INVESTIGATION OF PARAMETERS AFFECTING THE OPERATING CHARACTERISTICS
OF TOGGLE-SWITCHES WITH SILVER-CADMIUM-OXIDE CONTACTS

PETER J. WHITE

i A Thesis submitted in application for the Degree of Doctor of
Philosophy of the C.N.A.A.

Plymouth Polytechnic

May 1979



PLYMOSTH POLYTECHmIC
LEARNING BESGUHBESY GLNTRE

faen.. 55002713 Fle-sewin '
fio. l ‘ 1

ST class-f T-621317 WH|
N T

oMl na. xF0044.0200




DECLARATION

I hereby declare that the following thesis has been composed by me,
that the work of which it is a record has been conducted by myself,

and it has not been presented in any previous application for a

Yolv 78

PETER JOHN WHITE

Higher Degree.

(i)



N

ACKNOWLEDGEMENTS

I would like to thank many members of the staff of the School of
Electrical Engineering, Plymouth Polytechnic, especially Dr, D.J.
Mapps, my supervisor, for his advice and encouragement during the
period of this research., I am also grateful to Dr. M.R. Hopkins of the
University College, Swansea, and Mr. R. Purssell and Mr. A. Bhabra of

Ranco Controls Ltd., Plymouth, for guidance in many helpful discussions.

I would also like to thank Ranco Controls Litd., Plymouth, and the

Science Research Council for financial support during this project.

I would like to express my thanks to the members of the Polytechnic

typing pool for their help in the production of this thesis.

Finally, I wish to express my gratitude to my wife, Gill, for her

understanding support throughout the period of this work.

i



st

TABLE OF CONTENTS

Declaration

Acknoyledgeménts

Table of Contents

List of Symbols and Abbreviatioms
Summary

CHAPTER ONE GENERAL INTRODUCTION

References for Chapter One

CHAPTER TWO ELECTRICAL CONTACT THEORY

2.1 Introduction
2.2 Stationary Contacts
2.3 CONTACTS IN MOTION : BREAK
2,3.1 The Molten Metal Bridge
2.ﬁ.2 Arc Initiation
2.3.3 The Short Arc
2.3.4 The Transient Showering Arc
2.3.5 Normal Arc Characteristics
2.4 CONTACT EROSION BY THE BREAK ARC
2.4.1 Bridge and Short Arc Transfetr
2.4.2 Erosion due to the Long Arc
2.5 CONTACTS IN MOTION : MAKE
2.5.1 Breakdown prior to Contact
2.5.2 Contact Bounce

References for Chapter Two

CHAPTER THREE EQUIPMENT AND EXPERIMENTAL APPARATUS

3.1 THE HIGH SPEED CAMERA

3.2 THE TRANSIENT RECORDER

3.3 THE TALYSURF

(iii)

Page’
(¢9)
(ii)
(1ii)

(vi)

(vii)

10 .
10
12
13
14
15 
32
32
34
40
40
43.
46

53
56

59



3.4 THE SCANNING ELECTRON MICROSCOPE 61

3.5 THE SWITCH RE-CYCLING APPARATUS o 61
References for Chapter Three ' 63
CHAPTER FOUR EXPERIMENTAL RESULTS AND DISCUSSION 64
4,1 TINTRODUCTION ' 64
4.2 THE SWITCH MECHANISM i : 66
4.3 EXPERIMENTAL METHOD : ' 70
4.3.1 High Speed Films of Make Operations 70
4.3.2 High Speed Films of Break Operatioms . 76
4.3,3 Static Contact Force 80
4.4 SINGLE OPERATIONS USING D.C. AND RESISTIVE LOADS - 84
4.4.1 Opgrating Conditions | 84
4.4,2 The Make and Break Arcs 87
4.4.3 Erosion due-to the Make and Break Arcs 89
4,5 MULTIPLE MAKE OPERATIONS 91
4.6 THE BREAK ARC 98
4,6.1 Voltage-Current Characteristics 98
4.6,2 Definition of Openiﬁg Characteristic o 106
4.6.3 Arc Power and Arc Energy 109
| 4.7 OPERATION ON A.C. SUPPLY 113
4,7.1 ' Arc Power and Arc Enérgy for A.C. Loads 120
4.7.2 Reduction of Arc Energy by limitation of
the Contact Gap 136
4.8 EROSION DUE TO THE BREAK ARC . ‘ _ 138

4.8.2 Erosion at Break: a.c. operating conditions
fixed polarity _ 167

4.8.3 Erosion due to a.c. : Alternating polarity 186

'4,8.4 Etosion of switch with modified opening
characteristic 7 189

(iv)

4,8.1 Erosion at Break, using a d.c. Resistive Load 139 -



References for Chapter Four

CHAPTER FIVE CONCLUSIONS

5.1 REVIEW

5.2 SWITCH ﬁECHANISM PERFORMANCE
5.3 ELECTRICAL PERFORMANCE

5.4 CONTACT EROSION

5.5 IMPROVEMENTS TO SWITCH PERFORMANCE

APPENDIX 1. WELD STRENGTH TESTS.

v)

197

199
199
199
200
203

206

210



and current

LIST OF SYMBOLS AND ABBREVIATIONS
s
Symbol- Description - 95155
" et Instantaneocus arc voltage v
it Ins;antaneous arc current A
_ T Arc duration : , S
{ E Supply voltage (d.c.) _ ' v
I Circuit current prior to aré-ignition (d.c.) A
v_. Cathode fall voltage | | v
Va Anode fall voltage o v
% ) Vp ' Arc Columvoltage o \J
] Arc length _ " m
Em Minimum arc voltége , ' h -V
Im Minimum arc current A
s Contact separation m
v Contact opening/closing velocity _ mS-1
h | ConFact gap with contacts at rest in open
position m
w Angular oscillation frequency of opening ' -1
switch contacts. . . 8
T Time constant of exponential decay of
contact oscillation 8
ﬁ Peak value of a.c. supply voltage v
| I Peak value of a.c. circuit current A
!" w Angular frequency of a.c. supply s-l
1 ] Arc ignition point relative to a.c. cycle s
w :
! ¢ Phase angle between a.c. supply voltage
;-

(vi)



i ' SUMMARY - ‘ T

Eﬁperimental and theoretical studies are made of small snap-action
switches designed for use in thermostatic controls operating.on a.c.
at 240 vblté'r.m.s.; 50 Hz. The performance of the silver:cadmium
oxide contacts (Ag. CdO, 85/157) is evaluated over 5 range of currents
from 1 to 10 amps, for make and break qperations. The arc at break

is found to be the predominant factor contributing to the erosion of

the contacts for the range of currents used,

Tests using a high speed camera show that the energy dissipated in the
arc between the contacts can be evaluated from equations'descfibing

the arc in terms of its voltage, current ahd length as functions of
time. Subsequently work is carried out to develop the relation between
arc energy and contact erosion, with specific regard to the distribution
of energy between the two contact surfaces and the arc column. This is.
related to the power dissipation in the two electrode fall regions, and
the resulting direction of net material transfer is thought to be
iﬁfluenced by the length achieved by the arc before extinction.
Erosion is generally in the form of anodic loss and cathodic gain and
the reasons for the directional bias in this type of switch a;F

suggested.

Ways of reducing the amount of erosion per operation by changing ‘the
switch opening characteristic are discussed and supported with

experimental results.






CHAPTER ONE

INTRODUCTION

The small snap-action switch (Fig. 1) has been én integral part

of the domestic appliance industry for many years; however feedback on
its performance in the field has been difficult to acquire. Switch
failure usually precipitates appliance breakdown and this is generally
an érea of concern dealt with by service engineers employed either by
the appliance manufacturer or the retail outlet. TFault rectification
is achieved by replacing any components found to have failed by new
ones. The cause and mode of failure are rarely investigated, since the
immediate concern of the service engineer is to restore the proper
functioning of the appliance as speedily as possible, to ensure

consumer satisfaction.

A succession of appliaﬁce breakdowns due to a particular component is
likely to result in the manufacturer being quickly informed. However
the Erequenc§ with which this occurs is small due to strict quality
control methods that are operated by manufacturers currently mass
producing large quantities of identical components. Also a fault or

. mode of failure common to many components is generally easy to identify.
It is the infrequent premature failure, that could supply the
manufacturer with much useful data on performance and failure modes,
that usually does not find its way back to source but is discarded by
the service engineer. Alternativel& the manufacturer may be completely
unaware that one of his components is capable of exceeding the required
appliance lifetime by a factor of two or three times. This information
may enable him to modify the desipn with a reduction in manufacturing

cost.



This background and the. increasing need for the component manufacturer
to produce items not only soundly engineered b;; also economically
viable has led one company, Ranco Centrols Ltd., to initiate this -
research project. Switches oflthé type illustrated in fig. (1) are
made by Ranco at a rate of up to 40,000 a-week for use_in temperature
control equipment, e.g. thermostats for demestic rEfrigeratoré. With
this production rate, a small decrease ‘in the production or material
cost of éach item is of considerable value overall. In particular ;ny
reduction in the amount of silver used in an electric contact has a
special relevance since world consumption of silver is currently
exceeding production., (1) The resulting rise in the price of silver
could be offset if the amount requirea in each contact was reduced
without adverseiy affecting switch reliability. improvements using
'add on' accessories e.g. arc queﬁching devices, arérnot preferred
since these constitute a significant rise in the material cost of the

switch.

According to a recent report by the Electrical Research Association (2)
there is unlikely to be a complete swing away from the eléctromechanicél
to the solid state in the forseeable future. In the U.K. in 1970
electromechanical switches accounted for about 80% of the market with
solid state holding about 187. By 1975 the solid state share had risén
to 30%, and it is estimated this will have risen to 40% by 1980.

However over the same period (1970 - 1980) the total sales are expected
to rise from £100 million to £200 million, hence growth of the
'electromechanical' switch market is still assured. The report

suggests that economic c0n$traints will dictate that the solid étate

and electromechanical components will exist side by side. Hence even



with the growth of solid state controllers, microswitches are likely to
continue as the cheaper alternative at the sensing or information input

end.

The current rating and duty of the switches to be studied here are
common to a very large proportion of switches. Some figures published
by the U.S. Department of Commerce (3)  showed that out of 408 million
switches produced in one year only 42 million had a rating above 15 amps
r.m.s. Of the 366 million rated at 15 amps r.m.s. or below, 228 million
were rated at 10 amps r.m.s. or below. 1In the light of these figures it
is surprising that there is not more product—orient;ted research on

microswitches reported in recent publications.

Much literature is readily available on the high power switchgear
currently in use and under development. Circuit breakers with ratings

of k.V.A. e.g. vacuum breakers, SF6 breakers, have been developed as

the need for larger switchgear has been required due to increased consumer
demand year by year. The problems encountered in tranémitting and
switching increasingly higher voltages have been overcome stage by stage

to keep abreast of demand.

At the other end of the scale, small reed relays used in low voltage
and/or low current circuits e.g. telephone speech paths have also been
the subject of much research. The reason for this may be that the
fundamental contact phenomena associated with a short duration arc
discharge have presented a more difficult and elusive problem to evaluate

and more research effort has beén applied in this direction.

The currents and voltages associated with the snap action switch have



no special handling problems, and the arc durations present have been
observable by eye, or recordable on suitable measuring equipment for
many years. For example, one of the first recor&ed observations of the
electric arc was made by Sir Humphrey Davy in 1812 (4), of an arc drawn
between carbon electrodes under conditions not dissimilar to those
occurring when a snap action switch breaks a circuit. Towards the end
of the same century Mrs. Ayrton (5) contributed‘to the establishment of
the characteristics of this arc aﬁd‘more recently Holm (6) published

constant arc length curves over a range of currents and voltages.

By ab0uF 1940,‘a.c. supplies had almost entirely replaced d.c. for
industrial and domestic use. From a fundamental research-standpoint
the contact phenomena occurring are still the same, but the effect on
the contacts in terms of the duty they have to perform is different.
Nowadays most switch manufacturers ascribe an a.c. and a d.c. rating
to their switches, the latter being a much lower one. The method of
rating the duty of a particular switch is usually based on previous
experience of requirements laid down to meet the varying standards of
different national approvals boards. In the past there has been a
_general tendency to 'play safe' by allowing margins for underrating
switch parameters. However, now that the shrinking profit margins of a
competitive market are a constraining influence, this is no longer am
economically viable option and it is therefore important to optimise

the parameters affecting switch performance and design.

The switch to be studied here is designed to perform a specified number
of operations before failure occurs. This is stated to be nominally

200,000 operations, which means an average life time in excess of 15



years for a thermostat working under normal cdnditions in a domestic

refrigerator. Failure in this in;tance is constituted by one or more of

the féllowing:-

-(i) The contacts have been eroded to such an extent that they are
no longer capable of making proper electrical contact.

(ii) The strength of the weld forméd between the contacts exceeds
the force applied by the mechanism tobreak the weld, and
hence the switch is no longer capable of'interruPting current
flow.

(i1i) Failure of the switch due to the mechanism e.g. complete
fracture or fatigue effects which .re&uce.the force the mechanism
can apply to the contacts, hence effectively lowering the

threshold point of a permanent weld,

The switch assembly as a whole comprises three sub-assemblies. See

Fig. (1).

1. The switch moulding or insulator,

24 The fixed contact assembly.

3. The moving contact assembly — integral with the switch
mechanism,

This investigation i's not concerned with the switch moulding, i.e.
suitability of the different available materials, variation of tracking
index during operations etc. This is covered by other workers in
available literature, €.82.A.C. Snowden (7). The focal point of #he
study is the mechanism and the contacts, and the'shoftland long term

performance related to these.

The sensing equipment with which the switches are usually associated

involves a slow rate of change with temperature. The switch mechanism



is the meaﬁs by which this slow rate of response is converted to a
movement suitable for switching electric currenf. Ideally the opening
and ciosing velocities of the cogtacts should be completely indepéndent‘
of the rate of response of the temperature sensor. Traditionally the
toggle or snap-action mechanism has beén used as the best solution which

-approaches this ideal.

The initial épproﬁch to th{; research is one that is product orientated
with a diagnostic emphasis aimed. at defining the more likely areas of
problem occurence. In particular controlled tests are performed using
the high speed camera; to discover the degree of correlationlthat exists
between mechanical and electrical parameters. The results from these
preliminary tests indicated further areas for a motre detailed
investigation, including the electro-physical aspects of contact
performange. The affect Qf varying the electrical and mechanical
parameters of the switch, on the rate of contact surface degradation

is therefore -studied with a view to overall performance optimisation.
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CHAPTER TWO

2.1

2.2

ELECTRICAL CONTACT THEORY

Introduction

This chapter commences.with a summary of classical contact theory

generally applicable to all electrical contacts. The discussion

then progresses to a study of the electric arc, including the

different ways of initiation, maintenance and extinction.that‘exist
aﬁd the dependance on operating conditions. The ways in:which
contacts are eroded by different types of ares are surveyed and
finally contact welding is discussed, Most of the work reviewed
below has been chosen because it is cbnsidered relevant to the
partiéular application of switching by snap-action switcheé,
although few workers have previously derived or applied contact

theory in this application.

Stationary Contacts

Idealiy dbntact,is established between two perfectly clean and

smdotﬁ métallié surfaces as soon as the distance between them is
within the intermolecular range i.e. conducting electrons can move

as frequently;across the interface as they can between crystallite
boundaries iﬁ the bulk metal. According to Holm (1) this occurs

since the transitionresistance caused by the discontinuity of the
crystal lattice at the interface is of the same order as the resistance
between grain boundaries in a polycrystalline material. This

produces metallic bonding between the two surfaces leading to cold
welding. If the two surfaces remain at rest the welds will grow

stronger by means of rearrangement of the atoms and the development

of covalent bonds.



In practice contact surfaces are covered by surface films of varying
degrees of thickness which inhibit cold welding. These films may be
mechanically fractured when the two surfaces impact. Bresgen (2) has

reported that penetration of tarnish films up to 0.8 um has been achieved

by frictional excursions or oscillation of the contacts immediately

after impact beforé reaching the rest state, Application of a voltage

across contacts in the rest state can. also cause breakdown of the surface
film and allow passage of current by the tunnel effect or fritting,

as discussed by Holm (1). _ -

The real area of the contact surfaces available to pass curreﬁtfis
influenced by the microtopography of the surface, Contact is established
initially at one or more of the prominent surface aéperities that are
present. Current flowing between the contacts is therefore constricted
to flow through narrow channels resulting in a higher electric31
resistance at the interface. This constriction resistance is a function-
of the resistivity of the contact material and the dimensions of the
conduction spot, Llewellyn-Jones (3) gives detailed calculations for
finding the constriction resistance for var#ous shapes of conducting
spots. Since the currént density at the point of contact ‘is lafge
(typically up to'108 A/m2 for 10 A flowing between contacts) high

temperatures can result in the immediate vicinity of the conduct area.

With symmetrical contacts the generated heat flows in the same paﬁh as
the electric currents, hence a relationship exists between voltage
{potential difference) and temperature difference. This relation is
known as the Y, 6 theorem and a detailed treatment of this is gijen by

Holm (4) and Llewellyn-Jones (5).

- The result of this theorem in a form relating the potential § to the



maximum temperature O is

6 : _
p2 = 2 J» A.p.d8 where A is the thermal conductivity
6‘ - p-is the electrical resistivity
B is the temperature before
application of :the voltage.
This is a steady state expression which holds only if there is no

interchange of energy across the boundary of the contact.
To evaluate this integral requires_épplication‘of the Weidemann-Frangz
law which states that

A.p = L.©&"

L, the Lorenz number was assumed to be a constant until Hopkins
et al {(6) showed that it does vary slightly at high temperatures.

Combining these two expressions and integrating gives

¥2 = Llen® - 6%)
For a potential difference across the contacts of V., = 2¢,
0n = VQ Bm >> 0
2/L

Z 3200 v, K.

Hence for a contact voltage of 1 volt, 85 = 3200 K a temperature
higher then the melting point of most metals and above the boiling

point of some.

Contacts in Motion: Break

2,3.1 The Molten Metal Bridge

When the force holding two contacts together is decreased
to zero and the contacts are slowly pulled apart, the.final

microscopic point of contact has to carry all the current.

-10 -




As the voltage across this constriction rises in accordance with the
relation detailed in the previous section, there is localised melting

of the contact material which is drawn out into a small molten metal . ‘
bridge between the separating contacts. This molten metal bridge has
.been the subject of extensi*e reséarch by Llewellyn-Jones (7),

Hopkins (8), Slade (9) and others. Detailed studies using high speed
photographic and oscilloscopic techniques have been made of bridges
formed between many different contact materials in defined circuit
coﬁditions, usually 6 to 12 volts d.c. with a load of 1 - 50 amps.

The relation between the transient rise in voltage and the melting and
boiling of contact material in the bridge has been investigated by
Hopkins, Jones and Evans (10) using the high speed transient

digitizers now available, Their results showed an apparent unsteadiness
in the contact voltage during the molten metal bridge lifetime, and
following rupture of the bridge the rate of rise of the contact voltage
was found to be different for differing contact materials. The melting
voltage for different silver alloys was also investigated by Sato (11}, wﬁo
correlated the current density in the contact area to temperature., Most
workers agree that even if boiling of the molten metal bridge is mot the
direct cause of rupture, the temperature is certainly approaching the
boiling point at rupture and at least a small part of the molten metal
is vapourised. High speed photgraphic studies by Price and Llewellyn-
Jones (12) have shown that the bridge breaks explosively and that metal
vapour and droplets of molten metal are present between the contacts as

they separate,

Erosion of the contacts due to rupture of the moltemr metal bridge has
been measured after just one operation by using a radio-active tracer

technique developed by Llewellyn-Jones, Hopkins and Jones (13),

- 11 -



2.3.2

'place. Rupture of the bridge resulted in the depositing of

Considerable scatter in the results was reported by Hopkins and
Jones (14), who observed the phenomena of rebridging taking
material on one or other of the electrodes without any clear
preference for either. This had also been noticed by Thomas (15)

using a high speed camera to record contact openings,

Arc Initiation

. The conditions existing in the contact gap immediately after

bridge rupture are :-
(1) A cathode with an electron emitting hot spot.
(ii) Atoms of comparatively low ionisation potential provided

by the metal vapour.

A potential difference across the gap establishes the essential
requirements necessary for a discharge to occur. The type and
duration of the discharge is dependant upon the‘circuit parameters
and'algo to a lesser extent on the contact material-and
configﬁration. The discharge may evolve through several different
stages before finally extinguishing. The relative significance

of each stage is glso dictated to some degree by the circuit

parameters.

In the initial stages of opening, after bridge rupture, the
contact separation is comparable to the mean free path 1engthlof
electrons (10-3mm). If the pressure of vapouf is not too high,
electrons crossing the gap from cathode to anode will make fey

ionising collisions and therefore will dissipate their energy in

. the form of heat at the anode. The current is carried almost

entirely by electrons and this type of arc discharge is generally

- 12 -



2.3.3

referred to as the short arc,

As the contact gap increases, electrons crossing the gap make
more ionising collisions, producing amplification and positive -
ions which drift down the electric field to the cathod creating

a cathode fall. As the arc continues to lengthen a corresponding
anode fall will develop and also a quasi—neutral column. There

is also the possibility that after rupture of the molten metal
bridge, metal vapour is present at such a high pressure that even
though the contact gap may be less than the mean free path length,
electrons cannot cross the gap without‘makiﬁg ionising collisions.

This condition has been called a reverse short arc by Hopkins

et al (8).

The Short Arc

The short arc has been studied in detail by Llewellyn-Jones (7)
and Hopkins et al (17). It is the predominant feature during
currenflinterruption of low voltage circuits (typically 6 volts)
and load currents of 1 - 50 amps. A feature of this circuit
arrangement is that the potential difference across the contacts
is dependent upon the decay of the local inductance to increase
it to value higher than the ionisation potential of the arcing
medium (and also higher than the supply voltage) and initiate an
arc. The energy dissipated in the arc for this operating
condition depends very much og the values of the local inductance
and capacitance of the copfact circuit, and energy supplied to
the arc from the supply is minimal. The duration of the arc has
been shown by Slade (16) to depend directly on the product of the

local inductance and the current at bridge rupture. The energy

_13_



2.3.4°

dissipated in the short arc has been reported by Hopkins et al

(8) to be within 10%Z of } L 12, and typically this is of the

order of 25 uJ, where the local self inductance is 0.5uH and the

current before bridge rupture is 10 amps. The arc duration for
these conditions is in the range 1-2us. The erosioﬁ and matetial
transfer .caused by the short arc has been studied by many workers,
Hopkins et al (8), Slade (16), and Kabono et al (18) show that the
amount and direction of material transfer depends on the local

circuit inductance,

It is generally accepted that material transfer and eroéion is the
result of preferential evaporaticn of material from one electrode
and deposition on the surface of the other, rather than by the
movement of metallic ions in the arc. Spectroscopic studies by

Thomas (19) have shown that the characteristics of a short arc in

vacuum are not appreciably different from those produced in

atmospheric ai;. It would seem that the arc is initiated and
maintained for lengths of 1-5 x 10%m in metal vapour, and the

ambient atmosphere does not have chance to participate in the arc.

As the arc lengthens ¢ 10—2mm) it starts to assume the characteristics
of a normal arc discharge in air i.e. with a cathode fall, anode

fall and a column,

The Transient Showering Arc

As soon as the supply voltage has a value greater than the
ionisation potential, the energy dissipated in the arc will contain
an additional component drawn from the supply, providing the steady
circuit current is large enough to ignite and sustain an arc. If the

steady current is too small e.g. 100 mA or less but the circuit

- 14 -



2.3.5

contains inductance and capacitance an arc may still ignite, The

current from the inductance charges the capacitance in the circuit

such that a voltage of 300 volts or above appears across the .

contacts, This type of transient has been reported in detail by

Mills (20) and Phamey (21). As soon as the voltage reaches 300

volts the contact gap breaks down in the form of a glow discharge
and this immediately develops to an arc. This arc discharges the
local capacitance of the circuit and extinguishes as a result, The
inductance then charges the capacitance again.until 300 volts
appears across the contactlgap and the discharge repeats. This
process continues until the gap becomes too large for breakdown
and the remaining reactive energy is dissipated as damped
oscillations around the circuit. The erosion resulting from this
type of arc has been correlated with the energy dissipated in the
arc in a paper by Wagar (22). He expressed contact life in terms-
of a load energy factor which took into account the energy stored

in the circuit components and the steady state circuit current.

‘The energy dissipated by this type of arc over one operation is

typically 0.5 mJ.

Normal Arc Characteristics

Once the circuit curyent is above the minimum value required to
sustain an arc, and the supply voltage is above the ionisation
potential, most of the energy dissipated in the arc will be drawn
from the supply. For a d.c. supply Holm (23) defines this in the

form of an equation :

T T
J e i dt = J (E-IR) I.dt + } LI°
(o]

_]_5_






This equation refers to the circuit shown in Figure (2). JTeciédt
represents the total énergy dissipated in the arc of duratigp T.

JT(E-IR) I.dt is. the energy drawn from the supply during time T and
éOLIl2 is the inductive energy dissipated in the arc by any inductance
présént in tﬂe circuit, Fof this operating condition the contribution
by the local self inductance and capacitance to the total energy
dissipated in the arc is very small compared to that supplied by the
source and stored in the inductive part of the circuit load. Long arcs
of-this type have typical duration of milliseconds and energy EOntents
of 100 m3 and above, and classically have been divided into three regiong

of differing voltage gradients, the cathode fall, anode fall and column.

.The Arc Column

The arc coluﬁn, the visible part of most arcs, represents most of the

total length of the arc. It has a potential gradient along its length,
which is usually a property of the gas in which the arc exists and varieé
with the magnitude of the current, typically 1 - 2 volts/mm in air.

Figure (3) shows the location of the arc column with respect to the
potential distribution across the arc. Therpurrent 4ensitf in the are
column is usually of the order 10 - 100 Amps/mmZ and the temperature can
reach 5000K and above; The net space charge of the stable arc colum is zero
(Figure (3)) i.e. there is an equal concéntration of positive ions and
electrons and hence the column satisfies the definition of a plasma.

The current through the columm is carried mainly by electrons due to

their higher drift velocity in the electric field, than the more massive
positive ions. Although comprising the largest part of most long arcs,
the column is least important in terms of criterion necessary for the arc
‘to exist, Arcs can and do ekist without a column {e.g. short arcs) at all.

The column represents a region of gaseous conduction and the current

-17 =



flowing through it has to make the transition from gas to metal at

both electrodes, These transition regions i.e. the anode and cathode
falls ére where the emission mechanisms occur so that a net current -
passes into the column and a stable arc is produced. The characteristics
of the two fall regions are more dependant on the electrode material

than the ambient gas and the type of electron emission at the cathode in

particular changes for different types of material.

The Cathode Fall .

There are two types of emission phenomena that can produce the necessary

electrons at the cathode:

(i) Thermionic emission. This occurs for refractory cathode materials
when the cathode is heated to a sufficiently high temperature that
electrons are emitted thermionically, The current density in this
case is given by the Richardson-Dushman equation :-

je = AT? e'e_‘{’_
! kT
where A is a constant
T the temperature and ¢ the thermionic work function of the
cathode surface,
¢ is the electron charge

k is Boltzmann's constant

The current density thus depends on the cathode surface temperature
and it is only with refractory materials that thermionic emission
can explain the current densities of 10 - 100 Amps/mm2 which ocecur
at the cathode. The thermionic emission of electrons at the cathode

is sustained by the following mechanism :-—
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Fmitted electrons are accelerated by the positive space charge present
which produces a high field close to the cathode éurface. Electron
multiplication then occurs by collision of the electrons with gas and -
metal vapour atoms, and the positive ions thus produced are accelerated
to the cathode. By virtue of their kinetic energy they maintain the
cathode at a temperature sufficient for the required emission. As a
result of this the cathode spot on refractory materials is stationary

or slower moving.

(ii) Field Emission: Non refractory cathodes are unable to operate at a
sufficiently high temperature for_thermionic emission to be the
significant contributor to the electron emission mechanism, Various
theories and explanations have been put forward as to the mechanism of
field emission which can extract electrons efficiently enough to produce
the current densities that are known to exist. Langmuir (24) first
suggested that the positive ion space at the end of the cathode fall
region might produce a field sufficient to extract electrons directly
from the cathode. The positive ion current density is given by the

Langmuir-Child law

3,

el
o
1

4 € [ 2
9 m

where m is the positive ion mass

oo

Vo is the cathode fall voltage
d is the distance of the positive ion space charge from the

cathode surface.

According to the Fowler-Nordheim equation a current demsity of

4 5

107 - 107 A /mm2 requires a field of 106 volts/mm, thus d would have to

be less than the mean free path length for fields this high to occur.



The possibility of field enhancement by the presence of a thin

electrically charged insulating layer has been suggested by Llewellyn-—

Jones et al (25) and Haworth (26) as being responsible -for the high field.

The current flow at the catho&e is_conétituted_either bf'a flow of
positive ions in or the extraction of electrons from the electrode
surface. The mechanism for regenerating charged particles is concentrated
in the cathode fall region i.e. the cathode surface and a thin layer of
electrode vapour and gas above it. Thé voltage drop across the cathode
fall region is of the order of the excitation potential of the electrode
vapour (typically 8 - 20 volts). The electric field is a resuit of a
build up of positive space charge a few mean free path lengths thick
immediately in front of the cathode surface. The electrons move through
the cathode fall region much faster than the ions move in the opposite
direction hence the density of positive ions is much greater than that of
electrons.. There is usually a high temperature gradient across the cathéde

fall region particularly in the space charge zone.

The arc columﬁ has a lower current density than the emitting sites within
the cathode spot on the surface hence there is a contraction zone. The
current density varies from that of the column at one end to much higher
values at the end nearest the cathode. Similarly the electric field
varies from 1 - 2 volts/mm at the ‘column end to 104 - 105 volts/mm at the
cathode end. The greatest intensity of illumination in the region of the
cathode comes from a narrow region at the contraction zoﬁe end of the
space charge region where some vapour atoms are excited by collision with

electrons from the cathode. These excited atoms, if not undergoing

further collision decay to the ground state with photon emission.

The cathode spot itself is considered to consist of several fast moving
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emitting sites which increase in number with increase of the current
i.e. the currenp/site is approximately constant. The movement of the
sites appears to be random as some sites decay and others emerge )
Recently Itoyama (27) has shown, using high speed camera techniques that
the current density of the cathode spot varies inversely with time at

the initial stages of arcing, for an opening velocity of about 100 mm/sec.
He also suggested that the electrons are only emitted from a few sites

in the cathode spot, whereas the positive ions enter the cathode spot
uniformly. Whatever the cause of changes in current distribution, they
are accompanied by high frequency oscillations of the voltage with a
period as short as 10_9 seconds, Insulating inclusions were observed by
Hancox (28) to encourage the formation of new cathode spots and cathode
tracks have been found to follow fine surface cracks and also seek parts
of the cathode surface lying closest to the anode, It has also been shown
by Meyer et al (29) that the non-thermionic arc may require for its
maintenance some destruction of the cathode surface, particularly surface

oxides, Arcs were found to extinguish through lack of oxide.

The large variety of factors influencing the non-thermionic cathode fall
suggest that a single mechanism is unlikely to account for all of fhem.
It is probable that several mechanisms co-exist or that there are
frequent transitions e.g. non thermionic to thermionic caused by changing
surface temperature as the current density changes as a result of are

root motion.

The energy balance at the cathode is complex and will include some or

all of the following components,

A. Energy supplied to the Cathode

(i} Thermal energy of positive ions and the kinetic energy gained in
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passing through the electric field of the cathode fall zone.

(ii) Part of the neutralisation energy of the positive ions. On
reaching the cathode surface they have in addition to their
kinetic energy, the potential energy eVp. Since an electron in
the catho&e metal muét neutralise tﬂe ion; thevtotai neutralisétion
energy available per ion is e(Vp - ¢). Some of this may be lost
owing to radiation, or as_kinetic_energy if the vapour atom is -
reflected away from the surface., ' If the atom remains on the
surface there will be an increment of energy given to the cathode
as condensation energy.

(1ii) Heat conduction from the hot gas by neutral and excited atoms,.
and radiation from the contraction éonE, column and possibly from
the anode.

(iv)  Joule heating of the cathode material, appreciable in the high

-current density regions near the emitting sites,

B. Energy lost from the Cathode

(i) Energy required for electron emission, e per electron.

(ii) Energy required to vapourise cathode Taterial_and release larger
pieces of material i.e. globules, |

(1ii) Radiation from the hot spots, and heat conducted away through the
bulk material and conducted or convected away to the surrounding
gas.

(iv) Energy loss due to dissociation of gases at the heated surface.

The Anode Fall

The anode region has less influence on the arc than the cathode, however
it performs the vital role of sustaining the arc by preserving current

continuity, Unlike the cathode where the current is carried both by



positive ioqs and electrons, the current at the anode.surface is

carried entirely by electrons entering it. The anode fall is due to a
space charge caused by the high concentration of electrons near the -
surface, and has a thickness usually in the range .001 - 0.1 mm. The
fall voltage usually has a valﬁg of 1 - 10'v01ts, hence positive ions
must be found very near the anode surface, and the magnitude of the fall
voltage depends on the energy required for electrons to i;nise the anode

vapour atoms.

The anode end of the arc also has a contraction zone, however it is not
s0 marked as the cathode since the currentrdensities present,lOl2 - 103
Ampsfmm2 do not exceed the colummn by such a large magnitude: The positive
ions formed at the anode surface by ionisation of vapour atoms drift in
the electric field towards the cathode end of the contraction zone where
the concentration is nearly as great as that of electrons. Hence they are
almost neutralised and the electric field of the column is low compared

to the field present in the fall and contraction zones; 1 - 2 volts/mm

compared to 10° - lOll volts/mm,

The electrons which emerge from the anode end of the contraction zone
are accelerated by the field of the anode space charge, thus their energy
and the probability of making ionising collision increase as they approach

the anode surface.
The energy balance at the anode comprises the following :—

A. Energy supplied to the Anode

(i) Kinetic energy of electrons, which has -a power' component of. IVa
assuming they pass freely through the anode fall voltage.

(i) Potential energy of the electrons, e¢ per electron.



(iii) Contribution from surface recombination of dissociated gas, and
heat conduction and radiation from the hot gas.

(iv) Joule heating of the anode material : -

B. Enerpgy lost from the anode

(1) Energy required for vapourisation of metal atéms, and to release
metal particles from the surface.

(ii) Radiation from surface hot spots aﬁd heat conducted away through
the bulk metal.

(1ii) Energy loss by dissociation of gas at the heated anode surface

and heat conducted or convected away to the surrounding gas.

Voltage and Current Characteristics

Considerable information on arc structure and properties can be obtained
by the determination of voltage/current characteristics associated with
changing arc length. Early experiments by Mrs. Ayrton (30) on relatively
short stationary arcs in air, using carbon electrodes culminated in the

familiar Ayrton equation :

+

e, = a + bt + = - dt for arc voltage e

t i t

where a = sum of cathode and anode drops
bt = voltage drop in the column
€4 = negative characteristic of the negative glow
de ,. . —
/i= negative characteristic of the columm

L = _ total arc length

i = arc current

If the total length of an arc is varied, holding the current counstant,

and the p.d. between the electrodes is plotted as a function of arc

- 24 -






length, the graph shown in Figure (4) is obtained. Up to point A, the
arc¢ voltage varies non-linearly with length, due to the action and
interaction of the two electrode zones. -As the arc is lengthened beyond

A, a linear relationship between arc length and arc voltage.develops,

Holm (31) produced a set of constant arc length curves for varying
voltages and currents, using silver electrodes in air, Figure (5). He
suggested that.these curves cbuld be used to determine the arc length for
a given voltage and current fqr many different electrode materials,

simply by shifting the curves with respect to the co-ordinates. This can

be justified by assuming the anode and cathode fall voltages are relatively

constant for a particular electrode material, even with variations in
current. This was shown to be the case by Dickson and Von Engel (32) in
some work performed on resolving the electrode fall spaces of electric
arcs, The anode fall was found to have a constant value with the current
increasing to 60 amps, the cathode fall was constant up to 30 amps, but was

found to increase with current above this value.

Hence the prinéipal changes in arc voltage appear to be a property of the
arc column rather than the electrode fall regions, thtingham (33): plotted
arc voltage égainst current with arc length as‘a parameter, and proposed
that his experimental data could be represented by a simple empirical

equation.
B
e = A + o where A and B were constants

dependant on the length of the arc, the electrode material and the ambient
atmosphere., The index n was shown to be a constant dependant upon the
boiling temperature of the anode material varying from n = .34 for zinc

(B.P. 1180K) to 1.38 for tungsten (B.P. 5100K), Good agreement between
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the proposed equation and experiment was found for arc lengths up to

10mm, currents up to 10 amps and voltages up to 70 volts.

Ives (34) produced similar curves to Nottingham and demonstrated the

existence of a minimal arc length characteristic, or envelope curve within which
the arc produced would be stable. This envelope curve can be considered

to be asymptotic to the line i = I and e = E;, drawn on Holm's curves
Figure (5). T, is the minimum current ag which an arc is stable, and Ej
the arc voltage below which the arc will extinguish. The value of E is
constant for a particular contact material and is related to the ionisation
potential of that material. The value of I also varies from one contact
material to another, however, the current at which the arc extinguishes

has éléo been found to vary depending on circuit conditions. Whereas the
line e = E;; on Holm's curves is a clear asymptote, the line i = I, is less
distinctive. Atalla (35) has shown that the minimum arc current is a
function of the maximum current in the arc, and is influenced appreciably
by the surface condition of the contacts. He found that activated or
oxidised surfaces would support an arc at a lower current than a clean
metal contact surface, Ittner and Ulsh (36) found that the arc duration
for a given set of circuit parameters increased to a plateau value after
about 50 operations, suggesting oxidation of the contacts produces a lower

value of Ip.

Takahoshi et al (37) found that the arc termination current increased with
increasing arc duration, saturating at a specific value for a particular
contact material, He found this rélationship to be unaffected by the load
current in the range 1 - 5 amps. These saturation values were found to
correspond to those listed by Holm (38) for the minimum arc current,

However Holm states that the value of I, is also influenced by such things
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as cathode cross section, relative humidity of the ambient gas etc,
Farrall and Cobine (39) concluded that the arc durﬁtion, hence the minimum
arc current for a given set of conditions, is determined by the abundance
of metal vapour near the cathode and its rate of loss to the surrounding
gas. Values for minimum arc.currents vary from about 0.4 amps for silver

to 1 amp for tungsten as given by Holm,

Holm's constant arc length curves were used by Aida (40) to derive

empirical formulas for the arc duration over the range covered by the curves.
The arc duration was derived in exponent form as a function of the arc
voltage, current and separating velocity. For materials like tungsten

(i.e, thermionic emission), two formulas were required to predict the are
duration, one for the supply voltage in the range 40-70 volts, and fhe

other for below 40 volts. For materials where the electron emission contains
field and thermionic components, the formula was found to be valid for the

range 50 to 150 volts, however for below 50 volts a correction factor was

required, . :

The experimental data produced by Nottingham (33) was obtained by drawing
an arc to a specified length, The arc current was then varied using a
series resistor and the change in arc voltage noted. The arcs obéerved
could be justifiably assumed to be in a stable state of thermal and

electrical equilibrium,

The method used by Holm was to draw the arc at a rate considered slow
enough to represent stationary conditions at any point in time. (A velocity
of 20 cm/sec or less had been indicated by Fink et al (41) as having a
negligible effect on the arc characteristics.) Pairs of values for the arc

voltage e and current it were then read off the oscillographic records at

different points in time over the arc duration, assuming that the values
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represented a stationary state of the arc, The arc length corresponding
to these different points was calculated assuming a constant opening
velocity defined by s = vt, where s is the contact separation after a

time t with an opening velocity v m/s.

More recently Sato et al (42) have produced somé equations defining the
arc voltage and current in terms of circuit parameters and a constant
opening velocity. These equations were Bbtained from measurements of the
oscilloscope recordings of arc voltage and current as shown in Fig. 6a.
The arc length. at extinction was defined as the length of an arc‘cqumm in
which the voltage difference was given by E - Em ;(E/ﬂyhmr _Using silver
contacts breaking a resistive load in air an eduation was deduced giving
the arc length at extinction in terms of this column voltage and the circuit
current immediately ﬁrior to ignition. This was stated as
. (& 3 4
Arc lengph % = K(E - Em —( /i}lm) . I

where K is a constant and has a value of 1.5 x 1073 for arc length in mm,

The experimental data verifying this equation for silver contacts is shown
in Fig. 6b. This data was obtained by measuring the value of

E - Em -(Efillm from the oscilloscope trace and also noting the arc
duration. The arc length was then oﬁtained assuming a constant-opening
characteristic of s= vt. By varying the open cifcuit voltage E and the
load current I, a whole family of curves could be built up as shown in

Fig. 6b, The above equation for the arc length was stated as being
applicable only up to supply voltagés of 70_v01ts and arc lengths of

2mm, i.e. the range covered by Holm's curves. Using this equation and
measurements from the oscilloscope the equatiors for arc voltage and current

were obtained as



e,= Em + v (E - Em - E,Im)_i.l_& t,
K I

i,=1- LEm-yv (E - Em - E.Im)'4.1'5.
E K I

Lt
E
This type of approach was then applied to the same circuit using an a.c.
supply not exceeding the range covered on d.c. i.e, 70 volts. The method
assumed that every point on the a,c. half cycle represented a stationary
condition which could be treated as a d.c¢. increment for the instant of

time under consideration. Discrete values of E sin wt and I sin wt

could then be inserted into the above equations for different points in

time across the a.c. half cycle, to enable calculation of values for the
a.c. voltage and a.c. current. Hence in the equation E becomes £ sin wt

and I becomes I sin wt. The values calculated for e and i were found to
agree well with those measured from the oscilloscope traces, These
equations provide one way of calculating the arc energy using the expression
IT e,i. dt to represent the area under the power curve obtained by

o

plotting the instantaneous values of the product e,i

. against time.

Methods of obtaining values for the energy dissipated in arcs have
occupied a place in the research of eiectrical contact phenomena for many
years, since it was realised that there was direct correlation between arc
energy and contact erosion for long arcs. Eskin (43) made measurements

of arc energy for a.c. arcs using a ballistic wattmeter, which effectively
integrated the expression I e.i,. dt to give readings directly in Joules,
More recently Tibolla (44) using data from Holm's curves produced values
for the arc energy by utilising a computer program to integrate the
expression I e.i, dt. Lesinski et al (45) recently reported a new

electronic instrument capable of giving a direct digital display of the
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2.4

energy dissipated in an arc,

The next Section is devoted to a review of the literature covering

the field of contact erosion as applicable to the snap action switch,

Contaét Efosioh by the Bfgak Arc

Contact erosion is influenced by manyldifferent factors. Both the
direction (anode to cathode or cathode to anode), and the rate at.

which it occurs depend on items such as contact configuration,

surface profile, contact material, circuit parameters, switch

mechanism parameters (velocity etc.), ambient atmosphere (low pressure/ -
high pressure/vacuum/humidity/inert/oxidising). Hence most workers

have concentrated their erosion studies in a particular area e.g.

measurements with a particular material for a specific range of

circuit parameters. Thus the conclusions from one set of experimental

conditions may be completely reversed for a different operating duty.

2.4.1 Bridge and Short Arc Transfer

The molten metal bridge has been shown by Llewellyn-Jones

et al (7) to make a significant contribution to tﬁe erosion of
contacts switching low voltage (< 12 volts) low inductive
(<10-‘ H) circuits . It h;s been observed. by Thomas (15)
and Cowburn (46) that the bridge can be directly responsible
for displacing contact material when it boils and breaks, and
for low inductive circuits (<10f6H) this can be the main
contrfbuting factor to the contact erosion. The molten metal
bridge effectively sets up a micro-plasma in- which the micro-
arc discharges when the bridge ruptures. The duration of the
ﬁicro—arc has been shown by Hopkins et al (8) t6 be closely

dependant on the local self inductance of the contact circuit,
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however no region of inductance was found where bridge transfer was the
only erosion effect. Price (47) reports that the micro~arc appears to

occur even with -inductances as low as 10—8H.

Studies of the micro—~arc by Hopkins and Jones (8) have related the erosion
which .occurs to the local circuit inductance. The scatter in their
results was attributed to the bridge transfer also taking place; The
whole sequence of events after bridge ruﬁture between platinum contacf

switching a 10 amp load was suggested as follows:-—

The short arc which follows after the explosive rupture of the bridge,
produces metal vapour in the gap at pressures up to 40‘atmospheres for a
current of 10 amps. A reverse short arc then occurs, which is regarded

as being less effective in producing vapourisation of metal, hence the
pressure falls and a second short arc can occur. Pressure produéed by
the second short arc is estimated at 6 to 8 atmospheres, As this pressure
diffuses out of the gap the long arc sets in and the ambient gas atéﬁs

are able to pafticipaterin the arc column. For fhese low voltage circuits
(6 - 12 volts supply) cathode gain is usually a feature of the transfer

mechanism, Slade (16) éives the following explanation for this,

After rupture of the molten metal bridge a dense cloud of metal vapour

is released. The metal droplets which make up the vapour prodﬁce much
thermionic emission and become positively charged, hence they are
attracted to the cathode resulting in. cathode gain. The contact gap at
this stage can be of the order of the mean free path length, therefore
most of the electrons crossing the gap will either recombine with the
positively charged metal droplets hence reducing'the net cathode gain, or
ionise the metal vapour, or éo straight to the anode without collision.

In this last case the electrons will dissipate the energy they have gained



2,4,2

from the electric field at the anode thus causing evaporation and

transfer from anode to cathode.

As the duration of the arc increases there is sufficient time for
the more massive and slower moving positive ions to drift across
the electrode gap under the influence of the field, producing a
cathode fall and eventually a column. The high field produced near
the cathode acceleratés some positive ions which dissipate their
energy as heat on collision with the cathode. This is a |
characteristic of long arc or normal arc transfer, and the erosion

mechanisms for this condition are discussed below.

Erosion due to the Long Arc

Ittner and Ulsh (36) investigated the erosion of contacts made of
several different materials by an arc they refer to as a normal arc.
This they define as an arc where most of the energy is dissipated
in the arc plasma and the cathode fall. They assume that thefe is

no appreciable anode fall and that the arc plasma tends to cushion

the anode from direct electron bombardment.

The operating conditions were 50 volts, 1-5 amps d.c. resistive and
inductive loads, producing arc durationsin the range 1-11 milli-
seconds with contact gaps over a range of 0.1-2mm. Controlled
measurements of arc transfer carried out over this range of
operating conditions showed that the principal mode of transfer
consisted of material loss at the cathode, some of which was
subsequently deposited on the anode. They expressed their measure-
ments as cathode loss per coulomb of arc current and this was found
to be essentially constant over the range investigated independent

of the circuit load and %/ifcharactistics of the arc, This
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substantiated a relationship previously-prppbsed by Holm (48) for this
type of arc, that the material transfer is proporfional to the total
charge passed in the arc. The anode gain, on the other hand they found._
to be much less consistent, ranging from 3 to 80% of the cathode loss.
In geﬁeral they found that the fractional anode gain decreased with

increasing arc duration and current.

The measurements by Ittner & Ulsh of cathode loss were found to be in
agreement, to a first approximation with a formula proposed by Llewellyn-
Jones (7) for the cathode transfer coefficient k, in cubic centimetres

per coulomb,

K = a - BT* - GAT
p {c + %%) T

where a, B & § are constants
A is the thermal conductivity
T ;he material boiling temperature
p éhe density
C the specific heat

A the atomic weight of the material,

This formula assumes that the heat available for vapourisation at the
cathode is equal to the total heat supplied to tﬁe cathode by the arec

less the heat which is conducted and radiated away from the cathode spot.
This is accommodated by the three constants a, B, 8§ which are related
respecfively to the fraction of the total energy available for evaporation
at the cathode, the fraction of energy lost by radiation, and the fraction

lost by conduétion.

ElKOShéiYYet al (49) have investigated the dependancy of contact erosion



on arc charge for higher current values (200 amps and above). They also

explored the effect of current amplitude and waveshape, and arc length,.

.They found the electrode erosion to be sensitive to contact separation, .

with a reduction in separation producing a net reduction in loss
éarticulafly from the cathade. This éhey ascribed to increaséd metal
vapour condensing back on the contact surface. For the purpose of
calculatiﬁg an energy balance they assumed that the anode and cathode
fall voltages were constant, but for the arc lengths tested (up to lum)
the cathode sufféred the greater erosion due to the higﬁer value oflthe

fall voltage compared to the anode.

Capp (50) has investigated how the amount of energy absorbed by the
electrodes is related to the total energy dissipated in the arc. Operating
conditions were typically 50 volts, 5 amps d.c., and arcs were drawn up

to a length of 2mm. The coﬁtact diameter was 8mm so it was assumed.that
all the energy dissipated in the arc would find its way to one or both
electrodes. This was confirmed by experiment when the power absorbed by
the electrodes was measured by measuring the temperature rise of the

contacts due to arcing. It was found that an increasing proportion of the

arc power developed at the anode as the arc length increased. The power devel-

6ped at the cathode increased more slowly with arc iength compared to

the ancde. He inferred from this that the anode fall voltage increased
with arc length and arc voltage, but that conditions in the cathode fall
region did not vary much as the arc length changed. He concluded that the
increase in power at the cathode as the separation increased was caused

by the increased power dissipation in the column and the consequent
increase in heat thermally conducted to the cathode. At larger separations
i.e, where the arc length abproached the contact diameter, the increase

levelled off due to the heat from the column not going to the electrodes



but being lost to the surroundings,

Capp performed no cumulative measuremeﬁts on the erosion of the
contacts die to arcing. However, in the initial étages-of arcing it is-
likely that the erosion from the cathode will result since the bulk of
the arc enerpgy is dissiﬁated here. During later stages of arcing when

the anode is receiving more energy than the cathode, it is possible that

the erosion from the anode will dominate, This is not analogous to the

N

concepts of 'anode dominated arc' and 'cathode dominated arc' described
by Holm (48). The 'anode dominated arc' referred to hLere is analogous
to the short arc defined by Hopkins et al (8). A critical length is also
described by Holm as marking a transition point at which the erosion

characteristic changes from one of anode loss (short arc) to cathode loss.

Sato (51) in an investigation of the erosion of silver based electrical
contacts also defines a transition region in which the transfer |
characteristic changes from one of cathode loss to anode loss. Operating
conditiéﬁswéré‘a supply voltage of 40 volts and currents in the range

1 - 50 amps d.c. The transition region was defined in terms of the
current and for silver cadmium oxide cdntacts was stated as occuring at
around 6.5 amps. FQr currents below this, material transfer was measured
as being cathode to anode, and for values abovelthis markedly anode-to
cathode. From a study of erosion due to a.c. operatingvcénditions, it
was shown that the direction of transfer could be related to the value

of the peak current of the a.c. wave,

Slade and Holmes (52) investigated the erosion characteristics of silver

contacts switching a.c,, with particular regard to pip andcrater formation. -

Operating conditions were different to those used by Sato (51) in that

both make and break operations were performed by the test contacts as
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opposed to break only, The velocity of the cortacts used by Slade et al
was also very much lower, 0.4 mm/sec. as‘compared:to 63mm/sec used by
Sato, hence the arc durations were much longer. Over the range of
currents tested (5 = 12 amps) Slade et al, found that transfer was
predominantly cathode to anode for full wave rectified a.c. with a pip
built up on the énode and acrater formation on the cathode. For a.c.
operation they observed pip andcrater formations on both electrodes. This
was attributed to the arc roots holding the same positibn on the contact
surface as at previous oberations with the same polarity arrangement,

The build up of the anode pip was expressed in terms of charge transfer/
operation, no account was taken of the arc voltage for this type of
switching -operation. In a later paper (53) they showed that it was
possible to lessen the formation of pip andcrater effects by adding to

the contacts a small percentage of Tungsten (l0%Z). This was considered

to promoté greater arc root motion over the electrode surface reducing

the possibility of the arc roots always forming in the same position; It
was alsb observed that the volume of material transferred was dependent

to some degreé on the temperature of the contact. The actuating mechanism
used involved a bimetallinheatér,-and‘it was found that greater erosion

occured when the -anode was the hotter contact.

Kubono (54) also investigated the relation between erosion and contact
temperature, for copper electrodes. He calculatéd the cathode loss uéing
a relation between evaporation rate and contact temperature and showed how
the temperature and radius of the cathode spot were a function of arec

current and cathode fall voltage.

Burkhard (55)-in his work on the power balance at the anode, using

silver cadmium oxide contacts, suggested that movement of the cathode spot
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and the type of cathode emission are related. He went on to show that

.

the energy dissipated at the anode surface, and hence the anode erosion

was also dependant on the cathode electron emission.

Kume et al (56) in his work at higher-currents (above 1000 amps), on a

model circuit breaker showed that the erosion from both contacts varies

in proportion to the arc energy.

This review of previous research work identifies the mechanisms that occur
when contacts break an electric circuit and demonstrates the diversity of

results that can be obtained for different operating conditions.

The main influences which appear to affect the direction and rate of
erosion of the contacts in this application are listed below in three
groupings :-
1. Arc Parameters: _ Arc Charge
' Arc Energy
Arc Voltage

Arc Current
Arc Length

2. Circuit Parameters: Supply Voltage (a.c. or d.c.)
Load Current
Resistive or Reactive

3. Switch Parameters: Contact Velocity
Contact Gap
Contact Material
Contact Size
To study the performance of snap action switches not only involves

consideration of each of the above independently, but perhaps more

importantly requires an understanding of how these parameters inter-relate.
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2.5

The erosion -of the contacts has been identified by most workers as

being either in the category of anode loss and cathode gain or cathode

loss and . anode gain. A transition region between these two has also

béen.suggested and related to the magnitude of the circuit current.
Since the snap action switch does not fall exactly into any one of
the operating conditions reported in the literature, the type of

erosion occuring due to the break arc will need to be ascertained by

experiment before the main factors influencing it can be studied.

Contacts in Motion: Make
The preceding sections have dealt with contacts at rest in the

'made' position with conduction established across the interface,

“and the results of interrupting the current flow. The section below

covers the research carried out on the processes involved and
resulting from establishing current conduction between two initially

open ceontacts,

2.5.1 Breakdown prior to Contact

The eiec;rical breakdown of a gas between electrodes is
described by Paschen’s law, which expresses the breakdown

i potential as- a function of the product of electrode gap and
gas pressure, Classically this shows the minimum voltage at
which breakdown can occur to be in the region of 300 volts, -
However, for very small gaps (iO_émm) breakdown and arc
ignition have been observed with voltages as small as 50 volts
by Germer (57) et al, who suggested that the arc is initiated
and maintained by field emission current from the cathode, |

5

For this to occur fields of 10° - 106 volts/mm are needed to

give cold extraction of electrons from pure metals according
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. to Fowler~Nordheim theory. At 50 volts the electrodes would have to
approach within lofsmm, less than the mean free péth length of electrons,
hence ionisation is unlikely to .occur to the extent required to cause
breakdown. Germer (57) also noticed that arc ignition appeared more
réadily for activated contacts, and Llewellyn-Jones (58) has suggested
that é, layer of -organic or oxide film is responsible for some secondary
ifonisation process _ which occurs at the cathode surface enabling break-

down at fields of 1'0-4 volts/mm.

Another suggestion proposed has been the intensification of the local
field at surface asperities dt.by particles on the surface, ‘Holm (59)
introduces the concept of 'whiskers' on the contact surface, As the
contacté approach and the whisker is contacted, it is immediately heated
to explosion point with the ignition of an arc in the vapour, Contact

at a whisker differs from contact between two surface asperities which
may also be heated by the current to vapourisation leading toc an arc
discharge. In, the case of the former, since the whisker has a much
smaller cross section and hence a higher resistance, the-transienc current
which flows before Gapourisation is less thap that which flows between two
asperities in contact. This larger current is usually sufficient to cause a

transient lowering of the contact voltage to zero before vapourisation.

Pharney (60) distinguishes between three types of closure phenomena from

his observations using a high speed oscilloscope.

i, Arc discharge without any initial metallie contlnulty, due
te field enhancement effects.

H-
[N
.

Initial metallic contact, either whisker or asperity, followed
by vapourisation to an arc.

iii, Closure with no arcing.
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Phamey observed that the size of the anode crater thrown up by the are
before contact increased with increasing arc energy, and that metallic

contact after the arc had extinguished usually occured at the anode

crater rim. Germer and Haworth (61) related the height of this crater rim

to the energy dissipated in the arc using the expression:

height h «a 3/energy

From measurements of closing velocity and rim height Pharney calculated
the local breakdown field as 2 - 3 x 105 volts/mm which is still too low

for appreciable cold extraction.

Germer (57) classified two types of arc discharge prior to contact, the
'anode arc' and the 'cathode arc’. He_identified a critical distance
below which an anode arc occured with loss of material from the anode,
and above which material loss from the cathode dominated. For silver he
states the critical distance as being 3 to 4 x 10_3mm which means for a

closing velocity of 100mm/sec, an arc duration of 50 p seconds.

When arc ignition occurs before contact a process can occur described

by Holm (59) as floating. This results from the contécts being held
apart by high vapour pressure produced as a consequence of the initial
metallic constriction or asperity being heated to boiling. It can also
occur when the contacts are made and at rest, as a result of a high
current surge., If the contact area is not able to increase to accomodate

the extra current flow, floating results,

Whether floating occurs, or an arc discharge, as a result of asperity
vapourisation the contacts will close together with the likelihood of at
least a small amount of molten metal between them. Also, since current

conduction is established at asperities first, these will soften and



2.5.2

possiblly melt due to the high initial current density, and hence
they will yield to increase the contact area until equilibrium is
reached, Effectively the contacts weld together even though the
weld strength may be small, Sato (51) has expressed the softening
and welding temperatufe either as a function of contact voltage or
of current and contact force. He ascribed light welding or sticking
to softening of the contact material, and heavy welding to melting
of the contact material. Static welding of contacts due to
transient high current pulses has also been studied by Turner et

al (62), who measured the weld strength which results when contacts

are in series with a fuse blown on short circuit.

Contact Bounce

Usually the process of bringing together two contacts and
establishing current flow, does not finish at the first impact.

For most electromechanical devices bouncing occurs as the kinetic
energy of the moving contact member is dissipated. A bounce means
in effect that the contacts fo through another complete switching
operation i.e. a break and make, although the ponditions prevailing
are not the same as for a break and make in isolation. Erk and
Finke (83) studied bouncing contacts at léngth both from a
mechanical standpoint and from electrical considerations. They
found that the amplitude of the first bounce was not always the
longest duration, nor did it always achieve the largest gap. The
reason for this was attributed to high frequency oscillations of
the fixed contact after first impact. This would then add to or
detract from the kinetic energy of the moving contact at subsequent

bounces,



Bouncing involyes.drawing a molten metal bridge, rupture, arcing,

followed by closiire onto molten contact material ﬁhich subsequently
solidifies as the heat is conducted away through the bulk of the contact.
The occurrence of more than one bounce depends on the energy in the
mechanism still to be diésipated and the strength of the weld after the
first bounce. Shaw (64) found that the weld produced by the first bounce
 usua1ly prevented any further bouncing, ‘Erk and Finke found the strength
of_the.weld to be very eratic, depending-on the distribution of the
egﬁtact material from a particular operation and also varying for different
types of cpntaét material. Materials of a lower arc voltage were inclined
to produce smaller weld strengths. Of the materials they tested Silver
Cadmium Oxide 85/15% was found‘to have the lowest energy dissipated in

the bouncing arc, due to its low arcing voltages of 10 - 12 volts,

Turner et-al (65) of the.Eiectriéal Research Association investigated
weld strengths after bouncing, and also the effect of>con£act size on the
weld strength forlsilver_based contacts. | They found for a given current |
a minimum size of contact could be determined at which_the weld strength
jumped from around 10N to 100N and more. The point at which this

occured for silver cadmium oxide congacfS“was found to be slightly
dependent on the percentage of CdQ present. The limit for Ag/Cd0.85/15Z
was found teo be 65 Amps/ﬁm2 of cross section and this was rélated to the

absolute minimum- £gsing current of silver wire,

Koepke and George (66) investigated the strengths of'welﬁs produced at
break, by applying the test current after the contacts had come together,
Théy defined weak welds (1 -_3 grms) as cold welding of the contact
surfaces followed by localised resistance welding upon application of the

current. Strong.welds (5 - 9 grms) they suggested were either due to
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contact being re-established after the boiling voltage had been reached,
or due to molten droplets or vapour redeposited back onto the contact
surfaces while they were in close-proximity. This is analogous to re— _
hridging as described by Hopkins et al (8)., Koepke et al also studied
the effect of the ambient atmosphere on the tendency for contacts to weld
at break, For silver based contacts particularly, they found the weld
strength to decrease with increasing oxygen content of the environment,
This they suggested was due to the fact that silver in the molten state
absorbé'oxygen (also confirmed by Hewett 87), and can sustain a surface
oxide layer up to 200°¢C, which would impaif weldiﬁg resulting from the

. condensation of the molten metal bridge.

The significance of the make gperation related to snap action switches,
and the weld strengths which may occur is not explicit from this
literature review. Initial experimental work on the switch will attempt
to establish the relative importance of the make operation when compared

to the break operation.
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CHAPTER THREE

EQUIPMENT AND EXPERTMENTAL APPARATUS

3.

1

The High Speed Cameéra . ' -

High speed photography has been for many years a much used tool for
research énd development in switchgear applications. It is a direct
method of expanding the fime scales of short duration events to
allow observation and measurement of rapidly changing quantities,
The different types of high :speed camera available and their
particular applications have been reviewéd in a recént publicatioén

by Bagshaw and Kelsey (1),

The high speed camera selected for use in this reseérch is a
'Hyspeed' rotating prism camera manufactured by John Hadland U.K.
This camera uses 16mm. film perforated down both edges, and the
principle of operation is to move the image derived from the lens
system in synchronism with the film during the instant of exposure.
This is ‘achieved by mounting an 8 sided prism befween the lens and-
the film plane, on a shaft which‘is rotated by the film passing.
over sprocket wheels. This ensures that there is no relative move-
ment between the image and the film. Figure (7) shows details of

the camera and its working mechanism.

This particular camera has a maximum speed of 11,000 frames/second
using a full lémm. frame size._ To attain this speed requires an
acceleration time of 1.5 seconds, using 60m. of film., Since the
films used in this work wefe readily and éconoQically available in
30m. lengths it was not possible to achieve this maximum frame rate:
Instead 6000 frames/second was chosen as a working velocity since

this could be achieved after passage of 20m. of film in about
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0.8 seconds. This then left 10m. of film available to record the event.
‘Synchronisation of the event onto this last 10m. of film was achieved -
using the trigger facility fitted to the camera. This enabled a relay

to close a circuit at any point during film passage, and this could be
‘presétuto 20m.f5éfore starting the éamera. The exact speed of the film
at any instant could be found from the time base supe%impdsedjon the film
edge by the camera. This was achieved by a small timing light inside

the camera, which could be preset to flash with a frequency of 10, 100

or 1000 Hz. Hence at 6000 frames/second a timing spot could be

positioned once every 6 frames, . :

The films used fo; the experimental work were Kodak 4-X, 400 A.S.A.
negative film (monochrome) and Ektachrome E.F. 7240 125 A.S.A. colour
VreversaI film., The former was used where a positive monochrome pfint
of an operating sequence was required, whilét the colour film was

suitable for direct projection.

This caméra has an éffective aperature limit of £3.2 and a shutter
exposure ratio of 1 : 2.5:. Hence for a film speed of 6000 frémes/second
the exposure time for each frame is 1/15000 of a second. This necessitates
very high light levels to obtain a clear photographic record. Using four
500 watt photoflood spotlights it was found necessary to uprate both

film types té 800 A.S.A., so that a sufficient depth of field could be

obtained by stopping the lens aperature down to £5.6.

The lens used for most of the photographic work‘uag a standard 50mm,
Pentax Takumar lens, positioned on 120mm. extension tube, produﬁing a
field of view 10mm x 7mm with a field depth of 2mm. The resolution of
the lens at the centre is éta;ed to be 80 lines/mm. "However, using it

at such a long distance from the film plane in conjunction with an uprated
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3.2

and rather grainy fiim,.the smallest dimension change which could
be detected was .OBmﬁ. This_is‘sufficiently-ac;urate for the arc
lengths and cgntact seperations to be photographed where the
magnitude;-are qf-the order of 1 = 2 mm.

The‘meééurements obtained from the high speed films are'sﬁbject to
certain limitations imposed by the camera shutter mechanism. Since
the expo;ure ratio is 1 : 2.5, at 6000 frames/second there is a
time interval between each frame of 100us when the camera is
effectively blind to any changes in the event being recorded. Hence
the information on the film is comprised of discrete ’pqckets' of
data with 150us duration, taken at 'a sampling rate of énce every

100us,

The Transient Recorder

The high speed film gives an easily accessible visual record of a
switch making and breaking a circuit. The electrical transienté
which- also occur need to be stored in some convenient and accessible
form for study and analysis. Previocusly this has been achieved
using some type of analogue storage device, e.g. storage oscilloscope,
u.v. recorder. However recent advances in_ large scale circuit
iﬁtegration and digital téechniques have meant that electrical
transients can now be recorded as a series of discrete points using
high speed sampling'techniéues. Although not producing a true
continuous record, digital storage of transients has several
important advantages over analogue methods, see Trachslin_(?). The
principle of operation involves recording and storing a signal as

a number of equally spaced points representing the amplitudé of the
waveform at discrete moments in time. During recording, each sample

of the signal is converted into digital form and stored in the






memory. The two transient recorders used in this investigation were
both Datalab D.L. 905's, which have a 1000 words of memory and an
amplitude resolution with 8 bit accuracy. The fastest sampling rate

obtainable with this type of recorder is 5 MHz and the smallest

amplitude change detectable is 4 mV.

The waveform stored in the digital memdry 18 reconstructed via a digital
to-analogue'converter as a repeating sequence of 1000 analogue values.
This can then be displayed on a conventional C,R.0. This digital method
of data storage and retrieval has one parsicularly useful advantage over
other methods, The memory is continuously recycling, i.e. it accepts
new information at one end and discards the oldest information at the
other, This principle allows information to be retained prior to the
trigger impulse which causes the memory to 'freeze' its contents.

Hence the leading edge and the baseline information before the onset of

the transient is retained,

Alternative:ways of retrieving and displaying the d;ta stored in the
recorder, other than the €C.R.0. are also available, The: recorder caﬁ
be made to output the contents of the memory in analogue form aé a rate
suitable for plotting 6n an X - Y recorder, thus producing a permanent
copy. Alternatively the stored data can be retrieved as a‘binary code,
suitable for paper tape storage or interfacing directly to a computer
for immediate analysis.

The two recorders in this investigation were coupled to a common time
base to prevent drift occuring, and were used to store the arc voltage
and current transients. A permanent copy was obtained using the output

connected to an X - Y -recorder.



3.3

‘The Talysurf

Damage to the contact-surfaces, as a result of opening or closing
an electricai circuit, can be conveniently assessed using the
Talysurf. This instrument produces a magnified contour plot of
the surface, and from this a quantitative evaluation of the volume
of contact matefial displaced from the .original surface profile

can be carried out,

The method entails scanning the contact surface profile at equally
spaced intervals using an optically flat glass strip as a reference
datum. The volume of material displaced is obtained by summation,
after measuring the ceross sectional areas represented by the
profile traces and multiplyiﬁg By the spacing interval., Typical
magnification factors used were2 000X in the vertical direction
and 100x along the horizontal axis, with a spacing interval between
traces of 0.lmm. The horizontal magnification factor depends
directly on the relative speed of the Talysurf pick up as it moves
across the contact surface and the chart recorder, which gives a

permanent record of the surfacefprofile;

The Talysurf used in this study is a Taylor-Hobson mark 4 (Fig. 9).
The residual magnification error of this instrument when properly
set up is stateﬁ to not exceed 27%. The repeatability of this
method, calculating the volume of material displaced, was checked
by obtaining four different sets of data from one contact surface
by rotating the contact through 90° after each set of measurements.
The repeatability of the measurements worked out to be within

+ 5% of the mean of the values-célculated for the volume of

material displaced.
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3.4

3.5

ThE'advantaggs:of the Talysurf method off;urfac2'evaluation over
other methods is that not only does it produce quantﬁtatiye data
on ‘how much materiél is redistributed or lost but also gives an

exact description of the pattern location of the redistributed

material,

The Scanning Electron Microscope (S.E.M.)

This instrument has bgen inéreasingly used over the past feﬁ years
to study contact surfaces, The three dimensional appearance
imparted to photographs taken on the S.E.M. is due to the_largé
depth of fieldAwhich can be achieved even at large magnifications.
The high quality of results.obtainable has been demonstrated by
Hopkins et al (3) and Vasile et al (4). Used in conjunction with
the Talysurf it is particularly useful for producing a visual

représentation of a set of surface profiles.

The S.E.M, used in this research is a Cambridge Stereoscan type
S4-10, linked to a television display unit. This facility is
very useful for contact surface work since the specific,reéiqn of

interest can easily be identified then suitably magnified for

photographing.

The Switch Re-cycling Apparatus

Since part of this research is to study the effect of many
operations both on the switch mechanism and the contacts, some
form of automated repetitive actuator is needed which can @e set
to perform a predetermined number of operations. A photograph of
the apparatus constructed to do this is shown in fig. (10). It
consists of a 6 volt d.c. motor driving two shaft mounted cams

through a worm drive and reduction gears. The cams act as the
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swi;ch‘actuafors and: by rotationally displacing them with respect to
each other, one switch can be made to perform all the circuit closing
operations whilst the other performs all the break operations. By
varying the supply véltage to the motor the spéed of operation can be
varied between 2 and 20 operations per minute. A microswitch mounted
to the side of the test switches and driven by one of the cams is used
to drive an electromechanical counter to register the number of
opérations performed., Usiné‘this operatioéal rig, it was possible to
life test a switch i.e. 200,000 operations in about 1 week, 'While
being tested the switches were connected to the transient recorders so
that the arc voltage dnd current waveforms could be checked at intervals

during the' life test,
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_ also to understand the way in which they are interdependent.

CHAFTER FOUR

EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Introduction

This study of electrical contact phenomena in relation to the small
snap-action switch can be considered to comprise three distinct areas

for investigation.

1. Mechanical Characteristics : Contact separation, velocity, force-
2. Electrical Chéracteristics : Current, voltage, transient
values, arc durations.
3. Physical Characteristics ! Contact surface deterioration,
erosion, welding.
However, to obtain a more complete understanding of switch operation with
a view to being able to predict more accurately the life of a switch, it

is not only important to investigate these three areas in isolation, but

A photograph of the switch around which this investigation is centred is

shown in Fig. (1). A schematic diagram of the meEhAnism is shown in

Fig. (11). It is essentially a mechanical bistable device employing an

omega over-centre spring to supply the toggle or snap action effect,
The mechanics of this arrangement produce instability in the neutral -

plane, hence the mechanism will not remain in a position where the force

holding the contacts together is zero.

To construct an operational rig to simulate the forces and velocities
occurring in the toggle action would have been difficult and in the final
analysis may have proved to introduce variablgs not present in the

actpél switch, e.g. different thermal capacities, masses, spring stiffness,

The alternative, to perform all experimental measurements using actual
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production :swit¢hes has the limitation that the contacté are not

easily removed or replaced. In fact, it was necessary to destroy the
switch to enable the contacts to be examined under a microscope or en
the.Talysurf. ‘However, since the switches are a readily available item,
being ‘cheaply produced in large quantities, it was decided to base all
experimental measurements 6n the actual switches. This will also enable
thé répeatability of the mechanical characteristics of a sample of
switches to be assessed, which may in itself be an important factor

influencing switch performance.

4,2 The Switch Mechanism

A report by Harris, Riley and Brunel of the Battelle Laboratories (1)
to Ranco Inc. (U.S.A.) emphasized the following as being the most desirable
characteristics of the switch mechanism to produce the greatést overall

switch reliability.

1. Availability of high contact separating forces to break welds.

2. Maintenénée éfrthe contact force righéuhp until théfSeparation
point of the break cycle. |

3. High relative accéleration of the contacts on break.

4. Low contact closing velocity.

5. Minimum contact gap of C.25 mm.

Other workers, e.g. Eskin {2), Tibolla (3), have stated for certain a.c:

operating conditions the opposife of points (3) and (4) is required for

optimum performance,

The toggle switches investigatea here have certain inherent mechanical
characteristics by virtue of their construction. The initial experimental
work undertaken was to isolate and define the mechanical characteristics

of the toggle switches with a view to assessing their suitability for the

electrical duty required.
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! The switch mechanism incorporates one adjustable component called the
differential screw, (5) in Fig. (11). This allows variation of the
static contact gap and also sets the operating stroke of the switch,

This is the: distance through which the actuator moves to open the

contacts after they have just closed -and for this switch is usually set

in the range 0.5 mm to 0.75 mm,

4.3 Experimental Method

_The opening and closing characteristics of the switch were observed
using the high speed camera. To enable the operating stroke to be
accurately set a micrometer barrel was used, with graduations accurate
to .0001" (.0025 mm). This was also used as the actuator of the switch
during all the experimental work, Fig. (12). By turning the micrometer
slowly to toggle the switch, minimal velocity was imparted to the switch
mechanism hence the opening or closing velocity was a result of forces

due to the mechanism only. This is a reasonable representation of the

working situation of the switch where the toggle point is approached

slowly}

To enable the contact to be filmed a smallﬁportion of the switch moulding
was cut away so that the contacts were visible from the profile position,
Fig. (12). The-informgtion on the high speed film was presented

graphically in-the form of separation/time plots of the contacts opening

and closing, making use of the time base superimposed on the film edge

by the camera.

4.3.1 Results from High Speed Films of Make Operations

Typical separation/time graphs for make operations are shown in Figs.
(13) to Figs. (15) together with clips from the corresponding high speed

films for operating strokes of 0.53 mm, 0.64 mm and 0.86 mm respectively.
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‘Three measurements were made of contact -separation from each film
frame as detailed in Fig. 617), enabling a complete description of

the contact motion to be obtained. The results are summarized in -

Table (1).

" QOperating Stroke | Contact Gap Maximum
' Closing
mm m Velocity
m/s

0.53 ! W45 ‘ .35

0.64 | .70 | 47

0.86 1.00 . 0.90-

Table (1)

The graphs show that there was a continuous acceleration period of
the moving contact, which finally impacted on the fixed contact after

2 to 3 ms. attaining its maximum velocity just prior to impact. The

moving contact continued to roll or oscillate about its final rest

position for up. to 1 - 2 ms, after first impact. No separation of the
contacts due to bounce was detectable from the high speed films other

than this rolling motion.

The results above were all obtained using the same switch. To obtain
an jidea of the consistemcy of operation between diffgrent switches a
sample of 20 was selected at random ‘and filmed when performing‘a make
operation for an operating stroke of .53 *# .03 mm. Fig. (16) shows

the results in graphical form. For clarity, only the locus of the
centre of the contact is shown for each case. The degree to which the
closing characteristicg are similar is clearly demonstrated, with a
maximum departure from the 'mean' closing time (2.8 ms) of no more than

7%. The periods of oscillation after impact are all within * 0.2 ms

of 1.5 msecs.













--4.3.2 Results from High Speed Films of Break Operation

Typical separation/time graphs for break operations are shown in
Figs. (18) to (20) for switches with the same operating strokes as

above. The results are summarized in Table (2).

Opefating Stroke Final : Maximum.
' Separation Opening
i Velocity
mm mm m/s
0.53 PO 1.1 0.9
0.64 - L.4 1.1
0.86 ‘ 1.8 1.8

Table (2)

v

The graphs show that there was an initial acceleration period of the

moving contact which reached the maximum separation point after 2 - 3 ms,

and then continued to oscillate about the final rest position.
Generally the results show the larger the operating stroke the larger
.the acceleration and the final distance between the contacts when they

come to rest.

To compare the opening characteristics of different switches a sample of
20. switches was used again with the same operating stroke of 0,64 mm.
Fig. (21) shows the spread of results obtained. The final rest position

deviates by * 77 from a mean value of 1.4 mm.

To observe the variation of the closing and opening characteristics of

the switch while operating over the specified lifetime (nominally 200 000 -
operations), high speed film were taken every 25 000 operations. Fig. (22)
shows the spread in the closing characteristics and Fig. (23) that obtained

for the opening characteristics. The results from just five of the high
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speed films are plotted in Fig. (22) for'clarity, the curves 'a' to 'e
represent the closing locus as obtained from the film at every 50 000

operations. The shaded area in Fig. (23) represents the band within ~

which all the opening loci were found to be, when filmed at intervals

of 25 000 operations. Both sets of graphs indicage-that the variation
in the opening and closing loci is not large, being about 12 - 157
after 200 OOO‘operationsi This 12 - 15% is likely to have two main ‘
sources:
(i) ‘'Ageing' of the spring mechanism resulting in differént
spring stiffnesses and hence different applied forces
(ii) Erosion of the contacts hence changing their effective

separation

Figs. (22) and (23) are the worst case conditions, i.e. of the
4 switches tested in this way 3 switches were within a 87 variation

over 200 000 operations. Mechanical inconsistencies in the switch

méchanism over its prescribed lifetime are not sufficient in themselves:
to constitute a major problem. The effect of mechanical variation on
the .electrical performance of a switch, in particular, the contacts will be

investigated later.

4.,3.3 Static Contact Force

The experimentai work detailed above revealed mechanism characteristics
in terms of (i) opening velocity
{ii) closing velocity
(iii) contact gap
It did not quantify the force holding the contacts together in the closed
position, or reveal how this force varied as the toggle point was

approached. To facilitate measurement of this force a small hole was

. drilled in the switch moulding directly under the moving contact. A
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short length of nylon drive cord was bonded to the back of the contact,
Fig. (24) and an avometer on the ohms range was connected across the
switch., This effectively passed 0.25 mA across the contacts in the -
closed position. By hanging weights from the nylon cord the contact
force would be relieved and the total force was equal to the total
weight (including the cord and bonding adhesive) which would just cause
the avometer to read a high resistance (>10k?). To obtain consistent
results it was necessary to -
1. Clean the contacts with Isoprépyl-alcohol
2. Add the weights to the contact at a very small
incremental rate to avoid imparting momentum to the
mechanism
This latter requirement was achieved by dropping water drops into a
small container attached to the nylon cord. The dropper was an ordinary
disposable syringe and the drop size would be varied by using needles with
different bore sizes. A 25G needle was found to produce a drop of mass

25 mg, which pave the measurements sufficient accuracy.

Values of the contact force were obtained at regular intervals over the
range of the operating stroke until the mechanism was within .05 mm of

the toggle position. At this point it was found that the mechanism became
too unstable for measurements to be made. The results are shown graphically
in Fig. (25) as a plot of contact force (grammes) against distance of the
actuator from the toggle point. Extrapolating the graph beyond the .05 mm
point to zero (tﬁe break point) shows that the mechanism sustains a force

on the contacts appreoaching 2 grammes until the toggle point is reached.

This has also been confirmed in an internal report by Ranco (5).
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This measurement procedure was also applied at regular intervals to
switches on life test to determine the variatiqn in the applied force,
Results for one switch are shown in Fig. (25), where there is a —
measurable decrease in the force of about 77 after 200 000 operations.
There is also an increase in the operating stroke of the switch, 10%

after 100 000 operations and a further 57 after 200 000 operations total.

The reasons for this have already been.suggested in section 4.,3.2.

This preliminary examination of the mechanical characteristics of the
switch shows that the repeatability of performance between switches lies
within acceptable limits for a méss produced item. (* 77 ref. Hanka (4)).
The switches haye been observed to perform consistently.over the required
life (nominally 200 000 operations) and the variations that are present
are not sufficient in themselves to make mechanical unreliability the
probable cause for failure. Separation of the contacts due to bouncihg was

not seen on the high speed films. However, a rolling motion of the

contacts aftér impact may be significant when electric current is flowing.

4.4 Single Operations using a d.c. supply and resistive load

4.4.1 Operating Conditions

. A simple test circuit was constructed, Fig. (26) using a 40 volt

stabilised d.c. supply and non-inductive resistors for the load. Circuit
current was set to 8 amps and then high speed films were made of switches
opening and closing this load. Simultaneous recordings were made of
voltage across the contacts and cur%ent flowing in the circuit by
measu;ing the voltage change across a 0.1Q shunt. The information was
stored by the transient recorders and plotted out onto an X-Y recorder

and displayed on an oscilloscope.
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4,4,2 'The Make and Break‘Arc§

The high speed film of Fig. 27b shows a small arc of 2 frames duration,
which correspbnds to a time of 0.1 ms to 0.35 ms depending on the -
relative position of the film shutter when the arc ignited. The exact
arcing time is shown on the oscilloscope-record (Fig. 27c¢), viz 0.25 ms.
The presence-of an arc after impact indicates that the contacts are bounc-
ing apart although the amplitude of the separation is outside the resolving
qapability of the film and lens system (.03 mm). Alternatively it is
possible that the voltage and current interruptions are due to asperity
vapourisation as the contact rolls after impact and the site of current

conduction i's changed.

The high speed film in Fig. 28b shows the growth of the arc as the contacts
separate. The arc duration, measured from the oscilloscope trace is

1.1 ﬁs and this corresponds to an arc length measured from the film of
0.35 mm. By measuring the contact separation not only at the cenfre,
(i.e. éhe g;cing point), but also at the contact edéés, {as in the case

of the make operation), it is seen that initial separation of the contacts
occurs as a rolling or peeling action. This was found to be the case

on all the high speed films made of this switch performing a break opera-
tion. It is suggested that this may account for the initial multiple
interruptions that occur iﬁmediately—prior to complete separation and

arc ignition. As the moving contact rolls over the fixed contact, the
actual point. of current conduction is changed.. Molten bridges and

short duratién arés may occur as tﬁelcontaét point is moved giving

rise to the short transient rises in voltage just before the contacts
separate. 'This is clearly visible on Fig. 28c. It was also noticed
after many tests had been performed on many switches that these multiple
short duration voltage transients occurred more readily on a switch with
new contacts. After the switch had performed aﬁout 10 operations the

switch generally accomplished the ignition of the break arc with fewer
. - 87 -






or none of these multiple interruptions. This suggests that surface
films, destroyed by arcing, may account for some of the multiple
interruption characteristic as the contact rolls before separation,

For both make and break arcs the short arc process dominates for the
first few microseconds of arc life, See*HopkinS et al (5).‘ The
relative abilities of the different types of arc to produce erosion has
been reviewed in section 2.4, For tﬁe operating conditions being con-
sidered here the short arc dominates for a larger propértion of time

iq the make arc compared to the break arc, Any material evaporated

by the arc will be redeposited on the electrodes since the arc length,
(i.e. the contact gap), isismall (< 0.03mm) compared to.the contact

diameter (4 wm).

4.4.3 Erosion due to the Make and Break Arc

S.E.M, Photographs of the anode and cathode surfaces after one make
operation are showﬁ in Figs. (29). The distribution of erosion on
the contact surface lies parallel to the axis of roll and the cathode
surface is the mirror image of the anode surface. - Both electrodes
have the appéarance of localised melting of contact material, with

the anode having a predominance of small overlabping crater forﬁations.
The cathode is characterised by smaller pits and protuberances with

some finely divided condensed vapour sprayed around the eroded area.

Photographs of thélarc electrode surfaces after one break operation
are_shown in Figs. 30, The anode surface is characterised by one
larger crater (diameter 4 0.2 mm) surrounded by overlapping smaller
craters. The cathodélcomprises many small pits and protuberances
spread over an area which appears to have been sprayed by finely
divided metal vapour. There is also evidence of some larger deposits
of resolidified molten metal which has been thrown up from the anode

crater. ’ - 89 -






A single make operation appeared to inflict less damage on the contact
surface than a single break operation, predictably since the duration of
the break arc in this case exceeded that of the arc due to 'bounce',
The cumulative. effect of multiple make operation was investigated
first, since this represented a simpler set of operatinyg conditions

about which the following assumptions could be made,

1. There is negligible loss of‘energy or contact material to
the surroundings due to the short times involved and also due
to the very small contact gap compared to the contact diameter,
2, Arc voltage and current are constant for the duratiom
of the arc. |
3. The energy dissipated by the make arc between the contact
is proporticnal to the total charge passed in the arc
(since the arc voltage is a constant for a given contact
material).

i.e. Energy

{}
Q]
E
(e

jouies

= Qél.

< q
This'is not the case for the break arc where the arc voltage
increases with length. Also it would appear that it is
not sufficient to assess the erosion just in terms of arc
charge. Erk & Finke (6) found that materials with lower
arcing voitages produced weaker welds, The implication
of this is that the amount of metal melted and vapourised

by the arc is in some way proportional to the arc energy.

4.5 Multiple Make Operation

A test circuit was constructed using a 50 Hz full wave rectified

" mains supply i.e. 340v peak and a resistive load of 10 amps peak.
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This would simulate the periodic zeros of a.c. but allow the effect of
polarity of the contacts to be observed, Using the apparatus described
in section 3.5 for life testing, a batgh>of switches was cycled over 500,
1000, 1500 and 2000 operations respectively, performing' make onlj'
operations, The breék operation was;performed:by_a switch-in:series
with the test switch. Alghough this sort of repetitive duty would not
normally occur, each repeat make opeyation is ‘representative of the usual
operating conditions, and the cumulative effect of muLtiple operation

enabled the rate and directionlof material transfer to be assessed.

The electrical interruptions corresponding to each make opera;ion were
recorded regularly at 50 operation intervalé, This was so that an
average value for the energy/operation could be deduced at the end of
the tést run. It was observed that a regular shape to the electrical.
transient(ﬁig. 31@ established itself after 10 to 15 operations witﬁ
1it£1e deviation from it as the test continued. The discrepancies
occuring in:the first few operations Fig. 3la were attributed to surface
films which were gradually destroyed in the vicinity of the contact area,
by the arc, After the initial imp;ct force it would seem that the
rolling action of the contact did not always break the surface film,

or it was thick enough to resist conduction by fritting or tunnel effect
allowiﬁg tﬁe voitage to rise for short intervals (< 20ps) to the open

circuit value.

The energy dissipated at any one make operation yaried according to

the point on the a.c. eycle at which the contacts first impact. For
a number of operations of 500 or more, it was assumed that the average
A

value of the current I sin wt could be used without introducing sig-

nificant error into the value of the arc energy calculated by
Energy = Em._2_,is'|nut.T joules
e

- 93 -









where T is the total arc duration for one operation.

In section 4.4.3 it was assumed that the current was constant during

a given make operation. For a.c. this ca; still be assumed since for
bounce time of 0.1 ms, f-sin(wg)changes by less than 107 on the steepest
part of the sine wave. 'Two thousand operations was specifically ;hosen
as the upper circuit for this series of tests. To perform any more

make only operations than this may have distorted the true picture

" of events since normally make operations alternate with break operations.

Photographs and Talysurf profiles of the contact surfaces after 500 operations
are shown in Figs. 32 and 33. The anode is characterised by a large
dominant crater with some material deposited around the crater rim:.

The cathode has a pronounced pip formation of similar volume to the
anodé crater. The respective volumes are plotted against total epergy,
i.e. average energy/operation x number of operationms, in Fig. 34. The

graph demonstrates that the volume of the anode crater is equal to the

sum of the material deposited around the crater rim and the volume of

the cathode pip. The erosion mechanism is one of material tr;nsfer

from anode to cathode. As alreadi defined in section 4.4.2, the short

arc procegs is qlearly the one which dominates for most of the arc duration,
and is responsible for most of the transfer of material. Rubture of

the molten metal bridge will also contribute to the erosion process,

however as already demonstrated by Slade (7), forarcs of this duration the

effect of the molten metal bridge is negligible.

To summarize, the amount of transfer varies in proportion to the energy
dissipated by the arc between bouncing contacts Fig. 34, i.e. a-decrease

in bounce time will result in a decrease in erosion. The inter-relation
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between make and break operationis has been ignored for the purposes
of investigating the effect of bounce, however section 4.4.3 shows that

the break arc has the potential to inflict more damage due to its longer

duration.

4.6 The Break Arc

4.6.1, Voltage — Current Characteristics

It has already been shown that there exists a relationship between

‘erosion of . the contacts and energy dissipated in the arec, The arc

energy depends on the arc voltage, arc current and duration, hence the
arc length and opening velocity are also significant. ) The relation
between arc voltage, current‘and length has been published by several
workers., Holm (9) appears to have obtained his constanﬁ arc length
curves by recordingrthe arc voltage and current at different time

instants and then assuming aconstant opening velocity obtained the

corresponding arc length from the relationship [ = v+. Sato (9)

obtained hig data by varying the values of the supply voltage and

current to produce different arc durations, and again obtained the
corresponding arc length by assuming a coﬁstant-oﬁening velocity charac-
teristic, Since the toggle switch under investigation here does not
have a linear opening characteristic, no such assumption can be made
about the opening velocity, The high speed films however, allow the

arc length at any given time instant to be known, so by making simul-
taneous records of the arc voltage and current on the transient recorders
a complete set of results can be obtained. This is equivalent to Holms'

method.

To collect the data in the form that Sato obtained it i.e. maximum arc
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length achieved for a‘giQen supply voltage and current, a method was
devised whereby the arc occuring between the opening contacts was
recorded directly onto 55 mm film. To do this the switch was surroundeq-
by a light - tight eﬁclosure with two close fitting openings to
accommodate the camera lens and the switch actuator. With the camefa
shutter open the switch was made to open the circuit and thus an image
of the arc was recordeé on the film. - By up-rating the film during

the developing process the intensity difference at the extremities

of the arc was reduced to a minimum, Typical arcs are shown in

Fig. 35, up to 12 recordings were made at each supply voltage and
current sétting, and the mean calculated. For a mean length of 1.6 mm,

the standard deviation was .075 mm over 12 measurements.

Two complete sets of experimental data were obtained. One, using

Holms' 'dynamic' method where the rate of growth of the arc is assumed

to be sufficiently slow to simulate stationary conditions, the other using
Sato's appfoach and recording the maximuﬁ arc length achieved prior to
extinction. Plotting both sets of results on log-graph paper with current
as a parameter gives a family of straighf lines Fig. 36, as previously

shown by Sato (G'). The two sets of experimental data are indistinguish-

able when plotted in this form. The reason for this is demonstrated
below,
Four arc voltage/current transients are shown in Fig. 37. Transient

(a) was obtained by actuating a switch to break a d.c. resistive load
of 40 volts, 10 amps, and a high speed film record was also made of
this switching operation. Three points with co-ordinates e s if are

shown on transient (a) as being typical of the experimental data as

obtained by Holm. The co-ordinates are detailed in table 3.
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These. three sets

circuits if et -

E-Ep-E . Iy
ST

From table 3 substituting values

Coordinate Arc Arc Time | Arc er-Ep
Point Voltage |Current | ms |Length| volts
eg volts | it amps t | mm
b 13.5 7 105 | 0.03] 1.5
17.5 6 0.334 0.13 [ 5.5
23.0 5 | 1.1 0.3 11.0
- Table 3

of data could also be produced by three different

lEmzwas.equal to the column voltage défined by Sato as

into this expression of e, and

I,(=1.6A) and putting I equal to the values of iy in each case, gives

values of E as 17,5V, 25V and 36V for points b,c and d respectively,

The arc transients obtained for these 3 sets of operating conditions are

summarized in table 4, and shown in fig. 37b,c and d.respectively.

Corresponding | Supply Load Arc | Arc length E-Eﬁ‘E,Im
point on fig.| Voltage | Current| Duration | at extinction I
37a E volts "I amps | T ms mm volts
b 17.5- ! 7 0.51 0.03 1.5
25.0 6 0.33 0.13 5.5
d 36.0 5 |1 0.3 11.0
Table 4

Comparing table

are the same as

3 and table 4, the arc lengths at extinction .in table

the instantaneous lengths of the arc corresponding to

the coordinate points detailed in table 3. Also in-each case er - Ep

equal to E.; En

I

by either expression.
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The .data represented graphically in fig. 36 gives the relationship
between arc voltage, current and arc length. Defining the axis by

(E - E3 — E . I,) enables the arc length to be expressed as
1

{=K(E -E,-E . Im)3/2 L1t ()

E
I
where K is a constant with a value 4 x 1070 for AgCdo (85/15), with

£ in m. Equations defining the arc voltage e and arc current itf

in wterms of the arc length can now be expressed as

e = Em + (E - Em -[I':/I].Im)f%lf!'2 é (2)
i =1-f B, - (E - Em -{E/I}Im)T%IT%%.é (3)

"~ For known operating conditions i.e. supply voltage and load current the
arc voltage and arc current can be predicted using these equations

_pro#iding the arc length is known.

4.6.2 Definition of‘QEgning Characteristic

The arc length occuring between opening contacts is determined by the
rate at which the contacts separate. Hence if a time dependent function
£(t) can be obtained which—matheﬁatically defines the motion of the
conta&ts, this can be substituted for £ in equations (2) and‘(35. This
assumes that the contact gap and the arc length are always the :same and
although the arc is subject to some lateral movement over theisurface
3uring its life, the difference this makes to the arc lengthiis
negligible. The graph in Fig. 38 ;hows a plot of the contact.gap
.measured at. the centre for the first 1Oms of opening.

There are two obvious features ofvthis separation locus:

1. Contact performs oscillations of sinusoidal form,

2., Amplitude decay of these oscillations appears as exponential,
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A general equation to 'define this sort of response is

2 =rh[1"‘e 'mt}(cosw,tﬂ

where h is the final steady state separation,

o =.% where T is the time‘cénstant of the éxponential decay w, is

the.éngulaf frequency of the oscillation.
A computer program was compiled to obtain a 'best fit' of this equation
by comparing the computed values with those measured from the films, The
.asSumed experimental values of ws indicated that the period of the
sinusoidal oé;illation itself decreased as time increased. . By raising‘
(ws’t)-to-a power it was found this decréase could be accommodated in
the equation which now becomes. o

£ =n(l - e-mt.cos(wst)n) (4)

The values of h, =, w, and n are giveﬁ in Fig.38 for that particular
locus, Strictly these values only define the particular switch
characteristic used to deduce them. However it has already been
demonstrated in section 4.5.2 that switches set to the same working
stroke produce a consistency of operation, so the equation can be
realistiéaily applied to all theAtoggle switcheg of the same type,
A plot of the calculated locus And the experimental one is shown in

Fig. 38 for comparison,

Substituting €quation (4) into equations (2) and (3) produces

oL L
].Im).zl ?

==

e = Em + (E - Em - [E/I

. -1 - e_mtcos(mst)d] (5)
) I E -y
iy =1- [ éJ.Em - (E - Em -[ &].Im).

.[1 - e'“téos(wst)“] (6)

k=2

L
=

For a given operating condition all the terms in these equations are
known, hence the values of arc voltage and arc current can be

calculated 'as functions of time,
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4.6.3 Arc Power and Arc Energy

The usefulness of equations (5) and (6) is manifested when considering
the arc power and arc energy. From a knowledgg of the supply voltage
and load current the instantaneous arc power can be ca1cuTated. The -
area under the graph of arc power against arc dﬁration'gives the total
energy dissipated in the arc. _Mafhematically the.arc-energQ is

T ‘where ‘T is. the arc duration,
et.it.dt

0
This. can easily be evaluated numerically with a computer using Simpson's

rule or cother numetical methods for finding the area under curves.

To check the validity of the: equation, a set of experimental data was

obtained for a switch operating over voltages and currents in the range

“covered by the graph in Fig.36. The arc voltage and arc current in each

case were recorded onto graph paper by the transient recorders. Frém-
these the product ey i, was obtained and plotted against the arc
duration (Fié..39). Fig. 36 was used to ensure that the arc exting-
uishing capability of the switch was not exceeded, i.e. the value of
E - Em - E/I Im and I would not produce an arc length £, according to

equation (1) such that £ was greater than h. This is the reason that

the current was restricted to lower values for the higher supply voltages.

The values of the arc power obtained from the product of equation '(5)
and (6) are also plotted in Fig.39 for comparisons, and it was seen
that there is close agreement between the experimental and calculated

results,

The arc energy was calculated using the computer to find the area under
each arc power curve. Fig.40 shows the graph of arc energy against

load current with supply voltage as a pavameter. These curves can be
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.easily used to predict the energy/operation from a knowledge of the

supply voltage and load curremt. They are directly applicable to the
toggle-switches with oéerating strokes of 0.64mm i.e. ‘the same as the
test switches‘used-to obtain the data. For switches with a shorter _
stroke i.e. slower opening velocity, the curves will be rotated anti-
clockwise, for a faster opening velocity i.e; larger stroke, clockwise
roqapion. If the operational limits for a given application of the
switch are knoﬁn they ;an Be drawn oneé this graph and' hence it can -
be generally applied to predict the energy dissipation for switch

lifetime.

In Chapter 2, Section 2.3.5 remarks were made.concerning Ehe variability
of Im, the minimum arc¢ current, which.depended to some degree on the
circuit p;rameters and the arc duration. This seems to be confirmed

by the graphs of Fig.&O.. If the lines of constant voltage are

projected down until they intercept the current axis, it is seen that

for increasing voltage the value of the current at intersection

.decreases. Since the higher voltages correspond to larger -arc durations

this is in agreement with previous reasoning on this. A similar graph
to Fig.40 has been published by Takahachi (10) who evaluates the

relationship between arc energy and arc termination current.

4.7 Operation on A.C. Supply.

The equations to calculate the arc power and energy have been verified
for a switch breaking a resistive load with a d.c. supply. The

information obtained from this investigation can be used to guide the

-experimental-observations of the same switches operating on an a.c,

resistive load.

The usual application of the toggle switch in the United Kingdom

involves breaking 240V.r.m.s. at 50 Hz, Referring back to Fig. 36
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the graph here‘shbws that for a nominal contact separation of 2mm,
an arc drawn at a current of 1 amp with a supply voltage of 80 - 90
volts, will be just extinguishable. If the voltage wave on a.c. is
given by

V = 340 sin w e

the instantaneous value of the voltage is only within this range of

B0 - 90 volts for the first and last 0.75 ms of each half cycle: Fig.4lec.

'SimiLarly if the current wave is defined by

I = 10 sinut

the instantaneous value of current does not fall to the value of 1 amp
except for.the first and last 0.33 ms of a half cycle Fig.4lb. Referring
to the seéaration characteristic Fig.4lc, the switch requires at least

2 ms to attain a separation of 2mm, hence it is unlikely for the switch
to extinguish an arc which ignites at the beginning of a half cycle.
Hence the arc will persist until some point in time within the last

0.75 ms, depending on the rate at which the arc current approaches the

particular value of Im for these a.c. operating conditions.

By considering the last 0.75 ms of the half cycle to consist of small
steady state d.c. increments the arc voltage and current can be
calculated using equations (5) and (6) in Section 4.8.2 by substituting

E.sin(wt +8) for E and I.sin (wt + 6) for I:-

er = Em + [E.sin(mt+6) - Em - E/I .Im] -%%[? - e-atcos(mst)n] (N

.o T, I _ . .. E -¥I h [,_ =t n
ic Isin(wt+9) E.Em [E.SLn(mt+6) Em T Im] E'K'l} e cos(mst) ](8)

0 is the pointon the a.c. cycle at which the arc ignites. By putting
% = 9,25 ms values of e, and it can be calculated at suitable time

increments. This was done using a computer program and the results

are plotted in Fig. 42a. Results from an experimental oscillograph
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are also plotted for comparison verifying tﬁat‘the‘equations are

valid for this particular point on the cycle.

éinéé-it is not possible to use point on wave triggering with normally
operated switches, the instant in time that the switch opens relative

to the a.c. waveris not controllable, therefore to obtain the experi-
mental data for Fig. 42a the switch was operated many times. By doing
this a complete set of osciliographic data was acquired with arc ignition
points distributed uniformly across the half cycle. One sét with

ignition point early onm in the cycle (81;-1.6 ms) is shown in Fig. 42b,

To enable the arc power and arc energy to be calculated for any ignition
point, equations. are required that will give values of e, and it for

the whole arc duration, as with the d.c. operating conditions.

Looking closely at the experimental oscillographs in Fig. 43 three
things are immediately apparent,
1. The arc voltage changes 'in ﬁhase" with the contact motion,

i.e. change in arc length.
2. The arc current does not deviate by more than 0.5A frqm i sinwt,
3. The values of e. and it and | (arc length), do not lie outside

the range covered by the graph in Fig. 36, at any time during the

arc duration.

In section 4.6.1 it was shown that the voltages defined by e .~ Em

and E - Em ~(%&)Im were for the purposes of Fig. 36 the same. Hence

the equation for arc length, equation (1) section 4,6.1 can be rewritten
as:
3

2 \
1l = K(et - Em)2 (it)z— (9) since it Z I for this representation,

-
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re-arranging gives e = Em. + [ L y J3{ - (10)
- K.i *
L t

i.e. an equation for e in terms of it with | the only other variable
| has previously been shown to be defined by the contact separation locus.

Equation 8, for it can be re-written as

i = I sin(@t+8) -

% -{1 - e-d{_"cos(w, t)‘?:l

The terms inside the square brackets in this equation equal e£ (equation 7).

:[#m + (ﬁ sin[wt + @ - Em - %& - Im)—%( I sinwt +E))_i

= H

Hence this simplifies to@

b T, I
= + - N
1t I sin (wt 0) [@Jet

E . . . .
&_deflnes the load resistance of the circuit say RL

e
. . t
i = sin (wt + 8) - —

t RL
sin(wt + 8) - e,

%

It has already been noted that it does not appear to deviate much from

P~ >

1l
x>

"

I sinwt. The reason is now seen to be that for most of the a.c. cycle

A

e << E sinwt.

t
Hence i @ E osinwt + 6§ = I sin(t + 6)
E z
. : { |3
Equation (10} now becomes e, = Em + T - (11)

K(i sinwt+s)?

Substituting the expression of the separation locus for 1 gives

_ 2
h{(l - e dtcos(wst)n) 3

e = Em -+ — T
K(I sinwt + 0)°*

This equation enables the arc voltage e, to be calculated for any ignition

point on the a.c. cycle, The error caused by approximating‘it to I sin(wt+d)
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is not significant apart from the last 0.75 ms of each half cycle,

when the resistance of the arc approaches, and exceeds in the last

few us, the resistance of the circuit. To maintain accuracy, |
.equatfons (7) and (8) could be used to calﬁulate values~for it and
e, over this last 0,75 ms as shown in Fig, 42, However as the
following seétion shows, from an engineering standpoint, in calculating

values for the arc energy the error introduced by assuming the arc

current is T sin {wt + B) is generally less than 10%.

4.7.1 Arc Power and Arc Energy for A.C, Loads

Using the transient recorders 7 sets of e, and it transients were
obtained at approximately 1.0 + 1.5 ms intervals across the a.c.
half cycle, for a peak current of 10 amps. For clarity, only three

sets are shown in Fig. 43. Using equation (12) values of e were

calculated, and these are plotted in Fig. 43 for comparison with

the experimentally measured ones. I sin wt has been drawn in

Fig. 43 for comparison with the experimental values of i

The expression for arc po&er is obtained by multiplying equation (11)

by I sin (wt + 8) giving

2

L. E sin(wt + 9) T - 13)

K

e, - it = Em.[I sin (wt + 9)] +

The arc power curves corresponding to the data of Fig. 43 are shown
in Fig. 44(a), both for the experiﬁentglly measured e and it and the
calculated values. The arc energy ’ e, - it dt is evaluéted by
calculating the area under the arc power curve as in the dc case,

however for a.c. the arc energy is also dependant upon the ignition

point. Fig. 44b shows how the arc energy varies with the instant
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at which the arc ignites, seven ignition points were used to produce
this curve for the 10 amp case, and the calculated values are again
plotted for comparison with the values obtained from the experimental

measurements.

A range of results are shown in Fig. 45a - d, representing the arc
power produced at different ignition points on the half cycle for
load currents of 2, 4, 6, 8 amps peak. From these the arc energy

is calculated and in Fig. 46 it is plotted against ignition point
with load current as a parameter. This graph enables the energy
dissipated between the contacts to be found for a known load current,.
Since for these gwitches the point in time when thé contacts open is
random when referred to the a.c. half cycle, for many operations
(Switch 1life = 200,000) the arc will ignite an equal number of times
at every point on the cycle. Hence to determine the total energy
dissipated over the life of the switch it is permissible to multiply
the number of operations by a value which represents the 'average
energy' per operation. The values for this are listed in Fig. 46,

as calculated on the computer for each curve.

The work completed thus far enables the arc energy to be calculated
from a knowledge of the load current and the switch opening
characteristic. All the experimental measurements have been made
using a resistive load. Since toggle switches are frequently used
on inductive loads, the effect this has on the arc energy at break

will next be considered.
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"Fig. 47 shows three of the arc voltage and current graphs obtained

- with ithe switch contacts breaking an inductive load power factor of

cos § = 0.5, the load current was 4 amﬁs’peak. The arc power graphs

shown in Fig. 47 and the arc energy in Fig., 48, appear similar in shape

and magnitude to those obtained using a resistive load, (Fig. 45 & 46).

In. equation (13) the arc power is given as a function. of the locad
currenﬁ of the circuit, no term for thé supply voltége appeérs in this
equation, Hence although the current (i.e. arc current) is lagging the
supply voltage by some angle $, the arc voltage is unaffected and is

in ﬁhase with. the arc current, despite the fact that the supply Voltage

will go through zero before the current. The arc extinguishes as on

"

resistive load, when the current decreases below I;. The voltage across

the contacts after extinction will not be zero but soﬁe magnitude
depending on the power factor of the circuit, and of opposife polarity
to the arc voltage. For the current magnitudes and contact gaps

being dealt with here, the rate of rise of the dielectric strength of

the gap is sufficient to remove the possibility of restrike.

To complete this section of work a set of measurements was-made with

the switch controlling a compressor motor, one of the normal applications
of the switch. The arc voltage and current waveforms, and the arc power
for three iéuition points are shown in Fig. 49. The power factor of

this load was 0.5 at a curreant of ' 2.6 amps peak. Since the motor -
contains magnetic material with a non-linear B/H curve it is likely

éome hafmonic content will be reflected in the current waveform
distorting it from a true sinusoidal shape. However this was not
Qfsiﬁle in the results obtained and there was no ob;ervable effect

on the arc power or arc energy curves, Fig. 50.
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A non-sinusoidal current would not invalidate equations (11) or

(13) providingthe function defining the current with harmonic content
a .

was Substituted for I sin (wt + 8), The arc power and arc energy

could then be calculated as usual,

The equation for arc power (equation 13) consists of the sum of

two terms:-—

i. Em (i sin (wt + 8))

wro

A »
.. [i. I sin (wt + @)
ii. <

The magnitude of term i. depends on:
(a)  sin (wt + 8), which is a function of the electrical

| load being controlled and therefore pre-determined.

(b) Em which is a function of the ionisation potential of
the particular contact material, Hence a contact
material with a lower value of Em would result in a lower
value for the instantaneous arc power and therefore

less energy dissipated in the arc.

| However, Erk and Finke (6) in their studies of contact materials found
i that silver cadmium oxide had one of the lowest minimum arc voltages
(10 - 12 volts) of the materials they tested, hence there appears to

be little room for improvement of this parameter.

The magnitude of term ii.‘depends on £ & K. K is a constant dependent

on contact material and the ambient gas hence in this situation is
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predetermined. £ is determined by the mechanism of the switch and is
a parameter which can be controlled by design. A reduction of 50% in
£ will produce a decrease in the instantaneous arc power at any point,

of about 407, with a consequential reduction in arc energy.

4,7.2 Reduction of Arc Energy by limitation of the Contact gap

This then offers a way of using the mechanical performance of the
switch to tailor the electrical characteristics for a minimum energy
solution. To test this, some switches were modified as shown in

Fig. 5la. by inserting an adjustable backstop ;nderneath the moving
contact, The switches were then arranged to switch the same a.c.

load (10 amps peak) with each switch set to have a different contact
gap. The differing arc voltage levels are shown in Fig. 51b. The
high speed film of a switch with the backstop is shown in Fig. 52
together with a plot from the film. This shows that after the initial
acceleration the contact impacts against the backstop and after a’
small amouné of instability due to 'bounce' comes to rest with a contacf
gap in this case of 0.2 mm, This was the smallest contact gap
selected and hence shows the greatest reduction in the arc voltage,
which was constant for mest of the arc duration at 15 -~ 16 volts,

Fig. 41(b). The arc power graphs for this 0.2 mm gap are shown in
Fig. 53, and Fig. 54, and compare: the arc energy at different
ignition points for the differing contact gaps. It is seen that there
is about a 407 decrease in the energy dissipated in the arc by

reducing the contact gap from 2 mm for the unmodified switch to

0.2 mm for the switch. with the backstop.

For the purposes of calculating the arc voltages and the arc power,

equations (11) and (13) are still applicable. £ is now defined by
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the contact gap to which the switch has been designed to open. To
take into account the first 1 m s of time during which the contact
is in motion, it was found by measurements from the high speed films_
that, assuming a constant opening velocity of 0.15 m/s gave values

for the separation within 5% of the actual distance.

In section 4.9 the arc current i.t was stated as approximately equal
to ; sin (wt + 8) by assuming e _ << E sin (wt + €). This still
applies, in fact it is more valid to assume this here since e, for

a switch with backstop is 50% less than the normal unmodified switch.

This is because the reduced arc length offers even less resistance

to the passage of current through the circuit,
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4.8 Erosion due to the Break Arc

'Intrbduction

The result of material being eroded by the arc from the contact
‘éurface ils either:-
i, Transfer, i.e. material preferentially evaporated from
one electrode and deposited_dn the other.

ii. TLoss, i.e. material irrecoverably lost to the surroundings.

Transfer is clearly less daméging in the long term for switches
operating on a.c. since the direction of transfer will alternate with

the polarity of the contacts.

It has been stated-by Hopkins et al (5) that material transfer due to
the arc is generally the result of evaporation of material from one
contact surface and deposition on the other as opposed to movement

of metailic;ions dowvn the arc channel. 1In the light of this it is
important to-know how much energy is dissipated at the contact surfaces
and how much is lost to the surroundings.. The previous section has
enabled the total energy in the arc discharge to be calculated from a
knowledge of circuit and sﬁitch mechanism parameters. To.continue

this study, the possibility of identifying component energy parts
absorbed by the anode and cathode which together comprise the total

arc energy, will be considered.

As previously, this work will commence with the simple d.c. operating
condition, followed by full wave rectified a.c., and then sinusoidal
a.c. Finally the effect of reducing the contact travelon the

erosion characteristics of the contact -will be considered.
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4.8.1 Erosion at break, using a d.c. resistive load

Photographs taken using the Scanning Electron Microscope of the
anode and cathode surfaces have previously been shown in Figure 30,
The photographs. show a large crater on the anode surface 0.1 - 0.2 mm

diameter, and many small pits on the cathode of diameter 1 - 5 x 10_3 mm,

The various arcing processes were reviewed in section 2.4, so to
define the arcing mechanisms here the erosion patterns must be matched
to the known results of the different types of arcs. The high speed’
films give the arc length as about 1 mm at extinction Qitﬁ‘a &uration
of 2,0 m s.-‘Hobkins et al have stated that the short arc is more
efficient at removing material than the long arc, and is effective in
producing crater-like erosion patterns on the anode. During the first
few microseconds of arcing when the short arc only is present, the arc
currentvis h{ghest and all the current is carried by electrons which’
will liberate much heat at the anode. The crater observed here appears
to be the result of just such concentratedvheating of the surface. As
- the arc lengthens and the arc column and anode fall develop, some of
the current is carried by positive ions which impact on.the cathode
and liberate some heat. Since the positive ions are mofe massive .and
hence slower moving than electrons they liberate less heat, also by
the time they are contributing a significant part of the current flow
there is much less current flowing through the arc. The small pits

observed here on the cathode would result from ion bombardment of the

surface.
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Quantifying the results using the Talysurf plots gives the volumes
of the anode craters in the range .015 to .025 x 10—3mm3 and to a
first approximation the volume of material around the crater rim is
of similar magnitude. There is no net measurable material movement

after one operation from the cathode surface, just an even distribution

of pits and spikes,

After one break operation it was difficult to quantitatively evaluate
the erosion in terms of directional transfer so it was decided to
perform more tests using the same circuit and investigate the ercsion
after predetermined numbers of multiple break operations. The
duration of the tests were chosen as 50, 100, 250, 500, 1000, 2000
operations, after which the contacts were removed for examination on

the S,E.M., and Talysurf.

An attempt was then made to present graphically the data obtained
from the Tal&surf as a representation of material redistribution on
the electrode surfaces over multiple operations. Fig. 55 . shows the
volume of material above and below the original surfaces profile
plotted against total arc energy (or No. of operations) for the
anode. The data obtained from measurements of the cathode surface
recorded a greater degree of scatter, with the material above and
below the surface profile much less clearly defined. The surface was
characterised by an area of small pits and protru;ions with larger
pits in some places and larger build up of material in others. Since
the effect of using the surface profile as a reference was less reliable
it was difficult to categorise the material displacement, however,
there appgared to be no preferential trend of material removal or

material deposit.
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The current of 8 amps, d.c. was defined by Sato (11) as the region

of transition current at which according to his results no net
directional transfer of material occurred. He demonstrated that for
silver cadium oxide contactsthe direction of transfer of material was
cathode to anode below 6 aﬁps, and anode to cathode in the region of
10 amps. The applied voltage used by Sato was 40 V i.e. the same as
used here, however, the opening velocity of his contacts was 63 mm/sec
which gave an arc duration of about 15 m s, i.e. 7 x the duration

using these toggle switches. Hence the energy dissipated in the arcs

he was measuring would be considerably more than obtained here.

At first appearance the results of erosion obtained so far agrée with
Hopkins et al (5), who state that the initial stagés of opening are
dominated by the short a.c., i.e. anode loss by electron bombardment,
followed by cathode loss due to ion bombardment as the arc length
increases, and that the short arc is more efficient in removing material.
To try and clarify the erosion mechanisms taking place it was decided
to perform some tests on the switch with the current magnitude well
away from this transition region as defined by Sato. Keeping the
supply voltage at 40 V, 4 amps. and 12 amps were chosen as the test
currents. Five hundred operations were performed by a sample of
switches breaking 4 amps or 12 amps, typical arc voltages and current
transients are shown in Fig. 57(a) and (b). Examination of the

surfaces on the Talysurf revealed the following :- (Figs. 58 and 59).

4 amp load

The cathode surface had a well defined area where material had been
removed, i.e, volume of material removed from below original surface

profile was much in excess of material deposited above it.
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The anode had more material deposited above the surface profile than

eroded from below it.

12 amp load

The cathode surface displayed a prominent build-up of material, there
was no evidence of erosion of material below the original surface

profile.

The anode surface had an area of material eroded from below the
original profile which exceeded in volume the material deposited on

the surface.

This is summarized and quantified in Fig. 58 and 59 using the Talysurf

plots,

The deductions from these tests are:-

i. At 40 V, 4 amps load, net material transfer is cathode
to anode.

ii. At 40 V, 12 amps load, nmet material transfer is anode to
cathode.

iii. At 40 V, 8 amps load, this is the transitional region and

there is ne net movement of material,

These results agree with Sato's reasoning and give an explanation why

the first batch of measurements made at 8 amps were inconclusive.

Increasing the current from 4 amps to 12 amps means that:
i. Arc length achieved before extinction will be increased.
ii. Arc duration will be increased,

iii. Total energy dissipated in the arc will be increased.
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The inference from these is that a greater volume of material will be
involved in the displacement process which Figs; 58 and 59 show, due
to the increase in energy and greater arc duration. However, this
does not explain the directional change in the transfer of electrode
material. The only other difference between the two operating

conditions is the length the arec achieves before extinguishing.

In a paper by Capp (12}, experimental evidence was produced to
demonstrate that as the arc length increases the power conducted into
the anode increases at a greater rate than the corresponding increase
into the cathode. He concludes that the reason for this is that the
anode fall voltage increases with length at a greater rate than the
cathode fall. For the purpose of calculation he assumed that the
cathode fall remains constant with increase of arc length and that
any inc?ease in the power conducted into the cathode was a result

of increased power dissipation in the arec column, as it lengthened,

being thermaily conducted to the cathode,

This proposition offers an explanation of the so-called transition
region observed by Sato. When the contact separation exceeds the

3mm) i.e. they are no longer

mean free path length of electron (%10_
crossing the gap and bombarding the anode directly, most of the
voltage of the arc consti;utes the cathode fall., 1In this case for
silver cadmium oxide the minimum arc voltage is about 11 volts and
8 volts of this is dropped across the cathode fall, i.e. within a
distance of 4 x 10_5 mm, according to von Engel (13). Hence while
the arc is of short length, most of the power dissipated in the arc

is dissipated very near to the cathode surface which will therefore

receive more energy than the anode. It is more likely therefore
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that material will be evaporated from the cathode and deposited

on the anode at this stage of arc growth.

As the arc lengthens the column develops with a voltage gradient
across it dependent upon the gas in which the arc exists. For air at
atmospheric pressure this gradient is about 20 V/cm at a current of

10 amps (Farrell, i4). The remainder qf the voltage is dropped across
the anode fall, and it is this voltage according to Capp which
increases at a greater rate than the column voltage and the cathode

fall voltage.

Hence the arc will eventually reach a length where there is as much
power dissipated in the anode fall as in the cathode fall. This is
the transition region as defined by Sato, and for a 40 volts supply,
occurs Qhen the load current is around 6 - 8 amps. Since the energy
received by both electrodes is about the same, énd the contacts are
both made of the same material, the erosion from each contact will
be of similar magnitude, with the likelihood of material transfer in

both directions but at different times during the arc life,

As the arc continues to lengthen, it reaches a point where the anode
fall exceeds the cathode fall and more energy is directed into the
anode than the cathode. Depending on the time duration while the arc
is in this state there will be more material eroded from the anode

than from the cathode and the net transfer will be anode to cathode,
Fig. 60 shows schematically the various phases that the arc passes

through before extinction. After the initial short arc the condition

for cathode loss to be predominant is:
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T T

J L it dt < I V. it dt where V, is the anode
o fall at time t,

: where Vo is the cathede
fall (assumed constant)

i is the arc current
T is the arc duration.

For there to be no net transfer in a particular direction
T T
Y, 1i,_dt = Ve 1
[ . 1¢ d j e 1, dt
0 o

For anode loss to predominate

To complete the analysis, the energy dissipated in the arc column
must be taken into account, although for the operating conditions
examined so far this is small due to the small voltage drop across

the column compared to the fall voltages.

For the results measured to date the values of the integrals detailed
above have been calculated and are shown in Fig. 60. For the 40 V,

4 amp operating conditions (Fig. 6la) it is seen that the cathode

fall has 9% more energy dissipated in it than the anode fall. The
voltage drop across the column is small for this case and has not been

plotted.

Fig. 61b shows the energy distribution for the arc obtained when
breaking a 40 V, 8 amp load, i.e. the transition region. As predicted
the values of energy dissipated in the electrode fall regions are |
about equal, 49% for the anode, 507 for the cathode with about 17

dissipated in the column.
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The curves for the 40 V,I12 amp operating conditions are shown in

Fig. 6lc. Here the arc has sufficient duration for the length to
increase to a point where the anode fall exceeds the cathode fall with
the result that the anode receives more energy than the cathode. Since
the arc length is still sméll compared to the contact diameter the
energy dissipated in the arc column can be assumed to be absorbed

by the electrode in equal quantities so for this latter case the

anode receives 527 of the total arc energy and the cathode 487.

It is clear from these measurements that the transition region depends
not only on whether the arc exceeds a certain length, but also on the
velocity at which the length of the arc is inecreasing., For example,
for the 40 volt, 12 amp operating conditions the energy dissipated

in the anode fall only just exceeds that of the cathode fall

(47 more). This is due to the fact that the opening velocity of these
switches is not constant, and initially is of the order of 0.1 m/s.
Since by the time the anode fall voltage has exceeded the cathode fall,'
the opening velocity has risen to 1 m/s. the arc will exist (for this
operating condition) with Va > Vc for less time than when Ve>Va.

Hence it would be expected that the transfer of material from anode

to cathode per operation would be small. From the Talysurf traces
shown in Fig. 59. which were taken after 500 operations at 40V 12 amps
the transfer rate is calculated as 3.4 x 10_-6 mm3/operation,

{(+ or - 10%).

Now that the erosion mechanism has been clarified the results
contributing to the graphs of erosion/energy (or number of operations)
Fig. 56. can be more meaningfully interpreted. Figs. 62-64 show

three sets of arc voltage/current oscillograph traces and arc power



curves selected from those recorded. All the switches (except the
three dealt with later) had total arc energies in the range 0.14 -
0.16 joules/operation, so these three are typical sets of results.
The distribution of the energy with regards to the anode and cathode
arcs:- 497 anode, 517 cathode for Fig. 62b., 517 anode, 497 cathode .
for Fig, 63b., 48% anode, 52 cathode for Fig. 64B.,, i.e. all grouped
around the 507 division mark. The resulting erosion trend, which
was sometimes anode loss slightly the greater, other times cathode
loss, for the 8 amp operating condition is thought to be the result

of this equilibrium distribution of energy.

Of the sample of fifty switches used to obtain the data at 40 V 8 amps
for Fig. 56, there were three which gave consistently different
results when compared to the rest, These three had dominant anode
gain ana cathode loss erosion characteristic which was significantly
differently from all the other results. A typical Talysurf trace of’
one of the anode electrodes is shown in Fig. 65. When compiling the
graph of Fig. 56 these three sets of data were ignored as being
spurious, however, closer inspection of their voltage and current
oscillograph, and opening characteristics reveals that they have a
similarity. All three have a slower initial acceleration than the
rest of the switches tested. The result of this can be seen in the
voltage and current oscillographs, Fig. 66, The arc voltage is held
at a low value for a large proportion of the arc duration, i.e. for

a 3.5 ms arc the arc voltage doesn't rise significantly until 2.5 ms
have elapsed; correspondingly the arc current stays at a higher value.
The result of this is seen in Fig. 66. More energy, (16Z% more), is
dissipated at the cathode than at the anode, so the erosion

characteristic would be predicted as being cathode to anode.
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This example indicates the effect that the mechanical parameters,

(the velocity in particular), can have on the electrical and erosion
characteristics of a switch and why it is important to specify
completely the experimental conditions used to obtain a particular set

of results.

To state then that a tramnsition current occurs at a particular magnitude
for a given contact material is not a sufficient definition. The
characteristics of the mechanism in the form of opening velocity

need to be stated to complete the definition.

Sato states that the transition current occurs at 6.4 amps for silver
cadmium oxide. The opening velocity used was 63 mm/sec. The opening
velocity of the switch being tested here is in the order of 1.5 m/sec.
To locate the transition current a sample of switches was put througﬁ
500 operations at currents or the range 2 - 12 amps in 2 amp increments
for d.c. supply. The net material gain or loss to the electrode was then
plotted against current as shown in Fig. 57. This shows a crossover
point of between 7.5 to 8.5 amps, i.e. higher than that specified by
Sato. This would be expected due to the fact that initially when the
arc is short, i.e. cathode erosion is dominant the contacts are moving
more slowly than when the arc is larger and anode erosion is dominant.
Hence for more emergy to be dissipated when anode erosion prevails the
circuit must be capable of supporting an arc of length such that the
duration when the anode fall is greater can exceed the duration of

when the cathode fall is larger.
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This discussion on the mechanism of transfer has ignore& the presence
of the short arc during the initial stages of separation. This is
justified by the fact that at these larger durations (1 - 2 ms), the _
effect of the short arc is not distinguishable due to the dominating
effect of the long arc mechanism. However, 1f circuit operating
conditions were such that the long arc was not the dominant feature
of current interruption , attention would need to be given to the

erosion capability of the short arec,

For a circuit with a supply voltage of 14 V and current of 12 amps

the arc length capable of being supported is in the orderlof .02 -

.03 mm (Fig. 36), and the duration is recorded as 0.26 m/s (Fig. 68a).
Since a larger proportion of the arc duration is now constituted by the
short arc discharge and also, according to Hopkins et al (5), this

is more efficient than the long arc in producing erosion, short arc
transfer dominates and there is a characteristic pip (cathode) and
crater (anodé) formation., The Talysurf plots (Fig. 68b) clearly show

this.

This type of erosion is similar to that which occurs at make due to
contact bounce. The only difference between the arcing is the way in
which the extinction of arc occurs. After bounce, contact is re-
established thus extinguishing the arc, at break the arc extinguishes
due to there being insufficient voltage available to support its
increase in length. 1In terms of the energy dissipated the erosion
rates for these two curves are:

i. Make operation 0.175 x 10_3mm3/Jou1e,transferred from anode to

cathode,

ii. Break‘operation .38 x lO—BmmB/Joule.transferred from anode to

cathode,
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The apparent large difference in the rate of transfer which occurs
may be due to the likelihood of material re-adhering to the anode

surface, in the case of the bouncing contacts, when they re-close.

Fig. 69 shows the set of results obtained for operating conditions

of 20 volts 2 amps. The arc duration is of similar order to the arc
recorded at 14 V 12 amps, The erosion pattern, however, is markedly
different from the well defined pip and crater formation discussed in
the previous-paragraph. For these operating conditions the anode and
cathode both appear to have material eroded in more places on the
surface, while displaying material build-up in others. The short arc
which occurs under these conditions is required to pass much less
current than previously hence damage to the anode by colliding
electrons is much less, with less material being transferred to the
cathode, After the short arc stage most of the arc energy is
dissipated in the cathode fall since the arc only attains a length

of about .02 mm before extinction. Hence, for this latter stage
cathode losé will predominate and some of the material deposited on

the cathode due to the short arc may be transferred back.

This investigation of contact erosion due to an arc occurring under
d.c. operating conditions has also effectively covered the conditions
that can occur when the switch breaks an a.c. circuit.
i.e. i. High arc voltage (30 - 40 V) high current — arc
which ignites at the beginning of a cycle.
ii. Low arc voltage (12 - 15 V) high current — arc
which ignites at the middle of a cycle.
iii. Low current (2 amps), lower voltage (20 V) — arc which

ignites towards the end of a cycle, i.e. prior to a zero.
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For one break operation on a.c. then it is possible to separate
out the various stages the arc goes through and interpret the

significance in terms of erosion.

The simplest way to do this is to consider in turn several
ignition points across the a.c. half cycle. The operating
conditions chosen were, resistive load of 10 amp (peak),
340 volts peak (240tms),'50 Hz.

4.8,2 Erosion due to the break arc : a.c. operating conditions

Case I  Ignition : 1.lm. seconds, prior to a zero

~

Circuit current at ignition I sin (Wt + 0)

3.1 Amps

105 volts

Supply voltage " " E sin {we + 8)
The oscillograph recordings for this operation are shown
in Fig.70a. The arc duration is 0.95ms and the high

speed film registers the maximum arc length achieved

as 0.10mm. The arc voltage is less than 16 volts for

the first 0.75ms of arc life, hence assuming the cathode
fall for silver of 8 volts, the anode fall will only
exceed the cathode fall for the last 0.20ms. The cathode
surface then will receive more energy from the arc than
the anode., This is seen in Fig.70c. from the arc power
curves, where the area under the power curve for the
cathode represents 57% t 57 of the total. Since the arc
is short compared to the diameter of the electrodes, there
will be a negligible loss of energy or electrode material

to the surroundings.

From the knowledge gained from the previous section using
d.c. an estimate of the erosion processes occuring here
can now be made. The current at ignition is about 3 amps

so this will be the current the electrons constituting
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the initial short arc will carry as they bombard the anode directly.
The damage caused by the short arc should just exceed that which
occured due to the short arc in the 20v 2 amp situation oﬁ d.c.”
However, the arc duration here is much longer compared to the
former case (0.9ms as to 0.2ms) hence the erosion from the cathode
will exceed that which occured previously. During the last 0.15ms
when the anode fall exceeds the cathode fall, the arc power has
fallen to a low value so there will be little erosion of the anode

due to the long arc.

The erosion pattern then is thought to be some erosion and build

up of material from both contacts, however net movement of material
is likely to be cathode to anode. This is summarized in Fig.76a for
the relevant part of the a.c. cycle.

Case II Ignition : 2.9ms prior to a zero.

~

Circuit current at ignition I sin (Wt + 0)

8 amps

E sin (wt + 0)

Supply voltage 269V,
The oscillograph recordings for this operation are shown in Fig.7la.

The arc duration is 2.6ms and the high speed film registers the

maximum arc length as lmm (Fig,72h),

The arc voltage exceeds 1lb6v after about 1,3msecs, the arc length at
this point is about 0.2mm (Fig.71b)}. Hence the cathode fall is greater
for the first 1.3msecs and .the anode fall greater for the last
1.3msecs. However since the current has a higher value for the time
that the cathode fall is greater (drops from 8amps to 5 amps) more
energy will be dissipated in the cathode fall overall. (567 compared
to 447 in the anode fall). There is also some energy dissipated

in the arc column, however for an arc of this duration and length

this is small <,005 joules, and also since the arc length is still

small cémpared to the contact diameter there is no appreciable
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material or energy loss to the surroundings. The erosion will be
similar in form to that occuring in Case I, but of greater
magnitude i.e. short arc initially (8 amps carried by electrons)
then erosion from the cathode predominently, For the last
millisecond there is more power dissipated in fhe anode fall than
the cathode fall. However since the current is low by this time,
overall there is more energy dissipated at the cathode as Fig.72c
shows, The net transfer pattern will still be cathode to anode for
arcs igniting in this region, with both surfaces having local areas

of erosion and build up.

Case ITI Ignition : 4.lms prior to zero

Circuit current at ignition 9,7amps

Supply voltage at ignition 329volts.
Oscillograph recordings for this operation Fig,72a,
The arc voltage is seen to exceed 16v, after 1.6ms, since the total
arc duration is 3.8ms, the time span for which the anode fall is
greater than the cathode fall is 2.2ms. However the cathode fall is
greater during the time of higher current values, hence the energy
dissipated at the cathode still exceeds that dissipated at the anode
as Fig.72c shows. The arc length reaches 3mm before extinguishing
for this operating condition, Fig.72b, so the arc column will account
for some of the total enmergy. dissipated. Since for three quarters
of the arc duration, the arc-length is less than 1.5mm, it can still
be considered that most of the energy dissipated in the column finds
its way to the electrodes as opposed to the surroundings. Assuming
the energy dissipated in the column divides equally between the
cathode and anode, the difference between the energy received by
each electrode can be secen to be decreasing i.e. 54% to the cathode,

467 to the anode,

The erosion pattern for this operating point will consist of material
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going 1n both directions with both contacts losing and gaining material

with the possibility of there being a small net loss by the cathode.

The high-speed film plots of an arc length for the switch being used

to produce this particular set of experimental data shows that the

maximum contact separation achieved is 3,15mm. The switch was deliberately
set with a large operatiﬁg stroke to produce typical data over the working
range of the switch including the extremities of operation. Normally

the maximum separation of the contacts is 2 - 2.5mm,

For the next ignition point considered, the arc length will peak and

then decrease as the contacts oscillate.

Case IV Ignition : 5.lms prior to zero

Circuit current at ignition 10.Qamps.

Supply voltage at ignition 339volts,
Oscillograph recordings for this operation Fig.73a.
The total arc duration is 4,6ms and the are voltage exceeds l6v. after
1.6ms, hence for 3ms the ancde fall will be in excess of the cathode
fall. Fig.73c shows how the power dissipation in the anode fall quickly
rises during this first l.6ms to exceed the dissipation at the cathode.
If the total eergy dissipated in the column is divided equally between
anode and cathode, the anode received 527 of the total arc energy.
The balance has now changed with the anode receiving more energy in

preference to the cathode.
The erosion pattern resulting from this operating point will consist

of material going in both directions with the possibility that there

will be a net loss by the anode.
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Some of the energ& dissipated in the column of the arc will be lost
to the surroundings though this amount will be small since the arc
length is still less than the contact diameter. Also the contribution

by the arc columm to the total energy dissipated is only 5%,

Case V Ignition : 7.4ms prior to zero
Current at ignition 7.3amps.
Supply voltage at ignition 24%volts.
Oscillograph readings for this operation Fig.74a.
The total arc duration is 7ms, and the arc voltage exceeds 1l6v after
1.bms. At this point the arc current is 4.4amps and has not yet reached
its peak, hence the anode fall will have considerably more power
dissipated in it since the high arc current coincides with the region
of maximum arc length. The distribution of the energy as shown in
Fig.74c is anode fall : 547 + 57
Column : 117 + 5%
Cathode. £all : 357 t 5%
The erosion characteristic here will be one where transfer from anode
to cathode dominates due to the increased energy dissipation in the

anode fall,.

Case VI Ignition : 1,3msec.
Circuit current at ignition 3.%amps
Supply voltage at ignition 135volts,
Oscillograph recordings for this operation Fig.75a.
Total arc duration is 8.5ms., . 7ms. of which the anode fall is
greater than the cathode fall. Distribution of energy is:
Anode fall : 53%
Column : 167

Cathode fall : 31%
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The anode receives 227 more energy than the éathode, compared to 19%
more in the previous case considered. The energy in the column has
increased by about 507 compared to the previous set of results and most
of this energy appears to have come from the cathode. Dividing this
column energy equally produces 617% at the anode, 39Z at the cathode,
This is complete reversal of the conditions existing in the first case
considered when the cathode fall contains 577 of the energy and the

anode 437%.

The erosion here then will be predominantly for the anode, resulting

in a transfer of material to the cathode.

These six case studies have produced a complete picture of the erosion
mechanisms resulting from different ignition points on the a.c. cycle.
This is summarised in Fig.76a. showing the half cycle divided into areas
of preferential erosion from the anode or cathode. This information

is presented quantitatively in Fig.76b. as a plot of the energy
dissipated in the various regions of the arc against ignition point on
the a.c, cycle. The crossover point on this graph represents the

region in the vicinity of which the erosion from each contact . will be

about the same i,e, no net transfer.:

In Section 4.7.1 a value was calculated for the average energy/operation
using the graphs of arc energy/ignition poeint, Similar values can be
calculated here for:-
i. The average energy in the anode fall/operation = 0.33 Joules .
ii. The average energy in the cathode fall/operation = 0.24Joules.

iii. The average energy in the column/operation = .08 Joules
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Over 100 operations for example, assuming the column energy to be
divided equally between the electrodes, 37 joules would be dissipated
at the anode 28 joules at the cathode. Hence for multiple operation

the anode received 307 more energy than the cathode.

Operating on full wave rectified a.c.,, it would be expected that the
anode surface would suffer more erosionthan the cathode, with a net

transfer of material from anode to cathode,

This postulation concerning erosion due to the switching of full wave
rectified a.c. has been made on the basis of the experimental results
obtained using d.c. An attempt will be made now to corroborate thege

predictions with more experimental data.

A sample-of 50 switches was used and particular switches were set to
perform 100, 150, 200 operations etc. up to 500 operations in increments
of 50, Between 6 and 12 voltage and current transients were recorded
for each switch, so as to obtain sufficient ignition points evenly
distributed across the half cycle. The testing current was 10 amps
peak, supply voltage was 340v peak, full wave rectified 50Hz to produce
a zero every lOms. The full wave rectified supply enabled the polarity

of the contacts to remain the same throughout the tests,

After the number of operations was complete, the contacts were removed
from the switch and examined under the S.E.M. and a surface profile was
obtained using the talysurf. Some S.,E.M. photographs and talysurf-
plots are shown in Figs. 77. The anode possesses the dominant feature
of a crater on the cont;ct surface, of diameter 0.5 mm and depth 0.02 ﬁm

for the 130 operation contact. TForming a rim around the crater are
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deposits of material which appear to have come from within the crater.
The dominant feature of the cathode surface is a large build-up of
material in one place, height ...mm, diameter....mm after 100 0peratioys.
Around the base of the protuberance are an abundance of small pits and
spikes, too irregular to be measured as a volume displacement, °

but evidence  of the erosion due to the energy dissipated in the

cathode fall.

The results obtained over the whole experimental range are shown
graphically in Fig.78. The anode erosion is presented in Fig.78a. as
a plot of crater volume, and volume of material around the outer rim,
against energy in joules. This energy represents the total energy
dissipated between the contacts, and was obtained by multiplying the
average total energy per operation by the number of operations. The
sum of tﬁe valume of material around the anode crater rim, and the
volume of material built up on the cathode, at any point, within the
limits of the experimental measurements, is slightly less than the volume
of the anode crater. The difference works out to be 0.5 + 1 x 10_6mm3
per operation. This is an average value since material loss is more

likely to occur when the arc ignites early on in the cycle, and the arc

length is 2 - 3mm resulting in greater energy dissipation at the anode.

The erosion process under these operating conditions is evidently
one of material transfer, anode to cathode, with a small amount of
material loss occuring as a result of this transfer process mostly when

the arc has a duration approaching that of a half cycle.
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4.8.3

Erosion due to A,C, (Alternating Polarity)

When considering a.c. operation, not only is the ignition point
on the half cycle a random event, but also the polarity of the
contacts. The cumulative effects observed on full wave
rectified a.c. will not be present in the same way. The actual
material lost to the surroundings will be of the same order,
since this only depends on the ignition point and the occurrence
of transfer,and is not sensitive to the direction in which the
transfer is taking place. The pip and crater formation observed
on full :wave rectified switching operations is unlikely to
occur, since some of the material deposited on, say the cathode
for one operation is just as likely to be transferred back on
another subsequent operation when that same contact is the

anode.

Another sample of switches was used to perform predetermined
numbéfs of operations up to 1000 in increments of 100,
Sufficient voltage and current oscillographs were recorded to
obtain an even distribution of iignition points across the half
cycle, The testing current used was 10amps peak again with the

normal main supply voltage of 240Vrms (340 V pk.)

After the tests the contacts were removed for examination using
the S.E.M. and Talysurf. Typical results are shown in Fig.79.
The erosion pattern still appears in most cases with a singular
crater formation. However, there is considerable material
deposited either around the periphery of the crater or in some
cases to one side of it. To enable the talysurf measurements to
be presented graphically, the volume of thé crater and surface

build up were added together and halved to give a representative
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value of the amount of material displaced. The volume is plotted

against the total number of operations in Fig.80.

From the Talysurf measurements it appeared that the contacts which had
performed higher numbers of operations had a build up of material on
the surface in excess of thevolume of the crater. Fig. 85 shows
photographs of sections through contacts after performing large numbers
of operations. One of the things revealed by the sections is that the
material deposited on the surface is not always solid throughout, but
sometimes contains small cavities of trapped gas. Hewitt (15) also
demonstrated that silver was capable of absorbing oxygen when in the

molten state, introducing a volume change.

The experimental measurements of erosion performed on full wave
rectified a.c. indicate that the anode surface is the one which has

the most damage, with the formation of a crater. The cathode generally
acts as the fécipient of most of the material eroded from the anode.

For normal a.c. then, with random polarity changes most of the 'damage'’
occurs to an electrode surface when it is the anode. Since the talysurf
traces indicate a cumulative growth of the material build up (cathode)
and crater volume (anode), it appears that every time an electrode is
the anode, the arc ercodes from the same previous arcing site, and

every time it is the cathode, it received material in the same
preferential location. This would explain why on a.c. there is sometimes

a build up of material to one side of the crater.

Slade (16) has stated that the arc roots have preferential sites on

each electrode, when switching a.c., resulting>in complementary pip
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and crater formation on both surfaces., The experimental
conditions here are different to those reported by Slade, whose
measurements were based on make and break operations, using a
'creep type' switch i.e. slow opening velocity characteristic
(typically 0.4 x 10_3m/s) resultiﬁg in longer average arcing

time.

The measurements obtained for this work-on a.c. show that
material transfer is taking place in both directions dependent
upon polarity, and the significant cause of erosion over many
operations is the cumulative effect of the anode end of the arc

eroding material from the same location each time.

4.8.4 Erosion of switch with modified opening characteristics

In Section 4.7.1 it was demonstrated that by reducing the travel
of the moving contact, the total arc energy could be reduced.
The effect of this reduction in energy on the erosion of the

contacts will now be investigated.

There are two immediately obvious effects of restricting the
travel of the contact,
i. Anode fall is less likely to exceed the cathode fall,
and if it does it will not be by so much as observed
previously.
ii, Less voltage will be dropped across the arc columm
due to the decrease in arc length,
As on previous tests a sample of switches was put through specified:
numbers of operations up to 500, Full wave rectified supply was

used again, at 1Q0amps peak current, so that the effect on the anode
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and cathode, of reducing the arc length, could be observed,

Typical oscillographic recordings of the arc voltage and current are
shown in Fig. 82 for four ignition points across the cycle. Typical
arc power curves for the anode and cathode falls are shown in Figs. 82c
& 824, The vdltage drop across the column in these results is less
than half a volt so it has been ignored for the purposes of calculating
the arc energy'distribution. Fig.83 shows how the energy dissipated

in the anode and cathode falls varies with ignition point on the cycle.
For arc ignition 4 ms or less prior to a zero thé energy dissipated

in the anode and cathode falls is the same, For ignition points earlier
in the éycle than this the energy dissipated in the anode fall becomes
progressively greater than that dissipated in the cathode fall, For

the ignition pcint of 9.2ms prior to zero the energy in the anode

fall exceeds that ir the cathode fall by about 0,2 joﬁles.

The ignition point is a random occurrence again hence the average
value of energy for a large number of operations can be calculated
as before. For the anode fall the average is 0.3 Joules/operation,
compared with 0.37 joules previously including hglf the energy
dissipated in the column. The energy dissipated at the cathode is

less by the amount previously added in from the column.

These average values do not demonstrate the significance of the energy
reduction achieved. It was shown in the previous section that the
maximum damage is inflicted to the anode surface as a result of early
ignition by the arc. The reduction in energy at these earlier ignition

points by using the backstop is appreciable, in some cases up to 35%.

- 192 -









Specimen Talysurf traces and S.E.M. photographs are shown in Fig.84.
The anode is still characterised by a crater with material deposited in
the form of a rim. The cathode surface also displays a small crater in
its surface, but this is suppressed by a build up of material to one
side of it. The change to the cathode is much less prominent than that
occurring to the anode, and after 100 operations very little change on
the cathode surface was detectable at all. This supports a statement
made by Capp that increased energy input to the cathode is a result of
energy being thermally conducted from the column, since the arc

column at this arc length (typically 0.2mm) has negligible energy

dissipated in it.

The rate of growth of the anode crater for these switches with the
backstop is about 3.6 x 10_6mm3 per joule of energy dissipated by the
whole arc., This compares with about 7 x 10_6mm3 per joule for the

normal switch on full wave rectified a.c.

To conclude this section a set of measurements was made of the contact
erosion which occurred when switches fitted with a backstop were

operated on an a,c. supply voltage and a resistive ‘load of 1Qamps,
Operating conditions were exactly the same as those specified in section
4.11.2, and the data was collected and plotted in the same way. The
results are shown in Fig.81 and can be compared directly with those of
Fig.80 for the normal production switch. The rate of erosion for the
un-modified switches is 0,7 x 10—6mm3 per operation, and for the switches,
with the backstop fitted is 0.4 x 10—6mm3 per operation. It would seem
that this reduction in contact erosion could be a direct result of the
energy dissipation of the arc being reduced by the insertion of the
backstop. The reduction is 0.7 joules/operation to 0.45 joules/operation

using the average values calculated after many operations.
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The measurements of weld strength between the switch contacts are
contained in Appendix I. This work on welding ié not in anyway an
exhaustive study of this particular aspect of switch performance, It
wag undertaken because in the past Ranco have found that switch contacts
have been prone to stick or weld in, without any apparent reason. On
this basis it was decided to see if any correlation could be obtained
between the number of breakIOperations performed by the switch and the
strength of the weld occurring between the contacts at the make operations.
Since arc energy and erosion at break have been clearly defined, it may
be possible to relate any sudden increase in the weld strength to the
amount of energy previously dissipated at the contacts or the amount of
erosion that has taken place. Although the results in Appendix I are
not conclusive it is felt that they do provide a sufficient basis or

starting point for future work to be done of a more detailed nature,

in this area of switch performance.
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CHAPTER FIVE

CONCLUSIQNS

5.1 Review

This research work has evaluated the operation and performance of snap-
action switches produced for use in thermostatic controls operating

on 240 V. r.m.s., 50 Hz. Results from initial experimental work
indicated that the events occurring during a switching operation com—
pfised three areas for investigations. These were defined as the
mechanical performance, electrical performance and contact phenomena.
As the experimental work progressed it was clear that an understanding
of how the switch mechanism characteristics influenced both the
electrical and contact performance was required. It was anticipated
that this would lead to the emergence of design criteria that would
produce an overall optimum performance characteristic for the switch

that could be used as a basis for future designs.

Accordingly a detailed analysis of the switch mechanism performance
was the first objective of the project. This knowledge was then used
to aid interpreting the results obtained for the electrical character-
istics of the switch. The information from these two areas of
investigation was subsequently applied to a study of the contact

performance with a view to reducing the rate of erosion of the contacts.

5,2 Switch Mechanism Performance

The results from the high speed films of the switch contacts closing
and opening are detailed in Sections 4.3.1 and 4.3.2, in the form of
contact separation versus time graphs. Switches set to the same
operating stroke produce similar opening and closing loci. Variations

in the mechanical performance over the prescribed lifetime (200,000
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operations) are minimal, , with 12-15% being a typical worst case

difference on the separation or time scales of the loci. Typical
closing times from the instant of toggle were found to be 2.85 ms

for a switch with an operating stroke of .020" (0.53 mm). After
first impact the moving contact oscillates or rolls about its final
rest position for 1-2 ms. Typical opening times, to the point of
maximum separation (1.6 mm) were found to be 2.6 ms for the same
operating stroke. After reaching the point of maximum separation

the moving contact oscillates about its final rest position, with an
initial amplitude of 0.6 mm, which decays to zero over 30-50 ms. The

frequency of the oscillation is about 400 Hz, but increasing with

time., An equation to describe the type of motion was deduced as

T _ _-at
Contact separation = h[l e coansan]

where h is the final separation of the contacts at rest

0. =1 where T is the time constant of the oscillation decay
T

W is the angular frequency of the contact oscillation
n takes into account the decreasing period of the oscillations
The values of these constants are the same for switches set to the same

operating stroke,

5.3 Electrical Performance

Arcing as a result of contacts bouncing apart after first impact was
observed on the glectrical transient recorders (4.4.2), Typical bounce
arc times were in the range 0.1-0.2 ms. Although no physical separation
was visible from the high speed films, the bouncing occurs during the
rolling motion of the contacts after impact. The erosion pattern
which resulted from the bouncing arc was found to lie along the axis
of roll (Fig., 29). Talysurf measurements of the contact surface after

multiple make operations showed the erosion characteristic to be one
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of material transfer anode to cathode with pip and crater formation

(Figs. 32 and 33).

Measurements of the erosion after arc break operations on 40V, 8A
d.c. (Fig. 30) indicated that surface degradation and movement of
contact material was greater by several orders of magnitude than that

which occurred due to contact bounce,

Having identified the main source of contact erosion, i.e. the break
arc, much of the experimental work was then concentrated in this area,
in order to more completely define the characteristics of this arc.
The relationship between the maximum arc length attained, between
separating contacts, before extinction and the values of circuit
parameters, i.e. supply voltage and load current, was shown to conform

3
to the equation:- arc length & = K(E - E - E_.Imft .Ii
1

for d.c. operating conditions, 20-80V supply, 1-10A resistive load,
where K is constant of value 4 x 10--6 for silver cadmium oxide

contacts (Ag.Cd@" 85/15).

This equation and the equation for the contact separation locus enabled
two equations to be developed to relate the instantaneous values of
the arc voltage and current to the circuit parameters and switch

mechanism characteristics for d.c operating conditions,

Arc voltage e = E + |E-E - E .I -1 h [1 - e-ut cos (w t)n]
t m m 7 ™ X s

Arc current 1 =1 - I . E —-[E -E - E .I ] _5.1 . h [l - e_atcos(w t)ﬂ
t = m m = m o - s
E I E K
The product of e, and it gives the instantaneous arc power. Good agree-
ment was shown between the experimentally measured values and those
obtained using these two equations (Fig. 39). The area under the

graphs of arc power against arc duration gives the total atc energy
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dissipated in the arc for these d.c. operating conditioms, i.e.

T

e, it . dt where T is the arc duration (Fig. 40).

Hence after a known number of operations the total energy dissipated

between the contacts was calculated.

For a.c. operating conditions, typically 240V, 50 Hz, 1-12 amps res-
istive or inductive load, the equation to define the arc voltages was

shown to be 9
e =F + |h (1 - e_at cos (w t)n) 3

kK (£ sin (ot + )
where 8 represents the ignition point of the arc relative to the
preceding a.c. zero (Section 4.7). The arc current was shown to
deviate by less than 10% from the value of the circuit current i.e.
I sin (wt + 8), hence to a first approximation the arc power and
therefore the arc energy was found from the product of e, and

T sin (wt + @), (Fig. 45 and 46, Section 4.7.1)

From these graphs the dependence of the arc energy on the ignition
point relative to the a.c. zeros was demonstrated. Since there is

no control over the arc ignition point, i.e. it is a random event,

it was shown that a meaningful value for the average arc energy per
operation could be calculated for a large number of operations (e.g.
more than 100). Hence the total arc energy dissipated between the
contacts is obtainable from the product of this average value and the

number of operations performed.
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5.4 Contact Erosion

Measuremeﬁts of the contact erosion after switching a d.c, resistive
load (Section 4.8.1) showed that the amount of material displaced or -
removed from the contact surface was dependent upon the total energy
dissipated in the arc. The direction of the net material transfer
also appeared to depend on the energy dissipated in the arc, e.g. as
the circuit current was changed, there was a reversal in the direction
of the net material transfer:-

40V 4A (.035J/operation) transfer cathode to anode

40V 12A (0.196J'operation)transfer anode to cathode

Further to this it was suggested that the relative amounts of the arc
energy that are absorbed by the anode and cathode depend upon the
rate of growth of the arc and the length it achieves prior to extinc-—
tion. This was related to the relative magnitudes of the anode and
cathode fall voltages. The former was assumed to increase with
increasing arc length, as shown by Capp (1), whereas the cathode

fall voltage remains constant for the duration of the arc, Net
transfer from cathode to anode usually occurs when the anode fall
voltage is less than the cathode fall voltage for Ehe duration of the
arc. Transfer anode to cathode occurs when the anode fall voltage
exceeds that of the cathode fall. A transition or crossover region
occurs when at the extinction of the arc the energy received by the
anode and cathode is equal. For these switches the values of the

circuit parameters when this occurs are 40V, 8A d.c. (Figs. 60 and 61).

When circuit conditions and mechanism characteristics are such that
cathode loss is dominant (40V, 4A), it is sufficient to consider

the erosion process from the cathode as being dependent upon the total
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charge passed in the are, since the cathode fall voltage is constant.
i.e. Erosion 0 Arc energy
Arc energy = Vc X q

aq sinceVC is constant

When anode loss is the dominant feature it is not sufficient to consider
only the arc charge since the anode fall voltage is now a significant
part of the total arc voltage drop and varies with the length of the
arc, thus the arc energy is the significant constraint. Since. the
maximum contact gap achieved by these switches (usually less than 2 mm)
is less than the contact diameter (4 mm) the energy dissipated in the
arc column is considered to be absorbed by the contacts. The error
introduced by this assumption is small since the amount of energy

in the arc column is only 3% of the total for operating conditions

of 4OV, 12A.

As a result qf these conclusions from the measurements made using
d.c. circuits, the following comments are made regarding the experi-
mental results obtained for a.c. circuits (Section 4.8.2):~
For any one particular operation the erosion charac?eristic may be
anode to cathode, cathode to anode or no net transfer, depending upon
where on the é.c. cycle the switch contacts open and the arc ignites,
For the purposes of identifying the contact erosion the a.c. cycle
is divided into three parts:-
(1) Arcs igniting 7 ms or more after a zero (Fig. 71);
the cathode fall is greater thén the anode fall for most
of the arc duration. More energy is therefore dissipated
at the cathode than the anode and net transfer of material

occurs from cathode to anode.
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(2) Arcs igniting between 5.5 and 7 ms after a zero;
due to the opening characteristic of the switch the
arc energy is equally divided between the anode and -
cathode, and therefore material transfer occurs in
both directions.

(3) Arcs igniting up to 5 ms after a zero; the anode
fall is greater than the cathode fall for a large
proportion of the arc duration, since the contacts
open to the point of maximum separation and then
oscillate about this distance during the arc
lifetime. Erosion is predominantly anode to
cathode since the anode receives more energy than

the cathode.

Multiple operation on full wave rectified a.c. produces a crater
formation on the anode and a pip on the cathode. This is in agreement
with the 'average' values obtained for the energy dissipated at the
anode and cathode respectively, after many operations, taking into
account the vatrying ignition point, i.e. anode 0.33J/operation, cathode
0.24J/operation at 240V, 10A, 50 Hz, full wave rectified. Also when
arc ignition occurs early in the cycle more material is involved in the
transfer process anode to cathode than where the are ignites later

in the cycle and the net transfer direction is cathode to anode. This
is due to the greater arc lengths achieved after early ignition and the
relatively highér arc energies that ensue. For these greater arc
lengths some of the contact material involved in the transfer process

is lost to the ambient surroundings. (Fig. 78).

For svitches operating on a.c. when the polarity of the contacts
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regularly reverses, the Talysurf measurements have shown chat both
contacts have a crater formation with a build up of material to one
side of the crater. It seems that most damage or erosion occurs
whenever a contact is the anode and early ignition of the arc occurs
relative to the a.c. cycle. Pip and crater formation may then occur
due to the arc occurring at a same previous arcing site, as
suggested by Slade (2), and material being deposited at the same

preferential location on the cathode.

5.5 Improvements to Switch Performance

A reduction in the rate at which the switch contacts erode was
obtained by reducing the energy dissipa;ed in the arc at any one
operation. This was achieved using a normal production switch with

an adjustable backstop inserted under the moving contact to restrict
the maximum contact separation. This effectively limits the length

of the arc for its duration and therefore the arc voltage is

held at a loﬁer value. As a result the arc energy is reduced (Figs.

53 and 54). The contact gap used to obtain the results was 0.2 mm.

The rate of growth of the anode crater for full wave rectified a.c. was
reduced from 7 x 10-6 mm3/jou1e to 3.6 x 10_6 mm3/joule of total arc
energy. On a.c. the rate of material displacement was reduced from
0.7 x 10-6 mm3/operation to 0.4 x 10_6 mm3/operation (Figs. 80 and 81).
The corresponding decrease in total average arc energy was 0.7 J to

0.45 J per operation for 240 V r.m.s., 50 Hz, 10A peak.

The results have shown that for the arc energy and therefore the
contact erosion to be a minimum, the maximum contact separation must be
limited to a value of 0.2 mm, which is not practically viable due to
the possibility of electrical breakdown or accidental shorting of the

contacts, A realistic solution for switch improvement is to reduce
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the initial rate of acceleration of the .contacts so that for the

arc duration the contact separation is maintained at a sufficiently
low value. After the arc extinguishes the contacts continue to
separate until the required separation is reached. The switches tested
in this study had an acceleration rate which produced a velocity of
200-1000 mm/sec after about 1 ms, and the contacts usually maintained
a separation of 2-2.5 mm after 2.5 ms. It is considered that an
opening velocity of 40-50 ﬁm/sec for the first 10 ms would achieve
the required results. This would produce a contact separation of
0.4-0,5 mm after 10 ms, the maximum duration of any arc. After 10 ms
the contact can continue to open to any desired gap. A possible
improved opening locus 1s shown in Fig. 84 with an existing mechanism

characteristic for comparison.

This method of optimising the switch opening characteristic provides
one way of improving the performance of the switch and increasing the
life expectancy of the contacts. On the basis of this optimised
design, future work could be undertaken to arrive at a smaller size
of contact which will still perform the required 200,000 operations.
The resulting reduction in the amount of silver uséd for each contact

will then provide an economic saving in the material cost of each switch,

The main objectives of this research have been realised, and it is felt
that the results and recommendations provide a basis for further experi-.

mental and theoretical research.
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APPENDIX I

Weld Strength Testing

Introduction

Therelation between energy dissipated in the break arc and erosion of
the contact surfaces has been demonstrated in Chapter 4. In this
section the strength of the weld occurring when the contacts close an
electric circuit has been investigated. The intention has not been to
exhaustively explore the mechanisms which contribute to contacts
welding, but to try and observe whether the progressive erosion by the
break arc results in any increase in the weld strength at subsequent
make operations. It may be possible to ascertain whether there is
likely to be any beneficial decrease, in the rate of rise of the weld
strength, due to a decrease in the energy dissipation in the arc at

break.

Surface degradation as a result of arcing after many operations has been
shown to take the form of progressive growth of surface irregularities
i.e. small craters and protrusions distributed over the surface. It has
also been shown by Kossowsky et al (.1 ), Shen et al (2 ) that erosion of
the surface is accompanied by depletion of cadmium oxide in areas of
prolonged arcing, leaving large areas of silver. Section 4,11.2 referred
to sections through contacts revealing gas bubbles trapped within
resolidified contact material. These photographs are shown in Fig. 85,
Besides these visible gaps within the contact surface, areas depleted of
cadmium oxide are apparent in the surface layers with large areas of
resolidified silver. Koepke et al (3 ) have reported that silver contacts
are prone to produce stronger welds than silver cadmium oxide contacts
which were found to have a consistent weld resisting tendency. Hence,

areas of cadmium oxide free silver are undesirable if a reliable
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resistance to welding is to be maintained.

The weld strength resulting from a make operation will be related -
to two parameters:—
1. Bounce time i.e. Does a larger bounce time (hence greater
energy dissipation) produce stronger welds?
2. Number of operations: i.e. Does the cumulative energy
dissipation due to the break arc result in an ‘increase in the

weld strength at subsequent make operations?

Experimental Work

A 240volt 50Hz supply was used and the switches were set up on the
recycling rig to switch a 10amp (peak) resistive load. Before commencing
the recycling tests, the switch on test was made to perform one make
operatioh closing a load of 36amps d.c. This is the duty required to
meet B.S. 5.4.24 part 1 applicable to these switches. The bounce time
for this make-operation was recorded and then the current was switched
off at another point in the circuit. The strength of the weld due to

one make operation was then measured.

The switch was then allowed to recycle the 1Qamp a.c. load up to a
certain number of operations after which one make operation was performed
again at 36amp d.c. The bounce time and weld strength were both

recorded and the recycling process recommenced. This procedure continued
until the nominal life of the switch had been exceeded (i.e. 200 000

operations),

The results from these measurements are presented graphically in Fig.86.

Fig.Bba shows a plot of weld strength against number of operations.
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Since the average energy/operation is known from the oscillograph
recordings, this is also a plot of weld strength/energy dissipated in
the break arc. Fig.86b comprises the results obtained from the _
oscillographic recordings of the make operations at 36amps d.c. and is
a plot of weld strength/energy dissipated during bouncing by the arc.

Essentially it is a comparison of the different weld strengths prdduced

by bounce times of differing durations.

As previously reported by Holm& Erk & Finke (4, there is a large spread
in the results for weld strength plotted in Fig.86a. The amount of
scatter in the results is approaching the values of the weld strength
themselves. However, the graph shows a definite positive slope i.e.
weld strengths increase as the number of operations completed by the
switch increases, and the mean value of the weld strength can be

described by the equation:-
-6
Weld strength(W)gms = 1 + 7 x 10, n

which is the equation of the straight line drawn throuéh the points

Where n is a positive integer defining the number of operations. Fig.86a
-is typical of the results obtained with many other switches tested

under the same operating conditions, after a few operations all the

switches produced a weld of strength 1gm +0.5,grms.

Fig.86b is a result of the fact thaé for every make operation the bopnce
time changes slightly. For the switch used to produce these results,
the bounce time i1s seen to vary between 0.1 and 0.4 msecs. over about
300 000 operations. Again there is a large degree of scatter with a
slight rising trend in the results i.e. a longer bounce time produces a

stronger weld,
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A plot of bounce time against number of operations is shown in

Fig.86c, Again there is a large degree of scatter, but there appears

to be a tendency for longer bounce timesi to occur more regularly after

a large number of operations (e.g. 100 000). The work at the beginning
of Chapter 4 has showed th;t there is no sign of mechanism fatigue
manifested in the switch closing characteristics. Since the only other
variable is the contact surface it seems that the surface irregularities
produced may have the effect of causing the contacts to take longer

coming to rest after impact, with more transient separations occurring,

Of the three graphs drawn in Fig.86, graph (a) of weld strength against
.number of operations has the most correlation. This seems to indicate
that the weld strength is more influenced by the surface condition of
the contact than the duration of the bounce occurring during the process
of establishing contact. Hence the rate of increase of weld strength
will also benefit from a reduction in the erosion caused by the break
arec., Reducing the rate of growth of pits and protrusions on the contact-
surface will also reduce the probability of mechanical interlock

contributing appreciably to the value of the weld strength,
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