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ABSTRACT

Silver and silver based alloy (90% Ag- 10% CdO) contacts welded on
different substrate materials have been exposed in hostile SO, environments
in simulated laboratory conditions. The corrosion byproducts on the surface
have been monitored by SEM and EDS spectroscopy. Their electrical
characterization was based upon dc overheat tests, current switching cycle
tests and interfacial energy storage during ac current excitation. The
experimental results demonstrate that the heat dissipation rates strongly
depend on the substrate material selection as well as, the exposure
environments. These parameters strongly affect the nominal current values.
The dynamic contact resistance during make-break electrical contact
operations depends upon the conductivity of the new surface layers formed as
a result of chemical equilibrium established by the reaction between the
environment and the primary surface material, the substrate, and the welding
layers. Corrosion byproducts are formed over the contact joint and are
transported to the silver surface of the electrical contact by creep. The
resulting byproducts, may be either loosely attached or water-soluble.
Corrosion products originate from the welding zone, the substrate material,
and the underplating layer by diffusing through the pores of the plating; they
aggregate on the surface and affect the heat dissipation rate and consequently
the electrical performance of the component.
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I. INTRODUCTION

Silver alloys, as well as the pure metal, have been proposed or applied for
electrical contact applications and extensive laboratory and field studies of
such systems have been carried out “*. Several researchers measured the
silver contact resistance, R, as a function of exposure time for components
subjected to field locations®*. Satisfactory contact performance is maintained
as long as R, remains below 10 mQ ’ In some locations R. may increase over
the course of a few years by five or six orders of magnitude *°. Contact
resistance has also been measured following laboratory exposure to mixed
corrosive gases '° where the rapid increase in R, for contacts exposed to Cl,
or H,S has been demonstrated. Abbott !
Ag/Pd alloys in laboratory environments with H,S. The resultant thin films
were very tenacious and had high contact resistance. On the basis of chemical
and contact resistance studies of silver alloys with 50% Au or 60% Pd Antler
% reached essentially the same conclusions. Currently, the mixed flowing gas

investigated several Ag/Au and

(MFG) tests are adopted for component characterization in adverse
environments '>", but the relation between field and laboratory exposure yet
remains to be determined.

SO, tarnishes silver but the metal is relatively insensitive to SO, as
compared to H,S. The reaction of silver with SO, to form sulfide and oxide is
not thermodynamically favorable. A reduction path for SO, with sulfide as a
possible end product was proposed and involves dithionite, S;0,%, as an
intermediate specie'. In this work, the approach of “accelerating degradation
SO, environment” is used to study surface induced effects and degradation
mechanisms on silver based electrical contacts welded on different substrate
materials. It is true that stzatic single-gas laboratory tests, including those of
SO,, have largely been discredited as being unrealistic of the reactions
occurring in the real word. However, due to the increased severity of the
influencing parameters, the rate of the degree of deterioration will increase,
so that it can be measured during a short time interval. The basic idea is very
simple: to artificially increase the concentration of the gaseous reactants to
boost degradation rates without change of the mechanism of the chemical
reaction thus producing faster deterioration. The applied test parameters
could be met in practice under extreme field conditions, i.e. industrial
accidents'® (worst case analysis) or under dew formation on the metal surface
at installations near complexes with high SO, emission rates. The pollutant
concentrates on the surface forming sulfate nests. Therefore, even small
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initial concentrations of SO, may turn out to become highly aggressive after
such a cumulative process.

The scope of this work is to point out the significance of the substrate
material selection, as far as, the long-term operation of the electrical
component is concerned. The substrate material may control the overall heat
dissipation rate during component operation, thus affecting the entire
electrical performance. In addition, the substrate material can induce
corrosion byproduct formation due to electrochemical reactions initiating
degradation during the operation of the component in an adverse
environment.

II. EXPERIMENTAL

The typical geometry of the examined contact joints is given in Figure 1.
The electrical contacts had a planar geometry of 2.3 mm x 2.3 mm, consisting
of high purity silver, or silver metal oxide (90% Ag, 10% CdO). These were
welded on top of a brass (70% Cu 30% Zn) or copper substrate, by a three
layer tape. The top welding layer was cadmium oxide (percentage 90% Ag
and 10% CdO). The middle layer was pure Cu and the bottom layer was pure
Ni which was employed primarily to add interfacial resistance, so that the
tape could be safely welded to the substrate. The tape layers were hot bonded
in a rolling mill in an inert atmosphere, thus producing a metallurgical bond.
The rolling procedure could be extended to attain the desired thickness of the
welding structure.

Some of the produced samples were also plated, either by silver flash
process to create a high purity silver overlayer of 30 um to 50 pm, or gold
plated at a thickness of 25 pm. The gold plated samples had a 50 pm thick
nickel underlayer. Plating was the last operation in the overall fabrication
sequence. This resulted to a pure Ag or Au layer formation over the entire
electrical contact region, the tape welding layers (which during rolling
expand sideways around the contact edge) and finally, over the surface of the
suspending wafer.

The following types of contact families were tested under accelerating
degradation conditions:

e Ag on top of brass substrate
e Ag on top of copper substrate / Ag plated
e Ag/CdO on top of brass substrate
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e Ag/CdO on top of brass substrate / Ag plated
e Ag/CdO on top of brass substrate / Au plated.

Fig. 1: Contact geometry. (1) silver based electrical contact with a planar
surface 2mm x 2mm, (2) substrate. The contact is welded on the
substrate by hot-bonded tape layers.

The above contact families were exposed to room temperature synthetic
air mixtures incorporating 20% SO, and equilibrium humidity. The exposure
duration was 24 hours. The specimens were removed, washed with distilled
water to remove the soluble corrosion products, and their weight change was
monitored. Reference samples were graphitized to become conductive to the
electron beam and were examined by Scanning Electron Microscopy (SEM)
and Energy Dispersive Spectroscopy (EDS) to obtain the percentage of the
elements on the surface volume of the metal.

The samples were also subjected to electrical characterization tests prior
and after the exposure to the hostile environment. The characterization
consisted of:

(a) Temperature overheat tests (according to IEC 0660) to demonstrate the
temperature rise across stationary contact joints as a function of time under
dc and ac current excitation. The stimulating current waveforms were
provided by a stabilized power supply capable of producing 20 A dc.
Proportional temperature monitoring via a “T-type” thermocouple wire,
attached at the vicinity of the contact joint, was preferred for comparison
purposes. The operating air temperature was for all cases 18°C and the
ambient relative humidity 55%.

(B) Contact resistance monitoring during mechanical duty cycles under dc
current excitation. The mechanical apparatus used for the simultaneous
application of electrical and mechanical load is presented in Figure 2. When
the contacts closed, the applied axial contact force could vary between 0 and
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1

Fig. 2: Layout of the mechanical apparatus: 1) Electrical contact joints. 2)
Electrical insulators. 3) Phosphor-bronze springs allowing linear
displacement 8x ~ 3mm. 4) Computer controlled magnetic circuit
stimulating 3x linear motion. 5) Location for temperature monitoring
and transducer position for axial contact force measurement. 6)
Flexible current leads. Interfacial voltage, AV, and current, I,
profiles could also be synchronously recorded.

5N and this was monitored by a piezoelectric transducer, interfaced to a
20MSPS data logging system. A computer controlled apparatus was
employed to operate hammer-action duty cycles, i.e. perform axial low
amplitude contact displacements, by controlling the current values in a
solenoid actuator which activated a closed-loop magnetic circuit. Each duty
cycle lasted 6 seconds among which the contact was closed for a 3-second
period. Contact transitions between states CLOSED and OPENED consisted
of approximately 18 discrete low amplitude linear displacements, thus
simulating contact bounce conditions, or contact blow-open effects.
Relatively high current densities (ampacities of 17 A dc via contact areas of
the order of 0.04 mm?, optically determined) were employed in order to
establish accelerated degradation modes of operation. The applied
mechanical vibrations induced short arcs -as shown in Figure 3- possibly
leading to phase transitions on metallic surfaces, or decomposition of the
crept corrosion products. As a result, the examined contacts were
simultaneously subjected to mechanical and electrical fatigue. Both of the
above dissociation mechanisms are expected to affect the overall contact
resistance. During the make-break operations the resistance variation across
the contact joints was also recorded. Heat radiation from the stationary
contact joint was monitored by a computer controlled IR thermometer
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Fig. 3: (a) Typical axial contact force variations applied during the contact
break transient state. The interfacial mechanical contact is broken
several times (of the order of 20) for this specific case. (b) Transient
over-currents recorded in the external circuit as a result of multiple
contact make-break transitions. After completing the overall test
cycle, the interface had sustained approx. 20,000 hammer-action
finite amplitude displacements.

operating at 8-14 um with a sampling period of 15 seconds. The measuring
target was identified by a crossed beam pinpoint laser system. The emissivity
value of the measuring targets was set at 0.2 for all cases.

(v) Visual observations of interfacial energy storage during ac current
excitation. Figure 4 provides the required experimental set-up. Closed
contacts were energized by a stabilized sinusoidal current profile and
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Fig. 4: Simplified schematic diagram of the overall experimental setup: 1)
50 Hz sinusoidal current supply with maximum value 200 A rms
even under short-circuiting operating conditions. 2) Contact under
test. 3) OFHC ohmic loads varying between 10uQ and 5mQ, used
for current monitoring. 4) Environmental control chamber. 5)
Temperature transducer. 6) Coaxial cable. 7) Amplifier. 8) I(t) and
V(t) monitoring device: Synchronous data logger 12 bit 20MSPS . 9)
Data bus. 10) PC

interfacial voltage V(t) and flowing current I(t) waveforms were digitally
recorded and processed to provide the corresponding I-V curve (by time
elimination).

For contacts operating under high current densities the resulting 1-V
curves tend to produce closed (clockwise) loops in a single period of the
stimulating current profile-as predicted by the mathematical bifurcation
theory '*'". The corresponding area of each loop determines the electrical
power stored at the interface'®. Precise knowledge of the period required to
obtain each closed loop provides for the interfacial energy, E, evaluation.
This can be attained — as shown in Figure 5 — by the sum of successive

trapezoids according to the equation:
E= ,/2( vn+l - vn)-(ln+l + ln) .T (1)
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Fig. 5: Typical current- voltage loop shape, used for the determination of
the electrical energy according to the Eq. 1. Various V, and V,,; as
well as I, and I ., positions have been introduced in this figure in
order to demonstrate for every quarter of the axis that the areas of
some of the trapezoids will be added while others will be subtracted.
For example, in a clock-wise loop formation, the loop area
determined by the letters FCDE will be evaluated by the proposed
equation as the difference between ABDE and ABCF partial areas.

where V, represents the n™ voltage value in volts, 1, represents the
corresponding n™ current value in amperes, (synchronous result pair) and T,
is the period required to produce a single closed loop, i.e. T=20 ms. The
applied methodology, as well as, the advantages offered by such electrical

tests have been reported elsewhere'*?’.

I1I. RESULTS AND DISCUSSION

A. Electrical Characterization

Al Temperature overheat tests for stationary contacts — Figures 6a,b
provide the typical normalized temperature increase vs. time of current flow,
for the case of silver contacts welded on top of brass and copper substrates
respectively. In the same figures, the effect of SO, exposure is also
demonstrated. According to these results the non-corroded samples exhibit
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Fig. 6: Normalized temperature increase for stationary silver contacts
excited by 20 A dc. Reference contacts are compared to contacts
exposed to SO, environment.

(a) The substrate material is brass.
(b) The substrate material is copper/silver plated.

the lowest temperature gradients. In addition, the substrate material may
significantly affect the overall heat dissipation rate and therefore determine
the nominal current of the component. This is evident by comparing the
temperature gradients among reference samples of Figures 6a and b (i.e.
notice enhanced temperature increase on reference components with the brass

substrates).
Finally, it should be noted that the silver contacts welded on top of the
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brass substrates are protected from corrosion during SO, exposure compared
to identical contacts on copper substrates (plated or not). At the same time the
brass substrate appears to be heavily attacked, (formation of insulating
copper-zinc sulfate salts overlayers). The corrosion formations have to be
mechanically removed (by filing) to enable for electrical connection -over the
clamping regions- during test procedures. Corrosion effects can be attributed
to galvanic cell formation between the silver contact and the brass substrate,
which effectively protects the silver end of the cell and increases the
corrosion effects on the less noble material which is brass, thus leaving the
silver electrical contact unaffected. As a result, there is scarcely any
difference between the electrical performance of reference Ag/Brass samples
and the ones exposed to SO, environment.

A2. Contact resistance under current switching cycles — Silver contact
resistance was monitored in the process of switch iterations. The contacts
were energized by 17 A dc. The open circuit voltage was 15V. As shown in
Figure 7a, there is scarcely any difference between the contact resistance
values of reference samples and of identical samples exposed to the SO,
environment. The typical contact resistance of silver contacts welded on top
of copper substrates is shown in Figure 7b. Here, the contact resistance of
reference joints was significantly lower, due to incorporation of
substrate-materials with higher thermal and electrical conductance. However,
for this material selection, SO, exposure increased the overall contact
resistance by 50% typical. For this material combination, there is no need to
clean mechanically the surface of the substrate to attain proper electrical
conductance, after SO, exposure.

The temperature generation rate of the joint, during the current cycling
switching tests, was found to depend upon the substrate plating, as well as,
the exposure to the SO, environment and to the induced damage. This is
clearly demonstrated between Figures 8a,b.

According to the temperature data recorded by the infrared (8-14pm)
energy data acquisition technique, Figure 8, the unexposed reference samples
show between them very small temperature differences during the test
procedure. The samples with the best electrical response appear to be the gold
plated ones even after running 20,000 discrete current switching cycles.
However, after being exposed to SO,, the gold plated samples exhibit the
highest heat generation rate and consequently the worst electrical response.
Silver plated samples provide fairly stable behavior. The non-plated substrate
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Fig. 7: Contact resistance for the reference contacts and the contacts
exposed to SO, environment as a function of switch iterations. The
test short circuit current was 20 A dc and the open circuit voltage
was 15 V.(a) Contact material: silver welded on top of brass
substrate. The substrate had to be cleaned (filed) at the clamping
edge, to remove the insulating copper-zinc sulfate film, thus allowing
for current conduction. (b) Contact material: silver, welded on top of
copper substrate, and then, silver plated contact joint resistance, R,
for the examined material selection was found to be 1.5 mQ. This
resistance was increased by 20% max. at the end of the switching
cycle test (probably due to surface erosion).
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Fig. 8: Average stationary joint (anode) temperature as a function of time
elapsing during current switching cycle tests. Iteration period = 6 s,
I = 17A dc, and V=15V dc.(a) Reference samples. (b) Samples
exposed to SO,.

samples during their initial stages of operation showed negative temperature
response (i.e. temperature reduction with increasing operation time) which
can be possibly attributed to the insulating overlayer surrounding the contact

material.

A3. Energy storage across stationary contacts during ac current
operation — The electrical energy stored across the contacting joints during ac
operation is visualized in Figures 9(a) and 9(b) for the case of silver contacts
welded on brass substrates and silver contacts welded on copper substrates
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Fig. 9: Visual observation of the electrical response of different contact
joints stimulated by 60 A rms 50 Hz current profiles.(a) Ag on brass,
(b) Ag on copper/silver plated substrate. The time required for loop
production is 20 ms. The results clearly demonstrate the substrate
influence on the electrical response, as well as, the induced
variations -if any- by component exposure to the SO, environment.

and then silver plated. For comparison purposes, the response of the same
components is also exploited after their exposure to SO, aggressive
environments. The obtained current-voltage loops are accomplished within
20 ms interval. The related power data averaged over 25 successive cycles
have been evaluated and are summarized in Table 1. According to the
presented results, silver plated copper substrates indeed tend to relieve the
stored power across the electrical contact joints.
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Table 1
Electrical Power Stored Across The Stationary Joints During AC Current
Flow, Prior and Following Exposure To The So,.

Material Type Reference After SO,

Sample Exposure
silver contacts on brass substrate 19.28£04 W 18.70£ 0.6 W
silver contacts on copper 851+02W 9.02+04W

substrate and silver plated

B. Surface Investigation by Scanning Electron Microscopy (SEM)
and by Energy Dispersive Analysis (EDS)

B.1. Plain silver contacts — This section provides SEM microphotos and
EDS analysis results of silver contacts welded on top of brass alloy (70% Cu

30% Zn), or copper substrates. The copper substrate contacts were also silver
plated. It investigates the corrosion induced degradation as a result of SO,
exposure, and electrical erosion produced during the current cycling tests.

B.l.a. The pristine condition: Figure 10 shows the surface condition of
the Ag contact in its pristine state, i.e. before exposure in the aggressive
environment, as seen by SEM. The surface under high magnification is not
smooth but has certain irregularities, which may act as nucleating sites, and
corrosion initiation centers where water collects as pools and drops.

B.1.b. Following the SO, exposure: In Figures 11(a),(b) and (c), the Ag
electrical contact welded on top of the silver plated copper substrate, is
shown after an exposure of 24h in a SO,-air environment. The Ag contact

Fig. 10: (x1600) Typical SEM micrograph of the virgin Ag electrical
contact surface.
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(a)

(b)

Fig. 11: (a) (x 22) Ag contact on copper substrate/silver plated after 24 h
exposure in SO,-air environment. Cracks are formed on the silver
plating. The welding material at the periphery of the silver contact
has been separately attacked. (b) (x 80) Detail in the welding
region between the contact and the substrate. Cracks are formed on
the welding layers by the corrosion compounds. (¢) (x 1600) The
surface of the electrical contact is covered by small crystals.

region is in very good condition as opposed to the suspending brass substrate,
which is heavily attacked and there is an extensive production of deep cracks
along the corrosion surface compounds. These are found to be mainly copper
sulfates. The welding zone is also separately attacked with distinct formation
of corrosion products near the heat-affected zone. The surface of the contact
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region is covered by the scattered small particles that have a composition by
EDS of Ag: 38%, Cu: 60% and Zn: 1.5%. Their originating mechanism
cannot be singularly identified and requires further investigation.

Figures 12(a) and (b), provide micrographs of an Ag contact on top of a
brass wafer after exposure to SO,-air with equilibrium humidity. The overall
electrical contact material seems to be totally unaffected by such exposure.
The brass wafer is completely attacked, even visually, as there are formed
thick layers of green-blue deposits, mainly corrosion products of the brass
alloy such as copper-zinc hydrated sulfates.

Fig. 12: (a) (x22) Ag contact on brass wafer after 24 h in SO,-air
environment. The Ag surface appears unaffected as opposed to the
brass, which is covered by voluminous corrosion products. (b)
(x1600) Close-up of the Ag contact region. The surface, even
under high magnification seems unaffected.

B.1.c. Following the electrical fatigue: In the following micrographs, the
same electrical contact joints are examined by SEM and EDS analysis after
their current switching cycle tests.

Figures 13(a) and (b), show the reference contact joint (i.e. not exposed to
the adverse environment) of Ag on brass substrate after being subjected to
switching current cycle tests. A crater is formed on the anodic Ag surface, by
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Fig. 13: (a) (x1U0) Ag contact on brass substrate after current cycling test.
The shortest diameter of: the oval crater formed on the contact is
approximately 400um. The material on the rims of the crater is
remelted and resolidified and the crystal edges are rounded. (b)
(x1600) the bottom layer of the crater with resolidified Ag crystals.

the plasma formation during arcing, resulting to mass and energy transfer
between the joints.

Figures 14(a) and (b), show the Ag contact on silver plated copper
substrate after 24h exposure in a SO,-air environment and after current
switching cycle tests. The surface of the silver contact has a crater with a very
deep pit on one side. The pit depth was measured by optical microscopy to be
around 190um. The material at the crater is remelted by the heat produced by
plasma formation during arcing and this is shown in the higher magnification
scale of the surface.
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(a)

(b)

Fig. 14: (a) Ag on silver plated copper substrate after an exposure of 24h in
a SO,-air environment and after current switching cycle tests, (x
160) the crater on the contact with one side pit.. (b) (x 600) The
resolidified material of the shallow side of the crater.

In Figures 15(a),(b), and (c), the Ag on brass wafer is shown after 24h
exposure in a SO,-air environment and after the current switching cycle tests.
The crater in not very deep but the surface of the wafer was found to be
seriously affected by the formation of sulfate crystals. The welding area is
also heavily attacked by the adverse environment. The EDS analysis gave the
following composition of products on the welding material: S:36%, Zn:43%,
Ni: 6.69%, Cu: 13.6%.

B.2. Ag/CdO electrical contacts: This section provides SEM microphotos
ofithe Ag/CdO electrical contacts welded on top of brass (Cu 70%, Zn 30%)
substrates. The effect of plating is investigated.

B.2.a. Unplated joints: In Fig. 16(a), the Ag/CdO contact on brass
substrate after exposure in the SO, chamber with equilibrium humidity is
shown after sustaining 20,000 current switching cycles test. Most of the
Ag/CdO surface (=30%) suffered melting and resolidification and the whole
electrical contact area is covered by silver spherules produced by
resolidification [Fig.16(b)). No crater formation is encountered. Most of the
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Fig. 15: (a) (x 22) Ag on top of brass substrate, shown after the exposure of
24h in a SO,-air environment and after the current switching cycle
tests. (b) (x 100) Crater formed on the surface of the contact with a
300um diameter. (c¢) (x 35) The welding zone bed, with crystals
formed on the wafer.

corrosion products are accumulated aside the welding area at the base of the

contact.
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(b)

Fig. 16: (a) (x 25), Ag/CdO contact on brass substrate after exposure in the
SO, chamber. A contact after sustaining the 20,000 current
switching cycles test. (b) (x 100). Resolidification of the melted
sitver/ cadmium oxide contact material.

B.2.b. Silver plated joints: In Fig. 17(a) the Ag/CdO contact welded on
brass substrate and then silver plated is shown after exposure in the SO,
chamber. Many crystals are set on the surface of the contact material. In Fig.
17 (b) one loosely attached crystal of the corrosion products, consisting
mainly of hydrated copper and zinc sulfates is presented. It lies on the surface
of the contact material and it does not adhere on the silver plating. The
surface of the contact is relatively smooth. During the current cycle tests, all
of these deposits fall off, due to the mechanical vibration and low adhesion.
In Fig. 17 (c) the contact surface is presented after sustaining a 20,000 cycles
current switching test. The eroded surface covers approximately 45% of the
contact material and is more extended compared to the erosion patterns
observed on the unplated brass samples.
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(a)

(b)

(c)

Fig. 17: (a) (x 25) Ag/CdO contact welded on brass substrate and then
silver plated, after being exposed in the SO, environment. (b) (x
400) Corrosion products of hydrated copper and zinc sulfates. (c)
(x 25) The surface after sustaining 20,000 current switching cycles.

B.2.c. Gold plated joints: In Fig. 18(a) the Ag/CdO contact on brass
substrate and gold plated is presented after exposure in the SO, environment.
On the surface there is a formation of corrosion products, at specific
nucleating sites, originating from the sides of the welding areas. A dark
formation was zoomed in and a linear series of cracks is observed in Fig.
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18(b). A lift off of the gold overlayer is initiated where the crystallization of
the crept corrosion product occurs. In Fig. 18(c) a dendrite type formation
begins its expansion on the surface by cracking the gold plating.

Fig. 18: (a) (x 25) Ag/CdO contact welded on a brass substrate and then
gold plated, after exposure in the SO, environment. (b) (x 950)
Linear series of cracks. (c) ( x 400) A dendrite type formation by
cracking off the gold plating.

Figs. 19 (a), (b) demonstrate the effect of the number of the current
switching cycles on the extent of erosion over the contact, material (gold
plated Ag/CdO). As expected, the damaged area is more expanded at the
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(a)

(b)

(c)

Fig. 19: (a),(b) (x 25): Erosion of the surface of the gold plated contact (a):

6,000 cycles, (b) 20,000 cycles. (c) (x 1500) Extended porosity
encountered on the eroded contact.

20,000 cycles than the 6,000 cycles. The eroded area also exhibits a
significant number of pores after the resolidification of the surface material as
seen in Fig. 19(c) under high magnification.

Some general remarks drawn from weight change measurements of the
examined contact materials before, and following their exposure to the SO,
as well as after their electrical fatigue, may be summarized as follows:

o The pure silver contact materials tend to produce well shaped hillocks or
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craters (depending on polarity) after their current cycle tests.

e The Ag/CdO contacts end-up with extended melting resolidification of
the surface material and reduced material migration effects.

e The SO, exposure of the joints increases their net weight by 2% as a
result of corrosion layer or byproduct formations.

e Most of corrosion products are soluble in water (=1.8% joint weight),
while others are loosely attached.

C. Interpretation Of Contact Degradation Mechanisms

During the current cycle tests of the plain silver electrical contacts, the
material transfer occurred from the stationary anode towards the cathode
electrode, thus forming localized hillocks on the cathode and deep craters on
the anode. The crater is formed on the surface after current switching cycle
tests and has smaller dimensions for the silver plated copper substrate
samples compared to the un-plated brass substrate samples. This could be
explained by the more efficient heat dissipation rates offered by the silver
plated copper substrates, leading to lower interfacial temperature transition
zones. The typical mass transfer for the brass substrate samples was weighted
to be 25mg on a total average sample weight of 0.8000g. On the Ag/CdO
contacts, under exactly the same electrical fatigue testing procedure, there
was not a crater or hillock formed but an extended surface area was eroded
with silver melting and resolidifying. Also the weight change due to the mass
transfer was very insignificant, of the order of 5 mg or less (close to the
measurement sensitivity). This was also systematic for all types of plating.
SO, exposure increased the extent of eroded surface, compared to the
non-exposed specimens.

The electrical contacts may have different erosion characteristics as a
result of switching operations and load types®. Material transfer from anode
to cathode is always observed in contact make-only switching. In the
break-only switching the material transfers during short arcs is from anode to
cathode, while in the long arcs (usual case) is from cathode to anode™. In the
normal operating contact mode (make and break) net material transfer is
determined by the combined action of make-transfer (anode to cathode) and
break-transfer (cathode to anode)™. Contact bounce is undesirable and causes
make-operation contact erosion. In that case, the dynamic welding results in
low contact resistance, and the material transfer is from anode to cathode
forming localized hillocks and craters. McBride examined contact bounce in
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relays and has found material transfer to be both, current dependent and
surface morphology sensitive’. Therefore, generalized approaches
concerning material transfer during current cycling will have to consider the
long arc, short arc, and asymmetry bridge theories, in order to describe the
observed mass transfer phenomena 2.

The surface analysis during the different stages of the testing sequence
shows that the corrosion byproducts on the contact proper are characterized
by low adhesion properties. Upon current cycling tests all loose deposits are
removed (except from the vertical walls of the welding layers aside the
contact region) either by the electrostatic effects induced by arcing or by the
mechanical vibrations produced during the movement of the contact joints.

For the investigated structures of the contact joints the exposure in the
SO, induces corrosion products. The corrosion layers on top of the brass
substrates have to be cleared mechanically in order to enable for electrical
conduction at the clamping edge of the substrate. The edges of the welding
layers that extend beyond the contact material are heavily attacked by the
SO, environment. The Cu, and Ni ions (of the welding material) diffuse
through the pores of the silver plating during the exposure in an active
electrolyte i.e. aqueous solution with SO, and form corrosion products on
the surface of the wafer which can be transported to the general surface. The
presence of salt concentrations cells assists corrosion reactions °.

According to the electrical performance of the plated Ag/CdO specimens,
the ones with the silver plated brass substrate exhibit higher durability to SO,
exposures compared to gold plated brass substrates. This is also confirmed by
SEM observations. The plating should have the minimum of defects and
pores, otherwise the substrate ions would diffuse to form corrosion products
especially when assisted by the presence of strong electrolytes. In general, the
smaller the initial size of the pore, the smaller the eventual corrosion site and
the cleaner the surface even after long term exposure to severely corrosive
environment.

There is a galvanic cell formation between the silver and the brass wafer.
This effectively protects the silver end of the cell and increases the corrosion
effects on the less noble material, which is brass.
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1V. CONCLUSIONS.

The physical properties of the suspending wafers of the electrical contacts
should be carefully considered by component designers in order to allow for
maximum heat dissipation during device operation, as well as, to minimize
corrosion product formations when operating in adverse environments. For
example, plain silver contacts welded on top of copper substrates, and then
silver plated, offer higher nominal currents compared to identical contacts
welded on top of brass substrates. This has been experimentally confirmed by
dc temperature overheat tests, as well as by measurements of the electrical
energy storage during ac operation.

Contacts may exhibit vastly different behavior when operated under
adverse environmental conditions depending on material synergy effects. The
long-term operation and response of the electrical contacts in a corrosive
environment strongly depends upon the corrosion rate and the
electrochemical reaction kinetics.

Brass substrates corrode rather heavily when exposed to SO,
environment, forming insulating copper-zinc sulfate thick films. However,
the presence of the brass surface aids the good performance of the silver
contact by acting as a sacrificial anode. This fact could be practically
exploited by the manufacturers by allowing a part of the surface to act
sacrificially when the conditions of operation preclude the presence of a very
aggressive working environment. Thus, the contact would remain mostly
unaffected and the brass would corrode.

The electroplating material, pore size, and the plating anomalies, are very
important parameters in determining the diffused corrosion product size
and/or concentration over the contact proper.
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