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Abstract

This Dissertation is focused on the design and optimization of the two types of metal
based switching devices: rivet electrical contacts and S—type thermal cutoffs.

Theoretical basis of the electrical contacts design is employed for the adequate contact
material selection, determination of the proper set of contact geometry and dimensions,
and estimation of the minimum contact force value. Contacts of the solid and clad
type, with rounded head are considered within two supporting structures. Obtained
results of 3-D simulation of mechanical, electrical and thermal characteristics of the
selected contacts in a steady state regime are presented. Simulations are carried out in
the coupled physical domains by the direct solving method. Special emphasis is put
on the dependencies of the operating temperature and maximum equivalent stress in
the contacts under various working conditions. On the basis of the obtained results,
optimization of the rivet electrical contacts is realized by the appropriate selection of
the contact material, determination of the geometry and dimensions of contacts and
definition of the rated current value. The optimization was conducted by functional,
economic, ecological and reliability issues. Feasibility of contacts implementation into
the specific switching devices with predefined rated currents and number of switching
cycles before the failure are outlined. Analyzed dependencies and optimization results
are described in details.

Theoretical basis of design and optimization procedures of thermal cutoffs are sum-
marized. Parameters of functionality, quality and reliability are specially considered,
since they are crucial for the appropriate choice of geometry, dimensions and materials
of cutoffs constitutive elements.

Thermodynamic and microstructure characterization of the low melting alloys for
thermal cutoffs purposes are elaborated. A new method for evaluation of the liquidus
surfaces of the ternary systems is proposed. It is based on the standard 3-D surface
modeling principles, and is applicable for any ternary system whose phase diagrams of
binary subsystems and a few appropriate experimental points are known. The liquidus
temperature can be determined from this 3-D surface by geometrical rules for any arbi-
trary composition of the ternary system. Moreover, the range of compositions of ternary
alloys that have desired liquidus temperature can be easily extracted. Microstructure
characteristics of the two eutectic low—melting alloys are also presented. Investigation
was performed by SEM and EDS techniques, and the obtained results are discussed from
the aspects of thermal cutoff technology development.

The results of 3-D electrical and thermal simulation of thermal cutoffs with two
cutoff temperatures for the rated current of 12 A and rated voltage of 250 V (5-95 and
S—-138 type) are analyzed. The functionality and quality parameters of thermal cutoffs are
determined by the simulation. Optimization of thermal cutoffs geometry and dimensions
is proposed considering functional, economic and technological aspects.

The results of electro-thermal characteristics investigation of S-138 thermal cutoff
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industrial prototypes by the thermovision imaging are presented. Thermal boundary
conditions for the simulation, which are crucial for the successful optimization of the
cutoffs, are set according to the obtained results. On the basis of the temperature dis-
tributions in the cutoffs under different working conditions, the temperature rise due
to the self-heating is registered, the cutoff temperature is determined, and the response
time of the cutoffs is evaluated. Thermal characteristics of the housing and conductive
elements of the cutoffs are also analyzed.

As a result of the performed design and optimization procedures of thermal cutoffs,
a technology line for their industrial production is presented. Complete process flow
diagram for the S—type cutoffs is proposed. It includes preparation and assembling of
the constitutive elements and quality and reliability testing procedures.



Introduction

Despite the extensive development of semiconductor devices dedicated to the electrical
circuits control, switching devices made of metals and their alloys still have a broad,
often irreplaceable role. Their basic elements are electrical contacts, which switch on and
off electrical current in the circuit by mechanical action. Therefore, the electrical contacts
have numerous applications in the devices as relays, electrical switches, thermostats,
and motor starters. In everyday life, they can be found in the home electrical installation
switches, home appliances, automotive ignition coils, as well as in most office equipment
and industrial facilities. Electrical contacts characteristics are of importance for the
standard power engineering, electronics and telecommunications and from the reliability
point of view especially for the automotive and aviation industry. During their lifetime,
electrical contacts are subjected to different loading and environmental conditions. They
are used for electrical switching in the range from several uV and pA to thousands of
V and A. Some of the contacts are activated rarely, while others have to sustain up to
10° switching cycles in a relatively short time interval. The switching itself is often
performed in a chemically aggressive ambient [1].

Since electrical contacts perform their action inside various switching devices they
have diverse geometries (rivet, cross, rectangle, disc, button) and dimensions. Electrical
contacts are, based on the construction, classified as a solid and a clad. The solid contacts
are entirely made of an electrically highly conductive material (mostly precious metals
or their alloys), while the clad contacts are mainly made of copper, with one or both
contacting surfaces plated with a thin layer of an appropriate contact material.

The basic parameters of contact switching capabilities are: electrical and thermal
conductivities, hardness and elasticity limit, chemical reactivity, and resistance to wear,
electro-migration and erosion due to the arcing. Besides these characteristics, which
are determined by the contact material properties, it is important to consider contacts
from the geometry and tribology aspects characterized by the shape and dimensions
of contacts, the contact force, and the supporting structure properties [2]. Therefore,
the main steps in the design and optimization of electrical contacts are selection of the
contact materials, acceptance of the appropriate geometry and dimensions of contacts,
and determination of the minimal contact force value.

To achieve a proper functionality of electrical contacts during the projected lifetime,
they should have high conductivity, mechanical strength, and resistance to the electrical
and chemical degradation effects. Prediction of the characteristics and reliable operation
time of contacts subjected to the various working conditions is complex task, since there
is no precise information about all parameters that may affect their operation. Analyt-
ical models of contact characteristics under the specific working conditions, as well as
the appropriate statistical approximations give insight into some aspects of their relia-
bility [3-5]. Numerical simulation of mechanical, electrical and thermal characteristics
provides more efficient design and optimization procedures of electrical contacts. In
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that manner, consideration of all available exploitation data in electrical and mechanical
domains is required [6-8].

Analysis of the electro-thermal heating effects in the electrical contacts and switching
devices by Finite Element Analysis (FEA) can be found in the literature [6-13]. Consid-
erations are mainly related to a selected group of devices of specified geometry and
applied materials [10], [11]. Analysis domains are mainly 2-D, while supporting struc-
tures are introduced by the specific boundary conditions [12]. Mechanical behaviour
of the contacts is considered independently [13], or as a separate step in a sequentially
coupled analysis [8].

Significant indicators of functionality, quality and reliability of electrical contacts are
values of their operating temperatures at rated currents and maximum equivalent stress
under defined contact force. Namely, electrical contacts are characterized by values of
the allowed temperature rise above the ambient temperature for the given contacting
ambient, and knowledge of the operating temperature is relevant to set the maximum
current values that contacts can be loaded. On the other hand, simultaneous action
of the contact force and electro-thermally induced stress in specific contact areas cause
equivalent stress which, due to the large number of switching cycles, leads to the fatigue,
and even to the contact failure. Therefore, the maximum number of switching cycles
that still provides reliable contact operation represents important issue in the definition
of contact quality and reliability.

One specific group of the metal based switching devices are thermal cutoffs whose
main feature is non-resetting. Thermal cutoffs (also konown as thermal fuses or thermal
links) are devices intended for the protection of various electrical systems from the over-
heating and/or possible burning. They detect excessive temperature rise in the system,
caused by the over-rated values of the current or by disturbed environmental thermal
operating conditions, and irreversibly break electrical circuit. Their advantages in the
electrical circuits protection are small dimensions, fast response, electrical insulation of
the active parts, and a low price. Thanks to these, thermal cutoffs have a broad im-
plementation areas, such are electric motors and transformers, home appliances, office
equipment, lightning devices, and other electronic systems. The increase of operation
and handling security levels of devices, demands adjustment of thermal cutoffs to differ-
ent applications. In addition to the requirements in terms of the higher rated current and
wider range of functioning temperature, there are demands toward smaller dimensions,
easier installation, and even use as a current fuse [14]. The only disadvantage of thermal
cutoffs in home applications is that their replacement requires intervention by the service
person.

Functioning of the thermal cutoffs is based on the low temperature alloys property to
melt at a specific (low) temperature. Conductive parts of the cutoff are soldered by this
kind of alloy and connections between them are broken when melting temperature (cutoff
temperature) is reached. Thermal cutoffs are classified by design, rated functioning
temperature, and rated current and voltage values [15-17]. Design of thermal cutoffs
depends on the cutoff principle (with a fusing material or with a spring), the shape and
dimensions of the leads (radial, axial or strip), and the housing type (ceramic, plastic or
metal). Rated functioning temperature is determined by the melting temperature of the
soldering alloy and it is in the range from 70 °C to 240 °C. The rated current and voltage
represent set of AC and DC values that define operating conditions of the thermal cutoffs.

The low melting alloys have melting temperature bellow 250 °C. In most cases they
are multi-component, with tin, lead or silver as a basic component and one or more low
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melting elements as bismuth, indium, antimony or gallium as additive for fine tuning of
the melting point. They are used as a soldering material in devices that do not operate
at high temperatures, and their thermodynamic and microstructure characterization is
important for development of the lead—free soldering techniques [18-20].

Phase diagrams of multi-component alloys have essential role in the determination
of alloys with predefined characteristics, specification of their manufacturing processes,
and forecast of their behaviour during the exploitation. They enable visual represen-
tation of the state of the material as a function of the composition, temperature, and
pressure. Experimental assessment of multi-component phase diagrams represents
time consuming, expensive, and difficult process. Therefore, phase diagram modeling
has an important contribution. Phase diagrams of ternary alloys at constant pressure
are 3—-dimensional, but their representation is in most cases two—dimensional. Namely,
liquidus and solidus surfaces are presented by the projections of isothermal and cotectic
lines inside the triangle on whose sides are chemical compositions of binary subsystems.
Calculation of thermodynamic parameters of multicomponent alloys and generation
of their phase diagrams is the main interest of so—called CALPHAD (CALculation of
PHAse Diagrams) group during the last four decades [21].

CALPHAD method for the determination of phase equilibrium in multicomponent
systems is based on the minimization of the total free Gibbs energy. Dependence of the
Giggs energy on the temperature, pressure and each phase concentration is described by
the appropriate mathematical models. Parameters of these models are determined by the
specific software, on the basis of thermodynamic databases. In this way, phase diagrams
of systems are created by utilizing the phase diagrams of the lower level subsystems.
However, thermodynamic databases, as well as specialized software for 3-D diagrams
generation, are commercial and not public available.

The parameters of functionality, quality and reliability of thermal cutoffs include
thermal, electrical and mechanical domains. Rated functioning temperature and holding
temperature are basic parameters of thermal cutoffs of the specific construction at rated
current and ambient temperature. These parameters are crucial for the appropriate
implementation of the thermal cutoffs. The quality and reliability of thermal cutoffs
are determined by the operating temperature rise due to the electro-thermal effects
and response time. The operating temperature rise is defined by the properties of the
conducting elements and thermal characteristics of the cutoff housing. The response
time is specified in the laboratory testing conditions and is mainly dependent on the
thermal properties of the cutoff structural elements. The values of these parameters
are primarily considered in design and optimization procedures of the thermal cutoffs,
assuring adequate selection of material, geometry and dimensions of their structural
elements. For this purpose, an appropriate finite element analysis of the cutoffs is
employed.

Experimental monitoring of temperature distribution in the vicinity and inside the
thermal cutoffs under various electrical and thermal operating conditions enables deter-
mination of their parameters. Thermovision camera has an important role in the imaging
of the temperature distributions in the field of medicine, meteorology, power and ther-
mal engineering, tribology and material science [22-24]. In the electronic engineering,
thermovision imaging is used for the analysis of thermal distributions in the variety of
the passive and active devices and systems [25,26]. In that manner, it can be used for
thermal cutoff design and optimization purposes. Although thermovision imaging is
primarily focused on functional testing and rarely to quantitative determination of ther-
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mal parameters [27], its advantage is in the contactless, non—-destructive temperature
measurement of the investigated device and its parts. In the case of thermal cutoffs,
the use of specialized temperature chambers is avoided and functioning of the thermal
cutoffs in the near real operating conditions is enabled.

This Dissertation has two major parts, based on the investigated switching device.
In the first part, results of the design and optimization of the rivet electrical contacts are
presented. The solid and clad bimetallic contacts within two supporting structures are
considered. Based on the theoretical concepts, presented in Chapter 1, contact materials
are selected, geometry and dimensions of the contacts are defined, and minimal contact
force value is determined. 3-D simulation of selected contacts is performed to obtain
their mechanical, electrical and thermal characteristics under steady state conditions,
and results are presented in Chapter 2. Direct, coupled—field simulation procedures
are employed, with special emphasis on the dependences of operating temperature and
maximum equivalent stress on the exploitation conditions. On the basis of the obtained
results, optimization of the rivet electrical contacts is performed, in a view of the se-
lected contact materials, geometrical and dimensional design parameters, and defined
rated currents. Functional, economical, ecological and reliability aspects are consid-
ered. Moreover, applicability of the selected contact type within predefined switching
device, with specified rated current and number of reliable switching cycles are outlined.
Analysed dependencies and optimization results are presented in details in Chapter 3.

The second part of the Dissertation is devoted to the design and optimization of
S—type thermal cutoffs. In Chapter 4 are discussed theoretical assumptions of these
procedures. Special attention is given to the functionality, quality and reliability as the
basis for an appropriate choice of the geometry, dimensions and materials of thermal
cutoffs structural elements.

In Chapter 5, results of thermo—-dynamic and microstructure characterization of low—
melting alloys for thermal cutoff purposes are presented. A new method for estimation
of liquidus surface of ternary alloys is described in details. The method is based on
the known phase diagrams of binary subsystems and minimal set of experimental data,
with a software for surface modeling as a numerical tool. Generated 3-D phase diagrams
enable extraction of the liquidus temperature for specified composition of the ternary
system, as well as determination of the alloy composition that has desired melting tem-
perature value. Also, results of microstructure analysis (by SEM and EDS techniques)
of two eutectic alloys important for the application in thermal cutoffs are given. This
enables specification of their processing parameters and forecast of mechanical charac-
teristics of soldering joints realized from these alloys.

Chapter 6 is dedicated to the results of 3-D electrical and thermal simulation of ther-
mal cutoffs with two cutoff temperatures, rated current of 12 A and rated voltage of 250
V (595 and S-138 types). Based on simulation results, optimization of geometry and di-
mensions of thermal cutoffs is suggested in a view of functional, economic, technological
and quality aspects.

The results of thermovision investigation of electro-thermal characteristics of S-138
cutoff realized in the form of an industrial prototype are given in Chapter 7. Based on the
temperature distribution in the cutoff under different operating conditions, temperature
rise due to the self-heating is determined, cutoff temperature is specified, and response
time is estimated. Thermal characteristics of the housing and conductive parts of the
cutoffs are also investigated. Obtained results are used for determination of the boundary
thermal conditions necessary for efficient optimization of the cutoffs through numerical
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simulation of their electrical and thermal characteristics.

The most important results of the investigation are summarized in the Conclusion. As
a result of the design and optimization procedures, complete production line of cutoffs
is proposed. The flowchart of technological sequences for production of S type cutoffs
is presented, with specified steps for the preparation and assembling of the constitutive
parts, as well as the procedures for quality and reliability testing.



Part 1

Electrical contacts



Chapter 1

Fundamentals of electrical contacts
design and optimization

The role of electrical contacts is to enable or disable (switch) flow of electrical current
in the circuit, with as less as possible signal distortion. Design and optimization of
electrical contacts should provide their efficient and reliable operation during the pro-
jected lifetime. These demands are fulfilled by contacts with high electrical and thermal
conductivity, high resistance to the wear and arc discharge, and chemical stability. Char-
acteristics of contacts are determined by the contact material properties, their geometry
and dimensions, and by the contact force value [28].

Poorly designed contacts, besides unsatisfying functionality, may over time par-
tially lose their switching capabilities. Degradation of contact properties has origin in
the different electrical, mechanical and chemical processes introduced by the operat-
ing conditions (rated current, temperature, mounting position, chemically aggressive
environment).

Taking into account all parameters that determine functionality and reliability of
electrical contacts, main steps in their design and optimization are selection of contact
materials, definition of the geometry and dimensions, and determination of the mini-
mum contact force value.

1.1 Functionality, quality and reliability parameters of elec-
trical contacts

Current flow through the contact, due to its electrical resistance, cause so—called Joule’s
heat dissipation. This is the reason why electrical resistance of the contact represents basic
parameter of its functionality and need to be as low as possible. Resistance of the
electrical contact consists of the bulk resistance and contacting resistance. Bulk resistance
has constant value, determined by the electrical conductivity of the contact material and
geometry and dimensions of the contact. It can be reduced by selection of a highly
conductive contact material. Contacting resistance has variable value dependent on the
interface of the contacting surfaces. This resistivity can be reduced by higher values of
the contact force [29].

During the contact operation, it is necessary to obtain removal of the dissipated
heat from the contacting area. Therefore, thermal conductivity has to be considered
as a parameter in the design of electrical contacts. It is determined by the thermal
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conductivity of the contact material, mechanism of the heat removal and area of the
surface from which the heat is removed. Better thermal characteristics of contacts are
obtained by the implementation of contact materials with the high thermal conductivity
and selection of the contact shape that provides considerable free surfaces.

Electrical contacts are often exposed to the high electrical currents, frequent and
numerous switching cycles, and chemically aggressive environment. As a result of these
operating conditions, contact characteristics degrade during time and eventually they
may fail. Determination of the contact reliability is a complex problem due to the lack of
precise information about all parameters that may influence their characteristics under
various operating conditions.

1.1.1 Degradation of electrical contacts

Basic physical and chemical phenomena that occur in contacts and represent sources of
degradation effects are operating temperature rise, arc discharge, chemical reactivity and
material fatigue. Degradation effects limit long—term and reliable operation of designed
electrical contacts and can be considered from the electrical and mechanical aspects. The
effects of electrical nature are:

e increase of the contact resistance (due to the numerous thermal phenomena and
chemical reactivity);

e impedance mismatch of the two contacting parts;
e electromagnetic interference,
while mechanical nature have:

e wear (material transfer due to sticking or evaporation and erosion caused by arc
discharge and corrosion);

e welding (due to the high electrical current density and arc discharge);
e modified contact shape (cracks, plastic deformation).

The amount of contact characteristics degradation during the one switching cycle
basically depends on the contact material and contact geometry and dimensions. It
also depends on the rated current value, duration of the arc discharge, contacting gap
and medium inside it, contacting speed, stress induced during contacting, and contact
bouncing [30]. Many of the effects are result of the several phenomena, which are often
mutually related, and for minimization of the negative consequences balance between
design parameters is needed.

1.1.1.1 Operating temperature rise

Operating temperature of contacts has a significant impact on their mechanical and
electrical characteristics. Rise of the operating temperature during the current flow
defines maximum current value that contact of the specified geometry and material
can sustain for defined time period without degradation of characteristics. This value
represents rated current value as one of the basic contact design parameters. If contact
force has low value during the contact closing (switching—on), sliding and/or bouncing

10
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occurs and through contact passes current of the value much higher than the rated one.
This is inrush current and it implies significant local operating temperature rise followed
by the material transfer and contact evaporation [28].

The value of the operating temperature includes three components: ambient tem-
perature, temperature rise due to the contacting resistance, and temperature rise due to
the bulk resistance. Temperature rise due to the contacting resistance can not be strictly
specified since it depends on the contact shape, hardness, electrical and thermal conduc-
tivity of the contact materials, value of the contact force, thickness of the oxide layer on
the contacting surfaces, as well as contact sliding. Temperature rise AT, due to the bulk
resistance, is proportional to the square of the current flowing through the contact I, and
in the simple form it can be expressed as [31]:

L2
okA?’
where L is the length of the conducting path through the contact, A is cross section
of the contact, ¢ is electrical conductivity, and k is thermal conductivity of the contact
material. This expression assumes several simplifications related to the contact structure
and underlying physical processes: contacting parts have the same length and cross—
sections; thermal energy is generated at a constant rate within the contacts body, while
the contact resistance is negligible; there is no heat removal by convection or radiation
and it is transferred through the contact body toward its fixed ends and absorbed there;
maximum temperature exists at the contacting surfaces. A large number of assumptions
dictates usage of this expression with the aim to compare the different materials rather
than for any quantitative forecast. Relation (1.1) confirms statement that materials
with higher conductivities (electrical and thermal) provide better contact operation.
Besides, these materials allow thinner and narrower cross—sections and therefore less
contact dimensions which is important from the economic aspects of the contacts mass
production [32].

The complex mutual relation exists among contact design variables, its material
characteristics and key performance parameters. This dynamic interaction is presented
by the operating temperature rise in Fig. 1.1 which shows the influence of certain variable
on the other. When increase of the first variable produces or allows increase of the second
one, thereis a "plus" sign by the arrowhead, while the sign "minus" indicates that increase
of the first variable produces or allows decrease of the second one. Temperature rise
leads to the increase of the contact bulk resistance due to the increase of the contact
material electrical resistivity. At the same time, thermal expansion and stress relaxation
in the contact material with time modifies the contact force and indirectly increases
contacting resistance. In mechanical sense, thermal expansion induces additional stress
at the contact and supporting structure interface. Temperature rise also leads to increased
corrosion of the contacting surfaces, and therefore an increase of the contacting resistance.
All of these effects are interrelated and depend on several factors such as the shape of
contacts, type of the contact material, and environmental conditions.

In practice, allowable temperature rise values for defined contact materials and en-
vironment are prescribed by specific standards [34]. Contacts design procedure should
provide acceptable increase of the contact resistance and consequently temperature rise
within the limits defined by standards for the rated current value.

AT = (1.1)

11
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Corrosion
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Figure 1.1: Dynamic interaction among contact design parameters (blue), material char-
acteristics (green), and key performance parameters (negative influence —
red) [33].

1.1.1.2 Arc discharge

Arc discharge is a process in which electrical current flows through the gap between
two charged surfaces. It can occur during the contact closing before two contacting
surfaces touch each other, or during the opening at the moment of the contact surfaces
separation. Electrical arc occurs when potential difference between contacting surfaces
exceeds value of the minimum arc voltage and available current in the circuit exceeds
minimum arc current. These quantities depend on each other and also on the contacting
surfaces materials, the gap and the medium between the contact elements [30].

Arc discharge in the contacts is a negative phenomenon due to several reasons. Pri-
marily, it causes transfer of the material from positively to negatively charged contacting
surface in contacts in DC circuits. The heat generated during discharge can cause melting
of the contacting surfaces, which can be welded if the gap between them is narrow. If
the opening force is sufficient to break the welded joint, contacting surfaces will separate
but they will be ruptured. When the opening force is insufficient, contacting surfaces
will be permanently welded [35]. The energy released by the arc discharge helps contact
material vaporization, as well as creation of oxides and corrosion layers at the contact
surfaces, thus increasing the contacting resistance. Another negative effect is generation
of electromagnetic interference, which in the form of noise can significantly affect the
operation of electronic devices.

Contact bouncing during closing leads to multiple arc discharge. In order to reduce
damage of the contacts, it is necessary to reduce the number and height of the bounce
by choosing the appropriate supporting structure [36]. Control of the damage during
the opening can be achieved by minimization of the arc discharge duration through
rapid increase of the gap between the contacting surfaces. However, rapid increase of
the contacting gap increase bouncing and it is necessary to find a compromise between
these two effects. Appropriate selection of the contact materials (resistant to arcing
erosion and wear) can also minimize undesirable effects of the arcing [37].

12
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1.1.1.3 Chemical reactivity

Nonconductive layers may be formed at the contact areas exposed to the chemically
aggressive environment, leading to the degradation of the conducting layer and rise of
the contact resistance. This phenomenon is known as the corrosion. The most common
chemical corrosion activators are oxygen (formation of oxide), various sulphuric, chlo-
rine and silicate compounds, as well as organic materials. Some metals are susceptible
to self-limiting or so—called passive corrosion. Once formed oxide or sulphide layer does
not grow any further, but protects underlying base material from the influence of the
atmosphere. In active corrosion base material continuously corrode and the corrosion
product spreads out from its origin. Contacts suffer from three types of corrosion: creep,
pore and fretting corrosion [30,38—40].

Clad or pre—plated contacts can be subjected to creep corrosion if they have bare edges
exposed to the atmosphere. This type of corrosion is schematically presented in Fig. 1.2,
where corrosion from the bare edges spreads over the surface and consequently increase
contact resistance. Creep corrosion can be avoided or decreased by plating of the contacts
after blanking or by introducing underplating layer of non-corrosive material.

Bare edges

Figure 1.2: Creep corrosion due to the bare edges [39].

Contact platings often contain imperfections such as pores or cracks. If the base
material is exposed to a corrosive environment through these micro holes, pore corrosion
may occur [41]. Base material corrosion can be localized inside the pores and invisible at
the surface, but also can spread out. Pore corrosion with severely corroded base material
is presented in Fig. 1.3. Pore corrosion can be minimized by using thicker plating layers
or an inter—layer.

Figure 1.3: Base material corrosion due to pores/cracks in the plating layer [39].

13
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Plated contacts where contact point oscillates on a microscopic scale may have dis-
rupted contacting layer due to the fretting corrosion [38,42]. Numerous contacting cycles
with nonfixed contact point form thicker oxide layer as presented in Fig. 1.4. Fretting
corrosion can be eliminated by sufficiently high value of the contact force to stabilize
contacting point or by lubrification of the contacting surfaces to inhibit oxidation and
reduce wear [43,44].

contact |
Initial
=

| (=}
Broken oxide '<_>i 0, Imm
film I

i MICROMOTION
% —_—
/ |

“New” oxide
film

MICROMOTION
¥

Q After
N cycles

Figure 1.4: Fretting corrosion [38].

1.1.1.4 Fatigue

Impact energy released by the contact closing causes stress in materials and fatigue.
When numerous switching cycles are applied, cracks may occur in the contacting ma-
terial. The increased number and size of cracks over time leads to the degradation of
contacting surfaces and eventually to the failure [30]. Failures due to the fatigue are sud-
den and responsible for almost 90 % of fractures in metals. This kind of failure occurs at
the lower stress levels then during continuous static load of the contact materials.

Fatigue tests are presented by so—called S-N diagrams which give dependence of the
maximum stress (S) on the number of load cycles before failure due to the fatigue (N).
S-N diagrams for copper and silver (two most common contact materials) are presented
in Fig. 1.5. From S-N diagrams, fatigue strength (stress value that will cause failure
for the defined load cycles number) and fatigue life—time (number of load cycles before
the failure for the specific stress value) can be determined [45]. During contact design
these two parameters enable determination of the contact force value for the expected
lifetime or estimation of the reliable contact operation time under the given equivalent
load stress.

The fatigue strength is related to the material yield strength and depends on its
microstructure characteristics (grain size, ductility), surface treatment and the possibility
of corrosion. Environmental stress parameters (temperature, frequency and mean value
of the contact force) also affect fatigue. Resistance of the specific device to the failure due
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Figure 1.5: S-N diagrams for silver and copper [46], [47].

to fatigue can be increased by improved design, modified manufacturing procedures,
use of materials with higher strength limit, and by surface strengthening [48].

1.2 Design tolerances

During the design of contacts, three types of tolerances are important: material toler-
ances, manufacturing tolerances and system tolerances. Moreover, tolerances may be
superpositioned giving so—called stack tolerances [49].

Material tolerances are associated to the raw material and usually are specified by
the producer. Material parameters as elastic modulus, yield strength, tensile strength,
elongation, conductivity, formability have values within certain range or meet a set of
minimum values. In numerical analysis during the design of contacts, average values of
material parameters are used. Also, variations in size of the strip material that contacts
are made of (length, width, thickness) affect their characteristics.

Manufacturing tolerances are specified by technical drawings. These tolerances pro-
vide partial control over the final product shape after diverse manufacturing steps.
Namely, batch production may result in parts which differ from their prototypes. The
difference originates from various rolling, stamping and forming procedures of the con-
tact materials [49]. The residual stress after rolling and slitting of the strip, and after
stamping procedure differs from contact to contact depending on the contact material, its
thermal treatment and processing procedures. This results in different contacts perfor-
mance under the load. Since designers usually assume optimal dimensions and material
properties, tolerances provide that none of the contact characteristics considerably differs
from its optimal value [50].

System tolerances are imposed by the assembly manufacturer. These usually include
tolerances of dimensions and positions of the assembled parts, as well as tolerances
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in respect to electrical specifications of parts. Imposed system tolerances have impact
on tolerances of constitutive parts in a view of proper material selection and forming
processes.

Overall, if material, manufacturing and system tolerances are met, the device will
operate within specified limits. However, there is still a possibility that the mutual inter-
action of individual tolerances lead to improper functioning of contacts. It is described
by stack tolerances and for good performance of contacts tight dimension tolerances are
necessary.

1.3 Selection of contact materials

The goal of contact materials development is to obtain reliable and effective contacting
with minimal costs and without any ecological issues. Improvement of mechanical and
electrical material properties are governed by better performance in specific applications.
For low power contacts the most important characteristic is contacting resistance, while
for high power contacting crucial is resistance to welding and arc discharge. Contacts
which are most of the time in a closed state need to have stable value of the contact
resistance during the lifetime [51].

In order to maintain good electrical contact performance, contact surfaces are often
plated with a thin layer of another material. The basic material is usually copper, while
selected plating material must have high conductivity and hardness, to be resistant to
corrosion and temperature rise, and to easily adheres to the copper. The plating min-
imizes formation of the corrosion layer on the contact surfaces, increases resistance to
wear and material transfer due to arc discharge, and reduces friction in sliding con-
tacts. Various highly conductive or noble metals and their alloys, as well as sintered
compounds are used as plating material. The most common materials are silver, gold,
tin, nickel, copper, platinum, wolfram, and nowadays, beryllium, carbon, chrome and
cobalt. Contact materials are usually fabricated by adding specific metals (Cu, W, Ni, C)
or ceramic materials (SnO,, In,O3, ZnO, CdO) to the basic metal by tempering or sinter-
ing. For plating are used several techniques as electroplating, autokatalisys, mechanical
plating, hot tub method. The plating itself can be performed in a different phases of the
contact fabrication (before, during or after stamping). Selection of the plating material
and technique and timing of plating in the fabrication sequence depends on the main
demands that contact layer has to fulfil [30].

1.3.1 Mechanical aspects

Despite the detailed and careful design process, devices can fail due to numerous reasons.
The most common source of the failures related to the design is due to the basic difference
between the definitions of the elastic limit and 0.2% offset yield strength of a given
material. The strength of the material is usually determined by tensile testing and
represented by stress—strain curve. This curve is crucial for the selection of material
from the mechanical aspect of the contact design. Basic stress—strain curve of metals is
presented in Fig.1.6.

The stress is defined as tensile force per unit area of a specimen, while strain value
corresponds to relative change of the specimen length caused by the stretching. To the
point A, there is a linear relationship between stress S and strain €, defined by the elastic
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Figure 1.6: Stress—strain curve of metals for tensile testing.

modulus (Young’s modulus) E,, in the form S = E,;e. Point B is the elastic limit and
it divides stress—strain curve into the elastic region (left of the point B) and the plastic
region (right of thw point B). Metals subjected to the tensile load below the elastic limit,
after removal of the load, returns to the original state by the same stress—strain curve.
Similarly, if the tensile load is above the elastic limit, when it is removed specimen
will relax by the curve parallel to the original one, and permanent deformation (known
as yielding) will occur in it. Further tensile load increase leads to the ultimate tensile
strength (point D) when the specimen begins to neck and eventually it reaches the
fracture point. During the exploitation electrical contacts should not exhibit permanent
deformation. Therefore, in the design of contacts, stress limits of used materials have
to be considered. Usually it is 0.2% offset yield strength (determined by point C at
stress—strain curve). At this stress value, after removal of the load, in material resides
deformation of 0.2% strain value. This limit is co—called plastic limit of the material.
However, for stress values just below 0.2% offset yield strength, there is some permanent
deformation and designs that theoretically fulfil all demands may fail in the practice.

During the stretching or compression of the specimen, its original cross—section area
changes. As a result, the real stress value in the specimen has complex dependence
on the tensile force value and cross—section area. Real stress—strain curve above the
plastic limit is presented by doted line in Fig. 1.6. The overall real stress—strain curve
can be represented by so-called bilinear approximation, i.e. by the two straight lines
connected at the plastic limit point. The slope of the first line is equal to the elastic
modulus, while the second line connects plastic limit point with ultimate tensile strength
and its slope is determined by the tangent modulus. In numerical programs for structural
linear analysis by the finite element method, mechanical properties of the material are
described by elastic modulus and Poisson’s coefficient (ratio of material deformation
in tangential and longitudinal directions during the stressing). On the other hand, in
nonlinear analysis the whole curve is used or its bilinear approximation [52].

To achieve appropriate contact force value it is desirable to select material that can
sustain higher strain values but still exhibit elastic behaviour. This requires material
with optimum combination of the elastic modulus and plastic limit. The real elastic limit
of the material which separates elastic and plastic regions is presented in Fig. 1.6 (point
B). However, if the contact is stressed in elastic region under higher temperature long
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enough, the part of elastic deformation can transform into the plastic one. Moreover,
value of the plastic deformation increases with time due to the gradual increase in plastic
strain under constant stress (creep), and due to reduced ability of a material to return to
its original state when unloaded (stress relaxation). Both effects are more pronounced
at higher initial values of the stress and temperature. Therefore, well designed contacts
must encounter thermal effects, as well as effects of stress relaxation over time [53], [54].

Material yielding under certain stress value increases with temperature due to the
increased movement of dislocations within the grains in the material. Grain boundaries
stop dislocation movement and materials with finer grain structure have higher plastic
limit, yield strength and resistance to stress relaxation of the finished product. Also,
fine grained materials exhibit better formability properties due to the isotropic nature of
specific mechanical quantities [55-57].

Plastic limit of certain material is increased by preventing the movement of disloca-
tions within the grains. In that manner, solid solutions i.e. alloys are widely used in the
electronic devices technology. Namely, weather the alloy is substitutional or interstitial
one, alloying element atoms prevent movement of dislocations and therefore increase
plastic limit of the base material. The other methods for improvement of material
strength are mechanical hardening and/or temper.

The strain hardening represents the permanent deformation of the material in order
to increase its strength and it is achieved by so—called cold work or work hardening.
Typically, it is cold rolling process used to increase the temper of strip materials by
elongation of the grains in it. This permanent deformation inhibits movement and
creation of new dislocations and increases the strength of the material. Cold work
reduces ductility and formability of material and it has to be applied in conjunction with
annealing and recrystallization in order to obtain desirable product form [58].

Thermal treatment can increase strength of the final product. Metals that can be
thermally strengthened offer the best combination of strength and formability. Ther-
mal hardening includes several methods such as: solid solution hardening, dispersion
strengthening, quench hardening, precipitation age hardening, spinodall decomposi-
tion [59].

The hardening procedures change the stress—strain curve by increase of the plastic
limit. The real stress—strain curve in the plastic region follows the power low of the form
S = Ke", where the strain hardening exponent n and the strength coefficient K describe
material behaviour during the forming. The higher n values give better formability, while
higher K values indicate higher strength temper. The values of these parameters, as well
as the anisotropy coefficient are important for contact manufacturing. Bending and
stretching of the material require high strain hardening exponent value, while drawing
of the strip material requires high anisotropy coefficient [60], [61], [62]. However, it has
to be noted that the number of fabrication steps in the material processing determines
its yielding [63].

Information about material hardness and mechanical properties of the fabricated part
are obtained by different hardness testing methods like: Brinell, Rockwell, Vickers, and
Knoop [64], [65].

1.3.2 Electrical aspects

The values of electrical quantities (rated voltage, rated current, inrush current) that
contacts have to sustain are basic parameters in the design of contacts and therefore are
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crucial for contact material selection. High values of the rated and inrush currents are
sources of different degradation effects in contacts as mentioned in Subsection 1.1.1. The
resistance of certain material to degradation effects is crucial for its selection for contacts
installed in high power relays and switches. Basic classification of silver based contact
materials in a view of rated and inrush current values for use in home appliances (AC
current) and automotive industry (DC current) is presented in Fig. 1.7.

1.3.3 Overview of the common contact materials

Taking into account material properties which are important for the functioning of the
electrical contacts, advantages and disadvantages of commonly used contact materials
are listed in Table 1.1 [28, 30,59, 66-75].

It is evident that variety of parameters affect contacts performance, as well as that
there is a wide range of materials that can meet certain requirements. Basically, appli-
cation of the contact determines selection of the contact material and plating method.
Proper choice of the plating material (beside the costs) depends on the temperature and
chemical reactivity of the contacting ambient, values of the rated and inrush currents,
and desired number of reliable switching cycles. Furthermore, selection of the contact
material determines the contact force value.

As part of the global trend of decreasing dimensions of electrical devices, reduction
of contacts dimensions has as a consequence decrease of electrical current transfer capa-
bilities. Due to the decreased areas that can dissipate heat, contact temperature rises and
consequently resistance of the contact body increases. This implies usage of materials
with high electrical conductivity despite their high price [76]. Small contact dimensions
require materials with high formability to avoid cracks during manufacturing of the
contacting surfaces with small radius [77]. Since high plastic limit and formability of
the material are usually not compliant, compromise between values of these two param-
eters is necessary. Therefore, optimal selection of materials for small contacts should
be the best combination between strength, electrical and thermal conductivity, fatigue,
resistance to stress relaxation and formability [29].

1.4 Determination of the geometry and dimensions of elec-
trical contacts

Electrical contacts are elements of versatile switching devices and they can occur in
several forms and have very different dimensions. The most common contact shapes
are: rivet, cross, rectangle, disk and button. Regarding the construction they can be solid
or clad [70,72]. Solid contacts are entirely made of highly conductive material (usually
precious metals or their alloys). Clad contacts are basically made of copper with one or
both contacting surfaces plated by the selected contact material.

Design process of electrical contacts requires determination of the basic contact shape,
construction type, and precise dimensions and tolerances. Contact shape is defined by
the mounting procedure, place within the switching device and contacting method.
Construction type mainly depends on the price and manufacturing techniques. Spec-
ification of dimensions and tolerances is determined by the rated current values and
technological constrains [70,78].
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Figure 1.7: Classification of silver based contact materials in a view of rated and inrush
current values [66].
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The most commonly used shape of contact is the rivet. These contacts are used in
home switches and appliances, consumer devices, and nowadays in the automotive
industry. The advantages of this contact shape are [66,72]:

e simple automated riveting,

e strong and stable joint with the supporting structure at low and medium rated
currents,

e no loss of elastic features of the supporting structure since there is no temperature
rise induced by the arc discharge,

¢ no oxidation and corrosion at joint with the supporting structure.

Depending on the construction, rivet contacts may be solid or clad (bimetallic or
trimetallic). Solid rivet contacts are produced by plastic deformation of the base material
in the form of a wire, thereby forming a contact head in specially designed molds.
Due to the limitations imposed by dimensions, rivet contacts are recently made by the
extrusion technique. Clad contacts are made by plating of the basic material by welding
or mechanical sticking of the plating material in the form of a strip.

Rivet contacts have clearly separated head and shank. Depending on the head shape
contacts are classified as the one with flat, rounded or conical head, while by the shank
shape they can be of flat, tubular or chamfer type. Classification of rivet contacts by
construction and shape is presented in Fig. 1.8. Standard rivet contact types are solid
and bimetallic with flat or rounded head and flat shank. The flat head is used for fixed
and rounded head for moving contacts. The conical head is used in contacts where
contacting resistance has importance and it provides resistance to corrosion and good
contacting in the presence of dust. The tubular shank shape enables joining with brittle
supporting structures like bakelite and hard plastics, while the chamfer shank provides
simple and fast automatic riveting. Usage of trimetallic contacts reduces costs of the
contact production in cases where contacting is performed at both sides (usually moving
contacts). Special trimetallic contacts, dedicated to the high temperature applications,
have plated bottom side of the head and the shank which simultaneously provides
mechanical and electrical connection with the supporting structure [70].

Dimensions of the selected contact type are determined by value of the rated current,
geometry of the supporting structure, and technological limitations concerning the ratio
of specific dimensions. Fig. 1.9 represents cross-sections of the solid and bimetallic rivet
contacts with the rounded head and flat shank, with dimensions as specified in Table
1.2.

Specification of the contact dimensions during design process is based on the deter-
mination of the initial contact head diameter depending on the rated current value. Due
to the technical constrains, this value should be a multiple of 0.5 mm and should to com-
ply to appropriate standards. Generally accepted rules prescribe usage of solid contacts
for head diameters bellow 2.5 mm, while for diameters above 6.5 mm it is recommended
to use clad contacts. The tolerance value of this dimension is 0.1 mm. For solid contacts
made from silver and its alloys, applicable diameter of the contact head at low values of
the rated current is presented in Fig. 1.10. For high values of the rated current applicable
head diameter of clad contacts is shown in Fig. 1.11.

The shank diameter of clad contacts should also be a multiple of 0.5 mm, while for
solid contacts (usually for a head diameter of less than 2 mm) common values are 0.8 mm,

22



CHAPTER 1. FUNDAMENTALS OF ELECTRICAL . . .

Flat Rounded Conical Tubular | Chamfered
Head Head Head Shank Shank
/[ \|[ [ \| L \
Solid
Bimetallic
I_\ /—\
Trimetallic

Figure 1.8: Classification of rivet contacts by the construction and shape.
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Figure 1.9: Cross—section of the solid (a) and bimetallic (b) rivet electrical contact.

| Dimension | Notation |

Head diameter d,

Shank diameter d,

Total head height k
Contacting layer height | s

Shank length 1

Head rounding radii riin
Head taper angle a

Table 1.2: Notation of rivet electrical contacts dimensions.
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Figure 1.11: Applicable diameter of the contact head at high values of the rated current
[79].
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1 mm, and 1.2 mm. This diameter must be in correlation with diameter of the contact
head, so as to enable its efficient production and provide the functionality. Basically, the
required ratio should be d;/d, = 1.7 — 2.3. This ratio provides a good fit of the contact
head to the supporting structure and eliminates the occurrence of a parasitic transition
resistance [80]. Recently, manufacturing of rivet contacts whose ratio d; /d, is out of these
ranges is enabled by introduction of extrusion techniques. In this way, it is possible to
obtain specific types of contacts, while maintaining a given quality [72]. The allowed
deviation of this dimension value is +0.0/-0.1 mm, thereby avoiding impossibility to
insert the contact into corresponding opening in the supporting structure.

Well-designed contacts have the overall head height at least 0.5 mm for solid, and
0.7 mm for clad contacts. Recommended relation is k/d; = 0.2 —0.4. Greater head height
allows better removal of the heat and reduced operating temperature rise. However, it
should be noted that too low and too high values can induce difficulties in technological
processes for contacts manufacturing. The lower limit of the tolerance should be set to
-0.0 mm, with respect to the fact that riveting of the contact into the supporting structure
reduces overall height of the contact head. The upper limit of tolerance is generally
+0.05 mm, with fact that for a head diameter greater than 6 mm, this value can be raised
to +0.1 mm.

The contact plating is thickest at the middle of the contact head, whereas towards
its perimeter decreases (except for the flat heads). Riveting of the contacts into the
supporting structure leads to a partial levelling of the thicker part of the plating. The
thickness of the plating on the central part is generally 25% — 65% of the total head
height, and depends on the selected contact material. The optimum value is 50 %, while
its tolerances are + 0.05 mm.

The length of the shank is usually 0.8 — 1.5 mm greater than the thickness of the
supporting structure and in the manufacturing process it is easily resizeable. To ensure
efficient and reliable riveting process allowed deviation of this value is -0.0/+0.15 mm.

The radius of the head rounding r; ranges from 1.2-d; in solid to 4-d; in clad contacts.
Its tolerance is + 2 mm.

The taper angle of the contact head is standard from 9° to 15°, with a tolerance of +2°.

The manufacturing process of designed contacts depends on their geometry and the
mechanical properties of used materials. In addition, manufacturing process develop-
ment requires determination of a suitable cross-section of the base material volume (strip
or wire) [81], as well as knowledge of the dependence of the material properties on the
orientation (longitudinal or transverse) [82].

1.5 Determination of the minimum contact force

Electrical contacts design procedure, after selection of the contact material, geometry
and dimensions of the contacts, involves determination of the minimum contact force
(minimum contact pressure). The value of contact force should ensure good contacting
between the two surfaces, the minimum bouncing of contacts at switching and their
reliable operation during the projected lifetime. Specification of this value is determined
by the value of the rated current, geometry of the contact, required number of switching
cycles, as well as by properties of the contact material and supporting structure [13].
Total contact resistance is composed of the bulk resistance and the contacting resis-
tance. Bulk resistance depends on the electrical resistance of the contact material and
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shape of the contact. Contacting resistance is composed of a constriction resistance and
film resistance and it depends on the contact force between two surfaces. Since contacting
surfaces are not ideally smooth (contain a number of picks and valleys), so that the ac-
tual transfer of electrical signals takes place in spots where these picks are touching. The
constriction resistance exists due to the fact that the electric current lines squeeze to pass
through these contacting spots. The film resistance is a consequence of the existence of
thin oxide layers and dirt on the surfaces of contact. Increase in the contact force value
leads to an increase of the contacting spots area and consequently to reduction of the
constriction and film resistance values. At sufficiently high values of contact force, total
contact resistance is reduced to the bulk resistance. Also, with a reduction in contact
force, film resistance becomes the predominant component of the total resistance of the
contact. The dependence of total contact resistance on contact force is shown in Fig. 1.12.
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Figure 1.12: Dependence of the total contact resistance on the contact force value [83].

Often, the minimum contact pressure value is provided instead of the minimum
contact force. The force and the pressure are connected by the contact area. Common
dependence of the minimum contact pressure for low rated currents for solid contacts
made of silver and its alloys is shown in Fig. 1.13. For high values of the rated current,
this dependence is shown in Fig. 1.14.

The minimum contact pressure value, determined from Figs. 1.10, 1.11, 1.13, and
1.14, enables to specify the minimum contact force needed to achieve good contact. In
practice, for the fast determination of the minimum contact force F,,;,, depending on
the rated current I,;, an approximation F,,,, = p - L is used, where the coefficient of
proportionality p has value of 0.15 N/A for I, <1 A; 0.2 N/A for 1 A < Ly < 5 A;
0.36 N/A for 5 A < I, < 50 A [80].

Mechanical properties of the material which affect the value of the contact force are
primarily the value of elastic modulus, yield strength, the plastic limit and the stress
relaxation over time [84]. Low constriction resistance value is achieved with materials
with high ratio of yield strength to elastic modulus, while reduction of the film resistance
is realized by using chemically non-aggressive materials that disables corrosion.

During the projected lifetime contacts should maintain appropriate contact force
value. Since the properties of the contacts degrade over time, their design has to take
into account information about the expected time of reliable operation, as well as the
necessary number of switching cycles without failure. Reduction in contact force during
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Figure 1.13: The minimum contact pressure value for low rated current values [79].
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Figure 1.14: The minimum contact pressure value for high rated current values [79].
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time occurs if there are deformation of contacts due to the manufacturing processes, if
there is a stress relaxation over time or due to the fatigue.

Manufacturing processes of electrical contacts involve a variety of operations such
are pressing, rolling, stamping, extrusion, rounding and they cause so—called residual
stress in the final product. In combination with the stress that contacts are exposed
during operation, the residual stress can lead to unexpected values of the equivalent
stress, its relaxation over time, permanent deformation of the contact and gradual loss of
the contact force. Stress relaxation over time in the contact depends on the temperature,
the initial stress value and the material. In order to eliminate the residual stress in
contacts, materials that are subjected to hardening by heat treatment or ageing process
are used [85].

The value of the contact force at the end of contact lifetime depends on the material
fatigue. Since the contact force produces stress in the contact material, in accordance
with the consideration given in Section 1.1.1, its value has to be reduced if contact has to
withstand a higher number of switching cycles.

Moreover, the calculation of contact force usually assumes that all dimensions of the
contacts fall in the middle of the allowed range of values. In practice, there is a deviation
of the real values within the given tolerances, so that the contact force varies with respect
to the designed value. Bad selection of the contact material with predefined values of
the designed and end-of-life contact force and dimension tolerances are presented in
Fig. 1.15 [86].

Unmet need

l

Required
force value

I
Design End-of-life Not enough
force force force
B Force [ Fatigue [ Stress relaxation
—1 Permanent I Tolerancies

deformation

Figure 1.15: Bad selection of the contact material in respect to the contact force [86].

Materials with a higher plastic limit enable higher values of the contact force, whereas
materials with smaller stress relaxation over time provide a constant value of the contact
force over time. In addition, materials with less fatigue give higher contact force for a
specific number of switching cycles or have longer lifetime at a constant value of force.
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By appropriate selection of the contact material, it is ensured that contact force at the
end-of-lifetime has value beyond the required. Figure 1.16 presents design of the contact
from Fig. 1.15 when appropriate material is selected.

Safety margin

Required
force value

Design End-of-life Not enough
force force force
B Force [ Fatigue [ Stress relaxation
—1 Permanent I Tolerancies

deformation

Figure 1.16: Good selection of the contact material in respect to the contact force [86].

Electrical contacts are mounted into the appropriate supporting structure. Character-
istics of the supporting structure determine quality of the contact in the electrical sense,
significantly affect the sliding and bouncing of the contacts during closing and therefore
define the minimum contact force value. In many cases, the supporting structure has
the form of a cantilever beam which is fixed at one end and exposed to the contact force
at the other end. In the switching devices, surface of such beam is often used as one of
the contacting surfaces. Cantilever material, its dimensions, and the method of fixation
within the switching device determine the functionality of contacts in mechanical, elec-
trical and thermal domains. Horizontal cantilever beam with specified dimensions and
deformation due to applied contact force is shown in Fig. 1.17.

The maximum value of the stress in the cantilever beam is on its upper and lower
surfaces at the fixed end. If deformation does not exceed the proportionality limit, the
maximum stress value depends on the elastic modulus E,,, and is given by [84]:

3E,,t
Smax = Z—Z;" : d/ (12)

where t is thickness, L is length, and d is deflection of the beam.
Design of contacts should specify sufficient contact force value F for a given value of
the beam deflection. This force is given by:

E, wt?
413

F= -d, (1.3)
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‘&‘H-

Figure 1.17: Cantilever beam subjected to the contact force [84].

where w is with of the beam.

During the operation, the cantilever beam must not be permanently deformed. There-
fore, from the relation (1.2), for the value of the maximum stress which corresponds to
the plastic limit of the cantilever material S5, the allowable deflection d,; is:

2172
dPlast = fmt ) Splust- (1.4)
This deflection value corresponds to the contact force at the plastic limit Fpjq:
wt?
Fplust = a : Splust- (15)

Design rules for the supporting structure of contacts in the form of a cantilever beam
demand the higher values of allowable deflection and contact force at the plastic limit.
Based on the expression (1.4) and (1.5) it could be concluded that the increase in length,
width and thickness of the beam can improve its characteristics. On the other hand,
modern trends in the design of electrical and electronic devices seek for miniaturization.
The value of the contact force is directly proportional to the stress and reduction of contact
dimensions imposes increase of the designed stress value in order to maintain the desired
value of the contact force. Thus, there is a need for implementation of materials whose
mechanical properties overcome geometric constraints. The best solution are materials
that have a large ratio of the plastic limit and elastic modulusi.e. a high elastic resilience.
In practice, an indicator if the selected material is convenient for cantilever beams is
modulus of elastic resilience. It represents the density of strain energy necessary to
deform material to the plastic limit. The value of this modulus depends on the shape
of the stress — strain curve of the selected material, and its higher value provides better
contact force [87].
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Chapter 2

3—-D simulation of electrical contacts in
electrical, thermal and mechanical
domains

Prediction of electrical contacts characteristics at a given operating conditions is a com-
plex task, since there is a lack of the precise information on the parameters of functionality
and reliability of contacts. Exposed to high currents, multiple and frequent switching
cycles, as well as chemically aggressive environment, contacts eventually lose some
functionality, and often fail due to various degradation effects described in Section 1.1.
To solve some of these problems, the simulation of contacts characteristics in 3-D do-
main is used as a powerful CAD - CAE (Computer Aided Design - Computer Aided
Engineering) tool.

Therefore, the results of simulation of contacts characteristics in electrical, thermal
and mechanical domains, with the consideration of all available information on the
conditions of their operation, provide the information necessary for successful design
and optimization of contacts. It is possible to evaluate the influence of the selected
contact material and geometrical and construction details on reliable operation of the
contacts and the switching device.

2.1 Considered structures

Design of electrical contacts requires the selection of a certain type, geometry and dimen-
sions of the contact, specification of the contact material, and definition of the minimum
contact force or pressure. For the consumer devices, home switches and appliances,
where rated current does not exceed 15 A, according to the considerations listed in
Section 1.4, solid rivet contacts with a rounded head are the best selection. This shape
of contacts is suitable due to the simple riveting procedure with the supporting struc-
ture which makes good contact between them. At the same time, direct heating of
the supporting structure in the high-temperature current switching processes, and thus
the degradation of its elastic properties, is avoided. The rounded head minimizes con-
tact bouncing during the switching. As contact material, based on the characteristics
described in Section 1.3 and demands of the market, the silver of 99.99 % purity was
selected. Adopted contact force value was 0.15 N/A for currents up to 1 A and 0.2 N/A
for higher current values (according to Fig. 1.13 and Fig. 1.14).

Similar considerations apply to electrical contacts for use in power switching devices
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with currents up to 40 A. Bimetallic rivet contacts with a rounded head are appropri-
ate. As the basic material was selected copper, and for plating alloys: 90%Ag-10%Ni,
97%Ag-3%Cu (hard silver) and 90%Ag-10%CdO. Contact force in this case has a value
of 0.36 N/A.

Dimensions of the considered contacts, indicated in Fig. 1.9, were determined ac-
cording to fundamentals from Section 1.4 and they are specified in Table 2.1.

Dimension Value (mm)
solid | bimetallic

Head diameter — d; 3 5,5.5;6
Shank diameter — d, 15 2.5
Total head height — k 0.7 1
Contacting layer height —s - 0.5
Shank length —1 0.7 1
Head rounding radii —ry; 1, | 10; 0.5 10
Head taper angle — a 15° 0°,15°

Table 2.1: Dimensions of the considered rivet contacts.

Given values of the shank length are those existing after riveting of contacts into the
supporting structure. Manufactured contacts usually have this value slightly higher. To
optimize the size and geometry of bimetallic contacts, and determine the influence of
specific effects on their reliability, three different diameters and two taper angles of the
contact head were adopted.

Designed contacts are considered within the appropriate supporting structure since
their functioning depends on the mounting position. Solid contacts as the supporting
structure have a cantilever beam of dimensions (10 mm X 4 mm X 0.5 mm), while for the
bimetallic contacts it is (15 mm X 6 mm X 0.5 mm). Copper is selected as a supporting
structure material since it is the main conductive material in the switching devices and
satisfies the postulates given in Section 1.5. The cross section of the system contact-
supporting structure after riveting is presented in Fig. 2.1, with indicated areas where
the appropriate mechanical and electrical loads are applied (contacting areas).

Figure 2.1: The cross section of the system contact-supporting structure with indicated
contacting areas.

As mentioned, for manufacturing of solid contacts silver of 99.99 % purity was se-
lected. This material is widely used in applications where low to moderate current
values are applied. It has the highest electrical and thermal conductivity, provides low
contacting resistance, it is easily worked and soldered, and it is resistant to oxidation
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process. On the other hand, silver is easily wear out mechanically and electrically (ma-
terial transfer, arc discharge, welding), and has a strong tendency towards the formation
of sulphides.

The bimetallic contacts have bulk made of copper, whereas the contact head is plated
with a layer of the alloy 90%Ag-10%Ni or 97% Ag-3%Cu, obtained by sintering. Since
the bimetallic contacts have larger dimensions, due to the application at higher currents,
replacing the solid structure by the clad one provides less consumption of silver for
60-70%, and thus the significant economic effects. Alloying of the silver by nickel and
copper maintains high electrical and thermal conductivity, low contact resistance, and
easy workability, but also preserves reactivity with H,S and formation of the sulphide
layer on the surface. On the other hand, alloying significantly increases the hardness, re-
sistance to wear and welding. The selection of these alloys as plating material is justified
by the similarity in characteristics with the alloy 90%Ag-10%CdO, which is common in
electrical contacts, but is environmentally unsuitable and requires replacement [88].

2.2 Simulation procedure

3-D simulation of the contacts within the appropriate supporting structure is performed
by a computer program that complex physical phenomena treats numerically - ANSYS
[89]. This program is based on the Finite Element Analysis (FEA) and use adaptive
iterative techniques in order to achieve the optimal solution. Problems that can be
simulated include a wide range of analysis, from simple, linear and static to complex,
nonlinear and dynamic. Since the operation of electrical contacts involves mutually
dependent effects of mechanical, electrical and thermal character, coupled—field analysis
by the direct method is used. This analysis is performed by implementing a special
type of finite elements. Alternatively, the sequential method with series of successive
analyses that belong to different domains can be employed. The coupling between the
domains is achieved through the load vector and requires at least two iteration cycles.
For this purpose, the ANSYS Multyphysics APDL module that solves the complete set
of Maxwell’s equations simultaneously with equations of the heat flow and elasticity of
the material is used.

2.2.1 Theory of the coupled-field simulation

Electromagnetic phenomena are described by the set of Maxwell’s equations:

otf =]+ 20, 2.1)
. 9B
tE=-2 2.2
ro 5 (2.2)
div D = p,, (2.3)
divB =0, (2.4)

where H is magnetic field strength, E is electric field, D is electric displacement, B
is magnetic field, | is current density, ps is charge density and ¢ is time. This set of
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equations is accompanied by the relations that describe behaviour of the materials:

J=0 [E+3xB], (2.5)
D=¢E, (2.6)
B=uH, 2.7)

where 0 is electric conductivity tensor, €, is permittivity tensor, ¢ is permeability tensor
and 7 is velocity.

In the electrically conductive mediums, where magnetic domain is not considered,
equations (2.1)—(2.4) are reduced to the continuity equation in the expanded form:

a]x a]y a]z _ aps
gﬁ'a—yﬁ'z——y. (28)

Electrical connections between the components of the current density |, J,, J. and the
components of the electric field E,, E,, E;, are expressed by transport equations:

]x = o Ey, (29)
Jy = oyEy, (2.10)
]z = GZZEZI (211)

where 0y, 0, 0., are values of the electrical conductivity in X, y and z directions, respec-
tively.

Heat flow equation in the expanded form incorporates the first law of thermodynam-
ics and the Fourier’s law as:

oT oT oT oT J oT oT oT
pc (E + qug + vqy@ + qug) =y + E (kxg + kya_y + kzg ’ (2.12)

where p is material density, c is material specific heat, g, is heat generation rate per
unit of volume, v, vy, v;, are components of a heat transfer rate, k., k,, k, are thermal
conductivities in x, y and z directions, respectively, while T = f(x, y, z, t) is temperature.
Equation (2.12) is accompanied by the three possible boundary conditions:

1. specified temperature value at the considered surface;
2. specified heat flow from the considered surface;

3. specified convection conditions at the considered surface (Newton’s law of cooling)
by the relation:
fof =he(Ts - Tg), (2.13)

where 7 is heat flux, h £ is convection coefficient, T’s is temperature of the surface,
Tp is ambient temperature, and 7 is unity vector of the considered surface.

Thermal and electrical domains are connected through the heat generation rate per
unit of volume, which also includes the heat generation due to current flow (Joule’s heat-
ing), and through the temperature dependence of the electrical conductivity o = f(T).

Structural domain of the analysis, for linear materials, is described by the elasticity
equations which give the relation between stress and strain due to tension, compression,
and shear. In their explicit form they represent a system of six equations:
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%
€r = AT + =% — ¥ s (2.14)

e, = a,AT — + L (2.15)

€, = a,AT E, - E, L, (2.16)

Sxy 2.17

exy - nyl ( . )

;= =, 2.18
SXZ

= 2= 2.19

€xz C. (2.19)

where ¢, €,, €, are strain values, S, S, S, are stress values, a,, a,, @, are thermal ex-
pansion coefficients, E,, , Ewn,, En. are elastic moduli in x, y and z directions, respectively,
while €,,, €,,, €, are shear strain values, S,,, S,., Sy are shear stress values, G,,, G,., Gy
are components of the shear modulus, and vy, v,., vy, are Poisson’s coefficients in xy,
yz and xz planes, respectively. Relations (2.14)—(2.16) connect thermal and mechanical
domains by thermal expansion coefficients and temperature difference AT = T — Ty,
where T, is the reference temperature without stress effects. Shear moduli in isotropic
materials are calculated based on the relation:

En,

Gy =Gy = Gy = m

(2.20)

2.2.2 Simulation procedure steps

Simulation procedure in ANSYS Multiphysics APDL module incorporates three basics
steps:

1. construction of the model and mesh generation;
2. specification of the boundary conditions and loads, and problem solving;
3. results overview.

These steps are implemented through an appropriate user interface, which includes
setting of the global simulation parameters, preprocessing, problem solving and post-
processing. Figure 2.2 shows detailed steps of the simulation procedure.

Naming simulation is a recommended, but not required step in the simulation. Defin-
ing the applied system of units is necessary, given that the program can work with
arbitrary system of units if they are consistent for all of the input variables.

Preprocessing is done through a specific module and the main part is setting the
type of finite elements for simulation and defining simulation real constants. Library of
elements contains over 150 types of finite elements grouped into 25 categories. Element
type is defined by its dimensionality (1-D, 2-D and 3-D) and by the set of freedom
degrees that determine the simulation domain. Real constants of element are properties
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ANSYS Multiphysics APDL
Simulation Procedure

Specification of

Global Parameters
& Simulation Name
& Units Selection

Preprocessing

& Element Types
Determination

& Real Constants
Definition

4 Material Properties
Definition

& Finite Element
Model Generation

Problem Solving
& Setting Type and
Options of Analysis
# Load Conditions
Setting
& Solve Initialization

Postprocessing
& Loading Results
& Ploting Results

Figure 2.2: Simulation procedure steps in ANSYS Multiphysics APDL module.

36



CHAPTER 2. 3-D SIMULATION OF ELECTRICAL . ..

that depend on its type, but are not necessary for all elements. The different elements of
the same type may have different values of real constants.

The preprocessing procedure defines the properties of the materials that may be linear
(constant or temperature-dependent, isotropic or orthotropic) and nonlinear (presented
in tabular, matrix, or approximating format). Each set of material properties has a unique
reference number, so that for the same material can be defined several specific sets of
properties. The properties of materials are classified as physical, structural (mechanical),
thermal, electrical and magnetic.

Generation of the finite element model of the simulated structure involves definition
of the nodes and elements that adequately describe the considered structure. There are
two ways to generate the finite element model: solid modeling and direct modeling. In
solid modeling, the geometric shape of the structure is described, while the program
performs automatic generation of the mesh within it, basing on the defined shape and
size of elements. In direct modeling, location of the mesh nodes and links between them
are given. Modeling procedure in the program ANSYS is supported by the possibility
to import a mesh of structures generated in another CAD program.

Problem solving procedure initially requires definition of the analysis type basing on
the load conditions and desired results of the simulation. The available types of analysis
are: steady-state, transient, harmonic, modal, spectral, substructural and buckling anal-
ysis. Analysis options allow its customization to the considered problem and include a
solving method, numerical integration method, taking of certain physical phenomena
into consideration or not.

The load conditions in ANSYS include boundary conditions, as well as externally
applied or internally generated loads. The basic division is into six categories: constrains
of the freedom degrees, forces, surface load, volume load, inertial and coupled field load.
Most of the loads can be applied on the solid model (the keypoints, lines and areas) or
on the finite element model (the nodes and elements). Load conditions are related with
terms load step (set of loads for which is solution), and load substep (load segment within
a single step). Load step options define the number of substeps, time at the end of a step,
and format of the output data. Depending on the type of analysis, load step options may
not be required as input parameters. Type of analysis, its options, and load conditions
can be also defined through the preprocessing module.

During the solution step, program takes information about the model and loads from
the appropriate database and solves the problem. The results are stored in the specified
tile or database.

The overview of the simulation results is performed by two postprocessing modules.
The module of general purpose enables overview of the results from specified load sub-
step in the whole system or in its selected part. For the interpretation of the results are
available contour plot, tabular, and deformed shape representation. The chronological
postprocessing module provides an overview of the results in certain points of the model
during all load substeps. Graphical representation includes diagram of the considered
variable values over time, while numerical results are of the tabular type. The combi-
nation of both postprocessing modules provides animated view of the selected variable
through the time within the entire simulated structure.
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2.2.3 Simulation parameters

Simulation of electrical contacts within the appropriate supporting structure is per-
formed for the steady-state regime and, due to coupled field analysis, it includes non-
linear iterative techniques such as Newton-Raphson’s method. It was selected SOLID98
type of finite elements that allows 3-D electromagnetic, thermal, structural and piezo-
electric coupled analysis. This type of elements is a tetrahedron defined by 10 nodes
with up to 6 freedom degrees. The geometry of SOLID98 element type with denoted
nodes is shown in Figure 2.3.

V4

Figure 2.3: The geometry of SOLID98 element type [89].

The freedom degrees in the nodes are: displacements in X, y and z directions, tem-
perature, electric potential and magnetic scalar potential. Load values in the nodes are
determined by the freedom degrees and by the values of the applied force, heat flow,
electrical current or charge, and magnetic flux. Element loads include values of the
pressure, heat flux or convection, radiation and Maxwell’s force. Output variables that
this type of element provides are: values of the defined freedom degrees, reaction forces,
heat flow, electrical current and magnetic flux in the nodes, and the values of the stress,
strain, electric potential and Joule’s heat within the solid model. In the considered anal-
ysis magnetic domain is not of the interest and magnetic quantities are not calculated.
The SOLID9S type of finite elements does not require setting of the real constant values.

Input preprocessing parameters of the simulated structure are specified through the
user interface in steps indicated in Fig.2.4.

The finite element model is generated by the solid modeling, while values of the
physical, mechanical, electrical and thermal parameters of the contact materials used in
the simulation are shown in Table 2.2.

The loads of the simulated structures have been set through the symmetry boundary
conditions, mechanical constrains of the structure through freedom degrees, values of
the surface electrical and mechanical loads, and the thermal parameters of cooling.

Due to the symmetry of the considered structures, simulations were performed for
half of the system bimetallic contact-supporting structure which is shown in Fig. 2.1.
The section plane is the boundary condition of symmetry. Mechanical constrain in solid
Ag contacts is only on the contacting area No. 2. Bimetallic contacts are considered
with two types of the mechanical constrain (fixing of the supporting structure): a) only
on the contacting area No. 2; b) on the contacting area No. 2 and on the bottom of the
cantilever which prevents its bending when the contact force is applied. Electrical load
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Material

Cu

Ag

90%Ag—
10%Ni

97%Ag—
3%Cu

90%Ag—
10%CdO

Density
(kg/m?)

8960

10500

10300

10400

10200

Joung’s
modulus
(GPa)

130

83

95

84

80

Poisson’s
coefficient

0.34

0.37

0.36

0.37

0.36

Hardness by
Vickers
(MN/m?)

40

26

65

45

70

Electrical
resistivity
(Qm)

1.69-1078

1.62-1078

1.89-1078

1.75-1078

2.08-1078

Thermal
coefficient of
electrical
resistivity
(1/K)

429-1073

4.10-1073

Thermal
expansion

coefficient
(1/K)

16.5-107°

18.9-10°°

18.9-10°°

18.9-10°°

18.9-10°°

Thermal
conductivity
(W/mK)

401

419

310

350

330

Table 2.2: Physical, mechanical, electrical and thermal parameters of the considered
contact materials [71,72,74].
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Simulation Preprocessing

Finite Element

Material Parameters

Applying Loads
Model Generation Definition pPlying
Geometry Description Physical Symmetry Bf)undary
Condition
Assigning Materials Mechanical Freedom Degrees
h . Bl cal Electric Potential on
Mesh Generation ectrica Contacting Surfaces
Thermal Contact Pressure
Heat Disipating
Surfaces
Heat Disipation
Parameters

Figure 2.4: Steps of the preprocessing procedure.

is defined by the value of the electric potential at the contacting area No. 2, which is kept
at zero value, while the value of the current flowing through the contacting area No. 1 is
changed in the range from 0.15 A to 15 A with a solid, and 0.16 A to 45 A with bimetallic
contacts. This corresponds to values of the potential difference at the contacting areas
of 1-10° = 1- 1072 V in solid, and 1-107° — 3 - 1072 V in bimetallic contacts. Mechanical
load is defined by the contact pressure applied on the contacting area No. 1. Contact
pressure values are equivalent to the contact force of 0.15 N/A for currents up to 1 A and
0.2 N/A for higher current values in solid contact, and 0.36 N/A for all current values
in bimetallic contacts. Parameters of the thermal load are determined by the convection
from free surfaces of the contacts and supporting structure. It is assumed that the system

is in air with a temperature of 300 K, and that the value of the convection coefficient is
28.4 W/m?K.

2.3 Distribution of electrical, thermal and mechanical quan-
tities

As aresult of 3-D simulations, distributions of various electrical, thermal and mechanical
quantities in electrical contacts were obtained. Quantities that are important for the
design and optimization of electrical contacts are the values of structural deformation,
temperature, electric potential, electric current density (equivalent to the density of the
generated Joule’s heat) and equivalent stress. Depending on the nature, quantities are
graphically presented in contour or vector form.
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2.3.1 Solid Ag contacts

Solid Ag contacts are considered within supporting structure in the form of a conductive
elastic cantilever beam described in Section 1.5, made of copper and fixed at the con-
tacting area No. 2. Structural deformation of the system under applied contact force of
0.12 N (current of 0.8 A) is shown in Fig. 2.5.

0 107E-05 214E-05 321E-05 A428E-05
535E-06 161E-05 268E-05 375E-05 A82E-05

Figure 2.5: Structural deformation of the system at applied current of 0.8 A

Deformation of the system is determined by the fixed area of the supporting structure,
and values are defined primarily by elastic properties of the used materials. Undeformed
system is also shown in the figure, and maximum bending of the free end of the cantilever
beam is 4.8 pm. Bending of the beam in the region where contact force acts over the
contact body is calculated from the expression (1.3) as 3.8 um. From the distribution
in Fig. 2.5 bending value is 3.5 pm. The difference is result of actually lower value of
the force acting on the beam due to its distribution, as well as the elastic properties of
the contact material (in this case silver). Deformation of the system is qualitatively the
same for moderate values of the applied current, with adequately increased quantitative
values. Changes of dimensions due to the thermal expansion are manifested only at high
applied currents. For low and moderate current values these changes are few orders
of magnitude less than the deformation due to mechanical effects, and do not affect the
considered distribution.

Temperature distribution in the structure depends on the load conditions, temper-
ature coefficient of the electrical resistivity and thermal conductivity of material, free
surfaces of the system, and mechanisms of the heat dissipation. Simulations have shown
that, due to the high electrical and thermal conductivity of used materials and large areas
of the system from which the heat is dissipated, the distribution of temperature in the
contacts for the given loads can be considered as constant. As an example, in Fig. 2.6
is presented temperature distribution in the system with applied current of 10 A and
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contact force of 2 N. The observed range of temperature is only 0.01 K (at low currents
it is even smaller).

A

302.479 302.481
302.48

302.489

Figure 2.6: Temperature distribution in the system with solid Ag contact at applied
current of 10 A.

Electric potential distribution in the system at current of 0.8 A is shown in Fig.
2.7. Potential difference between the contacting areas is 5.4 -10 V. It is evident that
equipotential surfaces are determined by specific geometry of the structure and high
electrical and thermal conductivities of contact materials. Distributions of the electric
potential at higher currents are qualitatively identical to one presented in Fig. 2.7, with
adequately modified values at the contacting area No. 1.

Vector representation of the current density distribution in the system with solid Ag
contact at applied current of 0.8 A is shown in Fig. 2.8. Distribution at the cross section
is shown to distinguish areas of the greatest current density, which are also areas of
maximal Joule’s heating. These areas are "hot" spots in the structure where initialisation
of various thermally activated degradation processes, such as welding and migration of
the metal, can be expected. In the considered structure these areas are in the central part
of the contact head and at the joint of the head and the shank with current density value
of 6:10° A/m?. Distributions are identical for higher current values with proportional
increase of the current density vector magnitude.

Contact pressure applied on the contact head and thermal expansion of the material
caused by Joule’s heating generate equivalent stress in the system. Distribution of the
equivalent stress at applied current of 0.8 A (contact force of 0.12 N) is shown in Fig.
2.9. Displacement of such a system is limited by the fixed contacting surface No. 2 and
maximum stress is in the supporting structure. In accordance with the considerations
from Section 1.5, maximum stress occurs on the top and bottom surfaces of the cantilever
beam close to the fixed edge and has a value of 6 MPa. For the higher current values,
equivalent stress distribution is identical, with higher maximum value (for the applied
current of 10 A maximum value of the stress is 100 MPa).
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0 J119E-04 239E-04 358E-04 A77E-04
597E-05 179E-04 298E-04 A18E-04 537E-04

Figure 2.7: Electric potential distribution in the system with solid Ag contact at applied
current of 0.8 A.

Distribution of equivalent stress in the contact is presented in Fig. 2.10 in details.
The maximum of the equivalent stress is at the edge of contact close to the supporting
structure in the direction of the maximum current density with a value of 1.4 MPa.
Simulation showed that this area in contact has the highest equivalent stress value for
the whole range of applied currents. At the operating conditions, equivalent stress in the
contacts additionally contains residual stress as a result of the riveting process. The value
of the residual stress can not be precisely determined, and it is included in tolerances of
the manufacturing processes.

2.3.2 Bimetallic contacts

Bimetallic contacts were considered within the supporting structure in the form of a
copper cantilever beam of dimensions (15 mm X 6 mm X 0,5 mm) with two possible
mechanical constrains: a) only at the contacting surface No. 2, and b) at the contacting
surface No. 2 and at the bottom surface of the beam. In the second case, thermal cooling
of the system from the bottom surface of the beam is suppressed. Contacts with alloys
90%Ag-10%N1i, 97%Ag-3%Cu (solid silver), and 90%Ag-10%CdO as plating materials
were considered.

Displacement of the system with bimetallic contact of 5 mm head diameter and Ag-Ni
as the plating material is presented in Fig. 2.11. It is determined by the fixed contact
area No. 2, while the contact area No. 1 is subjected to the contact force 10.8 N, which
corresponds to the current of 30 A.

Maximum bending of the beam free end is approximately 1 mm. As in solid contacts,
the supporting structure is an example of elastic cantilever beam. Its bending in the
region where contact force acts over the contact body is calculated from the expression
(1.3) as 764 um. From the distribution presented in Fig. 2.11, value of the bending is
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1232
600319

Figure 2.8: Vector representation of the current density distribution in the system with
solid Ag contact at applied current of 0.8 A.
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Z*X

155.48 133E+07 266E+07 _399E+07 532E+07
664698 199E+07 .332E+07 A465E+07 .598E+07

Figure 2.9: Equivalent stress distribution in the system with solid Ag contact at applied
current of 0.8 A.

11232 622308 933385
155693 466770 777847 109E+07

Figure 2.10: Equivalent stress distribution in the solid Ag contact at applied current of
0.8 A.
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Z /‘\X
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0 .219E-03 438E-03 .656E-03 .875E-03
.109E-03 .328E-03 .547E-03 .766E-03 \984E-03

Figure 2.11: Displacement of the system with bimetallic Cu/Ag-Ni contact at applied
current of 30 A.

710 pm. The difference between the theoretical and simulated values originates from
actually lower force value acting on the beam due to its distribution, as well as from the
elastic properties of the contact body and plating materials (copper and alloy Ag—Ni).
Deformation is primarily induced by the mechanical stress, while the effects of thermal
expansion are of the second order. On the other hand, in systems where the beam is
additionally fixed at the bottom surface, there is a redistribution of the contact force from
the contacting area No. 1 to the entire structure of the contact, and the effects of defor-
mation due to the contact pressure and thermal expansion are equivalent. Displacement
of the system with bimetallic Cu/Ag—Cu contact at the applied current of 30 A and with
two fixed surfaces is presented in Fig. 2.12. This displacement is of the order of pm.

Systems with bimetallic contacts, as in the case with solid contacts, have uniform
temperature distribution. Corresponding value of the temperature in contacts depends
on the plating material, applied current, and fixing of the supporting structure.

Distribution of the electric potential in the system with bimetallic Cu/Ag-Ni contact
with applied current of 30 A is shown in Fig. 2.13. This distribution is determined
by the geometry of the system and potential difference between the contacting areas is
1.95mV. In systems with two fixed surfaces there is identical distribution of potential
with a slightly different values due to changed thermal cooling conditions.

Distribution of the current density, and by analogy distribution of the Joule’s heat, in
systems with bimetallic contacts for both fixing methods has an almost identical form
for the whole range of considered currents. Distribution of the generated Joule’s heat for
the system with bimetallic Cu/Ag—-Cu contact and two fixed surfaces at applied current
of 30 A is shown in Fig. 2.14.

Area of the most generated heat (at the same time area with the maximum current
density) is at the contact head near the junction with the supporting structure and has
a value of 5.5:10° W/m®. This is an area where thermally-generated degradation effects
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Figure 2.12: Displacement of the system with bimetallic Cu/Ag—Cu contact with two
tixed surfaces at applied current of 30 A.
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Figure 2.13: Electric potential distribution in the system with bimetallic Cu/Ag-Ni con-
tact at applied current of 30 A.
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Figure 2.14: Generated Joule’s heat distribution for the system with bimetallic Cu/Ag—Cu
contact and two fixed surfaces at applied current of 30 A.

and distortion of the structure may occur.

Equivalent stress in the systems with fixed contacting surface No. 2 is primarily a
consequence of the contact pressure and has the highest value in the supporting structure.
This can be observed from Fig. 2.15 which represents distribution of the equivalent stress
in the system with bimetallic Cu/Ag-Ni contact and applied current of 30 A. In this case,
the maximum equivalent stress is about 650 MPa, which exceeds the plastic limit of
copper, and in designing of the switching circuits this must be taken into account.

For the determination of the reliable operation time of electrical contacts, the areas
and values of the maximum equivalent stress in contacts as presented in Fig. 2.16 are
important. The maximum of the equivalent stress is on the edge of the contact head
close to the supporting structure in the direction of the maximum current density and
its value is 220 MPa. As in the case of solid contacts, simulations indicate that this is the
area of maximum equivalent stress for the entire range of considered currents.

On the other hand, in systems with two fixed surfaces, the area of maximum equiva-
lent stress depends on the value of the applied current, as shown in Figs. 2.17 and 2.18.
For low current values maximum equivalent stress is in the contact shank. Itis primarily
result of the application of contact pressure on materials with different elastic properties,
since electro—thermal expansion is neglectable. At higher values of the applied current
(in Fig. 2.18 it is the value of 30 A), the effects of electro-thermal expansion produce that
maximum stress is at the edge of the contact head with a value of 12 MPa.

In bimetallic contacts, higher values of the equivalent stress are in the part of the
body made of copper near the plating. Such stress distribution is a consequence of
joining materials with the different elastic parameters and strength, and in long—term
exploitation of contacts it may result in a separation of the plating and loss of the
functionality. This is especially important in contacts with the modified geometry (head
taper angle of 15°), since the maximum equivalent stress for medium and higher current
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Figure 2.15: Equivalent stress distribution in the system with bimetallic Cu/Ag-Ni con-
tact at applied current of 30 A.
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Figure 2.16: Equivalent stress distribution in the bimetallic Cu/Ag-Ni contact at applied
current of 30 A.
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Figure 2.17: Equivalent stress distribution in the bimetallic Cu/Ag—Cu contact at applied
current of 1 A.
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Figure 2.18: Equivalent stress distribution in the bimetallic Cu/Ag—Cu contact at applied
current of 30 A.
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values is localized at the edge of the junction of the body and plating. Figure 2.19
represents distribution of the equivalent stress in the system with bimetallic Cu/Ag—Cu
contact which head taper angle is 15° at applied current of 10 A. From this figure is
easy to observe the area of possible structural damage. For lower current values, area of
maximum stress is in the contact shank which is not critical for its operation.

268222 534444 800667
135111 401333 667556 9337

Figure 2.19: Equivalent stress distribution in the system with bimetallic Cu/Ag—Cu con-

tact, head taper angle of 15°, two fixed surfaces, and applied current of
30 A.
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Chapter 3

Optimization of the rivet electrical
contacts

Design and optimization procedures of the rivet electrical contacts require knowledge of
the temperature and maximum equivalent stress distributions in the contacts for different
values of the applied current in order to meet the functional, economic, environmental
and reliability demands. Therefore, these distributions were obtained by simulations of
electrical contacts for different contact materials, specific set of dimensional and geomet-
ric parameters, and two ways of fixing the supporting structure.

3.1 Dependence of the temperature on the applied current

As stated in Section 2.3, value of temperature in systems with rivet contacts depends on
the load conditions, electrical and thermal conductivity of the used materials, as well as
on free surfaces of the system and mechanisms of the heat dissipation. Dependences of
contact temperature value on the applied current for solid — Ag, bimetallic Cu/Ag-Ni
and bimetallic Cu/Ag—Cu contacts are given in Fig. 3.1. Set of dimensions from Table
2.1 is considered, while for solid and bimetallic Cu/Ag-Ni contacts system was fixed
at one surface and for bimetallic Cu/Ag—Cu at two surfaces. It can be observed that
temperatures in bimetallic contacts made of Cu/Ag—Cu are much higher compared to
Cu/Ag-Ni contacts with the same dimensions and applied currents. This is caused by
additional fixing of the supporting structure on the bottom surface, thus reducing the
area through which the heat is dissipated by convection.

Influence of the head diameter of bimetallic contacts on their temperature is consid-
ered for Ag—Cu as a plating material and the results are shown in Fig. 3.2 for a system
with a single fixed surface and Fig. 3.3 for a system with two fixed surfaces. Itisevident
that head diameter of contacts does not influence the value of the temperature within
a particular system. However, fixing of the supporting structure is of importance for a
temperature value.

Head taper angle for defined head diameter of contacts does not effect the temper-
ature dependence on the applied current. On the other hand, the method of fixing the
supporting structure has a crucial role in defining the values of temperature, as observed
from Fig. 3.4.

Contacts of identical geometries, made of materials with similar electrical and thermal
conductivities, under the same load conditions have close temperatures, as can be seen
in Fig. 3.5. This figure presents dependences of the temperature on the applied current
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Figure 3.1: Dependences of the contact temperature on the applied current.
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Figure 3.2: Dependences of the contact temperature on the applied current in bimetallic

Cu/Ag—Cu contacts in a system with one fixed surface for three different
diameters of the contact head.
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Figure 3.3: Dependences of the contact temperature on the applied current in bimetallic

Cu/Ag—Cu contacts in a system with two fixed surfaces for three different
diameters of the contact head.
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Figure 3.4: Dependences of the contact temperature on the applied current in bimetallic
Cu/Ag—Cu contacts for two taper angles of the contact head in a system with
(a) one and (b) two fixed surfaces.
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for bimetallic contacts of the same size, made of three different plating materials, and
incorporated into the same supporting structures (with two fixed surfaces).
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Figure 3.5: Dependences of the contact temperature on the applied current in bimetallic
contacts within the system with two fixed surfaces for three plating materials.

From Figs. 3.1 — 3.5, knowing the allowed temperature rise in contacts with respect
to defined ambient temperature, rated current values for contacts and therefore the
possible application field can be determined. Allowed temperature rise in contacts is
defined by the appropriate standards and for silver—plated copper contacts in the air, it
is 50 K [34]. For proper analysis of possible application of certain contact type in thermal
sense, it is necessary to know their mounting position in a switching device. Displayed
dependences enable selection of the contact material from the ecological aspect since
they provide data for alternative alloys as replacement for widespread but toxic alloy
90%Ag-10%CdO.

3.2 Dependence of the maximum equivalent stress on the
applied current

Equivalent stress in contacts is result of the mechanical action of contact force on the
contact head and thermal expansion of the material due to Joule’s heating. The area of
maximum stress in the structure and its value are determined by the selection of contact
material, by values of the applied current and contact pressure, and by mechanical
constrains. According to considerations given in Section 2.3, stress in the supporting
structure for the solid contacts (contact force value below 3 N) and bimetallic contacts
with two fixed surfaces is not a critical for the design of switching devices. In systems
with a single fixed surface, maximum equivalent stress in the supporting structure for

55



CHAPTER 3. OPTIMIZATION OF THE RIVET. ..

high values of the applied current exceeds the plastic limit, so that this fact must be
taken into account when selecting a switching device. The dependence of maximum
equivalent stress on the applied current in contacts has great importance for definition
of parameters of their reliable operation.

Dependences of the maximum equivalent stress on the applied current for solid —
Ag, bimetallic Cu/Ag-Ni, and bimetallic Cu/Ag-Cu contacts are presented in Fig. 3.6.
Dimensions of contacts are given in Table 2.1, while solid and bimetallic Cu/Ag-Ni
contacts are fixed at one and bimetallic Cu/Ag—Cu contact at two surfaces.
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300 {1 - bimetallic contact - Cu/Ag-Ni -
—_——— 3 3 - -
50 A bimetallic contact - Cu/Ag-Cu o
/Ecvs\ 200 A1 v
‘m’ 150 A v
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Figure 3.6: Dependence of the maximum equivalent stress in electrical contacts on the
applied current.

An almostlinear dependence of the maximum equivalent stress can be observed in the
solid and bimetallic Cu/Ag-Ni contact, as a consequence of a direct relation between the
value of the applied contact pressure and electric current. In these structures equivalent
stress is largely determined by the mechanical load and electro-thermal stress is effect of
the second order. In the systems with two fixed surfaces, dependence of the maximum
equivalent stress value on the applied current is exponential with significantly lower
values. In this case, despite the distribution of contact force, at higher applied currents
electro-thermal stress has significant role. Therefore, an area of the maximum equivalent
stress is shifted, as specified in Subsection 2.3.2.

Influence of head diameter of bimetallic contacts on maximum equivalent stress value
for a range of applied currents is considered for Ag—Cu as a plating material and the
results are shown in Fig. 3.7 for the system with one and Fig. 3.8 for the system with
two fixed surfaces.

In the first system, there is nearly linear dependence of the maximum stress on the
applied current (Fig. 3.7) for all considered diameters of the contact head. However,
due to bimetallic structure, where two materials with different mechanical, electrical and
thermal properties are joined, there is no apparent relationship between the diameter of
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Figure 3.7: Dependences of the maximum equivalent stress on the applied current in

bimetallic Cu/Ag—Cu contacts within the system with one fixed surface for
three contact head diameters.
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Figure 3.8: Dependence of the maximum equivalent stress on the applied current in

bimetallic Cu/Ag—Cu contacts within the system with two fixed surfaces for
three contact head diameters.
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the contact head and the value of the maximum equivalent stress. In the second system
(Fig. 3.8), values of the maximum equivalent stress for all three head diameters are close
to each other with the exponential dependence on the applied current. As in the first
system, their values can not be explicitly predicted.

The dependences of maximum equivalent stress on the applied current for Cu/Ag-Cu
bimetallic contacts with head diameter of 5 mm and taper angles of 15° and 0° are given
in Figs. 3.9 and 3.10. In the system with one fixed surface (Fig. 3.9), the dependence
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Figure 3.9: Dependence of the maximum equivalent stress on the applied current in
bimetallic Cu/Ag—Cu contacts within the system with one fixed surface for
two contact head taper angles.

is linear with a conclusion that changed taper angle, in respect to the basic realization
of contact, significantly increases value of the maximum equivalent stress, which is an
undesirable effect. In systems with two fixed surfaces (Fig. 3.10) values of the maximum
equivalent stress for the head taper angle of 15° are slightly lower. To optimize contacts,
there is a need to find a compromise between lower material consumption and slightly
lower values of the maximum stress that provides a modified geometry, compared to
the possibilities of a rapid detaching of the plating described in Subsection 2.3.2.

Dependence of the maximum equivalent stress on the applied current at bimetallic
contacts in the system with two fixed surfaces with plating material as a parameter is
shown in Fig. 3.11. It is confirmed that contacts made of materials with close electrical
and mechanical characteristics have almost identical these dependencies, which allows
selection of the most appropriate material in terms of environmental and economic
parameters.

Dependencies of the maximum equivalent stress on the applied current for different
realizations of contacts allow determination of their lifetime due to fatigue. Based on
the so—called S-N curves described in Section 1.1, the maximum number of switching
cycles which provides reliable operation of the switching device for a given value of
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Figure 3.10: Dependence of the maximum equivalent stress on the applied current in
bimetallic Cu/Ag—Cu contacts within the system with two fixed surfaces for
two contact head taper angles.
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Figure 3.11: Dependence of the maximum equivalent stress on the applied current in

bimetallic contacts within the system with two fixed surfaces for three con-
tact materials.
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stress can be defined. Also, based on these curves, the value of stress at which contacts
may fail upon application of a specified number of switching cycles can be determined.
This stress value defines operating conditions of contacts, including applied current and
contact force, as well as the switching device design.

3.3 Optimization results

For basic geometry of the rivet electrical contacts adopted during the design process and
for specified supporting structure optimization of the contacts is performed with respect
to the selection of contact material, diameter and taper angle values of the contact
head and definition of the rated current. Functional, economic, environmental and
reliability aspects are considered [90-92]. Based on the results described in the previous
two subsections there are three systems contact-supporting structure that need to be
separately considered. Those are: system with solid Ag contact, system with bimetallic
contact and one fixed surface, and system with bimetallic contact and two fixed surfaces.

3.3.1 Solid Ag contacts

Verification of the functionality of designed system with solid Ag contact at the specified
operating conditions and estimation of its reliability parameters were performed. As
contact material was selected silver of 99.99 % purity, which is the best material for
contacts in the electrical and thermal terms. The geometry and dimensions were adopted
based on the market demands, while the contact force was determined by the practical
realization of a switching device. Contact temperature dependence on the applied
current defines functionality for the rated current value. From Fig. 3.1 is evident that
this functionality is satisfied in terms of temperature rise for the rated current value of
15 A. The temperature rise value is about 5 K, while the standards allow value of 50 K.
The maximum equivalent stress at rated current from Fig. 3.6 is 33 MPa. This value of
stress determines lifetime of contacts due to fatigue, and based on S-N curves for silver
given in Fig. 1.5, it is above 10° switching cycles.

The supporting structure is made of copper which, depending on the applied pro-
cessing and hardening methods, has a value of stress at the plastic limit of 55-330 MPa
and does not exhibit the effect of residual stress due to the riveting process. Bearing in
mind that, for the rated current, value of the maximum stress in the cantilever beam is
about 150 MPa, and that its bending is 120 pm, realization of the supporting structure is
not a critical parameter in the design and optimization of solid electrical contacts.

3.3.2 Bimetallic contacts in the system with one fixed surface

Design of bimetallic contacts was made for applications with rated currents up to 40 A.
Based on the Fig. 3.1, it can be observed that for currents above the rated value of
40 A temperature rise does not exceed the prescribed 50 K. The same values of the
temperature rise are in Cu/Ag—Cu contacts with different head diameters (Fig. 3.2), as
well as for changed taper angle of the contact head (Fig. 3.4). This fact redirects the
optimization procedure from thermal to electrical and mechanical parameters.

By increasing the diameter of the contact head, the decrease of contact resistance is
achieved, but, as shown in Fig. 3.7, it increases value of the maximum equivalent stress
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twice for the rated current value. Since the area of the maximum equivalent stress is in
the bulk part of the contacts (see 2.3.2), based on S-N curves from Fig. 1.5, for the value
of the maximum equivalent stress corresponding to the rated current (255 MPa) and
head diameter of 5 mm, the number of switching cycles which ensures reliable operation
is of the order of 10*. By increasing the diameter of the contact head this number rapidly
decreases and for the desired lifetime of the switching devices it is necessary to adopt a
head diameter of 5 mm. In addition, for long—term functionality of contacts, the value
of the rated current should be decreased. For 10° switching cycles it should be 15 A and
for 10° cycles 11 A.

Analogous considerations apply to contacts with contact head taper angle of 15°.
This reduces the consumption of plating material and increases value of the contact
pressure, but also increases the maximum equivalent stress as indicated in Fig. 3.9. This
increase in stress will shorten the reliability lifetime of contacts for the rated current
value below acceptable limits. However, an adequate reduction of rated current value
to 15 A, enables realization of switching devices with these contacts that ensure reliable
operation for 80,000 switching cycles since localization of the maximum equivalent stress
is not a critical parameter (see 2.3.2).

In systems with one fixed surface it is necessary to consider the equivalent stress in
the supporting structure. Based on the expression (1.3), for the copper cantilever beam
of considered dimensions (15 mm X 6 mm X 0.5 mm) and defined contact force of 0.36
N/A, the maximum allowed current is 15 A and the bending of the free end is 0.5 mm.
This limits are consistent with the values of the rated current that provides long—term
reliable operation of the contacts with head diameter of 5 mm and head taper angle of
15°. On the other hand, if it is necessary to realize switching device for rated 40 A, and up
to 10* switching cycles, the basic geometry of the bimetallic contacts (d;=5 mm, a = 0°)
and slightly altered supporting structure of dimensions (15 mm X 6 mm X 0.8 mm) must
be used.

3.3.3 Bimetallic contacts in the system with two fixed surfaces

Switching devices with two fixed surfaces of the supporting structure show higher values
of temperature then devices with one fixed surface at identical applied electrical and
mechanical loads. The difference is caused by different thermal conditions of operation,
and Fig. 3.1 shows that for the bimetallic Cu/Ag—Cu contact at maximum current of
40 A, this difference is 17 K. However, this increased value of temperature rise does not
exceed the allowed 50 K. Changes of head diameter value and head taper angle do not
introduce changes in the temperature dependence on the applied current, as illustrated
in Figs. 3.3 and 3.4.

Different mechanical boundary conditions due to redistribution of the contact force
reduce value of the maximum equivalent stress to 20 MPa (Fig. 3.6), which provides
reliable operation of contacts for more than 10° switching cycles. In addition, for different
values of the head diameter, the maximum equivalent stress values are close to each other
with the maximum difference at rated current of 13 %, as shown in 3.8. Since there is
no explicit relation between the contact head diameter and the value of the maximum
equivalent stress, a compromise between the economic parameters (amount of used
materials) and the value of contact resistance need to be achieved.

Contacts with taper angle of 15° have slightly lower values of the maximum equiv-
alent stress for the specified load conditions (see Fig. 3.10). Realization of switching
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devices with this type of contacts is optimal, since it provides reduced material costs,
higher values of the contact pressure and lower values of the maximum equivalent
stress. Its only drawback is localization of the maximum stress at higher currents along
the junction of the contact body and plating, which under certain operating conditions
can lead to a reduced lifetime due to desoldering of the plating.

The supporting structure for the systems with two fixed surfaces does not suffer
significant stress, and its designed geometry is fully functional for currents up to the
rated value.

From the environmental aspect of contacts optimization, implementation of Ag-Ni
and Ag-Cu alloys as plating materials, instead of widespread but toxic alloy Ag-CdO,
is completely justified. Namely, based on the Figs. 3.5 and 3.11, it can be concluded
that the functionality of contacts at the given operating conditions, for all investigated
materials, is the same and thus their mutual substitution is justified.
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Thermal cutoffs



Chapter 4

Fundamentals of thermal cutoffs design
and optimization

Thermal cutoffs (also known as thermal fuses or thermal links), should provide a rapid
and permanent termination of the electrical current when in the circuit occurs a tem-
perature above the certain prescribed value. They protect electrical appliances against
overheating and possible burning. Thermal cutoffs change their state from closed to
open regardless of the origin of the excessive heat (the elevated ambient temperature
and/or generated Joule’s heat due to the increased current flow through the circuit).

Thermal cutoffs are produced as reversible and irreversible. The first class is mainly
used in household appliances, while the second one is exploited in industrial and office
systems. Irreversible devices are used due to the fact that overheating often indicates
some serious problem within or around the system, which requires human interven-
tion [93]. Classification of the cutoffs is based on their construction and values of the
temperature and electrical operating parameters [15,17,94]. Construction of the cutoffs
is determined by the mechanism of the current termination, shape and dimensions of the
leads and type and appearance of the housing. The temperature operating parameters
include [15]:

e Functioning temperature Tr — the ambient temperature at which a thermal cutoff
enters open state with detection current as the only load. Functioning temper-
ature that comply appropriate safety standards is designated as rated functioning
temperature;

e Holding temperature Ty — the maximum ambient temperature at which a thermal
cutoff can be maintained while conducting rated current for 168 hours without
opening;

o Maximum temperature Ty — the maximum temperature at which a thermal cutoff in
the open state can be maintained for 10 min without degradation of its mechanical
and electrical characteristics;

o Cutoff temperature T — the temperature at which connection between the conductive
elements within the thermal cutoff breaks.

Basic electrical parameters are [16]:

e Rated current — the maximum current that thermal cutoff can conduct for certain
time at the holding temperature without change of its functioning temperature;
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e Rated voltage — the maximum voltage that can be applied at thermal cutoff leads;
o Cutoff current —the current that thermal cutoff can reliably terminate at rated voltage;

o Transient overload current — a direct current pulse train which thermal cutoff can
conduct without degradation of its characteristics.

Design and optimization procedures should ensure mass production of thermal cut-
offs with accurate and stable cutoff temperature, high sensitivity to changes in the ambi-
ent temperature, very low and stable internal resistance, and clearly defined irreversibil-
ity. These characteristics are achieved by proper shape and dimensions of the thermal
cutoff constructive elements and by adequate selection of materials from which they are
made.

4.1 Functionality, quality and reliability parameters of ther-
mal cutoffs

Functionality, quality and reliability of thermal cutoffs are considered on the basis of val-
ues and stability of their functioning temperature, response time, electrical resistance of
the conductive and insulating parts, and mechanical strength at various operating con-
ditions. Criteria are maintaining the functionality of cutoffs and keeping values of these
parameters within the specified tolerances. All parameters are generally considered
from thermal, electrical and mechanical aspects.

4.1.1 Thermal parameters

The main parameter of thermal cutoffs is functioning temperature. It is defined for the
condition where effects of Joule’s heating are negligible and ambient temperature is
increased by the specified rate (0.5-1 °C/min) so that thermal equilibrium is established.
For the specification of cutoffs is used rated functioning temperature, which complies
appropriate safety standards. For the functioning temperature allowed tolerances from
the rated value are -10 °C to +0 °C.

The response time of thermal cutoffs is determined when they are suddenly exposed to
an elevated temperature, while resting at the room temperature. It is used to determine
the quality of the thermal cutoffs and should be of the order of 5-60 s, depending on their
construction [95]. Measurement of the response time is done by immersing the cutoff in
a silicon oil bath of a defined temperature and by registering the time before the cutoff.
Since the heat transfer parameters of silicone oil and air (where cutoffs actually work)
are significantly different, the response time of cutoffs in the real operating conditions
is higher than a given laboratory value. Therefore, assessment of the real values of the
response time for various operating conditions of the cutoff is a complex task considered
in the design and optimization procedures.

The long—-term exposure of thermal cutoffs to extreme operating conditions leads to
degradation of materials they are made of. Therefore, as the reliability parameter of
cutoffs, stability of the functioning temperature during the accelerated ageing is considered.
The cutoff must maintain stable value of the functioning temperature within the given
tolerances after exposure to temperatures of 20 °C below the rated functioning tempera-
ture value, and at the relative humidity of 45-85% in the period of 1000 hours [14]. Also,
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the cutoffs have to maintain functionality when exposed to environments with 90-95 %
humidity and temperature of 40 °C (for Tr < 100 °C) or 65 °C (for Tr> 100 °C) during 500
hours [16]. This parameter is determined by the thermal and hygroscopic characteristics
of the housing, as well as the structure and quality of the thermosensitive part of the
cutoff.

4.1.2 Electrical parameters

Quality of thermal cutoffs in the electrical sense is determined by the electrical resistance
of conductive, as well as insulating elements, and dielectric strength of the insulation
material.

Internal resistance of the thermal cutoff is an electric resistance of its conductive ele-
ments and should be of the order of a few mQ.

Insulation resistance of the thermal cutoff should be of the order of 100 MQ). Testing
conditions include 500 V voltage applied between one lead and the housing of the opened
cutoff for 1 min.

Resistance to overvoltage depends on the dielectric strength of the insulation material
inside a thermal cutoff, which should prevent the creation of a conductive path between
the cutoff leads at high applied voltages after its opening. This value should be of the
order of 1000 — 2000 V.

Resistance to current overload is a parameter which examines the functionality of the
cutoffs after applying between its leads 100 current pulses having an amplitude of 15
times larger than the rated current value with duration of 3 ms at 10s intervals.

Parameter that includes both, the thermal and electrical domain, is rise of the operating
temperature due to the Joule’s effect. This parameter defines the quality of the cutoff
within the specified type and is usually given for currents twice of the rated value for
device operating at room temperature.

4.1.3 Mechanical parameters

Mechanical stability of thermal cutoffs is described by the housing strength, resistance to
bending and twisting of the leads, and strength to compression and tension of the leads. These
characteristics are determined by the cutoff design and materials of its housing and leads.

Thermal cutoff housing must provide adequate protection of its functional part from
damaging by mechanical forces of the specified intensity (100 N) or constant low am-
plitude vibrations. This parameter has a special significance in the applications where
the housing represents a conductive part of the cutoff and in cases where mechanical
damage can prevent cutoff from the opening.

The thermal cutoff has to remain intact after bending its leads up to 90° at a distance
of 10 mm from the cutoff body and their subsequent twisting through 180°. Also, it
should maintain full functionality when compression or tensile forces of the specified
value are applied on its leads.
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4.2 Determination of the geometry and dimensions of ther-
mal cutoffs

Thermal cutoffs are used in a wide range of devices which are characterized by dif-
tferent values of the operating voltage, current, and dimensions. As a result, thermal
cutoffs may have different shapes, while their basic classification is done according to
the construction, rated functioning temperature and rated voltage and current. The basic
parts of the cutoff are leads and the conductive strip which are hermetically sealed in the
appropriate housing. Regarding the construction, thermal cutoffs are divided by realiza-
tion of the conductive strip, method of its joining with the leads, shape and dimensions
of the leads, as well as the housing type.

Based on the method of electrical current termination, thermal cutoffs can be with a
fusible material or with a spring. In the first group, part of the conductive strip is made
of thermally sensitive material covered with a layer of special compound based on rosin.
When a defined temperature is reached, thermal material melts, conductive strip shrinks
and, due to the surface tension of the compound, forms two spheres at lead ends, thus
permanently terminating the current. In cutoffs with the spring, leads and conductive
strip are made from a standard conductive materials and joined with thermally sensitive
material by soldering. At a defined temperature, soldered joints melt and spring, which
is located inside the housing, pushes the conductive strip and breaks the conductive
path between the leads.

By the shape and dimensions of the leads thermal cutoffs are classified as axial, radial
and strip [17], while the housing may be metal, plastic or ceramic. In all realizations,
the leads are fixed to the housing by special epoxy resin which provides hermetically
sealed cutoff. Inside the housing is usually air, but in cases that require a high dielectric
strength of the insulation material, suitable insulating fluid can be used.

Thermal cutoff design and optimization procedures, in terms of geometry and dimen-
sions, include selection of an appropriate construction type and sizing of the constitutive
elements on the basis of the rated current value. In applications where dimensions of
the cutoff are not a critical parameter, cutoffs with a spring are often applied. These
cutoffs are characterized by short current path through the thermally sensitive material,
extremely low internal resistance and stable value of the functioning temperature over
a long period of time. Also, they allow high overload current value during numerous
switching cycles of the device. Thermal cutoffs with a spring are produced in two types.
One is with axial leads and metal housing, which can be a part of the conductive path,
while the second type is with radial leads and plastic or ceramic housing. Plastic housing
provides insulation of the thermosensitive part of the cutoff in an electrical sense and
satisfies demands of thermal conductivity and mechanical strength. Therefore, thermal
cutoffs of the radial type with a spring in a plastic housing (so—called S-type) are widely
used. Their cross—sections before and after the opening are shown in Fig. 4.1, while the
basic structural elements are indicated in Fig. 4.2.

The conductive bridge of cutoff consists of the leads formed from two conductive
wires shaped at one end into the appropriate contacting heads, and the conductive
strip soldered to the leads by thermally sensitive material. The leads are fixed to the
housing by the epoxy resin in a position that ensures that the spring, which is beneath the
conductive strip, is in a compressed state. Characteristic dimensions of the conductive
bridge elements, housing and spring which are of the interest for design of thermal
cutoffs are listed in Table 4.1. Diameter of the leads is determined by the rated current
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(a) (b)
Figure 4.1: Cross section of the S—type thermal cutoff before (a) and after (b) the opening.

— Cap

Conductive

éi%/ strip
93\\ Soldering
N Sheets

> Leads

Figure 4.2: Basic construction elements of the S—type thermal cutoff.
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| Element | Material | Characteristic dimension

Length

Diameter

Leads Conductive material Contacting head diameter
Contacting head thickness
Length outside the housing
Length

Conductive strip Conductive material Width

Depth

Diameter

Depth

Height

Width

Housing Flame retardant plastic Thickness

Stand Height

Wall thickness

Diameter

Length

Soldering sheets Thermosensitive material

Spring Steel

Table 4.1: Characteristic dimensions of the S-type thermal cutoffs.

value. Adopted diameter should provide temperature rise in the cutoff due to Joule’s
heating within the limits of 10-20 K. Approximate values of the lead diameter used
for the realization of thermal cutoffs for different rated currents and rated voltage of
AC 250 V are shown in Table 4.2.

| Rated current (A) |1 [2 [3 |5 |12 |20
‘ Lead diameter (mm) ‘ 0.53 ‘ 0.55 ‘ 0.6 ‘ 0.7 ‘ 1.2 ‘ 2 ‘

Table 4.2: Lead diameters of S-type thermal cutoffs depending on the rated current
value.

The contacting head of leads is in the form of a rivet. Rivet shape enables better
titting of the leads on the conductive strip, and thus a tighter connection between the
elements of the conductive bridge in the closed state. At the same time, contacting heads
provide lower value of the temperature at soldered joints at normal operating conditions
as a result of the reduced Joule’s heating. Diameter of the contacting head is 0.2-0.4 mm
larger than the lead diameter while its thickness is 0.25 mm.

Adopted value of the lead length outside the housing depends on the desired appli-
cation and it is easy changeable value. The standard defines short, medium and long
leads with values of the length of 35 mm, 50 mm and 65 mm, respectively. Lead length
within the housing is adapted to the dimensions and elastic properties of the spring that
provides the functionality of the cutoff. The spring should be at a maximum compressed
state under normal operating conditions to ensure rapid response of the cutoff when
opening condition occurs. Accordingly, the designed length of the leads has the value
40-72 mm.

Dimensions of the conductive strip are adjusted to the dimensions of the leads. In
the basic design strip width is matched to the diameter of the contacting head, strip
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thickness to the lead diameter, while the length is determined by the distance between
the leads and their diameter. On the other hand, distance between the leads is subjected
to the dimensions of the applied spring, thermal properties of the housing material and
desired resistance to the voltage overload. After the opening of the cutoff, with high
values of the voltage applied between the leads, electrical breakdown of dielectric inside
the cutoff must not occur (in the case of the air electric field must not exceed the value of
3 x 10° V/m [96]).

Soldering sheets have a diameter determined by the contacting heads of the leads
and thickness of 150 um.

The housing of S-type cutoffs has cuboid form which provides adequate heat ex-
change between the cutoff and environment by convection. It consists of a stand and a
cap. The stand is also a support for the conductive bridge, while sealing of the leads
with epoxy resin provides its mechanical strength. The spring is placed into the stand,
while the cap provides sealing of the cutoff interior. Shape of the housing allows high
sensitivity to changes in ambient temperature, and its dimensions should enable reli-
able operation of the thermal cutoff with minimum external dimensions. In this sense,
sufficient space within the housing above and around a conductive bridge should be
provided. The thickness of the housing walls depends on the material and it represents
a compromise between two mutually opposite conditions. A greater thickness is needed
for better mechanical properties, while a lower one is preferable for short response times.
Standardized housing dimensions that meet the above requirements are 4-13.5 mm for
the height, 5-13 mm for the width, and 2—4.3 mm for the thickness. In addition, charac-
teristic dimensions are ruled by the dimensions of the conductive bridge, which basically
depend on the value of the rated current.

The spring is selected from the range of standard steel springs whereby its size is
adjusted to dimensions of the conductive bridge.

4.3 Selection of materials for thermal cutoff structural el-
ements

Selection of materials for realization of thermal cutoff structural elements is governed by
their electrical, thermal and mechanical properties. For the conductive bridge of primary
importance are electrical and thermal, for the housing thermal and mechanical, and for
the spring mechanical properties of the material.

Elements of the conductive bridge (the leads and the conductive strip) are commonly
made of copper as electrically and thermally highly conductive material. Protection
against the oxidation process of the copper is achieved by plating with a few pm thick
layer of tin or nickel. Since copper is a relatively soft material easy forming and efficient
mounting is enabled.

The elements are connected by soldering with thermosensitive material. The sol-
dering material characteristics define cutoff temperature which is basic for the device
functionality. Different low melting alloys of two—component or multi-component com-
position are used for this purpose. These alloys have a melting temperature below 250 °C
and they are composed of tin, lead or silver with addition of a low melting element such
are bismuth, indium, antimony or gallium. Solidus and liquidus temperatures of these
alloys overlap (have eutectic character) or are within couple of °C close to each other.
Selection of the low melting alloy is defined by the desired cutoff temperature, costs and
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environmental suitability. Some of the commercially available low melting alloys are
listed in Table 4.3 [18-20,97-101].

SnPb SnBi Snln SnAg SnSb SnCu

InBi PbBi InAg InPb InGa BiCd

Low meltingalloy |- 5 g Bifn [ SnPbin | SnBiAg | SnPbAg | SninGa

PbBiln | PbInAg | BilnCd | SnInCd | SnPbBiAg | SnPbBiln

Table 4.3: Most often used low melting alloys.

Alloys of different compositions have different melting temperatures and character-
istics. The desired cutoff temperature usually can be achieved by several alloys and
economic aspect represents another criterion for selcetion of materials for thermal cut-
offs. Elements such as indium, gallium and antimony have a high price, and alloys with a
high percentage of these elements are used for specific purposes. On the other hand, the
toxicity of lead and cadmium imposes the need of their removal from the manufacturing
processes of electronic devices and the alternative alloys are more used.

Low melting alloys are comprised of a highly conductive chemical elements and
therefore they have electrical conductivity which meets soldering needs. Their mi-
crostructural characteristics, depending of the manufacturing method, can contribute to
a better wetting of the soldering surface. Mechanical properties of the soldering alloy
are not critical parameter for the thermal cutoffs.

Thermal cutoffs with spring and radial leads are made with ceramic or plastic housing.
Both housing types provide electrical insulation of the functional part of the cutoff.
Ceramic materials have higher thermal conductivity, but the use of plastic allows smaller
external dimensions for adopted dimensions of the conductive bridge. Applied plastic
needs to have flame retardant property and good thermal conductivity in order to
ensure a short response time of the cutoff. Thermal properties of plastic determine the
maximum temperature of the cutoff. Mechanical properties of plastic should provide
resistance of the housing to mechanical forces under elevated temperature conditions.
Also, low—amplitude vibrations, which are often present in devices that thermal cutoffs
protect, must not mechanically damage the housing or compromise the functionality of
the cutoff. In electrical sense, plastic should have adequate electric resistance to ensure
a satisfactory value of the insulation resistance defined in Subsection 4.1.2.

Spring material is steel whose mechanical properties enable production of the spring
with specified dimensions. Since the spring is used as a pre-defined structural element,
the process of thermal cutoff design involves selection of the appropriate spring from
the standard list.
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Characterization of low melting alloys
for thermal cutoff purposes

Functionality of thermal cutoffs is based on thermal response of the low melting alloy
that make solder joints between the conductive elements. Low melting alloys have
melting temperature below 250 °C and usually are multi-component. The basic ele-
ment is tin, lead or silver, while addition of a low melting elements such are bismuth,
indium, antimony or gallium enables achievement of the desired melting temperature
or temperature range. These alloys are also used in SMD technology for devices whose
exploitation does not include high temperatures. Thermal characteristics of low melting
alloys (primarily dependence of the melting point on the composition) are necessary
for thermal cutoffs application, while knowledge of microstructural characteristics of
the alloys (structure and composition of the grains) provides the basis for their better
processing.

5.1 Generation of 3-D phase diagrams of ternary systems

Development of multi-component alloys with predefined characteristics, specifying con-
ditions of their fabrication and forecasting of their behaviour in operating conditions are
based on phase diagrams i.e. visual presentation of the state of the material as a func-
tion of the composition, temperature and pressure. Determination of phase diagrams of
multicomponent alloys by experiments involves different techniques such as differential
thermal analysis [97], diffraction and fluorescence of X-rays [102], electron microprobe
analysis [103], synchrotron radiation [104], diffusion coupling [105]. These techniques
include time consuming, expensive and difficult processes. Thus, a numerical modeling
based on a minimal set of experimental data has great importance in the design of phase
diagrams.

Alloys normally do not melt at a single temperature, but in a temperature range. The
liquidus temperature is the lowest temperature at which a particular alloy is completely
in a liquid state, and the solidus temperature is the highest temperature at which the al-
loy is completely in a solid state. At temperatures in the range between the liquidus and
solidus, the alloy is in the mixed liquid—solid state. Alloy of the particular composition,
whose liquidus and solidus temperatures coincide represents an eutectic alloy. Collec-
tion of liquidus temperatures of alloys of different compositions at constant pressure
defines liquidus line in binary systems, or liquidus surface in multicomponent systems.
Analogously, a collection of solidus temperatures defines solidus line or surface. Liq-
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uidus and solidus surfaces in the ternary system are three—dimensional, and the phase
diagrams that they define require spatial representation. Depending on the nature of
the binary subsystems, ternary liquidus and solidus surfaces may appear tessellated and
consist of one or more stitched subsurfaces. For characterization of these alloys, phase
diagrams are presented in the form of a two—-dimensional projection through a series
of characteristic lines within the so-called Gibbs triangle. It is an equilateral triangle on
whose sides are chemical compositions of binary subsystems. The characteristic lines are
isotherms (intersections of liquidus and solidus surfaces with a plane representing a con-
stant temperature) and cotectic lines (intersection of liquidus and solidus subsurfaces).
Intersection points of these lines are eutectic points (temperature of direct transition from
the liquid to the solid phase) or peritectic points (the temperature at which a solid phase
in the reaction with the liquid phase changes its form). Determination of the character-
istic lines and points of multicomponent alloys and generation of their phase diagrams
are interest of the so—called CALPHAD (Calculation of Phase Diagrams) group [21].
Standard methods for the determination of phase equilibrium in multicomponent
systems are based on the minimization of the total free Gibbs energy of the system.
CALPHAD method uses multiple mathematical models to describe dependence of the
Gibbs energy on the temperature, pressure and concentration of individual phases. On
the basis of thermodynamic data for the lower order systems and appropriate software,
the parameters of the selected mathematical model are extracted and a phase diagram of
higher order generated. However, the existing databases of thermodynamic data, spe-
cialized software for generation of spatial diagrams, as well as most of multicomponent
phase diagrams obtained by CALPHAD method are commercial and not public avail-
able [106,107]. Therefore, alternative methods that allow generation of phase diagrams
of multicomponent systems based on public available data could be applied. One such
method has been proposed in this Dissertation. It is named the surface modeling method
and intended for determination of the liquidus surface of the ternary system based on
the phase diagrams of its binary subsystems and a minimal set of experimental data.

5.1.1 CALPHAD method

The main objective of CALPHAD method is calculation (prediction) of the phase equi-
librium in unfamiliar multicomponent system on the basis of information available for
the constituent subsystems of lower order [108]. Experimental data for the subsystems
are used to optimize thermodynamic parameters whose values are verified through the
generation of known phase diagrams and later used to calculate the unknown phase
diagrams by extrapolation method.

Calculation of the phase equilibrium in multicomponent systems involves minimiza-
tion of the total Gibbs energy of the system G by solving the relation:
p
G= Z n,G? = min, (5.1)
=1

1

where 7; is the number of moles and G Gibbs energy of the i~th phase from total of p
phases that constitute the system. Dependence of the free Gibbs energy of each phase
on composition, temperature and pressure is given by the appropriate thermodynamic
function. For a description of this function different models which include a range of
thermodynamic parameters are used.
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Gibbs energy of the individual phases can be separated into three terms that depend
on the concentrations of components:

G? = G® + G + G*. (5.2)

The term G° represents Gibbs energy of the mechanical mixture of phase constituents, G**
corresponds to the mixing entropy of an ideal solution, while G* is so—called excessive
energy and includes all deviations from the ideal solution. In the ternary systems, the
tirst two terms are defined from the basic laws of thermodynamics and the third is based
on generally accepted Muggianu method for extrapolation of excess energy parameters
in binary systems. For a system consisting of components A, B and C, with corresponding
binary subsystems AB, AC and BC, members of the expression 5.2 can be represented in
the following form [109]:

G’ = x4G), + x5G} + xcG2 (5.3)

G™ = RT(xalnxy + xglnxpg + xcInxc) (5.4)

2 2 2
G = xaxp ) Al — x5) + xaxc Y Al = xc) +xpxc ) A — xc)
i=0 i=0 i=0
+ f(T, x)xaxpxc. (5.5)

In these relations x4, xg and xc represent the mole fractions of components A, B and C

in the system, G}, G% i G{ are appropriate reference states of specified components, R is

Rydberg constant, and T is absolute temperature. Parameters A’,,, A’, - and A} . depend
only on temperature and they are determined by fitting of the dependences of excessive

Gibbs energies of binary subsystems on the composition by relations:

2
Giis = 45 Z Al = xp) (5.6)

i=0

2
Gic = xix?: Z AZAC(xil — xi’:)Z (5.7)

i=0

2

Ghe = xipxt ) Apclwy — 0, (5.8)

i=0
where x, x} and x_. are the mole fractions of components in the corresponding binary

subsystems. The coefficient f(T,x) is the ternary interaction coefficient which depends
on temperature and mole fractions in the ternary system.

Parameters in terms (5.6)—(5.8) are determined from experimental data for each sub-
system. To obtain an optimal set of model parameters, it is desirable to take into
consideration several types of experimental data (phase diagrams, chemical potential
and enthalpy), while for numerical calculation is convenient the least squares method.
Procedure for calculation of the optimal set of parameters is often referred to as the
calculation or optimization of the system. The obtained values of parameters are used
for thermodynamic description of the binary subsystems and comparison with experi-
mental values. Extrapolation method is then applied in order to obtain thermodynamic
functions of the ternary system (relations (5.3)—(5.5)). The obtained extrapolated values
represent the basis for setup of required experimental tests for the considered system.
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Results of experiments are compared with extrapolated data and value of the ternary in-
teraction coefficient is determined. Optimized set of parameters is stored in the so—called
thermodynamic database. Calculation of phase diagrams, determination of thermody-
namic and physical properties, and simulation of diffusion process in ternary system
are possible using this database. The usual procedure for prediction of thermodynamic
properties of ternary systems by CALPHAD method is shown in Fig. 5.1.

Collection of
experimental
thermodynamic data

Y

Col'lectlo.n _Of Critical evaluation
sem1—emp1r.1cal of the data
thermodynamic data )

Thermodynamic
modelling of phases

v

Thermodynamic Processing of
description of <«—thermodynamic functions
the binary subsystems of the binary subsystems
v K
Experimental data _ Selection of data
for ternary system A " for processing

A ¢

Association of weighting
coefficients to data

v

Optimization of
the model parameters by
the least square method

v

Calculation of
the model parameters for
binary subsystems
and comparison
with experimental data

v

Extrapolation to
ternary system

v

Construction of the
thermodynamic database

Figure 5.1: Flowchart of the CALPHAD method for prediction of thermodynamic prop-
erties of the ternary systems [110].

The successful implementation of CALPHAD method requires a reliable thermody-

namic database which describes specific phases of the subsystems, and reliable computer
programs that determine the optimal set of parameters. Well-known thermodynamic
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databases are SGTE (Scientific Group Thermodata Europe), [111] and FACT (Facility for
the Analysis of Chemical Thermodynamics) [112]. These databases, as public available,
include data for a large number of binary, but only for a limited number of ternary
systems. The most commonly used computer programs for the calculation of phase di-
agrams are FactSage (a compilation of older programs ChemSage and FACT-Win) [113],
Thermo-Calc [114], MTDATA [115], so—called Lucas program [116], and PANDAT [117,118].
These programs are used to calculate the phase equilibrium and they are different in
features and user interface. Also, each computer program specifies the format of ther-
modynamic database with which ensures compatibility.

Disadvantage of the CALPHAD method is that it requires an appropriate set of
initial values for the optimization of model parameters in order to obtain accurate phase
diagrams of stable systems. This, in turn, requires the prior knowledge of the tested
phase diagram or special skills of the software user. Program PANDAT represents a new
generation of software whose algorithm for calculation of the stable phases enables the
automatic generation of phase diagrams without setting the initial values [117].

In this Dissertation, results of the calculation of phase diagrams of ternary systems by
CALPHAD method using Thermo-Calc program and SGTE thermodynamic database
are used as a reference [119-121].

5.1.2 A new method - a surface modeling method

From the geometric point of view, phase diagrams of ternary systems are limited to
a regular triangular prism which is constructed by connecting the phase diagrams of
binary subsystems. Height of the prism represents the temperature axis. The liquidus
surface of such system consists of one or more smooth 3-D subsurfaces that are bounded
by liquidus lines of the binary subsystems.

Standard software packages for 3—-D surface modeling use NURBS — (Non-Uniform
Rational B-Splines) as a mathematical tool for definition of guided (bounded) surfaces.
Complex surfaces are modelled on the basis of given guide lines and a set of control
points. Thus, the liquidus surface of a ternary system can be constructed using bi-
nary liquidus lines as guides and experimentally determined liquidus temperatures for
the specified compositions as control points. Number of liquidus subsurfaces, their
intersecting lines (cotectic lines), eutectic and peritectic points determine the nature of
subsystem phase diagrams, i.e. whether they are isomorphic or eutectic. As a software
tool can be used almost all standard programs for the surface modeling. Accordingly,
this method for generation of 3-D phase diagrams of ternary systems is called surface
modeling method [122].

A procedure for generation of ternary liquidus surfaces by the surface modeling
method using program package SolidEdge is schematically shown in Fig. 5.2.

A set of initial thermodynamic parameters consists of the phase diagrams of binary
subsystems and a selected set of experimentally determined liquidus temperatures. Since
the binary systems are relatively well studied and their phase diagrams are available in
the literature, this part of the initial parameters is not critical. On the other hand, avail-
able experimental values of the liquidus temperatures of ternary systems of different
composition are scarce and sometimes unreliable. Therefore, a careful selection of initial
values of the model parameters is needed. Planes which define base and faces of the
equilateral prism are the framework for setting positions of the experimental points from
the Gibbs triangle and import of the graphically presented binary phase diagrams. Liq-
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Creation of the initial set of
thermodynamic parameters

\
Construction of the base
and faces of the prism

v

Creation of the subsurfaces
guides on the prism faces

'

Creation of the reference
temperature planes

Setting of the control points

Y
Creation of 3-D rails
through the keypoints

Construction of 3-D
liquidus subsurfaces

\
Extrapolation of the
liquidus subsurfaces

v

Determination of the
characteristic lines and points

v

Creation of 2-D view
of the liquidus surface

Figure 5.2: Procedure for generation of ternary liquidus surfaces by the surface modeling
method.
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uidus lines of these phase diagrams represent guides for creation of the liquidus surface.
The shape of the liquidus line depends on the nature of the subsystem, and can consist of
a single segment (isomorphic subsystem) or more segments (eutectic subsystem). Points
corresponding to the ends of segments (equivalent to 100 % of individual system compo-
nents and eutectic and peritectic points) are the keypoints. Reference temperature planes
correspond to the adopted experimental liquidus temperatures and appropriate points
from the Gibbs triangle are projected on it as the control points. Through these control
and keypoints are set 3-D NURBS curves which, along with guides, allow formation
of smooth, bounded 3-D liquidus subsurfaces. These subsurfaces are fully defined in
the so—called angles of the phase triangle (near 100 % of the individual system compo-
nents), and partly in the area of other key and control points. Depending on the number
and positions of the control points, extrapolation of the created subsurfaces based on
the smoothness criteria is necessary for a certain range of compositions. This yields a
complete 3-D phase diagram of the ternary system. Characteristic lines are cotectic and
isothermal lines, and the characteristic points are eutectic and peritectic points. Cotectic
lines are determined by the intersection of adjacent subsurfaces, and isothermal lines
by the intersection of the subsurface and corresponding temperature plane. Eutectic or
peritectic points are defined by the intersection of cotectic lines. Projection of character-
istic lines and points on the prism base (Gibbs triangle) give 2-D representation of the
phase diagram of the considered ternary system.

Intersection of the generated 3-D liquidus surface with the selected isomorphic line
enables to determine the lowest temperature at which the system of the given com-
position is completely in a liquid state. Also, it is possible to define compositions of
the system which are characterized by desired melting temperature on the basis of the
projection of the corresponding isothermal line onto the Gibbs triangle.

5.1.3 Liquidus surfaces of ternary systems for thermal cutoff purposes

The surface modeling method was applied to generate liquidus surfaces for ternary
systems of Bi-Sn-Pb, Sn-Pb-In and Sn-In-Ga types. These systems form a series of
low melting alloys, and knowledge of liquidus temperature for alloy of the predefined
composition is important for the design and optimization of the solder joints in thermal
cutoffs.

The system Bi-Sn-Pb

Liquidus surface of the system Bi-Sn-Pb is constructed using the phase diagrams of
subsystems Sn-Pb, Sn-Bi and Pb-Bi which were taken from the literature [111,121]. For
control points were selected experimental values which gives one of the world most
famous low melting alloys manufacturer [101] an they are listed in Table 5.1. 3-D
liquidus surface of the system Bi-Sn-Pb generated using the surface modeling method
is graphically presented in Fig. 5.3. Its 2-D representation in the form of isothermal
and cotectic lines projections is shown in Fig. 5.4. Binary subsystems are eutectic,
where Pb-Bi subsystem forms incongruently melting compound. Thus, from Fig. 5.3,
four subsurfaces which are stitched along cotectic lines can be observed. Cotectic lines
intersect in the eutectic (E) and peritectic (P) points.

For comparison, in Fig. 5.4 by black lines are shown projections of the liquidus surface
of the system Bi-Sn-Pb calculated by the CALPHAD method [121] and experimentally
obtained control points from Table 5.1. It can be seen that there is a good agreement
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| Control point No. | mass % Sn | mass % Pb | mass % Bi | liquidus T (°C) |

1 60 14.5 25.5 180
2 46 46 8 173
3 27 51.5 21.5 170
4 37 42 21 152
5 30.8 38.4 30.8 139
6 22 22 56 104
7 22 28 50 100
8 15.5 32 52.5 95

Table 5.1: Experimental values of liquidus temperatures for alloys of Bi-Sn-Pb type [101].

Sn
0 10 20 30 49 S0 60 70 80 99 1000 Bi
(Mass % )

Figure 5.3: Liquidus surface of the system Bi-Sn-Pb generated by the surface modeling
method.
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100 0 .
Sn- g 10 20 30 40 50 60 70 80 90 100 Bi

Figure 5.4: 2-D representation of Bi-Sn-Pb phase diagram generated by the surface mod-
eling method (red and green lines) and CALPHAD method [121] (black lines);
Isothermal lines are for: a) 300 °C, b) 250 °C, ¢) 200 °C, d) 150 °C; control points
from Table 5.1 are presented by full circles.
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between isothermal lines generated by both methods. Larger difference occurs only in
the case defined by the isothermal line for 150 °C. Based on the fact that the isothermal line
generated by the new method for 150 °C is very close to the control point 4 (152 °C), and
that the isothermal line generated by the CALPHAD method for 150 °C is considerably
closer to the control point 5 (139 °C), it can be concluded that the surface modeling
method gives better agreement with the experimental values. As a consequence of
the difference between the isothermal lines, mismatch of cotectic lines occurs. Namely,
the intersection of cotectic lines (peritectic point) by the surface modeling method is at
139.6 °C (25%Bi-29%5n-46%Pb) and by the CALPHAD method it is at 135.7 °C (30.5%Bi-
21.9%5n-47.6%Pb). On the other hand, eutectic points obtained by both methods are in
good agreement and are very close to the control point 8 (95 °C).

The system Sn-Pb-In

Thermodynamic description of this system is rarely found in the literature [20,120],
despite the fact that its alloys are used in the surface mounting procedures for devices
that do not work under high temperatures. Subsystems Sn-Pb, Sn-In and Pb-In are
relatively well-known and their phase diagrams, used for design of liquidus surface,
are taken from [112]. Experimental values of liquidus temperatures for this system
(control points for the surface modeling method) are specified in Table 5.2, as taken
from [101] (points 1-4) and [120] (points 5-7). Liquidus surface of the system Sn-Pb-In

‘ Control point No. ‘ mass % Sn ‘ mass % Pb ‘ mass % In ‘ liquidus T (°C) ‘

1 37.5 37.5 25 181
2 70 18 12 167
3 54 26 20 154
4 40 20 40 130
5 60.5 31.5 8 170
6 57 19 24 147
7 50.5 5.5 24 124

Table 5.2: Experimental values of liquidus temperatures for alloys of Sn-Pb-In type [101,
120].

generated by the surface modeling method in 3-D form is shown in Fig. 5.5. Since
bynary subsystems Sn-Pb and Sn-In are eutectic, and subsystem Pb-In is peritectic, the
liquidus surface consists of three subsurfaces that intersect along cotectic lines and form
a peritectic point (P). Projections of cotectic and selected isothermal lines in the area of
Gibbs triangle allow 2-D representation of the liquidus surface as shown in Fig. 5.6. The
black line shows the projection of cotectic lines obtained by CALPHAD method [120] and
black circles control points from Table 5.2. Differences between cotectic lines determined
by two methods are due to the different choices of referent experimental points. For
the same reason, the peritectic points determined by the surface modeling method
at 123.2 °C (42.5%5n-17.5%Pb-40%In) and CALPHAD method at 134.8 °C (47.5%5n—
7.6%Pb-24.9%In) diverge. Specifically, based on Table 5.2, an alloy of composition 70%S5n-
18%Pb-12%In for temperatures above 167 °C should contain only a liquid phase. Results
of the CALPHAD calculations at temperature of 172 °C for alloy of this composition
attribute the liquid and solid phases [120]. Bearing in mind that the above control point
is taken from the database specified by the world leading producer of indium alloys
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Figure 5.5: Liquidus surface of the system Sn-Pb-In generated by the surface modeling
method.

82



CHAPTER 5. CHARACTERIZATION OF LOW . ..

Pb
0,100

10 90

20 80

0
Sn 10 20 30 40 50 60 70 80 90 100 In

Figure 5.6: 2-D representation of Sn-Pb-In phase diagram generated by the surface mod-
eling method (red and green lines) and CALPHAD method [120] (black lines);
Isothermal lines are for: a) 250 °C, b) 200 °C, c) 150 °C; control points from
Table 5.2 are presented by full circles.
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[101], liquidus surface generated by the surface modeling method can be considered
correct for the adopted set of experimental values. On the other hand, Fig. 5.6 shows
that the isotherms for 250 °C and 200 °C are smooth curves, while the two curves for
150 °C are distorted as a result of the adjustment of liquidus surface to the control
experimental values. It can be concluded that, regardless of the applied methodology,
the lack of reliable experimental data for the ternary liquidus temperature brings a degree
of uncertainty in the calculation of the liquidus surfaces.

The system Sn-In-Ga

The system of Sn-In-Ga type is interesting due to the striving for total elimination
of lead from the soldering technology. It can also be used for thermal management
applications and to replace mercury in applications such as motion switches and ther-
mostats. Liquidus surface of this system is constructed based on the phase diagrams
of subsystems Sn-In, Sn-Ga and In-Ga taken from [112] and the only literary available
control point 10.7 °C (16%5Sn-21.5%In-62.5%Ga) taken from [98]. All subsystems are
eutectic, so that the generated 3-D liquidus surface consists of only three subsurfaces
and one eutectic point (E), as can be seen in Fig. 5.7.

150

350
300
250
200 O
150 =
100

50

(Mass % )

60 N o
70 80 90 100 In

Figure 5.7: Liquidus surface of the system Sn-In-Ga generated by the surface modeling
method.

Projections of isothermal and cotectic lines of Sn-In-Ga system generated by the

surface modeling method are shown in Fig. 5.8. Since there are no data for the phase
diagram of this system in the literature (except for the specified control point, which is
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also the eutectic point), there is a lacks of comparison with the values modelled by some
other method or obtained experimentally. The specificity of the system Sn-In-Ga is that
it forms a series of alloys that are in liquid state at ambient temperature. Their chemical
compositions can be read from the Fig. 5.8 within an area that is restricted by isotherms
defined for 20 °C. These alloys are of interest for applications in nanocomposite systems
and in devices that work in low—temperature environments. However, their drawback is
relatively high price (due to the high content of Ga and In) and the necessity of providing
special technological processing conditions (temperature lower than 10 °C).

Ga
0,100
10 90
20 80
o\
30 “\70
40 d 60
50 50
d
60 40
C
70 30
80 b . 20
90/ o\, 10
100 0

Sn 0 10 20 30 40 50 60 70 80 90 100 In

Figure 5.8: 2-D representation of Sn-In-Ga phase diagram generated by the surface mod-
eling method. Isothermal lines are for: a) 200 °C, b) 150 °C, c) 100 °C, d) 50
°C, e) 20 °C.

5.2 Microstructural characterization of low melting alloys
for thermal cutoff purposes

Investigation of microstructural characteristics of alloys that make soldering sheets in
thermal cutoffs enables to specify conditions of their processing, as well as to predict
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mechanical characteristics of solder joints [19,123]. The structure and grain size deter-
mine the strength of the alloy [19,57], while the composition of the grains directly affects
wetting of the soldering surfaces [18,20].

Protection of boiling appliances requires the use of thermal cutoffs with rated func-
tioning temperature below 100 °C. Based on generated liquidus surface for ternary
Bi-Sn-Pb system described in the previous section, for making the cutoff for this purpose
an alloy of composition 52.5%Bi-15.5%5n-32%Pb can be used. This is an eutectic alloy
whose melting point is 95 °C. On the other hand, the power electric motors require
a rated functioning temperature of cutoff below 150 °C. For this purposes, soldering
sheets are produced of 58%Bi-42%5n alloy. It is also eutectic alloy with a melting point
of 138 °C. With the aim of predicting the effectiveness of these alloys in appropriate
thermal cutoffs, their microstructural characterization is performed. Since the binary
Bi-Sn alloy is a subsystem of the ternary Bi-Sn-Pb system, the characterization of these
two alloys is important for assessing the quality of solder joints made of 58%Bi-42%Sn
alloy on the Pb substrate [18].

Microstructural analysis was carried out on refractive (internal) and physical (exter-
nal) surface of samples taken from ingots of alloys. Examination by the SEM (Scanning
Electron Microscopy) technique determined the form of grains, while the EDS (Energy
Dispersive Spectroscopy) technique determined their composition.

SEM image and EDS spectra taken from the fracture surface of the 52.5%Bi-15.5%5n-
32% Pb alloy sample are shown in Fig. 5.9. It can be noticed the grained structure with
non—uniform size and composition of the grains. Larger grains contain approximately
90% Bi (Fig. 5.9(b)), while in the smaller grains Bi and Pb dominate over Sn (Fig. 5.9(c)).

Results of the external surface analysis of the alloy sample, shown in Fig. 5.10,
indicate the laminar structure where the content of Sn is over 80%.

From Fig. 5.11, which shows the SEM image and EDS spectrum of the fracture
surface of the 58%Bi-42%5n alloy sample, grained structure is noticeable. Compared
to the ternary alloy, the grains are more uniform, have smaller size and approximate
composition of 70%Bi and 30%Sn. The smaller grain size contributes to improved
mechanical properties of the alloy, and thus a greater reliability of the solder joints made
from it [20].

The microstructure of the external surface of the 58%Bi-42%5n alloy sample has
distinct laminar character, as observed in Fig. 5.12 which shows the corresponding SEM
image and EDS spectrum. In the laminar sheets prevails Sn with 80%.

The fact that external surfaces of both alloys is dominated by tin is important for the
processing of these materials during the production of thermal cutoffs. The ingots of
alloys are shaped in the form of sheets by slicing and cold rolling methods. The sheets are
connected with the conductive strip and copper leads by soldering. The copper leads are
during the preparation for soldering coated with a layer of tin or nickel and great content
of tin at the surface of the sheets enables better wetting of the soldering surface [20], and
thus the quality of the solder joints. Bearing in mind that the temperature response of
solder joints is the basis for the functioning of thermal cutoffs, their quality affects the
quality of the cutoffs.
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Figure 5.9: SEM image (a) and EDS spectra (b,c) taken from the fracture surface of the
52.5%Bi-15.5%5n-32%Pb alloy sample. Spectrum (b) corresponds to the area
on the left and spectrum (c) on the right side of the SEM image.
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Figure 5.10: SEM image (a) and EDS spectrum (b) taken from the external surface of the
52.5%Bi-15.5%5n-32%Pb alloy sample.
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Figure 5.11: SEM image (a) and EDS spectrum (b) taken from the fracture surface of the
58%Bi-42%$5n alloy sample.
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Figure 5.12: SEM image (a) and EDS spectrum (b) taken from the external surface of the
58%Bi-42%Sn alloy sample.
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Chapter 6

3-D simulation of thermal cutoffs in
electrical and thermal domains

The parameters of functionality, quality and reliability of thermal cutoffs are consid-
ered during their design and optimization procedures. Simulation of thermal cutoffs in
electrical and thermal domains greatly simplifies and accelerates these processes. Simu-
lation results allow to define optimal dimensions of thermal cutoff elements, as well as to
predict the response time for the given operating conditions and reliability parameters.

6.1 Considered thermal cutoffs

For the protection of power electric motors and boiling appliances thermal cutoffs of the
radial type with a spring and plastic housing are used. These cutoffs are described in
Section 4.2 and their rated voltage is 250 V and rated current up to 12 A. Characteristic
dimensions of cutoff elements designed on the basis of presented fundamentals and used
in 3-D simulations are listed in Table 6.1.

The basic design of thermal cutoffs include leads without shaped contacting heads,
the thickness of the conductive strip of 1.2 mm and a housing wall thickness of 1 mm.
In the optimization process of cutoffs, implementation of specially formed contacting
heads and consequently changed diameter of the soldering sheets, two thicknesses of the
conductive strip, and reduced wall thickness of the housing are discussed. The spring is
modelled as a cylinder whose base diameter corresponds to the diameter of the spring,
and the height to the length of the spring.

Materials for realization of thermal cutoffs are selected in accordance with consider-
ations given in Section 4.3. For leads and conductive strip in the simulation was taken
copper without plating. As material for the soldering sheets are selected low melting
alloys whose characterization for these purposes is described in Section 5.2. These are
alloys of the composition 52.5%Bi-15.5%5n-32%Pb and 58%Bi-42%5n, whose melting
temperatures are 95 °C and 138 °C, respectively. These temperatures determine the cut-
off temperature of the devices, and accordingly two types of cutoffs: S-95 and S-138.
The housing is made of the flame-resistant plastic, in this case polycarbonate — Makrolon.
It is characterized by extreme resistance to mechanical stress, low coefficient of thermal
expansion, high thermal resistance and strength at low temperatures [124]. Since the
spring is taken as a standard element, its material is steel. As insulating fluid within the
housing is used air.
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| Element | Material | Characteristic dimension | Value (mm) |
Length 57
Diameter 1.2
Leads Copper Contacting head diameter 1.6
Contacting head height 0.25
Outside lead length 50
Length 5.6
Conducting strip Copper Width 1.6
Depth 0.6;0.9;1.2
. Low meltin Diameter 1.2;1.6
Soldering sheets alloy & Depth 015
Height 11
Width 8.8
Housing Makrolon Depth 3.8
Stand height 4
Wall thickness 1,0.5
Spring Steel géir;i[er ;

Table 6.1: Dimensions of the considered thermal cutoffs.

Physical, thermal and electrical parameters of materials that make constitutive ele-
ments of thermal cutoffs used in the simulation are given in Table 6.2.

6.2 Simulation procedure

3-D simulation of thermal cutoffs in thermal and electrical domains was performed by
computer program ANSYS described in Section 2.2. Interdependence of thermal and
electrical characteristics is achieved by Multiphysics module through coupled domain
analysis and direct solving method. The simulation procedure follows the flow defined
in Fig. 2.2, while the preprocessing steps are shown in Fig. 6.1.

Determination of thermal parameters of functionality, quality and reliability of ther-
mal cutoffs within specific electrical constraints requires steady-state, as well as time
dependent simulations. Therefore, the appropriate static and transient analyses were
performed. A non-linear, iterative Newton-Raphson’s method was employed with
SOLID98 type of finite elements. In transient analysis an abrupt change of boundary
conditions with adequate load substeps was defined.

The finite element model was generated by solid modeling and values of physical,
electrical and thermal parameters of materials were assigned according to Table 6.2.

Mechanical load conditions of thermal cutoffs are defined by the symmetry boundary
condition and freedom degrees. Section plane shown in Fig. 4.1 is a symmetry plane of
the simulated structure, while mechanical movement is limited at free ends of the leads.
Electrical load conditions are given by zero reference potential at one lead and value of
the current flowing through the surface of the second lead in the range from 0.1 A to
15 A. Parameters of the thermal load are determined by convection from free surfaces of
the housing and leads. Simulation assumed operation of the cutoff in a vertical position
in the air whose reference temperature is 300 K. For determination of the response time
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Material/
Parameter

Cu

52.5%Bi-
15.5%5n-
32%Pb

58%Bi-
42%Sn

Makrolon

Steel

Air

Melting
point

K)/CO)

1356/1083

368/95

411/138

563/290

1791/1518

Density
(kg/m®)

8960

9600

8560

1200

7850

1.205

Thermal
conductiv-
ity
(W/mK)

401

13

18.4

0.2

50

0.026

Specific
heat
(U/kgK)

385

151

167

1172

460

1005

Coefficient
of thermal
expansion
(1/K)

16.5-107°

25-107°

1.5-107°

6.5-107°

1.2-107°

34-1073

Electrical
resistivity
(Qm)

1.69-1078

7.48-1077

3.82-1077

1-10

1.69 - 1077

1-10

Temp.
coefficient
of
electrical
resistivity
(1/K)

4,29-1073

Table 6.2:

Physical, thermal and electrical parameters of materials used for thermal cut-

offs [96,101,121,124,125].
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Figure 6.1: Preprocessing steps of the cutoffs simulation procedure.
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of the cutoff, as stated in Section 4.1.1, for the surrounding fluid was taken a silicone
oil. Convection coefficient is assumed to be constant throughout the whole considered
area [126] and its dependence on the shape and dimensions of the surface, parameters of
the surrounding fluid, and temperature difference between the surface and the ambient
is included. The specific value of the convection coefficient  is calculated on the basis
of the expression [127]:

_ Nuk
==
where ks coefficient of thermal conductivity of the surrounding fluid and Nu is so—called
Nusselt’s number of the considered surface of height H, defined by the relation:

h (6.1)

Nu = 0.59Ra*>. (6.2)

For the cylindrical surfaces of leads with diameter D, correction due to the narrowness
of the leads is included by multiplying the resulting value of Nu with correction factors
for air f, and silicone oil f;:

fo=1+1446 [Gr‘0‘25 (g)rm, 6.3)
fi=1+0.141 [Gr‘O‘ZS (%)] (6.4)

In equation (6.2), Ra is the Rayleigh’s number which depends on the coefficient of
thermal expansion 5, thermal diffusivity @ and kinematic viscosity v of the ambient fluid,
and temperature difference between the examined surface and the fluid AT = T — Tp,
according to the expression:

gBATH?

Ra = : 6.5
a — (6.5)

A similar dependence has the Grashof’s number:

gBATH?
= vz

Gr

, (6.6)

where g is the gravity of Earth.

When considering air as the ambient fluid, dependence of its basic parameters on
temperature was taken into account, and values implemented in the simulation are given
in Table 6.3. Since convection coefficient depends on several factors, its theoretical value
often requires adjustment based on the experiment. Simulation of designed thermal
cutoffs was made with correction of the theoretical convection coefficient for air as the
ambient fluid by a constant value of +10 W/m?. This value is defined on the basis of the
experimental data presented in detail in Chapter 7.

The other considered ambient fluid is a silicone oil DOW CORNING 210H [129]
usually used in oil baths. Its parameters are considered as temperature-independent
and have the values: k = 0.11 W/mK, a = 810 m?/s, $ =9 -107* 1/K, v = 10™*m ?/s.

6.3 Distribution of electrical and thermal quantities

By simulation of thermal cutoffs in 3-D domain at various operating conditions distri-
butions of different electrical and thermal parameters within them were obtained. The
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‘ T(°C) ‘ k(W/mK) ‘ a(m?/s) ‘ B(1/K) ‘ v(m?/s) ‘
0 0.0243 1.8700-10™ | 3.67-107° | 1.330-10°
20 0.0257 21222107 | 3.43-10°% | 1.511-10™
40 0.0271 2.3927-10° | 3.20-107° | 1.697-10
60 0.0285 2.6472:107° | 3.00-107° | 1.890-10
80 0.0299 2.9633-10™ | 2.83-107° | 2.094-10
100 0.0314 3.2896-10° | 2.68-107° | 2.306-10°
120 0.0328 3.6057-107 | 2.55-107% | 2.523-10™
140 0.0343 3.9649-107 | 2.43-10°% | 2.755-10™
160 0.0358 4.3192-10° | 2.32:107° | 2.985-107°
180 0,0372 4.6726:10™ | 2.21-107° | 3.229-10™
200 0,0386 5.0431-107° | 2.11-107° | 3.463-10

Table 6.3: The main thermal parameters of air at different temperatures implemented in
the simulation [128].

temperature distribution is of importance for cutoff functionality, while distributions
of current density and electric potential enable better understanding of the influence of
different geometry and dimensions of the cutoff elements during their optimization [130].

Electric potential distribution in S-95 thermal cutoff of the basic design at rated current
of 12 A and at ambient temperature of 300 K is shown in Fig. 6.2. Uniform distribution
of the electric potential is evident, with values up to 25 mV above the reference zero
potential. On the basis of this dependence, electrical resistance of the conductive parts
of the cutoff is determined as 2.1 mQ. Identical distribution of electric potential exists
for thermal cutoff of S-138 type, except that, due to the higher electrical conductivity of
applied alloys, the maximum value of the electric potential is 24 mV, and it corresponds
to the resistance of the conductive part of 2 mQ.

Vector representation of the current density distribution in S-95 thermal cutoff of the
basic design at rated current of 12 A and at ambient temperature of 300 K is shown in
Fig. 6.3. Maximum current density exists at the interface of the soldering sheets and
conductive strip and it has value of 1.4:10” A/m?. Qualitatively and quantitatively the
same distribution is obtained for cutoff of S-138 type.

Areas of the maximum current density are also areas of the maximum heating due
to the Joule’s effect. Significantly lower thermal conductivity of makrolon and air with
respect to the conductive elements causes heat accumulation in the vicinity of the sol-
dering sheets. On the other hand, due to the high thermal conductivity of the leads,
conductive strip and soldering sheets, the heat is effectively distributed through these
elements and released by convection from the free surfaces of the leads. Temperature
distribution for S-95 cutoff is shown in Fig. 6.4 and for S-138 cutoff in Fig. 6.5.

As in the case of current density distribution, the maximum value of temperature
exists at the interface of the soldering sheets and conductive strip, while the range of
temperatures in the conductive parts of the cutoff is 1.5 K. The qualitative distributions
of temperatures for both types of cutoffs are the same, while maximum temperatures
differ a little due to the difference in conduction characteristics of the applied alloys.

Functional and thermal operating parameters of cutoffs are determined from temper-
ature distributions in them. Therefore, it is important to consider temperature in cutoffs
for the various designed configurations and dimensions of individual elements. In Figs.
6.6 and 6.7 are shown distributions of temperature in S-138 thermal cutoff type at rated
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Figure 6.2: Electric potential distribution in S-95 thermal cutoff at rated current of 12 A
and ambient temperature of 300 K.
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Figure 6.3: Vector representation of the current density distribution in 595 thermal cutoff
at rated current of 12 A and ambient temperature of 300K.
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307.652

20.71

Figure 6.4: Temperature distribution in S-95 thermal cutoff at rated current of 12 A and
ambient temperature of 300K.

307.232 318.118
757 319.479

Figure 6.5: Temperature distribution in S-138 thermal cutoff at rated current of 12 A and
ambient temperature of 300K.
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current of 12 A, ambient temperature of 300 K, and reduced depth of the conductive
strip to 0.9 mm and 0.6 mm.

306.884

319.675

Figure 6.6: Temperature distribution in S-138 thermal cutoff at rated current of 12 A and
ambient temperature of 300K for 0.9 mm conductive strip depth.

Comparing with Fig. 6.5, which is for 1.2 mm of the conductive strip thickness,
qualitatively the same distributions are observed with a somewhat modified maximum
values. Namely, a maximum of 319.5 K in the basic design, becomes 319.7 K for the
thickness of the strip of 0.9 mm, and 320 K for the thickness of 0.6 mm.

Since the temperature of soldering sheet is determined by the current density value
which flows from leads through the soldering sheets and the conductive strip, the in-
fluence of contacting head shape on the temperature distribution in the cutoffs was
investigated. The flat shape of the contacting head is replaced with a riveted one.
Formed contacting heads had dimensions listed in Table 4.1 and soldering sheets had
properly adjusted diameter. Rivet contact head provides a better mechanical stability of
the solder joint. The temperature distribution in the riveted thermal cutoff of S-95 type
at rated current of 12 A and an ambient temperature of 300 K is shown in Fig. 6.8.

Comparing this distribution with the one in the thermal cutoff with the flat contacting
head (Fig. 6.4) reduction in the maximum temperature of about 1 K can be observed.
In the 5-138 cutoff modification reduces the maximum temperature for approximately
0.5K.

Thermal characteristics of the cutoff housing are primarily defined by the coefficient
of thermal conductivity of material from which it is made, and by its geometry and
dimensions. With the aim to investigate the influence of the thickness of the housing
wall on the temperature characteristics of the cutoff, a temperature distribution for
reduced thickness of the wall from 1 mm to 0.5 mm is obtained and shown in Fig. 6.9.
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306.58 309.573 312.566 315.56 318.553
308.077 311.07 314.063 317.056 320.05

Figure 6.7: Temperature distribution in S-138 thermal cutoff at rated current of 12 A and
ambient temperature of 300K for 0.6 mm conductive strip depth.

319.597

307.278

Figure 6.8: Temperature distribution in S-95 thermal cutoff with rivet contacting head
at rated current of 12 A and ambient temperature of 300 K.
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305.091

321.258

Figure 6.9: Temperature distribution in 5-95 thermal cutoff with reduced thickness of
the housing wall at rated current of 12 A and ambient temperature of 300K.

Temperature range in this case is wider compared to the standard design shown in
Fig. 6.4. Value of the maximum temperature (on the soldering sheets) is increased by 0.5
K while value of the minimum temperature (at outer side of the housing) is 2.5 K lower.
This distribution is explained by the increased role of air against makrolon in the process
of heat removal from the conductive parts. Specifically, the thermal conductivity of air
is 10 times lower than makrolon while the cooling conditions in both cases are the same.

6.4 Determination of thermal parameters

Successful implementation of thermal cutoffs is based on a detailed knowledge of their
electrical and thermal operating conditions. Electrical operating conditions are deter-
mined by the values of the applied voltage and current, while cutoff temperature defines
rated functioning temperature, holding temperature and response time.

With the aim to determine the holding temperature of cutoffs, dependencies of the
soldering sheet temperature on the ambient temperature while conducting rated current
were generated and they are shown in Fig. 6.10 for S-95 cutoff and Fig. 6.11 for 5-138
cutoff of the basic design.

Value of the holding temperature is determined as the ambient temperature at which
temperature on the soldering sheets reaches cutoff temperature, and for the S-95 cutoffs
it is 347 K (74 °C), while for the S-138 type it is 388 K (115 °C).

Determination of the functioning temperature requires to bring the cutoff to a tem-
perature 20 K below the cutoff temperature value and subsequently rise the ambient
temperature by 1 K/min to achieve a complete thermal equilibrium between the cutoff
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Figure 6.10: Temperature on the soldering sheets Ts versus ambient temperature T, at
rated current of 12 A for holding temperature determination of the S-95
thermal cutoff.

and the environment. The current flowing through the cutoff is only detection current
(less than 10 mA). The ambient temperature at which the soldering sheet temperature
reaches cutoff temperature is the functioning temperature. The closest value above this
temperature that comply appropriate safety standards represents rated functioning tem-
perature. In this case, simulation with time-dependent boundary conditions is required
and results are shown in Fig. 6.12 for 595 thermal cutoff and in Fig. 6.13 for S-138
thermal cutoff. Functioning temperatures specified on the basis of the presented de-
pendencies are 1 K above the cutoff temperatures (Tr=369 K for S-95 type and Tr=412 K
for 5-138 type), due to the high thermal conductivity of the cutoff constitutive elements.

Comparison of thermal cutoffs of different structures from the quality aspect is often
based on the values of the response time. This is the time required for the cutoff to
open after its sudden exposure to the temperatures above the cutoff temperature value.
Simulations were performed by setting the silicon oil as an ambient and then applying
abrupt change of temperature boundary conditions. Simulated values of temperature
on the soldering sheets after immersing thermal cutoff kept at a temperature of 300 K
in a silicon oil bath whose temperature is AT above the cutoff temperature are shown in
Figs. 6.14 and 6.15.

Response times determined on the basis of these curves are shown in Fig. 6.16 for
both types of cutoff. It can be noticed that response time highly depends on the cutoff
temperature and temperature of the silicone oil. Response time of S-95 thermal cutoff is
in the interval 20 to 40 s, while for the S-138 type it is in the range 30 to 60 s. As described
in Section 4.1.1, this value is used only for qualitative verification of the cutoff, but not
to specify strict time necessary for cutoff to open, since it depends on the variety of other
operating parameters.
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Figure 6.11: Temperature on the soldering sheets Ts versus ambient temperature T, at
rated current of 12 A for holding temperature determination of the S-138
thermal cutoff.

6.5 Optimization of the geometry and dimensions of ther-
mal cutoffs

Optimization of the geometry and dimensions of thermal cutoffs is performed by consid-
ering the influence of the depth of the conductive strip, the shape of the contacting head,
and the thickness of the housing wall to the basic cutoff thermal parameters of function-
ality and quality. The optimal structure was selected from the functional, economic and
technological aspects.

The increase of the temperature on the soldering sheets due to Joule’s effect reflects
the influence of design parameters on the functionality of thermal cutoffs. The first
analysis was performed for decreased depth of the conductive strip from initial 1.2 mm
to 0.9 mm and 0.6 mm. Based on the distributions from Figs. 6.4 — 6.7 dependencies of
the temperature on the soldering sheets on the applied current at different depths of the
conductive strip and ambient temperature of 300 K are obtained. These dependencies
are shown in Figs. 6.17 and 6.18 for S-95 and S-138 thermal cutoff, respectively.

Dependencies are identical for both types of cutoff with slightly lower values for S-138
type due to higher conductivity of the applied alloy. Also, decrease of the conductive
strip thickness to 0.9 mm does not affect the increase in temperature, while for the
thickness of 0.6 mm temperature is slightly increased.

Dependencies of the temperature on the soldering sheets on the ambient temper-
ature for rated current value, shown in the Figs. 6.19 and 6.20, indicate that holding
temperature does not change for 0.9 mm depth of the conductive strip, but for 0.6 mm
it is lower by 1 K. Based on the above considerations, it can be concluded that decrease
of the conductive strip depth to 0.9 mm is justified, since characteristics of the cutoffs
remain unchanged while providing better manufacturing capabilities and minimum use
of material.
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Figure 6.12: Temperature on the soldering sheets Ts and ambient temperature T, versus
time for the functioning temperature determination of the S-95 thermal
cutoff.
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Figure 6.13: Temperature on the soldering sheets Ts and ambient temperature T, versus

time for the functioning temperature determination of the S-138 thermal
cutoff.
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Figure 6.14: Temperature on the soldering sheets T versus time at different temperatures
of the silicone oil for response time determination of the S-95 thermal cutoff.
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Figure 6.15: Temperature on the soldering sheets T; versus time at different temperatures
of the silicone oil for response time determination of the S-138 thermal cutoff.
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Figure 6.16: Response time of thermal cutoffs for different temperatures of the silicon oil.
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Figure 6.17: Temperature on the soldering sheets versus applied current for different
depths of the conductive strip at ambient temperature of 300 K for S-95
thermal cutoff.
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Figure 6.18: Temperature on the soldering sheets versus applied current for different

depths of the conductive strip at ambient temperature of 300 K for S-138
thermal cutoff.
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Figure 6.19: Temperature on the soldering sheets versus ambient temperature for differ-
ent depths of the conductive strip at rated current for S-95 thermal cutoff.
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Figure 6.20: Temperature on the soldering sheets versus ambient temperature for differ-
ent depths of the conductive strip at rated current for S-138 thermal cutoff.

The second analysis was oriented to rivet contacting heads of the leads. The increase
in temperature due to electro-thermal effects for flat and rivet shape of the contacting
head is shown in Figs. 6.21 and 6.22. Presented dependencies indicate lower temper-
ature rise in rivet contacting heads by 1 K in S-95 (Fig. 6.8) and 0.5 K in S-138 cutoff
at rated current value. However, these improvements are minimal, and modification of
the initial design is not justified since it requires additional manufacturing steps.

In Section 6.3, the effect of reduced thickness of the housing wall on the temperature
distribution in thermal cutoffs is presented. The minimum increase in the soldering
sheet temperature at rated current and ambient temperature of 300 K does not affect the
value of the functioning temperature of the considered cutoffs. Also, simulation results
showed that the reduction in wall thickness of the housing does not affect the response
time of the cutoffs if outside dimensions of the housing are kept constant. The conclusion
is that higher value of the wall thickness of the housing is desirable, since it provides
better mechanical properties of the cutoffs.

Based on these results, thermal cutoffs of the optimal geometry and dimensions for
both types involve leads with the flat contacting heads, conductive strip depth of 0.9 mm
and the housing wall thickness of 1 mm.
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Figure 6.21: Temperature on the soldering sheets versus ambient temperature for differ-
ent contacting heads and rated current for S-95 cutoff.
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Figure 6.22: Temperature on the soldering sheets versus ambient temperature for differ-
ent contacting heads and rated current for S-138 cutoff.
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Chapter 7

Thermal parameters of functionality and
quality of S—138 thermal cutoffs

The basic thermal parameters of functionality and quality of thermal cutoffs are value
of the rated functioning temperature (its equivalent is cutoff temperature), value of the
temperature rise due to electro-thermal effects, and response time, as indicated in Section
4.1.1. The response time of thermal cutoffs, as a quality parameter, is defined for specified
laboratory operating conditions. The real application of thermal cutoffs includes a variety
of implementations and values of the externally generated heat. Therefore, along with
specific values of the response time of cutoffs, their operating conditions should be
specified. Knowledge of the temperature distribution in the cutoff elements at defined
currents and specific heating conditions enables to determine cutoff thermal parameters
and characteristics of its individual elements.

Based on the optimization procedure described in Chapter 6, specific prototype of
the 5-138 thermal cutoff was produced and its functional and qualitative analysis are
performed. The cutoff temperature of this thermal cutoff is 138 °C (411 K), the nominal
voltage is 250 V, and the rated current is 12 A. Structure of the examined cutoff is
the basic one, with dimensions listed in Table 6.1. The front side of the housing was
mechanically removed and the thermovision measurement technique was applied in
two measurement setups to observe thermal behaviour of the device under test.

7.1 Thermovision measurement technique

The applied measurement method is based on the use of thermal imaging (thermovision)
camera, a regulated heat source and variable current source. Benefits of the thermal
imaging in contactless temperature measurement are its compact size, mobility, easy
operation and low energy consumption. Clearly and precisely defined thermogram,
high quality images and a linear temperature scale with integrated control software
allows easy interpretation of the results through the appropriate reports. Also, use of
the thermal imaging camera eliminates the need for expensive and highly specialized
chambers for temperature control. Thermovision camera Varioscan 3021ST is a scanning
infrared thermovision measurement system designed for high-resolution detection of
infrared radiation in the wavelength range from 8 pm to 12 um. The signal from the
infrared spectrum is amplified, digitized by 16-bits, and mapped to the visible spectrum
with a resolution of 256 colors. Each color of the thermal image represents a certain
range of temperatures [131]. The resolution of the system Varioscan is 0.03 °C in the
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temperature range from -40 °C to +1200 °C. Also, there is a possibility for recording
of temperature distribution during a given time interval, with a defined time step.
This camera mode allows generation of video records of temperature changes in the
considered structures. Differential mode of the camera allows extraction of details such
is the change of temperature in two successive records [132]. Thermal images were
processed by IRBIS V2.2 software with 240 x 360 pixels of geometrical resolution and
1 °C of temperature resolution. Prescribed global emissivity was set to 1.0 for the ambient
temperature of 29 °C. It was determined that changes of the object emissivity values in
the image correcture scheme have no effect on the obtained temperature distributions.

In the first measurement setup, presented in Fig. 7.1, thermal cutoff was subjected to
the load currents from 5 A up to the cutoff current value, at the constant ambient tem-
perature (297 K) and thermovision images of the cutoff interior were captured. Discrete
values of the current were controlled by a variable source and thermovision imaging
was performed after the establishment of the steady state regime. By applying current
above the rated value, the cutoff was brought into the open state due to the self-heating
effect. It was in a vertical position to allow cooling by convection from free surfaces of
the housing and conductive bridge.

Figure 7.1: Thermovision measurement method with controlled current.

When defining functionality and quality parameters of thermal cutoffs their uniform
exposure to the elevated temperature is assumed. In real operating conditions thermal
cutoffis usually exposed to significant heating from one side comparing to the other parts.
Heat dissipation from its free surfaces is also limited. Such operating conditions are
commonly present in protection of the power motor windings or transformers from the
overheating, where cutoff rests on windings. For these reasons, the second measurement
setup included exposure of the samples to the controlled heat source from the back side in
the absence of the electrical load. Hot air from a fan was applied to one side of the 3-mm
thick pertinax plate, while on its other side was mounted cutoff in a vertical position.
Such a simple and inexpensive system enables to achieve a regulated temperature of
the plate up to a maximum of 600 K. The applied thermal fluxes were controlled by
adjusting the distance between the plate and the fan. Their values were determined
with the accuracy of 50 W/m? by monitoring the temperature of the plate. The ambient
temperature was 292 K. Thermal fluxes of 3200 W/m? and 1050 W/m?, corresponding to
0.6 K/s and 0.2 K/s of temperature rise on the cutoff backside, were applied. Temperature
distribution inside the device was captured by the thermovision camera every 3 s, till its
opening. This measurement setup is presented in Fig. 7.2.

In both setups investigated samples were prepared by removing the part of the
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Figure 7.2: Thermovision measurement method with controlled heat source.

housing (Fig. 7.3 (a)), to make the interior of the thermal cutoff accessible for thermal
imaging.

VRERRRARY

(a) (b)

Figure 7.3: Thermal cutoff samples before (a) and after (b) the opening.

7.2 Temperature rise due to the electro-thermal effects

As a result of the first measurement, change in the operating temperature of the cutoff
active part due to electro-thermal effects at constant ambient temperature of 297 K was
considered. The thermovision image of temperature distribution in the thermal cutoff
at 10 A load current and 297 K ambient temperature is shown in Fig. 7.4. Obtained
dependence of temperature on the soldering sheets for load currents up to the cutoff
value (in this case 33.6 A) is shown in Fig. 7.5.
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Figure 7.4: The thermovision image of temperature distribution in the thermal cutoff at
10 A load current and 297 K ambient temperature.
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Figure 7.5: Temperature on the soldering sheets versus load current: (a) Thermovision

data, (b) Simulation with one side of the housing removed. (c) Simulation
with complete housing.
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Standard exponential relationship can be observed with temperature rise of 12 K
above the ambient temperature for 12 A of the load current. For the load current
of 33.6 A, the cutoff opens and this defines value of the cutoff current. Temperature
distributions in thermal cutoff for these operating conditions immediately before and
after the opening are shown in Fig. 7.6. Based on these images, value of the cutoff
temperature is determined as 410 K.

Dependence of the temperature on the soldering sheets on the applied current from
Fig. 7.5 is used to specify boundary conditions for the simulation of thermal cutoffs. As
discussed in Chapter 6, design and optimization of thermal cutoffs require simulation of
these devices at different operating conditions. Properly selected values of the convection
coefficient for the free surfaces of the cutoff are crucial to obtain the correct simulation
results. Since the value of this coefficient depends on the shape and orientation of the
surface, as well as on the physical and thermal properties of the surrounding fluid and
its temperature, theoretically determined values often require corrections based on the
experimental data. For considered thermal cutoffs, theoretical values of the convection
coefficient for air as the surrounding fluid are adjusted for a constant value of 10 W/m?K.

For implementation of the thermovision imaging it was necessary to allow visual
access to the interior of the cutoff by removing part of the housing and, thereby, changing
the real conditions of its thermal cooling. Convection coefficient is determined by taking
into account these boundary conditions and temperature distribution in the cutoff atload
current of 12 A for the case of the removed part of the housing obtained by simulation is
shown in Fig. 7.7(a). It was subsequently performed a simulation of thermal cutoffs in
real operating conditions (complete housing) and the resulting temperature distribution
is shown in Fig. 7.7(b).

Dependence of the temperature on soldering sheets on the load current was simulated
and agreement with the experimental data was within 4% of the relative error (Fig. 7.5
curve (b)). Therefore, it was assumed that the simulation results for the real device, i.e.
the one with complete housing (Fig. 7.5 curve (c)), are founded to a reasonable degree. It
was also confirmed by the cutoff current value of 23.8 A (at 297 K ambient temperature)
experimentally determined in the real device, which is in a close agreement with the
simulated value of 24 A depicted in Fig. 7.5. For the load current of 12 A, simulation
results indicate that temperature rise in the complete device should be 20 K, in contrast
to 12 K observed when one side of the housing was removed.

7.3 Response time

Time dependence of the temperature distribution within thermal cutoff obtained by the
second measurement setup allows determination of the cutoff response time after its
sudden exposure to an elevated temperature. Standards for specification of the thermal
cutoff quality prescribe value of the elevated temperature as 35 K above the cutoff tem-
perature [15]. As previously mentioned, the response time significantly depends on the
heating rate of thermal cutoffs and place of their installation, and specific value of this pa-
rameter is related to the operating conditions. The response time is used approximately
to compare the quality of different types of cutoffs. During the measurement, heating of
the cutoffs was done continuously at two different rates. Zero time was defined at the
moment when temperature on the back of the device had reached 35 K above the cutoff
temperature (446 K). The cutoff moment was captured 33 s after zero time when exposed
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(b)

Figure 7.6: Thermovision images of temperature distribution in the thermal cutoff at
33.6 A of load current immediately before (a) and after (b) the opening.
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Figure 7.7: Simulated temperature distributions in thermal cutoff at load current of 12 A
with one side of the housing removed (a) and with complete housing (b).
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to a heat flux of 3200 W/m?. Temperature distributions in thermal cutoff at the zero time
and at the cutoff moment under the given conditions are shown in Fig. 7.8. Based on
these distributions the cutoff temperature is determined, and for this cutoff it is 411 K.

When thermal cutoff was exposed to the heat flux of 1050 W/m?, distributions of
temperature at zero time and after cutoff are obtained and shown in Fig. 7.9. In this case
response time was 100 s and cutoff temperature 411 K.

In the scope of the response time definition using silicon oil as an ambient, as dis-
cussed in Section 6.4, it can be concluded that these thermovision results could be used
for better insight in the real response time values. Presented experimental conditions
are close to the real working environment of the devices, with the distinction in the
absence of the front side of the housing, which affects both convection and conduction,
as illustrated in Fig. 7.10 [133]. In order to estimate real response time values, the
device with complete housing was simulated. The discrepancy between the simulated
and experimental data in the lower part of the curves is observed for the case when one
side of the housing was removed. This is due to the difficulties in obtaining the exact
experimental values at lower temperatures because the thermovision image is dithered
in this region. At higher temperatures, which were of the major interest, experimental
values were clearly distinguished and good agreement with simulation is observed. The
complete housing implies greater volume of Makrolon and air inside, which effectively
act as a heat sink, thus increasing the response time. Note that usage of the silicon oil as
an ambient results in a much shorter response times (Fig. 6.16, [15], [95]), due to the fact
that the rate of the heat exchange between the oil and the housing is much higher [127].

7.4 Thermal characteristics of the housing

For devices whose operation is based on the temperature response, it is important to
study thermal behaviour of the housing. Therefore, a thermal resistance of the housing
was investigated based on the temperature distribution along the device [cross section
L01 in Fig. 7.8(a)] shown in Fig. 7.11. It can be seen that the backside of the housing with
wall thickness of 1 mm lowers the temperature from the heat source for approximately
30 K. Local minima are observed on the housing boundaries. Asymmetry in the values
occurs due to the imperfections caused by mechanical removal of the front side of the
housing (in this case 1 mm in the length difference of the sidewalls causes 10 K temper-
ature difference in the thermal image). Nonuniformity of the temperature distribution
at two sides of the conductive bridge is not critical since functioning of the cutoff is
accomplished as soon as one of the solder joints is broken. From this distribution, it
could be expected that better response time of the device can be achieved by thinning
the wall of the housing. The thermal resistance of the housing with respect to the heat
source can be simply calculated as [134]:

AT

~F-8
where AT is the temperature difference between outer and inner wall surfaces on the
backside of the housing, F is thermal flux, while S is the wall area. Using AT = 30K value
of Re = 97K/W is obtained. The relatively high value is governed by the low thermal
conductivity value of Makrolon polycarbonate. It was assumed that the wall thickness
of 0.5 mm should lead to the value of Re ~ 50K/W, which may appear preferable.
However, as pointed out in Section 6.3, simulation results showed that heat exchange

Re (7.1)
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(b)

Figure 7.8: Thermovision images of temperature distribution in the thermal cutoff ex-
posed to thermal flux of 3200 W/m?2. (a) Zero time (temperature on the back
of the device is 35 K above the cutoff temperature). (b) After 33 s (the cutoff
moment).
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(b)

Figure 7.9: Thermovision images of temperature distribution in the thermal cutoff ex-
posed to thermal flux of 1050 W/m?2. (a) Zero time (temperature on the back
of the device is 35 K above the cutoff temperature). (b) After 100 s (the cutoff
moment).
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Figure 7.10: Temperature rise versus time for thermal cutoff exposed to thermal flux of
3200 W/m?. (a) Thermovision data taken from the back of the device. (b)
Thermovision data taken from the soldering sheets. (c) Simulation data for
the soldering sheets with one side of the housing removed. (d) Simulation
data for the soldering sheets with the complete housing. T¢ is the cutoff
temperature.
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Figure 7.11: Temperature distribution along cross section L01 from Fig. 7.8(a).
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within the cutoff and the temperature on the soldering sheets are mostly affected by the
thermal conductivity of the air inside the device and not by the thermal resistance of the
housing. Therefore, a performance improvement may not be achieved by reducing the
wall thickness and 1 mm value is suggested as the optimal one.
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Conclusion

Characteristics of electrical contacts in electrical, thermal and mechanical sense define the
efficiency, quality and reliability of switching circuits within which they operate. Design
and optimization of these devices should enable their implementation that meets the
highest standards in terms of functionality, reliability, costs and environmental suitability.
Determining the optimal design is a complex task since, in real applications, contacts are
exposed to a variety of operating conditions. This Dissertation presents the design and
optimization of rivet electrical contacts realized by 3-D numerical simulation of their
electrical, thermal and mechanical properties in the steady—state regime. Simulations are
performed for the solid contacts made of silver and bimetallic contacts made of copper
and plated with a layer of three different silver based alloys. Contacts are considered
within the appropriate supporting structure in the form of a cantilever beam made
of copper. Two ways of its movement limitation are considered. Special emphasis is
placed on obtaining dependencies of temperature and maximum equivalent stress in
the contacts for different values of the applied current. It enabled good insight into
simulation results for various applied materials and sets of dimensional and geometrical
parameters. On the basis of implemented optimization procedures, appropriate contact
materials are selected, values of the head diameter and head inclination angle are defined
and maximum rated currents are specified. The results are presented for three systems
which differ by the type of contacts and supporting structure movement limitation. These
are systems with solid Ag and bimetallic contact and a single movement limitation and
the system with bimetallic contact and twofold movement limitation.

For the system with solid Ag contact, functional verification of the design that in-
cludes a rounded head with a diameter of 3 mm, contact forces of 0.15 N/A and 0.2 N/A
and rated current of 15 A was made. The estimated lifetime of the contact due to the
fatigue is more than 10° contacting cycles. The supporting structure in the form of elastic
beam made of copper, with the single movement limitation fully meets the required
switching characteristics of the studied system.

In the systems with bimetallic contacts and single movement limitation, it was found
that mechanical characteristics of the structure limit their application, while the temper-
ature issue is not critical. To achieve the lifetime of the switching device of 10* contacting
cycles, at rated current of 40 A and contacting force of 0.36 N/A, it is necessary to adopt
a head diameter of 5 mm. Extended contact functionality requires a decrease in the
value of the rated current to 15 A for 10° contacting cycles and to 11 A for 10° cycles.
Adequate reduction of the rated current to 15 A also enables realization of the switching
devices with contacts whose head inclination angle is 15 © and reliable operation for
80 000 contacting cycles. In this way, consumption of the coating material is reduced,
contacting pressure value is increased and contact resistance is decreased. Mechanical
characteristics of the supporting structure also limit rated current to 15 A, while for the
higher current values it is necessary to change contact dimensions.
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It was shown that, in switching devices with twofold movement limitation, there is
a redistribution of the contacting force, which provides reliable operation of contacts for
more than 10° contacting cycles, at rated current of 40 A for all considered diameters
of the contacting head. In thermal sense, such system has a higher temperature than
the system with single movement limitation, but still within the prescribed limits. The
optimal realization of switching devices with contacts whose head inclination angle is
15 °is proposed. It provides 10° contacting cycles with less material consumption, higher
values of the contact pressure and lower values of the maximum equivalent stress. It was
found that the supporting structure in systems with twofold limitation is fully functional
for currents up to the rated value.

Ecological aspect of the optimization of bimetallic contacts confirmed that implemen-
tation of Ag-Ni and Ag—Cu alloys as a plating material instead of widespread but toxic
alloy Ag—CdO is fully justified .

Functionality, quality and reliability of thermal cutoffs are determined by the value
and stability of their parameters at various operating conditions. These parameters
are: functioning temperature, response time, electrical resistance of conductive and
insulating parts and mechanical strength. A vital part of the thermal cutoff consists
of soldering sheets made of low melting alloys and for design and optimisation it is
necessary to know their thermal properties (primarily the dependence of the melting
point on the composition) and microstructural characteristics (structure and composition
of the grains). This Dissertation proposes a new method for generation of the liquidus
surface of ternary systems which are many low melting alloys. It is named the surface
modeling method and it exploits any software for modeling of arbitrary smooth 3-D
surfaces, known phase diagrams of the binary subsystems and the minimum set of
public available experimental data for obtaining the unknown phase diagram of the
ternary system. By the new method one can extract the liquidus temperature for a
given composition of the ternary system, but also can determine the composition of
the system that meets the maximum melting temperature criterion. Application of the
surface modeling method is verified by comparison of the generated 2-D representation
of liquidus surface with the one obtained by CALPHAD method for three ternary low
melting alloys.

This Dissertation presents the results of microstructural analysis by SEM and EDS
techniques of two eutectic alloys important for use in thermal cutoffs. Determining
the grain structure of alloys enabled the prediction of mechanical properties of solder
joints made of them. On the other hand, knowledge of the grains composition enabled
specification of their processing conditions.

In design and optimization of thermal cutoffs were used results of 3-D simulations in
the electrical and thermal domains. The characteristics are analysed in steady-state and
transient regimes with particular emphasis on the thermal parameters and response time.
Thermal cutoffs whose construction includes radial leads, spring and plastic housing are
considered. Its rated voltage is 250 V and rated current 12 A. Based on the temperature
specifications, cutoffs are labelled as S-95 and S-138 types (with cutoff temperatures 95 °C
and 138 °C). Simulation results enabled to determine optimal dimensions of the cutoff
elements considering functional, economic and technological aspects. The prediction of
the response time for given operating conditions and quality parameters of the cutoff are
also performed. These are unique results of the application of simulation techniques in
the design and optimization processes of thermal cutoffs since in the available literature
this problem is not treated.
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As part of the investigation, functional and qualitative analysis of S-138 cutoff type
is carried out by recording the temperature distribution inside the cutoff at various
operating conditions employing the thermovision measurement method. This method
avoids the use of specialized chamber for temperature control and allows functioning of
the cutoff in operating conditions close to the real one. Experimentally was investigated
the increase of temperature due to the self-heating effect, verified the cutoff temperature
value and estimated the response time. This allowed precise setting of the thermal
boundary conditions necessary for the successful optimization of the cutoffs through the
simulation of their electrical and thermal characteristics. Also, the obtained data were
used for determining thermal properties of the housing and conductive elements of the
cutoff.

As an overall result of the design and optimization of thermal cutoffs presented in
this Dissertation, a flowchart of technological processes for production of thermal cutoffs
is developed and a complete technical documentation is made. Defined flowchart of
technological processes for the production of S-type thermal cutoffs with the specified
steps of preparation, assembling and testing of the constitutive elements is illustrated in
Fig. 8.1.

Technological line is defined by a total of 19 procedures related to the unique manu-
facturing process. All procedures are performed within a single production facility, with
the exception of nickel plating and plastic injection molding which are performed as a
service. Semi-finished products come out of the production facility to the external fin-
ishing just at one place (plating), which makes the flow of the manufacturing processes
almost completely sequential.

Designed production line includes equipment for manufacturing and quality control
of thermal cutoffs. Product documentation for each technological step includes definition
of the required input parameters, the number of employees, security and safety measures.
Technological line enables optimal flow of the raw materials and semi—finished products
between working places and automation of the line at a level of approximately 50 %.
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