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The Net Zero Mass Loss Phenomenon on
Opening Switching Contacts with
AC Loading

Jonathan Swingler and John W. McBride

Abstract—Studies are conducted on silver metal oxide contacts  { Arc duration to produce net zero mass change
on a purposed built apparatus to investigate the extent of con- on a contact/ms.
tact erosion under opening (break) operations. The contacts are
opened between 0.1 and 0.8 mg at particular point-on-wave, |. INTRODUCTION

tpow, Of the ac waveform. Current loading of up to 30 A rms, . . .
I,.ms, is investigated. Contact material deposition, as well as mass HERE are two major concerns with electrical contacts

loss, is observed and is found to balance at particular current fitted in switches and switchgear:
values and point-on-wave opening leading to a net zero mass loss 1) erosion of the contact material on make or break (closing
on the contacts. Results are presented on mass change for each or opening the contact pair);

contact against the two parameters of current and point-on-wave. 2 tact Idi hich ¢ itching taki |
An arc duration characteristic, ¢, is plotted against current, I ms, ) contact welding which prevents switching taking place

which has a net zero mass loss. The characteristic is shown to be (1], [2].

the same for both silver tin oxide and silver cadmium oxide but The amount of erosion dictates the useful lifetime of the

is influenced by the opening velocity. The metallic and gaseous ¢,niact pair and occurs due to material transfer by several

ion transfer mechanisms of the arc discharge are presented as h th disch being th t domi tf

the main processes behind this phenomenon. p enpmena, € arc discharge _elng € mos_ ominant tor
opening contacts under an electrical load. A particular contact

that has undergone arc erosion can have either a net mass loss

or gain depending on the polarity of the contact and the nature

NOMENCLATURE of the arcing process such as duration [3]—[6].

D Mass gain due to gaseous ion transfer mech _The amount of erosion on a contact caused by dc arcs has
g . g 9 Been related to the length and duration of the arc. The “anodic
nism/ng. . . . .

arc” is named because it leads to extensive erosion on the

Em Mass loss due to metallic ion transfer mec:haa_mode. This type of arc is usually short in length and duration,

Index Terms—AC arc erosion, oxide contacts, silver metal.

j zsgilggcurren t (rms)/A. and i_s associated with resist_ive loads. In gontrast, the “cathpdic

K Erosion/deposition constant of proportionality rg” is usually longer, Ieadlng 0 extenswg catho_de_erospn.

2m—tA-1 his type of arc has been partlculgrly assomgted with mdgc'uve

M, Mass change on anode per opening OperIo_ads and takes placg gftgr a period oflan.odlc arc pehawor [71],
’ tion/ng. f)8]. If the contact pair is in close proximity, material can be

transferred from one contact to the other with no apparent loss
to the environment. This phenomenon of a transfer of material
from the anode to the cathode has been called “anodic erosion”
and transfer of material from the cathode to the anode has

P(lims, t) Power/W.
R,(t, v™') Gaseous transfer function.
R, (I,;ns) Metallic transfer function.

¢ Time/ms. been called “cathodic erosion” [6]

trow The point-on-wave that the contacts are . - ’ . .
opened,r-¢/ms A lengthening arc as it is drawn between opening contacts is

- Half dut,y cycle. 10 ms known to go through several different arc phases (or stages) re-

v Opening velocii ms! ' sulting in an anodic and cathodic arc behavior. Each phase has

v Arc voltage/V y ' its own distinctive mass removal rate and deposition rate for a

contact. Additionally, features in the arc voltage/time charac-
teristic [9]-[13] have indicated the transition between phases.
Manuscript received October 22, 1997; revised January 1, 1999. ThisFig. 1 shows schematically the arc voltage/time characteris-
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and gain on the other. After the rupture, the remaining contact
gap is heavily filled with vaporized contact metal which is
ionized leading to the arc discharge. The arc has been reported ~ Contact Only Holder & Contact
to go through at least two phases [15], [16], the metallic phas@g. 3. The contact holder is able to collect arc deposits.
and the gaseous phase, before extinguishing. From a mech-
anistic perspective, the metallic phase (indicated in Fig. 1) Il. EXPERIMENTAL PROCEDURE
involves the anode being eroded by electron bombardment
releasing metal vapor into the gap causing a mass loss. ThisThe Break Apparatus
vapor can undergo ionization producing positively charged The experimental facility used in this study consists of two
metallic ions. These metallic ions are accelerated in the electi@ak test rigs. One of these has been previously reported
field toward the cathode and deposited due to the high cohesjiye]. Each test rig is used to conduct horizontal break opening
ability between species of same type [16]. This causes a maggrations on a pair of contact samples. The rate of operation
gain at the cathode. Chext al. have described this in the par-is eight breaks per minute, at an opening velocity,of:
ticle sputter-depositing model (PSD) [15], [16]. Additionally—0.1, 0.3, 0.5, 0.7, and 08 0.01 ms. Alternating current
metallic vapor and recombined metallic ions can deposit on tbe 50 Hz, I.,,., of: —5.6, 9.3, 14.7, 26.3, and 30.8 A rms
contacts. As a result of this mechanism, described here asithaised at 240 V rms under resistive loading. The current
metallic ion transfer mechanism, there is a net transfer of copas allowed to flow for 370+ 10 ms before the contacts
tact material from the anode to the cathode. As the contacts are opened at a prescribed point on the current waveform,
opened further, atmospheric gases diffuse into the dischatgfled the point-on-wave,.,, of: —1, 3, 5, and 7 ms. The
and are ionized producing positively charge gaseous ions. Pxecision of the point-on-wave opening is illustrated in Fig. 2
further opening, the plasma becomes dominated with thefee 2000 operations a,.., = 5 ms for the two test rigs. The
gaseous ions and the arc enters the second phase, the gaggotie is typical for othert,., values. Voltage and current
phase (see Fig. 1). The gaseous ions are accelerated towagdsurements are taken every 46 during the opening
the cathode and sputter it releasing vaporized contact mategpéerations.
into the gap. The vaporized material mainly deposit onto the Contact samples used in this study were Ag/SmOntact
anode, resulting in a net transfer from the cathode to the anogiget pairs (no dopants) along with Ag/CdO contact rivet pairs
This mechanism is called the gaseous ion transfer mechanigmviously studied by Abu Sharkh and McBride [20], [21].

The metallic ion transfer mechanism dominates at the be- ) .
ginning of the drawn arc discharge and can lead to transfér S@mple Analysis Techniques
of material from the anode to the cathode (anodic erosion).Mass measurements are taken of contact samples before
The gaseous ion transfer mechanism dominates later in dred after 5000 break operations to determine mass loss or
drawn arc discharge and can lead to transfer of material fraqain of that contact at a particular current and point-on-wave.
the cathode to the anode (cathodic erosion). Ben Jaahah The mass measurement technique used for the Ag/Siata
have investigated the transition between the two types of gmesented involved measuring only the contact rivet whereas
behavior and report a critical arc length of between 15-30 the previously published work for Ag/CdO [20] the mass
pm, a few times the electron free path [17]. By controllingneasurement technique included weighing the contact and its
the arc duration on opening an ac supply at particular currdrdlder. This new technique is adopted to improve the accuracy
loading, the two mechanisms governing these two types of afcthe mass measurement. By including the holder, material
behavior can be shown to balance resulting in net zero malsat deposited onto the holder from the arc discharge is
loss. The net zero mass loss does not however corresponéhtituded giving a false reading of mass gain on the rivet. Fig. 3
zero erosion of the surface as material is either redepositedraticates the potential area for collecting material from the
transferred from the opposing contact [18]. arc discharge. The holder and contact arrangement is able to
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Fig. 4. Current/voltage characteristics of Ag/Sn©ontacts opening with an arc.

collect >98% of radially expanding material from the contactletermine the amount of material gained or lost. Fig. 5 shows

gap, a minimal amount is lost to the environment, comparedttte mass change data{,, of each sample (a positive value

the contact rivet which is able to collesi85% [6]. However, as gain and a negative value as loss) plotted in two types of

the mass measurement of the holders, which contain contgeiph, a 3-D plot and contour plot. The mass change data is

material deposits, proved useful in the study as will be shovgiotted against thd,mtrow plane, i.e., the current/(,./A)

in the results. and point-on-wavettow/ms into waveform). A number of
features can be identified on these graphs. There is a “valley”

lIl. EXPERIMENTAL RESULTS of negative values (material loss) on the cathode 3-D plot
at tpow ~ 2 ms across mosi,,,; values. Correspondingly,
A. Voltage/Current Characteristics on the anode 3-D plot there is a “mountain range” of positive

values (material gain) across mdst,; values. Also, the anode

Voltage/current characteristics are taken of each openiggows a large loss of material atow ~ 5 ms at high current
operation. Fig. 4 ShOYV these for Ag/Sp@amples tested atya|yes. A net zero mass loss can be estimated by extrapolating
26.3 A rms, 0.1 ms’, and opened at 1, 3, 5, and 7 Mghe 3-D plot Fig. 5(a) and the contour plot Fig. 5(c) of the
into the current waveform. It can be seen that the curregiinode. Also, a net zero mass loss can be interpolated on
waveform remains sinusoidal with a slight perturbation duringq 3.p plot Fig. 5(b) and contour plot Fig. 5(d) of the anode
the discharge. At different current values studied, the curreit, o< all current shown.
profile is similar and only differed in magnitude. Arc voltage 2) Ag/CdO Anode and Cathode at 0.1 ThsOpening Ve-

profiles for differentpow at ums = 26.3 A are shown |,cjv. The mass change data/,, of Ag/CdO anodes and
in Fig. 4. The profiles exemplify features which are seen 8hthodes at 0.1 rms opening velocity are shown in 3-

different current for respectivépow. The voltage magnitude y op g ¢ontoyr plots in Fig. 6. The experimental data have

;c:irtheV;Tusgectwe current anthow has approximately the .., presented in a previous paper [20]. Similar features to
' the Ag/Sn@ mass change data can be seen in this data.

There is a “valley” of negative values (material loss) on the

cathode 3-D plot atpow ~ 2 ms across mosk;,,; values.

1) Ag/Sn@ Anode and Cathode at 0.1 msOpening Veloc- Correspondingly, on the anode 3-D plot there is a “mountain

ity: The anode and cathode of each contact pair are weighedaoge” of positive values (material gain) across mast,

B. Mass Change Data}/,,
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Fig. 6. Mass change (erosion) data for Ag/CdO contacts.

values. The anode shows a large loss of materialgty ~ Comparing the mass change data of the anode and cathode
5 ms at high current values which corresponds to a gain stiows an “imaging effect” in the mass change data on the
material on the cathode at this point in the,.tpow plane. I..sfpow plane: a gain on one contact at particulgr,, and
Areas of zero mass change can be interpolated on these platsyy value produces a loss on the other, and visa versa.
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Fig. 7. Mass change (erosion) data for Ag/CdO anodes at different opening velocities.

Comparing the anode mass change data of AgiSniddicated by the shaded discs. A bold line indicates the zeta
[Fig. 5(b) and (d)] and Ag/CdO [Fig. 6(b) and (d)] samplesharacteristic{, which is the arc duration resulting in net zero
shows similarities in the positions of mass loss and gain @mass change. This has been extrapolated or interpolated from
the Iustprow plane. the experimental data. This arc duration is given on the second

3) Ag/CdO Anode Between 0.1-0.8Th©pening Velocity: ordinate as’ = 7 — tpow in the schematic. In positioning the
The effect of opening velocity of the contact pair is alsg line on the schematic diagram, it is sketched to intercept
investigated using Ag/CdO rivets. Mass change dafa, is the ordinate atpow < 10 ms. This is because the metallic
collected (holders were included in the mass measuremegh) transfer mechanism first dominates the arc, even at low
for velocities of 0.1, 0.3, 0.5, 0.7, and 0.8 msand typical cyrrent, resulting in a finite amount of material being lost from
anode data is presented in Fig. 7. the anode and deposited on the cathode.

By increasing the velocity from 0.1 to 0.8 msdoes not  Fig. 8 contains two mass change schematics corresponding
eliminate the “imaging effect” between the anode and cathog¢the anode and cathode Ag/SnMass change data (Fig. 5).
mass change profile (data not presented). A gain on one contget anode mass change schematic [Fig. 8(b)] contains a
at particularl,,,s andtrow value produces aloss on the othenyterial loss “hole” and a material gain “mountain range”
and visa versa. as_shown. The characteristic is shown giving required arc

Fig. 7 shows mass change data for anodes at 0.5 and QBation andr... for net zero mass loss. Net zero mass loss
Ens—l opening veLomUes. BY Increasing the velocity causes tr?)%curs when the effect of the metallic ion transfer mechanism
_mountam range” of material gam_to move to Iower_curre_n&tmd the gaseous ion transfer mechanism are in balance, equal,
in the Lrmstpow plane. The magnitude of the material gainy opposite. To obtain a net zero mass change for a given
decreases with increasing velocity. The area of large lo&?rrent, atrow can be selected. The cathode mass change

moves to lowertpow values with increasing velocity. schematic [Fig. 8(a)] shows mainly material losses cathpde
characteristic [Fig. 8(a)] has a different profile to the anode
IV. THE ZETA CHARACTERISTIC, ( [Fig. 8(b)] and will be discussed later.

Figs. 8-10 are mass change schematics of the mass lodsig. 9 contains two mass change schematics of Ag/CdO
and deposition data presented in the previous section desigaettacts (Fig. 6). The anode and cathode mass charge schemat-
to show general features only and to draw attention to tigs can be seen to have similar features. There is material
significant features in the experimental data. These schemage at lowtpow (beginning of the duty cycle) on the anode
are contour plots with the abscissa as current (riig),/A, and losses on the cathode from low to high current values.
and the ordinate as point-on-wavgow/ms. The schematics There is a large loss at high current ahi¢bw ~ 5 ms for
show areas of mass loss and gain on fhg.tpow plane the anode whereas there is gain for the cathode. A net zero
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Ag/Sn@ mass change schematic. Fig. 10. Ag/CdO mass change schematic at different opening velocities.

Ag/SnO, and Ag/CdO anode schematics show the same
general features. Thecharacteristic has a similar profile with
hlgh tpow at low Lims and IOWtPOV\’ at hlgh Lime.

In the Ag/SnQ@ study only the contact rivets are weighed,
whereas in the Ag/CdO study, contacts and holders are
weighed so that deposits collected on the holder are included
in the mass measurement. The effect of the different measuring
techniques can be seen in comparing the cathodes in Figs. 8(a)
and 9(a). In the Ag/CdO study which includes the holders,
effectively all material is accounted for in this measurement.
The material which is lost from the anode is deposited on
the cathode contact or holder. In the Ag/Sn€dudy, only the
contact was weighed, if any material is lost from the anode
and collected on the cathode holder it would not be recorded
in the data. This is seen on the Ag/Sn@athode schematic
Fig. 8(a), where a lot of material is lost at longer arcs and
higher current.

Fig. 10 contains two schematic of anode mass change at
0.5 and 0.8 ms! (cf. Fig. 7) to illustrate the effect of opening
velocity. Increasing the opening velocity from 0.1 to 0.8 ths
[cf. Fig. 5(b) and (d) and 7] causes the mass gain region on
the schematic to be confined to lower current. The increase of
velocity between 0.5 to 0.8 m$ (cf. Fig. 7) also causes the
mass loss “hole” to move to a lowégoyw value. The position

() of the zeta characteristic on th&, tpow plane is also
Ag/CdO mass change schematic. influenced by the opening velocity as shown. The experimental
data [Fig. 7(b) and (d)] indicates that the zeta characteristic

t row /ms

t row /ms

Irms /A

mass change characteristic is shown and is the same pradite@s not intercept the ordinate at10 ms. However, the
for both anode and cathode. The “imaging” effect can be seesta characteristic has been sketched in Fig. 10(b) to intercept
between Fig. 9(a) and (b). the ordinate at< 10 ms for reasons given previously. This
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discrepancy is thought to be due to mass measurement err@feated by several mechanisms (electron bombardment being
For zero mass loss at a given current (e.g., 20 A in Fig. 1@ne) to a thermal energg; as in Fig. 11. Consequently,,

the arc duration (smallefroyw) increases with velocity. number of silver particles (vapor) are released into the arc
discharge. In the arc discharge the silver particles are ionized
V. DISCUSSION OF THEZETA CONDITION (e.g., by electron bombardment) and Ag ions and electrons

SAre accglerated 'Foward.th.eir_respective electrode.s. However,
pé)&:all silver particles will ionize. The Saha equation can by
used to determine the degree of ionization of the vapor. Energy
) for ionization and acceleration comes from the applied electric

2) arc duratlon;_ . field and is indicated in Fig. 11. The electrons are accelerated

3) contact opening velocity. toward the anode gaining energg,(in Fig. 11) and bombard
The discussion is focused on the anode but a similar analygig anode delivering energy to the surface. This is illustrated
can be applied to the cathode. in Fig. 11 by the feedback arrow with the labél™indicating

As the arc discharge is drawn between opening contacsfergy input to the surface. The ability for metal vapor to be
it passes through two phases, the metallic phase at ignitifleased into the plasma increases the amount of subsequent
and gaseous phase, before extinguishing. In the metallic phasis and electrons for the metallic ion transfer mechanism.
the plasma is dominated by ionized metal vapor released fromgquation (2) relates the anode mass removal rate caused by

the contacts resulting in the metallic ion transfer mechanisfe metallic ion transfer mechanism to power by the metallic
dominating. In the gaseous phase the plasma is dominaigghsfer function,R,,, (Lms)

by ionized gas from the environment resulting in the gaseous
ion transfer mechanism dominating. It should be noted that denn (t)
each mechanism may partially take place outside the phase in %
which it dominates. As a consequence, from a mechanistic per-
spective, it is more useful to discuss the metallic and gaseays . .
: . . e metallic transfer function represents the mass removal
ion transfer mechanisms as opposed to metallic and gaseQus. . L h
. . e efficiency of a single incident particle (an electroR)g, from
phases. Each mechanism has its own distinctive mass remqya .
e ) . . € anode surface by bombardment and the number density of
rate and deposition rate at particular times,During the . . . o .
) e . -~ _incident particles precursors,,, as indicated in Fig. 11 (the
metallic phase the metallic ion transfer mechanism dominates . . . : N
. number density of metallic atoms which result in metallic ions
so that the rate of mass removal at the andde,,(t))/dt, is . X
i, and electrons). Increasing the power of the system increases
larger than the rate of anode mass depositi@)g(t))/dt. LT .
. . . he degree of ionization of the vapor (the number density of
Opening the contact further, permits environmental gas 1o

enter the arc affecting th&lDgy(t))/dt rate. The arc enters fons and ele.ctronsf) and_ the energy the electroq can deliver to
) . the surface in a given time period. More material is released
its gaseous phase when the gaseous ion transfer mechanism S
. o into the gap when more energy is given to the surface. The
dominates so that the anode deposition rate becomes larger . )
influence of the three parameters under consideration on the
than the removal rate. The rate of mass change on the angde

over the opening operation can be given by the expression'|

The aim of this discussion is to relate the zeta characteri
to experimental parameters. Three parameters are conside

1) current;

= R,n(_[rms)P(Irmsv t) (2)

ensity of metal vaporp,,,, is given below:

n1) Current: Increasing the current increases the number of

dMa(t) _ dDy(t)  den(t) (1) electrons and electron density assuming the arc cross-sectional
dt  dt dt area remains constant. Increasing the density of electrons

increases the probability of bombardment of the anode surface

and thus increases the amount of material (silver) evaporation.
The metallic ion transfer mechanism dominates at the begifherefore,R,,, is assumed to be a function &f;,.

ning of the arc discharge but continues to occur throughout. A2) Arc Duration: The number density of silver particles

diagram of this mechanism is shown in Fig. 11 illustrating thesleased from the surface in a particular time is thought not to

path of silver particles from the anode into the arc dischardee influenced by the duration of energy input into that surface

Silver particles initially start in the anode material at room ten{fassuming thermal equilibrium of the surface).

perature (or at thermal enerdy, in Fig. 11). Arc ignition and  3) Opening Velocity:Opening velocity is assumed not to

electron emission processes have been neglected for simplitive a significant effect on the number of silver particles

of this discussion. During an arc discharge the anode surfaeteased from the surface.

A. Anode Mass Removal Rate
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B. Anode Mass Gain Rate 1) Current: The current is assumed not to have an influence

The gaseous ion transfer mechanism occurs once gasetifs@mount of atmospheric gas which can diffuse into the
ions diffuse into the arc but may not dominate the arc behaviGfC discharge. Other factors such as increasing atmospheric
Once atmospheric gaseous have diffused into the arc discha?gessure may influence the amount of gas which can diffuse
in large numbers and have a greater influence over the arc t the discharge. o
silver vapor, the gaseous ion transfer mechanism dominate€) ArC Duration: The arc duration is assumed to have an
the arc behavior. A diagram of the mechanism is given jRfluence on the gaseous ion density. The longer the arc is
Fig. 12 where the path of a gaseous species (nitrogen)e?gmsed to an atmosphere the larger the amount of gas that

followed. The nitrogen molecules originate in the environmefG@" diffuse into the arc, depending upon the diffusion constant
at room temperature (signified by thermal energy in 2&nd saturation limit. _ o

Fig. 12) surrounding the arc. They diffuse into the arc at a rate3) OPening Velocity:The opening velocity is assumed to
given by a diffusion constant so that at a given timenumber have an mflue_nce_ on the amount of gas that can d|f_fuse into
of nitrogen molecules will be found in the discharge (a%he arc. The diffusion constant governs that rate at which gases

indicated in Fig. 12). The diatomic nitrogen gas can under@@" diffuse into the arc and by increasing the rate of contact
disassociation and several levels of ionization once in tREENING gives less time for the gas to enter the arc for a given
discharge. In Fig. 12 only primary ionization of the molecul@@P and arc volume. Thus lowering the number density of
is considered for simplicity givingV;” and an electron. A 9aseous particle which diffuse into the arc.

typical arc (containing molecular nitrogen) at 1 atmosphere

pressure and 13 000K would be 10% ionized [22]. These ioks At the Zeta Condition

and electrons are accelerated to their respective electrodeyhen the amount of mass loss on the anode is equal to the
The energy for ionization and acceleration comes from thgnount of deposition, net zero mass loss, this is considered to
applied electric field and is indicated in Fig. 12. The electrong the zeta condition. This can be represented as in (4), setting
from nitrogen ionization supplement the electrons from thte mass change to zero and integrating betweery and
dwindling supply of silver metal (due to contact opening) anghe end of the waveform, where arc duratioq = 7 — tpow.
bombard the anode. Th&’; species bombard the cathodeoth R, and R,,, coefficients are integrated across the whole
releasing new silver atoms to the discharge which can depegit duration as both the metallic and gaseous ion transfer
on the anode, transferring material from the cathode to th&echanisms occur throughout the arc duration

anode. It should be noted that any silver atoms in the arc

discharge can either: M, =0 :/ (Ry(t, 0=) — Bon(Lomne)) P (Tomne, £) .
1) be lost to the environment; t=7—( @
2) redeposit back onto the originating cathode by condeﬂ—s a first approximation, the metallic transfer function is as-

satlon;_ . sumed to have a linear relationship to current, and the gaseous
3) deposit onto the anode by condensation. transfer function is assumed to have a linear relationship to
Equation (3) relates the anode mass gain rate caused by dhe duration and an inverse relationship to opening velocity.
gaseous ion transfer mechanism to power by the gase@ufation (4) is rearranged and integrated, as in the Appendix,

transfer function,R,(t, v—1) to give (5)
D
dd—gt(t) — _Rg(t7 U_I)P(Irmsa t) (3) C = 2Kvlins (5)

The gaseous transfer function represents the mass remaviaére theK is a constant of proportionality.

efficiency of a single incident particleVgt), keg, from the This equation shows that the arc duration required to pro-
cathode surface by bombardment and the number densityce a net zero mass loss is directly proportional to opening
of incident particles precursors,, as indicated in Fig. 12 velocity and current. A closer look at the metallic and gaseous
(the number density of gaseous molecules resulting, e.g.,idm transfer mechanisms, assuming (2) and (3) apply, confirms
N3 species). Increasing the power of the system increashis. Fig. 13(a) contains plots of (2) and (3) of anode mass
ionization and the number density of ions, and the energy tremoval rate and anode mass gain rate, respectively, and the
ions can deliver to the surface in a given time period. Trum of these know as the mass change rate, for opening
influence of the three parameters under consideration on theocity of 0.1 ms'!. Fig. 13(b) contains the loss, gain and the
gaseous density in the are,, is given below: sum of these two know as the mass change for this velocity.
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Fig. 13. Mass change rate and mass change at two velocities.

Fig. 13(c) and (d) corresponds to a velocity of 0.8hsThe

mass change rate on the anode is the sum of the removal

rate due to the metallic ion transfer mechanism and the gain

rate due to the gaseous ion transfer mechanism. The anode

loss rate is constant as a constant current is assumed for a

first approximation (see the Appendix). The anode gain rate

increase with time as gaseous ions diffuse into the arc. The

total amount of mass change on the anode [Fig. 13(b)] is

the sum of the total amount of material removed and the

total amount of material deposited. These terms come from

integrating the rate terms used in Fig. 13(a). Fig. 13(b) shows -

the zeta condition(;, when the total amount of material o5

deposited is equal to the total amount of materials lost at 0.3

an opening velocity of 0.1 m3. Fig. 13(d) shows the zeta o1

condition, {», when the total amount of material deposited o

is equal to the total amount of materials lost at an opening vims b .

velocity of 0.8 mst. It can be seen that increasing the velocity 00 % Ll

decrgases the rate of deposition [Fig. 13(c)] and thus the ZEltga 14. Model of the zeta characteristic at different current and opening

condition ¢z > (. velocities.
The general behavior of (5) can be verified by comparing

this equation to the experimental data for different current

and velocity. K was found from the experimental study by

taking an approximate gradient of thecharacteristic with  Studies are conducted on silver metal oxide contacts on

current for 0.1 ms! opening velocity £1.3 x 10~* sA~1). a purposed built apparatus to investigate the extent of con-

This was found to bev1.3 x 102 2m~*A~L. Fig. 14 is tact erosion under opening (break) operations. Ag/Safd

a plot of (5), ¢ againstv and 1,5, using this value ofK. Ag/CdO contact rivets are studied with alternating current up

The bold line shown on the plot at= 0.1 ms! in Fig. 14 to 30 A rms, contacts opened at particular point-on-wave, and

indicates the net zero mass loss at an opening velocity aifdifferent opening velocities between 0.1-0.8 ™s

0.1 ms™. It can be seen in Fig. 14 that for velocities above On opening the contacts, the arc discharge forms between

0.1 ms1, the zeta characteristic follows a similar behavior tthe contact rivets and remains on the contacts until extin-

the observed data. At higher velocity, the zeta characteristjoished—there is no evidence that the arc formed on the

gradient increases so that net zero mass loss can onlyhiodders. The contacts show extensive erosion depending upon

achieved at low current. Fig. 14 also predicts what might leeirrent and arc duration. Any one particular contact not only

expected for the arc duration for net zero mass loss at lowerdergo mass loss during a discharge but also mass gain. In

opening velocities 0.03 ms. addition, material deposition is clearly seen on the contact

-10

VI. CONCLUSION
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holders indicating that some contact material radially expands]
from the arc discharge.

At opening velocity of 0.1 n1s!, cathodes of both Ag/CdO [4]
and Ag/SnQ lose material at lowpow with 1., between
1-30 A. However, anodes gained material over this sectio&
on thel..stpow plane. A similar feature is seen at high,.
and tpow ~ 5 ms, where material is gained on the cathode
and lost on the anode. The zeta characteristic of net zero m
loss against thd,stpow plane is the same for both anode
and cathode, and Ag/Sna@nd Ag/CdO as long as the contact
holders are included in the mass measurement. v

The opening velocity has an influence on the zeta charac-
teristic. Increasing the velocity results in the requirement foE
longer arc duration (smallefpow) at same current for net
zero mass loss.

[9]
APPENDIX

Power is the product of the voltage drop across the arc and]

the supply current, which is a function of time for ac as in a1

P(Iims, t) = V21, sin(wt). (A1)

[12]
Equation (4) is rearranged to give (A2). However, for a
first approximation and to simplify the expressions, power is
consider to be the function df,,,,; only and the limits have (13
been modified so thapow is set tot = 0, integrating through
to t = ¢, as shown [14]

¢ ¢
/ R[](ta U_I)P(Irms) dt = / an,(-[rms)P(Irms) dt [15]
t=0 t=0

(A2) 16]

The metallic ion mechanism rate function is assumed {o
have a linear relationship to current and is related by a constant
k... The gaseous ion mechanism rate function is assu
to have a linear relationship to arc duration and an inverse
relationship to the constant,. These are substituted into (A2)[18]
to give

/.
t=0

This is integrated to give

: ¢ [19]
by & Pl it = / b P dt (A3)
t=
[20]

kgP(Irms) (2]

v % (CQ - (0)2) = karmsP(Irms)(C - 0) (A4)

[22]
Dividing both sides byP(I,.,s) and rearranging gives

(A5)
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