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Abstract
The electrical contact is identified as the most common factor as to why electrical and
electronic devices fail. The electrical contacts fail due to a variation of factors such as the
normal-force (force perpendicular to the surface) and the general contact design, the wear
and the environmental and electrical parameters. This research attempts to address these
factors by introducing an innovative inspection method to investigate a contact system
connection without the need to prior dismantle it. The X-ray Computed Tomography (CT)
is used and several Contact Analysis Techniques (CAT*) are developed and implemented
with a suite of tools in MATLAB in order to accurately analyse the acquired images from
the X-ray CT. The CAT* produce visualisation of the contact interface (contact spots)
between the conductors of the contact system as well as the visualisation of their contact
asperities (structures above and below the contact spots). Furthermore, the CAT* produce
visualisation of any cross-section slice of the contact system and show from which voxels
the electric current flows through. These visualisations can be analysed to evaluate the
degradation process of contact spots and contact asperities under different current loading
tests. An in depth appraisal of X-ray CT as a non-destructive visualisation technique for
investigating electrical contacts is performed and procedures enhancing the deliverables
of the technique are introduced. The outcomes of this research confirm that the use of Xray CT visualisation technique in the field of electrical contacts can improve our
understanding in the field. Moreover, the CAT* could help the manufacture companies
of contact systems to develop more reliable contact systems examining their features for
different contact materials under different applied forces and different environmental and
electrical parameters.
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Chapter 1– Introduction
1.1 The Electrical Contact in Engineering and its Importance
The electrical and electronic industry has made a marvellous progression over the
past decades. The cost value of the materials used has meaningfully decreased while the
demand for new devices is further away from any comparison to those of the mid of the
previous century.

The electrical contact is an important component in many fields of engineering and
science as it is an integral part of all electrical and micro-electronic devices [1-5]. This
component consists of two conductive surfaces brought together which allows an electric
current to flow through it.

The conductive surfaces of the bodies in contact play an important role in the
reliability of devices due to the contact normal force, material hardness and surface
roughness. The roughness of the surfaces causes a distribution of small peaks or asperities
within the apparent area to be in mechanical and electrical contact.

The classification of electrical contacts in general can be divided into two main
categories: the stationary and moving. The stationary contacts are connected elastically
or rigidly to the stationary part of the device in order to provide the permanent connection.
Regarding the moving contacts, commonly one contact part is moving and the other one
is static. These main categories of contacts (stationary and moving) contacts are divided
into sub-categories according to their operation conditions. More details concerning these
sub-categories and examples are given in Section 2.4.

The electrical contacts fail due to a variation of factors such as film formation,
corrosion, oxidation, stress relaxation, fretting and diffusion [6-16]. All these failures
reduce the actual mechanical area of contact and increase the total contact resistance. The
electrical contact is identified as the most common factor as to why electrical and
electronic devices fail. According to statistics, the most common cause of electrical
failures is credited to connection failures [7, 17-19]. Moreover, the high current flowing
through a limited space accelerates the degradation of electrical contact [6]. The total
1

contact resistance increases localised temperature at the contact interface and primarily
softens the contact materials. The thermal cycling hastens stress relaxation and ageing of
contact materials causing failure of the electrical contact.

According to the above, the electrical contact is an essential factor that should be
considered to achieve better performance and long term reliability for the design of
devices. Having more detailed knowledge of the physics and mechanisms of electrical
contacts and their material properties helps in the design of these devices with a better
performance.

1.2 Research Initiative
Notwithstanding the extensive research into the field of contact mechanics and
electrical contacts since the mid of last century [20-23], electrical contacts still face
several problems affecting their performance and long term reliability. Due to the
limitation of optical imaging, methods and techniques for the contact mechanics and
electrical contacts measurement characteristics are only suitable for open or transparent
contact systems.

For most of the practical situations that require contact mechanics and electrical
contact measurements characteristics in non-transparent or enclosed contact systems, the
traditional methods are not effective. Based upon these requirements, a technique suitable
for the electrical contact characteristics in non-transparent contact systems is developed
by using X-ray Computed Tomography (CT). The main advantage of this technique is the
ability to acquire 3-Dimensional (3D) views of contact systems keeping the features
intact. The technique could corroborate an irreplaceable tool for researchers, scientists
when designing new or improving current electrical devices.

The Experimental Equipment – X-ray CT

1.3
1.3.1

Brief description of X-ray CT

The X-ray CT belongs to the radiography investigations and is considered to be one
of the very few non-destructive visualisation techniques available in nowadays. The Xray CT makes use of electromagnetic radiation in order to yield an X-ray image. An X-
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ray is electromagnetic energy in the form of wave. The photons of X-rays have very high
energy which can travel through virtually any material.

For the characterisation of X-ray CT, it could be divided into three main parts: the
X-ray source, the turntable and the detector. Firstly, the sample is placed on the turntable
and illuminated with X-rays from the X-ray source and an X-ray image is acquired from
the detector. Every time the turntable rotates the sample by very small interval angle, an
X-ray image is acquired and this is repeated until the sample has been rotated around one
complete revolution.

Each X-ray image records the level of X-ray intensity across an x-y plane which
relates to the level of admittance of X-rays along the z-direction through the whole
sample. Thus, each X-ray image contains information about the X-ray admittance
characteristic of the materials through the whole sample. A more detailed description and
analysis concerning the X-ray CT equipment in engineering and science, as well as its
basic operation is given in Section 3.4.

1.3.2

How X-ray CT has been used in the past

The X-ray CT technique was initially used for medical diagnosis. This technique is
based on radiography and is used widely to identify e.g. cracked bones, harmed nerves,
traumatic vascular as well as tumours [24-30]. The X-ray CT technique is a powerful tool
for doctors when the visualisation and characterisation of an inner part of the body is
required. Nevertheless, due to the porousness of different materials, the use of the X-ray
CT technique was consequently protracted and adapted to a varied range of industrial and
scientific fields. Some examples are given below.

In manufacturing industries, the X-ray CT technique has been used widely for fault
diagnosis and quality assurance in a variety of different applications. For instance, the use
of the X-ray CT technique is supported expressively the food industry. Primarily, the Xray CT technique was used in order to inspect the grouping of meat with small bones or
to identify contaminants hidden within the vegetables or fruits [31-33].

Moreover, the X-ray CT has been used widely for the integrated circuit development
industry. The development of silicon integrated circuits is a very complex process. This
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process requires correctness during all the development stages. The miniaturisation of
electrical and electronic devices in combination with the increased complexity of new
designs requires fast and correct non-destructive inspection methods in order to identify
failure localization in microscopic and nanoscopic scale ranges and ensure the superiority
of the device [34-36]. The X-ray CT technique is adopted by many integrated circuit
developers.

In addition, the X-ray CT technique has the ability to visualise voids and residuals
in on-chip metal interconnects without physical modification of the chip [37]. The
importance of synchrotron radiation experiments is essential to study procedures and
materials used in the semiconductor industry.

The aircraft development and maintenance is also benefiting from the abilities of Xray CT technique as the safety critical components are scanned in order to identify
possible defects during the development or failures caused in the field [7, 38, 39]. The Xray CT technique nowadays is the main non-destructive method which has the ability to
identify and visualise internal failure localization or structural defects which are not
externally visible [7].

1.4 Why use X-ray CT to Visualise and Characterise Electrical Contact Systems
As mentioned before in Section 1.1, the electrical contact which occurs between the
conductors of an electrical contact system is an important component in many fields of
engineering and science as it is an integral part of all electrical and micro-electronic
devices [1-4]. This component consists of two conductive surfaces brought together
which allows an electric current to flow through it. The conductive surfaces of the bodies
play an important role in the reliability of devices due to the contact normal force, material
hardness and surface roughness. The roughness of the surfaces causes a distribution of
small peaks or asperities within the apparent area of contact.

The contact asperities of a contact system have been considered for decades due to
their significant importance in several branches of science and engineering such as
surface science [40-42], tribology [43-45], heat transfer [46-49] and recently in MicroElectro-Mechanical Systems (MEMS) [50-56]. Due to this significant importance,
several models [57-62] are developed using simulation of simplified data or statistically
4

using estimates of the contact area or imaginary data in order to provide information about
their features. These features include the contact asperity dimensions, number,
distribution material properties, surface profiles and operating conditions. One of the
most popular models has been developed by Greenwood-Williamson [63]. According to
this model, it assumes the contact asperities on a surface are hemispherical in shape with
the same radius. The peak of each contact asperity is assumed to be located at different
heights following a random Gaussian distribution. When a flat plane is brought into
contact with the Greenwood-Williamson surface, the contact asperities deform elastically
with consideration of plastic deformation under particular limits.

More interesting studies in recent times are focused on non-destructive visualisation
techniques (a more detailed description and analysis concerning these techniques is given
in Section 3.3). In this research, the X-ray CT which belongs to the non-destructive
visualisation techniques is selected because it gives the ability to visualise and
characterise the experimental data of a real electrical contact system keeping its features
intact.

1.5 Electrical Contact System Characteristics and X-ray CT Technique
The characteristics of an electrical contact system in this research are classified into
three main categories: the contact interface, the resistor network model and the 3D contact
asperities. The contact interface is found to be very important by many researchers which
are visualized using different techniques. Nowadays, the only valuable alternative
technique has been developed by Lalechos [7] which presented a ‘‘2D Contact Map’’ on
a 2D contact profile from experimental data collected using the X-ray CT technique. In
this research, the ‘‘3D Contact Map’’ of an electrical contact interface is developed
demonstrating the 3D nature of the contact interface of a contact system from
experimental data collected using the X-ray CT technique. The 3D contact map gives
information on where the electrical contact spots in a 3D profile are located. Chapter 5
focuses on the 3D contact map showing its advantages over the 2D contact map.

The resistor network model has been developed in this research using the crosssection slices of the contact system from experimental data collected using the X-ray CT
technique. The resistor network model development is based on the contact interface of
the contact system which is presented as 3D contact map. The 3D contact map consists
5

of contact spots which have been extended across the two conductors of the contact
system as asperities. In this modelling process, a technique is developed which pictures
any cross-section slice of the contact system and shows in which spots the electric current
flows. It is important to note that no attempts have been made to date to introduce the
resistor network model of a contact system and to show from which resistors (the
pathway) the electric current flows. A more detailed description and analysis concerning
the resistor network model of a contact system is given in Chapter 6.

The visualisation of 3D contact asperities of the contact system has been developed
in this research using the contact interface which has been visualised as a 3D contact map.
The 3D contact asperities describe the extensions above and below this contact interface
(3D contact map) to the two conductors which consist the contact system. Nowadays,
several studies have attempted to visualise a single 3D contact asperity using different
methods and techniques [64, 65]. A contact analysis approach which has been developed
and introduced in this research shows the way to the 3D visualization of all the contact
asperities of a given contact system. A more detailed description and analysis concerning
this contact analysis approach of a contact system is given in Chapter 7.

1.6 The Scope of Research
The research presented in this thesis uses the X-ray CT visualisation technique for
the collection of experimental data of a contact system. The nature of this visualisation
technique is very promising as it has the ability to acquire 2D and 3D views of the contact
system keeping its features intact. Nevertheless, a more scientific approach is required in
order to verify all assumptions.

This research illustrates the usefulness or the uselessness of X-ray CT technique as
a means for visualising electrical contact systems and characterising their different
mechanical and electrical parameters with the main advantage of not needing to
disassemble them. The experimental data (images of the contact system) which are
acquired using the X-ray CT technique provide a good foundation for better
understanding the characteristics of mechanical and electrical contacts as well as their
extensions above and below to the two conductors which consist of the contact system.
The extensions above and below of contacts to the two conductors are called contact
asperities.
6

1.7 The Objectives of Research
The main objectives of this research are listed below:

i.

Survey the literature of Electrical Contact and X-ray CT scanning technique
 Surface characterisation
 Contact Interface characterisation
 Classification of electrical contacts
 Destructive and non-destructive visualisation techniques
 The X-ray CT in Engineering and Science

ii. Use an X-ray CT technique to investigate characteristics in Contact Systems
 Selection of contact system
 The selected contact system
 Experimental equipment (X-ray CT)
 Post-processing and analysis of experimental data
 Calculation of the error of experimental data

iii. Development of Contact Analysis Techniques (CAT*) for the 2D contact mapping
 Visualisation of 2D contact map
 Calculation of the mechanical area of contact of each contact spot
 Calculation of the total mechanical area of contact

iv. Development of CAT* for the 3D contact mapping
 Visualisation of 3D contact map
 Calculation of the mechanical area of contact of each contact spot
 Calculation of the total mechanical area of contact
 Calculation of the angle of each contact spot
 Development and visualisation of 2D angle map

v. Development of CAT* for the 3D voids identification
 Visualisation of 3D voids
 Calculation of the volume of each void
 Calculation of the total volume of voids
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vi. Development of CAT* for the conductors separation
 Visualisation of each conductor
 Calculation of the conductors fractal characteristics

vii. Development of CAT* for the resistor network modelling
 Visualisation of current flowing through the spots of any cross-section slice of the
contact system
 Calculation of the number of resistors in each cross-section slice (Open/Closed
Circuit resistor network model)
 Calculation of the number of resistors in each cross-section slice (Closed Circuit
resistor network model)
 Calculation of the total area of spots (resistors) in each cross-section slice
(Open/Closed Circuit resistor network model)
 Calculation of the total area of spots (resistors) in each cross-section slice (Closed
Circuit resistor network model)
 Calculation of the total volume of resistors in Open/Closed Circuit resistor
network model
 Calculation of the total volume of resistors in Closed Circuit resistor network
model
 Calculation of the total resistance across any two points of the contact system
 Calculation of the total conductance across any two points of the contact system

viii. Development of CAT* for the 3D contact asperities analysis
 Visualisation of 3D contact asperities
 Visualisation of a selected 3D contact asperity
 Calculation of the volume of each 3D contact asperity
 Calculation of the total volume of 3D contact asperities
 Calculation the surface area exposed to air of each 3D contact asperity
 Calculation the total surface area exposed to air of all 3D contact asperities
 Calculation of the top surface area of each 3D contact asperity
 Calculation of the bottom surface area of each 3D contact asperity
 Calculation of the ratio of top and bottom surface areas of each 3D contact asperity
 Calculation of the ratio of top and bottom surface areas with the height of each
3D contact asperity
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 Calculation of the height of each 3D contact asperity

In brief, this research evaluates whether X-ray CT scanning technique could be
potentially used to visualise and characterise a given electrical contact system.

1.8 Research Summary
A 16 A rated AC single pole rocker switch is selected as the contact system for
investigation and it was scanned using the X-ray CT technique after four different current
loading tests at 0 A, 16 A, 32 A and 64 A. In the process, several CAT* are developed and
implemented with a suite of tools in MATLAB and Image Processing Toolbox in order
to help with the analysis of experimental data (data which are acquired from X-ray CT
technique scan). These CAT* consist of a variety of tools which are categorised into
visualisation tools and calculation tools.

The visualisation tools have the ability to visualise the contact interface of the contact
system (2D contact map and 3D contact map), the 2D angle contact map (show the contact
spot with equal contact angle with same colour), the 3D voids between the conductors of
the contact system, the 3D contact asperities (the structures of contact spots above and
below the two conductors of the contact system) and the geometric path of electric current
which flows through the contact system.

The calculation tools have the ability to calculate the contact resistance using two
different approaches (Greenwood [66] and Holm [20]), the number of contact spots, the
area of each contact spot and the total mechanical area of contact of a given contact
system. Moreover, the calculation tools can calculate the angle of each contact spot in 3D
contact interface and the number of voids which are located between the two conductors
of the contact system. In addition, the calculation of the volume of each void and the total
volume of voids are conducted to the calculation tools.

Concerning the 3D contact asperities, the calculation tools have the ability to
calculate the number of contact asperities, the height and the volume of each contact
asperity and the total volume of all contact asperities as well as the surface area of each
contact asperity which is exposed to air and the total surface area of all contact asperities
which are exposed to air.
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Another ability of the calculation tools is the calculation of the number of contact
spots (number of resistors in resistor network model, for open and closed circuits) in each
cross-section slice (perpendicular to normal force of the contact system) from which the
electric current flows through them and from which does not flow.

The CAT* give the possibility to examine and characterise the contact system under
different conditions and operations. This possibility may be useful and beneficial for
contact users, their suppliers and electrical device system design engineers as it visualises
and characterises different features of the contact system.
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Chapter 2 – Electrical Contact
2.1 Introduction
It is a very difficult issue to create surfaces which are really flat. Even on carefully
polished surfaces, peaks and valleys are presented at the microscopic scale illustrating a
roughness with fractal behaviour which is found to be very interesting by many
researchers [67-74]. On this scale when two surfaces are brought together this roughness
influences mechanical contact which occurs only in a specific number of areas on the
apparent area of contact. These areas, which are a result of mechanical contact are called
contact spots and the aggregate of contact spots is called the contact interface. In addition,
the slight projections from a surface (the result of roughness) are called asperities.

Electrical contacts provide electrical connection of two conjoining conductors. The
main objective of an electrical connection is to allow the flow of electric current through
the contact interface. It is evident that this can only be achieved if a good conductor-toconductor contact is established. The electrical contact is an important factor in many
fields of engineering and the sciences as it is an integral part of all electrical and microelectronic devices [1, 2, 20, 66, 75, 76].

According to Braunovic et al. [23], the processes occurring in the contact region are
nontrivial and are not fully explained within the limits of present knowledge. Although
the nature of these processes may differ, they are all governed by the same fundamental
phenomena. An understanding of these phenomena that occur at a contact region is crucial
to achieve better performance and long-term reliability of devices constituting such
contact interfaces.

This chapter includes surface characterisation, contact interface characterisation and
classification of electrical contacts. The surface characterisation refers to the surface
categories, the surface parameters measurement and the modern methods of surface
parameters measurement. The contact interface characterisation refers to the elastic,
plastic and elastic-plastic deformation of the contact system as well as the contact
interface models, fractals and area of contact interface and electrical contact interface and
its reliability. The classification of electrical contacts refers to the two main categories of
electrical contacts which are stationary and moving.
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2.2 Surface Characterisation
Surface characterisation is an important factor in many fields of engineering and the
sciences by elucidating the fundamental aspects of chemistry and physics occurring at a
wide range of surfaces and interfaces [10, 77-86]. Surface characterisation can be used to
develop techniques in a wide range of functional properties including physical [87, 88],
chemical [89, 90], electronic [91, 92], mechanical [93, 94], magnetic [95, 96], wear and
corrosion resistance properties [13, 14] at the required substrate surface.

2.2.1

Surface categories

Real surfaces show roughness on the microscopic scale. This roughness in
engineered surfaces consists of peaks and valleys whose high variations in shape, average
separation and other geometrical characteristics depending on the manufacturing process
and material used. Archard [74] in the 50’s of the 20th century provide a model of surface
roughness. According to this model all surfaces consist of ‘‘protrusions on protrusion on
protrusion’’. Therefore, as the zoom in on the image is increasing, different levels of
roughness can be detected as illustrated in Figure 2.1.

Figure 2.1. Archard’s surface roughness model [97]

In engineering, real surfaces are produced by a variety of material removal process.
Archard [74], reported that the total resulting geometry of these real surfaces can be better
12

considered to be divided into three categories: form, waviness and roughness. Figure 2.2
illustrates these three categories in a surface profile.

Figure 2.2. Categories of surface profile [23]

The form describes the macroscopic shape of the surface. Braunovic et al. [23]
reported that the macroscopic shapes in this category have a great spacing (𝐹𝑔 ) between
1-5,000 mm and relatively small height (𝐹𝑠 ) between 1-50 μm. Different combinations
of form shapes produce different shapes of contact spots.

The waviness describes the shape of the surface at the microscopic scale. The
microscopic shapes in this category have a great spacing (𝑊𝑔 ) between 0.8-10 mm and
relatively small height (𝑊𝑠 ) between 0.01-500 μm [23]. Waviness is included in
the International Organisation for Standardization (ISO), standards ISO 4287 [98]
and ISO 16610 [99] as well as the American Society of Mechanical Engineers (ASME),
standard ASME B46.1 [100].

The roughness describes the fine detail of the surface in the microscopic scale. Such
details include the asperities height and spacing. Typically, such details can be visualised
in the sub of 1 μm range and therefore very high precision is required.

2.2.2

Surface parameters measurement

For the surface topographical characterisation geometry, a 2D profile of the surface
is required. For the acquisition of this 2D profile an optical Surface 3D Profiler could be
used. Figure 2.3 shows an example of a 2D profile of the surface. The height (y-direction)
of each asperity is indicated together with the reference position across the 2D profile (x13

direction). The mean roughness line indicates the mean y-value across the 2D profile (xdirection).

The 2D profile in Figure 2.3 is divided into consecutive and equal sampling
lengths (𝑙 ), which are long enough to include a statistically reliable amount of roughness,
yet short enough to exclude waviness from the roughness measurement. It is important to
note that 𝑙 corresponds to a filter cut-off length. Measurements on the deviation of the
mean roughness line are taken over a number of consecutive samples and often used to
estimate the waviness. The traverse measuring length (𝐿) is defined as the length of 2D
profile used for the measurement of surface roughness parameters (usually containing
several sampling lengths; five consecutive sampling lengths are taken as standard).

Figure 2.3. 2D profile of a surface [23]

The most familiar surface roughness parameter is the surface mean roughness. The
mean surface roughness (𝑅𝑎 ) of the 2D profile of Figure 2.3 is given from the area
enclosed by the x-axis and curve of the roughness (𝑦(𝑥)) as described in Eq. (2.1).

Ra 

1 L
y x  dx
L 0

(2.1)

A less common, but statistically more meaningful measure of mean surface
roughness, is the standard deviation (𝜎) of the height of the surface from the mean
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roughness line. The standard deviation of the 2D profile of Figure 2.3 is given by Eq.
(2.2).

2 

1
L



L

0

y 2 x dx

(2.2)

Greenwood and Williamson [63] considered that the mechanical contact occurs only
between the summits and not between the slopes or edges of asperities. According to this
consideration, they reported that the use of the standard deviation of summits (𝜎𝑠 ) is more
reliable than the use of the standard deviation (𝜎) of the surface profile. The standard
deviation of summits of the 2D profile of Figure 2.3 is given by Eq. (2.3).

 s2 

1 L 2
y x s dx
L 0

(2.3)

The relationship between the mean surface roughness and standard deviation of the
summits is given by Eq. (2.4).

 s  Ra

2.2.3


2

(2.4)

Modern methods of surface parameters measurement

Nowadays there are many different methods to study the surface parameters [101,
102]. The most popular of these methods are the stylus whose results have been the
foundation of modern standards. According to Braunovic et al. [23], optical methods
using electromagnetic radiation have become phenomena and heat transfer through the
surface. The capabilities of different methods for measuring the surface parameters are
illustrated in Figure 2.4. These methods include the stylus profilometry, optical
profilometry, Scanning Electron Microscopy (SEM) based methods, large and small scan
Atomic Force Microscopy (AFM) and Scanning Tunnel Microscopy (STM).
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Figure 2.4. Ranges of vertical-lateral resolution for different methods of roughness measurement [23]

2.3 Contact Interface Characterisation
As mentioned before, real surfaces contain peaks and valleys on the microscopic
scale presenting a roughness. On this scale when two surfaces are brought together this
roughness influences mechanical contact. The red arrows in Figure 2.5 show the
mechanical contact which occurs between the rough surfaces of bodies A and B (side
view, x-y - direction). The mechanical contact occurs only in a specific number of areas
on the apparent area of contact. These areas, which are a result of mechanical contact
called contact spots and the aggregate of contact spots is called the contact interface.
Figure 2.6 shows the top view (x-z - direction) of a contact interface consisting of contact
spots.

The mechanical contact is a result of a load force which holds the two bodies of the
contact system in touch. When a load force is applied to a contact system, it results in the
change of the shape of these two bodies. This result is called deformation and is
categorized into elastic, plastic and elastic-plastic.
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Figure 2.5. (a) Cross-section of schematic contact system of bodies A and B which are in mechanical
contact, (b) Zoom-in at a part of the contact interface

Figure 2.6. Top view of schematic contact interface

2.3.1

Elastic deformation of contact system

Elastic deformation results in changes of shapes of the contact bodies which could
self-reverse to their original shapes when the load force is removed from the contact
system. The elastic deformation involves stretching of the bonds, but the atoms do not
slip past each other.

The elastic deformation of a contact system is based on the Hertz theory [22, 103]
on which the asperities deform elastically. According to this theory in Adams and
Nosonovsky work [104], where the mechanical area of contact is assumed elliptical, each
of the two bodies of the contact system is approximated by an elastic half-sphere loaded
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over the plane elliptical contact area, the dimensions of the contact area must be smaller
compared to the dimensions of each body and to the radii of curvature of the surfaces, the
strains are sufficiently small for linear elasticity to be valid and the contact is frictionless,
so that only a normal pressure is transmitted.

A contact system of the two elastic bodies are illustrated under elastic deformation
in Figure 2.7. According to Johnson [22] on Hertz’s [105] work, during compression by
the contact normal load force 𝐹, distance points 𝑦𝛢 and 𝑦𝐵 displace distances
of 𝛿𝛢 and 𝛿𝐵 respectively parallel to the y-axis. The deflection of contact bodies A and B
(𝛿𝛢𝐵 ) is equal with the sum of 𝛿𝛢 and 𝛿𝐵 . Moreover the deflection of contact bodies A
and B is given by Eq. (2.5). 𝑅𝐴𝐵 represents the composite radius of curvature of contact
bodies A and B and is given by Eq. (2.6). 𝑅𝐴 and 𝑅𝐵 are the radii of curvature contact
bodies A and B respectively. 𝐸 ∗ is given by Eq. (2.7) and represents the composite
Young’s modulus. 𝐸𝐴 , 𝐸𝐵 and 𝑣𝐴 , 𝑣𝐵 are the Young’s moduli and Poison’s ratios for the
contact bodies A and B respectively.

Figure 2.7. Hertz contact system of elastic bodies [104]
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For the case of bodies A and B of revolution [104], the contact area is circular and
its radius is given by Eq. (2.8). The maximum contact pressure (𝑝0 ) occurs at 0 (axis
origin) and is given by Eq. (2.9).
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(2.9)

The elastic deformation of the contact system which is based on the Hertz theory
[22] has been extended in different models by other researchers. For example, the contact
of rough surfaces considering a distribution of the radii of the asperities [106], to the
contact of rough curved surfaces [107], the contact of two nominally flat rough surfaces
[108] and elliptic paraboloid surfaces [109]. All the above models correspond to the
elastic deformation of contact system.

2.3.2

Plastic deformation of contact system

Plastic deformation results when the load force is sufficient to permanently deform
the bodies within the contact system and begins to occur after elastic deformation. The
level of the deformation depends on several parameters such as the level of the applied
load and the hardness of the two bodies. The plastic deformation involves the breaking of
a limited number of atomic bonds by movement and dislocations.

The plastic deformation model of a contact system is introduced by Abbott and
Firestone [110] which is known as a profilometric model or a surface micro-geometry
model. According to this model, the deformation of the rough surface of contact body
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against a smooth rigid flat is assumed to be equivalent to the truncation of the initial rough
surface at its intersection with the flat so that the contact area is simply the geometrical
intersection of the original profile. The average contact pressure is equal to the indentation
hardness of the softer body (or the flow pressure).

Moreover, Pullen and Williamson [111] introduced a volume conservation model for
the plastic deformation of the contact system for high load forces based on the
experimental results. This model is confirmed by Kucharski et al. [112], who used a finite
element analysis.

2.3.3

Elastic-plastic deformation of contact system

The elastic-plastic deformation of contact system bridges the two extreme
deformations, elastic and plastic. Chang et al. [113] in the 80’s of the 20th century
developed an elastic-plastic contact system model which is based on the volume
conservation of the plastically deforming asperities. According to this elastic-plastic
contact system model, Chang et al. [113] reported that the deformation mode changes
from the elastic to plastic contact regime with no transition.

Johnson [22], in contrast to Chang et al. [113] focused on the analysis of the
indentation of a sphere on a plane where there is a large transition regime from the elastic
to plastic state. This transition is included in the contact system model of rough surfaces
which is developed by Zhao et al. [114].

The elastic-plastic deformation of a contact system has been extended in different
models by other researchers. For example, a finite element analysis on the elastic-plastic
contact of a sphere and a rigid-flat [115], a finite element of elastic–plastic hemispherical
contact against a rigid flat [116], an elliptic elastic–plastic asperity micro-contact model
for rough surfaces [117], an elastic–plastic contact model of ellipsoid bodies [118] and
an elliptical micro-contact model of elastic–plastic deformation [119].

2.3.4

Contact interface models

Various approaches have been used to identify the phenomena occurring in a contact
interface. Initially, Holm [120] in the 1930’s provided a fundamental theory to describe
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contact mechanisms and contact resistance. Over time, this theory has been developed to
include features such as asperity shape, contact spot number, contact spot distribution,
material properties, surface profiles and operating conditions.

Greenwood-Williamson’s model [63] in the 1950’s assumes that asperities on a
surface are hemispherical in shape with the same radius. According to this model, the
peaks of a surface of asperities are considered to be located at different heights following
a random Gaussian distribution. The asperities undergo elastic deformation (considering
the plastic deformation under particular conditions) when a Greenwood-Williamson
surface comes into contact with a flat plane. This model has been further developed by
many researchers including Bhushan and Majumdar [69] who created a fractal surface
profile with different asperity radii.

2.3.5

Fractals in contact interface

Bhushan [121], demonstrated the contact interface by using the fractal behaviour of
natural phenomena of a surface. This approach illustrates that the measured asperity
curvature and measured slope depend on the measurement resolution and the statistical
sample size. For example, for a coarse measurement of resolution, only a few asperities
of large curvature are observed while for smaller measurement of resolution more
asperities of smaller curvature are observed [122]. To eliminate this scale dependency,
the fractal approach is a possible technique to characterise realistically the surface using
parameters such as the scaling parameter 𝐺, the fractal dimension 𝐷, and constant 𝐶. Eq.
(2.10) showing the typical fractal surface exhibiting a spectral density with power low
behaviour (𝑃 (𝜔) describes the function of spectral density 𝑃 with the spatial
frequency 𝜔). The roughness is modelled by the sum of multiple sinusoidal functions of
angular spatial frequency 𝜔.

P   C  q

(2.10)

Eq. (2.10) indicates some well-known behaviour for different values of 𝑞 in the time
domain. Considering that 𝑞 = 0, the spectral density plot with angular spatial
frequency 𝜔, gives a flat straight line which indicates an equal amount of each frequency
component. This behaviour is known as white noise. Considering that 𝑞 = 2, it is known
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as brown noise which means that it consists of lower frequencies rather than higher
frequencies [123]. The scaling parameter 𝐺, and the fractal dimension 𝐷, can be found
from Eq. (2.11).
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 52 D

(2.11)

According to Ciavarella et al. [124], the perfect fractal surface is the one that shows
fractal behaviour at all scales, making an infinite number of contact spots of zero size
with infinite pressure. The fractal approach to rough surfaces has problems which were
aimed to be resolved by Gao et al. [125] by considering plastic flow at the surface. It was
found that the total elastic-plastic contact area and the contact pressure could be easily
defined but it was impossible to predict the number of contact spots and their sizes. They
found out that the fractal behaviour at some lower limit cannot be exhibited, so it is
necessary to conduct 3D profilometry at a resolution to define this limit.

2.3.6

Area of contact interface

An estimation of the mechanical area of contact can be calculated by using several
different models. Under elastic deformation of the materials, Hertz’s contact theory [126,
127] is used as shown in Eq. (2.12), where 𝐴𝑒 , is the area of contact (under elastic
deformation), 𝐹 is the applied force, 𝑎 is the radius of contacting spheres and 𝐸∗ is a
constant consisting of Young’s modulus and Poisson’s ratio of the materials involved.

 3 Fa 
Ae   
* 
4 E 

23

(2.12)

Bowden and Tabor [128] introduced the plastic deformation relationship. According
to this relationship, it considers a surface as having a roughness where each asperity is
plastically flowing when loaded with force (𝐹 ). Under plastic conditions the mechanical
area of contact is given by Eq. (2.13). The hardness of the material symbolises with 𝐻.
Bowden and Tabor [128] introduced this relationship as a rule of thumb in order to
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estimate the mechanical area of contact under the domination of elastic and plastic
deformation.

Ap 
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(2.13)

Archard [74] went further and modelled the surface as multiple levels of roughness
so that the surface will have a protrusions upon a protrusions upon a protrusions. By using
the Hertz theory [22] in which the asperities deform elastically, the elastic mechanical
area of contact is found to converge to the Bowden and Tabor relationship (Eq. (2.13)).

Greenwood and Wu [129] identified three main aspects which are helpful to
understand the contact interface. According to the first aspect the peaks on the surface
have a high distribution that can be modelled by a simple exponential function. The
second aspect identifies that each peak can be considered to have a hemispherical top.
This aspect is essential to approximate the size of the area of contact that is based on the
Bowden and Tabor [128] theory. According to the third aspect, the peaks on a surface
profile correspond to asperities that make contact. Greenwood assumes that the number
and radius of curvature of asperities is a false idea given by this aspect. This aspect was
also opposed by Archard’s [34] model of multiple levels of roughness.

Majumdar and Bhushan [28], developed a model which is valid for materials with a
wide distribution of grain sizes. When an asperity of radius 𝛼 is deformed, it will initially
deform elastically. However, beyond a critical point, the material will deform
inelastically. For flexible materials, this causes plastic deformation and for inflexible
materials fracturing takes place. Eq. (2.14) shows the derived model for the total
mechanical area of contact. 𝐷, stands for the fractal dimension of the surface profile
while 𝐴𝐿 , is the area of the largest contact spot. Moreover, Eq. (2.14) focuses on the area
of contact under plastic and deformation separately. The size distribution of contact spots
can be calculated by this model which is very important for the theoretical estimation of
contact resistance.

AT 

D
AL
2D
23

(2.14)

2.3.7

Electrical contact interface

The electrical contact interface is the contact interface from which the electric current
flows through the two conductive bodies. Figure 2.8(a) shows the contact system of two
conductive bodies which are in mechanical contact at one point and the cross-section area
is the same at any point across the length (𝑙) of the two bodies. The total resistance (𝑅) of
a contact system with uniform cross-section with a uniform flow of electric current is
given by Eq. (2.15). The electrical resistivity symbolises with 𝜌 while 𝐴 stands for the
cross section area of the contact system.

R

l
A

(2.15)

According to Myshkin et al. [130], the electrical resistivity is given from Eq. (2.16).
Where 𝑚𝑒 , is the mass of electron, 𝑉𝐹 is the Fermi velocity, 𝑛𝑒 is the number of electrons
𝑒 is the charge of electron and 𝑙 is the length of the conductive material. The mass ( 𝑚𝑒 )
and charge (𝑒) of electron are constant, 9.109 × 10−31 Kg and 1.602 × 10−19 C
respectively. The Fermi velocity is given from Eq. (2.17). Where 𝑃𝐹 , is the Fermi
momentum and described from Eq. (2.18) [131]. Where 𝑇𝐹 and 𝑘𝐵 are the Fermi
temperature and Boltzmann constant (1.380 × 10−23 J/K) respectively [131].
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Figure 2.8(b) shows the contact system of two conductive bodies which are in
mechanical contact at one point and the cross-section area size has different values at any
point across the length (𝑙) of two bodies. The total resistance (𝑅) of a contact system with
non-uniform cross-sections (each cross-section has different size) with uniform flow of
electric current (each cross-section has no more than one electrical contact spot, thus the
amount of electric current flowing through each contact spot or cross-section area is
equal) is given by Eq. (2.19). This equation can also be used and for the contact system
of Figure 2.8(a) as well.
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The total resistances of the contact systems in Figure 2.8(a) and Figure 2.8(b) can be
characterised as the sum of the series resistances. Each series resistance corresponds to
the resistance of the cross-section area. When the contact system is in mechanical contact
in more than one point as presented in Figure 2.8(c), the calculation of the total resistance
(𝑅) of the contact system becomes more complicated and nontrivial to calculate as the
cross-section areas at contact interface have many contact spots. These contact spots are
connected in parallel and their extensions across the two bodies have different length
dimensions. This is a result of the rough surfaces of the conductive bodies which are in
mechanical contact.

Figure 2.8. Electric current flowing through contact systems [132]

25

Figure 2.9 illustrates the schematic cross-section diagram of the contact system from
Figure 2.8(c). This schematic diagram shows that the electric current lines become
increasingly distorted as the electrical contact interface is approached and the flow lines
bundle together to pass through the number of contact spots. According to Slade [21], the
constriction of electric current by contact spots decreases the volume of material used for
electrical conduction and thus increases the electrical resistance [21]. This increase in
resistance is called the contact resistance (or constriction resistance) of the electrical
interface.

Figure 2.9. Schematic diagram of electric current flowing through contact interface

For a single circular contact spot of radius 𝛼, Holm [20] reported that the contact
resistance (𝑅𝑐 ) is given by Eq. (2.20). Where 𝜌, is the average value of the electrical
resistivities for the two bodies in contact.
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(2.20)

For a larger number of contact spots, assuming the electrical resistivity of the two
bodies is constant, Eq. (2.20) for a distribution of such radius 𝛼𝑖 , 𝑖 ∈ [1, n] (where 𝑖 is the
contact spot of interest and 𝑛 is the total number of contact spots) can be written as
illustrated in Eq. (2.21). Where ̅𝛼 , is the average value of 𝑎𝑖 . According to Ciavarella et
al. [122] commenting on the work of Jang and Barber [133], it is generally predicted by
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fractal contact theories that 𝑛𝛼̅ is unbounded with progressive scale refinement which
leads to the unlikely conclusion that for a fractal surface the contact resistances due to
surface roughness is always zero.
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Greenwood in [66], reported that if a two scale structure consists of a set of 𝑛 actual
contact areas of radius 𝛼𝑖 (first scale structure) clustered within a circular ‘‘contour area’’
of radius 𝑏 (second scale structure), the contact resistance is well approximated by Eq.
(2.22).
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Moreover, Greenwood [66] derived a formula for the contact resistance which
depends on the distances between the set of circular contact spots. The Greenwood
formula of the contact resistance is given by Eq. (2.23). Where 𝑎𝑖 , is the radius of contact
spot 𝑖, 𝑎𝑗 the radius of contact spot 𝑗 and 𝑑𝑖𝑗 is the distance between the contact spots 𝑖
and 𝑗.
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Reliability of electrical contact interface

The essential knowledge of the physics and mechanics of the electrical contact
interface and properties of materials helps to achieve better performance and long-term
reliability of the devices. MEMS such as switches becoming increasingly common in
applications, require low contact resistance [1]. The value of the resistance depends on
how good the electrical contact is between the two conductors of the switch. There are
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many factors which play important role on how good the electrical contact is which are
beneficial to connector users, their suppliers and equipment system design engineers.
These factors are the normal-force (force perpendicular to the surface) and the general
contact design, the wear and the environmental and electrical parameters [6].

The normal-force and the general contact design are fundamental issues for a good
contact so that an acceptable level for the lifetime of the contact could be maintained. The
larger the area of contact is, the better the electrical contact in terms of contact resistance
is. This relationship is described from Eq. (2.12) and Eq. (2.13).

Wear is an essential factor for the reliability of contact systems as it can cause
deterioration at contacting asperities. The wear can be caused by many different factors
such as vibration, shock and difference in thermal expansion that can cause motion
between the contacting asperities [6].

Environmental factors have an impact on the reliability of contacting asperities
[134]. These factors are related to temperature and temperature changes in the application.
Relevant to temperature are corrosion, diffusion relaxation and stress. Moreover,
pollution in the atmosphere, the presence of pollutants and dust particles as well as the
humidity and its alternations have an influence on the reliability of contacting asperities.

Undoubtedly, electrical parameters (voltage, current and frequency) can have a
strong effect on the reliability of contacting asperities. According to Holm [20], a
conduction through insulating films is caused by the fretting phenomenon at voltages
higher than 50V resulting to create the contact less sensitive to insulating layers. Piet van
Dijk [6] highlights that at voltages lower than 50V the reliability of contacting asperities
is more critical.

Electrical current is very crucial for the reliability of contacting asperities. High
currents cause heating at contacting asperities where the materials are softened and
welded and the contact is improved [6]. According to Piet van Dijk [6], welding causes
extreme wear and compromise the achievable number of mating cycles. Overheating at
contacting asperities can be avoided if the constriction and contact resistances are low at
high current values. Gagnon [135] showed that the contact resistance behaviour has no
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important difference after investigating copper contacting asperities with fretting
corrosion under AC and DC currents. If fretting occurs under AC current this leads to the
formation of loose, flake-like debris spread at the area of contact, while fretting under DC
current is more compacted and surface adhering.

High frequencies (>1GHz) is an issue of interest for the reliability of thermal
contacting asperities in the electronics industry to cool the devices operating at these
frequencies. Thermal management is essential for microscopic or larger devices [136].

2.4 Classification of Electrical Contacts
The electrical contact can be classified according to their surface geometry, nature,
design and technology characteristics, application, current load and by other means [23,
137]. The classification of electrical contacts in general can be divided into two main
categories: the stationary and moving. Figure 2.10 shows the most general classification
of these contacts according to contact kinematics, design characteristics and functionality.

Figure 2.10. Classification of electrical contacts [23]

2.4.1

Stationary contacts

The stationary contacts are connected elastically or rigidly to the stationary part of
the device in order to provide the permanent connection. The category of stationary
29

contacts is divided into two sub-categories: non-separable (glued, welded and soldered)
and clamped (screwed, bolted and wrapped).

The non-separable contact connections have a high mechanical strength providing
low contact transition resistance. Moreover, the connection of this sub-category is often
formed within one contact member. For example, in commutating devices, only materials
with a complex composition and arc-resistant coating, deposition, electro-spark alloying
and mechanical methods of joining [23].

The clamped contacts consist of mechanically joining conductors which are
connected directly with screws or bolts or using intermediate parts, like clamps. The
contacts of this sub-category may be assembled or disassembled without degrading the
connection integrity [23]. A simple way of a clamped contact is the connection of two
conductors with a flat contact surface, like bus-bars.

2.4.2

Moving contacts

Regarding the moving contacts, commonly one contact part is moving and the other
one is static. Depending on their operating conditions the category of moving contacts is
divided into two sub-categories: sliding and commutating.

At the sliding contact sub-category, the contact surfaces of the contact parts slide
over each other without separation. The electric current flows through the contact region
is accompanied by physical phenomena. These phenomena can be electrical and
electromechanical and thermal and change the characteristics of the contacting surfaces
of the contacting parts. The most important and widely used types of this sub-category of
sliding contacts include contacts of electrical transportation machines which are intended
to commutate electric currents of moderate and high intensity, control systems and
automotive systems.

The commutating contacts periodically control the electric circuit and are
distinguished between separable and breaking. Separable contact parts are designed in
such a way that they can be mated to other contact parts and be separated many times
without degrading the connection integrity. The most important and widely used types of
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separable contacts include USB sticks, mini-jacks (used for audio signal), kettle style
power plugs and sockets.

Breaking contacts are used for intermittently opening and closing of an electrical
circuit. The most important and widely used types of breaking contacts include relays,
switches, contactors and similar devices.

2.5 Conclusion
In this chapter a review of the origin of electrical contacts is given starting with
surface and interface characterisation. In engineering, real surfaces are produced by a
variety of material removal processes. According to Archard [74], the total geometry of
these real surfaces resulting can be best divided into three categories: form, waviness and
roughness. The form describes the macroscopic shape of surface, waviness describes the
shape of the surface in microscopic scale and roughness describes the fine detail of the
surface in microscopic scale. The most familiar surface roughness parameter is the surface
mean roughness and is given by Eq. (2.9). Moreover, the surface mean roughness can be
measured using different methods such as STM, small and large scan AFM, SEM, optical
profilometry and stylus profilometry.

When two surfaces are brought together their roughness influences mechanical
contact which occurs in a specific number of areas on the apparent area. These areas
which are a result of mechanical contact are called contact spots and the aggregate of
contact spots is called the contact interface. Various approaches have been used to
understand the phenomena occurring in a contact interface such as Holm’s [120] and
Greenwood-Williamson’s [63] contact interface models. The models include features
such as asperity shape, contact spot number, contact spot distribution, material properties,
surface profiles, operation conditions and fractal characteristics (spatial and size
distributions).

The mechanical contact is a result of a load force which holds the two surfaces of the
contact system in touch. When a load force is applied to a contact system, this results in
the change of the shape of the two bodies consisting of the contact system. This result is
called deformation and is categorized into elastic, plastic and elastic-plastic.
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Electrical contacts provide electrical connection of two conductors. The main
objective of an electrical connection is to allow the flow of electric current through the
contact interface. The phenomena occurring at the contact interface are important factors
in many fields of engineering and the sciences as they are an integral part of all electrical
and micro-electronic devices. An understanding of these phenomena is crucial to achieve
better performance and long-term reliability of devices constituting such contact
interfaces. The most important processes which affect these phenomena include the
normal force (force perpendicular to the surface) and general contact design, the wear and
environmental (humidity and temperature) and electrical (voltage, current and frequency)
parameters.

To sum up, the electrical contacts are classified according to their surface geometry,
nature, design and technology characteristics, application, current load and by other
means into two main categories: stationary and moving. The category of stationary
electrical contacts is divided into non-separable and clamped sub-categories while the
category of moving electrical contacts is divided into sliding and commutating subcategories.
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Chapter 3 – Visualisation Methods
3.1 Introduction
Visualisation methods are very important techniques for the contact interface
characterisation examining the surfaces before and after they have been joined together.
In this chapter the visualisation methods are categorised into destructive and nondestructive techniques.

Destructive techniques such as SEM [138] can be applied if one part of the interface
is substituted to enable the viewing of the interface. If both parts of the original contact
are to be investigated, then dismantling for analysis results in many of the features of
investigation are being destroyed.

Recently, more studies have focused on non-destructive techniques involving
Magnetic Resonance Imaging (MRI) and X-ray CT. These techniques offer the possibility
to acquire 2D and 3D views of the samples without dismantling the component parts and
thus not destroying any features of interest.

Due to the limitation of optical imaging, methods available for the contact interface
measurement characteristics are only suitable for open or transparent systems. For most
of the practical situations that require contact interface measurement characteristics at
microscopic scale in non-transparent or enclosed systems, the traditional visualisation
techniques are not effective. Based upon these requirements, a technique suitable for the
electrical contact interface characteristics in non-transparent systems is developed by
using X-ray CT. In this chapter the X-ray CT technique is analysed and explained in more
details compared with the other visualisation techniques.

3.2 Destructive Visualisation Techniques
Destructive visualisation techniques can only be applied if one part of the interface
is substituted to enable the viewing of the interface or if both parts of the original contact
are used. They are subsequently dismantled after testing for analysis. In the destructive
visualisation method there are many techniques such as SEM [138], mass change [139],
optical 3D profiler [140], and thermographic [141] that can be used to analyse the contact
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interface. Some interesting examples of these destructive visualisation techniques are
given below.

McBride [140] used an optical 3D profiler technique to perform an in-situ
visualisation of the mechanical area of contact which is formed between a glass
(microscope) slice and a metallic spherical component. Moreover, the use of this
technique for low force (10 mN) enabled McBride to demonstrate a near linear
relationship between contact force and mechanical area of contact showing
predominantly plastic deformation at these force levels.

Myers et al. [141] visualised the contact area using a Thermographic Technique (TT)
and calculated the current density distribution in the contact area. They used a
hemispherical geometry metal which was in contact with a thin conductive film. The
conductive film was set on a polished surface of Si material which is transparent in the
infrared wavelength range (8 – 12 μm) used by the thermal camera. The thermal camera
was used in combination with a 4x microscope lens. Since the TT cannot be used in
contact metallic materials because of their low emissivity values, a carbon layer was used
to coat the surface between the Si and conductive film.

3.3 Non-Destructive Visualisation Techniques
Non-destructive visualisation techniques (such as MRI and X-ray CT) are of more
interest in contrast with destructive visualisation techniques because they offer the
opportunity to acquire 2D and 3D views of samples without dismantling the component
parts and thus destroying any features of interest. Some interesting examples of these nondestructive visualisation techniques are given below.

Zhu et al. [142] used MRI to show the effectiveness of this technique for the
visualization of transparent and non-transparent components measuring the internal
contact angles between solids and liquids. A drawback of the MRI technique is that the
sample shouldn’t include ferrous materials (e.g. Fe and Ni) because of interaction with
the applied high magnetic fields.

Johnson et al. [143] have also used the MRI technique to visualize the radio-lunate
and radio-scaphoid joints within a human body. The acquired images of the technique
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were used to create model geometry and kinematics for the calculation of peak contact
pressures and average contact pressures, contact forces and contact areas.

The usefulness and importance of X-ray CT technique as a medical diagnostic tool
is widely known but also it has been an important research tool for a wide variety of
engineering subjects. Material research medical CT, micro CT, and since very recently
nano CT are being used as evaluation techniques for engineering and geology purposes
[144].

The X-ray CT technique has been used much more than the MRI technique in
engineering and analysis of samples such as by Popovich et al. [145] and Green et al.
[146]. Popovich et al. [145] used it to characterize the internal microstructure in multicrystalline silicon solar cells. Green et al. [146] used the technique to calculate the contact
area of gas/liquid and liquid ‘‘holdup’’ in structured packing.

Zschech et al. [37] reported that the function of the X-ray CT is to qualify and
quantify any inner or outer dimension in a smooth, non-destructive process. Failure
localization can be investigated in micro and nano electronic structures by the use of this
technique. It has the capacity to visualise voids and residuals in on-chip metal
interconnects without physical modification of the chip. The importance of synchrotron
radiation experiments is essential to study procedures and materials implemented in the
semiconductor industry. Moreover, Lalechos and Swingler [147] used the X-ray CT
technique to identify the contact spots which are in mechanical contact without
dismantling the specimens and produced a ‘‘2D Contact Map’’ of portion of areas of the
electrical contact interface. From the contact maps much information can be extracted
such as the area and the number of contact spots, the distance between them and the total
contact resistance using appropriate models [147-149].

3.4 X-ray CT in Engineering and the Sciences
3.4.1

The use of the X-ray CT

According to the International standards concerning X-ray CT [150], X-ray CT is a
radiographic investigation method which is useful when the examination of a specimen
aims to identify, locate and size planar and volumetric details in three dimensions. X-ray
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CT permits the non-destructive physical and (in some limited cases) chemical
characterisation of the internal structure of materials. Furthermore, unlike other
investigation techniques (such as SEM and TT) X-ray CT can be used to investigate both,
metallic and non-metallic specimens, solid and fibrous metals or smooth and irregularly
surfaced objects. When used in conjunction with other non-destructive visualisation
techniques such as ultrasound, X-ray CT can provide evaluations of material integrity that
cannot currently be achieved non-destructively by any other means.

3.4.2

Historical use

X-ray CT was initially used for medical diagnosis, now it has been used in gamma
and X-radiation applications in order to identify some physical characteristics of wood,
soils and other materials. These characteristic include density, mass attenuation
coefficients, water content and soil particles sizes [151, 152].

The British engineer of Electrical and Musical Instruments (EMI) laboratories,
Godfrey Hounsfield, developed the first X-ray CT system in 1972 [153]. In the same
year, in Atkinson Morley hospital in Wimbledon, UK, the first X-ray CT system was
installed, put in use and the first patient brain-scan was achieved. The invention of the Xray CT technology attracted the interest of researchers. In the process, Jim Elliott
developed the first micro X-ray CT system with higher resolutions at the beginning of the
1980s. The evaluation of the 3D micro-structure of trabecular bone was an issue of
research which was achieved with the first micro X-ray CT invented by Feldkamp et al.
[154-156]. A reconstructed slice of a small tropical snail, with pixel size about 50 μm,
were the first micro-tomographic (micro-cross-section slice) images published [157]. The
invention of synchrotron radiation facilities, micro X-ray CT with resolutions of 1 μm
and the ongoing development of X-ray CT system, facilitated the investigation of
different materials and objects.

3.4.3

X-radiation

X-radiation (which consists of X-rays) is a form of electromagnetic radiation. Most
X-rays have a wavelength between 0.01 × 10−9 m to 10 × 10−9 m corresponding to
frequencies in the range of 3 × 1016 Hz to 3 × 1019 Hz and energies in the range of
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0.1 × 103 eV to 100 × 103 eV. The wavelengths of the X-rays are shorter than those of
ultraviolet rays and typically longer than those of gamma rays.

According to the Beer-Lambert law if a narrow beam of X-ray photons passes
through some homogeneous material of a sample, the beam intensity is observed to
decrease in accordance with Eq. (3.1). This effect is illustrated in Figure 3.1(a). Where 𝐼0 ,
is the incident intensity and 𝐼 ′ is the final intensity. The intensity gives the number of
photons per second per unit cross-section area. The attenuation coefficient vector 𝜇
depends on both the density of the material of the sample and the nuclear composition
characterized by the atomic number.

I '  I 0  e  y

(3.1)

If the X-ray beam passes through two different materials, distance 𝑦1 through
medium 1 characterised by 𝜇1 and distance 𝑦2 through medium 2 characterised by 𝜇2 ,
the fractional decrease in intensity is given by Eq. (3.2). For several media the relation is
given by Eq. (3.3) and described by Figure 3.1(b).
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Figure 3.1. The effect of different absorption layers on the intensity of an X-ray beam

37

(3.2)

(3.3)

3.4.4

Basic operation of X-ray CT

X-ray CT has applications in both medical and industrial imaging. In general, there
are two types of X-ray CT set-ups. Concerning the first set-up, much more like in an
engineering X-ray CT, is based on the fact that the X-ray source and detector are typically
stationary during the scan while the sample rotates. Regarding the second set-up, much
more like in a clinical X-ray CT, is based on the fact that the sample is stationary in space
while the X-ray source and detector rotate around.

A typical set-up of an engineering X-ray CT is illustrated in Figure 3.2. This
technique requires X-rays to pass through an object in various different directions in order
to obtain 2D tomography images (cross-section slice images). For each path of the X-ray
transmission through the sample (see Figure 3.2(a), where a sample is rotated), there will
be a particular level of interaction between the X-ray photons and atoms of the sample
[158]. This results in an alteration of the X-ray intensity unique to that path.

Figure 3.2. (a) Basic principle of X-ray CT, (b) Detector

X-ray absorption by matter has long been described by the famous Beer-Lambert
law [159, 160]. According to this law, intensity data can be converted into an image which
represents differences in X-ray attenuation in the specimen. The Beer-Lambert law relates
the incident intensity 𝐼0 and the final intensity 𝐼 ′ (at point (𝑥, 𝑧) on the detector for a given
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value of angle 𝜃) through the sample’s attenuation coefficient vector 𝜇, an intrinsic
characteristic of the specimen, given by Eq. (3.4). Where 𝑦, is the distance coordinate
along the X-ray path, 𝑑𝑠 is an element of length along the X-ray path and 𝜇(𝑥, 𝑦), are the
values of the attenuation coefficient vector at the point (𝑥, 𝑦).

y

  x , y ds
I x, z   I 0  e 0


'

(3.4)

In Figure 3.2, the X-ray source emits the X-ray beam, which passes through the
sample. During the rotation of the object at equally angularly spaced intervals, X-ray
images are acquired. For example, Figure 3.3 illustrates the X-ray beam transmitting
through a cross section of the sample. The X-ray photons which are transmitted in the
direction shown by the arrow are considered to be a part of the beam. During the
transmission of the beam, photons are constantly lost from the beam. This is due to the
fact that they are either absorbed or scattered. A constant attenuation coefficient vector 𝜇
accounts for both losses at each point.

Figure 3.3. X-ray beam transmitting through a cross-section of the sample

A line AB, running through the sample in Figure 3.3 is called a ray while the integral
along the sample is called a ray integral. A projection is formed by a set of ray integrals.
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From Eq. (3.4),
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(3.5)

and the line integral AB in Figure 3.3 can be defined as
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The function 𝑃𝜃 (𝑑 ), as a function of (𝑑 ) (for a given value of angle 𝜃) determines the
projection of a sample for angle 𝜃.

X-ray CT records several hundreds or thousands of projections typically through
180˚ or 360˚ and consequently an even larger number of ray paths. This logged data are
used during the reconstruction process as algorithms [161].

3.4.5

Image reconstruction

X-ray CT systems are supported with many different software packages which can
load the 2D X-ray images of the sample and process them. This process consists of three
main steps.

The first step of the process is the development of 3D (x-y-z) volume of X-ray
images. The 3D volume of X-ray images is generated by ‘‘stacking’’ of each acquired 2D
(x-z) X-ray image in the y-direction. The x-y cross-section slice images of the 3D volume
of X-ray images are called projections (or sinograms). It is important to note that all 2D
(x-z) X-ray images of the sample are acquired from the detector by rotating the turntable
at equally spaced intervals.

The second step of the process is the development of 3D reconstructed volume. The
software packages use different reconstruction algorithms in order to create the 3D
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reconstructed volume of the sample.

The reconstruction algorithms deal with the

reconstruction of an image from its projections.

The final step of the process is to extract tomographic (cross-section slice) images
from the 3D reconstructed volume. This whole process is described in Figure 3.4 and an
analytical mathematical description is followed.

Figure 3.4. X-ray CT process

According to the definition, image reconstruction from projections is ‘‘the process
of producing an image of a 2D distribution from estimates of its line integrals along a
finite number of lines of known locations’’ [162]. A pre-processing is needed before the
image reconstruction takes place as it makes use of the fact that X-rays attenuate as they
propagate through the sample. According to this pre-processing, it is important to define
ray integrals. Figure 3.5 shows the relationship between the measured projections of the
sample for three different angles (each projection represents different angle). Each point
of the projection is equal to the sum of sample along a ray (line integral) passing from
that point. A projection is formed by combining the set of rays.
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Figure 3.5. Projections are taken by measuring the rays of the sample for three different angles [163]

There are four main methods to calculate the tomographic (cross-section slice) image
of the 3D reconstructed volume given the set of its projections. These methods are called
reconstruction algorithms. The first method is based on solving many equations. This
method is totally impractical, but gives a better understanding of the problem. According
to Rosenfeld and Kak [164], mathematically the problem of reconstructing an image may
be stated as following: The 𝑓(x, y) in Figure 3.6 represents a 2D function and a
mathematical definition of a ray integral (line AB) can be found by using Eq. (3.7).
Where 𝑑, is the perpendicular distance of the line AB from the origin of the axes.

d  x  cos   y  sin 

(3.7)

Consequently, the ray integral of the function 𝑓(x, y) along the line AB may be define as
described in Eq. (3.8). Where 𝛿, is Dirac’s delta function [165, 166].
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(3.8)

Figure 3.6. The function 𝑔(𝑘, 𝑙 ) describes the projection of the function 𝑓(𝑥, 𝑦) at angle 𝜃

The function 𝑃𝜃 (𝑑 ) as a function of 𝑑, (for a given value of angle 𝜃) determines the
value of the projection of the function 𝑓(𝑥, 𝑦) through the line AB for angle 𝜃 at point C.
The function 𝑔(𝑘, 𝑙) is the projection of the function 𝑓(𝑥, 𝑦) for angle 𝜃 which is called
the Radon transform. The projection is formed by combining the set of ray integrals
between the points D and E.

One equation can be written for each ray integral. The number of ray integrals (or
equations) is equal to the area of the detector in pixels. For example, if the detector size
is 512 × 512 pixels, the number of the ray integrals that should be calculated for each
projection is 262144. Reconstructing an image, the detector takes some hundred
projections so this number is multiplied with some hundred projections and the result
gives a large number. The problem with this method of image reconstruction is
computation time.

The second method is based on iterative techniques which calculates the crosssection slice image in small steps. According to Smith [163], there are several variations
of this method: the algebraic reconstruction technique, simultaneous iterative
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reconstruction technique and iterative least squares technique. The difference between
these methods is how the successive corrections are made: ray by ray, pixel by pixel or
simultaneously correcting the entire data set respectively.

The most simple method of iterative reconstruction is the algebraic reconstruction
technique [167]. According to this [163], all the pixels in the image array are set to some
arbitrary value. Subsequently, the iterative procedure is used gradually to change the
image array in order to correspond to the profiles. The cycle of iteration consists of
looping through each of the calculated data points. In the process, the calculated sample
is compared with each value of the ray integrals. According to Smith [163], the
comparison is stated as follows: If the value of the ray integral is higher than the calculated
sample’s value, all of the pixels values on the ray are decreased and if the value of the ray
integral is lower than the calculated sample’s value, all the pixels on the ray are increased
in value. By the end of the first iteration cycle, there is an error between the values of ray
integrals and the sample calculated value. The reason to this error is because the changes
made for each calculation disrupts all the previous corrections made. A solution to
decrease this error is to repeat the iterations until the image converges to the proper
solution.

The third method for the calculation of the cross-section slice image of the 3D
reconstructed model is the back-projection. This method reconstructs an image by taking
each projection of the sample and ‘‘smearing’’ it along the path it was originally obtained
[163]. The final back-projected image is taken as the sum of all the back-projected
projections as illustrated in Figure 3.7(b). The resulting image (cross-section slice image)
of the back-projection method is illustrated in Figure 3.7(b). Compared with the correct
image of the sample (Figure 3.5) is blurry. The problem with the blurry image is solved
using the filtered back-projection.

The filtered back-projection reconstructs an image by filtering each projection before
back-projection. Using this, the blurring which is illustrated in simple back-projection
(Figure 3.7) is removed resulting in a mathematically exact reconstruction of the image.
The filtered back-projection is illustrated in Figure 3.8. Moreover, it is important to
mention that the filtered back-projection is the most commonly used method for X-ray
CT systems.
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Figure 3.7. Back-projection. Sample cross-section slice image using (a) 3 projections and (b) many
projections [163]

Figure 3.8. Filtered back-projection. Sample cross-section slice image using (a) 3 projections and (b) many
projections [163]
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The fourth method for the calculation of the cross-section slice image of the 3D
reconstructed model is based on the Fourier slice theorem. According to Smith [163], this
theorem describes the relationship between the sample and its projections in the frequency
domain. In the spatial domain, each projection is found by calculating the ray integrals at
a given angle. In the frequency domain, the spectrum of each projection is a 1D ‘‘slice’’
of the 2D image spectrum. Figure 3.9 shows the sample with its projections in the spatial
domain and the image of the sample in the frequency domain.

Figure 3.9. Fourier slice theorem in (a) spatial domain and (b) frequency domain [163]

The final step of the X-ray CT process is to extract tomographic (cross-section
slice) images from the 3D reconstructed volume. There are many different 3D graphic
software packages which can load the 3D reconstructed volume and extract from it 2D
cross-section slice images from any direction (x-y, x-z or y-z). More details concerning
the extraction of 2D cross-section slice images from the 3D reconstructed volume are
given in Section 4.4.5.

3.4.6

Quality of the X-ray CT scan

The quality of the X-ray CT scan depends on the quality of the reconstructed crosssection slice images. The image quality is a characteristic of an image which measures
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perceived image degradation (typically, compared to a perfect or ideal image) and
depends on many factors. These include the image acquisition system, the amount of
noise, the sharpness, the tone reproduction and colour.

The quality of the cross-section slice images in X-ray CT depends on five main
factors: the resolution of the detector, the distance of the turntable from the X-ray source,
the input power of the X-ray source (power of the X-ray beam) and the rotation angle
steps of the turntable as well as the size and the material(s) of the sample. For example,
the closer the sample is located against the X-ray source and the lowest the angle steps of
the turntable, the higher resolution of the cross-section slice images of the X-ray scan.

According to the definition, image resolution is the capability to measure the smallest
object with distinct boundaries in the image. The smallest object is a called pixel. The Xray CT can typically achieve resolutions in the range of 1-20 μm without processing or
adding additional steps to the scan guide illustrated in Figure 3.10.

Figure 3.10. X-ray source, turntable and detector arrangement

The detector type defines the magnification and the detail level. Typically, there are
three types of detectors: 512 × 512 pixels, 1024 × 1024 pixels and 2048 × 2048 pixels
Figure 3.11 show three images of the same size (𝑑 × 𝑑 pixels) and different resolution.
The higher of a detector size in pixels and the smaller size of pixel, the higher the potential
resolution of the image. However, larger detectors increase the size of the scan data
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exponentially and the processing of such data could take from hours up to weeks for a
simple scan [7]. Therefore, a larger detector should be used only when very high
resolution is needed.

Figure 3.11. Image resolution in pixels. (a) 20 × 20, (b) 50 × 50 and (c) 100 × 100

According to Paulus et al. [168], if the detector is limited by the pixel length 𝑝𝑙 , the
projection image blurring due to the finite pixel length may be described by a Gaussian
function with standard deviation as given by Eq. (3.9). Where 𝑑𝑥𝑠 , is the distance between
the X-ray source and the sample and 𝑑𝑠𝑑 is the distance between the sample and the
detector (Figure 3.10). It is apparent from Eq. (3.9) that reducing the detector pixel length
while also positioning the sample closer to the X-ray source improves the resulting
resolution.

 d xs
 d  
 d xs  d sd

 1
 
 2 pl

(3.9)

Moreover, the focal spot size also affects the resolution as depends on the input
power (current and voltage) of the X-ray source. Figure 3.12 illustrates this result for two
different X-ray sources. Most of the X-ray CT systems allow the target of the X-ray
source to be changed easily to match the type of application and the sample scanned. An
example of these X-ray sources are the multi-focus and micro-focus.

The multi-focus X-ray source unit [169] represents a basic tool for high definition
X-ray CT systems suitable for detail recognition down to the nano and micro range as
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well as for high power operation. Multi-focus X-ray source unit is being employed with
considerable success for numerous applications in the field of non-destructive testing and
components inspection. Some examples are: the inspection of solder joints in production
of printed circuit boards, the inspection of micro-mechanical parts and electro-mechanical
components and the testing of micro-porosity and micro-inclusions in ceramic
components.

Figure 3.12. X-ray source power loadings. (a) Multi-focus [169], (b) Micro-focus [170]

The micro-focus X-ray source unit [170] represents a basic tool for micro X-ray CT
systems suitable for detail recognition down to the micro range as well as for high power
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operation. The micro-focus X-ray source unit is being employed with considerable
success for numerous applications in the field of non-destructive testing and components
inspection. Some examples are: the welding inspection, the inspection of micromechanical parts and electro-mechanical components and the improvement of casting
methods for light metal casting.

The rotation angle steps of the turntable play an important role in the quality of the
reconstructed cross-section slice images as they set the number of the acquired
projections. The smaller angle step of the turntable for a full rotation (360˚) is, the higher
number of projections occur. Figure 3.13 shows as the number of projections are
increased the quality of the image is increasing too as the sample is illustrated in more
detail.

Figure 3.13. Cross-section slice image for different number of projections using back-projection method

The size and construction material of the sample is another main factor which plays
an important role on the quality of the cross-section slice images. Different materials due
to their density contrast and the long path length through them could cause some noise
and shadowing in their cross-section slice images. This effect can be more clearly seen
on the 3D model around the sample. For example, if comparing the cross-section slice
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images and the 3D model of a metal sample with a rock sample, the amount of noise and
shadowing of the rock sample is zero or negligible in contrast to the metal sample.

3.4.7

Artifacts

Artifacts are false information (voxel(s) or groups of voxels) which may appear on
the 3D reconstructed volume. The existence of artifacts is not easy to detect. Frequently,
they are integrated within the surface on the 3D reconstructed volume and the most
common form of an artefact is beam hardening.

The attenuation coefficient vector 𝜇, is highly dependent on low energy X-rays. As
the X-ray beam passes through the sample, the lower energy X-rays are absorbed at the
surface of the sample causing the measured voxels numbers to be higher near the edges
of the sample [7]. Various techniques have been developed in order to reduce the amount
of artifacts [171-173]. However, great care must be taken before extracting 2D crosssection slice images from the 3D reconstructed volume, to ensure that no visible artifacts
exist [174].

3.5 Conclusion
Visualisation methods are very important techniques for the contact interface
characterisation. In this chapter, the visualisation methods are categorised into destructive
and non-destructive. Non-destructive visualisation methods are of more interest in
contrast to the destructive visualisation methods as they offer the opportunity to acquire
2D and 3D views of the samples without dismantling the component parts and thus
destroying any feature of interest.

Recent advantages in X-ray CT in hardware and software make it an indispensable
high-resolution non-destructive visualisation technique. This research will attempt to
introduce innovative techniques, which makes use of the capabilities of X-ray CT for the
investigation of electrical contacts as well as their extensions to the two conductors which
the contact system consists of.

51

Chapter 4 – Methodology
4.1 Introduction
The selection of the suitable contact system to be analysed with an X-ray CT and the
use of the appropriate settings in X-ray CT scanning, and generally a strong experimental
methodology, helps to achieve best results in experimental data for the visualisation and
characterisation of the contact interface. This chapter refers to the factors that should be
considered for the selection of the contact system, to the characteristics and structure of
the selected contact system as well as to the X-ray CT system which is used for the
collection of the experimental data. The post-processing and analysis of the experimental
data is also included.

4.2 Selection of Contact System
First of all, for the selection of the contact system the limitations of the X-ray CT
system should be considered. These limitations include the dimensions and the weight of
the contact system. The X-ray CT system used in this current project has a maximum
scanning area of 250 × 330 mm2 and allows samples with weight up to 50 kg.

Another factor that should be considered for the selection of the suitability of a
contact system is the material of its conductors and the amount of the metalwork.
Different materials due to their different density contrast and the long path length through
them cause different amount of noise and shadowing in the experimental data. For
example, conductors made of steel or copper cause more noise and shadowing in the
experimental data compared with conductors made of aluminium. Moreover, the more
amount of metalwork of the contact system exists, the more noise and shadowing in the
experimental data appears.

According to the above considerations, in this research a single pole rocker switch is
selected as a suitable contact system for investigation. More of interest of this selection
is the fact that the area around the contact interface between the conductors of the single
pole rocker switch is covered keeping it hidden from the human eye. This coverage
around the area of contact interface shows the possibility of the X-ray CT technique to
visualise the internal characteristics in non-transparent or enclosed contact systems
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without the need to dismantle them. More information concerning the single pole rocker
switch and its electrical, mechanical and material characteristics are given in Section 4.3.

4.3 The Selected Contact System
The term switch in electrical engineering is the electrical component that can break
an electrical circuit, interrupt the current or divert it from one conductor to another. The
electrical contacts which occur between the conductors of the single pole rocker switch
are classified in the category of breaking contacts (see Figure 2.10).

The single pole rocker switch which is used in this current work is rated at 250 V,
16 A Alternative Current (AC) and its schematic diagram is illustrated in Figure 4.1. It
consists of conductors and a contact force spring. The contact material is made of a silver
alloy and other conductors are made from copper alloy. The geometry of the contact pair
is a flat on flat with surface mean roughness, 𝑅𝑎 = 0.42± 0.11 μm for Conductor A and
𝑅𝑎 = 0.25± 0.04 μm for Conductor B. The surface roughness test was carried out using
a contact profilometer Taylor-Hobson RTH Talysurf 5-120 with a lateral 𝑥 resolution of
0.1 μm and height 𝑦 resolution of 0.1 nm. The contact force is found to be 1.89 ± 0.07 N
and the bulk resistance across the contact pair was found to be ~0.27 mΩ using the ‘‘fourwire’’ method. The dimensions of the single pole rocker switch are given in Figure 4.2.

Figure 4.1. Schematic diagram of the single pole rocker switch [175]

Figure 4.2. Dimensions of the single pole rocker. (a) Side-view [175], (b) Top-view
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In this research, the same 250 V, 16 A rated AC single pole rocker switch is scanned
four times under different AC current loading tests (accelerated testing at 0 A, 16 A, 32 A
and 64 A). These current loading tests are selected in order to investigate the contact
interface and its structures of the 250 V, 16 A rated AC single pole rocker switch at nocurrent (0 A) as well as at three multiples of the switch rated current (multiples of
multiples 16 A: 16 A, 32 A and 64 A). These different current loading tests are categorised
into normal operation and non-normal operation. The normal operation includes the
current loading tests at 0 A and 16 A as the single pole rocker switch is rated at 16 A AC.
The non-normal operation includes the 32 A and 64 A current loading test as these current
values are out of the single pole rocker switch current limits.

The first scan (0 A) is conducted after non-current loading, the second is conducted
after current loading at 16 A for 24 hours, the third is conducted after current loading at
32 A for 24 hours and the fourth is conducted after current loading at 64 A for 2 hours (the
switch was not current loaded for more than 2 hours as the heat of the current would
damage it). After each scan the switch is stored in the lab for approximately one month.

4.4 Experimental Equipment – X-ray CT
4.4.1

Equipment characteristics

An HMX 225 X-ray CT system scanner is used in this research which operates using
an X-ray tomography designed by the X-Tek Systems Limited Group (Hertfordshire,
UK). HMX 225 X-ray CT is a high performance real-time X-ray inspection system for
general non-destructive testing. The X-ray CT system scanner which is used in this
research is located at Abertay University, Dundee, UK and illustrated in the photo of
Figure 4.3.

The equipment is capable of resolving details down to 3 μm and with magnifications
up to 160x. Defects can be rapidly located, zooming in for detailed analysis. As the sample
is moved towards the x-ray source, the geometric magnification continuously increases
from approximately 1x (close to the detector) to 160x (touching the x-ray source).

The source accelerator voltage ranges are up to a maximum of 160 kV or 225 kV.
Concerning the voltage ranges up to a maximum of 160 kV is for general-purpose use,
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ideal for plastics, PCB's, light alloys, small assemblies and organic or biological samples.
At the maximum voltage of 160 kV it can penetrate 15 mm steel. The voltage ranges up
to a maximum of 225 kV can perform all the above plus heavier castings, welds and highdensity alloys [176].

Figure 4.3. HMX 225 X-ray CT system scanner (Abertay University, Dundee, UK) [177]

Moreover, the sample can be manipulated on the turntable with four axes of freedom,
whilst continuously viewing the image on a monitor. There are four turntables rated at
5 kg, 15 kg, 30 kg and 50 kg which are dependent on sample weight and required
precision. All turntables provide three linear axes and two rotational axes, to view the
sample at any angle. The turntable is normally controlled by variable speed joysticks.
Additionally, it can also be program controlled via the rack-mounted industrial computer
[176].

For each scan, the voltage and current were set to ensure that the X-rays were
transmitted through the sample, making sure that the optimal contrast was achieved (no
saturation of the image occurred and the dynamic range of the detector was fully utilized).
Focusing on the X-ray beam for the specific voltage and current combination was
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performed automatically, in addition to black, white and bad pixel reference imaging. For
the acquisition of high resolution 2D X-ray images, the sample was rotated 360˚ with the
optimal number of increments being dependent on the required resolution. The 2D X-ray
images are acquired using a 1920 × 1536 pixels, 16-bit CCD camera (detector).

For the 3D reconstructed volume, the equipment uses the ‘‘CT-Pro’’ software which
is using the 2D X-ray images as input. There are many different 3D graphic software
packages which can load the 3D reconstructed volume and process it. The X-Tek Systems
Limited Group, the manufacturer of the X-ray CT system scanner used, recommends and
supplies with the X-ray CT system scanner the ‘‘VGStudioMax’’ software which can
create 2D cross-section slice images from the 3D reconstructed volume.

Figure 4.4. Installed softwares along with the equipment [75]

4.4.2

Test environment

The X-ray CT system scanner used in this research is located in a room with a
constant temperature of 20 ˚C in order to minimise any side effects caused by exogenous
environmental factors. This eliminates any unwanted thermal expansion within the
sample and therefore avoids changes at the surface of the scanned contact interface.
Moreover, the X-ray CT system scanner is installed with precaution for vibration
transmitted from the environment and it utilises a build vibration compensation system.

4.4.3

X-ray CT system configuration to ensure a good quality of scan

The X-ray CT scanning procedure consists of several stages. For the best optimum
results with the selected X-ray CT system scanner, before the scanning of the sample, the

56

factors which are analysed in Section 3.4.6 for the quality of the X-ray CT scan should
be considered.

In order to maximize the resolution of the scanned images, the first factor that should
be considered is to scan only the smallest area of interest. To achieve this, the turntable
is moved closer to the X-ray source. The distance between the sample and the x-ray
source 𝑑𝑥𝑠 , and the distance between the sample and the detector 𝑑𝑠𝑑 , are measured to be
41.08 mm and 958.92 mm respectively. These measurements are made automatically
from the CT-Pro software and saved as a *.xtekc file.

The selection of the correct input power (voltage and current) of the X-ray source is
another factor that should be considered in order to achieve X-ray images with high
quality images. The X-ray CT was used at high current and high voltage mode. The
current level is responsible for the control of brightness of the 2D X-ray image because it
is necessary to avoid very dark or saturated 2D X-ray images. The voltage level is used
in order to configure the appropriate power of the X-ray beam. The required power is
variable and depends on the type of material used [7].

All materials have the nature to absorb the X-ray beam; some highly X-ray beam
absorbing and some other less X-ray beam absorbing. Typical examples of highly X-ray
beam absorbing are copper and steel and of less X-ray beam absorbing are the silver and
aluminium [7]. Therefore, before the scan, the appropriate voltage and current levels must
be selected in order to avoid saturation and at the same time to ensure that enough power
is used for the X-ray beam to penetrate the material(s) of the sample. If the power of the
X-ray beam is lower than required, then, it will not be able to penetrate the material(s) of
the sample. The 2D X-ray images will be darker and the full dynamic range of the detector
will not be utilised. This would result in low quality 2D X-ray images [7].

The materials which are more X-ray beam absorbing require an X-ray beam of higher
voltage level to be scanned properly. On the contrary, the materials which are less X-ray
beam absorbing require an X-ray beam of lower voltage level to be scanned properly. It
is apparent that in order to acquire images (both, 2D X-ray images and 2D cross-section
slice images) with high quality resolution, it is crucial to use materials that tend not to
absorb the X-ray beam (low-density materials) [7]. To optimise the X-ray CT scanning
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process, the conductors of the selected contact system (sample in Section 4.3) are made
of a small percentage of copper alloy and the rest percentage are made of silver alloy.

Generally, in order to achieve images with high quality and maximum resolution
with a given X-ray CT system scanner, the following guidelines should be usually applied
[7]: to scan only the smallest area of interest, select voltage level and current level
carefully and select samples which consist of materials with low X-ray beam power
absorbing. It is apparent that it is not always possible to take on-board all these
requirements in the guidelines. However, it is crucial that the X-ray CT scanning process
does not deviate significantly from these guidelines, otherwise the results of the scan (2D
X-ray images and 2D cross-section slice images) will be of lower quality and possibly
not usable.

4.4.4

From 2D X-ray images acquisition to 3D reconstructed volume

For each X-ray CT scan the X-ray source is set to 175 kV, 133 μA which gives
23.28 W input power and offering the best results. Both voltage and current values are
close to the maximum possible settings of the available equipment. The X-ray CT
equipment rotates the sample (which is placed on the turntable) through 360˚, taking a
series of 2D X-ray images. The step-angle rotation of the turntable is set to 0.1476˚
resulting in acquiring 2439 2D X-ray images. All the acquired 2D X-ray images are 16bit grayscale *.tif files with dimensions of 1920 × 1536 pixels (the 1920 pixels are in xdirection and the 1536 pixels are in z-direction). An example of these 2D X-ray images
is illustrated in Figure 4.5 where the two conductors and the spring of the 16 A rated AC
single pole rocker switch can be clearly seen.

The 16-bit grayscale images consist of 65536 different levels of greyscale (or
colours) in the range between 0 and 65535. The colour with value 0 is 100% black and
colour with value 65535 is 100% white. All the other colour values in the range between
0 and 65535 (0 and 65535 are not included) are shades of grey.

The 2D X-ray image of the 16 A rated AC single pole rocker switch in Figure 4.5
shows how the X-ray beam is absorbed at different points through the sample. The
brighter areas are for lower X-ray beam absorption while the darker areas are for higher
X-ray beam absorption. For example, the colour intensity variation can occur because
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during the X-ray CT scanning several layers of different components/materials appear
across the direction of the X-ray beam. On a 2D X-ray image, all the scanned components
are shown on a single layer. This implies that no distinction can be made between the
front, middle, rear or any of the in-between points of the sample across the direction of
scanning [7].

Figure 4.5. 2D X-ray image of the 16 A rated AC single pole rocker switch

As mentioned before, the detector of the X-ray CT scanner system acquires a 2D Xray image for each step-angle rotation of the turntable until the turntable makes a full
rotation of 360˚. When the full rotation of the turntable is completed and the final 2D Xray image is acquired from the detector the 3D volume of X-ray images and the 3D
reconstructed volume of the sample can be created. The 3D reconstruction software (in
this research the CT-Pro software) combines all the 2D (x-z) X-ray images by ‘‘stacking’’
them with the sequence which are acquired in the y-direction in order to develop the 3D
volume of X-ray images.

As mentioned in Section 3.4, the x-y cross-section slices of the 3D volume of X-ray
images are called projections (or sinograms). An example of these projections of the 3D
volume of X-ray images is illustrated in Figure 4.6. All the projections are 16-bit
grayscale *.tif files with dimensions of 1920 × 2439 pixels (the 1920 pixels are in xdirection and the 2439 pixels are in y-direction). The number of pixels in y-direction is
equal with the total number of 2D X-ray images. The Figure 4.7 illustrates the position of
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the 2D X-ray image of Figure 4.5 and the position of the projection of the Figure 4.6 in
the 3D volume of X-ray images.

Figure 4.6. Projection of the 16 A rated AC single pole rocker switch

When the 3D volume of X-ray images is developed, the 3D reconstruction software
uses the reconstruction algorithms in order to create the 3D reconstructed volume of the
sample from the 3D volume of X-ray images. The 3D reconstructed volume is saved as
32-bit floating point *.vgi file with dimensions of 378 × 407 × 676 voxels. The
procedure of the 3D reconstructed volume development is fully automated for the user.
The 3D reconstructed volume of the 16 A rated AC single pole rocker switch is illustrated
in Figure 4.8 which the spring and the two conductors can be clearly seen.

CT-Pro software uses the 32-bit floating point because it is useful for certain
arithmetic and filtering operations. Unlike all other image classes, a floating point image
does not have a fixed intensity range [178]. The lowest value in the image is displayed as
black, and the highest value in the image as white. The histogram of the Figure 4.9
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illustrates the colour distribution of the voxels which consist of the 3D reconstructed
volume of Figure 4.8. The colour of the voxels are in the range between the -1.19513 and
2.11417.

Figure 4.7. Positions of the X-ray image and the projection in the 3D volume of X-ray images

Figure 4.8. 3D reconstructed volume of the 16 A rated AC single pole rocker switch
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Figure 4.9. Colour histogram of the 3D reconstructed volume

4.4.5

From 3D reconstructed volume to 2D cross-section slice images

There are many different 3D graphic software packages which can load the 3D
reconstructed volume and process it. The X-Tek, the manufacturer of the X-ray CT
system scanner used, recommends and supplies with the X-ray CT system scanner the
VGStudioMax software.

The VGStudioMax software allows the 3D reconstructed volume to be processed
using filters (if needed to improve the quality of 3D reconstructed volume). In this
research the filters were not used as they might have affected the 3D reconstructed volume
(filters add or remove voxels in order to enhance the resolution of 2D cross-section slice
images). Moreover, the VGStudioMax software can be used to extract 2D cross-section
slice images from the 3D reconstructed volume using the algebraic reconstruction
technique (see Section 3.4.5) [176]. The extraction of the 2D cross-section slice images
could be achieved from any direction (x-y, x-z or y-z).

For the extraction of 2D cross-section slice images from the 3D reconstructed
volume, the user must specify the required number of images and the VGStudioMax
software will save equally spaced 2D cross-section slice images on the hard drive of the
computer. When extracting 2D cross-section slice images it is important to select the
required number carefully. For simplicity and to avoid losing or processing too much
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information, the total number of 2D cross-section slice images must be equal to the
number of voxels of the volume across the horizontal axis of the selected direction.

When the automated function of the VGStudioMax software is used to extract the
2D cross-section slice images, all the names of the images include a sequential
numbering. For example, if the 2D cross-section slice images are saved as with name
‘‘switch’’, the 1st 2D cross-section slice image (image towards the front of the sample)
would be saved as switch1, the 100th as switch100 and the last, Nth as switchN. The
sequential numbering of the 2D cross-section slice images is required in order to identify
the part of the scanned sample that each 2D cross-section slice image represents.

Practically the 2D cross-section slice images are an ‘‘internal’’ conventional
grayscale images of the scanned sample. When the automated function of the
VGStudioMax software is used to extract 2D cross-section slice images, there is an option
to select the bit-depth and the type for the candidate ‘‘stack’’ of the 2D cross-section slice
images to save. Some of the bit-depths which included in the option are the 8-bit and 16bit signed and unsigned grayscale images. Moreover some of the types which are included
in the option are the *.tif, *,jpeg, *.jpg and *.bmp.

In this research, for each scan the extraction of 2D cross-section slice images from
the 3D reconstructed volume was made by extracting 676 2D (x-y) cross-section slice
from the z-direction. These 2D cross-section slice images are saved as 16-bit unsigned
grayscale *.tif files.

The Volume Graphics, the manufacturer of the VGStudioMax software used,
recommends if the X-ray CT system scanner has 32-bit floating point as an output (3D
reconstructed volume) and the X-ray CT system scanner is not capable of dealing with
this amount of data to choose data of 16-bit unsigned bit-depth [176]. The X-ray CT
system scanner used in this research is not capable of dealing with data of 32-bit floating
point having as a result on 2D cross-section slice images to save as 16-bit unsigned
grayscales. The 16-bit grayscale unsigned images consist of 65536 different colours in
the range between 0 and 65535. The histogram of the Figure 4.10 illustrates the colour
distribution of the pixels for all the 16-bit grayscale unsigned 2D cross-section slice
images.
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Figure 4.10. Colour histogram of the 2D cross-section slice images

An example of a 16-bit unsigned grayscale 2D (x-y) cross-section slice image is
illustrated in Figure 4.11 (more analysis of this figure follows in Section 4.5). The
dimensions of the 2D cross-section slice images are 378 × 407 pixels (the 378 pixels are
in x-direction and the 407 pixels are in y-direction). The position of the 2D cross-section
slice image of Figure 4.11 in the 3D reconstructed volume is illustrated in Figure 4.12.
The dimensions of the bounding box of 3D reconstructed volume of Figure 4.12 are 407 ×
378 × 676 voxels.

Figure 4.11. 2D cross-section slice image of the 16 A rated AC single pole rocker switch
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Figure 4.12. Position of the 2D cross-section slice image in the 3D reconstructed volume

4.5 Post-Processing and Analysis of Experimental Data
Once the 2D cross-section slice images of the contact system are available, several
post-processing and analyses can be conducted to extract information and features of
interest to better understand the contact arrangement. The first step in this is to automate
the process to distinguish between different metals (for example, a silver alloy contact
and a copper alloy conductor) and to distinguish between a metal and air within the
images. Figure 4.13(a) shows a cropped 16-bit grayscale 2D cross-section slice image of
the sample across the area of interest with various intensities of pixel illuminations related
to the level of X-ray absorption which indicate the different materials. The more highly
absorbing silver alloy (lighter grayscale) is indicated with the less absorbing copper alloy
metal, compared to minimally absorbing air (black on the grayscale). A darker region is
seen between the two conductors indicating an air gap.

Figure 4.13(b) shows the levels of the grayscale colours over the section (pixels
across the cyan line) indicated in Figure 4.13(a). According to the histogram of Figure
4.13(a) there is a reduction in the level of the grayscale colours over several pixels from
the conductors to the air gap.

In the process, all the 16-bit grayscale 2D cross-section slice images are converted
to 1-bit (binary) 2D cross-section slice images. The reason of the conversion is to separate
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the contacting metal parts of the sample from the air-gaps. In this research, the air-gaps
between the two conductors are also called voids.

Figure 4.13. (a) 16-bit grayscale 2D cross-section slice image, (b) Colour values of the section

Figure 4.14 illustrates an example of 1-bit 2D cross-section slice image with
dimensions 176 × 156 pixels. The 2D cross-section slice image of the Figure 4.14 is the
conversion of Figure 4.13(a) from 16-bit grayscale to 1-bit. More information concerning
the selection of threshold value for the conversion from 16-bit grayscale to 1-bit is given
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in Section 4.5.1. A 1-bit 2D cross-section slice image consists of only two colours in the
range between 0 and 1. The colour with value 0 is 100% black and colour with value 1 is
100% white.

Figure 4.14. 1-bit 2D cross-section slice image of the 16 A rated AC single pole rocker switch

Once the 1-bit 2D cross-section slice images across the area of interest of the sample
are available, the 3D volume of interest can be visualised. In this research, for the 3D
volume of interest visualisation the ‘‘ImageVis3D’’ software is used [179]. This software
creates the 3D volume by ‘‘stacking’’ the individual 1-bit 2D cross-section slice images
on top of the other. The 3D volume of interest of the 16 A rated AC single pole rocker
switch with bounding box dimensions of 176 × 156 × 302 voxels is illustrated in Figure
4.15.

4.5.1

Threshold calculation

For the conversion of 16-bit grayscale 2D cross-section slice images to 1-bit the
threshold (𝑇) value is required. All the pixels with colour value smaller than the threshold
value are set to 0 while the pixels with colour value equal or bigger than the threshold
value are set to 1.

The threshold value is calculated using the histogram of a section of a 16-bit
grayscale 2D cross-section slice image of the sample. The section should consist of the
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pixels which constitute a line which passes through the two conductors which have an
air-gap between them. An example of section with its histogram is illustrated in Figure
4.13(a) and Figure 4.13(b) respectively.

Figure 4.15. 3D volume of interest of the 16 A rated AC single pole rocker switch

In the process, the histogram is divided into two main regions in order to separate
the pixels of two conductors across the section as illustrated in Figure 4.13(a). A reference
point of the air-gap is defined as the minimum colour value between the two
conductors (𝐺𝑎𝑝𝑚𝑖𝑛 ) which also shows the two main regions of the histogram (the pixels
on the left of the reference point belong to Conductor A while the pixels on the right of
the reference point belong Conductor B). This reference point of the air-gap in Figure
4.13(b) is represented by the red bar colour value. Then, the maximum colour values of
the two conductors are identified. These maximum colour values are the maximum values
of the two conductors in each of the two main regions as illustrated in Figure 4.13(b). The
maximum colour value of the Conductor A (𝐶𝑜𝑛𝐴𝑚𝑎𝑥 ) is represented by the yellow bar
while the maximum colour value of Conductor B (𝐶𝑜𝑛𝐵𝑚𝑎𝑥 ) is represented by the green
bar of the histogram of Figure 4.13(b). The threshold is given from the average value of
the mean colour value of two conductors (𝐶𝑜𝑛𝐴𝑚𝑎𝑥 and 𝐶𝑜𝑛𝐵𝑚𝑎𝑥 ) and the colour value
of the reference point of air-gap (𝐺𝑎𝑝𝑚𝑖𝑛 ). This relationship is described by Eq. (4.1).
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For more reliable results of the selected threshold value four different sections for
four different x-z 16-bit grayscale 2D cross-section slice images are measured as
presented in Table 4.1. According to the measured threshold values of Table 4.1, the
32954 with an error of ±1.363 % is selected as threshold value for the conversion of 16bit grayscale 2D cross-section slice images to 1-bit.

Table 4.1. Threshold values for four different sections for four different x-y 16-bit grayscale 2D crosssection slice images
Number of 2D cross-section slice image

142nd

145th

149th

152nd

Threshold (16 − bit)

32505

32600

33403

33223

4.5.2

Same sample X-ray CT scans

If the same sample is to be scanned more than once, it is important to select the same
X-ray CT settings for all the X-ray CT scans (as described in Section 0) in order to have
reliable results for comparison. Moreover, the selection of the appropriate threshold value
is an important factor that should be considered carefully.

After the first scan of the sample, the selection of threshold value for the following
scans is chosen by using a different method. This method compares the volume of 3D
volume of interest in voxels of the first scan with the new scan in order to identify the
appropriate threshold value of the new scan as the threshold value of the first scan is
selected as described in Section 4.5.1. The reason for this comparison is based on the fact
that each threshold value gives different volume in voxels. The threshold value which
gives the closer value of the volume of the new scan with the value of volume of the first
scan is selected.

The threshold at 0 A is calculated to be 32954 as explained in Section 4.5.1 and the
volume is calculated by counting the voxels of the 3D volume of interest
(27647617 voxels). The calculated volume value of the 3D volume of interest at 0 A is
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selected as a reference volume for the calculation of the threshold values for the rest scans
(at 16 A, 32 A and 64 A current loading tests) as it is assumed that it is kept unchanged.
Each of the threshold values in Table 4.2 for the X-ray CT scans at 16 A, 32 A and 64 A
gives the closer value of the volume of the 3D volume of interest to the reference volume
(at 0 A).

Table 4.2. Threshold value at 16-bit greyscale and volume for each X-ray CT scan
Scan
Threshold (16 − bit)
Volume (voxels)

0A

16 A

32 A

64 A

32954

27379

40851

41173

27647617

27647677

27646984

27647478

From Table 4.2, the volume of the 3D volume of interest of the 16 A rated AC single
pole rocker switch is calculated to be 27647330.5 voxels with an error of ±0.003 %. The
difference between the reference volume and the volume of the 3D volume of interest
values in each scan is based on the position of the sample on the turntable. The position
of the sample on the turntable in each scan has as a result to acquire 2D X-ray images
with a different total number areas of interest and values of pixels within this area of
interest. If the sample is scanned twice and the position of the sample at the first scan has
an angle 𝜃1 and at the second scan has an angle 𝜃2 then the difference between the two
angles is given by Eq. (4.2).

   2  1

(4.2)

Figure 4.16(a) illustrates a schematic cross-section slice of a rectangular
parallelepiped on the detector at 0˚. The same rectangular parallelepiped is also illustrated
on the detector at -90˚ and 30˚ in Figure 4.17(a) and Figure 4.18(a) respectively. The
rectangular parallelepiped for the following examples is assumed to consist of the same
homogeneous material with dimensions of 3 × 2 × 1 voxels.

The position of the rectangular parallelepiped on the turntable at 0˚ and -90˚ allows
the detector to acquire equal number of rays with the actual number of pixels as the
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rectangular parallelepiped fits exactly with the pixel dimensions of the detector. Figure
4.16(b) Figure 4.17(b) show the schematic 2D grayscale X-ray images of the rectangular
parallelepiped at 0˚ and -90˚ which are acquired from the detector. These schematic 2D
grayscale X-ray images are consist of two colours, the black which represents the air and
grey which represents the intensity of rays passing through the rectangular parallelepiped.
All the rays passing through the rectangular parallelepiped have equal intensities (thus,
each of the non-black pixels in the schematic 2D grayscale X-ray images have the same
colour value) as it is assumed that the rectangular parallelepiped is made of the same
homogeneous material.

Figure 4.16. (a) Schematic cross-section slice of rectangular parallelepiped on the detector at 𝜃1 = 0˚, (b)
Schematic 2D grayscale X-ray images of rectangular parallelepiped at 𝜃1 = 0˚ with grid

Figure 4.17. (a) Schematic cross-section slice of rectangular parallelepiped on the detector at 𝜃2 = -90˚,
(b) Schematic 2D grayscale X-ray images of rectangular parallelepiped at 𝜃2 = -90˚ with grid
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If sin(𝜑) equals 0 or 1, then the result of two areas of interest will be the same with
same pixel colours (the area of the schematic 2D X-ray image at 0˚ equals with the
schematic 2D X-ray image at -90˚, 6 pixels with same colours). The equal amount of
pixels of the area of interest and the pixel values within the area of interest of the acquired
2D X-ray images of two X-ray CT scans with sin(𝜑) equals to 0 or 1 gives equal values
for the corresponding volumes of 3D volume of interest in each X-ray CT scan.

The error with the difference between the reference volume and the volume of the
3D volume of interest values appears if the result of sin(𝜑) is not equal with 0 or 1. In
this example the difference between the volumes values of the rectangular parallelepiped
after two different scans with different positions of the rectangular parallelepiped on the
turntable at 0˚ and 30˚ are compared and explained.

Figure 4.18(b) shows the schematic 2D grayscale X-ray image of the rectangular
parallelepiped at the position of 30˚ which is acquired from the detector. It consists of
more and different colour pixels (shades of black and white) compared with the schematic
2D grayscale X-ray image of Figure 4.16(b). The 2D grayscale X-ray image of Figure
4.18(b) consists of more pixels because the position of the rectangular parallelepiped at
30˚ covers more pixels on the detector than its position at 0˚ (see Figure 4.16(a) and Figure
4.18(a)).

Figure 4.18. (a) Schematic cross-section slice of rectangular parallelepiped on the detector at 𝜃2 = 30˚, (b)
Schematic 2D grayscale X-ray images of rectangular parallelepiped at 𝜃2 = 30˚ with grid
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In Section 3.4.4, each ray intensity value represents a pixel colour value on the
detector. According to this, the rays passing through the rectangular parallelepiped have
different intensity values because the material of the rectangular parallelepiped covers
portion of areas (portion of pixels) on the detector. The rays with more diffraction on the
rectangular parallelepiped are represented with darker colour pixels while rays with less
diffraction on the rectangular parallelepiped are represented with lighter colour pixels.

If sin(𝜑) is not equal to 0 or 1, then the result of two areas of interest will be different
with different pixel colours (the area of the schematic 2D X-ray image at 0˚ equals with
6 pixels while the schematic 2D X-ray image at 30˚ equals with 13 pixels). The different
amount of pixels in the area of interest and the pixel values within the area of interest of
the acquired 2D X-ray images of two X-ray CT scans with the sin(𝜑) different with 0 or
1 gives different values for the corresponding volumes of 3D volume of interest in each
X-ray CT scan.

A different position of the sample on the turntable (different angle between the
sample and turntable) for each X-ray CT scan produces different stack of 2D X-ray
images. Different stacks of 2D X-ray images produces different 3D reconstructed volume
of the sample. In this research, it was tried to place the sample on the same position on
the turntable in each X-ray CT scan in order to acquire more reliable results. However,
the 3D volume of interest in each X-ray CT scan show different results with an error
of ±0.003 % and this is considered negligible.

At this point, it is important to note that the total error of the experimental data is
given from the sum of the error of measured threshold values and the error of 3D volume
of interest. This error is calculated to be ±1.366 %.

4.5.3

3D reconstructed volume orientation

The 3D reconstructed volume orientation is an important parameter that should be
considered for more reliable results when there is a comparison between different 3D
volumes of interest. In this research, the direction of normal force (𝐹 ) is defined to be
parallel with the force of the spring (𝐹𝑠𝑝 ). Figure 4.19 illustrates the orientation of the 3D
reconstructed volume (bounding box dimensions, 417 × 461 × 782 voxels) of the 16 A
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rated AC single pole rocker switch where the direction of the normal force (𝐹 ) is set to
be parallel with the y-axis.

The angles of the 3D reconstructed volume orientation are used in order to orientate
the 3D volume of interest of the 16 A rated AC single pole rocker switch. Figure 4.20
shows the new position of the 3D volume of interest of the 16 A rated AC single pole
rocker switch within the bounding box with dimensions 223 × 160 × 224 voxels.

Figure 4.19. Orientation of the 3D reconstructed volume of the 16 A rated AC single pole rocker switch

Figure 4.20. Orientation of the 3D volume of interest of the 16 A rated AC single pole rocker switch
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4.5.4

Validation method of pixel length

In order to ensure that the resolution of the 2D cross-section slice images of the 16 A
rated AC single pole rocker switch is 5 μm for pixel length and presented correctly and
accurately it is validated using an experimental method. According to this experimental
method, the resolution is found to be 5.005±0.025 μm for pixel length using the values
of Table 4.3. These values (micro-meter measurement) are taken by measuring the length
between particular characteristics of the Conductor B with a standard micro-meter as
illustrated in Figure 4.21. Then, the values of micro-meter measurements are divided by
634 pixels in order to calculate the pixel length. The value of 634 pixels is the number of
pixels between the first and last pixel across the x-direction as presented in Figure 4.22.

Table 4.3. Measured values for the validation of pixel length
Micro-meter measurement (mm)

3.16

3.17

3.18

3.19

Pixel length (μm)

4.98

5.00

5.02

5.03

Figure 4.21. Length measurement between particular characteristics of the Conductor B using a standard
micro-meter
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Figure 4.22. Top-view of the Conductor B

4.6 Conclusion
In this chapter information concerning the selection of a suitable contact system for
X-ray CT analysis and the use of the appropriate X-ray CT settings in order to achieve
best results in experimental data for the visualisation and characterisation of contact
interface are given. A 16 A rated AC single pole rocker switch is selected as a suitable
contact system for investigation which is scanned using X-ray CT after four different
current tests at 0 A, 16 A, 32 A and 64 A.

Moreover, a post-processing and analysis of the experimental (scanned) data is made
in order to be used for the development of Contact Analysis Techniques (CAT*). More
information concerning the CAT* development is given in the following chapters. It is
important to note that the total error of the experimental data (the sum of the error of
measured threshold values and the error of 3D volume of interest) was calculated to
be ±1.366 %.
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Chapter 5 – The 3D Nature of a Real Un-Dismantled Electrical
Contact Interface
5.1 Introduction
A 3D contact analysis and modelling suite of tools are developed and introduced in
this chapter. The “3D Contact Map” of an electrical contact interface is presented
demonstrating the 3D nature of the contact. It gives information on where the electrical
contact spots in a 3D surface profile are located. An X-ray CT technique is used to collect
the 3D data to a resolution of 5 μm of a real un-dismantled contact interface for analysis.
Previous work by Lalechos and Swingler [7, 147-149, 180, 181] presented a “2D Contact
Map” on a 2D contact profile from collected 3D data to a resolution of 8 μm. The main
advantages of both 2D and 3D mapping techniques focus on the fact that they are nondestructive and there is no need to dismantle the component of interest. This chapter,
focuses on the 3D mapping technique showing its advantages over the 2D mapping
technique. For test purposes, the experimental data of 250 V, 16 A rated AC single pole
rocker switch after the four different current loading tests (0 A, 16 A, 32 A and 64 A)
which were presented in Section 4.5 are used. A comparison for the total mechanical area
of contact, the number of contact spots and the total contact resistance is conducted using
both the 2D and 3D mapping techniques to a resolution of 5 μm. Moreover, the angle for
each contact spot is calculated using the 3D mapping technique. Some additional
investigations concerning the fractal characteristics of the two contact conductors (A and
B) of the 16 A rated AC single pole switch and the voids between them are also visualised
and characterised.

5.2 A Suite of Contact Analysis Techniques Tools
The Contact Analysis Techniques, or CAT* developed in this chapter are
incorporated in a software tool which is running in MATLAB. The different CAT*
developed in this chapter are show in the flowchart of Figure 5.1. The nomenclature of
each CAT* is given in Table 5.1.

The software tool uses as an input data the 2D cross-section slice images of the
contact system which are post-processed and analysed as explained in Section 4.5.
CAT2DCM and CAT3DCM analysis tools are used for the development of 2D and 3D
contact maps respectively using the 2D post-processed and analysed cross-section slice
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images of the contact system. For the visualization of both 2D and 3D contact maps the
tool CATVis is used using the 2D processed cross-section slice images as illustrated in
Figure 5.1.

The CATVis is also used for the visualisation of the contact spots of the 3D contact
map in a 2D plane (using the 2D processed cross-section slice images of CAT3DCM)
showing their contact angle with a different colour. In addition, the CATVis is used for
the visualisation of the 3D voids (using the 2D processed cross-section slice images of
CAT3DCM) which are located between the two bodies which consist of the contact
system.

Figure 5.1. Flowchart of software tool

Moreover, for both 2D and 3D contact maps CATCM analysis tool is used for several
computations. These computations include the calculation of the area of each contact spot
and closed void (in 2D contact maps), the total mechanical area of contact, the number of
contact spots and closed voids (in 3D contact maps), the volume of each closed void and
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the total contact resistance. In addition, the CATCM is used for the calculation of the
angle of each contact spot at 3D contact maps.

Table 5.1. Nomenclature of CAT*
CAT2DCM

Contact Analysis Technique for 2D Contact Map

CAT3DCM

Contact Analysis Technique for 3D Contact Map

CATVis

Contact Analysis Technique for Visualization

CATCM

Contact Analysis Technique for Contact Map

5.3 Contact Analysis and Modelling Techniques
Cross-section slice images of the contact interface are used to produce 2D and 3D
contact maps. 2D contact maps (as produced by Swingler and Lalechos [7, 147-149, 180,
181]) can be significantly different to 3D contact maps under particular conditions which
will be discussed in Section 5.8. Figure 5.2 illustrates how both techniques work for a
simple case. Figure 5.2(a) shows the schematic cross-section slice image of Body A and
Body B which are in mechanical contact. The white areas of the schematic cross-section
slice image between the two bodies are indicating closed voids and open voids.

Figure 5.2(b) shows the result of the 2D contact mapping technique of the schematic
cross-section slice image of Figure 5.2(a), where the white areas (on the x-axis) in this
case are illustrating the mechanical contact. The height of contact spots on the y-axis in
the 2D contact maps is lost (y-direction is equal with zero). This type of technique was
used by Lalechos and Swingler [7, 147, 148] and puts the contact interface onto a 2D
plane when all cross-section slice images are joined together.

Figure 5.2(c) shows the result of the 3D contact mapping technique of the schematic
cross-section slice image in Figure 5.2(a). This is a new technique for the visualization of
the contact interface in the 3D plane developed in this research. The white areas of Figure
5.2(c) are indicating mechanical contact spots. In this technique, the contact spots are the
line segments which are connecting the voids (closed and open). The contact interface
forms a 3D profile when all cross-section slice images are joined together.
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The 3D contact mapping technique uses a 3D reconstructed volume of the data taken
from the cross-section slice images. A further technique is used to identify the contact
spots and gives information on their 3D position. This technique consists of three steps.
Firstly, it is required to divide the sample into equal cross-section slices across one of the
three directions. Secondly, the direction of the normal force (𝐹) is identified and in this
research is defined to be perpendicular to one of the other two directions (already
introduced in Section 4.5.3). The direction of the normal force is used to define the
orientation of the coordinate system used. The last step is the examination of each crosssection slice separately to generate the final result.

Figure 5.2. Schematic cross-section of (a) Bodies A and B, (b) 2D contact mapping technique and (c) 3D
contact mapping technique [75]

For example, Figure 5.3 shows a schematic close-up of a cross-section slice of a
sample which is divided in equal slices in the z-direction and the normal force is
perpendicular to the x-direction (or parallel with y-direction). The sample consists of two
bodies (Body A and Body B) which are in contact (at points across the line segment AB)
having two

voids

where

their

circumferences

functions (𝑓𝑛 (𝑥, 𝑦) and 𝑓𝑛+1 (𝑥, 𝑦)).
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are

described

by different

Figure 5.3. Schematic cross-section slice of a contact spot [75]

From Figure 5.2(a) it is obvious that the contact spots are presented between the
voids which are the result of the roughness of the two bodies. Eq. (5.1) describes the line
segment (contact spot) AB which is the connection of the maximum value 𝑥 of void 𝑛
(𝑥𝑚𝑎𝑥𝑛 ) with the minimum value of 𝑥 of void 𝑛 + 1 (𝑥𝑚𝑖𝑛𝑛+1 ). Where 𝜃, is the angle of
line segment (contact spot) AB.

f zl x  
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The coordinates of the points A and B are (𝑥𝑚𝑎𝑥𝑛 , 𝑓𝑛 (𝑥𝑚𝑎𝑥𝑛 )) and
(𝑥𝑚𝑖𝑛𝑛+1 , 𝑓𝑛+1 (𝑥𝑚𝑖𝑛𝑛+1 )) respectively, because the 𝑥 values of points A and B belong to
the voids, 𝑥 ∈ (𝑥𝑚𝑎𝑥𝑛 , 𝑥𝑚𝑖𝑛𝑛 +1 ). The suffix 𝑧 in Eq. (5.1) is the number of the crosssection slice, 𝑧 ∈ [1, 𝑖] (𝑖 is the total number of cross-section slices). The suffix 𝑙 is the
number of the contact spot in each cross-section slice, 𝑙 ∈ [𝑛 − 1, 𝑛] with 𝑛 ∈ [2, 𝜅].
Where 𝑛, is the number of void (open or closed) and 𝜅 is the total number of voids (open
and closed) in each cross-section slice (𝜅 ≥ 2 because each cross-section slice has 2 open
voids). The 3D contact map consists of the plot of all line segments for all cross-section
slices in 3D plane. In addition, from Eq. (5.1), the slope of the line segment (contact spot)
can be extracted as described from Eq. (5.2). The angle of the line segment (contact spot)
is given from Eq. (5.3).

Slope zl 



 

f n1 xmin n 1  f n xmax n
xmin n 1  xmax n
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(5.2)

 zl  tan 1 Slope zl 

(5.3)

In this chapter, a contact spot is defined as a collection of contacting pixels which
are neighbouring with other contacting pixels by at least one point of their edges (pixels
which are connected diagonally belong to the same contact spot, e.g. the contact spot 2
of Figure 5.4). Figure 5.4 shows a plan view of 3 contact spots. Contact spot 1 consists of
5 contacting pixels, contact spot 2 consists of 31 contacting pixels and contact spot 3
consists of only 1 contacting pixel. The mean-point pixel is the point with the mean values
of 𝑥 and 𝑧 (and 𝑦 in 3-axes) of each contact spot.

Figure 5.4. Schematic contact spots [75]

5.4 Results of 2D and 3D Mapping Techniques
5.4.1

Contact maps

Figure 5.5 shows the microscopic 2D contact maps of the contact interface of the
two conductors (A and B) within the 16 A rated AC single pole rocker switch. Where the
white areas on the 2D contact maps show mechanical contact consisting of ‘‘contacting
pixels’’ while the black areas within the contacting pixels are showing ‘‘gaps’’ (noncontact). Each 2D contact map in Figure 5.5 is developed after each X-ray CT scan.
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Figure 5.5. 2D contact maps of 16 A rated AC single pole rocker switch after four different current loading
tests using CATVis

Figure 5.6 shows the microscopic 3D contact maps of the contact interface of the
two conductors (A and B) within the 16 A rated AC single pole rocker switch. Where the
black areas on the 3D contact maps show mechanical contact while the white areas within
the black areas are showing gaps (non-contact). Each 3D contact map in Figure 5.6 is
developed after each X-ray CT scan (after the four different current test). The
visualisation of both 2D and 3D contact maps is made by using the CATVis while the
analysis and computations of their characteristics (Section 5.2) are made by using the
CATCM analysis tool as explained below.
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Figure 5.6. 3D contact maps of 16 A rated AC single pole rocker switch after the four different current
loading tests using CATVis
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5.4.2

Total Mechanical area of contact

The total mechanical area of contact is calculated using the CATCM. According to
CATCM, the area of each contact spot 𝐴𝑖 , is defined as the sum of pixels within the
contact spot and multiplied by 25 μm2 (area of pixel). The sum of the contact areas of
contact spots gives the total mechanical area of contact (𝐴 𝑇 ) as described from Eq. (5.4)
for 𝑖 ∈ [1, 𝑛]. Where 𝑛, is the total number of contact spots. The smallest area of contact
spot indicated on the 2D and 3D contact maps of Figure 5.5 and Figure 5.6 is 25 μm2,
which is the resolution of the technique (1 pixel = 25 μm2 ).
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n

A
i 1

i

(5.4)

The values of the total number of contact spots and the total mechanical area of
contact for each 2D and 3D contact map of Figure 5.5 and Figure 5.6 are given in Table
5.2 and Table 5.3 respectively. The error of the calculated values presented in Table 5.2
and Table 5.3 is ±1.366%. This error, represents the sum of the error of measured
threshold values and the error of 3D volume of interest of the experimental data (already
introduced in Section 4.5.2).

5.4.3

Contact resistance calculation

For the total contact resistance calculation in both 2D and 3D contact maps two
Contact Analysis Approaches (CAA*) are developed, the Contact Analysis Approach for
Cooper and Holm resistance (CAACHR) and the Contact Analysis Approach for
Greenwood resistance (CAAGR). These CAA* are included in CATCM. The CAACHR
uses the Holm equation for a single contact spot and connects all contact spots in parallel
following Cooper et al. [17] and CAAGR uses the Greenwood’s formula as described in
Eq. (2.23).

The CAACHR approach consists of two techniques, the Contact Analysis Technique
for Holm Resistance (CATHR) and Contact Analysis Technique for Total Cooper Holm
Resistance (CATTCHR). The CATHR is based on Holm’s [20] work. According to Holm
[20], the constriction resistance of a single contact spot in electric current path is given
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by Eq. (2.20). In this research, it is considered an array of contact spots in the electric
current path and the contact resistance of each contact spot is given from Eq. (5.5).
Where 𝜌, is the electrical resistivity and 𝑎𝑗 is the radius of contact spot 𝑗 with 𝑗 ∈ [1, 𝑛]
( 𝑛, is the total number of contact spots). The CATTCHR is based on Cooper et al. [182]
work. According to Cooper et al. [182] the total contact resistance can be calculated from
the contact spots of which have constriction resistances being all in parallel. Thus, the
CATTCHR is given from Eq. (5.6).
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Table 5.2. Characteristics of 2D contact maps
Test current (A)

0

16

32

64

337 ± 5

419 ± 6

702 ± 10

511 ± 7

Total mechanical area of contact (mm2 )

1.82 ± 0.02

2.01± 0.03

0.74± 0.01

1.17± 0.02

Greenwood contact resistance (μΩ)

3.34 ± 0.05

2.70 ± 0.04

2.15 ± 0.03

2.72 ± 0.04

Cooper Holm contact resistance (μΩ)

3.34 ± 0.05

2.70 ± 0.04

2.15 ± 0.03

2.72 ± 0.04

0

16

32

64

407 ± 6

492 ± 7

743 ± 10

643 ± 9

Total mechanical area of contact (mm2 )

1.83 ± 0.03

2.01 ± 0.03

0.74 ± 0.01

1.17 ± 0.02

Greenwood contact resistance (μΩ)

2.88 ± 0.04

2.48 ± 0.03

2.05 ± 0.03

2.32 ± 0.03

Cooper Holm contact resistance (μΩ)

2.88 ± 0.04

2.48 ± 0.03

2.05 ± 0.03

2.32 ± 0.03

Total number of contact spots

Table 5.3. Characteristics of 3D contact maps
Test current (A)
Total number of contact spots
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The second approach, CAAGR is used to calculate the total contact resistance of the
3D contact interface using Greenwood’s formula as described in Eq. (2.23). For both
CAACHR and CAAGR calculations the electrical resistivity of silver (𝜌 = 15.87×
10−9 Ωm) is used. To achieve this, each contact spot is assumed to be a circle of radius 𝛼.
For example, the radius of contact spot 𝑖 is calculated by Eq. (5.7). Where 𝐴𝑖 is the total
contact area of contact spot 𝑖. The distance 𝑑𝑖𝑗 between contact spot 𝑖 and 𝑗 is calculated
from the mean-points of the contact spots 𝑖 and 𝑗. The total contact resistance using both
CAACHR and CAAGR approaches of each 2D and 3D contact map of Figure 5.5 and
Figure 5.6 is given in Table 5.2 and Table 5.3 respectively.
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Additional Investigations Using the Contact Spots of 3D Contact Maps

5.5.1

Contact spot area distribution

Figure 5.7 illustrates a set of graphs showing the number of contact spots which is
inversely proportional to the contact area after four different current loading tests. The
data are taken from the 3D contact maps represented in Figure 5.5 and are calculated
using the CATCM. The smallest area of contact spot indicated on the graphs of Figure
5.7 is 25 μm2 , which is the resolution of the technique (1 pixel = 25 μm2 ) and the largest
contact spots (𝐴𝐿 ) indicated are several mm2 . The number of contact spots, 𝑛 with the
smallest contact area (25 μm2 ) for each of the 3D contact maps of Figure 5.6 at 0 A, 16 A,
32 A and 64 A is calculated to be 154, 190, 357 and 283 respectively. Where 𝐴𝑙 , is the
largest contact spot across the fit-line.

5.5.2

Contact spot angle distribution

Figure 5.8 illustrates a set of graphs showing the contact spot angle distribution for
four different current values. The data are taken from the 3D contact maps represented in
Figure 5.5 and are calculated using the CATCM. The angle of each contact spot is defined
as the average angle calculated from the slope of neighbour pixels within the contact
spots. All the angle values presented in Figure 5.8 are rounded towards an integer,
resulting in an array of integers. An example of contact spot angle calculation is explained
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below. The angle value of each contact spot is also presented with different colours as a
‘‘2D Angle Map’’. Figure 5.9 shows the 2D angle map at 64 A.

Figure 5.10 shows the top view of contact spot 𝑖 of a schematic 3D contact map. The
schematic 3D contact map is developed using the CAT3DCM tool as explained before in
Section 5.3. This contact spot which is only in the 3D contact map consists of the
contacting pixels of each x-y cross-section slice across the z-direction. For the angle
calculation, the matrix [𝐴]𝑥𝑧 is created which contains the height value (value of pixels
in y-direction) of each pixel (in contact) of the 3D contact. Where the 𝑥 suffix of the
matrix represents the total number of cross-section slices in x-direction while the suffix 𝑧
represents the total number of cross-section slices in z-direction. In the process, the slope
of each group of neighbour pixels in contact in both directions (x and z) is calculated. The
slope of each group of neighbour pixels in x-direction and y-direction is given from Eq.
(5.8) and Eq. (5.9) respectively. Where the suffixes 𝑙 and 𝑝 represent the contact spot
number and the group of pixels in contact in each cross-section slice respectively. For
example, the cross-section slice 𝑧 + 2 of Figure 5.10 has only one contact spot (𝑙 = 1) and
two groups of pixels in contact (𝑝 = 2). It is important to note that the slope in each contact
spot 𝑙 in z-direction can also calculated using Eq. (5.2). After the calculation of slope of
each group of neighbour pixels in contact within the contact spot 𝑖, the calculation of the
average slope follows. The average slope of contact spot 𝑖 is given from Eq. (5.10).
Where 𝑃, is the total number of calculated slopes within the contact spot 𝑖. The average
angle of contact spot 𝑖 is given from Eq. (5.11).

Slope zlp  y x 1  y x

(5.8)

Slope xlp  y z 1  y z

(5.9)

Slopei 

 Slope

zlp

  Slope xlp
P

 i  tan 1 Slopei 
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(5.10)

(5.11)

Figure 5.7. Contact spot area distribution after the four different current loading tests
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Figure 5.8. Contact spot angle distribution after the four different current loading tests
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Figure 5.9. (a) 2D angle map of 16 A rated AC single pole rocker switch at 64 A, (b) Close-up view of the
red box of 2D angle map
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Figure 5.10. Schematic top view of contact spot 𝑖. Explanation of angle calculation

5.6

3D Voids Visualisation and Their Volume Distribution

5.6.1

Voids visualisation

3D volume analysis of the voids is also conducted using the oriented 3D volume of
interest of the 16 A rated AC single pole rocker switch after the four different current
loading tests which were presented in Section 4.5.3. Figure 5.11 illustrates the
microscopic 3D voids between the two conductors (A and B) within the 16 A rated AC
single pole rocker switch after the 64 A current loading test. The red void presented in
Figure 5.11 is the largest in volume. A close-up view of this void is illustrated in Figure
5.12. The visualisation of 3D voids in both figures (Figure 5.11 and Figure 5.12) is made
by using the CATVis.

Figure 5.11. 3D voids of 16 A rated AC single pole rocker switch after the 64 A current loading test with
bounding box dimensions of 1.69 × 0.42 × 2.61 mm
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Figure 5.12. Close-up view of the largest void of the 16 A rated AC single pole rocker switch after the
64 A current loading test with bounding box dimensions of 0.42 × 0.20 × 0.36 mm

5.6.2

Void volume distribution

Figure 5.13 illustrates a set of graphs showing the 3D void volume distribution of
the oriented 3D volume of interest (Section 4.5.3) of the 16 A rated AC single pole rocker
switch after the four different current loading tests at 0 A, 16 A, 32 A and 64 A. The total
volume of voids is calculated using the CATCM. According to CATCM, the volume of
each void 𝑉𝑖′ , is defined as the sum of the voxels within the 3D void and multiplied by
125 μm3 (volume of voxel) with 𝑖 ∈ [1, 𝑛𝑣 ] (𝑛𝑣 , is the total number of voids). The sum
of the volume of 3D voids gives the total volume of voids (𝑉𝑇′ ) as described from Eq.
(5.12).
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(5.12)

i 1

The smallest volume of 3D void indicated on the graphs of Figure 5.13 is 125 μm3 ,
which is the resolution of the technique (1 voxel = 125 μm3 ) and the largest spots (𝑉𝐿′)
indicated are several mm3 in the volume. The number of 3D voids, 𝑛𝑣 with the smallest
volume for each of the oriented 3D volume of interest (at 0 A, 16 A, 32 A and 64 A) is
calculated to be 302, 838, 474 and 691 respectively. The values of the total volume (𝑉𝑇′ )
and the total number of voids (𝑛𝑣 ) for each oriented 3D volume of interest after each
current loading are given in Table 5.4. Where 𝑉𝑙′ , is the largest void across the fit-line.
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Figure 5.13. Void volume distribution after the four different current loading tests
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Table 5.4. Characteristics of 3D voids
Test current (A)
Total number of voids
Total volume of voids (× 10−12 m3 )

5.7

0

16

32

64

700 ± 10

1921 ± 26

988 ± 13

1411 ± 19

0.49 ± 0.01

1.82 ± 0.02

0.91 ± 0.01

1.03 ± 0.01

Conductors Visualisation and Their Fractal Characteristics

5.7.1

Conductors visualisation

The 3D contact map gives the opportunity to visualise each body of the contact
system separately as it contains the spots which are the connections of the two bodies.
The visualisation can be achieved by subtracting the 3D contact map from the contact
system and adding it again back in each body separately. Figure 5.14 and Figure 5.15
show the conductors of the oriented 3D volume of interest (Section 4.5.3) of the 16 A
rated AC single pole rocker switch after the 0 A current loading test. Where the red areas
on the conductors illustrate the mechanical area of contact. The separation of the two
conductors helps to calculate their fractal characteristics.

Figure 5.14. Conductor A of the 16 A rated AC single pole rocker switch after the first current loading
test at 0 A with bounding box dimensions of 3.95 × 1.52 × 3.62 mm
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Figure 5.15. Conductor B of the 16 A rated AC single pole rocker switch after the first current loading test
at 0 A with bounding box dimensions of 3.95 × 1.52 × 3.62 mm

5.7.2

Conductors fractal characteristics

For the fractal characteristics calculations three different height levels were used and
examined for each conductor after each test current loadings at 0 A, 16 A, 32 A and 64 A.
The selection of these height levels is based on a reference area point which gives the
number of the x-z cross-section slice image with the smallest value of total mechanical
area of contact (𝐴 𝑇 ) between the two conductors. The histogram of Figure 5.16 illustrates
the reference area point of the oriented 3D volume of interest after 0 A current loading
test which is presented with the yellow bar. The bars before the yellow bar belong to
Conductor A while the bars after the yellow bar belong to Conductor B. Then, the three
x-z cross-section slice images before and the three after the reference area point are
selected as different height levels for each conductor. The cyan bars on the histogram of
Figure 5.16 represent the x-z cross-section slice images of the two conductors which are
set to 0 μm height level while the green and red bars represent the x-z cross-section slice
images at 5 μm and 10 μm respectively. The x-z cross-section slice images of Conductor
A and Conductor B for the three different height levels selection after the 0 A current
loading test are presented in Figure 5.17 and Figure 5.18 respectively. The same
procedure used for the selection of the three different height levels in each conductor after
the 0 A current loading test is used for the rest current loading tests at 16 A, 32 A and 64 A.
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Figure 5.16. Total mechanical area of contact in each x-z cross-section slice image of the oriented 3D
volume of interest after the 0 A current loading test

Figure 5.19 and Figure 5.20 are a set of graphs showing the contact spot area
cumulative distributions of the two conductors at three different height levels after each
current loading test at 0 A, 16 A, 32 A and 64 A. Eq. (5.13) describes the relationship as
the contact spot area cumulative distribution function for the number of contact spots (𝑁)
of a particular area (𝐴𝑖 ) which are equal or greater than a reference area (𝐴𝑟𝑒𝑓 ) [183,
184]. Where 𝑚𝑎 , is defined as the number of contact spots per unit area.
N Ai  Aref   ma 
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Figure 5.21 and Figure 5.22 are a set of graphs showing the contact spot spatial
cumulative distributions of the two conductors at three different height levels after each
current loading test at 0 A, 16 A, 32 A and 64 A. The spatial difference between contact
spots can be defined by several methods [180]. In this research, the spatial difference
between contact spots 𝑖 and 𝑗 is defined as the distance 𝑑𝑖𝑗 between the mean-points of
contact spots as explained in Section 5.4.3. Eq. (5.14) describes the relationship as the
contact spot spatial cumulative distribution function for the number of contact spots (𝑁𝑑 )
less than or equal to a reference distance ( 𝑑𝑟𝑒𝑓 ) [180, 183]. Where 𝑚𝑑 , is defined as the
number of contact spots per unit distance.
N d dij  d ref

 m 
d
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Figure 5.17. Cross-section slice images of Conductor A for the three different height levels selection after
the 0 A current loading test
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Figure 5.18. Cross-section slice images of Conductor B for the three different height levels selection after
the 0 A current loading test
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Figure 5.19. Contact spot area cumulative distributions according to different scales of Conductor A after
the four different current loading tests. Where 𝐾, is the slope of the fitting line
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Figure 5.20. Contact spot area cumulative distributions according to different scales of Conductor B after
the four different current loading tests. Where 𝐾, is the slope of the fitting line
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Figure 5.21. Contact spot spatial cumulative distributions according to different scales of Conductor A
after the four different current loading tests. Where 𝐾𝑑 , is the slope of the fitting line
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Figure 5.22. Contact spot spatial cumulative distributions according to different scales of Conductor B
after the four different current loading tests. Where 𝐾𝑑 , is the slope of the fitting line
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5.8 Discussion
5.8.1

The X-ray CT technique

The results show that the X-ray CT technique is a useful tool for viewing the contact
interface and the voids between the contact system without dismantling it and determining
their characteristics. These characteristics include the total mechanical area of contact,
the number of contact spots and the area of each contact spot, the total volume of voids,
the number of voids and the volume of each void as well as the total contact resistance.
In addition, the X-ray CT technique gives the possibility to determine and characterise
the fractal characteristics of any cross-section slice image. The images (experimental data
of a 16 A rated AC single pole rocker switch which was presented in Section 4.5) obtained
with the current facility give a pixel resolution of 5 μm × 5 μm and an area resolution of
25 μm2 which is

5

1
2

and

1

3
5

times higher in resolution than previous work [185] and

Swingler work [149, 181] on different facilities respectively.

Resolution is an important factor for the visualization and calculation techniques.
For example, for a coarse measurement (e.g. 100 μm) of resolution, only a few contact
spots of large curvature are visualized while for smaller measurement (e.g. 0.1 μm) of
resolution, more contact spots of smaller curvature are visualized [122, 181]. The smallest
resolution which can be obtained by the current facility is 3 μm. This depends on the
sample dimensions and X-ray admittance of the sample materials. The resolution of 5 μm
obtained in this research is the optimum that could be achieved with the sample
configuration used. Ideally, a resolution in the order of 0.1 μm is needed to investigate a
Greenwood-Williamson model of the asperities [63]. However, it should be noted that the
Contact Analysis Techniques or CAT* developed and implemented within a suite of tools
in this chapter can be used with data of finer resolution. Nonetheless, some interesting
features have been found with the data obtained which are discussed below.

5.8.2

The 2D and 3D mapping techniques

Analysis and modelling techniques are developed to produce 3D contact maps of an
electrical contact interface which for the first time gives information as to where the
electrical contacts in a 3D volume are located to a microscopic resolution. The
mathematical modelling at the contact spots is described by Eq. (5.1). The equation
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describes a line segment or a series of line segments through each contact spot and every
contact spot at the interface.

Contact maps are visualized for different electric current values in 2D (Figure 5.5)
and 3D (Figure 5.6) after four different current loading tests at 0 A, 16 A, 32 A and 64 A.
In this research the results of these different loading tests are categorised into normal
operation and non-normal operation. The normal operation includes the current loading
tests at 0 A and 16 A as the single pole rocker switch is rated at 16 A AC. The non-normal
operation includes the 32 A and 64 A current loading test as these current values are out
of the single pole rocker switch current limits.

The analysis of the contact map data (Table 5.2 from 2D mapping technique and
Table 5.3 from 3D mapping technique) at normal operation (from 0 A to 16 A) shows that
the number of contact spots and the total mechanical area of contact are bigger at the
higher current (16 A) irrespective of whether the 2D mapping technique or the 3D
mapping technique is used. The contact resistance, thus, is smaller after the sample has
been stressed with the 16 A current loading. This is indicating that current stressing a
contact system increases the number of smaller spots and the dispersion of those spots.
This may be due to local heating and melting at the contact spots causing them to come
together. These are only initial results as more samples need to be investigated.

The analysis of the contact map data (Table 5.2 from 2D mapping technique and
Table 5.3 from 3D mapping technique) from normal operation to non-normal operation
(from 16 A to 32 A) shows that the number of contact spots is bigger and the total
mechanical area of contact is smaller at the higher current (32 A) irrespective of whether
using the 2D mapping technique or the 3D mapping technique. The contact resistance is
smaller after the sample has been stressed with the 32 A current loading. This is indicating
that current stressing a contact system increases the number of smaller spots and the
dispersion of those spots. This may be due to local heating and melting at the plastic
which holds the spring on the Conductor A (see Figure 4.1) causing it to move.

The analysis of the contact map data (Table 5.2 from 2D mapping technique and
Table 5.3 from 3D mapping technique) at non-normal operation (from 32 A to 64 A)
shows that the number of contact spots is smaller and the total mechanical area of contact
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is bigger at the higher current (64 A) irrespective of whether using the 2D mapping
technique or the 3D mapping technique. The contact resistance is bigger after the sample
has been stressed with the 64 A current loading. This is indicating that current stressing a
contact system decreases the number of smaller spots and the dispersion of those spots.
This is probably due to local heating and melting at the plastic which hold the two
conductors causing them to move and come together. It is important to note that the fourth
scan is conducted after current loading at 64 A for 2 hours comparing with the other scans
which are conducted after current loading at 0 A, 16 A and 32 A for 24 hours. This is
because the switch was not current loaded for more than 2 hours as the heat of the current
would damage it.

5.8.3

Loss of information with 2D contact maps

Comparing the 2D mapping technique with the 3D mapping technique shows some
points that need to be noted since the data in Table 5.2 and data in Table 5.3 are different.
The number of contact spots after each current loading test at 0 A, 16 A, 32 A and 64 A A
produced by the 2D mapping technique is smaller comparing with the 3D mapping
technique. This difference is a result of an issue which the 2D contact mapping technique
presents.

This issue, given the label of Overlapping Void Disaggregation Error (OVDE), is
where overlapping voids in the y-direction (and associated multiple contact spots
visualized in 3D) mask contact spots when seen in 2D visualizations. This is a result of
the contact interface in reality being a 3D surface and when analysed with the 2D mapping
technique the height (y-direction) information of that x-z surface is omitted from the data.
The explanation of this issue is illustrated in Figure 5.23. Figure 5.23(a) shows the
schematic cross-section slice image of Body A and Body B which are coming in
mechanical contact. The white areas of the schematic cross-section slice image between
the two bodies are indicating open voids and closed voids. Where contact spot 1 is the
mechanical contact created by the top surfaces at the peaks of the two bodies and contact
spot 2 is the mechanical contact created by portions of side surfaces of the peaks of two
bodies. Figure 5.23(b) shows the 2D contact mapping technique which illustrates only the
contact spot 1. The 3D contact mapping technique in Figure 5.23(c) in contrast to Figure
5.23(b) illustrates all the contact spots which are presented in Figure 5.23(a) (contact spot
1 and contact spot 2). Due to the OVDE of the 2D mapping technique, this results in less
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contact spots and also smaller total mechanical area of contact compared to the 3D
mapping technique.

Figure 5.23. Peak and side contact spots. Schematic cross-section slice of (a) Bodies A and B, (b) 2D
contact mapping technique and (c) 3D contact mapping technique [75]

In previous work [75], it is reported that the 2D contact mapping technique presents
another issue, the Neighbouring Contact Spot Aggregation Error (NCSAE). This issue is
presented when the method of Lalechos [7] for grouping pixels to contact spots is used.
According to this method, a contact spot is defined as the collection of contacting pixels
which are neighbouring with other pixels by at least one of their sides. It is important to
mention that a contacting pixel which is only diagonal with a neighbour contacting pixel
belonging to a contact spot and is not considered to be a part of that spot (see the contact
spots in Figure 5.24(a)).

NCSAE is where multiple neighbouring contact spots as visualized in 3D are seen
as one contact spot in 2D visualizations. This is a result of the contact interface in reality
being a 3D surface and when analysed with the 2D mapping technique the height (y107

direction) information of that x-z surface is omitted from the data. The explanation of this
issue is illustrated in Figure 5.24. Figure 5.24(a) shows the 2D contact mapping technique
of two contact spots which are developed by two cross-section slice images and consist
of 8 and 1 contacting pixels respectively. The contact spots shown in Figure 5.24(a) are
presented in Figure 5.24(b) in the 3D contact mapping technique as 5 contact spots. For
the definition of contact spot in 3D contact maps, a technique used in 2D contact maps is
used as well. A contact spot in the 3D contact map is defined as a collection of contacting
voxels which are neighbouring other contacting voxels with at least one of their sides.
Contact spot 1 in Figure 5.24(b) consists of only 1 contacting voxel, contact spot 2
consists of 2 contacting voxels, contact spot 3 consists of 2 contacting voxels, contact
spot 4 consists of 3 contacting voxels and contact spot 5 consists of only 1 contacting
voxel. Due to the NCSAE of the 2D mapping technique, this results in less small contact
spots but same total mechanical area of contact compared to the 3D mapping technique.

Figure 5.24. Schematic contact spots in (a) 2D contact map and (b) 3D contact map [75]

It is important to note that the NCSAE is not affected in this research as the
contacting pixels (or voxels) are grouped to contact spots using a different method, as
explained in Section 5.4.2. Moreover, it is reported that the method used in this research
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shows that the pixels or voxels which are connected diagonally are part of the same
contact spot as they belong to the same contact asperity [132, 186].

5.8.4

Total mechanical area of contact findings

The total mechanical area of contact after each current loading test at 0 A, 16 A, 32 A
and 64 A using the 2D contact mapping technique is found to be 1.8210 mm2 ,
2.0052 mm2 , 0.7359 mm2 and 1.1692 mm2 with an error of ±1.366 % (the error is
calculated in Section 4.5.2) respectively. The total mechanical area of contact after each
current loading test at 0 A, 16 A, 32 A and 64 A using the 3D contact mapping technique
is found to be 1.8277 mm2, 2.0135 mm2, 0.7359 mm2 and 1.1741 mm2 with an error of
±1.366 % respectively. The total mechanical area of contact after each current loading
test at 0 A, 16 A, 32 A and 64 A using the 2D contact mapping technique is smaller but
within the error limits after each corresponding current loading test when using the 3D
contact mapping technique. Comparing the corresponding values of the total mechanical
area of contact in Table 5.2 and Table 5.3 it is obvious that they are very close with very
small difference. At this point, it is important to mention that Lalechos et al. [148]
reported that the result of the calculation of the total mechanical area of contact using 2D
contact mapping technique gives values close to experimental findings using Bowden and
Tabor [128] formula (Eq. (2.13)).

5.8.5

Contact resistance findings

The contact resistance is calculated using two different approaches, the CAAGR and
CAACHR for both, 2D and 3D contact mapping techniques. The results of the two
approaches in each contact mapping technique in Table 5.2 and Table 5.3 show that they
give the same value after each current test 0 A, 16 A, 32 A and 64 A. However, these
results after the sixth decimal digit are different and the difference between them is very
small. This small difference may be the result of the technique used to calculate the
distances between the contact spots. For practical reasons the calculation of the distance
𝑑𝑖𝑗 between the contact spot 𝑖 and contact spot 𝑗 is calculated from the mean-points of the
contact spots 𝑖 and 𝑗 as described in [75]. Greenwood [66], reported that 𝑑𝑖𝑗 is the distance
between contact spots 𝑖 and 𝑗. Investigating this it’s clear that Greenwood means 𝑑𝑖𝑗 is
the minimum distance between the contact spots 𝑖 and 𝑗. However, the difference is very
small and the CATGR could be used as it is.
109

The contact resistance after each current loading test at 0 A, 16 A, 32 A and 64 A
using the 2D contact mapping technique is calculated to be bigger when using the 3D
contact mapping technique. The difference in corresponding values in 2D and 3D contact
maps is a result of the OVDE issue analysed beforehand in Section 5.8.3. According to
Greenwood [66], the contact resistance when using Eq. (2.23), depends on the number of
contact spots, the radius of each contact spot and the distances between them.

5.8.6

Contact spot area distribution findings

The graphs of contact spot area distribution in Figure 5.7 show that the contact spots
follow the same distribution after each current test 0 A, 16 A, 32 A and 64 A. These graphs
can be compared with the corresponding graphs in Swingler and Lalechos work [149]
which visualised the contact area in 2D contact maps under different contact forces. The
results show that the area of contact spots follow the same distribution in both situations.
The smallest contact spot indicated on the graphs of Figure 5.7 is 25 μm2 , which is the
resolution of the technique (when a pixel length is 5 μm) and the largest contact spots
indicated are several mm2 .

Moreover, it can be seen that each graph of Figure 5.7 consists of two regimes. The
first where the contact spot area distribution follows a power relationship with a slope
between 2.569 ≤ 𝑞 ≤ 3.659 and the second is for a small number of particularly large
contact spots in area with a slope approximately equal to zero. The slope is given by Eq.
(5.15).

Table 5.5 presents the slope (𝑞) and constant (𝐶 ) of Eq. (5.15) after each current
loading test at 0 A, 16 A, 32 A and 64 A for the first regime of graphs of Figure 5.7. The
constant (𝐶 ) value in log-log graphs of Figure 5.7 after each current loading test
represents the number of contact spots (𝑛) who have area equal with 1 μm2 . In this
research, the area of 1 μm2 does not exist as the smallest area of a contact spot is 25 μm2
(area of pixel). In addition, the graphs of Figure 5.7 show that the transition between the
two regimes in each current loading test at 0 A, 16 A, 32 A and 64 A occurs at 775 μm2 ,
875 μm2 , 925 μm2 and 1,000 μm2 respectively.
n Ai   CAi q
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Table 5.5. Characteristics of the first regime of the contact spot area distribution after each current
loading test at 0 A, 16 A, 32 A and 64 A
Test current (A)
Slope (𝑞 )
Constant (𝐶 )

5.8.7

0

16

32

64

3.659

3.340

2.569

2.847

100× 106

40× 106

4× 106

10 × 106

Contact spot angle distribution findings

The graphs of contact spot angle distribution in Figure 5.8 show that the contact spots
follow same the distribution after each current test 0 A, 16 A, 32 A and 64 A. These
distributions which their points (points in graphs) are connected with lines present peaks
and valleys like spectral density plot with angular frequency [121, 187]. The distribution
in negative axis can be characterised as a reflection in positive axis and vice versa.

In addition, the graphs in Figure 5.8 show that the maximum number of contact spots
have an angle equal with 0˚ and the angles with values equal to -45˚ and 45˚ are follow
in number of contact spots. The reason for the maximum number of contact spots who
have an angle equal with 0˚ is based on the fact that contact spots with area 1 pixel (or
25 μm2 ) are set to have this angle (0˚). This is because for the calculation of the slope two
pixels are required. The graphs of contact spot area distribution in Figure 5.7 show that
the majority of contact spots have an area equal to 25 μm2 , so this number of contact
spots is set to have an angle equal to 0˚.

Concerning the contact spots with angle values equal to -45˚ and 45˚ they also
depend on the area of the contact spots. The majority of these spots (with values equal to
-45˚ or 45˚) is found to have an area equal to 2 pixels (or 50 μm2) and are connected
diagonal. An example of these cases is illustrated in Figure 5.25 which presents two
contact spots and each of them consists of two pixels. The contact spots of Figure 5.25(a)
has an angle equal to -45˚ while the contact spot of Figure 5.25(b) has an angle equal to
45˚.
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Figure 5.25. Contact spots with angle values equal with (a) -45˚ and (b) 45˚

5.8.8

Void volume distribution findings

The graphs of voids volume distribution in Figure 5.13 show that the voids follow
the same distribution after each current test 0 A, 16 A, 32 A and 64 A. These graphs can
be compared with the corresponding graphs of contact spot area distribution which were
presented in Figure 5.7. The results show that the volume of voids follow a similar
distribution with the area of contact spots. The smallest void indicated on the graphs of
Figure 5.13 is 125 μm2 , which is the resolution of the technique (when a pixel length is
5 μm) and the largest void indicated are several mm3 in volume.

Moreover, it can be seen that each graph of Figure 5.13 consists of two regimes. The
first where the voids volume distribution follows a power relationship with a slope
between 2.569 ≤ 𝑞 ≤ 3.659 and the second is for a small number of particular large voids
in volume with a slope approximately equal to zero. The slope is given by Eq. (5.16).
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Table 5.6 presents the slope (𝑞) and constant (𝐶 ) of Eq. (5.16) after each current
loading test at 0 A, 16 A, 32 A and 64 A for the first regime of graphs of Figure 5.13. The
constant (𝐶 ) value in log-log graphs of Figure 5.13 after each current loading test
represents the number of voids who have volume equal to 1 μm3 . In this research, the
volume of 1 μm3 does not exists as the smallest volume of a void is 125 μm3 (volume of
voxel). In addition, the graphs of Figure 5.13 show that the transition between the two
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regimes in each current loading test at 0 A, 16 A, 32 A and 64 A occurs at 5,500 μm3 ,
8,875 μm3 , 6,000 μm3 and 6,875 μm3 respectively.

Table 5.6. Characteristics of the first regime of the voids volume distribution after each current loading
tests
Test current (A)
Slope (𝑞 )
Constant (𝐶 )

5.8.9

0

16

32

64

9.769

4.778

6.527

5.168

2× 1024

9× 1013

3× 1017

5× 1014

Conductors fractal characteristics findings

Bhushan [121] picks out and emphasizes the importance of area and distance
distributions of contact spots in elaborating theories in contact physics and tribology. The
contact spot distance distribution is significant in working at the stress and dynamic
interactions between contact spots. In an electrical contact, the contact spot area and
distance distributions are significant as they have been used by many researchers [20, 66,
127] to develop expressions to model the contact resistance.

Swingler and Lalechos in [188] and Swingler in [189] show that the area cumulative
distribution of the contact spots in 2D plane followed a Korcak-type distribution similar
to the spatial cumulative distribution neglecting the effects of differences in scale. The
contact spot area cumulative distribution shows the number of contact spots with the area
equal or greater than a reference area, 𝐴𝑟𝑒𝑓 as described in Eq. (5.17). Where 𝐴𝐿 , is the
area of the largest contact spot and 𝐾 is the Korcak exponent.
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(5.17)

The cumulative spatial distribution shows the number of contact spots with the
distance 𝑑𝑖𝑗 equal or greater than a reference contact spot distance 𝑑𝑟𝑒𝑓 as described in
Eq. (5.18). Where 𝑛𝑟𝑒𝑠 , is the number of contact spots 𝑖, separated from contact spots 𝑗
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by the resolution of the technique, 𝑑𝑟𝑒𝑠 (pixel length). Where 𝐾𝑠 , is the slope of contact
spot spatial distribution [180, 183, 190].

 d ref 

N d d ij  d ref   nres 
 d res 

Ks

(5.18)

Jang and Jang [183] reported that the scale dependency of contact distributions
should be considered; because contact spots are formulated by rough surfaces at different
scales having different morphologies. They worked on area and spatial distributions of
contacts in random fractal surfaces and natural contacts (real islands). The distribution of
the contact spots is investigated when the surface is cut at any given height. Jang and Jang
[183] used the same procedure as Swingler in [189] to investigate the multi-scale area
and spatial distributions of contact spots. Using this procedure, they analysed the area and
distance distribution of natural contact spots for different scales and demonstrated that
the area and spatial distribution of random and natural contact spots follow the Korcaktype empirical relationship [190].

In this research, the fractal characteristics of the conductors of a 16 A rated AC single
pole rocker switch are examined considering their scale dependency of contact
distributions after four different current loading tests at 0 A, 16 A, 32 A and 64 A. The
fractal surfaces are generated by ‘‘cutting’’ each conductor at three different height levels
as explained in Section 5.7.2. These fractal surfaces are presented as 2D x-z cross-section
slice images in Figure 5.17 and Figure 5.18. These 2D x-z cross-section slice images show
that smaller contact spots tended to occur near larger contact spots and tended to cluster
with the next height level contact spots into groups. In addition, the 2D x-z cross-section
slice images of the Conductor A (Figure 5.17) present more contact spots compared with
the 2D x-z cross-section slice images of the Conductor B (Figure 5.18). This was expected
as the measured mean roughness (𝑅𝛼 ) value of Conductor A is bigger than the measured
mean roughness (𝑅𝛼 ) value of Conductor B (see Section 4.3).
From the different height levels contact spots, the number of contact spots (𝑁) of a
particular area (𝐴𝑖 ) which are equal or greater than a reference area (𝐴𝑟𝑒𝑓 ) is determined
as described in Eq. (5.13). Figure 5.19 and Figure 5.20 show the graphs of contact spot
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area cumulative distribution of the two conductors (A and B respectively) for the three
different height levels after each current loading test at 0 A, 16 A, 32 A and 64 A with their
fitting lines. It is evident that the number of contact spots equal or greater than a particular
value area (the reference value of 𝐴𝑟𝑒𝑓 ) have a linear relation in the log-log graphs
indicating that this distribution is a Korcak-type distribution. If 𝑁(𝐴𝑖 ≥ 𝐴𝑟𝑒𝑓 ) is obtained
from each fitting line of Figure 5.19 and Figure 5.20, Eq. (5.19) can be obtained. Where 𝐶
and 𝐾 are the constant and Korcak exponent respectively [191].

N Ai  Aref   CAi K

(5.19)

Jang and Jang [183], on Seuront [192] work reported that the Korcak exponent (𝐾)
is related to the Korcak dimension (𝐷𝐾 ) which is given by Eq. (5.20). Where 𝐷𝐸 , is the
dimension of the embedding Euclidian space ( 𝐷𝐸 = 2 in the case of this research).
Concerning the calculation of contact spots area fractal dimension (𝐷), Jang and Jang
[183] reported that it is related to the Korcak dimension (𝐷𝐾 ) and is given from Eq. (5.21).

K

DK
DE

D  DK  1

(5.20)

(5.21)

The characteristics of each fitting line of the contact spot area cumulative distribution
graphs (Figure 5.19 and Figure 5.20) of the two conductors (A and B respectively) which
are described form Eq. (5.19) are given in Table 5.7 and Table 5.9 respectively. Table 5.8
and Table 5.10 illustrate the average Korcak exponent value of the three different height
levels at 0 μm, 5 μm and 10 μm for each conductor (A and B respectively) after each
current loading test at 0 A, 16 A, 32 A and 64 A. The average contact spots area fractal
dimension (𝐷) is also included in each current loading test which is calculated using the
average Korcak exponent values of Table 5.8 and Table 5.10 and Eq. (5.20) and Eq.
(5.21).
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Table 5.7. Korcak exponent and constant values for each contact spot area cumulative distribution graph
of Conductor A
Test current (A)

Korcak exponent (𝐾 )

Constant (𝐶 )

0

16

32

64

Height level = 0 μm

0.6562

0.5571

0.6315

0.8646

Height level = 5 μm

0.6734

0.5967

0.6472

0.7244

Height level = 10 μm

0.6671

0.7120

0.6586

0.7078

Height level = 0 μm

1,339.5

569.8

1,640.6

10,842

Height level = 5 μm

1,634.4

969.6

1,470.6

10,332

Height level = 10 μm

1,629.1

3,562

1,673.5

3,284

Table 5.8. Average Korcak exponent and average contact spots area fractal dimension of Conductor A
Test current (A)

0

16

32

64

Average Korcak exponent (𝐾 )

0.6656

0.6219

0.6458

0.7656

Average area fractal dimension (𝐷)

2.3312

2.2438

2.2916

2.5312

The values of average contact spots area fractal dimension of Conductor A in Table
5.8 for each current loading test show that the maximum value (2.5312) presented at 64 A
and the minimum (2.2438) at 16 A. Concerning the Conductor B, the maximum value
(2.6388) is presented at 32 A and the minimum (1.9204) at 0 A.

The results of contact spot area cumulative distributions can be compared with area
distributions of real data. Swingler and Lalechos [149] reported that Africa is found to
have a Korcak exponent 𝐾 = 0.5 resulting from one very large predominant and rapidly
decreasing area distribution of associated islands. Moreover, the North America is found
to have a Korcak exponent 𝐾 = 0.75 with less of rapid decrease in the area distribution.
According to Jang and Jang [183], the Korcak exponent of islands of French Polynesian
is found to be from 𝐾 = 0.79 to 𝐾 = 0.82 according to different sea height levels. In
addition, an examination of data from the whole world yields a Korcak exponent 𝐾 =
0.65.
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Table 5.9. Korcak exponent and constant values for each contact spot area cumulative distribution graph
of Conductor B
Test current (A)

Korcak exponent (𝐾 )

Constant (𝐶 )

0

16

32

64

Height level = 0 μm

0.4275

0.6480

0.8901

0.7127

Height level = 5 μm

0.4738

0.6122

0.7758

0.7001

Height level = 10 μm

0.4793

0.5317

0.7923

0.6282

Height level = 0 μm

156.9

4,297

13,964

2,279

Height level = 5 μm

272.2

966.7

6,510

1,948

Height level = 10 μm

252.6

484.1

4,842

964.9

Table 5.10. Average Korcak exponent and average contact spots area fractal dimension of Conductor B
after each current loading test
Test current (A)

0

16

32

64

Average Korcak exponent (𝐾 )

0.4602

0.5973

0.8194

0.6803

Average area fractal dimension (𝐷)

1.9204

2.1946

2.6388

2.3606

From the different height levels contact spots, the number of contact spots (𝑁𝑑 ) of a
particular distance (𝑑𝑖𝑗 ) which are less than or equal to a reference area (𝑑𝑟𝑒𝑓 ) is
determined as described in Eq. (5.14). Figure 5.21 and Figure 5.22 show the graphs of
contact spot spatial cumulative distribution of the two conductors (A and B respectively)
for the three different height levels after each current loading test at 0 A, 16 A, 32 A and
64 A with their fitting lines. It is evident that the number of contact spots less than or
equal to a particular value of a reference distance ( 𝑑𝑟𝑒𝑓 ) have a linear relation in the loglog graphs indicating that this distribution is a Korcak-type distribution. The linear
behaviour of the log-log graphs become more evident as the scale becomes finer.
If 𝑁𝑑 (𝑑𝑖𝑗 ≤ 𝑑𝑟𝑒𝑓 ) is obtained from each fitting line of Figure 5.21 and Figure 5.22, Eq.
(5.22) can be obtained. Where 𝐶, is a constant and 𝐾𝑠 is the slope of contact spot spatial
distribution [191].
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(5.22)

The characteristics of each fitting line of the contact spot spatial cumulative
distribution graphs (Figure 5.21 and Figure 5.22) of the two conductors (A and B
respectively) which are described form Eq. (5.22) are given in Table 5.11 and Table 5.13
respectively.

Table 5.11. Slope of contact spot spatial distribution and constant values for each contact spot spatial
cumulative distribution graph of Conductor A
Test current (A)

Slope ( 𝐾𝑠 )

Constant (𝐶 )

0

16

32

64

Height level = 0 μm

1.1481

1.6942

1.5693

1.2002

Height level = 5 μm

1.1875

1.1117

1.7700

1.7104

Height level = 10 μm

1.3669

1.0187

1.7934

1.7488

Height level = 0 μm

0.1012

0.0027

0.0041

0.1034

Height level = 5 μm

0.0792

0.1104

0.0005

0.0030

Height level = 10 μm

0.0238

0.2124

0.0004

0.0015

The Table 5.12 and Table 5.14 illustrate the average slope value of contact spot
spatial distribution of the three different height levels at 0 μm, 5 μm and 10 μm for each
conductor (A and B respectively) after each current loading test at 0 A, 16 A, 32 A and
64 A. The average slope values of the contact spot spatial cumulative distributions for the
two conductors vary for each current loading test. The average slope values of Conductor
A in Table 5.11 show that the maximum value (1.7109) is presented at 32 A and the
minimum (1.2342) at 0 A. Concerning the Conductor B, the maximum value (2.1864) is
presented at 64 A and the minimum (0.9025) at 0 A.

The results of average slope values of contact spot spatial cumulative distributions
can be compared with Swingler’s [180] and Jang and Jang’s [183] results. Swingler [180]
investigated the spatial cumulative distribution of the contact spots of a bolted connector
for different contact forces at 0.8 kN, 1.6 kN and 3.2 kN. The slope values of the contact
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spot spatial cumulative distributions are found to be 𝐾𝑠 =1.48 for 0.8 kN, 𝐾𝑠 1.70 for
1.6 kN and 𝐾𝑠 =1.10 for 3.2 kN. Jang and Jang’s [183] investigated the spatial cumulative
distribution of the French Polynesian islands for different sea height levels and reported
that the slope values of island spatial cumulative distributions are 𝐾𝑠 = 0.9282 and 𝐾𝑠 =
0.9930 for 0 m and 6 m sea height levels respectively.

Table 5.12. Average slope of contact spots spatial distribution of Conductor A
Test current (A)
Average slope ( 𝐾𝑠 )

0

16

32

64

1.2342

1.2749

1.7109

1.5531

Table 5.13. Slope of contact spot spatial distribution and constant values for each contact spot spatial
cumulative distribution graph of Conductor B
Test current (A)

Slope ( 𝐾𝑠 )

Constant (𝐶 )

0

16

32

64

Height level = 0 μm

0.9628

1.9134

1.8723

1.6642

Height level = 5 μm

0.8092

1.8449

1.6065

2.0696

Height level = 10 μm

0.9356

1.7148

1.4195

2.8254

Height level = 0 μm

0.0818

0.0009

0.001

0.0098

Height level = 5 μm

0.3177

0.0014

0.0059

0.0003

Height level = 10 μm

0.1344

0.0027

0.0172

1× 10−6

Table 5.14. Average slope of contact spots spatial distribution of Conductor B
Test current (A)
Average slope ( 𝐾𝑠 )

0

16

32

64

0.9025

1.8244

1.6328

2.1864

Comparing the average slope values of contact spot spatial cumulative distributions
of 16 A rated AC single pole rocker switch after each current loading test (at 0 A, 16 A,
32 A and 64 A) with Swingler’s [180] and Jang and Jang’s [183] results it is obvious that
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there is a similarity in some cases. For example, the contact spots of Conductor A at 32 A
current loading test follow similar spatial distribution with the contact spots of bolted
connector at 1.6 kN. Concerning the contact spots of Conductor B at 0 A it is clear that
they follow similar spatial distribution with the islands of French Polynesian at 6 m sea
height level.

5.9 Conclusion
The X-ray CT technique has been used to produce 2D and 3D contact maps of a 16 A
rated AC single pole rocker switch interfaces without the need to dismantle the contact
system after four different current loading tests at 0 A, 16 A, 32 A and 64 A. For the 2D
and 3D contact maps, Contact Analysis Techniques, CAT*, are developed and
implemented with a suite of tools developed in MATLAB and Image Processing Toolbox
which can be used for any value of resolution. These CAT* consist of a variety of tools
which are divided into visualisation tools and calculation tools.

The visualisation tools can visualise the 2D and 3D contact maps of the contact
interface, the 2D angle map, the 3D voids and the conductors (and each conductor
separately) of the contact system. The calculation tools can calculate the contact
resistance using two different approaches (Greenwood and Holm), the number of contact
spots, the area of each contact spot and the total mechanical area of contact in both 2D
and 3D contact maps. Moreover, the calculation tools can calculate the angle of each
contact spot in 3D contact maps and the number of voids which are located between the
two bodies of the contact system. In addition, the calculation of the volume of each void
and the total volume of voids are conducted to the calculation tools. The tools of CAT*
give the possibility to examine and characterise the contact system under different
conditions and operations.

Comparing the different techniques (2D or 3D contact maps) it is found that they
produced different results. The 3D mapping technique demonstrates that the contact
interface is not a 2D plane but has a 3D nature. This is important when analysing contact
interfaces. The 2D mapping technique is shown to have an issue with the “Overlapping
Void Disaggregation” as information in the third dimension can be lost due to the 3D
nature of a contacting surface interface. Thus, a 3D analysis technique should be used
when investigating contact interfaces.
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The area and spatial cumulative distributions of the conductors of the 16 A rated AC
single pole rocker switch were investigated after four different current loading test at 0 A,
16 A, 32 A and 64 A. The area and spatial distributions of the contact spots of the
conductors are analysed from three different fractal surfaces (x-z cross-section slice
images) which are cut from three different height levels. It is confirmed that the area
distribution of contact spots, such as the number of contact spots equal or greater than a
particular area, exhibits a Korcak-type empirical relationship with fractal behaviour. In
the same analysis, it was observed that the spatial distribution of contact spots, which is
the number of contact spots less than or equal to a particular distance, followed a power
law relationship as the scale of the surface became finer.
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Chapter 6 – Towards a 3D Technique to Determine the Geometric Path
of Electric Current Flow through a Contact System
6.1 Introduction
The effective conductivity of a contact system is an important characteristic used to
link the microstructure of the contact system to its performance. A resistor network model
has been developed from the cross-sectional slices of a given electrical contact system.
This allows the total resistance across the model and hence the total conductance of the
contact system to be calculated. The resistor network model can be used on any
conductive contact system with non-uniform cross-section areas (perpendicular to the
electric current direction) and each cross-section area can include more than one contact
spot/asperity (spot in a 2D plane and asperity in a 3D plane). Moreover, the simulated
electric current in the model can flow in a non-uniform path through a contact system
(each cross-section across the contact interface has more than one contact spot, thus the
amount of electric current flowing through each contact spot may be different). An
example is given in Figure 2.8 (explained in Section 2.3.7) which describes three cases
of an electric current flowing through a contact system. In this example, it is assumed that
the electric current flows through the whole cross-section area of Body B and passes to
Body A through the contact interface. The concept of the resistor network model
development is based on this example.

In this chapter, the resistor network model is developed from data of a real contact
system. For the development and test purposes, the experimental data of a 250 V, 16 A
rated AC single pole rocker switch after the four different current loading tests (0 A, 16 A,
32 A and 64 A) which were presented in Section 4.5 are used. The resistor network model
is constructed from a 3D contact map which identifies contact asperities across the
conjoined two bodies of the contact system. Furthermore, in this chapter the resistor
network model is used in order to show the geometric path of electric current flowing
through a contact system exhibiting multiple contact spots/asperities. Additionally, the
total cross-section area of each cross-sectional slice (perpendicular on the electric current
direction) is calculated and presented in comparison with the corresponding total crosssection area of each cross-section slice of electric current pathway. The number of
asperities in each of these cross-sectional slices is also calculated and compared with the
number of asperities which the electric current flows through.
122

6.2 Contact Analysis and Modelling Techniques
6.2.1

The concept and characteristics of a resistor network model system

The calculation of the electric current pathways through a contact system requires
knowledge of the distribution of the contact material constituents and their conductivities,
as well as the size distribution of the contact asperities at the interface. In this chapter, it
is assumed that the contact system is made of the same material to simplify the resistor
network model. 2D cross-section slice images in the x-y and x-z directions are extracted
from the oriented 3D volume of interest of the contact system. It is this resistor network
model which is used to determine the current pathways. The method consists of different
techniques (Contact Analysis Techniques or CAT*) which are given in Section 6.2.2. For
the resistor network model development, a similar method used to calculate the electrical
resistance of a contact system (Eq. (2.19)) is used. Figure 6.1(a) illustrates a schematic
oriented 3D volume of interest of a contact system which is used in order to explain this
method. The chosen dimensions of the schematic contact system are selected for the
practical presentation as well as for an easier understanding of the CAT* which are
developed in this chapter. The schematic contact system of Figure 6.1(a) consists of two
rough bodies, A and B which are in mechanical contact. The mechanical contact occurs
at the two constriction asperities (grey voxels in Figure 6.2(a)). In this research, the
extensions of these constriction asperities above and below the two bodies of the
schematic oriented 3D volume of interest of a contact system are called contact asperities
while the roughness of two bodies which their ‘‘peaks’’ are not in contact are called noncontact asperities. The schematic oriented 3D volume of interest of a contact system of
Figure 6.2(a) consists of 2 contact asperities and 5 non-contact asperities. These asperities
(contact asperities and non-contact asperities) are illustrated in Figure 6.1(b) and Figure
6.1(c) respectively. More information concerning the development and characterisation
of contact and non-contact asperities is explained in more detail in Chapter 7.

6.2.2

Development of Open/Closed and Closed resistor network models
First of all, the contact system is required to be divided into equal x-z cross-section

slices across the electric current (𝐼 ) direction (y-direction). The electric current direction
is defined to be parallel with the normal force (𝐹 ) and it is assumed that it flows through
the whole cross-section area of the first and last x-z cross-section slices (already shown
in Section 4.5.3). The direction of the normal force is used to define the orientation of the
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coordinate system used. The schematic 3D model of contact system of Figure 6.1(a)
consists of six x-z cross-section slices and the 2nd is illustrated in Figure 6.1(c).

Figure 6.1. Schematic contact system with its characteristics
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Figure 6.2(b) shows the resistor network of the schematic oriented 3D volume of
interest of the contact system of Figure 6.2(a) (same with Figure 6.1(a)). Each resistor 𝑅𝑖𝑗
(where the suffixes 𝑖 and 𝑗 represent the cross-section slice and the resistor numbers
respectively), corresponds to a slice asperity on each x-z cross-section slice. A slice
asperity is defined as a collection of voxels which are neighbouring other voxels by at
least one edge. For example, the x-z cross section slice of Figure 6.1(d) has 4 slice
asperities, or resistors where their values are given by Eq. (2.15) (where the length 𝑙 in ydirection equals with the resolution of the X-ray CT technique, 5 μm in this research).
The blue slice asperities (groups of blue voxels) are connected to open circuits while the
red slice asperities (groups of red voxels) are connected to closed circuits.

Figure 6.2. Schematic oriented 3D volume of interest of contact system with its resistor network

125

Figure 6.3. Schematic 3D contact source model of the schematic oriented 3D volume of interest of contact
system with its resistor network

To show the geometric pathway of electric current flow through the contact system
of Figure 6.2(a) (and Figure 6.2(b)), a potential difference across the two bodies is
applied. It is obvious that the current flows only through the slice asperities (resistors)
which are connected to the network as a closed circuit as illustrated in Figure 6.3(a) (and
Figure 6.3(b)). To show the geometric pathways of electric current flow through the
contact system of Figure 6.2(a), it is required to modify the x-z cross-section slices of it
in order to present only the slice asperities (resistors) which the current flows through like
the contact system of Figure 6.3(a) and the resistor network of Figure 6.3(b). For these
modifications, three Contact Analysis Techniques (CAT*) are used.
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The first technique is to develop the 3D constriction asperities map using the Contact
Analysis Technique for Asperities (CATA) which gives information on where the
electrical constriction asperities in a 3D volume profile are located. CATA shows that the
electric current flows through the 3D constriction asperities [193]. This technique is a
continuation of the 3D contact maps developed in Section 5.3 and extended by one voxel
in electric current direction as presented in [193] as 3D constriction asperities maps.
Figure 6.4(a) illustrates the 3D constriction asperities map of the schematic oriented 3D
volume of interest of the contact system of Figure 6.2(a).

Figure 6.4. (a) 3D constriction asperities map. (b) x-z contact slice [132]

The second technique is the Contact Analysis Technique for Contact Voxels
(CATV). This technique is used to create an x-z contact slice with all the constriction
asperities at the same height (y-direction) as illustrated in Figure 6.4(b). As mentioned
before, the electric current flows through the 3D constriction asperities, consequently, it
flows through the x-z contact slice.

The third technique, Contact Analysis Technique for Comparison (CATC) is
developed in order to compare each x-z cross-section slice with the x-z contact slice. The
reason for making a comparison is to identify which of the slice asperities of x-z crosssection slice are connected with any of the constriction asperities of x-z contact slice. If
there is a connection between the slice asperity 𝑗 of x-z cross-section slice with any of
the constriction asperities in x-z contact slice, then, the electric current flows through the
slice asperity 𝑗 of x-z cross-section slice.
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If there is no connection between the slice asperity 𝑗 of x-z cross-section slice with
any of the constriction asperities in x-z contact slice, then, the electric current does not
flow through the slice asperity 𝑗 and this slice asperity is removed from x-z cross-section
slice. A mathematical example of this technique is given below describing the geometric
path of electric current flows through the schematic oriented 3D volume of interest of
contact system of Figure 6.2(a).

The matrix [𝐴] of Eq. (6.1) represents the x-z contact slice of Figure 6.4(b), where
zeros and 𝑎 elements of matrix [𝐴] represent voxels with air and solids of the schematic
oriented 3D volume of interest of contact system respectively (note that the matrix
dimensions are equal with x-z contact slice dimensions). A constriction asperity is defined
as a collection of solid voxels which are neighbouring other solid voxels by at least one
of point of their edges. The matrix [𝐴], or the x-z contact slice consists of two constriction
asperities.

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A   0 0 0 0 0 0 0  0 0 0 0 0 0 0 0   0 0 0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

(6.1)

Matrix [𝐵𝑖𝑗 ], represents the x-z cross-section slice for 𝑖 ∈ [1, 𝑁] and 𝑗 ∈ [1, 𝑆].
Where 𝑖 is the number of x-z cross-section slice, 𝑁 is the total number of x-z cross-section
slices, 𝑗 is the number of the slice asperity and 𝑆 is the total number of the slice asperities
within the x-z cross-section slice. Zeros and 𝛽 elements of matrix [𝐵𝑖𝑗 ] represent voxels
with air and solids of the schematic oriented 3D volume of interest of the contact system
respectively. The matrix [𝐵2 ], or the 2nd x-z cross-section slice of Figure 6.2(a) consists
of 4 slice asperities. The matrices of Eq. (6.2), Eq. (6.3), Eq. (6.4) and Eq. (6.5) represent
the 1st, 2nd, 3rd and 4th slice asperity of the 2nd x-z cross-section slice respectively.

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B21   0 0 0   0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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(6.2)

0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0
B22   0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0
B23   0 0 0 0 0 0 0 0 0 0   0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
B2 4   0 0 0 0 0 0 0 0 0 0 0 0 0        0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0     0 0 0 0 

 

(6.3)

(6.4)

(6.5)

To compare if there is a connection between the 1st (𝑗 = 1) slice asperity of the
2nd (𝑖 = 2) x-z cross-section slice with any of the constriction asperities in x-z contact
slice, Eq. (6.1) and Eq. (6.2) are added as presented in Eq. (6.6). To compare if there is a
connection between the 2nd (𝑗 = 2) slice asperity of the 2nd (𝑖 = 2) x-z cross-section slice
with any of the constriction asperities in x-z contact slice, Eq. (6.1) and Eq. (6.3) are
added as presented in Eq. (6.7). The same procedure is used for the 3rd (𝑗 = 3) and
4th (𝑗 = 4) slice asperities of the 2nd x-z cross-section slice as presented in Eq. (6.8) and
Eq. (6.9) respectively. The matrix [𝐶𝑖𝑗 ] is the sum of matrix [𝐴] with matrix [𝐵𝑖𝑗 ]. The 𝛾
element represents the summation of 𝑎 and 𝛽 elements showing if there is a connection
between the slice asperity 𝑗 of 𝑖 x-z cross-section slice with any of the constriction
asperities in x-z contact slice.

Each of the slice asperities presented in the matrix [𝐶𝑖𝑗 ] is examined separately in
order to identify if the electric current flows through it or not. If the electric current flows
through a slice asperity, the 𝛾 element is included within the slice asperity and a new
matrix [𝐷𝑖𝑗 ] is created which contains only this slice asperity which is renamed with the
𝛿 elements. This condition is described by the matrices of Eq. (6.11) and Eq. (6.19). A
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slice asperity without the 𝛾 element is replaced with zeros as described by the matrices of
Eq. (6.10) and Eq. (6.18).

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C 21   0 0 0   0 0  0 0 0 0 0 0 0 0   0 0 0 0 
 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0
C 22   0 0 0 0 0 0    0 0 0 0 0 0 0   0 0 0 0 
 0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0
C23   0 0 0 0 0 0 0  0 0   0 0 0 0   0 0 0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
C24   0 0 0 0 0 0 0  0 0 0 0 0        0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0     0 0 0 0 

 

(6.6)

(6.7)

(6.8)

(6.9)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
D21  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

(6.10)

0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0
D22   0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 

(6.11)
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D 
23

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
D24   0 0 0 0 0 0 0 0 0 0 0 0 0        0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0     0 0 0 0 

 

(6.12)

(6.13)

The last matrix is created in order to include all the slice asperities of the slice where
the electric current flows through them and is described by Eq. (6.14). The final matrix
of the 2nd x-z cross-section slice of the schematic oriented 3D volume of interest of contact
system of Figure 6.2(a) is given by Eq. (6.15). The same procedure used in 2nd x-z crosssection slice, is used for the rest of x-z cross-section slices of the contact system.

Ei    Di
S

j 1

j



0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0
E2    0 0 0 0 0 0    0 0 0 0        0 0 
 0 0 0 0 0 0    0 0 0 0 0     0 0 0 0 

(6.14)

(6.15)

The geometric path of electric current flowing through a contact system consists of
all the processed x-z cross-section slices in a 3D plane. The result of this procedure is
called 3D contact source model. For example, the schematic oriented 3D volume of
interest of Figure 6.2(a) is illustrated in Figure 6.3(a) which consists of the red voxels
only. The non-contact asperities (groups of blue voxels) are removed from the oriented
3D volume of interest because they are connected to open circuits (the electric current is
not flowing through the open circuits when a voltage is applied). In addition, the 3D
contact source model of Figure 6.3(a) consists of two contact asperities (more information
about the visualisation and characterisation of these asperities is given in Chapter 7).
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6.3 Results and Analysis
6.3.1

Contact system

Figure 6.5 shows a part of the oriented 3D volume of interest of the contact system
of the 16 A rated AC single pole rocker switch after the first current loading test at 0 A
which is labelled as the 3D source model. This part of volume is selected from the oriented
3D volume of interest (the whole oriented 3D volume of interest is presented in Section
4.5.3, Figure 4.20). The reason for this selection is explained in detail in Section 6.4.2.
The same procedure used for the development of the 3D source model of the 16 A rated
AC single pole rocker switch after the 0 A current loading test is used for the rest 3D
source models development at 16 A, 32 A and 64 A current loading tests.

Figure 6.5. 3D source model of the 16 A rated AC single pole rocker switch after the first current loading
test at 0 A with bounding box dimensions of 3.22 × 0.71 × 3.31 mm

6.3.2

2D and 3D contact maps

Figure 5.6 illustrates the 3D contact maps of the contacting interface between the
conductors of the 3D source model after each current loading test at 0 A, 16 A, 32 A and
64 A. The 3D contact maps are visualized using the 2D cross-section slice images which
are processed and implemented using CAT* with a suite of tools developed in MATLAB
as described in Section 5.3. These 3D contact maps, consist of contact spots (surfaces)
which are the cross-section areas of the constriction asperities (volumes). Figure 6.6
illustrates the 2D cross-sections of x-z contact slices of the 3D source model after each
current loading test at 0 A 16 A, 32 A and 64 A. The x-z contact slices are developed using
CATV in order to set all the contact spots of the 3D contact maps of Figure 5.6 to the
same height.
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Figure 6.6. 2D cross-sections of x-z contact slices of the 3D source model after each current loading test
using CATVis

6.3.3

Resistor network model of the contact system

Figure 6.7 shows a set of graphs of the number of resistors in each x-z cross-section
slice of the 3D source model (as explained in Section 6.3.1) and the 3D contact source
model (the processed x-z cross-section slice images of the 3D source model as explained
in Section 6.2) after the four different current loading tests. Each resistor represents a slice
asperity in the x-z cross-section slice. The graphs are separated as Open/Closed Circuit
(the x-z cross-section slice images of the 3D source model) and Closed Circuit (the x-z
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cross-section slice images of the 3D contact source model) which present the number of
resistors which make up the Open/Closed Circuit or Closed Circuit as illustrated in Figure
6.2(c) or Figure 6.3(b) respectively. Each of the graphs presented in Figure 6.7 is divided
into regions and zones. The reason of this division is explained in detail in Section 6.4.3.
If voltage is applied the current will flow through the Closed Circuit. This 3D contact
source model shows exactly where the current will flow and its magnitude.

6.3.4

Electric current path maps

Figure 6.8, Figure 6.9, Figure 6.10 and Figure 6.11 illustrate the electric current path
maps (or electric current maps) of the contact system of the 16 A rated AC single pole
rocker switch after each current loading test at 0 A, 16 A, 32 A and 64 A respectively. In
this research, an electric current map is defined by the x-z cross-section slice of the 3D
source model (Open/Closed Circuit) with the largest number of resistors which are
connected to closed circuits. For example, the electric current map of the 3D source model
(Open/Closed Circuit) at 0 A which is illustrated in Figure 6.8 is the 33rd x-z cross-section
slice. This 33rd x-z cross-section slice has the largest number of resistors in the Closed
Circuit. When a simulated potential difference is applied across the 3D source model, an
electric current will flow through it. The red areas of electric current map present the areas
which are affected by electric current. The geometric path of electric current which flows
through these red areas of the electric map of the 3D source model is presented with the
red colour. The blue areas present the areas which the electric current is not flowing
through them while white areas indicate voids.

6.3.5

Total cross-sectional area of slice asperities

The cross-sectional area of a slice asperity is defined as the sum of pixels within the
slice asperity. The sum of the cross-sectional area of slice asperities in each x-z crosssection slice gives the total cross-section area of the x-z cross-section slice. Figure 6.12
shows a set of graphs of the total cross-section area in each x-z cross-section slice of the
3D source model and the 3D contact source model after the four different current loading
tests at 0 A, 16 A, 32 A and 64 A. The graphs are separated as Closed Circuit (3D contact
source model) and Open/Closed Circuit (3D source model) which present the areas which
are affected (electric current flows through them) when a simulated potential difference
is applied, or not, across the two conductors of the 3D source model.
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Figure 6.7. Number of resistors in each x-z cross-section slice image of the 3D source model for
Open/Closed and Closed Circuits after the four different current loading tests
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Figure 6.8. Cross-section area of the 33rd x-z cross-section slice of the 3D source model at 0 A

Figure 6.9. Cross-section area of the 35th x-z cross-section slice of the 3D source model at 16 A
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Figure 6.10. Cross-section area of the 36th x-z cross-section slice of the 3D source model at 32 A

Figure 6.11. Cross-section area of the 35th x-z cross-section slice of the 3D source model at 64 A
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Figure 6.12. Total cross-section area in each x-z cross-section slice image of the 3D source model for
Open/Closed and Closed Circuits after the four different current loading tests
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6.4 Discussion
6.4.1

X-ray CT technique

The results show that the X-ray CT technique is a powerful and useful tool for
viewing the contact interface of a contact system without needing to dismantle it. The
experimental data acquired using this technique with voxel resolution of 5 μm × 5 μm ×
5 μm gives the ability of examination and processing in order to investigate different
characteristics which are occur in contact interface and its extension to the two conductors
of the contact system. The additional characteristics presented in this chapter include the
development of resistor network model of a given contact system. The resistor network
model which is introduced in this chapter is developed in order to determine its effective
resistance or conductance showing the geometric path of electric current which flows
through any perpendicular cross-section slice in the electric current direction.

As mentioned in Section 5.8.1, the resolution is a very important factor for the
calculation and visualization techniques. For example, for a coarse measurement (e.g.
100 μm) of resolution, only a few asperities of large curvature are visualized while for
smaller measurement (e.g. 0.1 μm) of resolution, more asperities of smaller curvature are
visualized [124, 181]. The smallest resolution which can be obtained by the current
facility is 3 μm. This depends on the sample dimensions and X-ray admittance of the
sample materials. The resolution of 5 μm obtained in this research is the optimum that
could be achieved with the sample configuration used. However, it should be noted that
the CAT* developed and implemented within a suite of tools in this chapter can be used
with data of smaller resolution.

6.4.2

Contact analysis techniques

Analysis and modelling techniques are developed to build the resistor network model
of a given contact system in order to determine its effective resistance or conductance
showing the geometrical path of electric current which flows through any cross-section
slice. These techniques (CATA, CATV and CATC) are developed in MATLAB using
Image Processing Toolbox and their general method is based on Eq. (2.19).

The selection of the number of x-z cross-section slice images which produce the 3D
source model after each current loading test at 0 A, 16 A, 32 A and 64 A is based on two
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factors. The first factor is based on their 16-bit grayscale values. As mentioned in Section
4.4.3 and Section 4.5, the various intensities of pixel illuminations related to the level of
X-ray absorption indicate different materials of the voxel, thus different resistivities.
These x-z cross-section slices are from the lighter area of the 16-bit x-y cross-section slice
images (see Figure 4.11) which are then converted to 1-bit x-y cross-section slice images
(see Figure 4.14) as it is assumed that the slice asperities have the same resistivity in order
to simplify the resistance calculations (the resistance of each slice asperity is given by Eq.
(2.15)). From these x-y cross-section slice images, the oriented 3D volume of interest is
developed as explained in Section 4.5.3.

The second factor which is related with the selection of the number of x-z crosssection slice images which consist the 3D source model after each current loading test at
0 A, 16 A, 32 A and 64 A is to identify its limits in the y-direction. The identification of
the limits of the 3D source model in the y-direction is based on a reference area point
which gives the number of the x-z cross-section slice image with the smallest value of
total mechanical area of contact (𝐴 𝑇 ) between the two conductors of the contact system.
The histogram of Figure 6.13 illustrates the reference area point of the oriented 3D
volume of interest after 0 A current loading test which is presented with the yellow bar.
The bars before the yellow bar belong to Conductor A while the bars after the yellow bar
belong to Conductor B. Then, in each conductor, the number of bar with the largest value
of total mechanical area of contact is selected as a limit number of the x-z cross-sectionslices in y-direction. The limit numbers of the x-z cross-section-slices in y-direction in
Figure 6.13 are presented with the red bars. All the x-z cross-section-slices between the
red bars (the red bars are included) consist of the 3D source model of Figure 6.5.

The same procedure used for the development of the 3D source model of the 16 A
rated AC single pole rocker switch after the 0 A current loading test is used for the rest of
the 3D source models development at 16 A, 32 A and 64 A current loading tests. The
number x-z cross-section slice images of the 3D source model after each current loading
test is given in Table 6.1. Each asperity in the x-z cross-section slice corresponds with a
spot in 2D x-z cross-section slice image and with a resistor in resistor network model.

In the process, the smallest value of Table 6.1, (52) is used as a reference value in
order to create a new sequence (new numbering) of the x-z cross-section slice images of
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the 3D source model after each current loading test. The new sequence for each 3D source
model is used for the graphs of Figure 6.7 and Figure 6.12. With the new sequence, the
axes of x-z cross-section slice (y-direction) on the graphs are presented more evenly
matched. The new sequence of x-z cross-section slice images of the 3D source model
contains only the last 52 (reference value) x-z cross-section slice images of the 3D source
model for each current loading test. For example, the 1st x-z cross-section slice image of
the new sequence at 0 A current loading test is 51 bars before the second red bar
(Conductor B) of the histogram of Figure 6.13 and the 52nd x-z cross-section slice image
of the new sequence is the second red bar (Conductor B).

Figure 6.13. Total mechanical area of contact in each x-z cross-section slice image of the oriented 3D
volume of interest after the first current loading test at 0 A

Table 6.1. Number of x-z cross-section slice images in y-direction of 3D source model after the four
different current loading tests
Test current (A)

0

16

32

64

Number of x-z cross-section slice images

85

68

52

70

In Section 2.3.7, it is mentioned that the electric current flows through the contact
interface. This contact interface is visualized as a 3D contact map as described in Section
5.3. According to this, the 3D contact map of the conductors of the 16 A rated AC single
pole rocker switch after each current loading test at 0 A, 16 A, 32 A and 64 A as presented
in Figure 5.6 of the contact system is converted into a 2D contact map (or 2D crosssection of x-z contact slice) as illustrated in Figure 6.6. The 2D contact map is used as the
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reference x-z contact slice to make a comparison with each x-z cross-section slice of the
contact system as described in Section 6.2 in order to investigate from which of the spots
of the x-z cross-section slice the electric current flows. It is important to note that 2D
contact maps are also developed by Lalechos and Swingler [147, 149] using a different
method. The differences of these methods are given in Section 5.8.3.

6.4.3

Resistor network model of the contact system findings

The resistor network model is developed based on the separation of voxels into slice
asperities according to which a slice asperity of a contact systems corresponds with a
resistor in the resistor network model. For the calculations the resistor network model is
separated as Open/Closed Circuit (when No Voltage applied) and Closed Circuit (when
Voltage applied). The Open/Closed Circuit resistor network model is referred when a
potential difference does not apply to it and its resistors correspond to the slice asperities
of non-processed x-z cross-section slices. The Closed Circuit resistor network model is
referred when a potential difference applies to it and its resistors correspond to the slice
asperities of processed x-z cross-section slices.

The graphs of Closed Circuit and Open/Closed Circuit of the resistor network model
for each current loading test at 0 A, 16 A, 32 A and 64 A in Figure 6.7 show that the
resistors follow different distribution. The graphs of the Open/Closed Circuit resistor
network model consist of minimums and maximums at many points across the region of
contact. Table 6.2 shows the number of x-z cross-section slice images on the Open/Closed
Circuit graph (Figure 6.7) which contains the largest number of resistors after each current
loading test at 0 A, 16 A, 32 A and 64 A. The total number of resistors within these x-z
cross-section slice images is also included. The error of the calculated values presented
in Table 6.2 is ±1.366%. This error, represents the sum of the error of measured threshold
values and the error of 3D volume of interest of the experimental data (already introduced
in Section 4.5.2).

According to the graphs of the Open/Closed Circuit resistor network model after
each current loading test at 0 A, 16 A, 32 A and 64 A in Figure 6.7, the resistor network
model can be divided into three main regions. The limits of each of these three main
regions are given in Table 6.3. Each x-z cross-section slice image of the first and third
region consists of only one slice asperity (resistor). According to Eq. (2.19), the resistors
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of the first and third regions are connected in series as each x-z cross-section slice image
has only one resistor. The resistors at the second region are connected intricate in closed
and open circuits (see the example of Figure 6.2(b)) making the calculation of the total
resistance in the region difficult and complicated. This region is the result of the
roughness of two conductors of the contact system in the contact section.

Table 6.2. The total number of resistors for a x-z cross-section slice image with the maximum number of
resistors for the Open/Closed Circuit resistor network model after the four different current loading tests
Test current (A)

0

16

32

64

Number of x-z cross-section slice image

36

38

37

36

960 ± 13

788 ± 11

1,326 ± 18

1,360 ± 19

Total number of resistors

Table 6.3. Limits of each main region of the Open/Closed Circuit resistor network model after the four
different current loading tests
Test current (A)

0

16

32

64

Number of first x-z cross-section slice image

1

1

1

1

Number of last x-z cross-section slice image

11

20

26

24

Number of first x-z cross-section slice image

12

21

27

25

Number of last x-z cross-section slice image

48

48

49

45

Number of first x-z cross-section slice image

49

49

50

46

Number of last x-z cross-section slice image

52

52

52

52

st

1 region

2nd region

rd

3 region

Open/Closed Circuit resistor network models are developed for different electric
current values after four different current loading tests at 0 A, 16 A, 32 A and 64 A. In this
research, the results of these different current loading tests are categorised into normal
operation and non-normal operation. The normal operation includes the current loading
tests at 0 A and 16 A as the single pole rocker switch is rated at 16 A AC. The non-normal
operation includes the 32 A and 64 A current loading tests as these current values are out
of the single pole rocker switch current limits.
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The graphs of second region of Open/Closed Circuit resistor network model of
Figure 6.7 illustrate that there is a trend after each current loading test in both operations
(normal and non-normal). This means that the height between the two conductors of the
3D source model of the contact system decreases and the two conductors are coming
closer when the current loading increases. The height between the two conductors of the
3D source model after each current loading test is given in Table 6.4. The height between
the two conductors of the source model is defined as the distance from the first to the last
x-z cross-section slices of the second region of Open/Closed Circuit resistor network
model and multiplied with 5 μm (width of voxel). The error (±1.366%) of the calculated
values presented in Table 6.4 is already introduced in Section 4.5.2.

Table 6.4. Second region characteristics of the Open/Closed Circuit resistor network model after the four
different current loading tests
Test current (A)
Height (μm)
Total number of resistors

0

16

32

64

180 ± 2

135 ± 2

110 ± 2

100 ± 1

12,533 ± 171

8,584 ± 117

12,953 ± 177

9,663 ± 132

Table 6.4 illustrates the total number of resistors at the second region of Open/Closed
Circuit resistor network model after the four different current loading tests. The total
number of resistors at the second region is given from Eq. (6.16). Where 𝑓𝑂𝑝𝑒𝑛/𝐶𝑙𝑜𝑠𝑒𝑑 (𝑦),
is the function which describes the graph of Open/Closed Circuit in Figure 6.7.

Nr 

f

Open / Closed

 y dy

2 n d region

(6.16)

The analysis of the graphs of the Open/Closed Circuit resistor network model in
Figure 6.7 for both, normal operation (from 0 A and 16 A) and non-normal operation
(from 32 A and 64 A) shows that the total number of resistors at the second region
decreases at high currents (16 A and 64 A). This is indicating that current loading stressing
the 3D source model of the contact system decreases the number of small slice asperities
(resistors) and the dispersion of those slice asperities. This may be due to the local heating
and melting at the slice asperities causing them to come together.
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The analysis of the graphs of the Open/Closed Circuit resistor network model in
Figure 6.7 from normal operation to non-normal operation (from 16 A and 32 A) shows
that the total number of resistors at the second region is bigger at the higher current (32 A).
This is indicating that current loading stressing the 3D source model of the contact system
increases the number of small slice asperities (resistors) and the dispersion of those slice
asperities. This may be due to the local heating and melting at the plastic which holds the
Conductor A (see Figure 4.1) causing it to move. These are only initial results as more
samples and current loading tests are need to be investigated.

More interest is focused on the Closed Circuit resistor network model as this includes
only the resistors where the electric current flows through them. Compared with the
Open/Closed Circuit resistor network model the Closed Circuit resistor network includes
only the resistors which are connected to closed circuits (see the example of Figure
6.3(b)). Each graph of the Closed Circuit resistor network model of Figure 6.7 consists of
a maximum in the contact section (second region). Table 6.5 shows the number of x-z
cross-section slice image on the Closed Circuit graph (Figure 6.7) which contains the
largest number of resistors after each current loading test at 0 A, 16 A, 32 A and 64 A. The
x-z cross-section slice image with the largest number of resistors in Closed Circuit resistor
network model is labelled as the electric current map. The total number of resistors within
these x-z cross-section slice images (or electric current maps) is also included for both
resistor network models (Open/Closed Circuit and Closed Circuit). More details
concerning the electric current maps are given in Section 6.4.5.

Table 6.5. Electric current map characteristics in Open/Closed and Closed Circuit resistor network models
after the four different current loading tests
Test current (A)

0

16

32

64

Number of x-z cross-section slice image

33

35

36

35

Number of resistors in Closed Circuit

188 ± 3

171 ± 2

261 ± 4

304 ± 4

Number of resistors in Open/Closed Circuit

592 ± 8

514 ± 7

1,047 ± 14

1,049 ± 14

According to the graph of the Closed Circuit resistor network model after each
current loading test at 0 A, 16 A, 32 A and 64 A in Figure 6.7, the resistor network model
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can be divided into three main regions as illustrated in Table 6.6. Each x-z cross-section
slice image of the first and third region consists of only one slice asperity (resistor).
According to Eq. (2.19), the resistors of the first and third regions are connected in series
as each x-z cross-section slice image has only one resistor. The resistors at the second
region are connected intricate making the calculation of the total resistance in the region
difficult and complicated (but easier compared to the second region of Open/Closed
Circuit resistor network). This region corresponds to the roughness of two conductors of
the contact system.

Table 6.6. Limits of each main region of the Closed Circuit resistor network model after the four different
current loading tests
Test current (A)

0

16

32

64

Number of first x-z cross-section slice image

1

1

1

1

Number of last x-z cross-section slice image

19

27

28

29

Number of first x-z cross-section slice image

20

28

29

30

Number of last x-z cross-section slice image

37

39

46

39

Number of first x-z cross-section slice image

38

40

47

40

Number of last x-z cross-section slice image

52

52

52

52

st

1 region

2nd region

rd

3 region

Closed Circuit resistor network models are developed for different electric current
values after four different current loading tests at 0 A, 16 A, 32 A and 64 A. In this
research, the results of these different current loading tests are categorised into normal
operation and non-normal operation. The normal operation includes the current loading
tests at 0 A and 16 A as the single pole rocker switch is rated at 16 A AC. The non-normal
operation includes the 32 A and 64 A current loading test as these current values are out
of the single pole rocker switch current limits.

The graphs of second region of Closed Circuit resistor network model of Figure 6.7
illustrate that there is a trend after each current loading test in both operations (normal
and non-normal). This means that the height between the two conductors of 3D source
model of the contact system decreases and the two conductors are coming closer when
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the current loading increases. The height between the two conductors of the 3D source
model after each current loading test is given in Table 6.4. The height between the two
conductors of the source model is defined as the distance between the first and last x-z
cross-section slices of the second region of Open/Closed Circuit resistor network model
and multiplied with 5 μm (width of voxel).

The analysis of the graphs of the Closed Circuit resistor network model in Figure 6.7
for both, normal operation (from 0 A to 16 A) and non-normal operation (from 32 A to
64 A) shows that the height between the two conductors of the 3D contact source model
of the contact system at the second region decreases at high currents (16 A and 64 A). The
height between the two conductors of the 3D contact source model after each current
loading test is given in Table 6.7. The height between the two conductors of the source
model is defined as the distance between the first and last x-z cross-section slices of the
second region of the Closed Circuit resistor network model and multiplied by 5 μm (width
of voxel). The analysis of the graphs of the Closed Circuit resistor network model in
Figure 6.7 from normal operation to non-normal operation (from 16 A to 32 A) shows that
the height between the two conductors of the 3D contact source model of the contact
system at the second region is bigger at the higher current (32 A). This is indicating that
current loading stressing the 3D source model of the contact system increases the number
of small slice asperities (resistors) and the dispersion of those slice asperities. This may
be due to the local heating and melting at the plastic which holds the Conductor A (see
Figure 4.1) causing it to move. The error of the calculated values of height at the second
region as well as the total number of resistors presented in Table 6.7 is calculated to be
±1.366% (already introduced in Section 4.5.2).

Table 6.7. Second region characteristics of the Closed Circuit resistor network model after the four
different current loading tests
Test current (A)
Height (μm)
Total number of resistors

0

16

32

64

90 ± 1

60 ± 1

90 ± 1

50 ± 1

839 ± 11

881 ± 12

1,757 ± 24

1,309 ± 18

Table 6.7 illustrates the total number of resistors at the second region of Closed
Circuit resistor network model after the four different current loading tests. The total
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number of resistors at the second region is given from Eq. (6.17). Where 𝑓𝐶𝑙𝑜𝑠𝑒𝑑 (𝑦), is
the function which describes the graph of Closed Circuit in Figure 6.7.

Nr 

f

Closed

 y dy

2 n d region

(6.17)

The analysis of the graphs of the Closed Circuit resistor network model in Figure 6.7
for normal operation (from 0 A to 16 A) and from normal operation to non-normal
operation (from 16 A to 32 A) shows that the total number of resistors at the second region
increases when the current increases (see Table 6.7). This is indicating that current
loading stressing the 3D contact source model of the contact system increases the number
of small slice asperities (resistors) and the dispersion of those slice asperities. Concerning
the analysis of the graphs of the Closed Circuit resistor network model in Figure 6.7 for
non-normal operation (32 A and 64 A) shows that the total number of resistors at the
second region decreases when the current loading increases. These are only initial results
as more samples and current loading tests are needed to be studied for any conclusions.

6.4.4

Total resistance and total conductance of the contact system

The total resistance across the contact system is given from the sum of total
resistance in each region. The Closed Circuit resistor network model which is introduced
in this research will be used in order to calculate the total resistance across conductors of
the 16 A rated AC single pole rocker switch and hence the total conductance of it. The
Open/Closed Circuit resistor network model is excluded as the open circuits do not affect
the total values of the resistance and conductance.

Table 6.8 illustrates the total resistance of the first zone, second zone (or second
region as they have the same limits) and third zone as well as the total resistance across
the first and third zone of the 3D contact source model (Closed Circuit resistor network
model) of the 16 A rated AC single pole rocker switch after the four different current
loading tests. The limits of the 2nd region of Open/Closed Circuit resistor network model
are the same with the limits between the first and third zone of the contact system (see
Figure 6.7). Where the first zone on the graphs of Figure 6.7 is defined by the common
x-z cross-section slices between the first region of the Closed Circuit and the second
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region of the Open/Closed Circuit. The third zone on the graphs of Figure 6.7 is defined
as the common x-z cross-section slices between the third region of the Closed Circuit and
the second region of the Open/Closed Circuit. These zones (first and third) are defined in
order to set limits for the resistance measurement as the measurement from the first x-z
cross-section slice to the last gives arbitrary value for the resistance of the 3D source
model of the contact system (this is because the graphs of Figure 6.7 at 0 A, 16 A and 64 A
consist of a part of the whole 3D source model, see Section 6.4.2 and Table 6.1).

The total resistance of the first and third zone after each current loading test presented
in Table 6.8 is calculated by adding the resistance of each x-z cross-section slice image
of the 3D contact source model (Closed Circuit) using Eq. (2.15). The resistance of each
x-z cross-section slice (of first and third zone) is calculated by using the total mechanical
area of contact in each x-z cross-section slice image. The total mechanical area of contact
of each x-z cross-section slice image is given in Figure 6.12 (the Closed Circuit values).
Where the length 𝑙 in y-direction and electrical resistivity (of silver) 𝜌 of Eq. (2.15) are
equal to 5 μm and 15.87× 10−9 Ωm respectively. The error of the calculated values
presented in Table 6.8 is ±1.366%. This error, represents the sum of the error of measured
threshold values and the error of 3D volume of interest of the experimental data (see
Section 4.5.2).

Table 6.8. Resistance values in each zone and the total resistance across the 1 st and 3rd zone of the 3D
contact source model after the four different current loading tests

Resistance (nΩ)

Test current (A)

0

16

32

64

1st zone

168.67 ± 2.30

151.89 ± 2.07

32.879 ± 0.45

104.43 ± 1.43

2nd region

617.67 ± 8.44

336.02 ± 4.59

402.17 ± 5.49

348.80 ± 4.76

3rd zone

172.79 ± 2.36

155.58 ± 2.13

59.669 ± 0.82

105.64 ± 1.44

Total

959.13 ± 13.1

643.49 ± 8.79

494.72 ± 6.76

558.87 ± 7.63

The resistance across the second region is difficult to calculate due to the intricate
connections of the resistors at the region. However, an approach is introduced in this
research by modifying Greenwood’s formula which is given from Eq. (2.23). This gives
the total contact resistance which depends on the distances between the set of circular
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contact spots (the formula is based on electrostatics [194]). According to this, Eq. (2.23)
applies in surfaces (contact spots). The modification on Eq. (2.23) which is given from
Eq. (6.18) is made in order to apply in volumes (slice asperities). It is important to note
that the potential difference across each slice asperity (each resistor) in the x-z crosssection slice is assumed to be equal with the other slice asperities (resistors) in the x-z
cross-section slice of the 3D contact source model (Closed Circuit resistor network).

R

 l


 Ai   ai 2


i j

ai a j
d ij

(6.18)

Eq. (6.18) gives the total resistance for each x-z slice on the second region of Closed
Circuit (see Figure 6.7) resistor network model of the 3D contact source model. To
achieve this, the cross-section area of each slice asperity in the y-direction is assumed to
be a circle of radius 𝛼. For example, the radius of contact spot 𝑖 is calculated by Eq. (5.7).
Where 𝐴𝑖 is the total cross-section area of slice asperity 𝑖. The distance 𝑑𝑖𝑗 between slice
asperity 𝑖 and 𝑗 is calculated from the mean-points of slice asperities 𝑖 and 𝑗 (see Figure
5.4). Where the length 𝑙 in y-direction and electrical resistivity (of silver) 𝜌 of Eq. (6.18)
are equal to 5 μm and 15.87× 10−9 Ωm respectively. The total resistance of the second
region after each current loading test presented in Table 6.8 is calculated by adding the
total resistance of each x-z slice of the Closed Circuit (see Figure 6.7) resistor network
model of the 3D contact source model.

The total resistance value after each current loading test is presented in Table 6.8.
This value is calculated by adding the total resistance of three zones. It is important to
note that the bulk resistance is measured across the two conductors of the 16 A rated AC
single pole rocker switch after the 0 A current loading test using the ‘‘four-wire’’ method
and is found to be approximately equal to 0.27 mΩ (Section 4.3). Comparing this value
with the value of total resistance in Table 6.8 after the 0 A current loading test it is obvious
that it is larger. This was expected because the value of the resistance is increasing when
the length of the material is increasing (see Eq. (2.15)).

The conductance in each zone and the total conductance across the 1st and 3rd zone
of the 3D contact source model of the 16 A rated AC single pole rocker switch after the
150

four different current loading tests at 0 A, 16 A, 32 A and 64 A are given in Table 6.9. The
conductance values presented in Table 6.9 are calculated using the corresponding
resistance values presented in Table 6.8. The conductance is given from the inverse value
of resistance.

Table 6.9. Conductance values in each zone and the total conductance across the 1st and 3rd zone of the
3D contact source model after the four different current loading tests

Conductance (MS)

Test current (A)

6.4.5

0

16

32

64

1st zone

5.929 ± 0.08

6.584 ± 0.09

30.415 ± 0.42

9.576 ± 0.13

2nd region

1.619 ± 0.02

2.976 ± 0.04

2.487 ± 0.03

2.867 ± 0.04

3rd zone

5.787 ± 0.08

6.428 ± 0.09

16.759 ± 0.23

9.466 ± 0.13

Total

1.043 ± 0.01

1.554 ± 0.02

2.021 ± 0.03

1.789 ± 0.02

Electric current maps findings

The cross-section area of the x-z cross-section slice images for the current loading
tests at 0 A, 16 A, 32 A and 64 A which was presented in Table 6.5 are illustrated in Figure
6.8, Figure 6.9, Figure 6.10 and Figure 6.11 respectively. These x-z cross-section slice
images show their resistors in red and blue spots and are labelled as electric current maps.
The red and blue spots show the resistors of the Open/Closed Circuit resistor network
model. The red spots show the resistors of the Closed Circuit resistor network model and
the geometric path of electric current which flows through the voxels (or pixels in 2D) of
these x-z cross-section slice images. The total number of spots (or resistors) for both
resistor network models (Open/Closed Circuit and Closed Circuit) of Figure 6.8, Figure
6.9, Figure 6.10 and Figure 6.11 is given from the corresponding current test value of
Table 6.5.

The analysis of electric current maps of both circuit resistor network models
(Open/Closed Circuit and Closed Circuit) in Figure 6.8 and Figure 6.9 for normal
operation (0 A and 16 A) shows that their total number of resistors decreases when the
loading current increases (Table 6.5). The analysis of electric current maps of both Circuit
resistor network models (Open/Closed Circuit and Closed Circuit) in Figure 6.10 and
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Figure 6.11 for non-normal operation (32 A and 64 A) shows that their total number of
resistors increases when the loading current increases (Table 6.5). Concerning the
analysis of electric current maps of both Circuit resistor network models (Open/Closed
Circuit and Closed Circuit) in Figure 6.9 and Figure 6.10 from normal operation to nonnormal operation (from 16 A to 32 A) shows that their total number of resistors increases
when the loading current increases (Table 6.5). These are only initial results as more
samples and current loading tests are needed for each operation (normal and non- normal)
to be investigated for any conclusions.

6.4.6

Total cross-sectional area of slice asperities findings

The cross-section area of each x-z cross-section slice of the 3D source model
(Open/Closed Circuit) and 3D contact source model (Closed Circuit) is calculated by
counting the number of voxels in each slice and multiplied with the pixel size (5 μm ×
5 μm). The cross-section area of each x-z cross-section slice for both (Open/Closed
Circuit and Closed Circuit) resistor network models after each current loading test is
illustrated in Figure 6.12. The graphs of Figure 6.12 show that the cross-section areas of
both (Open/Closed Circuit and Closed Circuit) resistor network models follow similar
distributions after each current loading test at 0 A, 16 A, 32 A and 64 A. It is important to
mention that the graphs of the Figure 6.12 show that as the resistors (slice asperities) tend
to the contact region their cross-sectional area decreases.

Table 6.10 shows the number of x-z cross-section slice image on the Open/Closed
Circuit graph (Figure 6.12) which have the smallest cross-section area after each current
loading test at 0 A, 16 A, 32 A and 64 A. The total cross-section area of these x-z crosssection slice images is also included.

Table 6.10. Number of x-z cross-section slice image with the smallest total cross-section area and its total
cross-section area for the Open/Closed Circuit resistor network model after the four different current
loading tests
Test current (A)

0

16

32

64

Number of x-z cross-section slice image

28

34

39

34

2.26 ± 0.03

2.39 ± 0.03

2.98 ± 0.04

1.51 ± 0.02

Total cross-section area (mm2 )
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Table 6.11 shows the number of x-z cross-section slice image on the Closed Circuit
graph (Figure 6.12) which have the smallest cross-section area after each current loading
test at 0 A, 16 A, 32 A and 64 A. The total cross-section area of these x-z cross-section
slice images is also included. The error of the calculated values presented in Table 6.10
and Table 6.11 is ±1.366% (see Section 4.5.2).

Table 6.11. Number of x-z cross-section slice image with the smallest total cross-section area and its total
cross-section area for the Closed Circuit resistor network model after the four different current loading
tests
Test current (A)

0

16

32

64

Number of x-z cross-section slice image

29

34

37

34

2.07 ± 0.02

2.25 ± 0.03

2.32 ± 0.03

1.31 ± 0.02

Total cross-section area (mm2 )

Table 6.12 illustrates the total volume of resistors at the second region of
Open/Closed Circuit resistor network model after the four different current loading tests.
The total volume of resistors at the second region is given from Eq. (6.19).
Where 𝑓𝑂𝑝𝑒𝑛/𝐶𝑙𝑜𝑠𝑒𝑑 (𝑦), is the function which describes the graph of Open/Closed Circuit
in Figure 6.12 and 𝑝𝑙 is the pixel length (5 μm in this research).

Table 6.12. Total volume of resistors at the second region of the Open/Closed Circuit resistor network
model after the four different current loading tests
Test current (A)
Total volume of resistors (mm3 )

0

16

32

64

0.707 ± 0.009

0.525 ± 0.007

0.456 ± 0.006

0.366 ± 0.005

VR  pl 

f

Open / Closed

2 n d region

 y dy

(6.19)

The graphs of second region of Open/Closed Circuit resistor network model of
Figure 6.12 illustrate that there is a trend of the total volume of resistors after each current
loading test in both operations, normal and non-normal. This means that the total volume
of resistors between the two conductors of 3D source model of the contact system
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increases and the two conductors are coming closer when the current loading increases.
The total volume of resistors at the second region of the 3D source model (Open/Closed
Circuit) after each current loading test is given in Table 6.12. The error of the calculated
values presented in Table 6.12 is ±1.366%. This error, represents the sum of the error of
measured threshold values and the error of 3D volume of interest of the experimental data
(see Section 4.5.2).

Table 6.13 illustrates the total volume of resistors at the second region of Closed
Circuit resistor network model after the four different current loading tests. The total
volume of resistors at the second region is given from Eq. (6.20). Where 𝑓𝐶𝑙𝑜𝑠𝑒𝑑 (𝑦), is
the function which describes the graph of Closed Circuit in Figure 6.12 and 𝑝𝑙 is the pixel
length (5 μm in this research).

Table 6.13. Total volume of resistors at the second region of the Closed Circuit resistor network model
after the four different current loading tests
Test current (A)
Total volume of resistors (mm3 )

0

16

32

64

0.209 ± 0.003

0.136 ± 0.002

0.292 ± 0.004

0.084 ± 0.001

f

VR  pl 

Closed

2n d region

 y dy

(6.20)

The analysis of the graphs of the Closed Circuit resistor network model in Figure
6.12 for both normal operation (0 A and 16 A) and non-normal operation (32 A and 64 A)
shows that the total volume of resistors at the second region decreases at high currents
(16 A and 64 A). The total volume of resistors at the second region of Closed Circuit
resistor network model is given in Table 6.13 with error of ±1.366% (see Section 4.5.2).

The analysis of the graphs of the Closed Circuit resistor network model in Figure
6.7 from normal operation to non-normal operation (from 16 A to 32 A) shows that the
total number of resistors at the second region (see Table 6.13) is bigger at the higher
current (32 A). These are only initial results as more samples and current loading tests are
need to be investigated for any conclusions.
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6.4.7

Electric current constriction

The resistor network model which is developed in this research is found to
demonstrate that the contact system consists of open and closed circuits. In the modelling
process, the open circuits are then removed from the resistor network model and picture
any cross-section area of the contact system and show from which voxels the electric
current flows. Figure 6.14(a) illustrates the schematic diagram of a contact system with
the limits of each region of resistor network model (Open/Closed and Closed Circuits).

Figure 6.14. (a) Schematic diagram of a contact system. (b) Schematic diagram of resistors of a contact
system in each x-z cross-section slice

When a simulated potential difference is applied across the contact system, an
electric current will flow through it. From Figure 6.14(a) it is obvious when the electric
current tends to contact region is constricted. According to this, the contact system can
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be divided into constriction zones. These constriction zones are labelled as polar,
temperate and tropical. For example, as the electric current flows from polar zone to the
tropical zone the constriction increases and when flows (the electric current) from tropical
zone to the polar zone the constriction decreases. This constriction of electric current
through a contact system shows behaviour analogous to the climate zones of earth.

The limits of constriction zones in bodies A and B can be identify from the
Open/Closed Circuit and Closed Circuit resistor network models. Where the polar zones
in Body A and Body B are given from the limits of the 1st region and 3rd region of
Open/Closed Circuit resistor network model respectively. Where the temperate zone in
Body A is defined the district between the 1st region of Open/Closed Circuit and 2nd region
of Closed Circuit. Where the temperate zone in Body B is defined the district between the
2nd region of Closed Circuit and the 3rd region of Open/Closed Circuit. Where the tropical
zone of contact system is given from the limits of the 2nd region of Closed Circuit. The
limits of each zone of Figure 6.14(a) are also presented in Figure 6.14(b). It is important
to note that the limits of polar zones (the repel direction of temperate zone of each body)
are arbitrary as they could be from any cross-section slice of the bulk of contact bodies.
On the other hand, the limits of temperate and tropical zone are given exactly from the
2nd region of Open/Closed and Closed Circuits resistor network models of contact system.

6.5 Conclusion
The X-ray CT technique is used in order to visualize the contact system of a 16 A
rated AC single pole rocker switch without the need to dismantle the sample. A resistor
network model of a contact system is developed and introduced based on the slice
asperities of the cross-section slice images. These slice asperities consist of voxel or
voxels which represent the 3D microstructures of the contact system. The cross-section
slice images of the contact system which are acquired from the X-ray CT are processed
using Contact Analysis Techniques, CAT* which are developed and implemented with a
suite of tools developed in MATLAB and Image Processing Toolbox. These techniques
can be used for any contact system for any value of resolution.

The resistor network model is found to demonstrate that the contact system consists
of open and closed circuits. In the modelling process, the open circuits are then removed
from the resistor network model with a technique presented in this chapter which pictures
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any cross-section area of the contact system and shows from which voxels the electric
current flows.

The resistor network model is divided into three main regions where two regions
have resistors connected in series. The third region is located between the other two
regions and its resistors are connected in a nontrivial fashion of parallel and series
components. For the resistance across this region an approach has been introduced by
modifying the Greenwood’s formula of total contact resistance. The sum of the total
resistance in each region gives the total resistance across the resistor network model of
the contact system.

Moreover, it is found that as a cross-section slice of the resistor network model (for
Closed Circuit) tends to the contact region the total number of its resistors (slice
asperities) increases. Furthermore, it is important to note that as a cross-section slice of
the resistor network model (for both circuits, Open/Closed and Closed) tends to the
contact region the total cross-section area of the cross-section slice decreases. This
indicates that as the cross-section slice tends to the contact region the total volume of its
resistors (slice asperities) decreases.
The resistor network model which is developed in this chapter illustrates that the
constriction of electric current through the contact system shows behaviour analogous to
the climate zones of earth.
In addition, in this chapter it is found that the electric current causes changes in the
three main regions the resistor network model. These changes includes the limits of each
region, the number of resistors in each slice of the region as well as the total number and
the total volume of resistors. These changes have an impact on the total resistance across
the resistor network model. The results presented in this chapter are limited as more
samples and current loading tests need to be investigated for any conclusions concerning
the effect of electric current across the resistor network model of the contact system.
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Chapter 7 – The 3D Contact Analysis Approach for the Visualisation
and Characterisation of the Electrical Contact Asperities
7.1 Introduction
The contact spots are found to be very important by many researchers which are
visualised using different destructive and non-destructive visualisation techniques (as
described in Section 3.2 and Section 3.3 respectively). Many recent contact spots
visualization techniques do not recognize the effects of scale dependent properties [7,
141, 147, 148]; in fact, many classical and widely used contact spots area visualization
techniques completely ignore the effect of scale and the 3D nature of contact spots and
picture the contact area in a 2D plane. The work presented in this chapter aims to build
on the visualisation technique developed in a previous chapter (Chapter 5) where the
contact spots are pictured in a 3D plane as a ‘‘3D Contact Map’’ in order to visualise the
contact asperities.

The contact asperities have been considered for decades due to their significant
importance in several branches of science and engineering such as surface science [4042], tribology [43-45], heat transfer [46-49] and recently in Micro-Electro-Mechanical
Systems (MEMS) [50-56]. Due to this significant importance, several models [57-62] are
developed in order to provide information about their features such as contact asperity
dimensions, number, distribution material properties, surface profiles and operating
conditions. One of the most popular models has been developed by GreenwoodWilliamson [63]. According to this model, it assumes the two bodies of the contact
asperities on a surface are hemispherical in shape with the same radius. The peak of each
contact asperity is assumed to be located at different heights following a random Gaussian
distribution. When a flat plane is brought into contact with the Greenwood-Williamson
surface, the contact asperities deform elastically with consideration of plastic deformation
under particular limits.

The contact asperities describe the structures above and below of the contact
interface (the contact spots of the 3D contact map) to the two conductors which make the
contact system. The contact asperities require the discretization of the 3D microstructures
of the contact system into voxels. A contact analysis approach has been developed and
introduced in this chapter which shows the way to 3D visualise the contact asperities of
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a given contact system. For the discretization of a 3D microstructure of contact system
into voxels, the X-ray CT technique is used in order to collect the data of a 16 A rated AC
single pole rocker switch which is used as a contact system for investigation.

In this chapter, a contact analysis approach has been developed and introduced which
shows the structures of the contact spots of the conductors of a 16 A rated AC single pole
rocker switch as 3D contact asperities. For the development and test purposes of this
approach, the experimental data of the 250 V, 16 A rated AC single pole rocker switch
after the four different current loading tests (0 A, 16 A, 32 A and 64 A) which are presented
in Section 4.5 are used. Moreover, the total number, the volume and the height of the 3D
contact asperities are calculated and presented with their distribution. In addition, the
surface area of the 3D contact asperities which is exposed to the air is also calculated and
presented with their distribution.

7.2 Contact Analysis and Modelling Techniques
For the 3D visualization of contact asperities, a similar approach used in the previous
chapter (Chapter 6) in order to picture any cross-section slice of the contact system
showing from which voxels the electric current flows is used. Figure 7.1(a) shows a
schematic oriented 3D volume of interest of the contact system which is used in order to
explain this contact analysis approach. The oriented 3D volume of interest of the contact
system consists of two rough bodies, A and B which are in mechanical contact. The
mechanical contact takes place at three contacting regions which are presented with red
voxels in Figure 7.1(a).

The contact analysis approach consists of further stages starting with the division of
the contact system into equal x-z cross-section slices across the electric current (𝐼)
direction (y-direction). The electric current direction is defined to be parallel with the
normal force (𝐹) and it is assumed that it flows through the whole cross-section area of
the first and last x-z cross-section slices. The direction of the normal force is used to
define the orientation of the coordinate system used. The schematic oriented 3D volume
of interest of the contact system of Figure 7.1(a) (and Figure 7.1(b)) consists of six x-z
cross-section slices and the 2nd x-z cross-section slice of Figure 7.1(b) is illustrated in
Figure 7.1(c). The schematic oriented 3D volume of interest of the contact system of
Figure 7.1(a) consists of contact asperities and non-contact asperities. The definition of
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contact asperity (see Figure 6.1(b)) and non-contact asperity (see Figure 6.1(c)) was
already introduced in Section 6.2. For example, the Body B of Figure 7.1(a) has 2 noncontact asperities and 3 contact asperities while Body A has 3 non-contact asperities and
3 contact asperities. It is important to note that the number of contact asperities for both
bodies (A and B) of any contact system is equal. Moreover, the voxels of each x-z crosssection slice are labelled as slice asperities. A slice asperity is defined as a collection of
voxels which are neighbouring other voxels by at least one edge. For example, the 2nd xz cross-section slice of Figure 7.1(a) consists of four slice asperities and the 2nd x-z crosssection slice of Figure 7.1(b) consists of two slice asperities. The 2nd x-z cross-section
slice of Figure 7.1(b) is illustrated in Figure 7.1(c).

The second stage of the contact analysis approach is the development of the oriented
3D contact volume of interest of the contact system which is illustrated in Figure 7.1(b).
This 3D contact volume of interest includes only the contact asperities from which the
electric current flows when a potential difference is applied across the two bodies (A and
B). For example, Figure 7.1(b) includes only the contact asperities of Figure 7.1(a) with
their extensions. More details about the development of the 3D contact volume of interest
of the contact system are given in the previous chapter (Chapter 6) where the 3D contact
volume of interest consists of resistors which are connected to closed circuits.

To visualize only the contact asperities of the 3D contact volume of interest of the
contact system of Figure 7.1(b), three Contact Analysis Techniques (CAT*) are
developed. The first technique is to develop the 3D constriction asperities map using the
Contact Analysis Technique for Asperities (CATA) which gives information on where
the electrical constriction asperities in a 3D volume profile are located. CATA shows that
the electric current flows through the 3D constriction asperities [193]. This technique is
a continuation of the 3D contact maps developed in Section 5.3 and extended by one
voxel in electric current direction as presented in [193] as 3D constriction asperities maps.
Figure 7.2(a) illustrates the 3D constriction asperities map of the schematic oriented 3D
volume of interest of the contact system of Figure 7.1(b). It is important to note that the
3D constriction asperities map is the same in both, oriented 3D volume of interest and
oriented 3D contact volume of interest of the contact system.

The second technique is the Contact Analysis Technique for Contact Voxels
(CATV). This technique is used to create an x-z contact slice with all the voxels of the
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3D constriction asperities map of Figure 7.2(a) at the same height (y-direction) as
illustrated in Figure 7.2(b). As mentioned before, the electric current flows through the
3D constriction asperities map, consequently, it flows through the x-z contact slice. The
collection of solid voxels in this x-z contact slice which are neighbouring other solid
voxels by at least one point of their edges are defined as slice asperities (same definition
as in x-z cross-section slices). The x-z contact slice of Figure 7.2(b) consists of 3 slice
asperities.

Figure 7.1. (a) Schematic oriented 3D volume of interest. (b) Schematic oriented 3D contact volume of
interest. (c) 2nd x-z cross-section slice of the schematic oriented 3D contact volume of interest [186]

The third technique, Contact Analysis Technique for Asperities Comparison
(CATAC) which consists of several stages starts with the visualization of each slice
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asperity separately with its extensions to the two bodies A and B. To achieve this, a
comparison of each slice asperity of the x-z contact slice with the slice asperities of each
x-z cross-section slice is made. The reason of making a comparison is to identify which
of the slice asperities of the x-z cross-section slice are connected with the slice asperity 𝑘
of the x-z contact slice. Where 𝑘, is the number of slice asperity of the x-z contact slice
(it is also the number of contact asperity, as the slice asperity belongs to the constriction
asperity). If there is a connection between the slice asperity 𝑘 of x-z contact slice with
any of the slice asperities in the x-z cross-section slice, then, the connected slice asperity
in x-z cross-section slice belongs to the contact asperity 𝑘. If there is no connection
between the slice asperity 𝑘 of the x-z contact slice with the slice asperities in the x-z
cross-section slice, then, the disconnected slice asperities are removed from the x-z crosssection slice. A mathematical example of this technique is given below describing the 3D
visualization of contact asperities of the schematic oriented 3D volume of interest of the
contact system of Figure 7.1(b) where each x-z cross-section slice is described by
different matrix.

Figure 7.2. (a) 3D constriction asperities map. (b) x-z contact slice [186]

The matrix [𝐴] of Eq. (7.1) represents the x-z contact slice of Figure 7.2(b), where
zeros and 𝑎 elements of matrix [𝐴] represent voxels with air and solids of the schematic
oriented 3D volume of interest of the contact system respectively. A slice asperity in
matrix [𝐴] is defined as a collection of solid voxels which are neighbouring other solid
voxels by at least one point of their edges. The matrix [𝐴] consists of three slice asperities.
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0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  0 0 0 0 0 0
A   0 0 0 0 0 0 0  0 0 0 0 0 0   0 0 0  0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

(7.1)

Matrix [𝐴k], represents the 𝑘 slice asperity of the x-z contact slice for 𝑘 ∈ [1, 𝑆].
Where 𝑆, is the total number of slice asperities of the x-z contact slice (or the total number
of slice asperities of matrix [𝐴]). The matrix [𝐴1 ] in Eq. (7.2) represents the 1st slice
asperity of the x-z contact slice.

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
A1    0 0 0 0 0 0 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

(7.2)

Matrix [𝐵𝑖 ], represents the 𝑖 𝑡ℎ x-z cross-section slice for 𝑖 ∈ [1, 𝑁], where 𝑖 is the
number of x-z cross-section slice and 𝑁 is the total number of x-z cross-section slices.
Zeros and 𝛽 elements of matrix [𝐵𝑖 ] represent voxels of air and solid material of the
oriented 3D volume of interest of the contact system respectively. The collection of solid
voxels in matrix [𝐵𝑖 ] which are neighbouring to other solid voxels by at least one point
of their edges are called slice asperities. The matrix [𝐵2 ], or the 2nd x-z cross-section slice
of Figure 7.1(b) consists of 2 slice asperities and is described by Eq. (7.3).

0 0 0 0 0 0    0 0 0 0 0         
B2    0 0 0 0       0 0 0         0 
 0 0 0 0 0 0    0 0 0 0 0         

(7.3)

To identify if there is a connection between the 1 st (𝑘 = 1) slice asperity of x-z
contact slice with any of the slice asperities in the 2nd (𝑖 = 2) x-z cross-section slice, Eq.
(7.2) and Eq. (7.3) are added as presented in Eq. (7.4). The matrix [𝐶𝑘𝑖 ] is the sum of
matrix [𝐴𝑘 ] with matrix [𝐵𝑖 ]. The 𝛾 element represents the summation of 𝑎 and 𝛽
elements and shows if there is a connection between the slice asperity 𝑘 of the x-z contact
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slice with any of the slice asperities in the 𝑖 𝑡ℎ x-z cross-section slice. The same procedure
is used for the rest of the x-z cross-sectional slices.

0 0 0 0 0 0    0 0 0 0 0         
C12   0 0 0 0       0 0 0         0 
 0 0 0 0 0 0    0 0 0 0 0         

 

(7.4)

Each of the slice asperities presented in the matrix [𝐶𝑘𝑖 ] is examined separately in
order to identify if it belongs to the 𝑘 3D contact asperity with its extensions to bodies A
and B. If a slice asperity belongs to this 𝑘 3D contact asperity with its extensions to bodies
A and B, the 𝛾 element is included within the slice asperity and a new matrix is created
which contains only this slice asperity which is renamed with the 𝛿 elements. A slice
asperity without the 𝛾 element is replaced with zeros. These conditions are described by
matrix [𝐷k𝑖 ]. The matrix [𝐷12 ] of Eq. (7.5) shows that the slice asperity (𝛿 elements) of
the 2nd (𝑖 = 2) x-z cross-section slice of matrix [𝐷 ] belongs to the 1st (𝑘 = 1) 3D contact
asperity with its extensions to bodies A and B. The same procedure is used for the rest of
the x-z cross-sectional slices of the oriented 3D volume of interest of the contact system.

0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0
D12   0 0 0 0       0 0 0 0 0 0 0 0 0 0 0 0 
 0 0 0 0 0 0    0 0 0 0 0 0 0 0 0 0 0 0 0 

 

(7.5)

Figure 7.3(a) shows the 1st (𝑘 = 1) 3D contact asperity with its extensions to bodies
A and B which is developed with the stack of matrices [𝐷1𝑖 ] in the y-direction for 𝑖 ∈
[1, 𝑁]. The same procedure used for the visualization of 1st (𝑘 = 1) 3D contact asperity
with its extensions to bodies A and B is used for the rest of 𝑘 3D contact asperities with
their extensions to bodies A and B. The results of this procedure for the 2 nd and 3rd (𝑘 =
2 and 𝑘 = 3) 3D contact asperities with their extensions to bodies A and B are illustrated
in Figure 7.3(b) and Figure 7.3(c) respectively.
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Figure 7.3. Three different 3D contact asperities with their full extensions to the two bodies A and B [186]

For the visualization of 3D contact asperities (without their full extensions to bodies
A and B) the 3D contact asperities with their extensions to bodies A and B presented in
Figure 7.3 are used to create 3D matrices for examination. Each 3D matrix [𝐸𝑘 ] represents
the 𝑘 3D contact asperity with its extensions to bodies A and B of Figure 7.3. Each voxel
of the solid of Figure 7.3 represented with 𝜀 element in the [𝐸𝑘 ] 3D matrix while the air
is represented with zero elements. For the separation of 3D contact asperities from their
full extensions to bodies A and B, all the 3D matrices, [𝐸𝑘 ] are added as described in Eq.
(7.6).

S

F    Ek 
k 1

165

(7.6)

The summation of Eq. (7.6) is illustrated in Figure 7.4(a) with voxels in different
colours. The colour of each voxel depends on the value of each element 𝜑𝑥,𝑦,𝑧 (where the
suffixes 𝑥, 𝑦, 𝑧 represent the position of the 𝜑 element in the 3D matrix [𝐹 ]) of the 3D
matrix [𝐹 ]. The 𝜑𝑥,𝑦,𝑧 element takes three types of values as described from Eq. (7.7).
The elements with zero value represent the air while the elements with 𝜀 and 𝑚 ∙ 𝜀 values
represent white and gray voxels respectively. The zero values of the 3D matrix [𝐹 ] are
not illustrated in the figures as they represent air.
0
𝜑𝑥,𝑦,𝑧 = { 𝜀
𝑚 ∙ 𝜀,

(𝑚 ∈ ℝ)

(7.7)

Figure 7.4. (a) Summation of the voxels of 3D contact asperities with their extensions to bodies A and B.
(b) 3D contact asperities [186]

The final stage of the CATAC technique is to visualize only the 3D contact asperities
(white voxels in Figure 7.4(a)). At this stage each element 𝜑𝑥,𝑦,𝑧 in the 3D matrix [𝐹 ] of
Eq. (7.6) is examined separately as described from Eq. (7.8). If 𝜑𝑥,𝑦,𝑧 = 𝜀 then the 𝑔𝑥,𝑦,𝑧
element in the 3D matrix [𝐺 ] equals to 𝑔 and if 𝜑𝑥,𝑦,𝑧 ≠ 𝜀 then the 𝑔𝑥,𝑦,𝑧 element equals
to zero. The zero and 𝑔 values in 3D matrix [𝐺 ] represent air and solid respectively. The
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result of the 3D matrix [𝐺 ] in voxels is illustrated in Figure 7.4(b). The collection of solid
voxels which are neighbouring to other solid voxels by at least one point of their edges
are called 3D contact asperities.
𝑔,
𝑔𝑥,𝑦,𝑧 = {
0,

𝑖𝑓 𝜑𝑥,𝑦,𝑧 = 𝜀
𝑖𝑓 𝜑𝑥,𝑦,𝑧 ≠ 𝜀

(7.8)

7.3 Results and Analysis
7.3.1

Contact system

Figure 7.5 illustrates the 3D source model of the 16 A rated AC single pole rocker
switch after the second current loading test at 16 A. More details concerning the
development of the 3D source model and the use of it are already explained in detail in
Section 6.3.1.

Figure 7.5. 3D source model of the 16 A rated AC single pole rocker switch after the second current
loading test at 16 A with bounding box dimensions of 3.22 × 0.69 × 3.40 mm

Figure 7.6 illustrates a part of 3D contact source model of the 16 A rated AC single
pole rocker switch after the second current loading test at 16 A. This model is developed
and visualised using some selected 2D cross-section slice images of the 3D source model
of Figure 7.5 which have been processed as described in Section 6.2 (the 2D cross-section
slice images of the Closed Circuit resistor network model). The reason for this selection,
of these 2D cross-section slice images from the 3D source model is explained in detail in
Section 7.4.2. In this chapter, the part of 3D contact source model is used as the oriented
3D contact volume of interest of the contact system.
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Figure 7.6. Part from 3D contact source model of the 16 A rated AC single pole rocker switch after the
second current loading test at 16 A with bounding box dimensions of 2.78 × 0.58 × 2.62 mm

7.3.2

2D and 3D contact maps

Figure 5.6 (in Chapter 5) illustrates the 3D contact maps of the contacting interface
between the conductors of the 3D source model (or the 3D contact source model as the
3D contact map is the same in both models) after each current loading test at 0 A, 16 A,
32 A and 64 A. The 3D contact maps are visualized using the 2D cross-section slice
images which are processed and implemented using CAT* with a suite of tools developed
in MATLAB as described in Section 5.3. These 3D contact maps consist of contact spots
(pixels, surfaces) which are the cross-section areas of the slice asperities (CATA: voxels,
volumes) of the 3D constriction asperities map.

Figure 6.6 (in Chapter 6) illustrates the 2D cross-sections of the x-z contact slices (or
2D contact maps) of the 3D source model (or the 3D contact source model as the 2D
contact map is the same in both models) after each current loading test at 0 A 16 A, 32 A
and 64 A. The x-z contact slices are developed using CATV in order to set all the contact
spots of the 3D contact maps of Figure 5.6 to the same height.

Figure 7.7(a) shows the 2D cross-section of the x-z contact slice (or 2D contact map)
of the 3D source model (or the 3D contact source model) after the 16 A current loading
test (the same 2D cross-section is also presented in Figure 6.6(b)). Figure 7.7(b) shows
the close-up view of the red box of the x-z contact slice of Figure 7.7(a) which includes
contact spots (cross-sections of constriction asperities). The contact spots 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙
of Figure 7.7 are selected randomly in order to illustrate their full extensions to the two
conductors A and B of the 3D contact source model and their 3D contact asperities.
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Figure 7.7. (a) 2D cross-section of x-z contact slice after the 16 A current loading test. (b) Close-up view
of the red box of 2D cross-section of x-z contact slice

7.3.3

3D contact asperities visualisation

Figure 7.8 illustrates the 3D contact asperities of the 16 A rated AC single pole rocker
switch after the four different current loading tests at 0 A 16 A, 32 A and 64 A. The largest
3D contact asperity (the extensions above and below the largest contact spot in each 3D
contact map) of the 16 A rated AC single pole rocker switch after each current loading
test is not presented in Figure 7.8 because it hides the rest of the 3D contact asperities.
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Figure 7.8. 3D contact asperities of the 16 A rated AC single pole rocker switch after four different current
loading tests with bounding box dimensions of 2.52 × 0.31 × 2.82 mm
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Figure 7.9 illustrates the extensions of contact spots 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 to the two
conductors of the 3D contact source model of the 16 A rated AC single pole rocker switch
after the 16 A current loading test (Figure 7.6). Each of these contact spots is also shown
in the 2D cross-section of the x-z contact slice of Figure 7.7(a). In addition, the 3D contact
asperities of contact spots 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 are illustrated in Figure 7.10. These 3D contact
asperities are the close-up view of the corresponding 3D contact asperities of Figure
7.8(b).

Figure 7.9. Four different contact spots of the x-z contact slice with their full extensions to the two
conductors after the 16 A current loading test with bounding box dimensions of 2.61 × 0.25 × 2.59 mm

7.3.4

3D contact asperities volume distribution

Figure 7.11 illustrates a set of graphs showing the 3D contact asperity volume
distribution after the four different current loading tests at 0 A 16 A, 32 A and 64 A. The
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data are taken and calculated from the 3D contact asperities of Figure 7.8. The volume of
each 3D contact asperity is defined as the sum of voxels within the 3D contact asperity
and multiplied by 125 μm3 (volume of voxel). The smallest volume of 3D contact
asperity indicated on the graphs is 125 μm3 which is the resolution of the technique
(1 voxel = 125 μm3 ) and the largest 3D contact asperity (𝑉𝐿′′ ) indicated are several
thousand μm3 in the volume. The number of 3D contact asperities (𝑛) after each current
loading test is counted to be equal with the number of contact spots of the corresponding
3D contact map of Figure 5.6. Where 𝑉𝑙′′, is the largest 3D contact asperity in the volume
across the fit-line.

Figure 7.10. 3D contact asperities 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 with bounding boxes dimensions of 0.12 × 0.11 ×
0.11 mm
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Figure 7.11. 3D contact asperities volume distribution after the four different current loading tests [195]
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7.3.5

3D contact asperities surface area distribution

Figure 7.12 illustrates a set of graphs showing the 3D contact asperity surface area
distribution after the four different current loading tests at 0 A 16 A, 32 A and 64 A. The
data are taken and calculated from the 3D contact asperities of Figure 7.8. The surface
area of each 3D contact asperity is defined as the sum of pixels of the 3D contact asperity
which are exposed to the air and multiplied by 25 μm2 (area of pixel). The smallest
surface area of 3D contact asperity indicated on the graphs is 100 μm2 which is four times
the resolution of the technique (1 pixel = 25 μm2, 4 × 1 pixel = 100 μm2 ), and the largest
′′
2
3D contact asperity (𝐴′′
𝐿 ) indicated are several thousand μm in the volume. Where 𝐴𝑙 , is

the largest surface area exposed to the air of 3D contact asperity 𝑙 across the fit-line.

7.3.6

Bottom surface area distribution of 3D contact asperities

Figure 7.13 illustrates a set of graphs showing the bottom surface area of the 3D
contact asperity distribution after the four different current loading tests at 0 A 16 A, 32 A
and 64 A. The data are taken and calculated from the 3D contact asperities of Figure 7.8.
The bottom surface area of each 3D contact asperity is defined as the sum of pixels of the
bottom cross-section slice image of the 3D contact asperity and multiplied by 25 μm2
(area of pixel). The smallest bottom surface area of 3D contact asperity indicated on the
graphs is 25 μm2 (the resolution of the technique, 1 pixel = 25 μm2) and the largest
bottom surface area of 3D contact asperity (𝐴𝐴𝐿 ) indicated is several thousand μm2 in the
volume. Where 𝐴𝐴𝑙 , is the largest surface area of the bottom of 3D contact asperity 𝑙
across the fit-line. It is important to note that the bottom surface area of the 3D contact
asperity 𝑖 belongs to Conductor A of the 3D contact source model of the 16 A rated AC
single pole rocker switch.

7.3.7

Top surface area distribution of 3D contact asperities
Figure 7.14 illustrates a set of graphs showing the top surface area of the 3D contact

asperity distribution after the four different current loading tests at 0 A 16 A, 32 A and
64 A. The data are taken and calculated from the 3D contact asperities of Figure 7.8. The
top surface area of each 3D contact asperity is defined as the sum of pixels of the top
cross-section slice image of the 3D contact asperity and multiplied by 25 μm2 (area of
pixel). The smallest top surface area of the 3D contact asperity indicated on the graphs is
174

25 μm2 (the resolution of the technique, 1 pixel = 25 μm2) and the largest top surface
area of 3D contact asperity (𝐴𝐵𝐿 respectively) indicated are several thousand μm2 in the
volume. Where 𝐴𝐵𝑙 , is the largest surface area of the top of 3D contact asperity 𝑙 across
the fit-line. It is important to note that the top surface area of the 3D contact asperity 𝑖
belongs to Conductor B of the 3D contact source model of the contact system.

7.3.8

Ratio of top/ bottom surface areas of 3D contact asperities distribution

Figure 7.15 illustrates a set of graphs showing the ratio of top surface area (𝐴𝐵𝑙 ) and
the bottom surface area (𝐴𝐴𝑙 ) of 3D contact asperities with their distribution after the four
different current loading tests at 0 A 16 A, 32 A and 64 A. The data are taken and
calculated from the 3D contact asperities of Figure 7.8. This set of graphs shows the
number of 3D contact asperities with bottom surface area smaller, equal or larger than top
surface area.

7.3.9

3D contact asperities height distribution

Figure 7.16 illustrates a set of graphs showing the height distribution of 3D contact
asperities after the four different current loading tests at 0 A 16 A, 32 A and 64 A. The data
are taken and calculated from the 3D contact asperities of Figure 7.8. The height of each
3D contact asperity is defined as the distance between the top and bottom surface areas
of 3D contact asperity. The smallest height of 3D contact asperity indicated on the graphs
is 5 μm which is the height of the voxel and the largest height indicated are some
dozen μm.

7.3.10 Ratio of top/bottom surface areas with height
Figure 7.17 illustrates a set of graphs showing the ratio of top surface area (𝐴𝐵𝑙 ) and
the bottom surface area (𝐴𝐴𝑙 ) with the height (𝐻𝑖 ) of 3D contact asperities with their
distribution after the four different current loading tests at 0 A 16 A, 32 A and 64 A. The
data are taken and calculated from the 3D contact asperities of Figure 7.8. This set of
graphs shows the number of 3D contact asperities with bottom surface area smaller, equal
or bigger than top surface area divided by the distance (height) between them. The
smallest height of 3D contact asperity indicated is 5 μm (pixel length).

175

Figure 7.12. 3D contact asperities surface area distribution after four different current loading tests [195]
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Figure 7.13. 3D contact asperities bottom surface area distribution after the four different current loading
tests
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Figure 7.14. 3D contact asperities top surface area distribution after four different current loading tests
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Figure 7.15. 3D contact asperities ratio of top and bottom surface area distribution after four different
current loading tests
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Figure 7.16. 3D contact asperities height distribution after four different current loading tests
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Figure 7.17. 3D contact asperities ratio of top and bottom surface area with height distribution after four
different current loading tests
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Figure 7.18. 3D contact asperities ratio distribution of equal bottom and top surface areas with height
squared and multiplied by 4/π after four different current loading tests
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7.3.11 Hemispherical 3D contact asperities
Figure 7.18 illustrates the ratio distribution of 3D contact asperities with equal
bottom and top surface areas (𝐴′𝑖 = 𝐴𝐴𝑙 = 𝐴𝐵𝑙 ) with height (𝐻𝑖 ) and multiplied by 4/π.
The data are taken and calculated from the 3D contact asperities of Figure 7.8. The ratio
presented on the graphs of Figure 7.18 is introduced in order to investigate whether the
Greenwood-Williamson [60] assumptions (the bodies of the 3D contact asperity have
hemispherical shapes) meet the reality. A detailed explanation concerning the
development of the ratio presented on the graphs of Figure 7.18 are given in Section
7.4.11.

7.4 Discussion
7.4.1

X-ray CT technique

The results show that the X-ray CT technique is a powerful and useful tool for
viewing the contact asperities of a contact system without needing to dismantle it. The
experimental data acquired using this technique with pixel resolution of 5 μm × 5 μm
and voxel resolution of 5 μm × 5 μm × 5 μm give the ability of examination and
processing in order to investigate different characteristics which occur in the contact
interface and its extension.

As mentioned and in previous sections (Section 5.8.1 and Section 6.4.1), the
resolution is a very important factor for the calculation and visualization techniques. For
example, for a coarse measurement (e.g. 100 μm) of resolution, only a few asperities of
large curvature are visualized while for smaller measurement (e.g. 0.1 μm) of resolution,
more asperities of smaller curvature are visualized [124, 181]. The smallest resolution
which can be obtained by the current facility is 3 μm. This depends on the sample
dimensions and X-ray admittance of the sample materials. The resolution of 5 μm
obtained in this research is the optimum that could be achieved with the sample
configuration used. However, it should be noted that the CAT* developed and
implemented within a suite of tools in this work can be used with data of finer resolution
and for different visualization techniques which are producing 2D cross-section slice
images. Also, the different visualization techniques, for example the MRI [143, 196-198]
and Magnetic Resonance Force Microscopy (MRFM) [199-202] can be used with the
suite of CAT* developed in this chapter.
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7.4.2

Contact analysis approach

A contact analysis approach is developed and introduced in this chapter for 3D
visualization of the contact asperities for contact systems. This approach uses the 2D
cross-section slice images of the 3D source model of the 16 A rated AC single pole switch
which have been processed as described in the previous chapter (Section 6.3.1) in order
to build the 3D contact source model. From this 3D contact source model, the 3D contact
asperities have been visualized. The contact analysis approach consists of contact analysis
techniques (CATA, CATV and CATAC) which are developed in MATLAB using the
Image Processing Toolbox.

For the 3D contact asperities visualisation a part from the 3D contact source model
is used. This part of the 3D contact source model is based on the selection of the limits of
the 3D contact source model in y-direction (the distance between the limits of the 3D
contact source model in the y-direction equals the number of x-z cross-section slices).
This selection depends on the number of slice asperities in each x-z cross-section slice
above and below the 3D constriction asperities map. The first x-z cross-section slice of
the 3D contact source model is the first slice which has only one contact spot below the
3D contact spots map while the last x-z cross-section slice of the 3D contact source mode
is the first slice which has only one contact spot above the 3D contact spots map. The first
and last x-z cross-section slices of the 3D contact source mode are the connections of all
contact asperities. For example, the part of the 3D contact source model of the 16 A rated
AC single pole rocker switch after the 16 A current loading test which is illustrated in
Figure 7.6 consists of 12 x-z cross-section slices. The first x-z cross-section slice of this
model is the last x-z cross-section slice of the first region of the Closed Circuit resistor
network model (developed in Chapter 6) while the last x-z cross-section slice is the first
x-z cross-section slice of the third region of the Closed Circuit resistor network model.
The first and last x-z cross-section slices of the part of the 3D contact source model of the
16 A rated AC single pole rocker switch after the 16 A current loading test which is
illustrated in Figure 7.6 consist of only one slice asperity (or resistor in the Closed Circuit
resistor network model). The selected x-z cross-section slices of the part of the 3D contact
source model of the 16 A rated AC single pole rocker switch after the 16 A current loading
test which is illustrated in Figure 7.6 can be clearly seen in Figure 6.7(b) (from the 28th
x-z cross-section slice to the 39th x-z cross-section slice). The same procedure used for
the development of the part of the 3D contact source model of the 16 A rated AC single
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pole rocker switch after the 16 A current loading test is used for the other current loading
tests at 0 A, 32 A and 64 A.

In Chapter 5 the 3D contact map of an electrical contact interface is developed
demonstrating the 3D nature of the contact. In this chapter, the 3D contact map is used in
order to demonstrate the structures of 3D contact asperities. Figure 5.6 illustrates the 3D
contact maps of the 16 A rated AC single pole switch after the four different current
loading tests (0 A, 16 A, 32 A and 64 A) which are converted into the 2D contact map as
presented in Figure 6.6. The 2D contact map is used as the reference x-z contact slice to
make a comparison of each contact spot of the x-z contact slice with the spots of each xz cross-section slice of the 3D contact source model of the 16 A rated AC single pole
switch. The reason for this comparison is to visualize the full extensions above and below
of each contact spot to the two conductors of the contact system. This result is described
by the visualization of four different contact spots, 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 which are selected
randomly from the 2D contact map of Figure 7.7(a). The full extensions above and below
of these 𝑖𝑖, 𝑗𝑗 and 𝑘𝑘 contact spots to the two conductors are illustrated in Fig. 11a, Fig.
12a and Fig.12b respectively. The full extensions above and below these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙
contact spots to the two conductors are illustrated in Figure 7.9. More visualisations of
different contact spots with their full extensions above and below the two conductors are
also given in a previous work [186].

7.4.3

3D contact asperities findings

Figure 7.8 shows the 3D contact asperities of the 3D contact source model of the
16 A rated AC single pole rocker switch after the four different current loading tests (0 A,
16 A, 32 A and 64 A) which are visualized using the contact analysis approach. These 3D
contact asperities present the extensions above and below the contact spots of Figure 5.6
to the two conductors of the contact system. In addition, the 3D contact asperities are
shown to have different sizes, shapes and their contact spots vary. It is important to
mention that the total number of 3D contact asperities after each current loading test is
equal to the total number of contact spots of the corresponding 3D contact map of Figure
5.6. The total number of contact spots of the 3D contact maps after each current loading
test is already calculated and presented in Table 5.3. Figure 7.8 illustrates one 3D contact
asperity less from the total number of 3D contact asperities for each of the current loading
tests. The largest 3D contact asperity of the contact system (this is the 3D contact asperity
185

with the largest contact spot after each current loading test) is not presented because it
hides the other 3D contact asperities.

Figure 7.10 illustrates a close-up view of the actual 3D contact asperities 𝑖𝑖, 𝑗𝑗, 𝑘𝑘
and 𝑙𝑙 of Figure 7.8(b) with their contact spots 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 respectively. The
characteristics of these 3D contact asperities are given in Table 7.1. The volume of each
of these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 3D contact asperities is calculated to be 8,875 μm3 , 12,125 μm3 ,
3,750 μm3 and 6,000 μm3 respectively. This volume, is defined as the sum of voxels
within the 3D contact asperity and multiplied by 125 μm3 (volume of voxel). The contact
spot area of each of these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 3D contact asperities is calculated to be 50 μm2 ,
25 μm2 50 μm2 and 500 μm2 respectively. This area, is defined as the sum of pixels
within the 3D contact spot of 3D contact asperity and multiplied by 25 μm2 (area of
pixel). In addition, the surface area of each of these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 3D contact asperities
is calculated to be 4,275 μm2, 5,825 μm2 2,200 μm2 and 2,600 μm2 respectively. The
surface area of each 3D contact asperity is defined as the sum of pixels of the 3D contact
asperity which are exposed to the air and multiplied by 25 μm2 (area of pixel).

The surface area of the 3D contact asperity 𝑖 with 𝑖 ∈ [1, 𝑛] (𝑛, is the total number
of 3D contact asperities, contact spots) which is exposed to the air is described from Eq.
(7.9). 𝐴𝑠𝑢𝑟𝑖 , is the total surface area of 3D contact asperity 𝑖 and 𝐴𝐴𝑖 and 𝐴𝐵𝑖 are the
surface areas of the bottom (Conductor A) and top (Conductor B) of the of 3D contact
asperity 𝑖 respectively. The bottom surface area of each of these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 3D
contact asperities is calculated to be 150 μm2, 475 μm2 475 μm2 and 925 μm2
respectively. This bottom surface area, is defined as the sum of pixels of the bottom
surface of the 3D contact asperity and multiplied by 25 μm2 (area of pixel). The top
surface area of each of these 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙 3D contact asperities is calculated to be
925 μm2 , 1,250 μm2 125 μm2 and 925 μm2 respectively. This top surface area, is defined
as the sum of pixels of the top surface of the 3D contact asperity and multiplied by 25 μm2
(area of pixel). The values presented in Table 7.1 have an error of ±1.366%. This error,
represents the sum of the error of measured threshold values and the error of 3D volume
of interest of the experimental data (see Section 4.5.2).

Furthermore, the sum of the volume of 3D contact asperities gives the total volume
of 3D contact asperities (𝑉𝑇′′ ) while the sum of the surface area exposed to the air of the
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3D contact asperities gives the total surface area of the 3D contact asperities (𝐴′′𝑇 ) exposed
to the air. The total volume and the total surface area exposed to the air for the 3D contact
asperities are given from Eq. (7.10) and Eq. (7.11) respectively.

Table 7.1. Characteristics of 3D contact asperities 𝑖𝑖, 𝑗𝑗, 𝑘𝑘 and 𝑙𝑙
𝑖𝑖

𝑗𝑗

𝑘𝑘

𝑙𝑙

8,875

12,125

3,750

6,000

50

25

50

500

4,275

5,825

2,200

2,600

Bottom surface area (μm2 )

150

475

475

925

Top surface area (μm2 )

925

1,250

125

925

3D contact asperity
Volume (μm3 )
Contact spot area (μm2 )
Surface area exposed to air (μm2 )

i''   suri  AAi  AB i

(7.9)

n

VT''  Vi ''
i 1

(7.10)

n

AT''   Ai''
n 1

(7.11)

Table 7.2 presents the total volume and the total surface area exposed to the air of
the 3D contact asperities of the 3D contact source model of the 16 A rated AC single pole
rocker switch after the four different current loading tests. The calculations are made
using the data presented in Figure 7.8. The values presented in Table 7.2 have an error
of ±1.366% (see Section 4.5.2).

Concerning the calculation of the total mechanical area of contact of the 3D contact
source model after each current loading test which is given from the sum of the area of
contact spots has been already introduced and presented in Table 5.3. The calculations of
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volume and surface area which is exposed to air of the 3D contact asperities may be useful
by researchers which are interested for the characterisation of contact systems under
different factors which play important role on their reliability. These factors are the
normal-force (force perpendicular to the surface) and the general contact design, the wear
and the environmental and electrical parameters [6].

Table 7.2. Total volume and total surface area exposed to the air of the 3D contact asperities after the four
different current loading tests
Test current (A)

7.4.4

0

16

32

64

Total volume (μm3 )

766,750

814,500

1,324,000

1,414,750

Total surface area (μm2 )

73,125

81,485

137,135

128,120

3D contact asperity volume distribution findings

The graphs of 3D contact asperity volume distribution in Figure 7.11 show that the
3D contact asperities follow the same distribution after each current loading test at 0 A,
16 A, 32 A and 64 A. The results show that the volume of 3D contact asperities follow
similar distribution with the area of contact spots (Figure 5.7) and voids (Figure 5.13).
The smallest 3D contact asperity indicated on the graphs of Figure 7.11 is 125 μm2 , which
is the resolution of the technique (when a pixel length is 5 μm) and the largest 3D contact
asperity indicated are several thousands μm3 in volume.

Moreover, it can be seen that each graph of Figure 7.11 consists of two regimes. The
first where the 3D contact asperities volume distribution follows a power relationship
with a slope between 0.893 ≤ 𝑞 ≤ 1.249 and the second is for a small number of particular
large 3D contact asperities in volume with a slope approximating equal with zero. The
slope is given by Eq. (7.12).

Table 7.3 presents the slope (𝑞) and constant (𝐶 ) of Eq. (7.12) after each current
loading test for the first regime of graphs of Figure 7.11. The constant (𝐶 ) value in loglog graphs of Figure 7.11 after each current loading test represents the number of 3D
contact asperities (𝑛) who have volume equal to 1 μm3. In this research, the volume of
1 μm3 does not exist as the smallest volume of a 3D contact asperity is 125 μm3 (volume
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of voxel). In addition, the graphs of Figure 7.11 show that the transition between the two
regimes in each current loading test at 0 A, 16 A, 32 A and 64 A occurs at 12,130 μm3 ,
10,880 μm3 , 12,000 μm3 and 13,000 μm3 respectively.

Moreover, from the values of Table 7.3 at normal operation (from 0 A to 16 A) and
from normal to non-normal operation (from 16 A to 32 A), as the current is increased there
is a tendency to have an increasing number of contact asperities with smaller volumes. At
non-normal operation (from 16 A and 32 A), as the current is increased there is a tendency
to have a decreasing number of contact asperities with smaller volumes.

Table 7.3. Characteristics of the first regime of the 3D contact asperities volume distribution after the four
different current loading tests
Test current (A)

0

16

32

64

Slope (𝑞 )

0.893

1.035

1.249

0.957

Constant (𝐶 )

4,615

14,816

122,710

9,330

 

 

n Vi ''  C Vi ''

7.4.5

q

(7.12)

3D contact asperity surface area distribution findings

The graphs of 3D contact asperity surface area exposed to the air distribution in
Figure 7.12 illustrate that the 3D contact asperities follow the same distribution after each
current test at 0 A, 16 A, 32 A and 64 A. The smallest surface area exposed to the air of
the 3D contact asperity indicated on the graphs of Figure 7.12 is 100 μm2 , which is four
times the resolution of the technique (when a pixel length is 5 μm) and the largest contact
spots indicated are several thousands μm2 in the area. Moreover, it can be seen that each
graph of Figure 7.12 consists of two regimes. The first where the 3D contact asperity
surface area exposed to the air distribution follows a power relationship with a slope
between 0.782 ≤ 𝑞 ≤ 1.152 and the second is for a small number of particular large
contact spots in area with a slope approximately equal to zero. The slope is given by Eq.
(7.13).
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Table 7.4 presents the slope (𝑞) and constant (𝐶 ) of Eq. (7.13) after each current
loading test for the first regime of graphs of Figure 7.12. The constant (𝐶 ) value in loglog graphs of Figure 7.12 after each current loading test represents the number of 3D
contact asperities (𝑛) who have a surface area exposed to air equal to 1 μm2 . In this
research, the surface area of a 3D contact asperity which is exposed to air and equals
1 μm2 does not exist as the smallest surface area exposed to the air of a 3D contact
asperity is 25 μm2 (area of pixel). In addition, the graphs of Figure 7.12 show that the
transition between the two regimes in each current loading test at 0 A, 16 A, 32 A and 64 A
occurs at 4,275 μm2 , 3,675 μm2 , 4,100 μm2 and 4,525 μm2 respectively. Moreover, from
the slope values of Table 7.4, as the current is increased there is a tendency to have a
decreasing number of contact asperities with larger surface areas exposed to the air.

Table 7.4. Characteristics of the first regime of the 3D contact asperities surface area exposed to the air
distribution after the four different current loading tests
Test current (A)
Slope (𝑞 )
Constant (𝐶 )

0

16

32

64

0.782

0.914

1.152

1.947

656

1,793

1,446

2,872

 

 

n Ai''  C Ai''

7.4.6

q
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3D contact asperity bottom surface area distribution findings

The graphs of 3D contact asperity bottom surface area distribution in Figure 7.13
show that the 3D contact asperities follow the same distribution after each current loading
test at 0 A, 16 A, 32 A and 64 A. The smallest surface area indicated on the graphs of
Figure 7.13 is 25 μm2 , which is the resolution of the technique (when a pixel length is
5 μm) and the largest surface area indicated are several μm2 in the volume.

Moreover, it can be seen that each graph of Figure 7.13 consists of two regimes. The
first where the surface area distribution follows a power relationship with a slope between
1.369 ≤ 𝑞 ≤ 1.630 and the second is for a small number of particularly large surface areas
in volume with a slope approximating equal with zero. The slope is given by Eq. (7.14).
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Table 7.5 presents the slope (𝑞) and constant (𝐶 ) of Eq. (7.14) after each current
loading test for the first regime of graphs of Figure 7.13. The constant (𝐶 ) value in loglog graphs of Figure 7.13 after each current loading test represents the number of contact
spots (𝑛) who have an area equal to 1 μm2 . In this research, the area of 1 μm2 does not
exist as the smallest area of a contact spot is 25 μm2 (area of pixel). In addition, the graphs
of Figure 7.13 show that the transition between the two regimes in each current loading
test at 0 A, 16 A, 32 A and 64 A occurs at 825 μm2 , 1,050 μm2, 1,200 μm2 and 825 μm2
respectively.

Table 7.5. Characteristics of the first regime of the 3D contact asperities bottom surface area distribution
after the four different current loading tests
Test current (A)

0

16

32

64

Slope (𝑞 )

1.494

1.369

1.534

1.630

Constant (𝐶 )

24,493

14,146

56,857

76,620

 

n AAi  CAAiq

7.4.7

(7.14)

3D contact asperity top surface area distribution findings

The graphs of 3D contact asperity top surface area distribution in Figure 7.14 show
that the 3D contact asperities follow the same distribution after each current loading test.
The smallest surface area indicated in the graphs of Figure 7.14 is 25 μm2, which is the
resolution of the technique (area of pixel) and the largest surface area indicated are
several μm2 in the volume.

Moreover, it can be seen that each graph of Figure 7.14 consists of two regimes. The
first where the surface area distribution follows a power relationship with a slope between
1.266 ≤ 𝑞 ≤ 1.505 and the second is for a small number of particular large surface areas
in volume with a slope approximating equal with zero. The slope is given by Eq. (7.15).

 

n ABi  CABiq
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(7.15)

Table 7.6 presents the slope (𝑞) and constant (𝐶 ) values of Eq. (7.15) after each
current loading test at 0 A, 16 A, 32 A and 64 A for the first regime of graphs of Figure
7.14. The constant (𝐶 ) value in log-log graphs of Figure 7.14 after each current loading
test represents the number of contact spots (𝑛) who have an area equal to 1 μm2 . In this
research, the area of 1 μm2 does not exist as the smallest area of a contact spot is 25 μm2
(area of pixel).

In addition, the graphs of Figure 7.14 show that the transition between the two
regimes in each current loading test at 0 A, 16 A, 32 A and 64 A occurs at 1,175 μm2 ,
1,150 μm2 , 1,100 μm2 and 1,350 μm2 respectively.

Table 7.6. Characteristics of the first regime of the 3D contact asperities top surface area distribution after
the four different current loading tests
Test current (A)

7.4.8

0

16

32

64

Slope (𝑞 )

1.266

1.340

1.505

1.413

Constant (𝐶 )

74,224

12,826

45,299

24,081

Ratio of top and bottom surface areas findings

The graphs of the ratio of the top and bottom surface areas of 3D contact asperities
distribution in Figure 7.15 show that the 3D contact asperities follow the same distribution
after each current loading test at 0 A, 16 A, 32 A and 64 A.

In addition, the graphs of Figure 7.15 show that the majority of 3D contact asperities
have top and bottom surface area ratio equal to 1. This is because the majority of 3D
contact asperities have equal bottom and top surface areas (for example, the majority of
3D contact asperities of Figure 7.13 and Figure 7.14 have area equal to 25 μm2 , thus their
ratio equals 1). Table 7.7 illustrates the number of 3D contact asperities with equal bottom
and top surface areas after each current loading test (when 𝐴𝐵𝑖 equals 𝐴𝐴𝑖 ). The error of
the calculated values of number of 3D contact asperities after each current loading test
presented in Table 7.7 is ±1.366%. This error, represents the sum of the error of measured
threshold values and the error of 3D volume of interest of the experimental data (see
Section 4.5.2).
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Table 7.7. Number of 3D contact asperities with equal bottom (Conductor A) and top (Conductor B)
surface areas after the four different current loading tests
Test current (A)

0

16

32

64

𝐴𝐵𝑖
= 1)
𝐴𝐴𝑖

186 ± 3

269 ± 4

338 ± 5

304 ± 4

𝑛(

Furthermore, from the graphs of Figure 7.15 the number of asperities with bottom
surface area larger or smaller than the top surface area can be identified. This number of
asperities is given in Table 7.8 after the four different current loading tests. The values of
Table 7.8 show that the number of asperities is larger when the ratio of 𝐴𝐵𝑖 and 𝐴𝐴𝑖 is
smaller than 1. This indicates that the majority of 3D contact asperities after each current
loading test have bottom surface area (belongs to Conductor A) larger than top surface
area (belongs to Conductor B). The error of the calculated values presented in Table 7.8
is ±1.366%. This error, represents the sum of the error of measured threshold values and
the error of 3D volume of interest of the experimental data (see Section 4.5.2).

Table 7.8. Number of 3D contact asperities with bottom (Conductor A) surface area bigger or smaller than
top (Conductor B) surface area after the four different current loading tests
Test current (A)
𝐴𝐵𝑖
< 1)
𝐴𝐴𝑖
𝐴𝐵
𝑛 ( 𝑖 > 1)
𝐴𝐴𝑖
𝑛(

7.4.9

0

16

32

64

123 ± 2

114 ± 2

210 ± 3

190 ± 3

97 ± 1

108 ± 1

194 ± 3

148 ± 2

3D contact asperity height distribution findings

The graphs of 3D contact asperity height distribution in Figure 7.16 show that the
3D contact asperities follow the same distribution after each current loading test at 0 A,
16 A, 32 A and 64 A. The smallest height indicated on the graphs of Figure 7.16 is 5 μm,
which is the resolution of the technique (when a pixel length is 5 μm) and the largest
surface area indicated are several μm in the volume.

Moreover, it can be seen that the fit-line of the points of each graph of Figure 7.16
follows an exponential relationship (when the height of 3D contact asperities increases
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the number of 3D contact asperities decreases at a bigger rate) with an exponent between
1.101 ≤ 𝜉 ≤ 1.134. The exponent is given by Eq. (7.16). Table 7.9 presents the
exponent (𝜉 ) and constant (𝐶 ) values of Eq. (7.16) for the graphs of Figure 7.16.
Where 𝑒, is Euler's number (a transcendental number approximately 2.7183).
nH i   C  e   H i

(7.16)

Table 7.9. Characteristics of the exponential graphs of 3D contact asperities height distribution after the
four different current loading tests
Test current (A)

0

16

32

64

Exponent (𝜉 )

0.101

0.110

0.134

0.133

Constant (𝐶 )

234.11

349.66

869.03

644.26

7.4.10 Ratio of top/bottom surface areas with height findings
The distribution graphs of the ratio of the top and bottom surface areas of the 3D
contact asperities divided by the height between them in Figure 7.17 showing that the 3D
contact asperities follow the same distribution after each current loading test.

In addition, the graphs of Figure 7.17 show that the majority of 3D contact asperities
have ratio (top and bottom surface area divided by the height between them) equal to 1/𝑝𝑙
or 0.2 Mm−1 (where 𝑝𝑙 is the pixel length, 5 μm in this research). Table 7.10 illustrates
the number of the majority of these 3D contact asperities. These 3D contact asperities
have equal bottom and top surface areas (when 𝐴𝐵𝑖 equals with 𝐴𝐴𝑖 ) and height between
them equal to the pixel length (5 μm in this research).

Table 7.10. Number of 3D contact asperities with equal bottom and top surface areas divided by the
minimum height (5 μm) after the four different current loading tests
Test current (A)
𝐴𝐵𝑖

𝑛 (𝐴

𝐴𝑖 𝐻𝑖

1

=𝑝)
𝑙

0

16

32

64

158 ± 2

174 ± 2

221 ± 3

232 ± 3
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Table 7.11 illustrates the result of the subtraction between the corresponding number
of 3D contact asperities of Table 7.7 and Table 7.10. This result shows the number of 3D
contact asperities with equal bottom and top surface areas with height between them
bigger than the pixel length (5 μm in this research).

Table 7.11. Number of 3D contact asperities with equal bottom and top surface areas with height between
them bigger than 5 μm after the four different current loading tests
Test current (A)
𝐴𝐵

𝐴 𝐵𝑖

𝑛 (𝐴 𝑖 = 1) − 𝑛 (𝐴

𝐴𝑖 𝐻𝑖

𝐴𝑖

1

=𝑝)
𝑙

0

16

32

64

28 ± 0

95 ± 1

117 ± 2

72 ± 1

Table 7.12 illustrates the number of 3D contact asperities with volume equal with 1
voxel (𝑝𝑙3 = 125 μm3 in this research). The 3D contact asperities with volume of 1 voxel
have equal bottom and top surface areas (when 𝐴𝐵𝑖 equals with 𝐴𝐴𝑖 ) and height between
them equal to the pixel length (5 μm in this research). The number of 3D contact asperities
with volume equal with 1 voxel (125 μm3 ) after each current loading test is also given on
the graphs of Figure 7.11.

Table 7.12. Number of 3D contact asperities with volume equal with 1 voxel after the four different current
loading tests
Test current (A)
𝑛(𝑉𝑖′′ = 𝑝𝑙3 )

0

16

32

64

41 ± 1

63 ± 1

55 ± 1

60 ± 1

Table 7.13. Number of 3D contact asperities with volume bigger than 1 voxel and height equals with
1 pixel length after the four different current loading tests
Test current (A)
𝑛(

𝐴𝐵𝑖
1
= ) − 𝑛(𝑉𝑖′′ = 𝑝𝑙3 )
𝐴𝐴𝑖 𝐻𝑖 𝑝𝑙

0

16

32

64

117 ± 2

111 ± 2

166 ± 2

172 ± 2

Table 7.13 illustrates the result of the subtraction between the corresponding number
of 3D contact asperities of Table 7.10 and Table 7.12. This result shows the number of
3D contact asperities with equal bottom and top surface areas with height between them
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equal to the pixel length 𝑝𝑙 (5 μm in this research). These type of 3D contact asperities
can also labelled as slice asperities (see Figure 7.1).

7.4.11 Hemispherical 3D contact asperities findings
The ratio presented on the graphs of Figure 7.18 is introduced in order to investigate
whether the Greenwood-Williamson [60] model meets the reality. According to this
model, the two bodies of 3D contact asperities have hemispherical shapes. This model is
described from Figure 7.19(a).

Figure 7.19. Schematic types of 3D contact asperities

Figure 7.19(a) illustrates the two hemispherical bodies of the contact asperity.
Where 𝐴′𝑖 , describes the surface areas of the bottom and the top of the contact asperity
while 𝑎𝑖′ and 𝑟𝑖 are the radii of the hemispherical bodies which are equal to this condition.
The height (𝐻𝑖 ) of contact asperity equals 2𝑟𝑖 . From Figure 7.19(a) it is obvious that

H i  2ai'

Substituting Eq. (5.7) in Eq. (7.17) the result is given by Eq. (7.18).
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(7.17)

Hi  2

Ai'

(7.18)



Rearranging Eq. (7.18), it gives

2 Ai'
Hi

4 Ai'

1
 H2

(7.19)

If the ratio of 3D contact asperity with equal bottom and top surface areas (𝐴′𝑖 = 𝐴𝐴𝑙
= 𝐴𝐵𝑙 ) with height (𝐻𝑖 ) multiplied by 4/π equals 1, then the contact asperity has a shape
similar with the shape of Figure 7.19(a). If this ratio is smaller than 1, the contact asperity
has a shape similar with the shape of Figure 7.19(b) while if this ratio is larger than 1, the
contact asperity has a shape similar with the shape of Figure 7.19(c).

The distributions of the graphs of Figure 7.18 are for the 3D contact asperities with
equal bottom and top surface areas assuming that the height of each of the two conductors
(bodies of contact asperity) is half of the height of each contact asperity. From the
distributions of the graphs of Figure 7.18 the number of 3D contact asperities with ratio
equal, smaller or larger than 1 is calculated and presented in Table 7.14.

Table 7.14. Number of 3D contact asperities with ratio equal, smaller or larger than 1 after each current
loading test
Test current (A)
4𝐴′𝑖
= 1)
𝜋 𝛨𝑖2
4𝐴′𝑖
𝑛(
< 1)
𝜋 𝛨𝑖2
4𝐴′𝑖
𝑛(
> 1)
𝜋 𝛨𝑖2
𝑛(

0

16

32

64

3±0

7±0

7±0

8±0

44 ± 1

79 ± 1

129 ± 2

95 ± 1

139 ± 2

183 ± 2

202 ± 3

201 ± 3

According to the CAT* for the visualisation of 3D contact asperities which are
developed in this research and the values of Table 7.14 it is obvious that the majority of
3D contact asperities with equal bottom and top surface areas have a shape similar to the
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shape of Figure 7.19(c). The number of 3D contact asperities with ratio equal to 1
represents the Greenwood-Williamson [60] assumptions for the hemispherical shapes of
the two bodies which consist of the contact asperity. The values of Table 7.14 show that
the contact asperities with hemispherical conductors (bodies) consist of the minority
compared with the other contact asperity shapes of Figure 7.19.

7.5 Conclusion
The X-ray CT technique is used in order to visualize the contact system of a 16 A
rated AC single pole rocker switch without the need to dismantle the sample. A contact
analysis approach is developed and introduced in this chapter to show in a 3D
visualization the contact asperities of a given contact system. The contact asperities
consist of voxel or voxels which represent the 3D microstructures of the contact system
and it is found that they have different sizes, shapes and their contact spots are variable.
The 2D cross-section slice images of the contact system which are acquired with the use
of X-ray CT are processed using Contact Analysis Techniques, CAT* which are
developed and implemented with a suite of tools developed in MATLAB and Image
Processing Toolbox. These techniques can be used for any contact system and for any
value of resolution.

The volume, the bottom surface area, the top surface area and the surface area
exposed to air of each of the 3D contact asperities of the 16 A rated AC single pole rocker
switch are calculated and presented with their distributions after the four different current
loading tests. In the analysis of all these distributions after each current loading test it was
observed that the 3D contact asperities followed a power law relationship. In addition,
the total volume of the 3D contact asperities of the 16 A rated AC single pole rocker
switch and their total surface area exposed to the air are also calculated and presented
after the four different current loading tests at 0 A, 16 A, 32 A and 64 A.

Moreover, the height of each 3D contact asperity is calculated and presented with its
distribution after the four different current loading tests. In the analysis of 3D contact
asperity height distribution after each current loading test it was observed that the 3D
contact asperities followed an exponential relationship (when the height of the 3D contact
asperities increases the number of 3D contact asperities decreases with larger rate).

198

Chapter 8 – Conclusion
8.1 Scope of this Research
This research is mainly an investigation of the X-ray CT technique for the
visualisation and characterisation of electrical contact spots and electrical contact
asperities of a conductive contact system under different current loading tests. The
advantage of X-ray CT as a non-destructive visualisation technique was established to be
a perfect and efficient way to investigate electrical contact spots and electrical contact
asperities. Moreover, the experimental data (2D cross-section slice images of the contact
system) acquired using this technique offered a good basis for better understanding the
effect of electrical contact.

The visualisation and characterisation of electrical contact spots and electrical
contact asperities were achieved by using Contact Analysis Techniques, CAT* which are
developed and implemented with a suite of tools developed in MATLAB and the Image
Processing Toolbox. These CAT* use as input data the 2D cross-section slice images of
the contact system.

8.2 Novelties of this Research
The novelties of this research are summarized below:


In Chapter 5, the 3D contact map of an electrical contact interface is developed
demonstrating the 3D nature of the contact. Other researchers have visualised the
contact interface in the 2D plane ignoring the scale dependency of contact
interface. According to Jang and Jang [183], the scale dependency of contact
interface should be considered because contact spots are formulated by rough
surfaces at different scales having different morphologies.



In Chapter 6, for the first time a resistor network model has been developed from
the cross-section slice images of contact system. In this modelling process, a
technique is developed which pictures any cross-section slice of the contact
system and shows which voxels the electric current flows through. There are no
attempts by other researchers to do this.



In Chapter 7, the 3D contact asperities of the contact system are visualised. The
contact asperities describe the structure above and below the contact interface.
Other researchers have visualised only a single contact asperity.
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8.3 Main Findings
The main findings of this research in each chapter are summarized below:
8.3.1


Chapter 4
The X-ray CT is a suitable visualisation technique for electrical contact spots and
electrical contact asperities.



The experimental data acquired using the X-ray CT technique with pixel
resolution of 5 μm × 5 μm gives the ability of examination and processing in
order to investigate different characteristics which occur in the contact interface
and its extension.

8.3.2


Chapter 5
The 3D contact map of an electrical contact interface is developed demonstrating
the 3D nature of the contact.



The parameters of the 3D contact map are calculated. These parameters include
the calculation of the contact resistance using two different approaches
(Greenwood and Holm), the number of contact spots, the area of each contact spot
and the total mechanical area of contact. In addition, the calculation of the volume
of each void and the total volume of voids are conducted.

8.3.3


Chapter 6
The resistor network model of the contact system is developed from the crosssection slice images of contact system. In this modelling process, a technique is
developed which pictures any cross-section slice of the contact system and shows
which voxels the electric current flows through.



The resistor network model is divided into three main regions where two regions
have resistors connected in series. The third region is located between the other
two regions and its resistors are connected in a nontrivial fashion of parallel and
series components. For the resistance across this region an approach has been
introduced by modifying the Greenwood’s formula of total contact resistance. The
sum of the total resistance in each region gives the total resistance across the
resistor network model of the contact system. Moreover, it is found that as a crosssection slice of the resistor network model (for Closed Circuit) tends to the contact
region the total number of its resistors increases. Furthermore, it is important to
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note that as a cross-section slice of the resistor network model (for both circuits,
Open/Closed and Closed) tends to the contact region the total cross-section area
of the cross-section slice decreases. This indicates that as the cross-section slice
tends to the contact region the total volume of its resistors decreases.


The resistor network model illustrates that the constriction of electric current
through the contact system shows behaviour analogous to the climate zones of
earth. For example, as the electric current flows from polar zone to the tropical
zone the constriction increases and when flows (the electric current) from tropical
zone to the polar zone the constriction decreases.

8.3.4


Chapter 7
The visualisation of 3D contact asperities of the contact system. The contact
asperities describe the structures above and below the contact spots.



The parameters of 3D contact asperities are calculated. These parameters include
the calculation of the volume of each 3D asperity and the total volume of 3D
asperities as well as the surface area of each asperity which is exposed to air and
the total surface area of 3D asperities which is exposed to the air.



The 3D contact asperities are evaluated and it is found that they have different
sizes, shapes and their contact spots are variable.

8.4 The X-ray CT Technique
Electrical contact is an important factor for the reliability of electrical devices [6].
Due to the limitation of optical imaging, methods available for the contact measurement
characteristics are only suitable for open or transparent contact systems. For most of the
practical situations that require contact measurement characteristics in non-transparent or
enclosed contact systems, the traditional visualisation techniques are not effective [75,
187]. Based upon these requirements, a technique suitable for the electrical contact
characteristics in non-transparent contact systems is developed by using the X-ray CT [7,
75]. The main advantage of this visualisation technique is the ability to acquire 2D and
3D views of the contact system keeping the features intact.

The X-ray CT system could be divided in three main parts: the X-ray source, the
turntable and the detector. The sample (contact system) takes place on the turntable and
illuminated with X-rays from the source. The turntable every time rotates the sample in
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small equal intervals and a 2D X-ray image is acquired from the detector. This procedure
is repeated until the sample makes a full rotation of 360˚. In the process, the 2D X-ray
images are reconstructed as 3D reconstructed volume. From this volume a software is
then used in order to create 2D cross-section slice images (experimental data).

8.5 The Contact Analysis Techniques
A 16 A rated AC single pole rocker switch is selected as the contact system for
investigation which was scanned using X-ray Computed Tomography (CT) technique
after four different current loading tests at 0 A, 16 A, 32 A and 64 A. In the process, several
Contact Analysis Techniques, CAT* are developed and implemented with a suite of tools
in MATLAB and Image Processing Toolbox in order to help with the analysis of
experimental data (data which are acquired from X-ray CT technique scan). These CAT*
consist of a variety of tools which are categorised into visualisation tools and calculation
tools.

The visualisation tools have the ability to visualise the contact interface of the contact
system (2D contact map and 3D contact map), the 2D angle contact map (show the contact
spot with equal contact angle with same colour), the 3D voids between the conductors of
the contact system, the 3D contact asperities (the extensions of contact spots above and
below the two conductors of the contact system) and the geometric path of electric current
which flows through the contact system.

The calculation tools have the ability to calculate the contact resistance using two
different approaches (Greenwood and Holm), the number of contact spots, the area of
each contact spot and the total mechanical area of contact of a given contact system.
Moreover, the calculation tools can calculate the angle of each contact spot in 3D contact
interface and the number of voids which are located between the two conductors of the
contact system. In addition, the calculation of the volume of each void and the total
volume of voids are conducted with the calculation tools.

Concerning the 3D contact asperities, the calculation tools have the ability to
calculate the number of 3D contact asperities, the height and volume of each 3D asperity
and the total volume of 3D asperities as well as the surface area of each asperity which is
exposed to air and the total surface area of 3D asperities which is exposed to the air.
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Another ability of the calculation tools is the calculation of the number of contact
spots (number of resistors in the resistor network model, for open and closed circuits) in
each cross-section slice (perpendicular to contact normal force) and indicating from
which contact spots the electric current flows through and which does not.

The CAT* give the possibility to examine and characterise the contact system under
different conditions and operations. This possibility may be useful and beneficial for
contact users, their suppliers and electrical device system design engineers as it visualises
and characterises different features of the contact system.

8.6 Future Work
The aim of future work focuses on the development of an ageing model to aid
reliability prediction of electrical devices. The electrical contact is identified as the most
common factor as to why electrical and electronic devices fail. According to statics, the
most common cause of electrical failure is credited to connection failures. The electrical
contacts fail due to a variation of factors such as film formation, corrosion, oxidation,
stress relaxation, fretting and diffusion. Moreover, the high current flowing through a
limited space accelerates the degradation of an electrical contact. The total contact
resistance increases localised temperature at the contact interface and primarily softens
the contact materials. The thermal cycling hastens stress relaxation and aging of contact
materials causing failure of the electrical contact.

Visualisation of internal features in electrical components using X-ray CT
visualisation technique is to be used for identifying structural defects and material
migration. The main advantage of this visualisation technique is that it is non-destructive
with no need of dismantling the component of interest. This leaves any features intact.
The aim is to use the 3D visualisation data of contact system (e.g. in Comsol or Ansys)
in order to build an ageing model examining its behaviour in different electrical (voltage,
current, frequency) and physical (temperature, temperature alterations, humidity)
parameters.

The ageing model could help the manufacturing companies of contact systems to
develop more reliable contact systems examining their electrical and physical parameters
for different contact materials under different applied forces.
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