factor f, which is a function of the ellipticity of the contact spot. Defining
the contact spot as an ellipse with semi-axes α and β the ellipticity becomes
γ2 = α/β and the shape factor is expressed as f = f(γ). Thus (2.4) is changed to

Rc = ρ/2a ⋅ f(γ) (2.5)

where the shape factor f(γ) is determined by

f(γ) = Rc(α,β) / Rc(a,a) (2.6)

Fig. 2.4 gives an impression of how the constriction resistance of a contact spot is
affected by its ellipticity γ, taking the constriction resistance of a circular contact
spot with radius a as a reference. There is no analytical solution for the
constriction resistance of contact spots with shapes other than elliptic resp.
circular but numerical solutions have been published [5]. It appears that the shape
of a contact spot has rather little influence on its constriction resistance when
comparing it to a circular contact spot of the same area, provided moderate
ellipticity with e. g. γ < 10.

Under laboratory conditions it is possible to make a contact between two
electrodes with one single contact spot. In most practical cases, though, the
electrodes will be connected by several contact spots, referred to as a multispot
contact. If it then can be assumed that these contact spots are sufficiently small and

Figure 2.3:  Cross sectioned vies of the equipotential surfaces φn and the current flow 
lines close to a circular constriction of radius a [2].

z
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t too close to each other, so that any interaction can be excluded, the combined
nstriction resistance can be calculated as the sum of the constriction resistance
all contact spots connected in parallel

Rc
-1 = Σn Rn

-1 (2.7)

 is the constriction resistance of the contact in total and Rn is the constriction
istance of each of the n contact spots. In Fig. 2.5 a contact with one contact spot
compared to a contact with n contact spots distributed over the electrode
rface. For simplicity the contact spots are taken to be circular. The conductive
a of the single contact spot is AI, the conductive area of each of the n contact

ots is AII.  Using 2.4 to determine the constriction resistance of the contact spots
d assuming the conductive area AI = n · AII it can be shown that [6] 

 (2.8)

is seen that the multispot contact is superior if the total conductive area is the
e. Should the above mentioned conditions concerning size and location of the

ntact spots with the multispot contact not apply and interaction cannot longer be
cluded, the approach chosen needs to be adapted. As there exists no analytical
lution to this problem the approximation introduced by Holm [7] is presented.
hen n circular contact spots of radius a are uniformly distributed over an area of
ius R on the electrode surface, the contact resistance can be calculated as

Rc = ρ(1/2na +1/2R) (2.9)

ure 2.4:  Constriction resistance Rc(α,β) of elliptic contact spot related to Rc(a,a) of 

a circular contact spot as a function of γ, with αβ = a2
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Equ. (2.9) corresponds to n single constriction resistances ρ/2a in parallel with an
interaction resistance of ρ/2R in series. 

In the case the electrodes are made of materials with different resistivity the
constriction resistance Rc becomes

Rc = (ρA + ρB)/4a (2.10)

where ρA and ρB are the resistivity of electrodes A and B respectively.

#"!"& ����
������
�������������
��������������
���
���

When regarding a metallic contact where it can be assumed that neither the
electric current nor the heat genereated by the current leave the electrodes until far
away from the contact spot, both current and heat flow within the electrodes along
the same paths. Moreover, assume that the electrode material is homogenous and
both electrodes are of the same material. Then Kohlrausch’s well known
potential-temperature-relation, from which the elevated temperature in the contact
spot can be determined, is valid. Basically, the analogy between current and heat
flux can be demonstrated by comparing the following equations:

J = 1/ρ(T) grad φ (2.11)

Figure 2.5:  Single spot contact (a) compared to multispot contact (b) with conductive 
area AI = n AII, where n is the number of circular contact spots in the 
multispot surface

��5���

���5����

a) b)
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and

Q = λ(T) grad T (2.12)

J is the current density, Q is the heat flux expressed with the resistivity ρ, the
thermal conductivity λ, the potential φ and the temperature T respectively. The
material properties ρ and λ are only depending on the temperature T. Fig. 2.6
illustrates qualitativly the current flow lines leaving the constriction and then
intersecting with the equipotential-surfaces perpendicularly - respectively the
lines of  heat-flux intersecting with the isothermal surfaces (compare with
Fig. 2.3).

The niveau surface A is at temperature T and at potential φ. The consecutive
niveau surface then is at temperature T+dT and potential φ+dφ. At Ae distant from
A0 the temperature is T0, the bulk-temperature of the electrode. The potential at
Ae is set to U/2. The temperature difference ϑ = T - T0 is called the
supertemperature. The maximum supertemperature Θ is at A0. Across A0 there is
no heat flow. The heat generated between A0 and A is p = I·φ. Thus all heat
generated between A0 and A passes through A along the temperature gradient.
Equs. (2.11) and (2.12) can be developed into [8, p96]:

φdφ = -λ(T) ρ(T) dT (2.13)

Figure 2.6:  Single contact spot of size A0 with equipotential-isothermal surfaces A at 
potential φ and supertemperature ϑ respectively absolute temperature T 
within the electrode [2]
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where integrating (2.13)  along the flow lines yields the Kohlrausch equation

(2.14)

which relates the potential drop and temperature on an isothermal niveau surface
to the temperature in the contact spot. With the parameters given above and taking
the voltage across both electrodes to be Uc (2.14) becomes

(2.15)

It has to be pointed out that (2.13), (2.14) and (2.15) are valid under the condition
that no heat is accumulated anywhere in the bulk and it is assumed that the process
has reached its steady state.

The product of thermal conductivity λ and electrical resistivity ρ as a function of
temperature can be expressed by the Wiedemann-Franz-law:

λ(T) ρ(T) = L T (2.16)

where L is the Lorentz-constant equal to

L = 2.45 10-8 V2 / K2 (2.17)

which is a good approximation for most metals.

Applying the Wiedemann-Franz-law to (2.15) simplifies the solution of the
integral to

 (2.18)

From (2.18) it is possible to determine the melting voltage across a contact when
the maximum temperature TΘ is set to be the melting temperature of the electrode
material.

Greenwood and Williamson [9] developed expression (2.19) giving the
temperature distribution within the electrodes across the contact along the z-axis
(see Fig. 2.7). The parameter α is the temperature coefficient of the resistivity ρ

φ
2
---

2
λ T( )ρ T( ) Td

T

TΘ

∫=

Uc

8
------

2
λ T( )ρ T( ) Td

T0

TΘ
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L TΘ
2 T0

2–( ) UC
2

4
--------=
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as in (2.20). The thermal conductivity λ is assumed to be constant.

(2.19)

ρ = ρ20(1+α∆T) (2.20)

with ρ20 being the electrical resistivity at room temperature (20oC) and ∆T the
temperature difference to room temperature. 

From Fig. 2.7 it can be seen, that the temperature decreases almost to that of the
bulk over a distance of only a few contact spot radii a. It can be shown that half of
the heat is generated within a sphere of radius a from the center of the circular
contact spot [10]. This will be referred to as the heat affected zone (HAZ) [11].
The maximum temperature TΘ  occurring in the contact spot plane at µ = 0
(cf. (2.19)) is not longer true when the contact is asymmetric, e. g. ρA > ρB. Then
the maximum temperature is located at a distance ∆z from the contact spot plane
into the electrode with the higher resistivity ρA. ∆z can be determined as [4, p80]

1 αϑ+
1 Θ+

-----------------acos
2
π
---

z
a
-- 

  1
1 αΘ+
-----------------acosatan=

Figure 2.7:  Equilibrium distribution of the temperature within the electrodes, with 
α = 4.6 ⋅ 10-3 oC-1, TΘ = 600oC
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(2.21)

with ρΘ being the resistivity at TΘ and ∆Uc is the potential drop occurring between
z = 0 and z = ∆z. It can be shown that the maximum temperature can be assumed
to be in the contact spot plane in practical contact applications if ρA is of the same
order of magnitude as ρB.

#"!") ����������������
������
������
�������
���
���������
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The heating of the constriction in the contact spot between two electrodes due to
the current causes its temperature to rise. This leads to an increase of the
constriction resistance according to the resistivity changing with temperature as
shown in (2.20). Assuming a symmetric contact the constriction resistance RcΘ  as
it occurs when the contact spot area is at elevated temperature TΘ can be related
to the constriction resistance Rc0 as shown above in (2.22) as follows:

(2.22)

The resistivity ρ0 in (2.22) is to be set according to the temperature T0 distant from
the contact spot (see Fig. 2.6). The thermal conductivity λ is assumed to be
constant (λ = λ0). Fig. 2.8 illustrates the relation described above for a symmetric
aluminium contact with the electrodes kept at room temperature distant from the
contact spot. It can be seen that, as expected, RcΘ  increases non linearly with the
voltage across the contact Uc, which is related to the temperature in the
constriction by (2.15).

#"!"+ �����
����*���
���*������
����
������������
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When regarding an experimentally determined Rc-Uc-characteristic for a clean
metallic contact (Fig. 2.9) the effects of rising temperature in the constriction with
contact voltage Uc and temperature dependency of the constriction resistance Rc
can be clarified. Increasing the current and thus increasing the voltage Uc across
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the contact results in a temperature rise of the constriction until the softening
temperature of the electrode material is reached (A - B). This is characterised by
the softening voltage Us. Before Us is reached the Rc-Uc-characteristic is
reversible along B-A. As soon as the softening temperature is reached the
conducting metal-to-metal area Ac grows with decreasing hardness of the
electrode in the vicinity of the contact spot as the electrodes sink together. This
again causes a reduction of the constriction resistance Rc (B - C). A further
increase of the voltage to the melting voltage Um is equivalent to the metal close
to the contact spot being heated up to  its melting point (D). This  point  on  the
Rc-Uc-characteristic can only be reached when increasing the current through the
contact fast enough so that the electrodes do not sink further together and Ac
remains constant. The voltage across the contact cannot be increased above the
melting voltage Um. Any attempt to do so results in immediate melting and
subsequent sinking together of the electrodes. This will prompt Ac to grow and Rc
to irreversibly decrease according D-E. A lower Rc is with a given current
equivalent to a lower Uc and lower temperature in the contact spot. The contact
solidifies and the new Rc-Uc-characteristic of the contact is now along E-F.
Provided Ac remains constant the new Rc-Uc-characteristic is reversible for
voltages below Us.

Figure 2.8:  Voltage (respectively temperature) dependency of the Rc0/RcΘ ratio 

in (2.22) with aluminium: α = 4.6·10-3 oC-1, ρ20 = 26.5·10-9 Ωm, 

λ = 222 Wm-1K-1
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The electrical conductivity σ of a metal is affected by atom-oscillations
(temperature), by impurities, by alloying and by cold-working. All of the above
result in a reduced conductivity, summed up in Matthiesen’s rule as:

ρ = ρT + ρi (2.23)

where ρ is the resistivity of a metal consisting of a part ρT depending on
temperature and a temperature independent part ρi due to impurities, alloying and
cold working. More detailed information is given in the following.
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The decrease in conductivity with increasing temperature has already been stated
in (2.20). This is in fact due to the Joule-heat causing the atoms in the crystal-
lattice of the metal to oscillate with greater amplitude. An electron driven by an
external electric field drifting through the metal is scattered more often then, i.e.
the time between two scattering-processes τsc is reduced. This in turn reduces the
mobility µ of the conducting electrons as

µ = eτsc / me (2.24)

Figure 2.9:  Schematic of Rc-Uc-characteristic for a contact. Reversible parts are 
indicated by double-arrows, Us is the softening voltage , Um is the melting 
voltage 
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where e is the electron charge and me is the mass of an electron. From this it can
be seen that the conductivity σ is decreased proportionally:

σ = enµ (2.25)

with n being the number of conducting electrons per unit volume.
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Most metals contain impurities that stem from the production process. In
commercially pure metals the amount of impurities is usually below 0.5%. The
effect of impurities on electrical conductivity depends on their solubility in the
solidified base-metal. The electrical conductivity decreases if the impurities form
precipitates and have an atomic number that is very different from the atomic
number of the base metal. This is caused by the distortion in the crystal lattice
taking the wave-nature of the electrons into consideration. Non-conductive
impurities such as oxides and the presence of vacancies or pores further reduce the
conductivity by changing the geometry of the conductive path and might give rise
to constrictions.

While metal alloys made from components that are not soluble in the solid state
exhibit a linear conductivity-concentration relation (Fig. 2.10a), alloys where the
components are completely soluble show a strongly non-linear conductivity-
concentration relation. Conductivity often sharply decreases even with small
deviations from absolute purity of the base metal (Fig. 2.10b).

It turns out that for an alloy with a low percentage of solute 

αbase/σbase = αalloy/σalloy (2.26)

with α as the temperature coefficient of resistivity as in (2.20).

#"!"."& ���������������������4��%���

When cold-working a metal this may cause an increase in hardness and a decrease
in conductivity of up to 5%. This is explained by the additional dislocations as
well as vacancies generated during cold-working. A conduction electron crossing
a dislocation respectively vacancy cannot proceed with unaltered speed in the
same direction due to scattering by the crystalline defect. This reduces its mobility
and affects the conductivity of the metal as shown above in (2.25).
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ontact spot failure is rarely initiated by a single effect but rather expected to be
he complex result of several deterioration mechanisms acting simultaneously. A
eview of various deterioration mechanisms in stationary electrical contacts in
articular between aluminium conductors will be given in the following.

he dominating deterioration mechanism in many contacts is the oxidation of the
ontact surface [13], [14]. After having established a metal-to-metal contact by
reaking the insulating oxide-layer the conducting contact spot area gradually re-
xidizes. Oxygen, respectively other gases in general, react with the metal at the
eriphery of the contact spot creating an insulating oxide-ring. The insulating
xide-layer slowly spreads inward until the conducting contact area gradually
isappears, resulting in higher resistance. This process is accelerated by the
levated temperature of the contact spot. 

scillatory micromotion, usually referred to as fretting corrosion, between the
lectrodes is another important degradation mechanism with stationary electrical
ontacts [15], [16]. Due to thermal expansion and contraction of the electrodes
ith varying temperature or due to external forces relative movement of the

lectrodes in the micrometer-range occurs. This causes the rupturing of the
nitially formed contact spots. In addition to this, a layer of oxide and metallic

igure 2.10:  Conductivity-concentration relation 
a) linear with non-soluble components
b) non-linear with completely soluble components
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particles is formed between the rubbing electrode surfaces. This reduces the size
of the conducting paths and thus decreases conductivity which in turn results in
increasing temperature followed by further thermal expansion, eventually leading
to the destruction of the contact.

Electromigration has been shown to be a deterioration mechanism when DC is
applied to the contact [17] - [19]. In this case the electric current itself causes the
deterioration of the contact spots. The high current density and temperature in the
constriction initiate a mass transport by electromigration from the cathode to the
anode. Vacancies, which eventually cluster to voids and cavities, are left behind
in the cathode. This is responsible for a decrease in electrical conductivity of the
contact. Ultimately, the cathode becomes so heavily degraded in the contact spot
zone that it cannot pass the high current density anymore. This initiates the
generation of new current paths in the vicinity of the original contact spot. When
no more current paths can be generated the contact eventually fails.
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2.2  Theory of thermal fatigue of aluminium
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In the following sections the effect of thermal fatigue mechanisms as it is assumed
to contribute to the deterioration of contact spots is explained. Thermal fatigue is
the gradual deterioration and cracking of a material by alternate heating and
cooling during which free thermal expansion is partially or completely
constrained [20]. A substantial amount of research has been conducted on thermal
stresses on make-and-break-contacts with short-circuit currents in order to
investigate into contact welding phenomena or concerning contact erosion-
phenomena due to arcing. Identifying the thermal stresses caused by temperature
cycling within the constriction of a stationary contact as detrimental to the contact
appears to be a new approach, which could not be found being described earlier.
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The first step to be taken when assessing the effects of thermal stresses in the
constriction is to find the transient temperature response to the alternating current
passed through the contact. There exists no complete analytical solution for this
problem; for a review regarding the solution of the general problem refer to [21]. 

Holm presents an approximated solution based on a simplified model in [22, p49].
The current flow lines in the constriction are spherically symmetric and the
electrical resistivity ρ as well as the thermal conductivity λ are assumed to be
constant (see Fig. 2.11). The contact spot is represented by the surface of a sphere
of radius b. The size of the sphere is related to the area of the contact spot as
b = 0.636a. From this model a differential equation describing the time dependent
temperature distribution in a half-space with spherical heat-source can be derived:

(2.27)

Here ϑ is the supertemperature (as shown in Fig. 2.6), r is the radius, λ0 is the
thermal conductivity at ambient temperature and c is the specific heat of the metal
per unit volume. 
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The heat generated by the current passing through the constriction is represented
in the parameter δ as

(2.28)

with ρ0 being the resistivity of the metal at ambient temperature and I the current.
The step response of the temperature in the contact spot Θ for I = 0 at t < 0 and
I = I0 at t ≥ 0 according to (2.27) is given as

Θ(t) = Θ(∞) [1 - Ψ(z)] (2.29)

with

(2.30)

where

(2.31)

and the dimensionless time

(2.32)

and the steady state temperature in the contact spot

(2.33)

where (2.33) also may be derived from the Kohlrausch-equation (2.14). In
Fig. 2.12a graphical representation of (2.29) is shown. By scaling the time-axis
according to (2.32) an approximation of the temperature ϑ(t,r) in the contact spot
and into the electrode-bulk can be obtained. The result is shown in Fig. 2.13 for
an aluminium contact at ambient temperature [22, 17]. It can be seen from the plot
that the thermal time constant τ of the contact spot is in the order of a few hundred
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microseconds (Θ(3τ) = 0.95 Θmax). The plot for the isothermal sphere-surface at
r=4b represents the temperature development further into the electrode. 

Figure 2.11:  Simplified model of a constriction with radial current flow lines. The 
contact spot is approximated by a sphere of radius b [2]
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The small thermal time constant τ obtained from this approximate solution of the
step response of the temperature allows the conclusion that the temperature in the
contact spot ϑ(t,r = 0) follows any variation of the power dissipated in the
constriction almost undelayed. 

When passing sine wave AC through the contact the voltage across the contact Uc
can be expressed as [23]

(2.34)

with 

i(t) = I0 cos(ωt) (2.35)

where ρ0 and λ0 are resistivity and thermal conductivity at a location distant from
the contact spot at bulk temperature.

Assuming the resistivity ρ to be temperature dependent according to (2.20) and
the thermal conductivity to be constant λ = λ0 it can be shown for a geometry as
presented in Fig. 2.6 that [9]

Figure 2.13: Temperature response of a contact  between aluminium conductors [2] with 
a = 25µm, U = 150mV, c = 2.4·106JK-1m-3 in the contact spot (r=b) and some 
distance from the contact spot (r = 4b), thermal time constant τ ≈ &11�µ�
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(2.36)

Solving (2.36) with respect to Θ, substituting Uc with (2.34) and using this new
expression for Θ in (2.19), an expression giving the supertemperature as a
function of the applied current i(t), the dimensionless position (z/a) along the
direction of the z-axis  and material parameters is obtained:

(2.37)

with

(2.38)

Equ. (2.38) has no physical interpretation, it is introduced only to make (2.37)
legible.

The absolute temperature T(t,z) in the contact spot and along the z-axis is obtained
by adding the bulk-temperature T0 of the electrodes to (2.37)

T(t,z) = ϑ(t,z) + T0 (2.39)

This is shown in Fig. 2.14 for an aluminium contact where 125 A with 50 Hz are
applied for different distances z into the electrode. The bulk temperature is set to
80 oC, the contact spot radius is 20 µm. It can be seen that the temperature in the
contact spot oscillates with the double frequency as the current i(t). Further away
from the contact spot into the electrode bulk the oscillations decrease in
amplitude. This can be compared to Fig. 2.7. The phase-shift as it would appear
between the curves shown in Fig. 2.14 due to the increasing thermal capacity
along the z-axis into the electrode is neglected. The validity of this approach could
be verified using a modified electro-thermal model as suggested by Veijola [24]
for numerical solution. A qualitative representation of T(t,z) with phase-shift is
shown in Appendix I.
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The thermal cycling of the heat affected zone close to the contact spot as described
above imposes considerable stress on the metal which eventually leads to
cracking. The mechanisms behind this will be described in the following.

Fig. 2.15 shows a cross section of a contact spot and the heat affected zone around
it. If the heat affected zone was not constrained in the metal it would expand with
rising temperature according to

V = V0 [1+γv(T-T0)] (2.40)

with V being the volume of the heat affected zone at temperature T, V0 being the
volume of the heat affected zone at temperature T0 and γv the coefficient of
thermal expansion. But as the heat affected zone is constrained in the metal it
cannot expand as described in (2.40). Instead the pressure from the thermal
expansion generates considerable stress on the material surrounding the heat
affected zone. A simplified model shown in Fig 2.16 is derived reducing the three-
dimensional problem of a constrained volume in bulk metal to one dimension
which is sufficient to describe the principles behind thermal fatigue cracking. A
mathematical representation of the three-dimensional stresses can be found in
[25].

Figure 2.14:  Temperature cycling with applied AC at various distances z from the 
contact spot into the electrode
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The heat affected zone in Fig. 2.16 would expand along the x-axis with rising
temperature if it was unconstrained. Expansion in the z-direction is neglected. The
linear thermal expansion is determined as:

l = l0 [1+γl (T-T0)] (2.41)

where l is the length at elevated temperature T, l0 is the length of the heat affected
zone at temperature T0 and γl is the linear thermal expansion coefficient. Because

Figure 2.15:  Schematic cross section of contact spot with heat affected zone, (dashed 
circle) of diameter 2a. Different shades of grey indicate different 
temperatures.
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Figure 2.16:  The heat affected zone HAZ being subjected to compressive stress due to 
thermal expansion
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thermal expansion of the heat affected zone is not possible, the constraining bulk-
metal around the heat affected zone generates a compressive stress σ with rising
temperature as shown in Fig. 2.16 [26]

σ = E γl (T-T0) (2.42)

Where σ is the compressive stress and E is the Young’s-modulus. The thermal
expansion of the surrounding metal-bulk and any temperature variations across
the HAZ are neglected. This is a reasonable assumption due to the temperature
dependency of γl such that γl HAZ > γl Bulk and as well bearing in mind the
temperature gradient as shown in Fig. 2.7.

Taking the temperature cycling postulated in Section 2.2.2 and shown in Fig. 2.14
in the heat affected zone into account, the compressive stress becomes

σ(t) = E γl ϑ(t,r = 0) (2.43)

which is true in the elastic region of the stress-strain-diagram. 

In Fig. 2.17 an engineering stress-strain diagram is shown with the characteristic
material properties yield point σy, ultimate strength σm and rupture strength σr.
When applying a stress below the yield strength the deformation of the material is
purely elastic, above the yield strength the deformation has a plastic component.
The yield strength in tension is here assumed to be equal to the yield strength in
compression.

Stress-strain behaviour under cyclic strain is characterized by a stress-strain-
hysteresis loop [27] as shown in Fig. 2.18. Strain hardening and the Bauschinger-
effect are here neglected. Strain hardening increases the ultimate strength σm,
whereas the Bauschinger-effect lowers the yield strength σy. In the following
further simplifying assumptions for the idealised model are made: 

•The Young’s-modulus E and the linear expansion coefficient γl are constant.
•The stress σ is independent of strain rate .
•The electrode material is isotropic.
•Creep-strain is neglected.
•Cyclic stress-strain-response is assumed to be identical to monotonic stress-

strain-response.

ε·
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In [28] the stress-strain-relationship with thermal cycling for this idealised model
of a constrained bar is described. This may be compared to the constrained heat
affected zone subjected to thermal cycling. Figure 2.19 summarises the results.

The temperature cycling of the heat affected zone starts at A at ambient
temperature. With rising temperature compressive stress is generated along ABC.
Plastic flow is initiated at B when the compressive stress exceeds the yield
strength. Because of strain hardening the stress continues to increase to C. At C
the cooling cycle begins following the stress-strain-curve along CDE. The yield
point of the cooling cycle is now at D, which has a lower absolute value than the
corresponding yield point at B due to the Bauschinger-effect. When the initial
temperature is restored, the state of the heat affected zone is at E. A tensile elastic
strain at E is necessary to offset the compressive plastic flow that occurred along

Figure 2.17:  Engineering stress-strain-diagram with characteristic material properties 
yield strength σy at ε = 0.2%, ultimate strength σm at εm and rupture 
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BC and  thus the net strain of the heat affected zone is returned to zero. This tensile
elastic strain introduces the tensile stress EA. When reheating the heat affected
zone the stress-strain-curve proceeds along EF, accounting qualitatively for the
Bauschinger effect and strain hardening. The stress-strain-response of most
materials changes significantly with applied cyclic stresses in the beginning, but
typically the hysteresis-loops tend to stabilise as is schematically represented in
the GH-loop. The GH-loop shifts towards an compressive strain offset.

The above described one-dimensional stress-strain-relationships occurring with
thermal cycling can be related to the stresses appearing with the three-dimensional
thermal expansion of the heat affected zone of an electrical contact. The
mechanism behind the appearance of the stress-strain-hysteresis-loops is the strain
hardening due to the increase in dislocation-density in the metal with thermal
expansion. The dislocation density is related to the following expression given in
[29]

Figure 2.18:  Stress-strain-hysteresis loop associated with cyclic strain that produces 
fatigue damage [27]
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(2.44)

where n is the absolute number of dislocation loops generated per cycle,
∆V(T) = V - V0 is the change in volume per cycle as in (2.40), a is the contact spot
radius and b is the Burgers-vector of the metal. For a contact spot between
aluminium electrodes with a = 25 µm, b = 0.286 nm cycling through a temperature
difference of ∆T = 300 K (2.44) yields n = 103 ... 104 new dislocation loops per
cycle thus creating an entangled mess of dislocations within the heat affected zone
[30].

The enthalpy of the heat affected zone increases with increasing dislocation
density. In order to reduce the enthalpy the heat affected zone undergoes a cyclic
recrystallisation-process. Many small grains are generated which subsequently
grow until their boundaries meet. The recrystallisation-temperature TR necessary
for this is approximately

Figure 2.19:  Stress-strain-hysteresis-loop [28] of the heat affected zone in an electrical 
contact when AC is applied, resulting in thermal fatigue and cracking
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TR ≈ 0.4 TM (2.45)

with TM being the melting temperature in Kelvin. For aluminium TR is determined
to 200 oC. According to (2.18) this temperature is attained in the contact spot when
a voltage of 125 mV is applied across the electrodes. At higher voltages also the
metal distant from the heat affected zone is expected to recrystallise but due to the
lack of cyclic thermal stresses the grains grow much larger than those in the heat
affected zone. Such a discontinues grain-growth leads to further embrittlement
and increases the probability for cracking [12, 31].

Any metal specimen exposed to cyclic stress-strain-loading above the endurance
limit σg will crack after a certain number of cycles. This is commonly referred to
as fatigue failure. How the above described processes of cyclic loading and
recrystallisation contribute to this will be outlined in the following. 

As shown in the Wöhler-diagram in Fig. 2.20 the ultimate strength σm for non-
ferrous metals  decreases to the endurance limit σg after about 108 load-cycles
[32]. But since the Wöhler-curve for aluminium in particular continues to slope
beyond 108 load-cycles it can be concluded that aluminium will always
experience fatigue failure after a certain number of load cycles, even if the applied
stress is below the yield strength in the elastic domain of the stress-strain-response
[11]. This is due to the fact that some of the crystals in the specimen have slip

Figure 2.20:  W:hler diagram, the ultimate strength σm for non-ferrous metals falls 

below its endurance limit σg after 108 cycles [32, 33]. For aluminium at 

T = 20oC: σm0 = 100 MPa, σg = 25 MPa [34]
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planes more or less parallel to the direction of maximum shear-stress occurring in
the specimen. The probability for the existence of such crystals increases with the
number of crystals with different orientation. These crystals experience then
plastic deformation while the other crystals are deformed elastically. When the
stress is reversed plastic and elastic deformation are as well reversed. Thus each
cycle causes plastic extension and compression in some crystals, which in the end
results in cracks due to the separation of atomic planes.  The orientation of a crack
is perpendicular to the direction of the applied stress. The crack initiation in
thermal fatigue is most likely to occur in the hottest region of the heat affected
zone since the yield point is locally reduced there. In addition fatigue-cracks often
originate at surface imperfections [35]. It has to be kept in mind that the contact
spot itself is the most outstanding surface imperfection on the otherwise
meticulously polished electrode surface.
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3.1  Introduction

The experimental method is to a large extent based on a  procedure which has been
described earlier in [17] and [36]. Setup and procedures were somewhat modified
in order to allow for AC-experiments. The general working principle will be
outlined in the following.

3.2   Specimen preparation and assembly

The current carrying areas of a contact surface are usually minute. In sum they
only cover a small percentage of the apparent contact area. As it is believed that
stability and reliability of a contact are strongly related to phenomena occurring
within these small areas, a detailed knowledge of the contact spot configuration
and behaviour under different operating conditions is of great importance and
might thus contribute to better understanding of deterioration mechanisms in
stationary contacts.

One important phenomenon is the high temperature which occurs in the contact
spots, caused by the high current density in the contact spots. Similar to resistance-
spot-welding the electrodes become permanently mechanically connected in the
contact spots. However, the contact spot weld often has by far lower mechanical
strength compared to an ordinary weld. When opening the contact by separating
the electrodes, the contact-spot-welds break, leaving characteristic contact spot
fracture areas behind on the electrode surface. Close examination of these contact
spot fractures yields considerable information about the deterioration
mechanisms. 

The electrodes used in the experiments were made from pure aluminium
(Al > 99.9%) and commercially pure aluminium (AA1350) as commonly used for
electrical conductors, often cold worked. See Appendix II for further information
on material properties. For some experiments 10% zinc was alloyed into the
electrodes as a tracer material. 
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Both electrodes were machined out from the bulk material. Their geometry and
size are shown in Fig. 3.1. 

The electrodes were mounted in cylindrical aluminium holders, as shown in Fig.
3.2a. The purpose of these holders lies in the easier handling of the specimen, in
particular when it comes to applying the sensors. The lower electrode was
fastened to the holder with a screw. The upper electrode was mounted in the
holder by using a special wax (Apiezon W). This wax is solid and reasonably
strong at room temperature, but softens gradually from 40 oC and above, melting
starts above 85 oC. The advantages of this will be explained later on.

While mounted in the holders the contact surfaces of both electrodes were
polished with diamond paste down to a surface roughness of 1 µm. After that they
were rinsed in alcohol in order to clean the contact surfaces from diamond paste.
The holders, each with a fixed contact member, were then put together and
secured with epoxy glue, (see Fig. 3.2b). An annular insulating plastic foil of
approximately 15 µm thickness prevented the contact surfaces from touching each
other during assembly. This ensured that no mechanical damage could be done to
the polished contact surfaces.

Figure 3.1: Size and geometry of the aluminium electrodes (in mm), the contact 
surfaces are shown to the right as shaded areas.
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Using electrodes with polished surfaces in the experiments has several advantages
compared to contacts made from rougher electrodes. The detection of the location
of the contact spots on the electrode surface of the opened contact is made easier
when examining the surface optically or by scanning electron microscope,
because the contact spot fracture appears by far more distinct on a carefully
polished surface. This aspect becomes particularly important when examining
cross sectioned contact spot fractures. In addition to that polishing smoothens the
surface asperities in a way that - upon carefully mating the electrodes - it is most
likely to produce only one single metallic contact spot or none at all, when the
protective oxide layer is not mechanically ruptured by protruding asperities.

The specimen was then placed in a rack where the contact force F from a
mechanical load could be exerted onto the upper electrode, see Fig. 3.3. The
power cables, temperature and voltage sensors were carefully connected to the
holders, as shown in Fig. 3.4. The upper electrode was then loosened from the
aluminium holder by heating the wax with hot air, making it soft. Mechanical load
was applied to the upper electrode by slowly pouring water into the beaker. As the
upper electrode sagged about 15 µm - corresponding to the thickness of the plastic
foil between the aluminium holders - mechanical contact between the electrode
surfaces was established. The load was then gradually increased to 20 N.

Using this procedure ensures careful mating of the electrodes and keeping them
firmly together. The effects of lateral movement and mechanical shock on the 

Figure 3.2: Cross section of the aluminium holders with electrodes before a) and after 
b) assembly
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Figure 3.3: The rack for mounting the specimen and exerting contact force on the 
upper electrode

beaker

water

piston

rack

specimen

Figure 3.4: Schematic cross section of the specimen with contact force F = 20N applied 
to the upper electrode and temperature- and voltage-sensors as well as 
power cable connected.
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contact were minimized. The bulk temperature of the specimen was sufficiently
high during the experiments to keep the mounting wax soft, such that the upper
electrode remained virtually loose. Upon terminating the experiment the specimen
cooled and the wax solidified, fixing the upper electrode to the holder again.

3.3  Application of current

The experiments were performed applying 50 Hz sine-wave AC to the contacts.
The circuit used is shown in Fig. 3.5. Up to 150 ARMS could be passed through
the contact. Due to the insulating plastic foil separating the electrode holders the
current was forced to pass through the contact interface. The voltage drop across
the contact, the current and the bulk temperature in the aluminium holders were
continuously monitored by oscilloscope and recorded by data-logger. If not
otherwise indicated all measurements of voltage and current are always given as
peak values.

The power supply chosen was a 3 kW transformer with two 230V/10V windings
connected in parallel. The transformer could supply up to 150 ARMS to the circuit.
The input voltage to the transformer was supplied by a variac and could be varied
between 0 and 230 VRMS. The output voltage could then be adjusted between
0 and 10 VRMS accordingly. The series resistor Rs = 68 mΩ stabilized the current

Figure 3.5: Schematic representation of the circuit used for the experiments. Rs 

minimizes current variations, the current sensor works by magnetic field 
compensation, the PVM returns the peak voltage V.
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through the contact against variations in the contact resistance Rc, with  Rs >> Rc.
The current was measured by a current sensor using magnetic field compensation
(LEM LT-100S). The signal from the current sensor was fed into a 44-channel
HP 34970-A data-logger and into a digital 4-channel oscilloscope (Tektronix
TDS 540A). The voltage probes were connected to the oscilloscope as well and a
peak volt-meter (PVM). The output signal of the PVM was a DC voltage directly
proportional to the amplitude of the voltage across the contact.
Electromagnetically induced voltages in the measuring circuits were not
exceeding a few millivolt in amplitude and are neglected. The temperature probes
were copper constantan-thermocouples directly connected to the data-logger. All
data logged was immediately stored on a PC. A 1 Msample A/D digitizer
(Analogic) connected in parallel to the oscilloscope was used to sample real-time
measurings of voltage and current in 16 bit resolution when appropriate.

The experiment was started by slowly rising the voltage applied to the circuit. In
those cases where a metallic contact was established when applying the load to the
contact, the current started flowing immediately. If no metallic contact was
established initially, the voltage across the contact was increased until the oxide
film covering the electrodes broke due to fritting. This would typically occur for
voltage amplitudes between 0.5 and 1.0 V. The voltage then immediately dropped
to values around 150 mV with a current in the order of 10 A. Upon fritting it is
most likely that only one single contact spot is produced because the voltage
across the contact drops below the breakdown voltage of the oxide film (see
Section 3.2) immediately after the fritting. The voltage, current and temperature
recorded during the experiment can in this case then be directly related to the
phenomena occurring in this particular contact spot. 

The voltage was then further increased within a few minutes until the current had
reached the desired level. During this process the voltage across the contact Uc
was always in the range 150 mV to 300 mV, in order to avoid melting of the
contact spot, but allowing the contact spot to gradually grow as the softened
surface asperities sink together. The constriction resistance decreases
accordingly,as described in Section 2.1.5. The contact resistance was determined
from the peak values of voltage and current measured as

(3.1)

i.e. when the temperature in the contact spot was at its peak value. The duration of
the experiments span from a few minutes to several days.

Rc

Uc
I

------=
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3.4  Examinations by SEM

The instrument used was a Jeol JSM T-330A scanning electron microscope
(SEM) equipped with a LINK ANALYTIC 10/25S energy dispersive analyzer
(EDA). The scanning signal was sent to a PC running SEMAFORE digitizing
software. Accelerating voltages from 5 to 20 kV were used in the analysis. The
spatial resolution for secondary-electron and backscattered-electron images with
the SEM is typically 0.05 µm. 

After completing the experiment the voltage and temperature sensors were
disconnected and the specimen was carefully removed from the rack. The glued
aluminium holders were broken apart, so that the surfaces of the electrodes
mounted in the holders became visible, the annular plastic foil was removed and
the contact holders with the electrodes were examined in the SEM.

A typical example of a contact spot fracture as it appears on the polished contact
surface is shown in Fig. 3.6. In spite of their size the contact spot fractures are
fairly easy to detect as surface irregularities of characteristic appearance. 

In addition to the contact surface examinations some of the electrodes were cross-
sectioned through the center of the contact spot, perpendicular to the electrode
surface. This was done by removing the electrode from the aluminium holder and
embedding it in transparent epoxy. The embedded electrode was then ground

Figure 3.6: SEM secondary electron image of contact spot fracture on polished 
electrode surface seen from an angle of 30 o with the surface
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down until the contact spot was reached, see Fig 3.7. This process required great
care in the preparation of the cross section. In order to avoid that the contact spot
fracture was irrevocably ground away the distance from the cross-sectioned
surface to the contact spot fracture was estimated by observing the contact surface
through the transparent epoxy with an optical microscope. The newly attained
cross section was polished with polishing-emulsion to 0.04 µm surface roughness.
The surface of the polished epoxy specimen was carefully cleaned and then made
conductive by carbon-coating, so it could be examined by SEM. This made it
possible to take a closer look on the appearance and structure of the aluminium
within the electrode and directly under the contact spot fracture. When zinc-tracer
had been alloyed into one of the electrodes of the contact, backscatter-electron-
imaging revealed the zinc-distribution in the electrode-bulk (element-number-
contrast). 

A verification of the zinc-tracer distribution as observed by backscatter-electron
imaging could be accomplished by the EDA. In addition, the EDA was used to
identify impurities in the electrodes.

3.5  Examination by optical microscope

Metallographic images of the cross-sectioned electrodes were obtained by
anodizing and examining the surface with an optical microscope. As described

Figure 3.7: Cross sectioned electrode embedded in epoxy with carbon coated surface

aluminium electrode contact spot

epoxy
contact surface

polished and carbon coated surface
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before the cross-sectioned electrodes have to be polished with polishing emulsion.
The polished aluminium was anodized by electrochemically growing an oxide-
layer (Al2O3) on the surface. The thickness of this new oxide layer, generally in
the order of 100 nm, depends on the orientation of the crystal lattice of the
aluminium grain underneath. When illuminating the anodized surface with
polarized light, the different grains can be distinguished because the different
levels of the oxide on top of them appear in different colour hues. This effect is
caused by interference contrast on the oxide layer and can then be observed by
optical microscope. A typical example is shown in Fig. 3.8. A distinct contrast in
colour of neighbouring grains usually indicates a greater difference in the angle of
lattice orientation.

Figure 3.8: Metallographic image of cross-sectioned upper electrode. The cross-
sectioned contact spot (under the arrow) is barely visible

epoxy

Al
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4.1  Introduction

In the following sections the experimental results from an extensive study of
contact spots between aluminium conductors are presented. The results come
from 69 experiments carried out according to the methods described in Chapter 3.
The main emphasis was put on experiments where AC was applied to the contact,
but some experiments were carried out using DC or rectified AC, so the effect of
temperature cycling and current direction could be evaluated. Previously
published work using the same experimental setup [17] only includes DC-
experiments.

At first some typical examples of the voltage, current and temperature
development recorded during the experiments are presented in Section 4.2. The
next part (Section 4.3) gives an insight into contact spot fracture appearance with
different current wave shapes applied to contacts made from various aluminium-
alloys. In Section 4.4 follows a thorough examination of cross sectioned contact
spots, focusing in particular on the cracks found in the electrodes close to the
contact spots. Metallographic images presented in Section 4.5 show the effect of
the temperature cycling on the electrode material. The results of experiments
where zinc as a tracer was used in one of the electrodes are presented in
Section 4.6. The examination of possible porosities in the contact spot region is
described in Section 4.7 and irregularities in the contact resistance are
documented in Section 4.8.

4.2  Voltage, current and temperature recording

The voltage across the contact Uc, the current I and the bulk temperature T0 of the
electrodes were recorded for each experiment. Fig. 4.1 shows the 50 Hz sine wave
current and the voltage across the contact over a 40 ms time span as it could be
observed on the oscilloscope. Voltage and current are in phase but the wave shape
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Figure 4.1: Sinusoidal current I and slightly distorted sinusoidal voltage across the 
contact Uc

Figure 4.2: Current I, voltage Uc and bulk-temperature T0 recorded in an experiment 
where 50 A AC were applied to pure aluminium electrodes for 48 hours

Figure 4.3: Current I, voltage Uc and bulk-temperature T0 recorded in an experiment 
where 125 A AC were applied to technically pure aluminium electrodes for 
2 hours
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of the voltage is not perfectly sinusoidal as it has been discussed in Section 2.2.
The value of the contact resistance is obtained from the peak values of voltage and
current according to (3.1).

In Figs 4.2 and 4.3 the voltage, current and bulk-temperature as they were
recorded by data-logger for two different experiments can be seen. Fig 4.2 shows
the recorded curves for Uc, I, T0 of an experiment where the contact was made
from pure aluminium and carried I = 50 A AC for nearly 48 hours. The sampling
rate fs for the first 4.5 hours was set to once every ten seconds (fs = 0.1 Hz) so that
variations in Uc while increasing I to the desired level could be traced more
accurately. For the remaining 43 hours the sampling rate was set to once every
minute fs = 0.016 Hz. 

The voltage spike which can be seen at the start of the plot in Fig. 4.2 indicates the
fritting voltage Uc= 0.95 V. No metal-to-metal contact has been established yet
and the voltage is increased in small steps of ∆U = 50 mV per second until fritting
occurs. The voltage then drops to Uc= 0.2 V, decreasing further while the current
is slowly increased to its desired level of I = 50 A. This process takes
approximately 15 minutes. Whenever the current is increased for another step
∆I = 500 mA the voltage Uc shortly rises approximately 10% and subsequently
sinks back down to its initial value or even below as it was before the current was
increased with ∆I. These variations in Uc while increasing the current are steady
and take less than 10 seconds each. 

Due to the heating of the electrodes during assembly the bulk-temperature T0 is
initially at T0 = 40 oC, then falls slowly to T0 = 30 oC upon which it again increases
with increasing current to its steady state value of T0 = 50 oC which is attained
after approximately 30 minutes.

After the current is set to I = 50 A the voltage gradually sinks from Uc = 0.165 V
to Uc = 0.13 V while the current remains constant at I = 50 A. From this the
contact resistance can be determined to approximately Rc = 2.6 mΩ. After
41 hours the contact resistance increases as can be seen from the increase of the
contact voltage. This is accompanied by a drop in the current to I = 45 A and an
increase in bulk-temperature to T0 > 60 oC.  The contact becomes unstable as its
resistance increases and decreases unpredictably during intervals of only a few
minutes. The contact voltage rises above the melting voltage for aluminium
(Uc > 0.3 V). Due to the low sampling rate it appears from Fig. 4.2 as if the
variations of the contact resistance were abrupt and unsteady. This will be dealt
with in detail later on in this section.
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Fig. 4.3 shows similar to Fig. 4.2 the curves of voltage Uc, current I and bulk-
temperature T0 as recorded for another experiment. In this case the electrodes
were made from commercially pure aluminium and the contact carried 125 A AC
for 2 hours. The sampling rate was set to fs = 0.1 Hz throughout the experiment.
As in Fig. 4.2 the fritting voltage can be read from the peak at the beginning of the
Uc-curve as Uc = 0.45 V and also the bulk-temperature is initially higher than the
ambient temperature at T0 = 32o C. The maximum bulk-temperature is attained
after 90 minutes at T0 = 95 oC.

Apart from a period of only a few minutes approximately 30 minutes into the
experiment, the contact voltage was above the melting voltage Uc > 0.3 V during
almost the entire experiment. Also in this case the variations in Uc show the
unpredictable rising and falling of the contact resistance during short intervals
which is a sign for an unstable contact. The contact resistance has its minimum
during the short period when there are nearly no variations in Uc at Rc = 1.9 mΩ. 

The unpredictable and unsteady behaviour of the contact voltage Uc is
documented more detailed in Fig. 4.4. On the left side the Uc-curve is shown over
a five-power-cycle-interval (100 ms). A gradual increase of Uc during the first
three cycles from 0.396 V to 0.406 V is observed, culminating in a 0.444 V peak
and immediate drop to 0.339 V on the fourth cycle. This is shown in detail on the
right side of Fig. 4.4. Already on the fifth cycle the contact voltage can again be
seen to be rising gradually. 

From Fig. 4.2 and Fig. 4.3 it can be seen that the contact resistance and bulk-
temperature are not constant throughout the experiment. Consequently the values

Figure 4.4: Gradual increase and abrupt drop of contact voltage Uc, five-cycle period 
(left), enlarged detail (right)
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given indicate the order of magnitude of the contact resistance and the bulk-
temperature respectively. For the majority of the experiments they were found to
be in the order of magnitude as it can be derived from the curves shown in Fig. 4.2
and Fig. 4.3; the contact resistance Rc usually was a few milli-ohms while the bulk
temperature T0 was in the range from 30 oC to 130 oC. 

Fritting as it was observed with the experiments described above occurred with 44
out of 69 experiments but it did not appear to have any effect on the subsequent
behaviour of the contact.

4.3  Examination of the contact spot fractures

When separating the electrodes the metallic contact is ruptured and only fracture
marks remain as a rough profile at the position of the conducting spot, clearly
distinguishable on the otherwise polished surface. These fracture sites are
commonly referred to as contact spot fractures.

In Fig. 4.5a contact spot fracture on the polished contact surface of an upper
electrode is shown in different magnifications. The images were taken by SEM
using secondary electron emission. The contact spot was generated by passing
125 A AC for 3 hours through the contact. The electrodes were made from
commercially pure aluminium AA1350 as commonly used for electrical
conductors.  The contact spot fracture as it appears on the polished contact surface,
the apparent contact area, is shown in Fig. 4.5a. Figure 4.5b gives an impression
of the surface texture of the contact spot fracture, which again is shown in greater
detail in Fig. 4.5c. It can be seen that the contact spot fracture does not have a very
distinct profile in that only small protrusions and pits of similar height and depth
are distributed rather uniformly across the fracture surface. The height of the most
outstanding protrusions is only a few micrometer above the contact surface. The
appearance of a contact spot fracture as shown in Fig. 4.5a-c is characteristic for
aluminium contacts where AC was applied to. It was observed in 51 of the 54
experiments where AC was applied.

A typical DC contact spot fracture is shown in Fig. 4.6. The contact spot was made
by passing 90 A DC for 9 days through the electrodes. On the anode (left side) the
characteristic protrusion can be seen as it is found with all DC contact spot
fractures. The corresponding pit as it appears in the cathode is shown on the right
side of Fig. 4.6. When separating the electrodes the metal-to-metal contact
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Figure 4.5a: SEM image of contact spot fracture on the polished surface of an upper 
electrode after passing 125 A AC, seen at an angle of 45o

Figure 4.5b: Contact spot fracture as shown in Fig. 4.5a in 200x magnification.  The 
surface texture is characteristic for AC contact spot fractures

Figure 4.5c: Contact spot fracture as shown in Fig. 4.5a in 1500x magnification. The 
profile of the fracture can be examined in detail
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Figure 4.8: Contact spot fracture after applying 100 A AC to a contact where one elec-
trode was made from pure aluminium (a) , the other electrode contained 
10% zinc (b).

a) b)a) b)

Figure 4.7: SEM image of contact spot fracture as it appears when rectified AC was 
applied to the contact, a) anode, b) cathode.

a) b)

50µm50µm

Figure 4.6: SEM image of DC contact spot fracture, the anode with the typical 
protrusion (a), the cathode with the corresponding pit  viewn from an angle 
of 45o (b)

a) b)
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fractures always inside the cathode, resulting in the protrusion on the anode and
the pit in the cathode as shown.

A contact spot fracture with similar protrusion/pit-appearance as the one
described above is shown in Fig. 4.7. However, this one has not been generated
by passing continuous DC through the contact, but in this case rectified AC was
applied. In order to do this the 50 Hz AC supplied from the power supply was
rectified with a rectifier bridge, so that the current wave shape consisted of
sinusoidal semi-cycles pulsating with 100 Hz frequency. The amplitude of the
current was 50 A. On the left side of Fig. 4.7 the characteristic protrusion on the
anode-surface is shown, the right side shows the corresponding pit in the cathode.

When conducting experiments with contacts where one electrode was made from
AlZn10-alloy, the contact spot fractures observed with AC and rectified AC
experiments were of similar appearance as those found on electrodes made from
commercially pure aluminium. A severely aged AC contact spot fracture is shown
in Fig. 4.8. The contact carried 100 A AC for 4 days. On the left side the electrode
made from pure aluminium can be seen, the electrode containing 10% zinc is
shown on the right side. The contact spot fracture exhibits the same characteristics
as described before (ref. Fig. 4.5b), though the profile is considerably more
distinct in this case, i.e. the pits are deeper and the protrusions are higher.

The contact spot fracture shown in Fig. 4.9 stems from a contact spot which
carried 40 A rectified AC. Both electrodes of this contact were machined from
pure aluminium. Fig. 4.9 shows a secondary electron SEM image of the cathode.
This contact spot fracture does not exhibit the characteristic protrusion-pit-
appearance as it would have been expected with a contact where rectified AC was
applied and as it always is observed when applying continuous DC to pure
aluminium electrodes. Its appearance resembles rather a typical AC contact spot
fracture as shown for example in Fig. 3.6 and Fig. 4.5b.

Fig. 4.10 shows a contact spot fracture which carried 100 A rectified AC for
2 hours. On the left side the anode with the characteristic protrusions can be seen.
The contact spot fracture appears like an irregular mesh of tracks all over the
electrode surfaces. In this case the anode had 10% zinc alloyed into it. The
protrusions are the result of material transport from the cathode made from pure
aluminium. This is made visible in Fig. 4.10b where a part of the contact spot
fracture is shown as an element-contrast image made by using the backscatter-
electron detector of the SEM. The light areas are zinc-enriched where the dark
grey areas of the contact spot fracture are deposits originating from the pure
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Figure 4.9: Contact spot fracture on electrode of pure aluminium where 40 A rectified 
AC were applied with AC contact spot appearance (cathode is shown)

Figure 4.10: Contact spot fracture that carried 100 A rectified AC, the anode (a) 
contained 10% zinc, the cathode was made from pure aluminium. The 
element-contrast SEM-image (b) shows in 750x magnification the 
protrusions  (dark grey) on the zinc-enriched surface (white)

Figure 4.11: Enlarged detail of Fig. 4.10 with small ridges bordering the contact spot 
fracture (a), AC contact spot fracture with similar ridges around its 
contour (b)

a)

a)

b)

b)
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aluminium cathode. However, the protrusions were not of pure aluminium, but
contained approximately 5% zinc, as determined by EDS.

In Fig. 4.11 two different contact spot fractures can be seen. On the left side an
enlarged detail of the contact spot fracture shown in Fig. 4.10 is shown. It can be
seen that the protrusion at the end of a track is bigger and definitely more distinct
than the rest of the track leading towards it. In addition to that small ridges are
found on the electrode surface in close vicinity around the fracture. Fig. 4.11b
shows a part of a typical AC contact spot fracture, which also has small ridges
along the contour of the fracture. These ridges are a few micrometer in height and
can only be observed on carefully polished contact surfaces. They have been
observed with AC as well as with rectified AC contact spot fractures. It does not
appear as if they were caused by the mechanical forces present when separating
the electrodes, but have been there already before. The ridges are always found on
both electrodes (upper and lower) but not in corresponding positions i. e.
independently from one another. However, these ridges have not been observed
with DC contact spot fractures.

In Figs. 4.12 to 4.14 several AC contact spot fractures of various size and of more
or less distinct characteristic appearance are shown. All contacts were made from
commercially pure aluminium apart from the one shown in Fig 4.14b, which was
made from pure aluminium.

The contact spot fracture shown in Fig. 4.12a carried 125 A AC for 1 minute. Its
diameter is approximately 60 µm. In comparison to that the contact spot fracture
shown in Fig. 4.12b carried 75 A AC for 9 days. The area of its contact spot
fracture is approximately 5 times smaller than the area of the contact spot fracture
shown in Fig. 4.12a.

The contact spot fractures shown in Fig. 4.13a and b are of considerably larger size
than those shown in Fig. 4.12. The contact spot from Fig. 4.13a carried 125 A AC
for 4 hours. The contact spot fracture seen in Fig. 4.13b is of similar appearance
and size. It carried 140 A AC for 24 hours. Both fractures show initial stages of
tracks as they were already observed in Fig. 4.10.

In Fig. 4.14 two contact spot fractures of severely deteriorated contacts can be
seen. The contact spot fracture shown in Fig. 4.14a carried 125 A AC for 2 hours.
The profile of this fracture is more distinct as it is with the contact spot fractures
shown in Fig. 4.12 and Fig. 4.13. The protrusions are higher and the pits are
deeper. Furthermore the protrusions can be seen to be partly disconnected from
the electrode as small cracks appear underneath them. This becomes particularly
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Figure 4.12: AC contact spot fractures on commercially pure aluminium
a) carried 125 A AC for 1 minute
b) carried 75 A AC for 9 days

Figure 4.13: AC contact spot fractures on commercially pure aluminium
a) carried 125 A AC for 4 hours
b) carried 140 A AC for 24 hours

Figure 4.14: Severely deteriorated AC contact spot fractures
a) commercially pure aluminium, carried 125 A AC for 2 hours
b) pure aluminium, carried 50 A AC for 36 hours

a)

a)

b)

a) b)

b)
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visible when regarding the lens-shaped bit of metal in the center of Fig. 4.14a
which became nearly ripped out of the surface when the electrodes were
separated.

Figure 4.14b shows a contact spot fracture which carried 50 A AC for 36 hours.
Its appearance with particularly high protrusions and deep pits in the surface is
similar to the fracture shown in Fig. 4.14a. In addition to this flakes of apparently
molten and subsequently solidified aluminium spreading from the fracture onto
the electrode surface can be detected. 

When comparing the contact spot fractures shown in Fig. 4.12 to Fig. 4.14 it can
be seen that the size of the fracture depends on the amplitude of the current passed
through the contact as well as on the duration by which it was applied to the
contact. Furthermore it can be stated that the profile of severely aged AC contact
spot fractures becomes more pronounced, as the characteristic pits and protrusions
are larger.

Another finding regarding the appearance of contact spot fractures which can be
derived from the images shown above is that with DC contact spot fractures
always a pit with corresponding protrusion will be found on the contact surface,
whereas an AC contact spot fracture typically has a less well defined and distinct
profile. These findings are widely independent of the electrode material used.



4 Examination of Conducting Spots in Aluminium-Aluminium Contact Interfaces 55

4.4 Examination of cross sectioned contact spots by SEM

In the following some results of SEM examinations of cross sectioned contact
spots are presented. The epoxy-embedded electrodes were ground down to the
contact spot fracture as described in Chapter 3 in order to study of the region
beneath the contact spots. SEM images of cross sections of AC-, DC- and rectified
AC- contact spot fractures are shown.

Figs. 4.15a - f show SEM images taken with secondary electron detection of an
AC contact spot fracture and its cross sections. This contact carried 107 A AC for
2.5 hours. The contact spot fracture can be seen on the polished electrode surface
in Fig. 4.15a. The dashed line indicates the orientation of the cross sections as they
are shown in the other images. The part of the electrode to the lower right of the
dashed line was ground away, leaving the part to the upper left of the dashed line
in the epoxy. In Fig. 4.15b the typical appearance of a cross-sectioned AC contact
spot fracture can be seen. The profile of the fracture can clearly be distinguished
against the carefully polished surface. 

Figs. 4.15c - f each shows a new cross section of the contact spot fracture,
beginning with Fig. 4.15c followed by Figs. 4.15d - f which lie deeper within the
embedded electrode. The spacing between each of the cross sections is only a few
micrometer. By doing so the small cracks appearing in the fracture surface can be
traced into the material. The detection of these cracks in the fractures requires
careful polishing also of the cross-section prior to SEM examination. In some
images stripes across the cross sectioned metal surfaces can be seen. These stem
from the grinding and polishing process.

Cross sectioning of an AC contact spot fracture allows detailed analysis of the
shape of the pits and protrusions visible on the electrode surface. In this case rifts
and cracks of approximately 20 µm length extending into the electrode could be
discovered. They were not visible on the electrode surface. The small crack visible
to the right of the cross sectioned fracture separates a tiny chunk of aluminium
almost completely in Fig. 4.15f. However, in the preceding cross sections it could
be seen that it still is connected to the electrode. Small cracks bordering the
fracture and occasionally separating tiny aluminium chunks from the electrode
could often be observed when the contact resistance showed unstable behaviour
during the experiment. 

The embedded aluminium particle above the fracture in Fig. 4.15f is a remnant
from the protrusion at the center of Fig. 4.15e. The white line separating the epoxy
and the aluminium in Fig. 4.15f owes to static negative charges from the electron
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Figure 4.15: a) AC contact spot fracture on polished electrode surface, the dashed line
indicates the orientation of the cross section

b) Cross section of an AC contact spot fracture, the profile can easily be
distinguished against the polished electrode surface

Figure 4.15: c) SEM image of the cross section along the dashed line of the contact spot
fracture shown in a) 

d) Same as c) but a few micrometer deeper into the electrode

Figure 4.15: e) Further cross section of a), deeper into the electrode than d) and
magnification of b)

f) Same as e) but deeper into the electrode

a) b)

e)

d)c)

f)

epoxy

aluminium
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beam of the SEM due to edge imperfections in the carbon-coating, impeding the
charges to be removed.

In Figs. 4.16a and b another AC contact spot cross section is shown. It is a cross
section through the track visible to the very right on the contact spot fracture
shown in Fig. 4.5b. Figure 4.16a was taken using the secondary electron detector,
Fig. 4.16b is an image of the same cross section taken with the backscatter electron
detector of the SEM. Comparing Fig. 4.16a with b it can be seen that the cracks
which appear underneath the protrusion are easier detected in b. The cracks do not
completely engulf the protrusion: it still has a mechanical connection to the
electrode. In addition to that the black dots in the metal underneath the contact
spot fracture are only faintly visible in Fig. 4.16a but become more distinct and
more numerous in Fig. 4.16b. 

The cross section of a contact spot fracture similar to the one shown in Fig. 3.6 can
be seen in Fig. 4.17a. The contact carried 65 A AC for 36 hours. The contact spot
fracture has a low profile which is difficult to detect against the cross sectioned
electrode surface. The pits and protrusions are only a few micrometers in depth
and height. No cracks or any other sign of material deterioration could be detected
in the metal underneath the contact spot fracture by the SEM examination. 

In Fig. 4.17b a cross section of one part of the contact spot fracture shown in
Fig. 4.10 is shown. The contact carried 100 A rectified AC and the characteristic
protrusion can be seen to be approximately 20 µm in height above the polished
anode surface. Also in this case cracks are clearly visible underneath and as well
within the contact spot fracture separating the protrusion from the anode apart
from a narrow mechanical connection at the center. 

The cross sectioned contact spot fracture shown in Fig. 4.18a is from the anode of
the DC contact spot fracture shown in Fig. 4.6, and Fig. 4.18b is the corresponding
cross section of the cathode contact spot fracture. It can be seen that the
characteristic protrusion rises approximately 30 µm above the anode surface. The
depth of the pit in the cathode is accordingly. No cracks can be detected
underneath the protrusion or the pit. The opening which appears to the right of the
cross sectioned pit is not a crack as those described above, but it originates from
the pit extending further to the right in the cathode being only partly cut away
during the cross sectioning. The white dots and lines which can be seen in the
metal are Al3Fe-precipitates which formed within the grains and along the grain
boundaries. 
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Figure 4.16: Image of cross section of an AC contact spot taken by
a) secondary electron detection and 
b) by backscatter electron detection (cf. Fig. 4.5a)

Figure 4.17: a) Cross section of an AC contact spot fracture with low profile
b) Cross section of a rectified-AC contact spot fracture with several

 cracks underneath and within  the protrusion (ref. Fig. 4.10)

Figure 4.18: a) Cross section of DC contact spot fracture (anode)
b) Cross section of corresponding fracture on cathode

a)

a)

b)a)

b)

b)

epoxy

aluminium
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The images presented above were chosen from the 25 out of 69 contacts that were
successfully cross sectioned. Many of these were cut in several planes in order to
obtain tomographic pictures of the contact spot fracture as in Fig. 4.15. It could be
observed that cracks exclusively were found in fracture cross sections where the
pits and protrusions were particularly distinct, i. e. with more or less severely
deteriorated contacts, which again could be linked to unstable electrical behaviour
as described in the previous sections. The cracks were always located underneath
a protrusion, there were no cracks observed in the electrode underneath the
corresponding pits. No cracks were found with cross sectioning of DC contact
spot fractures. In general it can be said that all the cracks apparently had their
origin at the contact surface. 

The development of cracks appears to be independent of the alloy used for the
electrodes: cracks were observed in electrodes made from pure, commercially
pure and zinc-enriched aluminium as well. 

The fine cracks become more visible when examining the cross section using the
backscatter detector of the SEM. This is due to the fact that the backscattered
electrons give an element-contrast image, where elements with an atomic number
lower than aluminium appear darker and elements having a higher atomic number
appear lighter, according to the number of backscattered electrons detected.
Directly at a crack in the metal and also in its close vicinity, considerably less
electrons become scattered back to the detector so that the crack appears dark
black and also wider than with secondary electron detection. In addition to that the
backscattered electrons originate from greater depth into the metal compared to
secondary electrons, allowing the detection of particles, pores and cracks hidden
under the cross section surface. 

The different shades of grey in a cross sectioned protrusion and as well the black
dots observed underneath it will be dealt with later on.
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4.5  Metallographic images of cross sectioned contact spots

The purpose of the metallographic examination of the specimens is to make its
internal  microscopical structure visible and determine its properties as for
example the grain size. Metallographic images give information about the
manufacturing conditions of the metal as well as its behaviour when exposed to
various stresses. In the following metallographic images of cross sectioned and
anodized aluminium electrodes will be presented.

The metallographic image of the cross sectioned AC contact spot fracture shown
in Fig. 4.19 is nearly identical to the cross section shown in the SEM-image in Fig.
4.15. The embedded electrode was ground down a few more micrometers in order
to remove the carbon coating prior to anodizing. The crack is faintly visible to the
right of the cross sectioned contact spot fracture. The neighboring grains in the
metal can be distinguished by their different colours. It can be seen that the contact
spot fracture and the metal in immediate vicinity are characterized by many small
adjacent grains embedded within one large grain. The small grains vary in size
from approximately 1 µm to 20 µm. They cluster around the contact spot fracture
so that there is no smooth transition in grain size with increasing distance from the
fracture into the metal. 

In Fig. 4.20 another metallographic image of a cross sectioned contact spot
fracture is shown. An enlarged view of this cross sectioned electrode was
presented in Fig. 3.8, the surface of the fracture was shown in Fig. 4.8. The contact
carried approximately the same current as the one described above. But the
duration of this experiment was four days compared to 2.5 hours as above.
However, the appearances are similar. Also in this case the small grains vary in
size from approximately 1 µm to 20 µm and are clustered around the fracture and
they are embedded within one large grain (size approx. 0.5 mm). It can be seen
more clearly that the protrusion is made up from many small grains. The transition
in grain size from small grains to large grains is rather abrupt as observed above
in Fig. 4.19.

The contact spot fracture shown in cross section in the metallographic image
presented in Fig. 4.21 is identical to the one seen in Fig. 4.12a. Whilst the
amplitude of the applied current can be compared to the current applied with the
two previously described contacts, the duration of this experiment was only one
minute. It can be seen that even with a relatively short time span of AC application
the metallographic image of the contact spot fracture cross section shows the
characteristic appearance of a great number of small grains embedded into a larger
grain. In this particular case the cluster of small grains extends into a second large
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Figure 4.19: Metallographic image of the AC contact spot cross section shown in the 
SEM-image Fig. 4.15f. This contact carried 107 A AC for 2.5 hours.

Figure 4.20: Metallographic image of AC contact spot cross section that carried 100 A 
AC for four days
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Figure 4.21: Metallographic image of AC contact spot cross section that carried 125 A 
AC for one minute

Figure 4.22: Anodized aluminium electrode made from cast aluminium AA1350, the 
cluster of small grains visible at the top indicates the location of the cross 
sectioned contact spot fracture
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grain in immediate vicinty. The grain boundaries of the large grains appear as
black lines. The black dots visible all over the anodized metal surface are Al3Fe-
precipitates. The spread in the average size of the small grains in this contact spot
is approximately the same as in those described above.

Figure 4.22 shows the metallographic image of a larger portion of an electrode. As
before a cluster of small grains visible at the top center of the anodized metal
surface indicates the location of the contact spot fracture. SEM-images of this
fracture where shown earlier in Figs. 4.5a and 4.16. It can be seen that the grain
size distribution across the electrode is unaffected by the contact spot and that a
cluster of small grains as it typically is found around the contact spot fracture is
not observed anywhere else.  The appearance of the large grains seen in the
electrode bulk is characteristic for cast aluminium.

The metallographic image shown in Fig. 4.23 is a cross section of the contact spot
fracture on the electrode opposite to the one described in the preceeding
paragraph. From this it can be seen that the clusters of small grains are found on
both electrodes, having nearly identical appearance. This is usually observed with
contact spot fractures with low profile, i. e. where no extraordinary protrusions
and cracks, as described in Section 4.4, were observed. By comparing Fig. 4.23
with Fig. 4.24 it can be shown that the appearance and clustering of small grains
close to the contact spot fracture is independent of the degree of deformation of
the metal. The cross sectioned and anodized electrode that can be seen in Fig. 4.24
was made from cold worked aluminium AA1350. This is indicated by the
flattened and elongated appearance of the larger grains. A SEM-image of the
surface of the contact spot fracture was shown earlier in Fig. 4.13b.

Figs. 4.25 and 4.26 show metallographic images of the cross sectioned protrusion
appearing on the anode and a pit as it is found on the cathode of a contact which
carried rectified AC. The cross section shown in Fig. 4.25 is the same as it was
shown in Fig. 4.17b. The cracks observed earlier can clearly be distinguished and
as with AC contact spots, small grains cluster close to the fracture. The protrusion
consists entirely of small grains. Regarding the anodized cross section of the
corresponding pit in Fig. 4.26 it appears as if the majority of the small grains
remained with the protrusion upon separating the electrodes and only a few were
left in the cathode. However, also the pit is embedded within a large grain as it was
observed with the clusters of small grains before.

In Figs. 4.27 and 4.28 metallographic images of the cross sectioned DC contact
spot fracture already presented on SEM images in the previous Sections in Fig. 4.6
and Fig. 4.18 are shown. An overview of the general appearance of the grains in
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the electrodes regarding their size and structure is given in Fig 4.27a (anode) and
Fig. 4.28a (cathode). While some very large grains, to 1 mm wide, are found in
the anode, the cathode appears similar to the electrode shown in Fig. 4.22. It can
very well be seen that the protrusion as well as the pit are part of respectively are
embedded within larger grains. Figures 4.27b and 4.28b show enlarged images of
the protrusion and the pit. Neither with the protrusion nor with the pit small grains
clustering close to the contact spot fracture could be detected. The lighter areas on
top of the protrusion and similarly the light spot visible to the right in the pit are
likely to be due to an edge effect. 

Before these specimen could be anodized the carbon coating, which was needed
for the SEM examinations described in the previous section, had to be removed.
As a result of this the cross sections shown here are a few micrometer deeper into
the electrode as those presented in Fig. 4.18. This verifies that the crack visible to
the right of the pit in Fig. 4.18 is in fact a part of the pit itself, as stated, because
in Fig. 4.28b the pit emerges at the location where the crack could be seen before. 

The metallographic images of cross sections of AC-, rectified AC- and DC-
contact spot fractures presented in this section show that the electrode bulk distant
from the contact spot is largely unaffected of any processes occurring in or in close
vicinity of the contact spots. This behaviour is not only independent of the wave
shape of the applied current, but also independent of the aluminium alloy used for
manufacturing the electrodes as well as the degree of cold working respectively
the tempering.  However, it could also be seen that the conditions are considerably
different when regarding the structure of the metal in immediate vicinity of a cross
sectioned contact spot fracture. Small grains clustering around the fracture were
detected when AC or rectified AC were applied. This could not be observed when
examining the cross section of a DC contact spot fracture. The cluster of small
grains appears to be embedded into the larger grains of the mainly unaffected bulk,
extending approximately one contact spot radius a into the bulk, measured from
the center of the contact spot fracture. 

It is also observed that cracks not necessarily constitute a boundary for the cluster
of small grains, but it usually does not extend much further beyond. Clusters of
small grains are found with the contact spot fracture on both electrodes of a
contact when the fracture had a generally low profile. In the case of a contact spot
fracture with distinct pits and protrusions, as typically found with unstable
contacts upon separation of the electrodes, the protrusion consists entirely of small
grains whereas only a few grains could be seen with the pit on the opposite
electrode.
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4.6 Examination of tracer distribution in cross sectioned 
contact spots

This Section presents SEM-images of cross sectioned contact spot fractures,
where 10% zinc was alloyed into one of the aluminium electrodes. All images
were taken in backscatter electron detection mode, where zinc appears brighter
than aluminium. Thus the zinc distribution in the electrode respectively the
contact spot area could be examined. First some SEM backscatter images are
shown followed by an EDA-examination of the zinc content of the cross sectioned
specimen. Only experiments where AC and rectified AC was applied to the
contact were conducted. No experiments with DC were carried out because
extensive research on this has already been done by Runde [17].

The element contrast image of a cross sectioned AC contact spot fracture shown
in Fig. 4.29 can be compared to the metallographic image Fig. 4.20 from the same
contact presented in the previous Section. The aluminium electrode bulk appears
dark grey against the lighter protrusions which contain zinc. The epoxy used for
embedding the electrodes appears black. Immediately below both zinc-enriched
protrusions it appears as if the zinc propagated along the grain boundaries
approximately 20 µm into the bulk. Due to this the contours of some of the small
grains as described in Section 4.5 become visible. The black dots found isolated
within the bulk as well as within the protrusions are SiC grains from the polishing
and grounding process. Disregard the white spot between the protrusions.

Fig. 4.30 shows the cross section of an AC contact spot fracture that carried 140 A
AC for four hours. In this case the zinc-enriched AlZn10-electrode is shown.
Against the white electrode bulk the protrusions appear darker because they
contain less zinc. Some cracks can clearly be distinguished partly separating the
protrusion from the electrode bulk. The cracks apparently constitute a barrier to
the zinc because it can be observed that the zinc concentration changes abruptly
across the crack. But also the transition in zinc concentration from the electrode
bulk to the protrusion where there are no cracks is rather abrupt, no gradual
depletion of zinc from the electrode bulk towards the protrusion can be seen.

The backscatter electron detector SEM-image presented in Fig. 4.31 shows a
greater part of a cross sectioned electrode with one contact spot fracture. Here the
aluminium electrode is seen. The contact carried 50 A AC for 25 days. The
location of the cross sectioned contact spot fracture is the white area of
approximately 80µm width on top of the electrode indicated by the arrow. The
bright appearance of the contact spot fracture is due to its zinc content originating
from the opposite electrode of the contact, which was made from AlZn10. As
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Figure 4.29: SEM-image using element contrast of a cross sectioned AC contact spot 
fracture. The protrusions contain zinc-tracer

Figure 4.30: Cross section of an AC contact spot fracture on an AlZn10-electrode with 
protrusions of reduced zinc concentration

Figure 4.31: Element contrast image of the cross section of an AC contact spot fracture 
containing zinc (arrow)
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Figure 4.32a: Cross sectioned contact spot fracture which carried rectified AC (AlZn10-
anode). The element contrast shows that the protrusions contain less zinc.

Figure 4.32b: Element contrast image of another part of the cross sectioned electrode 
shown in Fig. 4.32a

Figure 4.32c: Element contrast image of the cross sectioned pit from the cathode 
corresponding to the images shown above
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observed in Fig. 4.31 the transition in zinc concentration from the contact spot
fracture to the electrode bulk is rather abrupt. The white lines within the electrode
are Fe-precipitates along the grain boundaries. From this it can be assumed, that
the contact spot fracture is embedded within one single large grain of
approximately 300 µm diameter. This is similar to what has been observed with
the metallographic images in Section 4.5.

In Figs. 4.32a and b the anode and in Fig. 4.32c the cathode of a contact already
examined earlier (cf. Fig. 4.10, Fig. 4.17 and Fig. 4.25) are seen in cross section
in backscatter electron detection mode with the SEM. The characteristic
protrusions on the AlZn10 anode can be seen to have lower zinc content than the
electrode bulk. The cracks visible constitute clear boundaries between areas of
relatively high and areas of relatively low zinc concentration. But also where there
are no cracks the zinc concentration does not show any gradual transition from a
relatively high to a relatively low concentration. As described with the AC contact
spot fracture the change in concentration is abrupt. This is valid for both the anode
as well as the cathode, as can be seen in Fig. 4.32 c, where a cross section of the
pit in the cathode is shown. Small areas containing zinc in the pit appear white
against the electrode bulk made of pure aluminium. The black dots all over the
aluminium are SiC grains from the polishing process. 

All the cross sectioned contact spot fractures from experiments where one of the
electrodes was made from AlZn10 were carefully examined with the EDA. In
order to determine the zinc distribution across the electrode the intensity of the
AlKα- and the ZnKα-radiation were recorded in a number of points. Each of the
points examined had a surface area of approximately 25 µm2. The depth into the
metal surface from which the radiation was detected depends in this case mainly
on the acceleration voltage chosen for the electron beam. With the acceleration
voltage set to 15 kV the depth becomes approximately 2 µm. The intensity of the
ZnKα-radiation measured when scanning the surface area of each single point is
proportional to the zinc concentration in the corresponding volume. The zinc
concentration in the bulk of an AlZn10-electrode is known to be 10%. The
intensity of the ZnKα-radiation measured in  a point on the bulk of an AlZn10-
electrode usually was twice the ZnKα-radiation-intensity recorded in a point
located in a protrusion. Provided otherwise identical conditions, it can thus be
concluded that the alloy in the protrusion is AlZn5. No significant changes in zinc
concentration could be found when examining various locations in the protrusions
or in the bulk. 

The observations described above were independent of the wave-shape of the
current applied to the contact as well as of the duration of the experiment.
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Moreover it could be seen from the element contrast examinations of the cross
sectioned Al-AlZn10-contacts that the cracks  act as a barrier between areas of
different zinc concentration.
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4.7  Possible porosities in contact spot cross section

On some of the SEM images in Section 4.4 as well as on metallographic images
in Section 4.5 dark areas, previously referred to as dark spots respectively shaded
areas, could be seen close to the cross sectioned contact spot fracture and also
within the protrusion (cf. Figs. 4.16 and 4.25). In the following the significance of
these dark areas is evaluated in some detail.  

The SEM-image shown in Fig. 4.33a is of the cross section of the contact spot
fracture shown before in Fig. 4.14. The image was taken using the backscatter
electron detector. The white lines and dots visible across the electrode are Al3Fe-
precipitates within the grains and along the grain boundaries. The profile of the
contact spot fracture with pits and protrusions can be clearly distinguished. Apart
from the cracks under the protrusions also shaded areas within the protrusion and
black spots under the fracture are detected. It can be seen that the shaded areas and
in particular the black spots are without exception only found in the HAZ at the
contact spot.

In Fig. 4.33b the protrusion seen in Fig. 4.33a to the left of the cross sectioned
fracture is shown in greater magnification. The image was taken using a CCD-
camera connected to an optical microscope. The crack under the protrusion can
clearly be seen as well as the shaded areas in the protrusion. These areas seem to
consist of many small dots with an average diameter below 1 µm. The appearance
of these small dots is as if they were porosities in the contact spot fracture. The
larger black spots located under the fracture could be only faintly detected with
optical examination. The thin stripes visible all over the metal in various
directions come from the polishing process. 

The protrusion shown in Fig. 4.33b can be seen as a SEM-image using secondary
electron detection in Fig. 4.33c. The crack under the protrusion as well as the
white Al3Fe-lines and -dots can very well be seen. In addition to that the black
spots located under the fracture and some polishing stripes can be detected. The
black spots are equally distributed over the area immediately under the fracture.
The shaded areas in the protrusion can hardly be seen. No additional black spots
were found examining the electrode bulk using secondary electron detection mode
with the SEM.

Fig. 4.33d is an element contrast image of the cross sectioned protrusion shown in
Fig. 4.33c. Here, the crack, the shaded areas and the black spots under the fracture
can be seen very well. As before also the white Al3Fe-lines and -dots as well as
the polishing stripes are visible. From this image the diameter of the black spots
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Figure 4.34a: Backscatter electron image of a cross sectioned contact spot 
fracture with shaded areas

Figure 4.34b: Oxygen-mapping of the cross section shown in Fig. 4.34 a

Figure 4.34c: Oxygen-mapping of the cross section shown in Fig. 4.34 a with 
low intensity areas filtered out
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can be determined ranging from 1 µm to 5 µm approximately. The black spots can
be characterized in their appearance as if they were pores in the electrode
following the description given above for the shaded areas.

In Fig. 4.34a a SEM-image of another cross sectioned protrusion is shown. The
corresponding contact spot fracture has been presented earlier in Fig. 4.5a. Shaded
areas, polishing stripes and Al3Fe-precipitates can clearly be distinguished in this
element contrast image. 

In Figs. 4.34b and 4.34c an EDA-mapping of oxygen which is found on the cross
section surface is shown. The epoxy used for embedding the electrode has a high
oxygen content which is represented in the image by a high density of bright dots.
Against this the contour of the protrusion can be distinguished because the
aluminium has less oxygen on the surface, which results in a lower dot-density.
However, comparing Figs. 4.34a and 4.34b reveals that in particular those areas
that appeared shaded in Fig. 4.34a show higher oxygen content than the
surrounding aluminium-surface. This effect appears enhanced in Fig. 4.34c where
the signal from areas of low oxygen content was filtered out. The contour of the
protrusion can still be distinguished.

The dark areas described above were usually found with contacts where unstable
electrical behaviour was observed during the experiment. Dark areas could be
seen with contacts that carried AC as well as rectified AC. No black spots or
shaded areas were found on cross sectioned DC contact spot fractures. 

The dark areas only occurred close to the contact spot fracture and were observed
independently of the aluminium alloy used for the electrodes. Hence these dark
areas are probably connected to the ageing process in the contact spot and might
be an indication of material degradation. Further discussion regarding the origin
and nature of the dark areas is presented in Chapter 5.
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4.8  Observation of irregularities of the contact resistance

Some of the contacts where unstable electrical behaviour as described in
Section 4.2 was observed, had a contact resistance which was very much different
from the contact resistance as it usually is observed with the voltage across the
contact uc(t) and the current i(t) according to Fig. 4.1.

In Fig. 4.35 the voltage across the contact uc(t), the current i(t) and the contact
resistance Rc(t) from an experiment where the contact carried 100 A rectified AC
are shown. The corresponding contact spot fracture can be seen in Fig. 4.10. The
upper part of Fig. 4.35 is a hardcopy of the oscilloscope screen taken during the
experiment. The rectified voltage uc(t) and current i(t) and the respective
smoothed curves Uc and I can be seen over one half power cycle. The smoothed
curves represent the data recorded by the data-logger as it is obtained from the
PVM (cf. Fig. 3.5). The lower part of Fig. 4.35 shows a plot of the contact
resistance as it is determined from the oscilloscope hardcopy above (plot I)
compared to the contact resistance as it usually occurs in a contact when the shape
of the voltage and current is as shown in Fig. 4.1 (cf. plot II).  The data for the
latter curve was determined from data recorded with the same experiment, before
the contact became unstable. The variation of the contact resistance with
temperature according to (2.20) can be observed in plot II.

The voltage uc(t) can be seen to rise steeper than usual, i.e. with approximately
∆uc/∆t = 207 V/s instead of ∆uc/∆t = 107 V/s, until it reaches 0.3 V, where the
curve bends sharply and continues to rise with approximately ∆uc/∆t = 36 V/s.
This is followed by a voltage peak of 0.447 V, whereupon the voltage suddenly
drops to 0.4 V. From there on the voltage slopes to 0 within 4.5 ms. The
corresponding contact resistance Rc(t) is shown in the lower diagram of Fig. 4.35
(plot I). 

Another set of curves is shown in Fig. 4.36. The plots were recorded with the AD-
converter during an experiment, where 125 A AC was applied to a contact for
48 hours. In this case the irregularities of the contact resistance occur when the
current approaches its peak value. This was recorded as what can be described as
a protrusion on the positive as well as negative peaks of the voltage curve. All
three plots shown have in common, that the irregularity appears nearly unchanged
on several power cycles consecutively. Next to each of the plots the voltage uc(t)
and the current i(t) of one half-cycle are shown in detail with the contact resistance
Rc(t) as it was determined from the recorded data. 



4 Examination of Conducting Spots in Aluminium-Aluminium Contact Interfaces 77

0.E+00

1.E-03

2.E-03

3.E-03

4.E-03

5.E-03

6.E-03

Figure 4.35: Voltage across the contact uc(t), current i(t) and contact resistance Rc(t) 
during an experiment where rectified AC is applied to the contact. The 
upper graph is a hardcopy of the oscilloscope screen where the traces of 
uc(t), i(t), Uc and I can be seen. In the lower  diagram the contact resistance 
Rc(t) as determined from the recorded data seen above (plot I) and an 
additional curve showing the usual shape of Rc(t) (plot II) are presented.
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Figure 4.36a: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One 
half cycle is shown in greater detail with the contact resistance Rc added in 

the diagram to the right. Rcmax = 4.6 mΩ.

Figure 4.36c: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One 
half cycle is shown in greater detail with the contact resistance Rc added in 

the diagram to the right. Rcmax = 3.84 mΩ

Figure 4.36b: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One 
half cycle is shown in greater detail with the contact resistance Rc added in 

the diagram to the right. Rcmax = 3.64 mΩ
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In the detailed plot in Fig. 4.36a it can be seen that the contact resistance Rc
suddenly rises from Rc = 3.8 mΩ to Rc = 4.6 mΩ when the voltage reaches
uc = 0.343 V. Due to this the voltage rises with sinussoidally increasing current
accordingly to uc = 0.47 V. In a similar manner as the contact resistance suddenly
rose it drops from Rc = 3.9 mΩ to Rc = 3.2 mΩ with the voltage at uc = 0.343 V as
before. From then on the contact resistance follows approximately the usually
observed curve until the end of the half cycle. 

The appearance of the curve of the contact resistance Rc as shown in Figs. 4.36b
and c is essentially similar to the one presented in Fig. 4.36a. Initially following
the usually observed curve the contact resistance changes abruptly to a higher
value. In Fig. 4.36b the contact resistance jumps from Rc = 3.4 mΩ to
Rc = 3.6 mΩ, synonymous to a step in the voltage from uc = 0.390 V to
uc = 0.402 V. The contact resistance remains then fairly constant at Rc = 3.6 mΩ
for approximately 1.8 ms. Then it drops back to Rc = 3.4 mΩ at uc = 0.405 V
sloping to Rc = 2.5 mΩ towards the end of the half cycle. 

The curve for the contact resistance shown in Fig. 4.36c has an even more distinct
discontinuity than the one shown above. It can be characterized by a rise in
resistance from Rc = 3.4 mΩ to Rc = 3.8 mΩ and a corresponding voltage step
from uc = 0.397 V to uc = 0.445 V. The contact resistance remains for
approximately 1.3 ms at this elevated level. Then it drops back to Rc = 3.3 mΩ
(uc = 0.380 V) sloping to Rc = 2.3 mΩ towards the end of the half cycle.

This irregular electrical behaviour of the contact resistance was observed with
AC- as well as with rectified AC-experiments. It could not be seen with DC-
experiments. These irregularities of the contact resistance were exclusively
observed with experiments where the contact can be characterized as unstable
according to Section 4.2. The discontinuous electrical behaviour of the contact
resistance could be seen occurring at several consecutive power cycles, each time
having approximately the same appearance. The voltage across the contact uc(t)
was at the start of the discontinuity of Rc observed to be of approximately the same
magnitude at the end of the discontinuity of Rc.
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5.1  Introduction

The experiments where the procedure and the results have been described in detail
in the previous chapters were done with the main purpose of documenting the
deterioration of contact spots between aluminium contacts.  Particular emphasis
was put on the close examination of single contact spots that carried AC, focusing
on thermo-mechanical effects occurring in the contact. These effects in turn are
due to the current cycling. Experiments on single contact spots between
aluminium conductors carried out by Runde [17] using a similar experimental
setup and procedure showed electromigration being a current induced
deterioration mechanism when applying DC to a contact. Other work on the
deterioration of stationary electrical contacts due to thermo-mechanical effects
and subsequent cracking has been done by Braunovic and Aleksandrov [37] on
bimetallic Cu-Al-contacts, stating the embrittlement of the contact interface due
to the formation of intermetallics at elevated temperatures being the cause for
impaired mechanical and thus electrical integrity. Thermal stress cracking in
electrical contacts has also been reported amongst others by Wingert [38] and
Kang et al. [39], where the erosion of electrodes in switching contacts is described
due to thermal shock in the case of arcing between the electrodes. 

To the author’s knowledge the development of cracks in the contact spots of
stationary symmetric Al-Al-contacts caused by thermal fatigue has not been
reported as a deterioration mechanism before. 

5.2  Experimental method

The experimental arrangement as described in Section 3 is kept extremely simple.
Basically the circuit is an ohmic conductor, whose stray inductances and
capacitances are negligible, connected to the secondary winding of a transformer.
The aluminium electrodes in their holders could easily be removed from the
circuit. The electrodes remained upon separating in their respective holder during
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the SEM surface examinations. For cross sectioning they were taken out of the
holder, which then could be reused for a new contact. 

The most important advantage of this contact configuration is that usually only
one single contact spot is created. This contact spot occurs then at some arbitrary
location on a comparatively large, polished surface. The fact that all the current
applied to the contact passes through one single contact spot allows for detailed
monitoring of the electrical stresses experienced in this particular contact area.
Alternating current with a peak value of up to 140 A was applied. This current
produces in the interface between aluminium electrodes with a 0.2 V voltage drop
a contact spot with a diameter in the order of 50 µm. It is not complicated to cross
section a contact spot of this size and study the profile of the contact spot as well
as its metallographic appearance. 

The unstable electrical behaviour of aluminium contacts with AC applied
compared to DC-experiments which was reported in [17] could be verified when
electrodes made from pure aluminium were used. However, the instabilities
became fewer and the experiments more consistent when electrodes made from
aluminium of greater hardness were used. Most experiments were carried out with
electrodes of cold worked pure aluminium or of commercially pure AA1350. 

Even if this experimental method proved very well suitable for studying single
contact spots on polished electrodes under laboratory conditions, it has to be
pointed out that practical contacts are rougher and form several contact spots upon
mating. Hence, this very simple experimental setup is useful for fundamental
studies of the physics of microscopic contact spots exposed to extreme and
alternating current densities, but it is not suitable for evaluations of the properties
of macroscopic contact devices.

5.3  Electrical behaviour

The electrical behaviour of the aluminium contacts as it is determined from the
data recorded during the experiments is generally comparable to the behaviour
observed with practical contacts. Except for that mostly single spot contacts were
examined in the experiments, the main difference is that the voltage Uc is
approximately one or two orders of magnitude lower in a good practical contact.
The implications regarding this are discussed later on.  The contact resistance can
be seen to rise after having been constant for some time. This rise in resistance
occurs completely unpredictable and is usually followed by a sudden decrease in



5  Discussion 83

resistance. This process is repeated in irregular intervals. Williamson refers to this
phenomenon as self-healing [40]. The rising contact resistance indicates ageing
and gradual deterioration of the electrical conductivity in the contact spot region. 

The contact resistance was determined from the current and voltage
measurements as described earlier. While the LEM-shunt used for the current
measurement yields an output signal of several volts and is thus less susceptible
to disturbances coupled electromagnetically into the leads to the data-logger, this
had to be verified for the measurements of the voltage across the contact. A
continuous background noise of a few millivolt could be detected on the signal,
probably due to aerial HF-radiation. No distortion in the signal could be connected
to the current in the experimental circuit. The magnetic flux density caused by the
current was determined to be approximately 100 µT at the voltage measuring
leads. Therefore it was assumed that any voltage induced into the measuring leads
due to the current in the experimental circuit could be neglected. In addition the
melting voltage for pure-aluminium electrodes was verified to be 0.3 V. The
melting voltage for other aluminium alloys used in the experiments was about the
same: the effect of a slightly higher resistivity in the alloys is cancelled out by their
lower melting point. 

With unstable contacts that showed signs of severe ageing when regarding the
contact spot fractures it was found that the voltage across the contact exceeded the
melting voltage very often and remained at an elevated level above it. This
particularly unusual behaviour was not observed with DC experiments. An
example for this has been given in the voltage, current and temperature recording
shown in Fig. 4.3. The corresponding contact spot fracture and its cross section
were presented in Figs. 4.14 and 4.33 respectively. It is important to note, that no
sign of melting is obvious from the appearance of the contact spot fracture.
Furthermore it was shown in Chapter 2 that the voltage measured across the
contact and the temperature in the contact spot are in phase and related to each
other via the Kohlrausch equation (2.14) as if DC was applied, i.e. the voltage
measured above the melting voltage is not due to a time-lag in the transient
temperature response. 

From the cracks visible it can safely be assumed that the current flow lines can not
pass the constriction as shown in Fig. 2.2. Cracks underneath the contact spot will
lead to additional constrictions in the current flow lines in this region and the
model used in Chapter 2 does not apply in these experiments. While the resistivity
in this region is expected to increase even further than the already elevated
temperature in the contact spot suggests, the thermal conductivity does not
necessarily decrease accordingly. Some of the heat generated in the constrictions
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might be dissipated across the narrow cracks, i.e. not all the heat follows the
current flow lines. This contradicts the basic requirement for the validity of the
Kohlrausch equation, resulting in a temperature level in the contact spot below the
one obtained when applying (2.14). Thus the voltage recordings above the melting
voltage without any signs of melting visible in the contact spot fracture can be
explained. The variations in the voltage across the contact observed in Fig. 4.3 are
to a certain extent due to the dynamic nature of the deterioration process in the
contact spot caused by unpredictable crack development. This makes it virtually
impossible to describe the thermal behaviour more exact.

The gradual rising and sudden decrease of the contact resistance as a characteristic
sign for contact deterioration as it has been mentioned in the beginning of this
Section is documented in Fig. 4.4. Of particular interest is the voltage- and
resistance peak that was recorded immediately before the voltage drop. Assuming
that the melting temperature is reached in the constriction immediately before the
peak, this causes the resistivity of the molten aluminium to increase by a factor of
2.46 [41]. The voltage across the contact rises accordingly to its peak value of
0.444 V and drops thereafter to 0.339 V. The voltage drop can be explained by a
self-healing process occurring in the contact spot. Cracks present in the contact
spot region can intensify this process by at first accelerating the temperature rise
in the constriction because thermal conductivity is reduced in the contact spot
region. The power dissipated in the constriction cannot be conducted away into
the cooler electrode bulk across the cracks as good as if there were no cracks.
Then, when the melting temperature is reached in the constriction, the contact
resistance is reduced not only because the contact spot widens with the molten
metal spreading, but it can also be assumed that molten metal partly infiltrates the
cracks in the contact spot region and thus reduces the electrical resistance and
increases thermal conductivity simultaneously. Similar behaviour has been
observed earlier by Wingert [38].

The discontinuities in the contact resistance documented in the diagrams shown in
Section 4.8 are due to the abrupt increase in resistivity of aluminium in the contact
spot when its temperature reaches the melting point. The effect of reduction of
contact resistance can be observed twice in Fig. 4.35. The only reduction of
contact resistance detected in the diagrams in Fig. 4.36 is due to the increase in
conductivity of aluminium upon solidification. In spite of the contact spot
temperature reaching the melting point repeatedly in each half-cycle over a time
span lasting several seconds no immediate widening of the contact spot can be
deduced.
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The contact in the experiment, where the voltage and current recordings of one
half cycle are presented in Fig. 4.35, is apparently already of unusual high
resistance right from the beginning of the power cycle shown. When the melting
voltage of Uc = 0.3 V is reached the resistance is effectively reduced in accordance
with the process described above. However this reduction is not sufficient to avoid
the voltage to increase further above the melting voltage with rising current. This
then results in a resistance-peak followed by an immediate drop similar to the one
shown in Fig. 4.4.

Another approach explaining this behaviour is by comparing these curves to those
published by Mau [42] for copper contacts exposed to short circuit current as they
are presented below in Fig. 5.9. Then the first change in resistance observed at
Uc = 0.3 V would be due to the fact that the softening temperature of aluminium
(Ts = 150 oC, Ucs = 0.1 V) is reached in the constriction, similarly causing a
reduction of the resistance by widening of the contact spot. The second change in
resistance as observed would then be associated with the melting point being
reached in the contact spot. However, softening happening at the melting voltage
Uc = 0.3 V would then have to be considered coincidental.

Thus it appears that the processes occurring in aluminium contact spots subjected
to AC that are causing its gradual deterioration involve a complex interaction of a
number of events in very short sequence.

Figure 5.9: Voltage across a contact from copper-electrodes (a) and corresponding 
current (b) taken from Mau [42]. The softening voltage of copper is reported 
to be UCS = 0.120 V [4], here softening is observed at UCS = 0.132 V

a) b)



86 5  Discussion

5.4  The aluminium-aluminium contact interface

When separating the electrodes the contact spots are ruptured leaving a
characteristic fracture on the polished contact surface. These contact spot fractures
were then examined by SEM. In the following the various observations regarding
the appearance of the contact spot fracture are discussed.

The typical appearance of an AC contact spot fracture as it was shown in
Section 4.3 is an area several tens of micrometers in diameter having a pattern of
protrusions and pits distributed across it. A corresponding pattern is always found
on the opposite electrode. When comparing AC contact spot fractures with DC
contact spot fractures it can be seen that the appearance of the fracture surface
regarding details in its texture is similar whilst the profile of the respective fracture
is very different. The fracture of a DC contact spot is always along weakened areas
within the cathode. The deterioration mechanism behind this has been identified
as elecromigration [17]. The similar texture of the fracture surface of AC- and DC-
contact spots leads to the assumption, that the AC contact spot fracture is along
weakened areas within the electrodes as well. 

Similarly to DC contact spots these weakened areas in the contact spot region of
AC contact spots are likely to locally reduce the electrical conductivity. This
explains the comparatively large contact spot fractures with contacts that showed
signs of severe ageing during the experiment: Once the electrical conductivity of
the original contact spot decreases, its conductive surface increases according to
(2.4) in combination with self-healing processes. It can be assumed that this
enables the current to take a new undisturbed path of lower resistance in
immediate vicinity to the original contact spot. As soon as the electrical
conductivity of the new path decreases again this process is repeated and thus the
contact spot becomes larger. This contact spot expansion apparently occurs often
along tracks as it can be seen in the images presented in Section 4.3. It is important
to note, though, that most likely only a small part of this enlarged contact spot
contributes to the conduction of the current at a time. 

The expansion of a contact spot during an experiment due to ageing as described
above can be seen when comparing the contact spot fractures presented in
Figs. 4.12 and 4.13. The contact shown in Fig. 4.12 carried 125 A AC for one
minute, the contact shown in Fig. 4.13 carried 125 A AC for four hours under
otherwise identical experimental conditions. Following the theory presented in
Chapter 2, in particular using (2.4) and (2.22) with the data recorded during the
respective experiment, the theoretically expected size of each of the contact spots
At, as it would appear if no ageing mechanisms had reduced the conductivity in
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the contact spot, can be related to the size of the fracture Ae. The higher the
Ae/At-ratio the more the contact spot is deteriorated. The results of this
comparison are presented in the table below:

As expected, the theoretical size of the contact spot At can be seen to be about the
same in both contacts. The Ae/At-ratio represents the degree of enlargement of the
contact spot due to ageing. Only little ageing can be determined in the first contact
whilst the latter contact spot grew to nearly 15 times its original size in four hours.
The example given above represents the general appearance of AC contact spot
fractures as they were obtained according to the experimental procedure described
in Chapter 3: considerable enlargement of the fracture was often observed already
after only a few hours.

Thin flakes of aluminium bordering the contact spot fracture are clear signs of
melting in the contact spot. The molten metal was squeezed from the contact spot
into the narrow space between the electrodes where it subsequently solidified
shaped as a flake. The solidified aluminium did not necessarily contribute to the
conduction of current as it may have been separated from the electrodes by the
insulating oxide-layer covering them. Often no signs of melting were found with
the contact spot fracture even when the voltage measured across the contact
exceeded the melting voltage. A possible explanation for this was given in
Section 5.3.

The contact spot fractures from experiments where rectified AC was applied to the
contact appeared to have both AC- as well as DC-characteristics at the same time.
The fractures had large Ae/At-ratios as described above and generally had a
protrusion on the anode with corresponding pit on the cathode. The electrical
behaviour was less stable as found with DC contacts. In addition, small ridges
bordering the contact spot fracture were found with contacts that carried AC as

Table 5.1: Comparison of contact spot fracture sizes

contact
spot

I 
[A]

RcΘ 

[mΩ]
duration

a 
[µm]

Ae

[µm2]

At

[µm2]

Fig. (4.12) 125 1.8 1 min. 0.45 20.0 3421 1256 2.7

Fig. (4.13) 125 1.5 4 hours 0.5 23.3 25454 1705 14.9

Rc0
RcΘ
----------

Ae
At
------
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well as rectified AC. The ridges appear as if the metal underneath has been
compressed and bulged out due to repeated plastic deformation.

The outcome from the comparison between AC- and DC-contact spots is that
electromigration is not the dominating mechanism in the deterioration of AC
contact spots. The ageing probably owes to a mechanism connected to the
repeated rising and decreasing of the current and thus also temperature. The
existence of ridges bordering the contact spot fractures, the accelerated ageing of
AC-contacts as well as the deterioration of a contact spot in such a way that the
voltage across it can exceed the melting voltage all point towards a deterioration
mechanism related to thermo-mechanical processes in the contact spot rather than
electromigration. The experiments using rectified AC revealed that the current
reversal is not a crucial factor. This assumption is supported by results from
experiments with rectified AC applied to electrodes machined from pure
aluminium. Here the deterioration mechanism connected to the pulsating current
apparently was dominating yielding contact spot fractures similar to those found
in ordinary AC experiments. 

The hypothesis that the deterioration mechanism behind this is thermal fatigue due
to the temperature cycling as a consequence of the AC applied to the contacts will
be discussed in detail in the next Section. 
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5.5  Thermal fatigue in the contact spot region

Any metal specimen subjected to a repetitive mechanical stress will fail at a stress
below its ultimate tensile strength after a certain number of loading-cycles. This
kind of failure occurring under conditions of dynamic loading is referred to as
fatigue failure, respectively, when occurring after the repeated application of
thermal stress, thermal fatigue. Characteristic for (thermal) fatigue is the
formation of minute cracks usually initiated at surface discontinuities and
gradually spreading over the cross section of the specimen. Fatigue failure is
caused by a critical localized tensile stress which is very difficult to evaluate.
Because of this any relationship of stress applied over time to a criterion indicating
actual failure of the specimen is largely based on empirical data. In addition to this
the term failure in this context conventionally designates mechanical failure. The
ability of the specimen subjected to repetitive stress to carry electrical current is
not an integral part of this concept: small cracks may decrease the electrical
conductivity considerably while they pose no imminent threat to mechanical
reliability.  

The cracks that could be observed underneath the contact spot fracture when
examining cross sectioned electrodes are most likely a result of thermal fatigue in
the contact spot region. The temperature cycling with AC applied to the contact
causes stresses due thermal expansion and contraction of the HAZ. The simplified
one-dimensional model of an expanding HAZ beneath the contact spot introduced
in Chapter 2 can only serve as an approximation when analyzing the thermal
stresses induced. But it incorporates several essential aspects of thermal fatigue
damage in a contact spot:

- the cracks are localized beneath the bordering rim of the contact spot,

- the cracks propagate perpendicular to the direction of the applied stress,

- the volume undergoing appreciable thermal cycling is comparatively confined.

The contact spot fractures shown in Figs. 4.12 and 4.13 will be taken as an
example in order to estimate the thermal stresses present in the  respective contact
spot region. Some of the experimental data has already been presented in
Table 5.1. From this the temperature in the contact spot can be calculated
according to (2.18) as TΘ = 353 oC, setting T0 = 80 oC. The linear thermal
expansion corresponding to this temperature is then determined using (2.41) to
∆l = 0.311 µm with the coefficient of linear thermal expansion
γl(600oC) = 28.5·10-6 K-1. This yields a true strain of ε = 0.0077. The thermally
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induced strain is above the yield point at ε = 0.002, so (2.42) can not be used here.
Instead the exponential representation of the stress-strain-curve in the plastic
domain is employed:

σ = Kεn (5.1)

with material parameter K = 180 MPa and strain hardening coefficient n = 0.3 [35]
the stress corresponding to the strain determined above is σ = 42 MPa being well
above the yield strength of σy = 28 MPa. 

Already from this it can be seen that a considerable amount of plastic deformation
would be expected in the contact spot region with every cycle due to thermal
expansion and contraction. Considering that the yield strength σy decreases with
increasing temperature, strain-rate and number of loading-cycles the effects of
repetitive thermal stresses are intensified further. In addition to that the probability
of cracks occurring is increased with the amplitude of the thermal stress because
the critical resolved shear stress defining the beginning of plastic deformation in
a single aluminium crystal is about τcrss = 0.79 MPa [30]. Taking the
Schmid-factor for fcc-crystals as SF = 0.322 [30] this corresponds to a (thermal)
stress of σ = 2.4 MPa, being well below the amplitude of the thermal stress
determined above, and thus enhancing the tendency of the material to crack.

The number of load cycles to cracking under the above described conditions can
be estimated using an approach presented by Johnson [43]:

  (5.2)

with the parameter values above taken from [33] and [44]

stress amplitude σmax = 42 MPa
strain range ∆ε = 0.0077
fatigue strength coefficient s’f = 95 MPa
fatigue ductility coefficient e’f = 0.022
fatigue strength exponent b = -0.088
fatigue ductility exponent c = -0.328
Young’s modulus E = 35 MPa (T = 350 oC)
cycles to mechanical failure Nf 

σmax∆ε
2σ′2f 2Nf( )2b

E
---------------------------------- 2σ′fε′f 2Nf( ) b c+( )

+=
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Using (5.2) the number of cycles to mechanical failure is determined to Nf ≈ 1000
corresponding to approximately 10 seconds of AC application to the contact at this
voltage drop. In this context it is important to note that the thermal stresses
determined above and the number of cycles to failure predicted from this are
approximate results. This owes to the fact that the exact values of the stress
amplitude σmax and the strain range ∆ε present in the contact spot under
temperature cycling are not known. When assuming the strain range to be half of
what was determined above, this would result in a 20-fold increase of the number
of cycles to failure Nf, respectively approximately 3 minutes of AC application. 

Moreover mechanical failure occurring in the contact spot does not necessarily
cause electrical failure of the contact. Mechanical damage and microcracks can
assumed to be present underneath the contact spot already before the critical
number of cycles Nf is reached. As stated above this is likely to increase the
electrical resistivity of the contact spot. This again will accelerate the mechanical
deterioration process due to the subsequent rising of the temperature in the contact
spot. But this will not interrupt the current flow: the current is going to take a new
path of lower resistance close to the deteriorated, high resistance contact spot
region. This is most likely the process behind the enlargement of contact spots as
discussed in the previous Section.

The contact spot shown in Fig. 4.12a carried 125 A AC for 1 minute which
corresponds to N = 6000 thermal cycles. Considering the inaccuracy of the
prediction method used this is well within the limits where only little mechanical
damage in the contact spot region is expected. This is also represented in the low
Ae/At-ratio for this contact spot (cf. Table 5.1). The SEM-image of the cross
section of this contact spot fracture in Fig. 5.2a shows no cracks and a low
fracture-profile as it is typical for contact spots that carried current for only a short
time. The contact spot shown in Fig. 4.13 on the other hand carried 125 A AC for
4 hours which corresponds to N = 1.41·106 cycles. This exceeds the critical
number of cycles Nf by far and a comparatively high degree of mechanical
damage is expected in the contact spot, which is represented in its rather high
Ae/At-ratio. The cross section of this contact spot fracture is presented in Fig. 5.2b
and shows clear signs of cracking as well as a pronounced protrusion as it is
usually found with electrically unstable contacts.

It can be assumed that when separating the electrodes, the contact spot ruptures
along weakened areas, leaving the characteristic profile on the electrode surface
behind. In the case of contact spots that did not experience severe ageing this
rupture occurs close to the electrode surface as it would happen with resistance
spot welds of low quality. On the other hand, contact spots that experienced severe



92 5  Discussion

ageing due to temperature cycling with subsequent cracking will most likely
rupture along these cracks upon separation. Since the cracks extend
perpendicularly to the direction of the thermal stresses, this results in distinct
protrusions and corresponding pits on both electrodes at the fracture. 

Furthermore the ridges observed on the polished electrode surface close to the
contact spot fracture might also be caused by repetitive thermal stresses in the
contact spot. The pressure due to thermal expansion generated in the contact spot
region forces the metal to bulge out, facilitated by the possibility of the
temperature in close vicinity to the contact spot being above the softening
temperature of aluminium TS = 150 oC. It can be imagined that two ridges on
opposite electrodes touch and thus, provided the oxide-film covering them is
broken, form an electrically conductive metal-bridge between the electrodes. This
process would then contribute to the enlargement of ageing contact spots.

Another aspect of thermal fatigue in contact spots is documented by the
metallographic images presented in Section 4.5. Many small grains were observed
in the HAZ of the contact spot surrounded by large grains in the electrode bulk.
The small grains are supposed to have appeared as a result of a recrystallisation
process under repeated thermal stress as it has been outlined in Section 2.2. The
abrupt change in grain size at the transition from HAZ to electrode bulk is
probably due to the steep temperature gradient and subsequent decrease of thermal
stresses further into the electrode. Both, the recrystallisation of many small grains
and the abrupt change of grain size increase the probability of cracking. Similar
observations of a zone of recrystallised small grains under the contact spot on

Figure 5.2a: Backscatter SEM-image of the 
cross section of the contact spot 
fracture shown in Fig. 4.12 with 
low fracture profile

Figure 5.2b: Backscatter SEM-image of the 
cross section of the contact spot 
fracture shown in Fig. 4.13 with 
pronounced protrusion and 
cracks

�= �=
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copper electrodes are reported by Heiner in [45], with the difference that the
stationary copper contacts examined carried the current only for one half
power cycle.

Neither cracks, nor ridges, nor recrystallisation have been observed with DC
contact spots where no temperature cycling occurs. This further supports the
hypothesis of thermal fatigue due to temperature cycling being the dominating
deterioration mechanism in the AC contact spots from the experiments
discussed here. 

The backscatter images of cross sectioned contact spot fractures with contacts
where one electrode contained zinc clearly show that cracks effectively constitute
a barrier for zinc migration. From this it can be assumed that the cracks appeared
during the experiment and are not a result of tensile forces occurring in the contact
spot region when separating the electrodes. However, it can be imagined that the
existing cracks become enlarged under separation. The tracer distribution would
be expected to be less uniform on both sides of the crack if it had occurred under
separation (cf. Figs. 4.30 and 4.32). Signs of zinc had to be found in the bulk of
the pure aluminium electrode also across the crack, as it can be seen in the cross
section shown in Fig. 4.29, where zinc migrated along the grain boundaries into
the electrode bulk. Grain boundary diffusion is possible even at temperatures too
low for appreciable volume diffusion through the grains [31]. 

The dark spots respectively apparent porosities described in Section 4.8 are only
found in cross sectioned AC contact spots, not in cross sectioned DC contact
spots. Their existence also points to some physical change occurring in the contact
spot region, which might very well be related to thermal fatigue. In particular
because the porosities were found exclusively with severely aged and electrically
unstable contacts. The pores (larger dark spots) and the porosities (dark dots,
micropores) could both be detected on backscatter SEM-images. The porosities
could hardly be seen with secondary electron SEM-images, whilst the pores were
nearly invisible when optically examining the cross sectioned contact spot. This
suggests that pores and porosities are of different nature. The oxygen-mapping of
the cross sectioned surface revealed that the porosities have a higher oxygen
content than the surrounding aluminium. 

Several possible explanations may be found for the existence of pores and
porosities close to the contact spot fracture. Pores due to gas inclusions, with
aluminium in particular hydrogen, are a well known phenomenon from welding,
but can usually be detected fairly easy optically or by SEM in a cross sectioned
weld [46]. However, the comparison to welding presupposes melting in the
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contact spot, which, as outlined before, can not always be expected. On the other
hand, partial melting of the Al3Fe-precipitates located on the grain boundaries
might occur due to their melting point below that of pure aluminium; without
leaving visible signs of melting on the contact spot fracture. The solidifying Al3Fe
contracts, leaving microvoids behind. Since there are many small grains in the
contact spot also a great number of microvoids located on the grain-boundaries are
expected. But again, this approach does not explain that the porosities are difficult
to detect using secondary electron imaging. Another attempt of interpreting the
observed pores includes the coalescence of microvoids prior to thermal fatigue
cracking [44] possibly in combination with polishing agents being deposited there
during polishing. 

None of the above can be taken as a qualified explanation regarding the origin and
the nature of the apparent pores or porosities. This is mostly due to the ambiguous
and mutually contradicting observations. But, since nothing comparable was
noticed with DC contact spots, it can be assumed that this phenomenon is related
to repetitive thermal stresses in the contact spot as well.

5.6  Summary

Some concluding remarks regarding the relevance of the experiments and findings
discussed above will be given in the following: Stationary aluminium contacts are
usually designed in a way that upon mating not only one single contact spot but
possibly hundreds are made. To a large extent this is due to the by far higher
degree of surface roughness of practical aluminium electrodes. As shown in
Chapter 2 this then results in a lower contact resistance subsequently meaning a
lower contact voltage. In fact, the contact voltage across practical aluminium
contacts is about one or two orders of magnitude below the voltage recorded
during the experiments described in the previous chapters. This in turn implies a
much lower peak temperature in each of the contact spots. Furthermore, the
diameter of each of the many contact spots formed on the interface of practical
contacts is assumed to be one or two orders of magnitude smaller than the
diameter of the single contact spots examined in this work. As it could be seen in
Chapter 4 contact spots carrying lower current are less prone to grow over time
due to ageing (cf. Figs. 4.12 and 4.13). Hence considerably less thermal stresses
are expected in contact spots in practical contacts. From this it may be assumed
that thermal fatigue as a deterioration mechanism in practical stationary
aluminium contacts is of lower significance when compared to other deterioration
mechanisms as for example oxidation or fretting. However, comparing the
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electrical behaviour of practical stationary contacts with the recordings of the
contact voltage shown in Section 4.2, it may very well be assumed that thermal
fatigue contributes to the accelerated ageing as it is often observed later in the life
of stationary contacts and that this process is likely to be inititated immediately
with current being passed through the contact.
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The present work deals with ageing mechanisms in stationary aluminium contacts
carrying AC. The main conclusions that can be drawn from the experimental and
theoretical work in this study are as follows:

•The location, size and shape of a contact spot on the polished surface of an
aluminium electrode can be found by examining the appearance of its
characteristic fracture.

•The characteristic fracture of AC contact spots is different from the one of
DC contact spots. 

•The temperature in an AC contact spot cycles with the power dissipated in it,
causing cyclic thermal stresses to occur in the contact spot region.

•The repetitive thermal stresses may eventually cause thermal fatigue
cracking in the contact spot region, mechanically weakening this region.

•Upon separation of the carefully mated electrodes the contact spot fractures
along the cracks inside the electrodes. If no cracks are present in the
electrodes the contact spot fractures close to the electrode surface.

•The cracks lead to a reduction of the electrical conductivity in the contact
spot region. The contact resistance is maintained by increasing the size of the
contact spot.

•Plastic deformations of the contact surface in immediate vicinity of the
contact spot indicate the existence of considerable repetitive mechanical
stresses occurring in the contact spot.

•SEM-images of the cross sectioned contact spot fractures facilitate the
verification of thermal fatigue occurring in the contact spot region.

•Metallographic images of the cross sectioned contact spot fractures support
the theory of thermal fatigue being a deterioration mechanism.
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•The use of zinc as a tracer metal in some of the experiments further confirms
the theory of thermal fatigue when examining its distribution in a cross
sectioned contact spot fracture.

•Thermal fatigue is shown to be a deterioration mechanism with stationary
electrical aluminium contacts under the laboratory conditions of the present
investigation. 

•Regarding practical stationary contacts thermal fatigue is expected to
contribute to the accelerated ageing process observed later in the life of a
stationary contact.
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Material properties of pure (Al 99.99) and commercially pure (AA1350)
aluminium taken from [47] if not otherwise indicated

 Material properties of aluminium (pure and AA1350)

Al 99.99 AA1350

Density ρ 2.6989 2.705 g/cm3

Softening temperature [22] TS 150 150 oC

Softening voltage [22] US 0.1 0.1 V

Melting point TM 660.4 657 oC

Melting voltage calc.
meas [4]

Um 0.302 
0.3

0.281
0.3

V
V

thermal conductivity λ 247 234 Wm-1K-1

Coefficient of thermal expan-

sion (20 to 300 oC)

γl 25.5 25.5 µmm-1K-1

Modulus of elasticity E 62 69 GPa

Tensile strength σm 40 ... 100 83 ...97 MPa

Yield strength σy 20 ... 60 28 ... 83 MPa

Hardness (meas.) H 30.5 37.7 HV

Resistivity ρ 26.5 28.2 nΩm

Temperature coefficient of 
resistivity

α 0.0043 0.0035 K-1
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	Abstract
	The conductive area of a stationary electrical contact consists of many small contact spots. The ...
	Particular emphasis has been put on examining the contact spots occurring in aluminium-aluminium ...
	Microscopic cracks appear in the contact spot region as the result of thermal fatigue processes. ...
	Alloying a tracer metal in one of the electrodes of the contact allows for closer investigation o...
	Thermal fatigue is a well known failure mechanism in mechanical structures. It has to the authors...
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	T absolute temperatur
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	sy yield strength
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	HF high frequency
	SEM scanning electron microscope

	1 Introduction
	Electrical contacts are of far greater importance in the field of electrical engineering than it ...
	When mating two electrical conductors the actual electrical contact is established in microscopic...
	The intention of the present work is to closely examine processes contributing to the deteriorati...
	The report begins with an introduction to the theory of stationary electrical contacts followed b...
	Parts of this work have been published earlier. Chapters 4 and 5 contain excerpts which have been...

	2 Theoretical Background
	2.1 Theory of stationary electrical contacts
	2.1.1 The contact surface
	The main purpose of a stationary electrical contact is to pass a current between two electrodes a...
	When mating two electrodes in order to form an electrical contact the size of the actually conduc...

	Ab ~ P / H (2.1)
	where H is the hardness of the electrode material. It can be seen from (2.1) that given a certain...
	The actually conducting metal-to-metal area Ac is considerably smaller than the load bearing area...
	Figure 2.1: Schematic representation of a contact interface a) Cross-section of surface asperitie...

	The oxide film usually present on aluminium electrodes can be broken in several ways: either by m...
	The electrical breaking of the oxide film is called fritting. Here two mechanisms have to be dist...
	A-fritting of the insulating oxide film with aluminium electrodes appears when the electric field...

	2.1.2 The contact resistance
	The contact resistance is the resistance as it originates from the fact that the current is force...
	Metallic contacts: Both electrodes are in immediate physical contact. The current flow lines in t...
	Quasimetallic contact: In this case the electrodes are covered with an extremely thin film, e.g. ...
	Contacts with an electrically conductive layer: Electrodes often are prone to surface contaminati...
	An electrical contact between aluminium electrodes is a typical example of a metallic contact. It...
	Figure 2.2: The current flow lines are bent together when close to the contact spot. The constric...

	The constriction resistance Rc is due to the concentration of current flow lines in the bulk elec...

	Rc = (r/2pa)·atan(m/a) (2.2)
	The parameter m identifies the ellipsoidal surface as shown in Fig. 2.3. Equation 2.2 gives the c...

	Rc = r/4a (2.3)
	As this only describes the constriction resistance in one electrode, the resistance of the comple...

	Rc = r/2a (2.4)
	assuming that both electrodes have the same resistivity. From (2.2) it can be seen that the const...
	Figure 2.3: Cross sectioned vies of the equipotential surfaces fn and the current flow lines clos...

	When the contact spot is of elliptic shape (2.4) can be adapted by introducing a shape factor f, ...

	Rc = r/2a × f(g) (2.5)
	where the shape factor f(g) is determined by

	f(g) = Rc(a,b) / Rc(a,a) (2.6)
	Fig. 2.4 gives an impression of how the constriction resistance of a contact spot is affected by ...
	Under laboratory conditions it is possible to make a contact between two electrodes with one sing...
	Figure 2.4: Constriction resistance Rc(a,b) of elliptic contact spot related to Rc(a,a) of a circ...


	Rc-1 = Sn Rn-1 (2.7)
	Rc is the constriction resistance of the contact in total and Rn is the constriction resistance o...

	(2.8)
	It is seen that the multispot contact is superior if the total conductive area is the same. Shoul...

	Rc = r(1/2na +1/2R) (2.9)
	Equ. (2.9) corresponds to n single constriction resistances r/2a in parallel with an interaction ...
	Figure 2.5: Single spot contact (a) compared to multispot contact (b) with conductive area AI = n...

	In the case the electrodes are made of materials with different resistivity the constriction resi...

	Rc = (rA + rB)/4a (2.10)
	where rA and rB are the resistivity of electrodes A and B respectively.

	2.1.3 The temperature of a current carrying constriction
	When regarding a metallic contact where it can be assumed that neither the electric current nor t...

	J = 1/r(T) grad f (2.11)
	and

	Q = l(T) grad T (2.12)
	J is the current density, Q is the heat flux expressed with the resistivity r, the thermal conduc...
	Figure 2.6: Single contact spot of size A0 with equipotential-isothermal surfaces A at potential ...

	The niveau surface A is at temperature T and at potential f. The consecutive niveau surface then ...

	fdf = -l(T) r(T) dT (2.13)
	where integrating (2.13) along the flow lines yields the Kohlrausch equation

	(2.14)
	which relates the potential drop and temperature on an isothermal niveau surface to the temperatu...

	(2.15)
	It has to be pointed out that (2.13), (2.14) and (2.15) are valid under the condition that no hea...
	The product of thermal conductivity l and electrical resistivity r as a function of temperature c...

	l(T) r(T) = L T (2.16)
	where L is the Lorentz-constant equal to

	L = 2.45 10-8 V2 / K2 (2.17)
	which is a good approximation for most metals.
	Applying the Wiedemann-Franz-law to (2.15) simplifies the solution of the integral to

	(2.18)
	From (2.18) it is possible to determine the melting voltage across a contact when the maximum tem...
	Greenwood and Williamson [9] developed expression (2.19) giving the temperature distribution with...

	(2.19)
	r = r20(1+aDT) (2.20)
	with r20 being the electrical resistivity at room temperature (20oC) and DT the temperature diffe...
	Figure 2.7: Equilibrium distribution of the temperature within the electrodes, with a = 4.6 × 10-...

	From Fig. 2.7 it can be seen, that the temperature decreases almost to that of the bulk over a di...

	(2.21)
	with rQ being the resistivity at TQ and DUc is the potential drop occurring between z = 0 and z =...

	2.1.4 The influence of temperature on the constriction resistance
	The heating of the constriction in the contact spot between two electrodes due to the current cau...

	(2.22)
	The resistivity r0 in (2.22) is to be set according to the temperature T0 distant from the contac...
	Figure 2.8: Voltage (respectively temperature) dependency of the Rc0/RcQ ratio in (2.22) with alu...


	2.1.5 Resistance-voltage-characteristic of a constriction
	When regarding an experimentally determined Rc-Uc-characteristic for a clean metallic contact (Fi...
	Figure 2.9: Schematic of Rc-Uc-characteristic for a contact. Reversible parts are indicated by do...


	2.1.6 The effect of material properties on electrical conductivity [12, p147]
	The electrical conductivity s of a metal is affected by atom-oscillations (temperature), by impur...

	r = rT + ri (2.23)
	where r is the resistivity of a metal consisting of a part rT depending on temperature and a temp...

	2.1.6.1 Influence of atom-oscillations
	The decrease in conductivity with increasing temperature has already been stated in (2.20). This ...

	m = etsc / me (2.24)
	where e is the electron charge and me is the mass of an electron. From this it can be seen that t...

	s = enm (2.25)
	with n being the number of conducting electrons per unit volume.

	2.1.6.2 Influence of impurities and alloying elements
	Most metals contain impurities that stem from the production process. In commercially pure metals...
	While metal alloys made from components that are not soluble in the solid state exhibit a linear ...
	It turns out that for an alloy with a low percentage of solute

	abase/sbase = aalloy/salloy (2.26)
	with a as the temperature coefficient of resistivity as in (2.20).

	2.1.6.3 The influence of cold working
	When cold-working a metal this may cause an increase in hardness and a decrease in conductivity o...
	Figure 2.10: Conductivity-concentration relation a) linear with non-soluble components b) non-lin...


	2.1.7 Deterioration of contact spots
	Contact spot failure is rarely initiated by a single effect but rather expected to be the complex...
	The dominating deterioration mechanism in many contacts is the oxidation of the contact surface [...
	Oscillatory micromotion, usually referred to as fretting corrosion, between the electrodes is ano...
	Electromigration has been shown to be a deterioration mechanism when DC is applied to the contact...


	2.2 Theory of thermal fatigue of aluminium
	2.2.1 Introduction
	In the following sections the effect of thermal fatigue mechanisms as it is assumed to contribute...

	2.2.2 The temperature of the constriction as a function of time
	The first step to be taken when assessing the effects of thermal stresses in the constriction is ...
	Holm presents an approximated solution based on a simplified model in [22, p49]. The current flow...

	(2.27)
	Here J is the supertemperature (as shown in Fig. 2.6), r is the radius, l0 is the thermal conduct...
	The heat generated by the current passing through the constriction is represented in the paramete...

	(2.28)
	with r0 being the resistivity of the metal at ambient temperature and I the current. The step res...

	Q(t) = Q(•) [1 - Y(z)] (2.29)
	with

	(2.30)
	where

	(2.31)
	and the dimensionless time

	(2.32)
	and the steady state temperature in the contact spot

	(2.33)
	where (2.33) also may be derived from the Kohlrausch-equation (2.14). In Fig.�2.12a graphical rep...
	Figure 2.11: Simplified model of a constriction with radial current flow lines. The contact spot ...
	Figure 2.12: Temperature response of the constriction with current step I = I0, t ³ 0 applied aga...
	Figure 2.13: Temperature response of a contact between aluminium conductors [2] with a�=�25mm, U ...

	The small thermal time constant t obtained from this approximate solution of the step response of...
	When passing sine wave AC through the contact the voltage across the contact Uc can be expressed ...

	(2.34)
	with

	i(t) = I0 cos(wt) (2.35)
	where r0 and l0 are resistivity and thermal conductivity at a location distant from the contact s...
	Assuming the resistivity r to be temperature dependent according to (2.20) and the thermal conduc...

	(2.36)
	Solving (2.36) with respect to Q, substituting Uc with (2.34) and using this new expression for Q...

	(2.37)
	with

	(2.38)
	Equ. (2.38) has no physical interpretation, it is introduced only to make (2.37) legible.
	The absolute temperature T(t,z) in the contact spot and along the z-axis is obtained by adding th...

	T(t,z) = J(t,z) + T0 (2.39)
	This is shown in Fig. 2.14 for an aluminium contact where 125 A with 50 Hz are applied for differ...

	2.2.3 Thermal fatigue due to temperature cycling
	The thermal cycling of the heat affected zone close to the contact spot as described above impose...
	Figure 2.14: Temperature cycling with applied AC at various distances z from the contact spot int...

	Fig. 2.15 shows a cross section of a contact spot and the heat affected zone around it. If the he...

	V = V0 [1+gv(T-T0)] (2.40)
	with V being the volume of the heat affected zone at temperature T, V0 being the volume of the he...
	Figure 2.15: Schematic cross section of contact spot with heat affected zone, (dashed circle) of ...

	The heat affected zone in Fig. 2.16 would expand along the x-axis with rising temperature if it w...

	l = l0 [1+gl (T-T0)] (2.41)
	where l is the length at elevated temperature T, l0 is the length of the heat affected zone at te...
	Figure 2.16: The heat affected zone HAZ being subjected to compressive stress due to thermal expa...


	s = E gl (T-T0) (2.42)
	Where s is the compressive stress and E is the Young’s-modulus. The thermal expansion of the surr...
	Taking the temperature cycling postulated in Section 2.2.2 and shown in Fig. 2.14 in the heat aff...

	s(t) = E gl J(t,r = 0) (2.43)
	which is true in the elastic region of the stress-strain-diagram.
	In Fig. 2.17 an engineering stress-strain diagram is shown with the characteristic material prope...
	Stress-strain behaviour under cyclic strain is characterized by a stress-strain- hysteresis loop ...
	Figure 2.17: Engineering stress-strain-diagram with characteristic material properties yield stre...
	• The Young’s-modulus E and the linear expansion coefficient gl are constant.
	• The stress s is independent of strain rate .
	• The electrode material is isotropic.
	• Creep-strain is neglected.
	• Cyclic stress-strain-response is assumed to be identical to monotonic stress- strain-response.

	In [28] the stress-strain-relationship with thermal cycling for this idealised model of a constra...
	Figure 2.18: Stress-strain-hysteresis loop associated with cyclic strain that produces fatigue da...

	The temperature cycling of the heat affected zone starts at A at ambient temperature. With rising...
	The above described one-dimensional stress-strain-relationships occurring with thermal cycling ca...
	Figure 2.19: Stress-strain-hysteresis-loop [28] of the heat affected zone in an electrical contac...


	(2.44)
	where n is the absolute number of dislocation loops generated per cycle, DV(T)�=�V - V0 is the ch...
	The enthalpy of the heat affected zone increases with increasing dislocation density. In order to...

	TR ª 0.4 TM (2.45)
	with TM being the melting temperature in Kelvin. For aluminium TR is determined to 200 oC. Accord...
	Figure 2.20: Wöhler diagram, the ultimate strength sm for non-ferrous metals falls below its endu...

	Any metal specimen exposed to cyclic stress-strain-loading above the endurance limit sg will crac...
	As shown in the Wöhler-diagram in Fig. 2.20 the ultimate strength sm for non- ferrous metals decr...



	3 Experimental Setup and Procedure
	3.1 Introduction
	The experimental method is to a large extent based on a procedure which has been described earlie...

	3.2 Specimen preparation and assembly
	The current carrying areas of a contact surface are usually minute. In sum they only cover a smal...
	One important phenomenon is the high temperature which occurs in the contact spots, caused by the...
	The electrodes used in the experiments were made from pure aluminium (Al�>�99.9%) and commerciall...
	Both electrodes were machined out from the bulk material. Their geometry and size are shown in Fi...
	The electrodes were mounted in cylindrical aluminium holders, as shown in Fig. 3.2a. The purpose ...
	Figure 3.1: Size and geometry of the aluminium electrodes (in mm), the contact surfaces are shown...

	While mounted in the holders the contact surfaces of both electrodes were polished with diamond p...
	Using electrodes with polished surfaces in the experiments has several advantages compared to con...
	The specimen was then placed in a rack where the contact force F from a mechanical load could be ...
	Figure 3.2: Cross section of the aluminium holders with electrodes before a) and after b) assembly

	Using this procedure ensures careful mating of the electrodes and keeping them firmly together. T...
	Figure 3.3: The rack for mounting the specimen and exerting contact force on the upper electrode
	Figure 3.4: Schematic cross section of the specimen with contact force F = 20N applied to the upp...

	contact were minimized. The bulk temperature of the specimen was sufficiently high during the exp...

	3.3 Application of current
	The experiments were performed applying 50 Hz sine-wave AC to the contacts. The circuit used is s...
	The power supply chosen was a 3 kW transformer with two 230V/10V windings connected in parallel. ...
	Figure 3.5: Schematic representation of the circuit used for the experiments. Rs minimizes curren...

	The experiment was started by slowly rising the voltage applied to the circuit. In those cases wh...
	The voltage was then further increased within a few minutes until the current had reached the des...
	(3.1)
	i.e. when the temperature in the contact spot was at its peak value. The duration of the experime...


	3.4 Examinations by SEM
	The instrument used was a Jeol JSM T-330A scanning electron microscope (SEM) equipped with a LINK...
	After completing the experiment the voltage and temperature sensors were disconnected and the spe...
	A typical example of a contact spot fracture as it appears on the polished contact surface is sho...
	Figure 3.6: SEM secondary electron image of contact spot fracture on polished electrode surface s...

	In addition to the contact surface examinations some of the electrodes were cross- sectioned thro...
	Figure 3.7: Cross sectioned electrode embedded in epoxy with carbon coated surface

	A verification of the zinc-tracer distribution as observed by backscatter-electron imaging could ...

	3.5 Examination by optical microscope
	Metallographic images of the cross-sectioned electrodes were obtained by anodizing and examining ...
	Figure 3.8: Metallographic image of cross-sectioned upper electrode. The cross- sectioned contact...



	4 Examination of Conducting Spots in Aluminium-Aluminium Contact Interfaces
	4.1 Introduction
	In the following sections the experimental results from an extensive study of contact spots betwe...
	At first some typical examples of the voltage, current and temperature development recorded durin...

	4.2 Voltage, current and temperature recording
	The voltage across the contact Uc, the current I and the bulk temperature T0 of the electrodes we...
	In Figs 4.2 and 4.3 the voltage, current and bulk-temperature as they were recorded by data-logge...
	The voltage spike which can be seen at the start of the plot in Fig. 4.2 indicates the fritting v...
	Due to the heating of the electrodes during assembly the bulk-temperature T0 is initially at T0 =...
	After the current is set to I�=�50�A the voltage gradually sinks from Uc�=�0.165�V to Uc�=�0.13�V...
	Fig. 4.3 shows similar to Fig. 4.2 the curves of voltage Uc, current I and bulk- temperature T0 a...
	Apart from a period of only a few minutes approximately 30 minutes into the experiment, the conta...
	The unpredictable and unsteady behaviour of the contact voltage Uc is documented more detailed in...
	From Fig. 4.2 and Fig. 4.3 it can be seen that the contact resistance and bulk- temperature are n...
	Fritting as it was observed with the experiments described above occurred with 44 out of 69 exper...

	4.3 Examination of the contact spot fractures
	When separating the electrodes the metallic contact is ruptured and only fracture marks remain as...
	In Fig. 4.5a contact spot fracture on the polished contact surface of an upper electrode is shown...
	A typical DC contact spot fracture is shown in Fig. 4.6. The contact spot was made by passing 90 ...
	A contact spot fracture with similar protrusion/pit-appearance as the one described above is show...
	When conducting experiments with contacts where one electrode was made from AlZn10-alloy, the con...
	The contact spot fracture shown in Fig. 4.9 stems from a contact spot which carried 40 A rectifie...
	Fig. 4.10 shows a contact spot fracture which carried 100 A rectified AC for 2�hours. On the left...
	In Fig. 4.11 two different contact spot fractures can be seen. On the left side an enlarged detai...
	In Figs. 4.12 to 4.14 several AC contact spot fractures of various size and of more or less disti...
	The contact spot fracture shown in Fig. 4.12a carried 125 A AC for 1�minute. Its diameter is appr...
	The contact spot fractures shown in Fig. 4.13a and b are of considerably larger size than those s...
	In Fig. 4.14 two contact spot fractures of severely deteriorated contacts can be seen. The contac...
	Figure 4.14b shows a contact spot fracture which carried 50 A AC for 36 hours. Its appearance wit...
	When comparing the contact spot fractures shown in Fig. 4.12 to Fig. 4.14 it can be seen that the...
	Another finding regarding the appearance of contact spot fractures which can be derived from the ...
	Figure 4.5a: SEM image of contact�spot fracture on the polished surface of an upper electrode aft...
	Figure 4.5b: Contact spot fracture as shown in Fig. 4.5a in 200x magnification. The surface textu...
	Figure 4.5c: Contact spot fracture as shown in Fig. 4.5a in 1500x magnification. The profile of t...
	Figure 4.6: SEM image of DC contact spot fracture, the anode with the typical protrusion (a), the...
	Figure 4.7: SEM image of contact spot fracture as it appears when rectified AC was applied to the...
	Figure 4.8: Contact spot fracture after applying 100 A AC to a contact where one elec- trode was ...
	Figure 4.9: Contact spot fracture on electrode of pure aluminium where 40 A rectified AC were app...
	Figure 4.10: Contact spot fracture that carried 100 A rectified AC, the anode (a) contained 10% z...
	Figure 4.6:
	Figure 4.11: Enlarged detail of Fig. 4.10 with small ridges bordering the contact spot fracture (...
	Figure 4.12: AC contact spot fractures on commercially pure aluminium a) carried 125 A AC for 1 m...
	Figure 4.13: AC contact spot fractures on commercially pure aluminium a) carried 125 A AC for 4 h...
	Figure 4.14: Severely deteriorated AC contact spot fractures a) commercially pure aluminium, carr...
	Figure 4.1: Sinusoidal current I and slightly distorted sinusoidal voltage across the contact Uc
	Figure 4.2: Current I, voltage Uc and bulk-temperature T0 recorded in an experiment where 50 A AC...
	Figure 4.3: Current I, voltage Uc and bulk-temperature T0 recorded in an experiment where 125 A A...
	Figure 4.4: Gradual increase and abrupt drop of contact voltage Uc, five-cycle period (left), enl...



	4.4 Examination of cross sectioned contact spots by SEM
	In the following some results of SEM examinations of cross sectioned contact spots are presented....
	Figs. 4.15a - f show SEM images taken with secondary electron detection of an AC contact spot fra...
	Figs. 4.15c - f each shows a new cross section of the contact spot fracture, beginning with Fig. ...
	Cross sectioning of an AC contact spot fracture allows detailed analysis of the shape of the pits...
	The embedded aluminium particle above the fracture in Fig. 4.15f is a remnant from the protrusion...
	In Figs. 4.16a and b another AC contact spot cross section is shown. It is a cross section throug...
	The cross section of a contact spot fracture similar to the one shown in Fig. 3.6 can be seen in ...
	In Fig. 4.17b a cross section of one part of the contact spot fracture shown in Fig.�4.10 is show...
	The cross sectioned contact spot fracture shown in Fig. 4.18a is from the anode of the DC contact...
	The images presented above were chosen from the 25 out of 69 contacts that were successfully cros...
	The development of cracks appears to be independent of the alloy used for the electrodes: cracks ...
	The fine cracks become more visible when examining the cross section using the backscatter detect...
	The different shades of grey in a cross sectioned protrusion and as well the black dots observed ...
	Figure 4.15: a) AC contact spot fracture on polished electrode surface, the dashed line indicates...
	Figure 4.15: c) SEM image of the cross section along the dashed line of the contact spot fracture...
	Figure 4.15: e) Further cross section of a), deeper into the electrode than d) and magnification ...
	Figure 4.16: Image of cross section of an AC contact spot taken by a) secondary electron detectio...
	Figure 4.17: a) Cross section of an AC contact spot fracture with low profile b) Cross section of...
	Figure 4.18: a) Cross section of DC contact spot fracture (anode) b) Cross section of correspondi...


	4.5 Metallographic images of cross sectioned contact spots
	The purpose of the metallographic examination of the specimens is to make its internal microscopi...
	The metallographic image of the cross sectioned AC contact spot fracture shown in Fig.�4.19 is ne...
	In Fig. 4.20 another metallographic image of a cross sectioned contact spot fracture is shown. An...
	The contact spot fracture shown in cross section in the metallographic image presented in Fig. 4....
	Figure 4.22 shows the metallographic image of a larger portion of an electrode. As before a clust...
	The metallographic image shown in Fig. 4.23 is a cross section of the contact spot fracture on th...
	Figs. 4.25 and 4.26 show metallographic images of the cross sectioned protrusion appearing on the...
	In Figs. 4.27 and 4.28 metallographic images of the cross sectioned DC contact spot fracture alre...
	Before these specimen could be anodized the carbon coating, which was needed for the SEM examinat...
	The metallographic images of cross sections of AC-, rectified AC- and DC- contact spot fractures ...
	It is also observed that cracks not necessarily constitute a boundary for the cluster of small gr...
	Figure 4.19: Metallographic image of the AC contact spot cross section shown in the SEM-image Fig...
	Figure 4.20: Metallographic image of AC contact spot cross section that carried 100 A AC for four...
	Figure 4.21: Metallographic image of AC contact spot cross section that carried 125 A AC for one ...
	Figure 4.22: Anodized aluminium electrode made from cast aluminium AA1350, the cluster of small g...
	Figure 4.23: Metallographic image of the cross section of the contact spot fracture found on the ...
	Figure 4.24: Anodized cross section of a contact spot fracture as it appears on a cold worked alu...
	Figure 4.25: Metallographic image of the anode of a cross sectioned contact spot fracture which c...
	Figure 4.26: Metallographic image of the cross sectioned pit found on the cathode corresponding t...
	Figure 4.27a: Metallographic image of DC contact spot fracture cross section (anode). This contac...
	Figure 4.27b: Enlarged detail of the image shown in Fig 4.27a
	Figure 4.28b: Appearance of the cross sectioned pit as an enlarged detail from Fig. 4.28a.
	Figure 4.28a: Metallographic image of the cathode corresponding to the anode shown in Fig. 4.27a.


	4.6 Examination of tracer distribution in cross sectioned contact spots
	This Section presents SEM-images of cross sectioned contact spot fractures, where 10% zinc was al...
	The element contrast image of a cross sectioned AC contact spot fracture shown in Fig. 4.29 can b...
	Fig. 4.30 shows the cross section of an AC contact spot fracture that carried 140�A AC for four h...
	The backscatter electron detector SEM-image presented in Fig. 4.31 shows a greater part of a cros...
	In Figs. 4.32a and b the anode and in Fig. 4.32c the cathode of a contact already examined earlie...
	All the cross sectioned contact spot fractures from experiments where one of the electrodes was m...
	The observations described above were independent of the wave-shape of the current applied to the...
	Figure 4.29: SEM-image using element contrast of a cross sectioned AC contact spot fracture. The ...
	Figure 4.30: Cross section of an AC contact spot fracture on an AlZn10-electrode with protrusions...
	Figure 4.31: Element contrast image of the cross section of an AC contact spot fracture containin...
	Figure 4.32a: Cross sectioned contact spot fracture which carried rectified AC (AlZn10- anode). T...
	Figure 4.32b: Element contrast image of another part of the cross sectioned electrode shown in Fi...
	Figure 4.32c: Element contrast image of the cross sectioned pit from the cathode corresponding to...


	4.7 Possible porosities in contact spot cross section
	On some of the SEM images in Section 4.4 as well as on metallographic images in Section 4.5 dark ...
	The SEM-image shown in Fig. 4.33a is of the cross section of the contact spot fracture shown befo...
	In Fig. 4.33b the protrusion seen in Fig. 4.33a to the left of the cross sectioned fracture is sh...
	The protrusion shown in Fig. 4.33b can be seen as a SEM-image using secondary electron detection ...
	Fig. 4.33d is an element contrast image of the cross sectioned protrusion shown in Fig. 4.33c. He...
	In Fig. 4.34a a SEM-image of another cross sectioned protrusion is shown. The corresponding conta...
	In Figs. 4.34b and 4.34c an EDA-mapping of oxygen which is found on the cross section surface is ...
	The dark areas described above were usually found with contacts where unstable electrical behavio...
	The dark areas only occurred close to the contact spot fracture and were observed independently o...
	Figure 4.33a: Backscatter image of a cross sectioned contact spot fracture with cracks and dark a...
	Figure 4.33c: Secondary electron image of the protrusion shown in Fig. 4.33a
	Figure 4.33b: optical CCD-image of the protrusion seen in Fig. 4.33a
	Figure 4.33d: Backscatter image showing the protrusion from Fig. 4.33a in greater magnification
	Figure 4.34a: Backscatter electron image of a cross sectioned contact spot fracture with shaded a...
	Figure 4.34b: Oxygen-mapping of the cross section shown in Fig. 4.34 a
	Figure 4.34c: Oxygen-mapping of the cross section shown in Fig. 4.34 a with low intensity areas f...


	4.8 Observation of irregularities of the contact resistance
	Some of the contacts where unstable electrical behaviour as described in Section�4.2 was observed...
	In Fig. 4.35 the voltage across the contact uc(t), the current i(t) and the contact resistance Rc...
	The voltage uc(t) can be seen to rise steeper than usual, i.e. with approximately Duc/Dt = 207 V/...
	Another set of curves is shown in Fig. 4.36. The plots were recorded with the AD- converter durin...
	In the detailed plot in Fig. 4.36a it can be seen that the contact resistance Rc suddenly rises f...
	The appearance of the curve of the contact resistance Rc as shown in Figs. 4.36b and c is essenti...
	The curve for the contact resistance shown in Fig. 4.36c has an even more distinct discontinuity ...
	This irregular electrical behaviour of the contact resistance was observed with AC- as well as wi...
	Figure 4.35: Voltage across the contact uc(t), current i(t) and contact resistance Rc(t) during a...
	Figure 4.36a: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One half cycle...
	Figure 4.36c: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One half cycle...
	Figure 4.36b: Voltage across the contact uc(t) and i(t) recorded via AD-converter. One half cycle...


	5 Discussion
	5.1 Introduction
	The experiments where the procedure and the results have been described in detail in the previous...
	To the author’s knowledge the development of cracks in the contact spots of stationary symmetric ...

	5.2 Experimental method
	The experimental arrangement as described in Section 3 is kept extremely simple. Basically the ci...
	The most important advantage of this contact configuration is that usually only one single contac...
	The unstable electrical behaviour of aluminium contacts with AC applied compared to DC-experiment...
	Even if this experimental method proved very well suitable for studying single contact spots on p...

	5.3 Electrical behaviour
	The electrical behaviour of the aluminium contacts as it is determined from the data recorded dur...
	The contact resistance was determined from the current and voltage measurements as described earl...
	With unstable contacts that showed signs of severe ageing when regarding the contact spot fractur...
	From the cracks visible it can safely be assumed that the current flow lines can not pass the con...
	The gradual rising and sudden decrease of the contact resistance as a characteristic sign for con...
	The discontinuities in the contact resistance documented in the diagrams shown in Section 4.8 are...
	The contact in the experiment, where the voltage and current recordings of one half cycle are pre...
	Another approach explaining this behaviour is by comparing these curves to those published by Mau...
	Figure 5.9: Voltage across a contact from copper-electrodes (a) and corresponding current (b) tak...

	Thus it appears that the processes occurring in aluminium contact spots subjected to AC that are ...

	5.4 The aluminium-aluminium contact interface
	When separating the electrodes the contact spots are ruptured leaving a characteristic fracture o...
	The typical appearance of an AC contact spot fracture as it was shown in Section�4.3 is an area s...
	Similarly to DC contact spots these weakened areas in the contact spot region of AC contact spots...
	The expansion of a contact spot during an experiment due to ageing as described above can be seen...
	Table 5.1: Comparison of contact spot fracture sizes

	As expected, the theoretical size of the contact spot At can be seen to be about the same in both...
	Thin flakes of aluminium bordering the contact spot fracture are clear signs of melting in the co...
	The contact spot fractures from experiments where rectified AC was applied to the contact appeare...
	The outcome from the comparison between AC- and DC-contact spots is that electromigration is not ...
	The hypothesis that the deterioration mechanism behind this is thermal fatigue due to the tempera...

	5.5 Thermal fatigue in the contact spot region
	Any metal specimen subjected to a repetitive mechanical stress will fail at a stress below its ul...
	The cracks that could be observed underneath the contact spot fracture when examining cross secti...
	- the cracks are localized beneath the bordering rim of the contact spot,
	- the cracks propagate perpendicular to the direction of the applied stress,
	- the volume undergoing appreciable thermal cycling is comparatively confined.
	The contact spot fractures shown in Figs. 4.12 and 4.13 will be taken as an example in order to e...
	s = Ken (5.1)
	with material parameter K = 180 MPa and strain hardening coefficient n = 0.3 [35] the stress corr...
	Already from this it can be seen that a considerable amount of plastic deformation would be expec...
	The number of load cycles to cracking under the above described conditions can be estimated using...

	(5.2)
	with the parameter values above taken from [33] and [44]
	stress amplitude smax = 42 MPa strain range De = 0.0077 fatigue strength coefficient s’f = 95 MPa...
	Using (5.2) the number of cycles to mechanical failure is determined to Nf ª 1000 corresponding t...
	Moreover mechanical failure occurring in the contact spot does not necessarily cause electrical f...
	The contact spot shown in Fig. 4.12a carried 125 A AC for 1 minute which corresponds to N = 6000 ...
	It can be assumed that when separating the electrodes, the contact spot ruptures along weakened a...
	Furthermore the ridges observed on the polished electrode surface close to the contact spot fract...
	Figure 5.2a: Backscatter SEM-image of the cross section of the contact spot fracture shown in Fig...

	Another aspect of thermal fatigue in contact spots is documented by the metallographic images pre...
	Neither cracks, nor ridges, nor recrystallisation have been observed with DC contact spots where ...
	The backscatter images of cross sectioned contact spot fractures with contacts where one electrod...
	The dark spots respectively apparent porosities described in Section 4.8 are only found in cross ...
	Several possible explanations may be found for the existence of pores and porosities close to the...
	None of the above can be taken as a qualified explanation regarding the origin and the nature of ...


	5.6 Summary
	Some concluding remarks regarding the relevance of the experiments and findings discussed above w...


	6 Conclusion
	The present work deals with ageing mechanisms in stationary aluminium contacts carrying AC. The m...
	• The location, size and shape of a contact spot on the polished surface of an aluminium electrod...
	• The characteristic fracture of AC contact spots is different from the one of DC contact spots.
	• The temperature in an AC contact spot cycles with the power dissipated in it, causing cyclic th...
	• The repetitive thermal stresses may eventually cause thermal fatigue cracking in the contact sp...
	• Upon separation of the carefully mated electrodes the contact spot fractures along the cracks i...
	• The cracks lead to a reduction of the electrical conductivity in the contact spot region. The c...
	• Plastic deformations of the contact surface in immediate vicinity of the contact spot indicate ...
	• SEM-images of the cross sectioned contact spot fractures facilitate the verification of thermal...
	• Metallographic images of the cross sectioned contact spot fractures support the theory of therm...
	• The use of zinc as a tracer metal in some of the experiments further confirms the theory of the...
	• Thermal fatigue is shown to be a deterioration mechanism with stationary electrical aluminium c...
	• Regarding practical stationary contacts thermal fatigue is expected to contribute to the accele...


	Appendix
	I
	Qualitative representation of T(t,z) with phase shift into the electrode (cf.�Figs.�2.13�and�2.14)

	II
	Material properties of pure (Al 99.99) and commercially pure (AA1350) aluminium taken from [47] i...
	Material properties of aluminium (pure and AA1350)

	Al 99.99
	AA1350
	Density
	r
	2.6989
	2.705
	g/cm3
	Softening temperature [22]
	TS
	150
	150
	oC
	Softening voltage [22]
	US
	0.1
	0.1
	V
	Melting point
	TM
	660.4
	657
	oC
	Melting voltage����calc.
	�����������������������������meas [4]
	Um
	0.302
	0.3
	0.281
	0.3
	V
	V
	thermal conductivity
	l
	247
	234
	Wm-1K-1
	Coefficient of thermal expansion (20 to 300 oC)
	gl
	25.5
	25.5
	mmm-1K-1
	Modulus of elasticity
	E
	62
	69
	GPa
	Tensile strength
	sm
	40 ... 100
	83 ...97
	MPa
	Yield strength
	sy
	20 ... 60
	28 ... 83
	MPa
	Hardness (meas.)
	H
	30.5
	37.7
	HV
	Resistivity
	r
	26.5
	28.2
	nWm
	Temperature coefficient of resistivity
	a
	0.0043
	0.0035
	K-1
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