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Abstract: Switching the properties of the Ag contact groups of an electromagnetic relay with the
electrodeposited Ni-W and Co-W alloy coatings was studied. It is shown that these coatings are
able to stabilize the spread of contact resistance within the entire test interval and to increase the
service life of Ag contact groups from 2.3 x 10° to 4.5 x 10° commutation cycles. According to our
research, the service life of coated contact groups is mainly determined by a change in the surface
morphology caused by the electrical erosive transfer of the contact materials and to a lesser extent by
the formation of poorly conductive adsorbed hydrocarbon films.

Keywords: electrodeposition; contact coating; refractory metal alloys; contact resistance; switching
test; electrical erosion

1. Introduction

Switching devices operating on the principle of dry contact is widely employed in
automatic and telecontrol machinery, the measuring technique, in sensors, etc. Contact
coating is an important part of these devices. It is traditionally used to reduce the contact
(transient) resistance, increase the service life and operational reliability, and ensure the
possibility of the commutation of the required electric current [1]. In this regard, a number
of requirements are imposed on contact coatings. For switching devices, the electrical
contacts of which are subjected to an influence of ambient air, as well as for almost all types
of electrical connectors, a key parameter is the corrosion stability of contact coatings [2,3].

One of the main reasons limiting the service life and maximum commutation power
of contact coatings is the electrical erosion of the contacts [3-7]. The electrical erosion
stability of them is completely determined by the coating properties and, in a large measure,
influences the service life of switching devices as a whole. Corrosion and electrical erosion
stabilities ensure the long-term steadiness of contact resistance. The mechanical and
thermal stability of contact coatings make it possible to maintain the physical integrity and
morphology of the contacting surfaces during long switching test, which also determines
the service life of devices.

In switching devices of a low and medium power range, most of the used contact
coatings are based on Ag and Au, their doped alloys, as well as platinum group metals (Pd,
Rh, Ru) and their alloys [3,8-10]. Such contact coatings are not without disadvantages and,
in some cases, cannot provide the necessary service life and reliability of switching devices.

The main disadvantages of Ag and Au coatings are the destruction of the contact
surface due to mechanical wear, as well as the sticking of contacts due to the low hardness,
wear resistance, and melting temperatures of these metals. Coatings based on Ru, Rh, and
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Pd [11] are the propensity for the delamination and carbonization of the contact surfaces
due to catalytic reactions, resulting in the formation of polymeric carbon-containing films
upon an interaction with ambient air. A general disadvantage of the above coatings is
their high cost and rather complicated deposition technology, especially for ruthenium and
rhodium coatings.

As an alternative to these materials, contact coatings based on the binary alloys of
refractory metals (Mo and W) with iron group metals (Ni and Co) [3,12-17] are becoming
increasingly common. These alloys exhibit high wear and corrosion stabilities and mechan-
ical hardness [18-21]. Additionally, they demonstrate a very high resistance to electrical
erosion. In [22], electrodeposition technology was developed and tested, allowing for the
production of a Ni-W alloy with a fairly homogeneous and finely crystalline structure, that
excludes the formation of defects and cracks, with a coatings thickness of more than 6 pm.

Information on the electrical properties of these coatings, in particular, on the contact
electrical resistance, can be found in [3,4,23,24]. In [24], the Co-W alloy coating was
employed as a technological sublayer under the main (working) Ru layer. The comparative
study of the contact resistance of single-layer coatings based on Co-W, Ni-W, Co-Mo, and
Ni-Mo alloys presented in [23] was shown that they are inferior to no other coatings based
on the platinum group metals. At the same time, it is noted [3,4] that on the value of
contact resistance and its stability during switching, the coatings based on refractory metal
alloys were worse than the coatings based on the platinum group metals. These results
were obtained for miniature magnetically controlled contacts, which feature a low contact
pressure force within the range of tens to hundreds mN and in the presence of protective N
or an Ar atmosphere.

The electrical properties of coatings based on refractory metal alloys upon a switching
test with a higher contact pressing force in the range of hundreds to thousands mN under
ambient air are insufficiently investigated. This is an extensive and important group of
switching devices, including electromagnetic relays, pushbuttons, microswitches, etc., and
their comprehensive study carried out in this work is a matter of topical interest from
both practical and fundamental points of view. The novelty of our study consists of the
finding out and consideration of the main mechanisms determining the grounds of the
change in the contact resistance and service life of contact groups with Ni-W and Co-W
electrodeposited coatings as well as without them (for uncoated Ag contact pads). The
switching test was carried out in the actual operating mode at a current of 1 A and voltage
of 12 V under ambient air and became significant at the level of hundreds mN contact
pressing force.

2. Materials and Methods

The study on the switching properties of contact coatings based on refractory metal al-
loys was carried out using a serially produced electromagnetic on-off relay of the open-type
RES 14 application for switching the electrical circuits of wired communication equipment.
This type of relay has 8 contact groups. It allows for performing a comparative switching
test of several types of coatings deposited on different contact groups (pairs) over a single
test cycle. An appearance of a relay and a single contact spring with a contact pad is shown
in Figure 1.

(b)

1 mm

Figure 1. A general view of a RES 14 relay (a) and a contact spring with a silver contact pad (b).
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An initial value of the contact resistance R, of uncoated silver contacts was 0.1 Ohm
under a contact pressing force of about 250 mN. The coatings based on Ni-W and Co-W
alloys were deposited on the silver contact pads of a near-parallelepiped shape with a
dimension of 1.7 x 0.8 x 0.25 mm?. The content of refractory metal in these alloys was
maintained at the level of 18-19% by choosing the deposition modes. The electrolytes’
composition and deposition mode characteristics are listed in Table 1 (for more details,
see [21]).

Table 1. The electrolytes’ composition and characteristics of deposition modes.

Deposition Refractory Metal Alloys
Characteristic Co-W Ni-W
CoSO4-56 K, P>0,-200
‘gs . Na2W04—99 .
Composition and concentration of NiSO4-56
3 Ce¢HgO7-80
electrolytes, g-dm NapyWO4-66
H3B0,-40 (NHy),S04-66
C12H25SO4Na—1 42 4
Current density, mA-cm ™2 5-15 50-100
pH 7 9.5
Temperature, °C 60 55

Microstructural images were collected using a scanning electron microscope JSM-
6610LV by JEOL (Tokyo, Japan) equipped with an energy-dispersive X-ray microanalyzer
INCA X-MAX by Oxford Instruments (Abingdon, UK), which allowed for determining
the elemental composition of the coatings. We used a 30 keV acceleration potential in
our experiments. The thickness of the coatings was determined by means of cross-section
microstructural measurements on scanning electron microscopy (SEM) micrographs.

A representative SEM micrograph of a cross-section of the deposited Ni-W coating
is presented in Figure 2 (a cross-section of the Co-W coating is very similar to that and is
not shown here). An edge flaking is observed in this micrograph that allows for accurately
estimate the thickness of the coatings. At a deposition time of 10 and 40 min for Ni-W and
Co-W coatings, respectively, the thickness of these coatings was 6 £ 0.15 um.

Figure 2. Representative SEM micrograph of cross-section of the deposited Ni-W coating.

The study on the switching properties of contact coatings was carried out in the
switching mode of a resistive load at a current of 1 A, an operating voltage of 12V, and a
switching frequency of 10 Hz. A switching test was performed using a specially designed
measuring bench (Figure 3). It allows for fixing the change in the contact resistance of
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each contact group during the long switching test. Based on the measurement results, the
dependences of the contact resistance on the number of switching cycles were obtained.

Load Electric
power contact group
Pow Tr Data
Supp’y : logging
24V > | | system
Pulse —)_l
generator
j QRLQRLQRL Oscilloscope

Figure 3. Functional diagram of the measuring bench to perform switching tests.

The R, measurement error did not exceed 1.5% and the main contribution to this error
was related to the spread of the electrical resistance of the current-measuring resistors of
the bench presented in Figure 3. The estimation of the average R, and AR, values was
carried out using mathematical data processing.

3. Results and Discussion

The degradation of the contact surfaces of the switching devices of a low and medium
power range mainly results in a significant increase in the contact resistance and sticking
of the contacts, which is indicated via a sharp decrease in the R.-value in the open state
(up to several tens Ohms). In our experiments, a sticking effect was not observed, which is
most likely due to the high mechanical and thermal characteristics of the coatings based on
refractory metals alloys. The significant elastic force of the contact springs is also facilized
to that.

In Figure 4, the dependencies of the R.-value versus the number of commutation cycles
n for the uncoated Ag contact group (Figure 4a) and for those with deposited refractory
metal alloy coatings (Figure 4b,c) are presented. The switching tests were ended after an
increase in the contact resistance by an order of magnitude compared to its initial value.

The general form of R.(1) dependencies for all the samples studied is consistent
with well-known concepts (for details, see, e.g., [2] and references cited therein). In each
case, these dependences exhibit an initial descending part of a different duration mainly
determined by the roughness of the initial surface and mechanical characteristics of the
coating material [8,24]. A sharp increase in the R.-values observed in the final part of these
dependencies indicates the beginning of the degradation of the contact surfaces.

The R.(n) dependence for the uncoated Ag contact group (Figure 4a) exhibits several
areas of an increase and then almost instantaneous fall of the contact resistance. Such a
feature can be explained as follows [4,7]. Switching tests for noble metals contact group,
especially Ag, carried out in ambient air are accompanied by the formation of poorly
conductive adsorbed films on the contact surfaces. An increase in the total area coated by
such films during switching slowly reduces the actual contact area, which in turn leads to
an increase in the R.-value. Sharp decreases of that value are associated with the destruction
of adsorbed films due to a significant, about 250 mN, mechanical impact of the contact
springs on the rough contact surfaces. One can note that, despite an instability of the level
of contact resistance, the ratio R, < 0.1 Ohm is observed almost over the total test interval.
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Figure 4. Contact resistance R, versus the number of commutation cycles n: (a) uncoated Ag contact
group, (b) contact group with deposited Ni-W coating, (c) contact group with deposited Co-W coating.

For contact groups with deposited refractory metal alloy coatings, shown in Figure 4b,c,
the mean level of contact resistance is more stable than in case of uncoated Ag contact.
Namely, AR, = 0.05~0.06 Ohm is observed within the main part of the switching interval for
the contact group with Ni-W alloy coatings (Figure 4b). Taking into account the shorter dura-
tion of the initial descending part of the R.(17) dependence (ca. 8 x 10° commutation cycles)
and reliance on the results obtained in [8,23,24], it can be assumed that the microhard-
ness, ductility, and surface roughness of this coating provides the most favorable fric-
tion/contiguity conditions of the contacting surfaces, which contributes to the formation
and stability of an actual (conductive) contact area.

From the data presented in Figure 4b,c, one can see that for the contact groups with
deposited coatings, the mean level of the R.-value is higher than in the case of contact with
uncoated Ag. It can be explained by a significant difference in the electrical resistivity of
Ag (1.6 x 1078 Ohm - m) and refractory metals alloys (ca. 7.5 x 1078 Ohm - m). In the case
of Ni-W alloy coating, the R.-value exhibits a rise on average by 0.07-0.08 Ohm, and for the
Co-W alloy coating, such an increase is larger than 0.1 Ohm. Some difference in the mean
level of the R.-value for Ni-W and Co-W alloy coatings can be explained mainly by the
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difference in their mechanical characteristics and surface morphology, since the electrical
resistivity of these materials is approximately equal.

The final part of the test interval for all the samples studied is accompanied by an
in-crease in AR, and by a sharp rise of the R.-value, resulting in the failure of the contact
groups. From the data presented in Figure 4a, it is found that the failure of an uncoated
contact group occurs after 2.3 x 10° switching cycles within a short n-range (ca. 2 x 10°).
As for the contact groups with deposited refractory metal alloy coatings (Figure 4b,c), their
service life is significantly longer. Namely, for the Ni-W alloy, it is estimated to be more
than 4 x 10° switching cycles and for the Co-W alloy, it is about 4.25 x 10°. It can be noted
that for the Co-W alloy, an increase in the R.-value and coatings failure process occurred
slower than for the other two samples. An experimental error of a service life estimation
was within the range of 3%-5%.

For understanding the mechanisms responsible for increasing the R.-value and the
degradation of the contacting surfaces, the morphology and elemental composition of the
contacting surfaces of the samples before and after the switching test were investigated. The
results of the morphological research are shown in Figures 5-7, and the energy-dispersive
X-ray spectra (EDS) of the samples that passed the switching test are presented in Figure 8.

Figure 5. SEM micrographs of the surface morphology of uncoated Ag contact group before (a) and
after (b) the switching test. The regions with the shapeless depressions and protrusions formed
during electrical erosive processes are marked out by arrows.

Figure 6. SEM micrographs of surface morphology of contact group with deposited Ni-W coating
before (a) and after (b) the switching tests. The regions with the shapeless depressions and protrusions
formed during electrical erosive processes are marked out by arrows.
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Figure 7. SEM micrographs of surface morphology of contact group with deposited Co-W coating
before (a) and after (b) the switching tests. The regions with the shapeless depressions and protrusions
formed during electrical erosive processes are marked out by arrows.

Figure 8. EDS spectra the samples after the end of switching tests: (a) uncoated Ag contact group,
(b) contact group with deposited Ni-W coating, (c) contact group with deposited Co-W coating.

Figure 5 shows the SEM micrographs of a representative surface area of the silver
contact group before and after the testing. A significant change in the surface morphology,
resulting in the formation of shapeless depressions and protrusions, is occurred. It can
be considered as a consequence of electrical erosion, stimulating the transfer of molten
materials from one contacting surface to another, as well as accompanying its deformation
of the protrusions (hardening) by the opposite contacting surface. The SEM micrographs
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presented in Figure 6 show the less significant surface erosion of the Ni-W alloy coating
after the finishing of the switching test. The surface morphology of the contact group with
the Co-W alloy coating also demonstrates only a small change after the testing, which is
similar the coating based on the Ni-W alloy.

The EDS spectra measured for all contact groups after the end of the switching test
(Figure 8) show a pronounced carbon peak, which is not observed on the sensitivity level of
our analyzer in the spectra acquired before the beginning of the test. Surface carbonization is
quite an expected phenomenon since the commutation processes in ambient air are always
accompanied by the formation of surface hydrocarbon films, which are decomposed into
carbon under an impact of micro-arcs appearing in the course of the closing/opening of
contacts. These films significantly increase the contact resistance [4-6,25]. From the data
presented in Figure 8, one can conclude that the surface carbon content for all of the samples
studied is approximately equal.

Relying on the foregoing and taking into account the significant pressing force of the
relay contact springs (ca. 250 mN), which provokes the mechanical destruction of resistive
films, we are inclined to assume that the main factor causing the rise in R, and determining
the service life of contact groups is a significant change in the surface morphology and
associated decrease in the actual (conducting) contact area due to surface electrical erosion
and mechanical wear.

Under the working conditions of the switching test carried out in our work (a current
of 1 A and an operating voltage of 12 V), intense electrical erosion processes are observed,
which are confirmed by the results published in [7,26]. As the main mechanisms of these
processes, one can consider (i) the mechanical transfer of contact materials due to softening
and/or melting stimulated by a field evaporation, (ii) the ionization of metal vapor via a
field emission, which can result in the ion etching (sputtering) of contact materials, and
(iii) electromigration with the metal bridges formation, where the Thomson effect and
thermal asymmetry can cause the hottest point of a bridge to be biased towards one of the
contacts. Analyzing the above-listed mechanisms of contact degradation, one can arrive
at a conclusion that all of them, maybe, only excluded field ionization, more effectively
springing into action in the case of contact materials having lower melting and/or boiling
points. In that way, the deposition of contact coatings based of refractory metal alloys, which
are significantly different from silver in terms of their thermal physical and mechanical
characteristics, leads to an increase in the erosion and mechanical wear resistances of the
contact groups studied in this work.

4. Conclusions

In the present study, the switching test of a commercially produced electromagnetic
two-position relay of the open-type RES 14 with contact groups with electrodeposited
coatings based on Ni-W and Co-W alloys in the mode of switching a resistive load at a
current of 1 A and an operating voltage of 12 V was carried out.

The main experimental results of our study can be summarized as follows.

1. The electrodeposition of contact coatings based on refractory metals alloys allows for
an increase in the service life of Ag contact groups from 2.3 x 10° to 4 x 10° com-
mutation cycles for the Ni-W alloy and to 4.25 x 10° ones for the Co-W alloy. At the
same time, an increase in the mean R -value on 0.08-0.11 Ohm within the whole test
interval was observed.

2. Better results were obtained for the Ni-W coating. This coating provided a mean value
R. =0.15-0.16 Ohm together with the minimal spread AR, = 0.05~0.06 Ohm.

3. The service life of the Ag contact groups with electrodeposited Ni-W and Co-W
coatings is mainly determined by a change in the surface morphology caused by
the electrical erosive transfer of the contact materials and to a lesser extent by the
formation of poorly conductive adsorbed hydrocarbon films.
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