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SUMMARY

AgCdO is one of the most widely used contact maleiin the world because of
its outstanding performance. Nevertheless, duentir@nmental considerations, it will
soon be completely forbidden by European envirorialetirectives. Therefore, finding a
good substitute is of crucial importance.

Electrical arc erosion plays a crucial role in tfediability and life of power
switching devices. Depending on the contact mdierizehavior in response to an
electrical arc, surface damage can induce seveaegels in contact material properties
that will impact the power switching device’s fuiocting. Consequently, electrical arc
effects and consequences on the contact materfatsuare of first importance.

In this context, we have focused our researchiieswon the following axes.

First of all, in order to better understand AgCdCuifent contact material in
aerospace industry) and AgSnPotential candidate to AgCdO substitution) amsgm
behaviors, arc erosion experiments, where the paswatching devices have been
subjected to different numbers of arc dischargagelibeen realized.

Further, a general macroscopic electrical contecteesosion model valid for low
and high currents was developed. To compare madellts to experimental data, this
model describes the complete breaking processeotrigal contacts and gives the total
amount of material removed after one breaking djmera In parallel, arc erosion
experiments on AgCdO power switching devices haenlronducted at high currents (0

-> 1000 A) in order to validate the arc erosion elod

XV



Next, using the general arc erosion model, the gn@s having the greatest
influence on the electrical arc erosion procesehzen determined through simulations
on silver contact material. At this stagd) initio calculations were needed to obtain
ranges of variation of certain silver contact matgsroperties.

Finally, an investigation of the trends of changitaral contact material
composition of AgSn@on these identified material properties was pentat. This study

was based oab initio calculations for two different oxide compositiaafsAgSnQ.

These will allow us to give directions to aid thesdyn of a good substitute for

AgCdO, and therefore, to complete the main objeatifithis research work.

XVi



CHAPTER 1

INTRODUCTION

Since the early 1800’s, electrical contacts hawnhesed as mechanical switching
devices in electrical devices. Nowadays, they asryavhere and equip power switching
devices aimed at all kinds of industrial applicaipspace shuttle, airplane, automobile,
modern electric apparatuses, etc... As an examptemabiles are made of dozens of
electrical contacts whereas the last military arBu400 M is made of thousands.

AgCdO is one of the most widely used contact makern the world because of its
outstanding performance in power switching devicegwever, recent European
environmental directives tend to forbid its useonder to reduce pollution and human
health risk. For these reasons, AgCdO is beingacgpl by some environmentally
friendly contact materials such as AgSm®the automotive industry. Nevertheless, none
of those replacement contact materials does me=treélquirements relative to the
aerospace industry where constraints related t@rahhenvironment are much more
demanding. Moreover, major evolutions in embeddedtecal systems, such as the
replacement of hydraulic and pneumatic systems |bgtrecal systems in aerospace

industry (flight-by-wire), and the increased empbas safety for passengers, require the



development of a new generation of contact maserieherefore, despite exemptions in
the aerospace industry allowing it to keeping ugiwg@dO for a limited amount of time,
finding a good AgCdO substitute is becoming a prgssssue. In this context, this
research project, whose main objective is to givections to aid the design of a good
substitute for AgCdO, is born from a strong parshg between Esterline Power
Systems (ex Leach International) and Georgia Tdekterline is a specialized
manufacturing company principally serving aerospacel defense markets where
Esterline Power Systems is the world leader andekr manufacturer of relays and

contactors.

Because serious accidents have been caused bytctamitares, contact reliability
is one of the most important factors for the desafrsuch apparatuses. Arc erosion
induced by the electrical arc at each contact egeand contact closing plays a major
role in reliability (life of power switching devisg and safety (failure modes and effects).
Indeed, surface damages resulting from arcing ead lunder a certain number of
operations to contact failure, i.e. the power swiitg device can not fulfill anymore one
of the functions it has been designed to due tbaot® welding, contacts destruction, etc..
Therefore, a better understanding of the differerdsion mechanisms involved with

arcing is a key factor in the process of desig@ng\gCdO substitute.

1.1. Arc erosion: breaking arc and material transfer

This section aims at describing, based on the dkar@puttering and Deposition

model (PSD) developed in a review of arcing eff¢tjsthe electrical arc formation and



its related material transfer during the breakimgcpss of electrical contacts. Only
contact opening is considered in this researcheptogspecially in order to disregard
bouncing effects while contacts close, as theserzate an uncontrollable number of arc

discharges.

Whenever contacts start separating, because dfadecsurface roughness, the
current carrying points of contact are reduced feva points (See Figure 1.1-1). This
kind of current constriction results in ohmic hagtwhich melts the contact material in

the vicinity of these constriction points.

Cathode Anode Molten metal bridge

Cathode Anode

Contact point
Figure 1.1-1: Schematic representation of a staticontact and of a molten bridge formation

On further separation of the electrodes, this moiftestal is pulled into a bridge, called
the molten bridge (See Figure 1.1-1). As the ebelgtrgap increases, the diameter of the
molten bridge decreases, and, as can be seenhgitfoltowing equations from [2], the
voltage drop across the contacts rises due tatlrease of the contact resistance.

The voltage drop across the contacts can be wiaden



V. =iR (1.1)

Where the contact resistan& is given by:

_r pH
R =22 (1.2)

Where r is the resistivity

H is the material hardness

F is the holding force
Then, this molten bridge will be drawn out untilbibils at its hottest part at contact
voltage value corresponding approximately to thiéingppoints of electrode metals. This

temperature growth at the contact spo&s a function of the contact voltage can be seen
through the following equation from [2]:
T?=T7+V? 10'K 1.3)

WhereT, is the ambient temperature.

1.1.1. Metallic phase

Soon after the rupture of the molten bridge, the lgetween the electrodes is filled by
metal vapour coming from the explosion of the moleidge. Since the gap between the
electrodes is then so small that the electricéd fimn reach over about 10/cm, the hot
tip on the cathode acts as a source of thermatrete@and field electron emissions.
Consequently, the tip is a thermal-field (T-F) ¢élen emission source, and then it takes
as an arc root. The electrons emitted from this wipile accelerating by the electrical
field, move toward the anode. And because of itielasollisions between metallic

vapour and these electrons, the ionization of meaplor and the generation of many

4



more electrons can be observed at this stagegelextron avalanches. As a result, the

metallic phase arc is ignited.

Arc column

Metallic vapor

Material transfer @

Metallic atoms
Figure 1.1-2: Schematic diagram of PSD model: Metit phase

In the metallic phase, the arc takes place in ta@hvapor, and the charged particles are
mainly electrons (emitted from the cathode tip eggroduced by inelastic collisions with
metallic atoms), metallic ions, and metallic ator&$ectrons, having obtained energy
from the electrical field, move from the cathodethe anode and will impact in the
anode: electron sputtering (See Figure 1.1-2). Miegallic ions affected by electrical
field impact in the cathode, which in turn resuttghe deposition of metallic ions on the
cathode. As a result, during this metallic phase,material transfer is from the anode to

the cathode.



1.1.2. Gaseous phase

On further separation of the electrodes, higheizaiion potential atmospheric ions
play a larger part in arc conduction mechanismdgchvlengthens the arc duration and
changes its nature. Then, with time, the depositibometal ions on the cathode and the
deletion of metal ions through interdiffusion beémemetal vapour and the surrounding
gas causes a reduction in the density of metalwapetween the electrodes, even though
the electron sputtering on the anode surface carpensate for metal vapour loss. As the
atmosphere gas becomes the main medium betweeonkects, it will be ionized if the
applied power voltage is high enough. As a resh# gaseous ions will become
dominant. The arc, now, begins to transfer fromrttegallic phase to the gaseous phase

(See Figure 1.1-3).

Arc column

Material transfer

o

Cathode Anode

A #~ Gaseous ions
22,0

Metallic atoms

OREN

NG NN

R O 7O
he I

Metallic atoms
Figure 1.1-3: Schematic diagram of PSD model: Gases phase
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In the gaseous phase, as can be seen on Figug thd-dominant particles are gaseous
ions, gaseous molecules/atoms and metallic atonusing this phase, gaseous ions
sputtering takes place; this phenomenon is equivai® that which took place with
electrons during the metallic phase when the gaseans bombarded the cathode. The
sputtered particles (Metallic atoms) have then ghoenergy to shift to the anode and
redeposit on it due to higher cohesive ability kestw the same particles. As a result,
during this gaseous phase, the material transfesns the cathode to the anode.
Therefore, based on the PSD model, in a breakingae material is first transferred
from the anode to the cathode (Metallic phase art, then, if the necessary conditions
to have a gaseous phase are satisfied, from thedmto the anode (Gaseous phase arc).
As a result, the net transfer corresponds to ti@&nba of these two opposite processes
where both gain and loss happen either in the datloo in the anode for each breaking

operation.

Further separation of the contacts results in atm@&ion, since it causes the circuit
parameters to drive the arc below its minimum sostg current. As time passes, the gap
between electrodes increases to the point wheésesd long that, because of the shortage
of either electron emission or power supply, thecldarge process can not produce
enough positive and negative ions. As a resultathéerminates.

Therefore, if the necessary conditions are satistiee breaking arc is first ignited in
the metal vapor, then transfers from the metaliage to the gaseous phase, and finally

terminates. It has to be noticed that the arc woodur or will immediately terminate if,



in the initial stage or during arcing, either theygr supply or the electron emission is

insufficient.

To conclude, during one breaking operation otteleal contacts, arc erosion results
from the combination of:
- material removal due to vaporization of the eled#fe contact material (mainly
during the metallic phase arc)
- material removal because of the ejection of conmaaterial particles from the
electrode

- redeposition of vaporized or ejected electrodeigact material

1.2. Silver Metal Oxide based contact materials

Silver metal oxide based contact materials (AgMB@&Jje been used as electrical
contacts in a variety of switching applicationscdngse they have been long recognized
for their outstanding performance in make and bredaktrical contact applications and

their good resistance to arc erosion.

1.2.1. AgCdO issue

Silver cadmium oxide is the silver metal compouhdttis most widely used as
electrical contact material as a result of its g@wd erosion behaviour over a wide
current range. Furthermore, its low erosion rat®dgweld resistance and low interface

resistance make it very effective in devices raggimany repetitive operations, like



relays and contactors. Consequently, silver cadnoxide materials are the first choice
in many contact applications.

Cadmium, as a heavy metal, has long been knowe ety toxic, causing softening
of bones, growth inhibition, malfunction of kidneyd infertility. It and its compounds
are extremely toxic even in low concentrations, aitlbio-accumulate in organisms and
ecosystems. It is carcinogenic, and it has highilbplin the environment. Due to its
toxic nature and an increasing environmental avesgnthe AgCdO should be replaced
by a more environmentally friendly material. In erdo reduce pollution and human
health risk, the European Union (EU) has restri¢texriuse of cadmium since 1967 and
issued new European environmental legislation 320

After almost twenty years of discussion in the wleal contact industry, the
European Union has finalized several Directivese(THnd of Live Vehicles (ELV)
Directive, The Waste Electrical and Electronic Eument (WEEE) Directive and the
Restriction of Hazardous Substances (RoHS) Diregti restrict the use of cadmium in
new electrical and electronic equipment by July@[X), [4]. These directives provided a
temporary exemption for Cd in electrical contacsediin the aeronautic industry. The
ELV directive concerns equipment in automobileohe8.5 t. With the RoHS directive,
the EU covers consumer electrical and electromiicde and restricts the use of mercury
(Hg), lead (Pb), hexavalent chrome (Cr VI), Cd asuie plastic flame retardants.
Clearly there is a need to replace the existing d@Qontact materials with Cd-free
materials having comparable contact properties.usTimere is a need to find contact

materials that allow one-to-one substitution, withlowering performance.



1.2.2. On the way to AgCdO substitution

A large number of researchers have been studyiegtte years in order to find out
the specific material compositions that will produa contact material having optimal
performance. Nowadays, following the trend in therdpean market place to
manufacture ‘green’ devices, another constraint thakes the problem even more
complex is to develop contact materials that arén@dam free. Years of development by
contact manufacturers have produced many suitaplacement combinations of silver
tin oxide, zinc oxide, indium oxide and mixturesaxide. A large part of this effort has
focused on materials based on silver tin oxidehm lbelief that the semi-refractory tin
oxide particles would provide performance propsrtiespecially resistance to contact
welding and arc erosion, comparable to those ofmoath oxide; comparable but not the
same and not as good in terms of overall behaviour.
Differences in erosion mechanisms and contact ptiegeare mainly due to the
considerably higher thermal stability of tin oxided to the fact that CdO is wetted more
easily by the silver melt than is Sp@s a consequence, Silver/Cadmium oxide materials
exhibit a somewhat more favorable overtemperatwgkabior than Silver/Tin oxide
materials. Furthermore, many alternative CdO fremtacts, particularly silver tin oxide
(Ag/ISnGy), are much more difficult to fabricate becaus@abr metallurgical properties.
An earlier review by Shen [5] about the manufactgrdifficulties and higher cost of
CdO free contacts is still true today. Silver cagimioxide with up to 15 % CdO can be
made very efficiently by internal oxidation or posvdmetallurgy to include a range of
physical, mechanical, metallurgical and electripabperties. However, both internal

oxidation and powder metallurgy processes are deatpd by the brittleness of many
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non-CdO compositions. The most successful CdO gutish has been based on silver
tin oxide with various additives [6]. It has bedscafound that the contact resistance and
the temperature rise of Ag/Sp@re higher than those of Ag/CdO in the same cimit

so its applications have been limited [7]. But AG@Bwith different additives to make up
for its weaknesses, remains the best applicant ubstgute AgCdO [8], [6].
Consequently, although silver/cadmium oxide (Ag/C#@s been the preferred material
for contacts due to its excellent performance prigse and ease of manufacture into
many configurations, silver/tin oxide contact matisr have begun to replace
silver/cadmium oxide materials in switching devisegh as contactors, circuit breakers
or relays. But power switching device manufacturars still waiting for a better
substitute. So, to end up with directions to desiggood AgCdO substitute constitutes

one of the main challenges of this research work

1.3. Methodology & outline

The following action plan (See Figure 1.3-1) hagrberawn up in order to
identify the different research objectives thatlwelad to reach the main objective: to
come up with directions to design a good AgCdO suite. This methodology is based
on experiments and modeling the electrical arcienophenomenon that takes place
during one breaking operation of electrical cordasince electrical arc erosion is the

main source of power switching device failure.
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Electrical contact material arc erosion: experiments and modeling
towards the design of an AgCdO substitute

==
i !
@ ([ Understand the AgCdO & AgSnO, arc erosion behaviors and

Research project

their evolutions with an increasing number of electrical arcs

Develop a general macroscopic electrical contact arc erosion

Research Objectives madel valid for low and high currents

N\

Determine the material properties having the greatest influence
= on the electrical arc erosion process

Investigate the trends of changing local contact material
composition of AgSnO, on these material properties

l

Expected outcome [ Give directions to design a good AgCdO substitute ]

Figure 1.3-1: Schematic representation of the resezh action plan

Arcing changes the contact surface and layer looaipositions, which in turn
affects local contact material properties and ilhysacts the contact material response to
arcing. The contact material response to arcingth@refore evolve as a function of the
number of arcs the electrical contacts will haverbsubjected to, and so, as a function of
the number of breaking operations. Consequentdy fitst research objective will be to
better understand AgCdO (the current contact natéri the aerospace industry) and
AgSn( (a candidate to AgCdO substitution) arc erosionaers whenever those two
contact materials are used in the same power swgotlevices as those operating in
airplanes. And more specifically, through arc esnsexperiments where the power
switching devices will be subjected to differentmhers of arc discharges, it will be to
understand how local composition changes inducedalning influence material
properties such as the contact resistance. Thaserasion experiments will be covered

in Chapter 2 & 3.
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The second research objective will then be to agvel general macroscopic
electrical contact arc erosion model, valid for lamd high currents, that will describe the
whole breaking process of electrical contacts. dimgare model results to experimental
data, this model will have to describe the completaking process of electrical contacts
and will have to give the total amount of mater&hoved after one breaking operation.
In parallel, arc erosion experiments on AgCdO poweitching devices will be
conducted at high currents (0 -> 1000 A) in oradevalidate the arc erosion model. The
development and validation of this general arcierosmodel will be detailed in Chapter
4.

The material response to arc erosion mainly dependss properties. Therefore,
the third research objective will be, using the eyah arc erosion model, to determine
through simulations on silver contact material pin@perties having the greatest influence
on the electrical arc erosion process. At thisestaly initio calculations will be needed to
obtain ranges of variation of certain silver cohtataterial properties. This will be
discussed in Chapter 5.

Once these important contact material propertiethénarc erosion process have
been identified, one question arises: how will ange in AgSn@ composition impact
these identified contact material properties, anerefore, how will it affect its arc
erosion behavior? Thus, the fourth and last resealogective will consist in investigating
the trends of changing local contact material caositipn of AgSnQ on these identified
material properties. This study will be basedaininitio calculations for two different

oxide compositions of AgSnOChapter 5 will deal with this investigation.
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Finally, Chapter 6 will give the conclusions andgpectives of this research

work.
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CHAPTER 2

AGCDO ARC EROSION BEHAVIOR

The formation of an electrical arc while contaats opening results in changes of
local surface and layer compositions and morphekgiThese surface and layer
dynamics play a crucial role in the contact mateoehavior in response to multiple
electrical arcs. Indeed, the way the surface aadayer change after a certain number of
arcs will directly impact the contact material peojes and will consequently influence
its response and performance.

Many studies have been undertaken in order to iigage AgCdO arc erosion behavior
and to understand what makes AgCdO an outstanadinigct material under exposure to
increasing numbers of arcs. Most of these stude$¥ased on comparison of arc erosion
behaviors and contact material properties betwegd® and some potential candidates
for different applications: AgSnQ3, 4, 6, 8-18], AgSnen,O5 [11, 15, 19, 20], AgZnO
[11, 14], AgNi [11, 12, 16-18], AgW [11, 16], AgCl2, 16]. A few deal with X-ray
study of AgCdO [21, 22], with metallurgical study AgCdO [23], with the effects of
additives on the microstructure and properties g€CA0 [24], with the thermophysical

properties of AgCdO [25] and with the effect of iagc on the microstructure and
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morphology of AgCdO [26-29]. But none of them rekathe surface and layer dynamics
of the AgCdO contact material to its propertiegodd resistance to arc erosion, whereas
defining what makes AgCdO a good contact matesiaheé first and a crucial step in the
process of designing a good substitute. Therefexperimental investigations were
conducted in order to identify and to better chemare the surface and layer
microstructure changes induced by an electricabacthow surface and layer dynamics
work as the number of arcs increases.

The main purpose of these arc erosion experimsrtsbetter understand how the
AgCdO contact material surface and layer changé wait increasing number of arcs,
when operated in the same conditions as they dizedtin airplanes, and those, from a
local composition and a morphological point of vidsifects related to these changes on
the evolution with the number of arcs of the contaaterial properties such as the
contact resistance will also be in the scope a&f $hudy. Furthermore, AgCdO arc erosion
behavior will be described through the two stagel@hdefined by Wan in [14] with new

definitions of the adjustment and of the quasi-dyestates.

2.1. Arc erosion experiments

In cooperation with our industrial partner EstegliRower Systems, arc erosion
experiments have been conducted on AgCdO powerchiwg devices in conditions
similar to operating conditions in airplanes. Fi&gCdO electrical contacts have then
been tested under the exposure to different nunddaases: 1, 2, 3, 10, and 100 electrical

arcs.
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2.1.1. Sample Definition
The electrical contacts are all composed of a ngelectrode and a static one, as

presented on Figure 2.1-1.

Busbars

Fixed
contact

Moving
contact

Figure 2.1-1: Pictures of the static and the movingontacts used in this experiment

As can be seen on Figure 2.1-2 below, the partitylaf this kind of electrical
contact is that they have, from their design, tentact interfaces.

— EBrazs

|7 v Contact interfaces

/N

Brazing underlay

i
|
|
|
i
|
i
i
| .
i Contact material
i

Figure 2.1-2: Cut of the moving electrode

Actually, the current being carried by the firstsbar is passing through the moving
electrode, whenever this one is in a closed pasitio finally leave carried by the second
busbar (See Figure 2.1-1). This is very interessimge the moving electrode then plays
both anode and cathode roles, and we will be abtéserve the two kinds of behaviour
on the same electrode. That is very convenienteranalysis part because it is easy to
manipulate a small piece such as the moving ekgetr€onsequently, we will mainly

focus our work on the moving electrode.
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From a composition point of view, we are using filest contacts of 90%Ag-
10%CdO (by weight) that were all prepared by powahetallurgical techniques. The
process used is sintering. These contacts wittersibackings were brazed to copper
cylindrical pieces so that they could be positiomedhe power switching device. The

moving electrodes were all 22 mm in outer diamatet 3.5 mm in height.

2.1.2. Test Condition and Testing Procedure

The five contacts have all been tested under thee sgperating conditions: Supply
current of 400 A, Circuit voltage of 28 V DC, Amhie air, room temperature.

The only difference between these contacts lidekemnumber of breaking operations
they have been subjected to. The purpose beinmity and understand the effects of an
increasing number of electrqc arcs on the contaatenal, we decided to make the first
AgCdO sample undergo one “half-cycle” (only onedkreperation); the second one,
two; the third one, three; the fourth one, ten &indlly the fifth one, a hundred half-
cycles. For every arc discharge, the contact ssist was measured.

Several reasons can explain the decision to worth \kalf-cycles. The most
important one is that we want to control the numdiieelectric arcs that hit the contact
material, and operating the contact only during dpening cycle allows us not to deal
with the bounces of contacts induced while closiAg. uncontrolled number of very
destructive short arc discharges depending on ahgbar of bounces is then one of the
main effects of these contact bounces while clgsang we want to avoid these because
they are unpredictable. Another reason for using ‘“thalf cycle” testing procedure is to

eliminate mechanical erosion that may occur dutivggclosing of contacts. Indeed, this
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study intends to study only the contact materiasiem due to the arcing phenomenon.

2.1.3. Experimental Set Up
The experiments were realized at Esterline Powste8ys in Niort (France). Pictures

of the experimental set up can be seen in Figurs2.

Figure 2.1-3: Experimental set up

The supply current is 400 A and the circuit voltag@8 V DC. The tests have only
been conducted under resistive load.
Here is the scheme of the circuit:
Oscilloscope

O

ooo
ooo

Fested Power
switching device

Huosistiva load
._.

Figure 2.1-4: Experimental system
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Instantaneous arc current and voltage drops hase feported for each cycle, and the

average contact resistance over the cycle waslastdu

2.1.4. Experimental apparatii

Initial observations were made using a binoculasrascope with high magnification
to identify interesting zones to scan. Then, torfwge accurate in our analysis, we used a
Scanning Electron Microscope with an energy-dispers-ray spectrometer (EDS) to get

the chemical composition of areas of interest.

2.2. AgCdO Surface Dynamics

This section is focused on the study of the evotutf the contact surface with
the number of electrical arcs under the operatiogditions above mentioned. The
following pictures correspond to the anode behawiorthe moving electrode after a

certain number of electrical arcs.

2.2.1. Experimental results

Each sample has been studied using the same m&iggddhe following pictures
represent arc impacted areas, which have beentetlatter observations with a high
magnification microscope and after an EDS mappingedain parts of the crater (Figure
2.2-1) in order to identify representative and elsgaristic microstructures and chemical

compositions.
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Figure 2.2-1: EDS mapping of one part of the crateafter one electrical arc (x800) - Anode

The rectangles in Figure 2.2-2 correspond to zomaging some noticeable differences

from a morphology point of view, which we scannedjét their chemical compositions.

EHT=25.08 kV 25 mn Grand. = 800
30N Photo N°=4270 Détecteur= SE1
Figure 2.2-2: SEM picture of a characteristic partof the crater after one electrical arc - Anode
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For each zone, we get as results of the scan tlmving spectrum (Figure 2.2-3)

allowing us to identify the composition in elements

Relative intensity

Y ' ' ! ' ' ! Y r ' T T
0 5 10 15 20

Energy (keV)

Figure 2.2-3: Chemical composition spectrum relatig to zone 1 (Figure 2.2-2)

The element compositions of the different zonessaremarized in the following table.

Table 2.2-1: Chemical composition of the differentzones relative to Figure 2.2-2

[Composition
(% weight)
zond Ag [ cd

1 ] 88| 12 |
2 | 41 ] 59 |
3 93] 7 |
4 96| 4 |
5 | 18 | 82 |
6 | 17 | 83 |
71 92| 8 |

From Figure 2.2-2 and Table 2.2-1, we can groupegdmy similarities in morphology
and in chemical composition. They can be sortea 3ngroups:
- Group I: Zones 2, 5, 6, corresponding to zonesre/live can observe cavities full of

spherules whose chemical composition is mainly ¢anmoxide.
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- Group Il: Zones 3, 4, 7, corresponding to paftthe surfaces surrounding the holes
with spherules, to solidified parts of the meltimgth and also to deposited droplets. They
have high silver ratio in composition (above 90%).

- Group llI: Zone 1, corresponding to solidifiedrisaof the melting bath and also to
areas that have not been impacted by the elecarcalTheir compositions in silver are
below 90% but they are still close to the origishkmical composition of the contact
material.

What will change with the number of arcs is the pmmion of impacted areas
belonging to each of these three groups, direepedding on surface dynamics.

The impacted anode surface after two electrica srshown in Figure 2.2-4. The eroded

area is approximately 2.2 mm in diameter.

EHT=25.68 kV )= 23 mn Grand . = 160
100un = Photo N°=4556 Détecteur= SE1
Figure 2.2-4: SEM picture of the crater after two éectrical arcs — Anode
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The same lunar surface we have noticed earlier afte electrical arc can be observed on

the close-up of the area limited by the blue frgRigure 2.2-5).

A8 kV

Figure 2.2-5: Close-up of the blue frame (Figure 2-4) — Anode

Table 2.2-2: Chemical composition of the differenzones relative to Figure 2.2-4 & Figure 2.2-5

[Composition
(% weight)
zond Ag | cd

1] 44 | 56
2 | 42| 58|
3| 12 ] 88|
4 95| 5|
5 | 90 | 10|
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Surfaces can be remarked as belonging to the gioegs we defined earlier in the case
of one electrical arc. One big difference heregrafiivo arcs in comparison to one, is the
trend of an increase in the cadmium ratio of tHelg@d molten bath (Zone 2).

Furthermore, zone 3 is the perfect illustrationtiaé trend of an increase in cadmium
ratio close to the contact surface, and that resnlminute molten-droplet splash erosion
with more cadmium particles in composition. We cblbéve guessed this high cadmium
ratio in zone 3 by simply looking at the morpholagfythis deposited droplet where we

can see granules.

26 mn 188

" 4578 DJétecteur= SEI

Figure 2.2-6: SEM picture of the impacted area aftethree electrical arcs — Anode
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The 2.75 mm long impact, which can be seen in EI@UP-6, corresponds to an overview
of the anodic behavior after three electrical arégure 2.2-6 demonstrates that the size
of the cavities evolves with the number of arcenfrone to three electrical arcs, the
number and mainly the size of the cavities keepsvigrg. This could be explained by a
transient state, corresponding to the first fewcteleal arcs the contact material is
subjected to, while cadmium oxide particles, urelectromagnetic forces induced by the
electrical arc, agglomerate to form bigger clusté&vghin the molten bath, these clusters,
under gravity effects, rise to the contact surfsioee silver density is about 10.49 gfcm

and cadmium oxide density is about 7.28 glcm

Table 2.2-3: Chemical composition of the differentzones relative to Figure 2.2-6 & Figure 2.2-7

[composition
(% weig_;ht)
zond Ag || cd
1] 9 [ 10
2 ] 29| 71|
3 93| 7|
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EHT =25 .88 kV WD Z6 mn Grand . 1515} b !
28pn - Photo N°=4579 Détecteur= SE1

Figure 2.2-7: Close-up of the blue frame (Figure.2-6) - Anode

The chemical composition of the solidified molteathb gradually oscillates from rich-

cadmium oxide areas close to cavities of granalegh-silver areas in comparison to the
original composition in between. The compositionZoine 1, located in between two
cavities in Figure 2.2-7, is close to that of thiginal one (see Table 2.2-3).

The morphology after ten electrical arcs, as casdan in Figure 2.2-8, looks different.
A few cavities can be observed, and their sizesbagped growing. Most of them have

been filled up or covered by the molten metal dysnolidification.
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EHT =25 .88 kU WD 29 mn Grand . 258
188pn -—| Photo N°=46073 Détecteur= SE1

Figure 2.2-8: SEM picture of the impacted area afteten electrical arcs — Anode

Table 2.2-4: Chemical composition of the differentones relative to Figure 2.2-8

[Composition

(% weight)
zone Ag | Cd
[ 1] 95| 5

2 | 79| 21|
3] 73| 27|
4 61| 39|
5 | 64 | 36|
6 | 93| 7 |
7 77| 23]
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Consequently, the cadmium ratio of the solidifiedlten bath remains high. This is

confirmed by Table 2.2-4, since zones includingitea with granules (Zones 3, 4 & 5)

have, as expected, high ratios of cadmium, but atstes surrounding these cavities
(Zones 2 & 7) get important cadmium ratios in congmm to the original composition.

In addition we still observe a few low mounds (Zd&)ewhose composition is mainly

oxide-depleted metal. This can be explained byphenomenon of agglomeration of

cadmium particles that we mentioned earlier thaatas deprived cadmium oxide areas.
Splash erosion and material deposition from therogiectrode can be another way to

explain it.

24 mm Grand . 51505}
Photo N°=4574 Détecteur= SEl
Figure 2.2-9: SEM picture of the impacted area afteone hundred electrical arcs — Anode
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Table 2.2-5: Chemical composition of the differentones relative to Figure 2.2-9

[Composition

(% weight)
zone Ag | Cd
[ 1] 87 [ 13
2 | 86 | 14|
3| 41 ] 59|
4 | 53 | 47|
5 | 55 | 45|
6 || 84 | 16|

The appearance of the impacted surface after ondréd electrical arcs (Figure 2.2-9)
highlights some changes in surface dynamics. Indgectcan first notice that the size of
the cavities has decreased, which goes with thee ¢(fizhe cadmium oxide clusters. In
addition, Table 2.2-5 corroborates the fact of ghhtadmium oxide ratio at the contact
material surface. This can be explained by theilligion and the size of the cadmium
oxide clusters, since they are smaller and finaly komogeneously dispersed within the
impacted layer. So oxide-depleted areas are rasecam be seen in Table 2.2-5.
Furthermore, we can observe many particles thdt lide droplets coming from splash

erosion.

2.2.2. Discussion

The way surface dynamics of AgCdO works contributesgood arc erosion
properties. The contact surface renews itself ah edectrical arc, like the skin but not
with the same features and consequently not wighstime properties. As mentioned in

[14], we can define two states to describe thesagbs.
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The first few electrical arcs would correspond toaasient state where we can observe
agglomeration of cadmium particles in bigger clistend around the same number of
impacted surface areas belonging to the three graigfined earlier. This implies
decreasing viscosity, thermal conductivity and tieal conductivity and increasing
contact resistance during this phase.

With increasing numbers of electrical arcs, we heacquasi-steady state where
properties oscillate around an average value. Qutis phase, the size and distribution
of cadmium oxide clusters change. These clustersorbe smaller and are
homogeneously and finely dispersed. This gives gaodact erosion properties: higher
viscosity preventing contact material from splasbs®n, higher thermal conductivity
allowing heat to go through the contact layer fasted so, to reduce the temperature
elevation, higher electrical conductivity givingttez electrical features to the contact and
lower contact resistance preventing the contaehfh®ating up. Furthermore, the high
cadmium oxide ratio during this phase gives gooti-aelding properties. A perfect
illustration of these two states we just defined ba seen in Figure 2.2-10 where we
reported the evolution of one property, the contesistance in this case, as a function of

the number of electrical arcs.
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Figure 2.2-10: Evolution of the AgCdO contact restsnce with the number of arc (Data shown is the
average of 5 sets of experiments)

This shows that surface dynamics impact the conteterial properties. The growing
cadmium oxide clusters during the first phase redtie electrical conductivity and
consequently, increase the contact resistance., Tinehe second phase, the distribution
of finely dispersed smaller clusters gives highectical conductivity and thus, reduces
the contact resistance.

Cadmium oxide clusters play an important role ia furface dynamics of AgCdO.
Whenever they rise to the contact surface, thegtereavities full of granules (see Figure

2.2-11).
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Why? During the arcing process, there is formatddna molten bath of silver with
cadmium oxide particles in it. Under the agitatioduced by the electrical arc, cadmium
oxide particles agglomerate to form bigger clustéfidthin the molten bath, these
clusters, under gravity effects, go up to the consarrface, since silver density is about
10.49 g/cm and cadmium oxide density is about 7.28 dichihen, upon solidification,
because the temperature of the melting bath caynelspto the melting temperature of
silver (~962°C) and the decomposition temperatureéhe cadmium oxide is about
1000°C, we can observe formation of oxygen bubbi&hin the molten bath that

contributes to this granular shape.
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This expulsion of oxygen during solidification dfet molten bath with breakdown of
cadmium oxide particles [6], and the combined ¢&fet the vaporization of some of the
cadmium oxide particles (~1385°C) and some of #wngum particles (~765°C), are the
reason why we observe these cavities with granolesadmium oxide. Indeed, these
clusters at the free surface, under the gaseousistap phenomena we mentioned, act
like smokestacks during the cooling down procesthefsilver bath, thus preventing the
surrounding molten silver that has not been reg@dlyet from covering and filling up
these cavities.

This formation of cavities is enhanced by the fdcat molten Ag dissolves
approximately 40 times more,@han does Ag in solid state [14]. Upon solidifioat this
creates an excess of, @hich is rapidly expelled and contributes to tlenation of

cavities full of granules at the contact surface.

2.3. AgCdO Layer Dynamics

This section is devoted to the study of the contaaterial layer dynamics of the
same samples above analyzed. The following pictaiss correspond to the anode

behavior on the moving electrode after a certamiver of electrical arcs.

2.3.1. Experimental results
In order to study the contact material layer betwawiith arcing, all the samples have
been cut after experiments according to a vergptah located at 1 mm from their

periphery. In Figure 2.3-1, we can see the iniiahfiguration of cadmium oxide
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particles within the contact material layer befareing. It comprises some clusters of

cadmium oxide particles surrounded by some cadnoixighe particles.

Tnitiad
SilverCadminm
Cicide layer
iy Rt | N L TS R Wil s Silver underiay
P i | LE o b ol B da i o) B f 1 ol B
Tl ¥, 'I"'.r?'.{h -).'. il iy i dd &’f

Figure 2.3-1: Binocular view of a section of the mang electrode before arcing (25x)

Some zinc particles were randomly deposited at ¢batact surface before the
experiments began. Since the vaporization temperaifizinc is about 910°C and the
temperature of the molten bath is about the melimgperature of silver which is about
962°C, only Zinc as an oxide ZnO will be considevégthin the impacted layer since its
decomposition temperature is about 1975°C. Theqaéris to use Zinc as a tag in order

to know more about layer dynamics and the thickoédse impacted layer after arcing.

Impacied
Silver Cadminm
Chcide laver

A~ 5yl 5 Silver underiay
Figure 2.3-2: Section of the anode after one eleatal arc (25x)

The impacted contact surface layer after one ébattrarc (Figure 2.3-2) looks

completely different with respect to Figure 2.3fideed, it seems that everything moved
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within the contact material layer. This is confiminby the presence of zinc oxides in
Zones 1, 6, 7 & 8 in Figure 2.3-3 and Table 2.Fdwer cadmium oxide clusters can be

observed. In addition, they are much bigger andoeany distributed within the layer.

TEHT=25.98 KV T WD= 25 mm "~ Grand.= 5
20pn ] Photo N°=4466 Détecteur= SE1

Figure 2.3-3: SEM picture of the section of the arde after one electrical arc

A chemical analysis has been performed on a patthefsection of the sample having
been subjected to one electrical arc (see FigBe3R.The rectangles correspond to
zones that have been scanned to get their chenoogbositions. For each zone, we get
as results of the scan the following spectrum (Fidli3-4) giving us the composition in

elements.
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Figure 2.3-4: Chemical composition spectrum relatig to zone 7 (Figure 2.3-3)

All the results describing the element compositiafishe different zones have been

summarized in the following table.

Table 2.3-1: Chemical composition of the differentones relative to Figure 2.3-3

Composition
(%weig_;ht)
ZoneAg_; Cd | Zn
1] 10] 86| 4
2 97] 3] o]
398 2] o]
498 2] 0]
5 98] 2 ] 0]
6 6 | 79| 15 |
71 9 |87 ] 4|
8 2 ]95] 3 |
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From Figure 2.3-3 and Table 2.3-1, results conogrra part of the impacted contact
material layer subjected to one electrical arc,ca® group zones by similarities in their
morphology and in their chemical composition. Tloay be sorted into 2 groups:

- Group I: Zones 1, 6, 7, 8, corresponding to paftthe layer that have a high cadmium
ratio in composition and some zinc. These are deduwithin cavities full of granules
(see Figure 2.3-5), the same as the ones noticéldeatontact surface in the former

section.

EHT=25.880 kV WD= 12 mn Grand.= 5.08 K X
3un — Photo N°=4465 Détecteur= SE1

Figure 2.3-5: Close-up of the cavity enclosing zorie(Figure 2.3-3)

- Group II: Zones 2, 3, 4, 5, corresponding to pait the layer that have a high silver
ratio in composition (above 97%). These are sudmgcavities full of granules.
While performing the chemical analysis, no zinc iagnd in zones belonging to

group Il with high silver ratio. Furthermore, theepence of zinc oxide as deep as the
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location of zone 8 allows us to deduce that att lathshe initial contact material layer has
been melted after the first electrical arc. Thewdgloin size of cadmium oxide clusters
could then be explained by the agglomeration oflesj zinc and cadmium oxides, under

moves or flows induced by electromagnetic forcésirag from the electrical arc.

Flgure2 3-6: Impacted surface Iayer after two eletucal arcs (25x)

From Figure 2.3-6 & Figure 2.3-7 showing the cutsh® moving contact at the anode
behaviour after two and three electrical arcs, ae still observe cadmium oxide clusters
of important size in comparison to their initialegnand we can see that the silver

underneath layer thickness has been reduced.

F|gue 2.3-7: Impacted surface Iayer after three @ctrical arcs (25x)
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After ten and one hundred electrical arcs, thei@estlook completely different (see

Figure 2.3-8 & Figure 2.3-9).

—
=

A

ol g} R i

Figure 2.3-8: Impacted surface layer after ten eldrcal arcs (25x%)

Actually, what we observe after ten electrical argsmany more cadmium oxide
clusters of smaller size well and finely distribditevithin the layer. Besides, it is of

interest that the thickness of this impacted ldnges increased.
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The section after one hundred electrical arcs amsfithe trend of having, within the
impacted layer, finely distributed smaller cadmioride clusters in comparison to their

size after a few electrical arcs. Moreover, thelthess of the impacted layer stabilized.

2.3.2. Discussion

Layer dynamics directly impact surface dynamics &in@ versa. The layer is the
source from which the contact material will getritsv “skin”, its new contact surface. In
other words, given that after each electrical aechave a new contact surface, a good
understanding of how things change within the intpddayer enables us to better
understand how things will change at the contadtisa and thus, how contact properties
will evolve with the number of arcs.

With the increasing number of electrical arcs, \@geéhnoticed some changes in terms
of size and distribution of the cadmium oxide austwithin the impacted layer. These
can be thought of as manifestations of the twornegi we defined to describe surface
dynamics in the former section.

During the transient state corresponding to thst fiew electrical arcs, cadmium
oxide clusters and particles, under electromagnébices induced by the arc,
agglomerate to form bigger clusters and partidféghin the molten bath, these clusters,
under gravity effects, go up to the contact surfabece silver density is about 10.49
g/cn? and cadmium oxide density is about 7.28 dlcifhis last move of oxides
contributes to the renewal of the contact surf#tethe same time, the volume of the
contact material impacted by the electrical aresaases since the border between the

silver underlay and the contact material layer kesmving down with the number of
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arcs up to reach a steady position correspondingecend of the transient state. This
configuration with big oxide clusters scales dowectical and thermal conductivities

through the contact material. Furthermore, thaatere prominent areas of oxide-depleted
metal at the new contact surface, which will redtiee viscosity of the molten bath and
the anti-welding resistance of the contact.

This steady volume of impacted contact materiatired signals the beginning of the
guasi-steady state regime. It consists in dampedlai®ns of arc erosion properties
around steady values directly resulting from chanige microstructure configurations.
Indeed, after a certain number of electrical aties,size of the cadmium oxide clusters
decreases and they get finely distributed. Thisnghan size is mainly due to multiple
collisions in between them, eased by their impdrtaize. This microstructure
configuration gives a higher viscosity, which paitethe contact material from splash
erosion, and higher thermal and electrical condites. During this phase, the
microstructure configuration of the layer will clggnback and forth around a steady
configuration, by agglomeration and then colliswhoxide clusters, inducing damped
oscillation to arc erosion properties of the contaaterial.

These two regimes are perfectly illustrated by FegR.2-10 where we can see this

fluctuation in the contact resistance value depgndn the number of arcs.
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CHAPTER 3

AGSNO, ARC EROSION BEHAVIOR

The same kind of arc erosion experiments as #walized and described in the
former chapter have been conducted on the beshfmiteandidate to the AgCdO
substitution: AgSn§) first in order to better understand its arc emdiehavior in service
and second in order to make a comparison with AgCA® a consequence, in
cooperation with our industrial partner EsterlimeM@r Systems, five AgSnCelectrical
contacts have been tested under exposure to diffenembers of arcs in conditions
similar to operating conditions in airplanes.

From a composition point of view, the five teshtaxts utilized are made of
88%Ag-12%SnQ (by weight) and were all prepared by powder metgital techniques.
The process used was sintering. The five contaate lall been tested under the same
operating conditions: Supply current of 400 A, Qitcoltage of 28 V DC, Ambient: air,
room temperature. The firs|l sample has undergoree “balf-cycle” (only one break
operation); the second one, two; the third oneeghthe fourth one, ten and finally the
fifth one, a hundred half-cycles. For every arccdesge, the contact resistance was

measured.
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The same analysis scheme has been used in orflesttstudy AgSnQ@ surface
dynamics, and then AgSatayer dynamics. Therefore, the main objective giill be to
relate these changes of local surface and layempaositions and morphologies of the
contact material induced by arcing to the evolutdrits properties, such as the contact
resistance, with an increasing number of electaces$. To this end, AgSn@rc erosion
behavior will be described through the same twgestaodel as the one defined in the
previous chapter, with new definitions of the athusnt and of the quasi-steady states. In

addition, a comparison between AgCdO and AgSai® erosion behaviors will be made.

3.1. AgSnO, Surface Dynamics

This section is focused on the study of the evolutf the contact surface with
the number of electrical arcs under the operatiogditions above mentioned. The
following pictures correspond to the anode behawiorthe moving electrode after a

certain number of electrical arcs.

3.1.1. Experimental results

The same methodology that was used for AgCdO seidgnamics analysis has been
applied for AgSn®@ samples analysis. Therefore, for each of the $amples, EDS has
first been used on the whole arc impacted aredh@®fanode behavior of the moving
electrode in order to identify representative arhracteristic microstructures and
chemical compositions. The results of this scatherfirst sample, i.e. after one electrical

arc, can be seen in Figure 3.1-1.
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igure 3.1-1: EDS mapping of the crater after onelectrical arc (x80) — Anode

Based on this EDS mapping of the crater, where eabtbr corresponds to a certain
material composition, a representative part of itinigacted surface (Red frame on Figure

3.1-2) gathering all the different compositions baen selected for zones analysis.

Figure 3.1-2: Close-up of the red frame (Fire 3:1) (x-OO) — Anode
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The chemical compositions of the seven zones dapict Figure 3.1-2 & Figure 3.1-3

have been listed in Table 3.1-1 below.

Table 3.1-1: Chemical composition of the differenzones relative to Figure 3.1-2 & Figure 3.1-3

Composition
(% weight)

Zongl Ag || Sn
Eu LaEw
2
3] 65 35 |
4
5
6 | 85| 15|
7 | 88| 12|

46



These zones can then be grouped by similaritiesnarphology and in chemical
composition and can be sorted into 3 groups:

- Group I: Zones 1, 2, 4, 5, corresponding eitleesitver droplets ejected by splash
erosion and redeposited on the contact surfacee(Z)ror to resolidified parts of the
silver molten bath (Zones 1 & 2) or to a part & tiranules cavity surrounding (Zone 4).
They all have high silver ratio in composition (ab®4%).

- Group II: Zone 3, corresponding to a part of gih@nules cavity with spherules and a
high tin ratio in composition.

- Group IlI: Zone 6, 7, corresponding to ejectddesidroplets redeposited on high tin
ratio composition parts of the crater; explainingpanposition close to the original one.
What will change with the number of arcs is thepamion of impacted areas belonging

to each of these three groups, directly dependmguoface dynamics.

Figure 3.1-4: SEM picture of the impacted area aftetwo electrical arcs (x200) — Anode
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Table 3.1-2: Chemical composition of the differentones relative to Figure 3.1-4

osition
eight

Comp
% w
Aé || Sn

Zong

1 ] 33 ] 67
2 | 76 | 24|
3 88| 12|
4 f 79| 21|
5 | 70 | 30|

The morphology of the impacted surface after tvezteical arcs (See Figure 3.1-4) looks
less rough than after one and makes a larger smsatface appear due to the
solidification of the molten bath. It can clearlg bbserved that most of the tin oxide
spherule cavities (Zones 1 & 5) have been filledanpcovered by the molten bath,
increasing this way the overall tin ratio at the@taat surface (Zones 2 & 3). At last, Zone

4 looks like a redeposited droplet of tin oxidergrgs covered by molten silver.
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Table 3.1-3: Chemical composition of the differentones relative to Figure 3.1-5

Composition
| (% weight)
[ Ag [ Sn |
40 | 60 |
47 | 53|
91 | 9 |

5
W= S

After three electrical arcs, the impacted surfdeigure 3.1-5) looks even smoother than
after two. In addition, the different waves of gication can clearly be seen. This is
illustrated by Zones 1, 2, & 3 where Zone 1 coroesfs to a cavity having plenty of

granules whose composition is as expected mainlyinofoxide, and Zones 2 & 3,

respectively depict the first and second wave oftendbath solidification.
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Table 3.1-4: Chemical composition of the differentones relative to Figure 3.1-6

Composition

| (% weight)

[ Ag [ Sn |
96| 4
52 | 48]
72 | 28]

5
W= S

In comparison to the former samples, an importanghness of the impacted surfaces
can be observed after ten and one hundred eldctiica (See Figure 3.1-6 & Figure

3.1-7), which means that most of these two impaateds have a high tin oxide ratio in
composition, since granules have not been fullyeced. This is perfectly demonstrated

by Zones 2 & 3 from Table 3.1-4 which correspondiito different levels of covering of

tin oxide granules. Zone 1 is another consequehsplash erosion of silver droplets.
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Table 3.1-5: Chemical composition of the differentones relative to Figure 3.1-7

[Composition
(% weight)
zone Ag | sn |
76 | 24|

60 | 40|
98 | 2 |

NNE

This high density of tin oxide granules, noticednfra morphological point of view at
the contact surface of the impacted area after mmalred electrical arcs (See Table
3.1-5), is confirmed by the chemical compositiorisZones 1 & 2. In Zone 3 silver

droplets resulting from splash erosion can alseda.

3.1.2. Discussion

The same two regimes defined earlier to describeth erosion behaviour of AQCdO
can now be applied to explain AgSnGurface dynamics. These two states can be
specified by relating the observed changes in nawqgy and in composition as a
function of the number of electrical arcs to thentemt resistance measurements taken
during the arcing experiments (See Figure 3.1-8).

The first few arcs, where we can notice a slowdase of the contact resistance
value, would correspond to the transient statemFtbe former observations on the
AgSnQ samples, this increase can be explained by thietf@at the contact surface
roughness has grown from the beginning with the memof electrical arcs. From a
chemical composition point of view, this increasehie density of granules at the contact
surface means a higher tin oxide composition ateleetrode surface, which results in

lowering the electrical conductivity of the contacaterial.
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Figure 3.1-8: Evolution of the AgSnQ contact resistance with the number of arc (Data gbwn is the
average of 5 sets of experiments)

With an increasing number of arcs, a quasi-stedale ss reached, where the contact
resistance value follows dampened oscillations radfoa nominal value. This nominal
value corresponds to a stable configuration froormaphological and a composition

point of view of the electrode surface that theeystends to reach.

3.2. AgSnO, Layer Dynamics

This section is devoted to the study of the contaaterial layer dynamics of the
same samples above analyzed. The following pictaiss correspond to the anode

behavior on the moving electrode after a certamiver of electrical arcs.
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3.2.1. Experimental results

The same methodology as the one applied to stu@Gd®glayer dynamics has been
used. Therefore, all the samples have been cut effgeriments according to a vertical
plan located at 1 mm from their periphery, polisaed then analyzed
The initial configuration of tin oxide particles thin the contact material layer before

arcing can be seen in Figure 3.2-1.

Figure 3.2-1: Grading of AQSnQ 88/12

The tin oxide particles are homogeneously and Yirtributed within the layer. The

AgSnG, sample having been subjected to one electricakaicown in Figure 3.2-2.

Figure 3.2-2: Section of the anode after one eleatal arc (x200)

The formation of a few tin oxide clusters locatéoke to the contact surface can then be

observed.
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Figure 3.2-3: Impacted surface layer after two elddcal arcs (x100)

Figure 3.2-3, depicting the impacted surface |laftar two electrical arcs, shows a cavity

of tin oxide granules having been covered upordgaation by the molten bath.

Figure 3.2-4: Impacted surface layer after three @ctrical arcs (x200)

Opened and enclosed cavities of tin oxide granoées be noticed in Figure 3.2-4, a

picture representing the impacted surface layer #firee electrical arcs.
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Figure 3.2-5: Impacted surface layer after ten elddcal arcs (x500)

Some bigger tin oxide particles and some clustérsinooxide can be seen in the

surrounding of the electrode surface having beéyested to ten arcs in Figure 3.2-5.

Figure 3.2-6: Impacted surface layer after one hunakd electrical arcs (x500)

An important density of tin oxide particles in thieinity of the contact surface can be
observed in Figure 3.2-6, displaying a cut of tampgle after one hundred electrical arcs.

This accumulation of tin oxide particles in thersunding of the electrode surface can be
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explained by the fact that, under gravity effestace silver density is about 10.49 gfcm
and tin oxide density is about 7.01 gfcroxide particles move up within the molten bath

to the contact surface.

3.2.2. Discussion

The layer dynamics behaviour of AgSn€an be explained through its relation with
the evolution of the contact resistance value whth number of arcs taken during these
experiments (See Figure 3.1-8).

From the former observations on the cuts of AgSs&nples that were subjected to
1, 2, 3, 10, and 100 electrical arcs, the contagrl configuration has changed with the
first few arcs. Indeed, the accumulation of tindexiparticles and the formation of tin
oxide clusters in the immediate surrounding ofdélextrode surface have been observed,
thus modifying the viscosity of the molten bath artd electrical and thermal
conductivities. During this period called the tri@m$é state phase, this increase in
viscosity limits material removal by splash erosibnthe same time, these decreases in
thermal and electrical conductivities due to a krgtlensity of tin oxide particles in the
vicinity of the contact surface, prevent heat frarell evacuating and raise the contact
resistance value.

With an increasing number of arcs, due to collisitvetween tin oxide clusters and
particles during movement induced by the electrameéig agitation of the molten bath,
the size and distribution of these tin oxide pétcwill oscillate around a stable

configuration. As a consequence, during this pedakted the quasi-steady state phase,
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material properties such as the viscosity and tdmact resistance will follow dampened

oscillations around nominal values.

3.3. Conclusion and comparison with AgCdO

Both AgCdO and AgSn@arc erosion behaviours have been described and
explained by a model consisting of two regimes:
- A transient state phase corresponding to thé fiw electrical arcs where for both
contact materials, the formation of oxide clustrand in the immediate surrounding of
the contact surface has been noticed. These dusterbigger and higher in density, as
far as AgCdO is concerned. This accumulation otlexparticles close to the electrode
surface results in some changes of the contactrimapeoperties, and thus will modify
the contact material response to arcing. This mptdamages its electrical and thermal
properties since it induces an increase of theaobméesistance due to the fall in the value
of the electrical conductivity, and it also causedall in the value of the thermal
conductivity. However, the arc erosion properties @nhanced since this accumulation
of oxide particles raises the viscosity of the molbath, and therefore reduces material
removal by splash erosion.
- A quasi-steady state phase corresponding for o#terials to changes of the
distribution and the size of oxide particles withire contact layer, of the morphology
and the composition of the contact surface, backfarth around a stable configuration.
These modifications in the distribution and sizeoride particles result from collisions
between oxide clusters, in motion because of teet®lmagnetic agitation of the molten

bath induced by the electrical arc, and also bexatithe difference between the value of
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the oxides density and the value of the silver ign&s a consequence of these changes,
material properties will follow dampened oscillatsoaround a nominal value, which
corresponds to a stable configuration from a mdagaical, composition, distribution and
size point of view of the contact material that liystem tends to reach.

The following plot (See Figure 3.3-1), showing #wlution of the AgCdO and

AgSn(G contact resistances with the number of arcs tititss the two regimes model.

Figure 3.3-1: Evolution of the AgCdO and AgSnQ contact resistances with the number of arc

Some differences concerning AgCdO and AggSb€éhaviours can be noticed on Figure
3.3-1. First, the AgCdO transient state phase @tshthan the AgSnfone. Second,
AgCdO has a larger slope during this transienegpéase than AgSnOANd finally, the
nominal value of the AgCdO contact resistanceuglothan that of AQSnO

Several factors can explain these differencest,Ring initial configuration of

these two contact materials was not the same. thdegCdO samples were made of
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AgCdO 90/10 with big cadmium oxide particles wherégSnQ samples were made of
AgSn(Q 88/12 with small tin oxide particles finely distuted within the layer. Second,

the thermal properties of these two contact mdsehiave some major differences.

Table 3.3-1: Thermal properties of the major constuents in AgCdO and AgSnQ

[Decompositiof  Melting Boiling Densit
Material | Temperature [TemperaturefTemperature (kg/m%
(C) 0 W)

Ag -- 962 2162 10490
Sn -- | 232 | 2602 | 7360
SN, 1625 | -- | 2250 | 7010
Cd - | 321 | 765 | 8650
Cdo 1000 | - | 1385 | 7280

As can be seen in Table 3.3-1, the decompositimpéeature of CdO is close to the
melting temperature of Ag whereas the decompositenperature of SnOis much
larger. Moreover, the boiling temperature of Cdeien smaller than the melting
temperature of Ag, whereas the boiling temperatfresn is larger than the boiling
temperature of Ag.

These differences in thermal properties can algta@x why there are more CdO
clusters than SnOclusters within the layer and at the contact s&fand why the

AgSn(Q contact surface is rougher than the AgCdO one.

To conclude, the surface and layer dynamics of ApSand of AgCdO are based
on the same model: the transient state and quemibgtstate model. However, the
differences concerning their arc erosion behavioamly lie in the differences in their
thermal properties, and more specifically in thermmal properties of their oxides.

Therefore, CdO particles’ behaviour within the Agdlloy while arcing is, as expected,
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the key to understand what makes it an outstantbngact material. The next step is now
to develop a macroscopic arc erosion model whickcrilees the whole breaking
operation. This will help us to simulate the aroséon behaviour of the power switching
devices used by Esterline Power Systems, and thgettthe total amount of material

removed due to the electrical arc after one cortpehing
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CHAPTER 4

COMPLETE MACROSCOPIC ARC EROSION MODEL AND

EXPERIMENTAL VALIDATION

Electrical arc erosion plays a crucial role in tediability and life of power
switching devices. Depending on the contact mdtdsehavior in response to an
electrical arc, surface damage can induce sevexegels in contact material properties
that will impact the power switching device's fuiocting. The arc erosion process
mainly results from two modes: the vaporizationcofitact material under heat energy
coming from the electrical arc and the ejectionnudlten metal droplets induced by
driving forces such as electromagnetic force, dedBuoyancy and Marangoni effects
[30-43]. Depending on the range of current understeration, the contribution from
each mode can change. Now that we have analyzesp#uific arc erosion behaviors of
AgCdO and AgSn@through a series of experiments, the main objeasvto develop a
general macroscopic arc erosion model that bestritbes the whole breaking process of
the electrical contacts tested in the previous &hap

Different arc erosion models have been developadndgber and McBride’s arc
erosion model describes the electrical contact iogemvith the formation and the
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extinction of the electrical arc, but this studyshanly regard for the vaporization part
[44]. Ben Jemaa compared pure silver arc erosiperaxental data to calculations of the
evaporated mass resulting from finite element satnohs [45]. However, these two
models can only be valid for low current since sipash erosion contribution, not taken
into account in any of these two models, grows weitinrent intensity [1, 44, 46-49].

Wu’s model [50], based on a kinetic energy apprpags the first to describe sputter
erosion of electrical contact material and themfao simulate arc erosion at high
currents. Nevertheless, this model completely demded the arc formation and
extinction, and the vaporization part.

The purpose of this section is to present a compretcroscopic arc erosion model,
taking into account the two arc erosion modes: xapton and splash erosion, and
consequently describing the arc erosion procesmglar breaking operation under DC
conditions over a wider current range from thefarmation to its extinction. This model
is based on the coupling of three different modé&lse first one corresponds to the arc
energy transport model developed by McBride [44]d at is used to describe the
electrical arc created during the contact openingotably allows us to get the energy
brought by the electrical arc from one electrodeh® other one at any time t of the
breaking operation, and it drives the simulationdisince the simulation stops whenever
the arc extinguishes. The second one is a thernoalelmbased on Fourier's law of
conduction, and its main purpose is to give thepenature distribution within the
electrode and at the contact surface in the vicmiitthe electrical arc impact at any time
t of the breaking process. Therefore, it provides size of the molten pool (molten

contact material) and the amount of material vagatiat any time t of the contacts
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opening operation. Finally, the last one is a maghgdrodynamic model based on the
mechanics of liquid jets and the theory developgd.bN. Anno in [51] to describe the
case of a free, viscous inertial jet, and we halagpted it to the case of the formation of a
molten metal jet subjected to forces induced bydleetrical arc. Under certain critical
conditions, this molten metal jet breaks up andanfmolten metal droplets. The total
amount of contact material removed by this ejectbdroplets (Splash erosion) is then
considered to be part of the material removed byeaosion. These three models depend
on each other since for each time step, outputs fsoe serve as inputs to another one.
The main output of this complete macroscopic aasien model is to give the total
amount of material removed from the impacted etelgtrafter one breaking operation.
Furthermore, experiments on AgCdO power switchiegices have been carried
out under DC current and resistive load for fivEedent current intensities: 200, 400,
600, 800 and 1000 A in order to test the arc ersiwdel at high current. In this
objective, white light interferometry has been udedmeasure the total amount of
material removed after each breaking operationalinlow current model results have

been compared to McBride’s AQCdO experimental {&th

4.1. Arc erosion model architecture

This arc erosion model is based on the couplingnoérc energy transport model,
a thermal model and a magneto-hydrodynamic moteéltulates the amount of contact
material removed after one electrical arc corredpanto one breaking operation under
DC conditions, assuming that all vaporized and tepeanolten materials have been

removed. Indeed, it does not take into account siipn mechanisms.
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Figure 4.1-1: Diagram of the models outputs and thecoupling

Figure 4.1-1 gathers the main interactions betwenthree models. It can be noticed
that the evolution of the current intensity witimé given by the arc energy transport
model is used as input in the magneto hydrodynanadel to calculate the fluctuations
with time of the electromagnetic force through bieaking process. In the same manner,
the power density flux through the arc from the emergy transport model is utilized as
input in the thermal model in order to get the temagpure distribution in the vicinity of
the arc impacted point of the electrode at any tinhékewise, the jet tip temperature and
the molten pool size, derived at any time t from thmperature distribution given by the
thermal model, are respectively used as inputh@fnhagneto-hydrodynamic model to
calculate the buoyancy force and to get the velodistribution along the jet and the
critical conditions for this jet to break up at atigne t. Those interactions and the
coupling between the three models are explainatierforthcoming sections where the

complete arc erosion model is detailed.
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41.1. Arc Energy Transport Model

The purpose of this model initially developed byi®yler and McBride [44] is to
provide the amount of energy brought by the eleatrarc to the electrode surface under
study for each time t of the breaking process um@rconditions. It mainly depends on
input parameters related to experimental conditgunsh as the current intensity, circuit
voltage and opening velocity. The power flux dgn#lirough the arc, the main output of

this model, will be then used as input of the tredrmodel that is further detailed.

Figure 4.1-2: Power dissipation through plasma regin

The arc energy transport model considers that thesadivided into three regions (See
Figure 4.1-2): the anode region, the plasma regiuth the cathode region. The power
dissipation within each of these three regionsomguted from the current through the
region and the potential drop across it. Then, posvesipation through the arc, from
region to region up to the contact surface, isutated considering two ways of energy
transport processes that encompass all the meamamsolved at a microscopic scale in
the energy transport process: radial and chanaekport processes. Radial transport

processes gather mechanisms which radiate enenggllyedn all directions such as
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thermal energy from random bombardment of partialadiation from de-excitation of

particles, etc. Besides, channel transport proses&eount for mechanisms which
transport energy (channel energy) toward the ca&lmdanode. In any one arc region,
energy is channeled to neighboring regions by, ifigtance, positive ion or electron

bombardment as they are accelerated through theielield.

Consequently, the amount of energy available from @articular arc region in a given
time tis equal to the energy generated in the regias phy energy transported from
any neighboring regions by the two transport preeesThe power flux density out of the

plasma region transporting energy towards the datli®then given by:

_(r+PR)

a

1A
Q= + kz
pre 2 frz 41

(4.1)

Where k is the proportion of energy radially dissipated
k = 50% related to the channel transport process
l, is the distance between the point source andlésena boundaries
rais the arc radius to axis
P, is the power input from the anode region
P, is the power dissipated from the point sourcénénfdlasma region
Using another control termg knstead of kin equation 4.1, the power flux density out of

the plasma region transporting energy towards tloel@ can be found.
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Figure 4.1-3: Arc power output for I=9A

Therefore, by assuming that only energy dissip#tenligh the arc root is transported to
the electrode surface and that all other energyergéed by the arc is lost to the
environment, the total power dissipated in the iarcised as an energy input for the
thermal model. Model results of the total powersgtiated in the arc for I=9A shown on

Figure 4.1-3 show good agreement with experimetdtd [44].

4.1.2. Thermal Model

The purpose of this model is to describe the eneliggipation coming from the
electrical arc through the electrode and to givamt time t of the breaking process the
temperature distribution near the arc impact loeatilt consists of a transient axi-

symmetric thermal conduction model within the aledé, based on Fourier’'s law, whose
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heat energy input is the power flux density outipain the arc energy transport model

acting at the center of the electrode. It can lea @& Figure 4.1-4.

Figure 4.1-4: Meshing scheme

The finite differences method has been used toestite heat equation in cylindrical
coordinates on the meshing scheme presented oreMdl+4. Taking into account phase
changes, heat and temperature gradients can beutemngpy writing the thermal
equilibrium equations for each control volume. Theguations are derived from:

d—ItE =N.qg (4.2)
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Where% Is the rate of change of the heat density at argposition

N.q is the heat flow divergence across that position
And Fourier’s law of conduction:
g=-KNT (4.3)
WhereNT is the temperature gradient
k is the thermal conductivity
The energy density equations for each node of thehing presented in Figure 4.1-4 are
then derived. However, depending on the locatiothefnode under consideration in the

meshing, boundary conditions are different. Themfoseveral cases have to be

discussed.

4.1.2.1Case of interior nodes

This is the most general case where an interiomhpdint i is located in the
middle of the meshing (See Figure 4.1-5), i.e. tiogle does not belong to the outside

square on Figure 4.1-4.

Figure 4.1-5: Heat transfer scheme for interior noés
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Node i is surrounded by nodal points j, k, | andTine dashed boundary around node i is
the cross-section of a ring around the z-axis. fddkal position of node i isjrthe
thickness of the ring in the r-direction is and the height of the ring in the z-direction is

z. The areas of the side surfaces of the ring i@sndy:

2 2

A=A =P T+ p - o = 2pPr=20) (O ) (4.4

The volume V of the ring is the product of the area of the b@ses the height of the
ring as given by:
V. =ADz=2pDrx 20 j( D)’ B (4.5)

An energy balance for system i is given by:
0=V Si4q +q +q +g 6)
The axial conduction terms,gand ¢ are given by:

—ki - :ki -
A =5, (T~ Tn) & de =" (T - T) (4.7)

The radial conduction termg @nd g are obtained from the analysis of steady-state one
dimensional conduction in a thick-walled cylind&he heat-transfer rate; ghrough a
cylinder of inside radius,routside radius,rinside temperature;,Toutside temperaturg T

and length z is given by

T-T,
G; = 1 : ]r =" Zkaf (-IT' 1]) (4.8)
In i - =
pkoz /M
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Similarly,

q ==L (T T) @9
———In =
2pkDz I In 1+j

Substituting the four rate equations into the epd&alance gives

0=V, DE, N 2pkDz (T'T)' 20 kDz
Dt 1 1

In 1+~ In 1- =
| J

(F 727 B L7 1) @

Consequently, the change in the amount of energgityeon system i in a time stelpt

is given by
kDt Dz)* 1 1 Dz)?
DEi:DZDrZ(j) 1 1'2(Dr)2Tu+ ()1T'
(Dz)" (D) In1- = In & jin & =
j j j (4.11)
2
1 o,
jin 1-}

4.1.2.2Case of the impacted element

This node i corresponds to the arc-impacted pdith® electrode located at r=0

and z=0 in the meshing presented in Figure 4.1-4.

Figure 4.1-6: Heat transfer scheme for the impactedlement
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Then, using the same methodology, the change iartigint of energy density on

system i in a time stept relative to this case shown on Figure 4.1-6 i®gilsy

8 k
DE =Dt +
| p(Dr)’ > ®

- (20r)+ 4(Dz)2)Ti)

o7 D)Z(Z( D)7, #4( D)’ T a1

4.1.2.3Case of bottom layer nodes

In this case, node i belongs to the bottom sid@)(of the outside square of the

meshing presented in Figure 4.1-4 minus its extremi

Figure 4.1-7: Heat transfer scheme for bottom layenodes

The change in the amount of energy density on sysie a time stefDt relative

to this case shown on Figure 4.1-7 is given by

kDt i (D’)sz _,_( D)sz 44( )2'||' (2( D’)2 +4( [2)2)-'_ (4.13)

o))

4.1.2.4Case of top layer nodes

The node i in this case belongs to the upper sfdine outside square of the

meshing presented in Figure 4.1-4 minus its extiemi
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Figure 4.1-8: Heat transfer scheme for top layer ndes

The change in the amount of energy density on sysia a time steDt relative

to this case shown on Figure 4.1-8 is given by

4.1.2.5Case of left side nodes

The node i here belongs to the left side (z=Ohefdutside square of the meshing

presented in Figure 4.1-4 minus its extremities.

Figure 4.1-9: Heat transfer scheme for left side raes
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The change in the amount of energy density on sysie a time stefDt relative
to this case shown on Figure 4.1-9 is given by
kDt (02 (D

2 (D3’
(DZ)Z(DI‘)Z 1 1 - 2(DI’) T- —————T,

jin 1—7 jin llr]f jin + =

DE, =
(4.15)

2
wa(oryT, +— B
. 1
jin 1+T

4.1.2.6Case of right side nodes

In this case, node i belongs to the right sidehefautside square of the meshing

presented in Figure 4.1-4 minus its extremities.

Figure 4.1-10: Heat transfer scheme for right sideodes
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The change in the amount of energy density on sysia a time stepDt relative

to this case shown on Figure 4.1-10 is given by

kDt (Dz)° (D2)* ) (D2? )
DE =—— - 20r)" T- T+ 201)°T,
O (O) jp 1oL i e d iin &1
j j j (4.16)
,_ (D) T
1

jin 1+=
J

4.1.2.7Case of the first element

This node corresponds to the node in the uppecdefier of the outside square of

the meshing presented in Figure 4.1-4.

Figure 4.1-11: Heat transfer scheme for the firstlement

The change in the amount of energy density on sysia a time steDt relative

to this case shown on Figure 4.1-11 is given by
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oe = KO A% g AP g
(02 (D) .l ! I N CR V)
4 4 ]
+2(Dr)"T,

4.1.2.8Case of the last element

This node corresponds to the node in the bottoht dgrner of the outside square

of the meshing presented in Figure 4.1-4.

Figure 4.1-12: Heat transfer scheme for the last einent

The change in the amount of energy density on systa a time steDt relative
to this case shown on Figure 4.1-12 is given by

DE, :(Dr;% 2(D)°T, +4( @)° T ( 2(Dr)* +4( I:Z)Z) T (4.18)

Finally, the last case corresponds to the nodaddca the upper right corner of
the outside square of the meshing presented inrd-igl-4. This node is considered to
act as a heat sink from which heat is lost to emmrent. As a consequence, its

temperature is fixed to 300 K.
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Knowing the changes in the amount of energy offelelements, the temperature
distribution in the vicinity of the arc impactedipbof the electrode can then be obtained

by following the procedure described on Figure ¥3lfor each new thermal state E(i).

Figure 4.1-13: Flowchart describing the procedured get the temperature from the thermal state
where L, & L, are respectively the latent heat of fusion and vapization and c the specific heat.
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The thermal model then gives temperature profiegh as the one shown on Figure
4.1-14, at each time t of the breaking processdlica of the contact material represented
on Figure 4.1-4. The temperatures of all the elémesich have been vaporized during
the breaking process are set to 0 K at the ench@fstmulation in order to have a
graphical representation of the total amount oftacnmaterial removed by vaporization

after one contact opening.

Figure 4.1-14: Temperature distribution at the arcextinction (I =9 A,V =64 VDC, S =1 m/s)

This model output is used to deduce the molten pae at each time step and the total
amount of material vaporized after one breakingaten. Since deposition mechanisms
are disregarded in this model, all vaporized makesi considered to be part of the arc

erosion.
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4.1.3. Magneto-hydrodynamic Model

The interaction of the material and the heat soleads to rapid heating, melting and
vigorous circulation of the molten metal driven bwoyancy, surface tension and
electromagnetic forces [30]. The purpose of thislehds to obtain the amount of contact
material ejected through the splash erosion procksfeed, whenever the contact
material starts melting, this model considers tenftion of a molten metal jet at the
contact surface center of the molten pool and atbeg-axis. Assuming that this molten
metal jet behaves as a free viscous jet, it keepwigg under the influence of driving
forces induced by the electrical arc during theakigg operation. In Figure 4.1-15,
where the liquid jet can be seen at time t, thetengbool surface (at z = 0) is assumed to

correspond to the contact surface of the electundier study.

Figure 4.1-15: Scheme of the molten metal jet
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Whenever this liquid jet reaches critical condiioof stability, a droplet comes off the
molten metal jet tip and is ejected. All the ejectiFoplets after one breaking operation
are assumed to constitute the splash erosion paheoarc erosion, since deposition

mechanisms are disregarded in this study.

4.1.3.1Molten pool driving forces

During the breaking process, molten metal is drigmravity, buoyancy, surface
tension and electromagnetic forces [30-43]. In thiedel, only surface tension is
assumed to prevent the molten metal jet from grgwand therefore, the three other
driving forces are considered to be working togetbenake it grow.

The buoyancy force, induced by the density chanigle the spatial temperature
distribution, is given by:

Fouoy =@ (T-T) (4.19)

Whereg is the standard gravity
is the density
is the thermal expansion coefficient

T, is the melting temperature

T is the molten metal jet tip temperature
Therefore, the buoyancy force at time t dependtghervalue of the molten metal jet tip
temperature at time t, which is an output of theriial model developed in the previous
section. This molten jet tip temperature is assutodae the temperature at the center of

the electrode where the molten metal jet is foriaued also where the arc strikes.
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The electromagnetic force resulting from the intéoa between the current flow

and its self-induced magnetic field, is given by:
|:Elec =J'B (420)

Where J is the current density

Bis the self-induced magnetic flux
Then, in order to derive the expression of thetedatagnetic force, we used the study of
Kumar and DebRoy [52] where they calculated thedkdimensional electromagnetic
force field during arc welding. Thus, under the saamsumptions, the z-component in the

cylindrical coordinate system of the electromagngice is:

. 2
B _ mi® r2d

F,=J,B = l-exp- —
© T 4p%rd P r,?

(4.21)

—IN

Where m,is the magnetic permeability of the material

i is the current intensity
lis the thickness
dis the current density distribution factor
r,is the arc radius
However, in our model, we need the value of thetedenagnetic force at the center of

the electrode. Therefore, the force at the centehe electrode is obtained through a

taylor series development:

rid
12 2 r2
L N TR S R WA (4.22)
@0 4p°r 9 r, 2! |
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Consequently, the axial electromagnetic force atcmter of the contact surface is:

_ mid
FEIec '®0 szrazl (423)

It can clearly be seen that the electromagneticefat time t depends on the value of the

intensity at time t, which is an output of the ayetransport model developed in the

previous section.

4.1.3.2Axial velocity distribution

In order to describe the formation and the evoiutbthe molten metal jet during
the breaking process, the axial velocity of thdiat each time step needs to be derived.
To this end, we used the theory about free visaoersial jets developed by J. N. Anno in
[51] and adapted it to the case of a molten metasybjected to forces induced by the

electrical arc.

Figure 4.1-16: Differential element of the molten ratal jet
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First, the momentum equation for the molten metdindrical jet can be
developed by evaluating the forces acting on auifitial element of the jet (See Figure
4.1-16). Considering this element as a control ma@uand the case of steady flow,

Newton’s second law projected on the z-axis gives:

F=D rwv.dA (4.24)

z

Control
Surface

The different forces acting on this differentiad@lent are:

The volume forces (gravity, buoyancy, electromagihet

_ mi“d
F = 1+a(T- T))+ ——
' mﬁﬁﬂfﬁﬁ’é g(1+a(T- T) 20 ?r A
, (4.25)
id
=pribe g(l+a (T-T,))+—H2
prite g(l+a (T-T,) 27
The force due to the shear stress on the surfaite alifferential element

F, =t,(LateralSurfaceArep, .., = DIz (4.26)

volume

The force due to the normal stress in the z-dioacti

2pTj T
F,=D t,kdA =D ¢ dr (4.27)

00 0

The right hand side of Newton’s second law canebeitten:

2p " T
D rwv.dA=D 7 Wrdrg =D pr rwdr (4.28)

control 00 0
surface

Consequently, the Newton’s second law gives:

r

i " i2
D 2orwidr =D Pt dr #8712 2B g(lar T T,) + R0 (429
o o 2mp *rA
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Then, dividing byDz and taking limits, we get the momentum equatiarte liquid jet:
)l

T ﬂ I . ng]IZd
2or rw’dr = — 7 _dr + r +o r: 1la T )+ 4.30
ﬂ-z . p 1-|-Z . 27 2z Oﬁ j p j g ( -a- m )) 2fp zrazl ( )

However, the conservation of flow rate equation is:

0 TAW =D rEw, (4.31)
Therefore, considering the molten metal jet asee flet, 7, =0 and assuming that

w=w2 only and thatz,,=¢ ,(z) only, combining Equations 4.30 & 4.31 gives the

following differential equation:

mid
g(l+a(- T))+ -
iw %1 ty | 2mp *r A (4.32)
w

Now expressing stresses as a function of the axidiradial velocities and as a function

of the hydrostatic pressupeand the molten metal viscositygives:

[rr =-pt 2”7&
Tr (4.33)
[zz =" p+ 2/77ﬂ_vv
9z
Moreover, the continuity equation gives:
u=- 1 rﬂ—w (4.34)
2 1z

And the stress componentcan also be expressed as a function of the suiéasen :
t =-9 (4.35)
r.
J

Consequently, putting together these three equation

[zz:-g+ ‘?ﬂ?ﬂ_vv

s (4.36)
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Where r;(z)and w(2) are related by the conservation of flow rate eiqnafEquation
4.31). Therefore, substituting Equation 4.36 intqu&ion 4.32 gives the following

differential equation fon(2) :

2
Mw_Smi 1w, g 1W, qhiam-)+—Ad L a7

1z r Nz wiz WWTZ 2% F 1 v
Where wis the axial velocity
mis the molten metal viscosity
gis the surface tension

rois the molten pool radius

w, is the velocity at the contact surface

Solving this non linear differential equation (Etjaa 4.37) allows us to get the axial

velocity distribution of the molten metal jet.

In order to compare this result with what Anno fdun the case of a free viscous
inertial jet, Equation 4.37 has been put into disienless form, where W is related to the

axial velocity of the molten metal jet ardis related to the axial coordinate z. It gives:

W' V
W'= W+H—-—— W-1 4.38
W Jw (4.38)
3m mi‘d "
with w= =2 g(1+a(T- T,))+
r 9 (T-T)) 2p *rA

-1/3

z

2/3

3m ] mi“d
r g(+a(T- )M 2p *rA

Z=
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-2/3

2
V:% 9. I garar-T,)+ M 1

2rpr A N™

Where it can be noticed that parameteidepends on the current intensityat time t,

which is an output of the arc energy transport model,canthe jet tip temperature and
the molten pool radius at time t, which are outputs of therthlemodel.
And J. N. Anno found:

wr= Wl o Yo g (4.39)
wow

Therefore, only a square root difference with Anno&itecan be observed.

4.1.3.3Jet stability conditions

During the arcing process, the molten metal jet keepaiggountil it reaches a
critical length after which a droplet will form. Now that vkeow the axial velocity
distribution, it is important to define the critical conditions unddich there will be
formation of a droplet, and thus ejection of contact matefa this end, we used the
theory about an analysis of the conditions for instabittya viscous cylindrical jet
developed by J. N. Anno in [51], where he got a ltesientical to that obtained by
Weber [53].

Therefore, critical conditions of formation of a droplettiee arcing case are
derived as an extension of this theory based on anrahtegm of the conservation of

mechanical energy (See Equation 4.40).
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rXuydv+ t,nuds r jujn% g ds 2 g dv  RdWO (4.40)

\ S S Vﬂt 2 \
Where X, is the generalized body force
t; is the stress tensor

u, is the velocity component in th8 direction

n; is the projection of the outward unit normal to the surfadbeéj™ direction
g=uy
R is the viscous energy dissipation, givemg(qyj +y, )( b+ )

Let’s consider the following particular form of axial digiance on the cylindrical molten
metal jet, frequently termed a “sausage” perturbation:
r,=r,+dt)cok,z (4.41)
Wherer, is the radius of the unperturbed cylinder
d(t) is a small time-dependent disturbance amplitude
k, =2p// is the wave number, being the wavelength of the perturbation

This perturbation from the equilibrium cylindrical jet is skewhn Figure 4.1-17. It has

been demonstrated in [51] that for such conditionspantlirbation, the velocity field is:

r
u, =—dcosk, z
r

u

(4.42)

_ 2d .
u, =w, - ” sink, z

/ 'u
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Figure 4.1-17: Cylindrical molten metal jet with axal disturbance

Then, performing the integrations on a stationary contshime such as the unperturbed

jet, a cylinder of radius, and lengthn/ where n is an integer, the different terms of the

mechanical energy balance can be obtained:

_ mid  w,2ngr’
Xydv= la (T-
y r |q d r g( ( I))+ 2 zrazl k/

2np’gadd,
t.nydS=—"——"(1- K 7F
< 'Jnlq k/ g ( KU )
1 ds=
Erujnjqu S=0
(4.43)
np’ rdd
y dv= /’2k3 (8+ ¥ ¢)

/

2 2 2 2

Rdv= 2m M + ﬂ_uz + i +1 ﬂ_q+ﬂ dv
{ir )74 r 2 1z I

88



Thus, the integral equation energy leads, aftecaltation, to the following non-linear

differential equation (wheré =k, r,):

2 2 2 2
s T e “ L L,
r 8+h rr;, 8#

mi’d 4w, 7 (449
+ 0" =0

+ g(1+a(™-T,)) 2 B

It can be shown that the former differential equatiEquation 4.44) has the same

pseudo-period as the following second order limiféerential equation:

LK 28407 4l 1 h

d B
r 8+h? rr® 84 °

= 0 (4.45)

Then, for exponentially growing solutiog, we have from equation 4.45:

2
Mf+3”k’ w9
r rrd

u

(- #*)n= 0 (4.46)

Now assuming the case of a very viscous jet suat(ahk,z/z r)2 g/2rr’, we have

from equation 4.46:

-9 2
W—6—,"u(1- ) (4.47)

However, from [51, 54], the jet breakup time maydleen as:

N

(=% @ in(e?) =
u w w

z

(4.48)

Consequently, considering the highest value ilorcorresponding to7 =0 in order to

work with the shortest breakup time possible, dmastto be in the worst arc erosion
conditions, we come up with this new stability ciioth result corresponding to the

critical jet breakup time:
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(4.49)

Wherer,, is the molten pool radius

m is the molten metal viscosity

g is the surface tension
The molten pool radius can be deduced at each siteye of the simulation from the
temperature distribution within the electrode, athen an output of the thermal model.
Whenever this critical time is reached in the simtioh, it is considered that a spherical
molten metal droplet is formed, whose radius i®gifrom [51] by:

R, =2r, (4.50)

Wherer,, is the jet radius at breakup

Therefore, the amount of material removed by splestsion during one breaking
process consists in the sum of all the ejectedanattetal droplets during one simulation

as given by:

m,=  —prR (4.51)

Droplet33
Finally, the sum of all contact material removedvaporization and removed by
splash erosion corresponds to the total amounpmtact material removed by arc erosion

during one breaking operation.

4.2. Arc erosion experiments

In cooperation with our industrial partner EstezliRower Systems, high current

arc erosion experiments have been conducted on @g@uver switching devices in
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conditions similar to operating conditions in ampes. The main purpose of these
experiments is to obtain the total amount of mateemoved by arc erosion for different
current intensities. Therefore, five AQCdO electficontacts have been subjected to one
breaking operation under DC current at 200, 40@, @D0, & 1000 A. White light
interferometry has then been used to measure thleastmount of material removed by arc

erosion.

4.2.1. Sample Definition
The five power switching devices are the same asoties described in Chapter 2.

They are all composed of a moving contact andtacsine (See Figure 4.2-1)

Figure 4.2-1: Pictures of the static and the movingontacts used in this experiment

From a composition point of view, test contact®0%Ag-10%CdO (by weight) that
were prepared by powder metallurgical techniques eeen used. The process used is
sintering. These contacts with silver backings weezed to copper cylindrical pieces so

that they could be positioned in the power switghdevice.

4.2.2. Test Condition and Testing Procedure

The five contacts have all been tested under thee saperating conditions: circuit
voltage of 28 V DC, ambient air, room temperatuesjstive load. The only difference
between them lies in the current intensity theyehlbgen subjected to. The purpose being
to compare experimental to model results, we haadenour samples undergo one “half-
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cycle” (only one break operation) at five differantensities: 200, 400, 600, 800, and
1000A. This procedure allows us to analyze the chpesulting only from one single

electrical arc.

4.2.3. White Light Interferometry

The morphology of each of the arc impacted surfdwes been measured using a
white light interferometer. Figure 4.2-2 and Figr@2-3 show respectively a top view
and a 3-D view of the electrode surface, resultirgm white light interferometry

measurements, after one breaking operation at 680dA28 VDC.

Figure 4.2-2: WLI picture of an arc impact after one breaking operation (600 A, 28 VDC)
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It can clearly be seen on these two figures thaethctrical arc has moved during contact
opening, from the bottom to the top of Figure 4.2+ from the left to the right of

Figure 4.2-3. This is another proof of the arc noability.

Figure 4.2-3: 3D view of Figure 4.2-2

Then, based on these morphology measurements argl\ision (Veeco software), the
total volume of contact material removed has bemnputed. Finally, the total mass of
contact material removed by arc erosion for eachmp$ais obtained by multiplication by

the contact material density.
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4.2.4. Comparison between model and experimental results

Arc erosion simulations have been performed on Ag€dntact material at different
current intensities in order to make a comparisetwben model results and our high
current experimental data. For the sake of theeapsion simulations on AgCdO, we
assumed homogeneous material properties (Surfas®te viscosity, etc.) reflecting the
global behaviour of the contact material under wtuicbtal masses of AGCdO material
removed by arc erosion during the breaking prodesdlifferent intensities from the

model are plotted on Figure 4.2-4 and compared @ifferimental data at high currents.

Figure 4.2-4: High current experimental data and mdel results of AGCdO arc erosion

First, a good fit in between model results and expental data at high current can be
observed on Figure 4.2-4. This therefore validéttesarc erosion model at high current.

Second, a sudden increase of the arc erosion skpde noticed from 800 to 1000 A.
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This phenomenon is not new and has already beesn@ssand explained by Wu [50].
Indeed, it mainly comes from the fact that splasksien does not linearly change with
the variation of arc current, but exhibits abruptreases due to sudden ejections of
molten metal droplets of bigger size.

Experimental data from the McBride paper [44] riglato some arc erosion experiments
on AgCdO electrical contacts at low current hawo dleen compared to model results

(See Figure 4.2-5).

Figure 4.2-5: Low current experimental data [44] arnl model results of AQCdO arc erosion

A good agreement between model results and expetéindata can be seen on Figure

4.2-5. This consequently validates the arc erosiodel at low current.
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4.3. Conclusion

A complete macroscopic arc erosion model descrilning breaking operation
under DC current has been developed and validdatexvaand high current on AgCdO.
This arc erosion model, which describes the whoeaking operation, results from the
combination and coupling of three different models: arc energy transport model, a
thermal model, and a magneto-hydrodynamic modekesit takes into account the two
arc erosion modes, vaporization and splash erogioan simulate breaking processes for
a wider range of current than former existing medel

Furthermore, this arc erosion model can be usedirtmlate the arc erosion
process of any kind of contact material since itbmsed on general arc erosion
phenomena, vaporization and splash erosion, d@sgrthe arc erosion process during
contact opening for any kind of contact materiabn€equently, it could be used to
compare the arc erosion ability of different cohtaaterials with the objective to find the
best substitute to AgCdO.

In the next Chapter, this model will be used nder to evaluate the contact
material properties and composition influenceshanelectrical arc erosion phenomenon.
In other words, what will be the effects of a chamg oxide composition of the contact
material on the total amount of material removetgrabne breaking operation? How

important is the density of the contact materiahia arc erosion process?
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CHAPTER 5

MODELING OF THE CONTACT MATERIAL PROPERTIES &
COMPOSITION INFLUENCES ON THE ELECTRICAL ARC

EROSION PHENOMENON

The general electrical arc erosion model developedhapter 4 has been used in
a certain way to get closer to the objective ofigleag a good AgCdO substitute. The
methodology has two stages. The first step of #tigly consists in determining a
classification of the contact material propertiegluence in the arc erosion process. To
this end,ab initio calculations are used to determine characteriatiges of variations of
contact material properties over a significant nvéie of temperatures. Then, based on
theseab initio results, the complete arc erosion model is usedstablish a ranking,
which is a key factor in the design of a good Ag&Dstitute. The second step consists,
based on this new ranking, in determining the cguseces for one of these ranked
properties of a change in tin oxide compositiontte contact material. To reach this

goal,ab initio calculations are run on two AgSp€ompositions.

97



5.1. Contact material properties influence

In contrast to low current, high current arc erasis mainly driven by splash
erosion. In the previously described arc erosiordehdChapter 4), splash erosion is
governed by three forces: Buoyancyudy( , ), Electromagnetic ded m), and Surface
tension ku( ). This is why the following study will be focusesh the four contact
material properties related to the forces thatomcthe molten metal pool to induce the
formation of the molten metal liquid jet during tlsplash erosion process: density
surface tension, thermal expansion and magnetic permeability,. Furthermore, this
study has been conducted on Ag, because we knowwviblation of its surface tension

coefficient as a function of the temperature [55].

Gpg (MN.M*) =1207- 0.228 T (K (5.1)

5.1.1. Force contributions

Arc erosion simulations have been run on the sipglase material Ag in order to
identify the different contributions of forces (Ségure 5.1-1).

The total contact material erosion after one bregkiperation has been plotted as a
function of the current intensity for four diffefecases: the complete arc erosion model
(to be used as a Reference state) and experimesdak without the electromagnetic
force contribution, without the surface tension tattion and without the Buoyancy

force contribution.
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Figure 5.1-1: Forces contribution on Ag arc erosiomprocess

Two main conclusions can be drawn from this graphist, for this range of
intensities (0, 1100A), the electromagnetic fores Ino impact on the contact material
erosion. This can be explained by the low magrmimeability value of Ag with respect
to the considered range of intensities. Conseqyetite arc erosion effects due to a
change in magnetic permeability of the contact neltean be neglected in comparison
to the other contributions. Indeed, the materiadarnstudy has no magnetic properties,
and the effect of this contribution on the arc emsrocess is very small. Second, as
expected, the surface tension and the Buoyancgg$qotay important roles in the splash
erosion process. So, contact material propertieb a8 density, thermal expansion and

surface tension coefficients become first ordeapeaters in the arc erosion process.
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5.1.2. Ab initio
Ab initio simulations have been run on a single phase domiaierial Ag matrix (See
Figure 5.1-2 below) in order to determine intervalsvariations of its density and its

thermal expansion coefficient over the same charatic temperature range.

Figure 5.1-2: Supercell of FCC Ag pure compound

5.1.2.1Description

In this work, density functional theory (DFT) [5%/] calculations have been used
to determine the evolution with temperature of tlemsity and the thermal expansion
coefficient. The Kohn-Sham equations are solvedaimplane-wave basis set, using
Vanderbilt ultrasoft pseudopotentials [58, 59] &scribe the electron-ion interaction, as
implemented in the Vienn&b initio Simulation Package (VASP) [60-62]. Exchange and
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correlation are described by the Local Density Appnation (LDA). We use the
exchange correlation functional determined by Cdegerand Alder [63], and
parameterized by Perdew and Zunger [64]. The @eitrconfiguration of the silver
atom is [Kr]3d%s". The kinetic energy cutoff for the plane-wave basit is 200 eV. The
convergence for energy has been chosen 4selObetween two ionic steps. In the first
step, the Face Centered Cubic structure of Ag fisniged. In the calculation of the bulk
properties of Ag, a (18x18x18) k-points mesh isdysehich corresponds to 195
irreductible k points in the first Brillouin zoné%]. When the external pressure is zero,
the lattice parameter isa4.0227A (experimentally 4.09 A) [66]. The error-4f6% is
correct with this approach. As a second step, arsep is built by a (3x3x3) duplication
of the conventional cell. The supercell contain8 I&toms of silver. We fix the
temperature and the lattice parameter (volumexeii. We choose 5 femtoseconds as the
time step for amb initio molecular dynamics and we simul&@0 steps of dynamic. The
energy minimization method is the Residual Mininima Method Direct Inversion in
the lterative Subspace (RMS-DIIS). Finally, we hawsluced the criterion of the
energetic convergence to 0.001 eV and these célmsdaonly use one k point (Gamma

point).

5.1.2.2Methodology

The average of external pressure on the cell isulzied. The external pressure
varies around an average value. If the averageesispre is negative, the volume of the
cell is too large. On the contrary, if the avera§i@ressure is positive, the volume of the

cell is too small (See Figure 5.1-3).
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Figure 5.1-3: Pressure evolution with the lattice @grameter and the temperature. The points
represent the atomic positions during a few stepd the simulation

The 300 first steps are only thermalization stepisere the system goes towards the

equilibrium state. The average is based on thd&@iGteps.

Figure 5.1-4: Variation of the external pressure wth the number of dynamic steps (black line) and
the average calculated with the last 200 steps (rethshed line) where the temperature is fixed and
the lattice parameter is fixed
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Figure 5.1-4 displays the evolution of the extermassure at 600K with the number of
steps when the lattice parameter of the superseBa. We can reproduce the same

calculations with different values of the lattice&rameter (Figure 5.1-5).

Figure 5.1-5: Variation of the pressure with the l&tice parameter when the temperature is equal to
600K (points) and data fitting with a polynomial fam

The lattice parameter at this considered temperaturobtained when the average of
external pressure is equal to zero. When the ageshgxternal pressure is small (-20kB
< P < 20kB), a linear interpolation of these valegaa be performed (Figure 5.1-5). The
last calculation is performed using this interpetitalue in order to verify if this lattice

parameter value corresponds to the equilibriumckatparameter at the considered

temperature.

5.1.2.3Results

The results of these simulations are presentedainleT5.1-1. We have done a

rescale of the lattice parameter because the valuibe lattice parameter obtained at OK
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by the static approach and the dynamic approactslagktly different. However, the

rescaled density is 1.3% lower than the not redoadmsity.

Table 5.1-1: Evolution of the lattice parameter (nadescale and rescale with the static data), the
density and the thermal expansion coefficient of lsier with temperature

We can observe, on Figure 5.1-6 & Figure 5.1-7,¢heations of the density and the

thermal expansion coefficient of pure silver wigmiperature.

Figure 5.1-6: Variation of the Ag density with temperature
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The Ag density keeps decreasing up to 1000 K, aff@ich it remains constant. The

minimum and maximum values are respectively 1048014000 kg.ni.

Figure 5.1-7: Variation of the Ag linear thermal expansion coefficient with temperature

The linear thermal expansion coefficient of pulleesivaries between 1.35 %ao 1.87
10° K™. It keeps decreasing with temperature up to 808fté€r which it slowly increases
up to 1000 K. Then, it finally strongly decreasgsto 1200 K. Experimental data are in
agreement with calculated values (1.89 K0'and 10490 kg ) [67].

We would have been able to calculate the variatminthe lattice parameter with
temperature by using the frozen phonon method. Weweour final objective is to
determine the evolution of the lattice parametehwemperature in the case of non pure
compounds or non simple alloys, such as silver dopigh 9% and 22% of tin oxide.

And in this kind of case, calculation of the phormamves is impossible.
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5.1.3. Contact material properties study

Based on the formeab initio results, we determined the variations amplitudes a
significant interval of temperatures for Ag densityd thermal expansion. We obtained
the variations amplitude for Ag surface tensionusyng equation 5.1. Then, taking into
account these different amplitudes for each ofctbreact material properties, arc erosion
simulations have been run by using extreme val@iesrtact material properties in order

to classify them by order of importance.

Figure 5.1-8: Arc erosion model results for a low ad a high surface tension coefficient of Ag

Figure 5.1-8 shows the influence of the surfacsitencoefficient on arc erosion since a
difference going up to 1.1 mg in the total amouhtAg material removed after one
breaking operation at high current can be obsebetdieen the two cases: low & high

surface tension coefficient cases.
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Moreover, the jump of the low surface tension cuad 000 A can be explained by

the ejection of a molten droplet of big size throtige splash erosion process.

Figure 5.1-9: Arc erosion model results for a low ad a high density of Ag

From the arc erosion simulations where only theesildensity has been changed,
only a difference going up to 5@ at high current can be observed (See Figure 6.1-9
This value is 22 times less than the maximum diffiee reported in the case of a change
of the surface tension coefficient.

Finally, arc erosion simulations have been condléte which only the thermal
expansion coefficient has been changed, and thétseare plotted in Figure 5.1-10.
Almost no differences can be noticed from these $endes of points corresponding to a

low and a high value of the thermal expansion ¢oefit.
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Figure 5.1-10: Arc erosion model results for a lovand a high thermal expansion coefficient of Ag

Differences in contact material erosion mass irwbeh results from simulations using
the maximum value of the contact material propemy the results from simulations
using its minimum value have been plotted on Figutell for the three contact material
properties under study: density, thermal expansaod surface tension. The most
important arc erosion mass differences can be wbdels expected, in the case of a
surface tension coefficient change. The density &nhed thermal expansion are
respectively following. Consequently, in the pracesfinding a good AgCdO substitute,
particular attention should be drawn to the surfeeresion coefficient of the contact

material.
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Figure 5.1-11: Contact material properties influene on Ag arc erosion process

A good choice of contact material with an apprderiaurface tension coefficient can
prevent some droplets from being ejected, thusaieduhe amount of contact material
removed by splash erosion. Density and thermal resipa do have effects and play an
important role in the arc erosion process. So, theye to be considered, but

subsequently.

5.2. Tin oxide composition influence

Chapters 2 & 3 have demonstrated the major rolgegdleby the oxides in the
contact material behavior in response to arcingmFthe former section, a classification
has been established and gives a ranking of theaciomaterial properties of interest as a
function of their impact on the arc erosion phenoame Surface tension has been shown

to be the most influential property. Neverthelesls, initio calculations of the surface
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tension coefficient as a function of the tempematdor two different tin oxide
compositions are beyond the scope of this studyeré&fbre, based on the former
established classification, the second most intiaéproperty, the density, will be the

object of the following work.

5.2.1. Methodology

Ab initio calculations have then been run to determine émsity of AQSnQ for two
different tin oxide compositions 9 & 22 % and fdwee different temperatures: 800,
1000, & 1200 K. To this end, the same methodolagtha one used in the former section
for ab initio calculations on a single phase contact matetigrsmatrix has been applied

to theseab initio calculations on AgSnO

Figure 5.2-1: Schematic representation of the AgSnOnatrix for a tin oxide composition of 9 % (267
atoms)
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Figure 5.2-1 & Figure 5.2-2 respectively represdm AgSnQ@ matrix of the two

different tin oxide compositions tested: 9 & 22 %.

Figure 5.2-2: Schematic representation of the AgSnOnatrix for a tin oxide composition of 22 %
(291 atoms)

5.2.2. Results

Density results of the AgSnGab initio calculations for the two different tin oxide
compositions (9 & 22 %) and for three temperat(@®, 1000, & 1200 K) are plotted in
Figure 5.2-3. These percentages correspond toedlagive variations of the AgSnO

density with respect to its value for pure Ag ctdoed in the former section.

111



Figure 5.2-3: Relative variations of the AgSn@density with respect to its value for pure Ag fotwo
different tin oxide compositions (9 & 22 %) and forthree temperatures (800, 1000, & 1200 K)

From Figure 5.2-3, it can be noticed that, as fill® composition of the contact material
increases, the AgSnQlensity decreases. However, from Figure 5.1-@sults that, as
the density of the contact material decreasegotiaéamount of material removed by arc
erosion is reduced. Therefore, the conclusion ¢aat be drawn is that to raise the tin
oxide composition of the AgSnCalloy reduces the amount of material removed by

arcing and so enhances its arc erosion behavior.

5.3. Conclusion

The general validated macroscopic arc erosion maeletloped in Chapter 4 and
ab initio calculations on an Ag matrix have been used topesenthe influence of the

contact material properties driving splash erosoonthe arc erosion process. Those
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simulations have resulted in the following rankimgorder of their importance in the arc
erosion process: Surface tension coefficient, dgnghermal expansion, magnetic
permeability. Thus, to select a material that Wil subjected to an electrical arc, it is
necessary to take into account the effects of otstact material properties on the arc
erosion process, choosing therefore a materialnigasuitable contact material property

values with respect to the ranking formerly estdigd.

Furthermore, this ranking and some AgSné&b initio calculations for two
different tin oxide compositions have allowed us dmaw conclusions and to give
directives for the design of a good AgCdO subsituhdeed, to raise the tin oxide
composition of the AgSn£alloy reduces the amount of material removed lbingrand
so enhances its arc erosion behavior. Howeveramages the thermal and electrical
properties of the contact material since tin oxfes smaller thermal and electrical
conductivities than silver. Therefore, a comprontias to be made to find out the perfect
contact material composition. Moreover, it has éokkpt in mind that density is only the
second most influential property behind the surfeaesion coefficient. Thus, restraint
should be taken regarding this result until futurerks determine the influence of the

oxide composition on the surface tension coefficard allow conclusions to be drawn.

113



CHAPTER 6

CONCLUSION

Over the past decades, a lot of scientists hava bgerested in the challenge
lying in the substitution of AgCdO. To address thssue, a material-by-design
methodology has been elaborated based on mule-soaldelling, from the atomistic
scale througtab initio calculations to the macroscopic scale throughaminhaterial arc
erosion simulations, and on arc erosions experisnemt the material to substitute:
AgCdO and on the best candidate material to itstdubion: AgSnQ. This action plan
has been defined in Chapter 1 in terms of reseabpctives whose achievements are

detailed below.

A general electrical arc erosion model describlmgydomplete breaking operation
has been developed. This model takes into accouattivo arc erosion modes:
vaporization of contact material under heat confiogn the electrical arc and ejection of
molten metal droplets due to the molten bath dgitahduced by the buoyancy force, the
electromagnetic force, etc. Consequently, it gitresstotal amount of material removed

after one contact opening at low and high currents.
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This model has been validated at low current thihoagcomparison with AgCdO
experimental data from literature. Moreover, args@n experiments at high current on
five AgCdO power switching devices have been cotetlin order to test the model at
high current. The electrical contacts have respelgtibeen subjected to one breaking
operation under resistive load at 200, 400, 6000,8& 1000 A. White light
interferometry has been used to obtain the amodinmaterial removed from the
impacted samples. Model results have then beedatall through a comparison with
these experimental data. Therefore, this arc emasiodel is the first one to describe the
whole breaking process and to be valid at low agt burrent.

Other arc erosion experiments have been carriedonuive AgCdO and five
AgSn(G, power switching devices in order to understand ate erosion behaviours of
these two contact materials. For each of theseafays, the samples have respectively
been subjected to 1, 2, 3, 10, & 100 electricat amder resistive load at 400 A & 28 V
DC. A Scanning Electron Microscope with an Energggersive x-ray Spectrometer
(EDS) and a binocular microscope with high magaifien have been used to analyze the
impacted samples at the contact surface and in cut.

A model based on two regimes has then been dewklopdescribe and explain
AgCdO and AgSn@layer and surface dynamics. It consists in a tesmsstate phase
corresponding to the first few arcs where an acdatian of oxide particles can be
noticed in the immediate surrounding of the consagtace, which results in an increase
of the molten bath viscosity and of the contacistasce and in a decrease of the thermal
and electrical conductivities. Then, with an insieg number of electrical arcs, the

guasi-steady state phase occurs. It can be dedcabeback and forth changes of the
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contact material configuration around a stable igomition that causes the material
properties to follow dampened oscillations arouneinal value, which corresponds to
a stable configuration, from a morphological, cosipon, distribution and size point of

view, of the contact material that the system tedndgach. Thus, this two-regimes model
gives a better understanding of the specific awsien behaviours of AgCdO and

AgSnG.

Ab initio calculations and arc erosion simulations have lgggformed on silver
in order to determine the influence of certain echtmaterial properties on the arc
erosion process. First, it has been found froneassion simulations, whose purpose was
to study the forces contributions, that the arcieno effects due to a change in magnetic
permeability of the contact material can be neglécin comparison to the other
contributions. Second, the intervals of variatiofishe silver density and of the thermal
expansion coefficient over the same characteristimperature range have been
determined througtab initio calculations. Surface tension evolution as a foncof
temperature is known from literature. Finally, lthsen these results, arc erosion
simulations have been run in order to determinartipact in terms of mass of removed
material after arcing caused by such kind of vemest This resulted in the following
classification: surface tension coefficient, densithermal expansion, magnetic
permeability. As a consequence, particular attenéibout this ranking will have to be
taken when choosing the appropriate contact materepower switching application

Based on this former established ranking and becé#us study of the surface
tension variations as a function of the temperataralifferent tin oxide compositions is

beyond the scope of this work, the influence ohange in tin oxide compositions on the
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material density has been studied. To this abdinitio calculations on two different tin
oxide compositions of AgSn91/9 & 78/22) and for three different temperasu(@00,
1000, 1200 K), have been performed. The conclusiahhas been drawn is that to raise
the tin oxide composition of the AgSp@lloy reduces the amount of material removed
by arcing and so enhances its arc erosion behayawever, it damages the thermal and
electrical properties of the contact material sirtice oxide has smaller thermal and
electrical conductivities than silver. Thereforecampromise has to be made to find out

the perfect contact material composition.

To conclude, the proposed approach provides atdoaid in the design of a good
AgCdO substitute and to give directions, for insi@nn terms of tin oxide composition
in AgSnQ. Nevertheless, in order to go further in this s different ways could be
explored:

- One conclusion was that to raise the tin oxide awsitipn of the AgSn@alloy
would reduce the amount of material removed byngreind so would enhance its
arc erosion behavior and, in the same time, wowdape its thermal and
electrical properties. Therefore, the impacts cé tin oxide composition of

AgSnG on the electrical and thermal conductivities cduddexamined.

- From our study, the density of the contact mateis only the second most
influential property behind the surface tension ftoent. Thus, in order to
complete our examination, future works could deteermthe influence of the

AgSnGy tin oxide composition on the surface tension coefit.
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- It has been demonstrated that additives, such dianmn can play an important
role in the arc erosion behaviour of the alloy. &Asonsequence, the influence of

additives in the alloy composition on the arc esagirocess could be studied.
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