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Abstract: An electrical contact-high speed imaging experimental system was developed to study the basic characteristics and laws
of molten bridges of AgSnO; electrical contact material. On the one hand, the quantitative measurements were investigated by high
speed imaging technology. On the other hand, the microstructure and element distribution on the surface of contacts were analyzed
by SEM and EDS after molten bridges behavior. Results indicate that the evolution behavior of molten bridges of AgSnO, contacts
can be divided into three regimes: the initial melting period, a stable period and an unstable period during which it eventually
ruptures. Molten bridges and arc can exist simultaneously in which there is some cooperation and competition relationship. The
dimension of molten bridges of AgSnO, contact material is micron scale, the diameter of molten bridges increases with the increase
of current and the length decreases with the increase of current. In the process of the evolution behavior of molten bridges, the
feature of molten bridges can be divided into three types: the pier, follow by the cylindrical and the dumbbell. The morphology and
element distribution of the contacts surface are changed by the behavior of molten bridges.
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Ag/MeO materials are widely researched and used in the
field of electrical contact materials™?. Silver tin oxide
(AgSn0O,) is an alloy in which the SnO, particles are
dispersed in Ag matrix, and it is a kind of nontoxic and
environment-friendly electrical contact materials which has
been developed rapidly in recent years. It was found that
AgSnO, had become a focus of investigations in electrical
contact materials and a possibility to replace AgCdO due to
its excellent properties such as better welding resistance,
comparably low material migration with low contact
resistance, less arc erosion and long life time!**". In the
process of contacts separation, the actual contact area
decreases with the decrease of contact pressure, the
contraction effect of current increases sharply, and the Joule
heat causes the contact area to soften, deform and even melt
so that the molten bridge comes into being under the
surface tension of the metal liquid™*. Not only will
molten bridges lead to the transfer of contact materials but
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also their rupture will greatly affect saturated vapor
pressure in the contact gap and arc life. And some new
researches also deem that molten bridges may be one of the
main reasons causing the separation of contact welding™**®.
Up to now, the direct observation of molten bridges has
some challenges due to its small dimension (micron to
millimeter scale) and short existence time (microsecond to
millisecond level)™"”). Research on the behavior of molten
bridges has always been an important basic issue in the
electrical contact subject, so it is significant to study the
behavior of molten bridges of AgSnO, electrical contact
material™®. The molten bridge can be divided into dark
bridge and glow bridge!**®!. The dark bridge is a molten
bridge which is in the state of heat balance during the slow
separation of the contact pair. Not only doesn’t the glow
bridge meet the thermal equilibrium conditions but also it is
not easy to be observed and recorded. The dark molten
bridge was mainly studied in this paper.
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In order to further study the characteristics and influence
factors of the molten bridge behavior, to improve the
reliability, accuracy and service life of the switch contacts,
the electrical contact-high speed imaging experimental
system was designed by ourselves for the study on the
behavior of molten bridges of AgSnO, electrical contact
material. It is able to study the physical phenomena
occurring in the high speed dynamic process of AgSnO,
contacts through the analysis and comparison of the
captured image Y. The microstructure and element
distribution of the contacts surface were analyzed by
scanning electron microscope (SEM) and energy dispersion
spectrum (EDS) analysis after the behavior of molten
bridges. Thus, in turn, the behavior of molten bridges was
investigated. In the range of 5 A to 25 A load current, the
contact voltage is 0.35 V while the molten pool and molten
area appear by the calculation of -6 theory™ on pure Ag
contacts. In order to observe the molten bridge more clearly,
the experimental conditions were adopted for 6 V (8, 10, 12,
15, 18, 20 A), a total of 6 sets of conditions, the AgSnO,
contact samples were studied under the DC and single split
mode with the electrical contact-high speed imaging
experimental system.

1 Experiment

Ag and Sn powders with purity of more than 99% were
prepared by powder metallurgy process to make AgSnO, (the
content of SnO, was 8wt%) material used in experiment?.
The shape of the upper contacts was made into conical and
the lower ones was made into cylindrical by cutting, grinding,
polishing and cleaning preparation shown in Fig. 1.

The electrical contact-high speed imaging experimental
system consists of four parts, which are the light, the JF04C
electrical contact testing machine, the imaging system and
the computer shown in Fig.2. JFO4C electrical contact testing
machine was used to test the contact samples under the DC
and single split mode. The breaking speed was 50.0 mm/s
(v=50.0 mm/s) and the contact force was 50.0 cN (f=50.0
cN). The experimental conditions were 6 V (8, 10, 12, 15,

Fig.1 Shape of contact pair samples

18, 20 A), a total of 6 sets of conditions, and under each
condition, 50 electrical contact tests were conducted on the
contact samples. Among them, the upper contact was the
anode; and the lower one was the cathode. The shooting
rate of the high speed camera used in the experiment was
480 fps (N=480 fps), the optical magnification of the
camera lens was 50 times and the pixel of the imaging
apparatus was 224x160. Before the experiment, the lens
group and high speed camera were adjusted to focus, so that
the contact samples could be clearly imaged. And the
imaging should be the biggest by regulating the objective
lens of high speed camera. Then the high speed camera was
transferred to the high speed shooting mode to capture the
video data of contacts during moving process. The data was
transmitted to computer, which was captured by the high
speed camera. Then typical images were disposed and
selected by EDIUS6.0 software. Diameter and length of
molten bridges were determined through EDIUS6.0.
According to the exact value of the lower contacts diameter
was 1.08 mm, and the diameter and length of molten
bridges were gauged by the image measuring software
(Digimizer). Finally, the microstructure and element
distribution of the contacts surface were analyzed by SEM
and EDS after the behavior of molten bridges.

2 Results and Analysis

2.1 High speed imaging observation on the behavior
of molten bridges
2.1.1 Observation on the behavior of molten bridges
under direct current 6 V, 8 A
Fig.3a shows the moving track of the contract pair during
the closing process but not in contact. As is shown in Fig.3b,
there is a stable molten bridge with approximately cylindrical
shape between the contact pair. Between the contact pair,
palpable arc is observed in Fig.3c. According to the diameter
of the lower contact 1.08 mm, the diameter of molten bridge
measured in Fig.3a is 0.135 mm, and the length is 0.089 mm.
2.1.2 Observation on the behavior of molten bridges
under direct current 6 V, 10 A
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Fig.2 Electrical contact-high speed imaging experimental system
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Fig.3 Observation on the behavior of molten bridges under direct current 6 V, 8 A: (a) without contact, (b) stable molten bridge, and

(c) palpable arc (v=50.0 mm/s, f=50.0 cN, N=480 fps)

Fig.4a shows that a stable molten bridge with approximate
cylindrical shape exists between the contact pair. Fig.4b
illustrates that the molten bridge is broken and obvious arc
appears on the right of the contact pair, and there is still a
narrow residual molten bridge on the left of arc. In Fig.4c,
the contact pair are in complete separation and the molten
bridge and arc are both gone. According to the diameter of
the lower contact 1.08 mm, the diameter of molten bridge
measured in Fig.4a is 0.191 mm, and the length is 0.083 mm.
2.1.3 Observation on the behavior of molten bridges

under direct current 6 V, 12 A

In Fig.5a, an approximate dumbbell shaped molten bridge
is observed between the contact pair. Fig.5b illustrates that
the molten bridge is broken and obvious arc appear on the
left of the contact pair, and there is still a small amount of
residual molten bridge on the right of the contact pair.
Between the contact pair, there is an approximate cylindrical
molten bridge in Fig.5c. According to the diameter of the
lower contact 1.08 mm, the diameter of molten bridge
measured in Fig.5c is 0.222 mm, and the length is 0.085 mm.
2.1.4 Observation on the behavior of molten bridges

under direct current 6 V, 15 A

Fig.6a illustrates that there is a stable molten bridge with
approximate cylindrical shape between the contact pair.
Between the contact pair, large amounts of arc are observed

in Fig.6b. As is shown in Fig.6c, clear arc exists in the
middle of the contact pair, while residual molten bridges
appear both on the right and left side of arc, and there is a
tiny molten bridge remaining in the middle of arc.
According to the diameter of the lower contact 1.08 mm, the
diameter of molten bridge measured in Fig.6a is 0.261 mm,
and the length is 0.087 mm. In the same way, the diameters
of molten bridges in Fig.6¢ are 0.036 mm (left) and 0.027
mm (right).
2.1.5 Observation on the behavior of molten bridges
under direct current 6 V, 18 A

Between the contact pair, there is an approximate
dumbbell shaped molten bridge in Fig.7a. As is shown in
Fig.7b, dazzling arc are observed between the contact pair.
Fig.7c shows that a stable molten bridge with approximate
cylindrical shape exists between the contact pair. According
to the diameter of the lower contact 1.08 mm, the diameter of
the molten bridge measured in Fig.7c is 0.277 mm, and the
length is 0.079 mm.
2.1.6 Observation on the behavior of molten bridges

under direct current 6 V, 20 A

In Fig.8a, there is a molten bridge between the contact pair.
As is shown in Fig.8b, great deals of arc are observed
between the contact pair. Fig.8c illustrates that the contact
pair are in complete separation and the molten bridge and arc

Fig.4 Observation on the behavior of molten bridges under direct current 6 V, 10 A: (a) stable molten bridge, (b) molten bridge break, and
(c) complete separation of the molten bridge and arc (v=50.0 mm/s, f=50.0 cN, N=480 fps)



3616 Chen Jinghong et al. / Rare Metal Materials and Engineering, 2017, 46(12): 3613-3620

- - -

00°'01:'49:'065 00 01:49:06 f 00:02:21:04

——

Fig.5 Observation on the behavior of molten bridges under direct current 6 V, 12 A: (a) approximate dumbbell shaped molten bridge,
(b) molten bridge break (obvious arc appears on the left), and (c) approximate cylindrical molten bridge (v=50.0 mm/s, f=50.0 cN,
N=480 fps)
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Fig.6 Observation on the behavior of molten bridge under direct current 6 V, 15 A: (a) stable molten bridge with approximate cylindrical
shape, (b) large amounts arc, and (c) clear arc in the middle (v=50.0 mm/s, f=50.0 cN, N=480 fps)
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Fig.7 Observation on the behavior of molten bridges under direct current 6 V, 18 A: (a) approximate dumbbell shaped molten bridge,
(b) dazzling arc, and (c) stable molten bridge with approximate cylindrical shape (v=50.0 mm/s, f=50.0 cN, N=480 fps)

Fig.8 Observation on the behavior of molten bridges under direct current 6 V, 20 A: (a) a molten bridge, (b) great deals of arc, and (c) the
contact pair are in complete separation and the molten bridge and arc (v=50.0 mm/s, f=50.0 cN, N=480 fps)

are both gone. According to the diameter of the lower contact 2.2 Analysis on the observation results of molten
1.08 mm, the diameter of molten bridge measured in Fig.8a bridges behavior
is 0.295 mm, and the length is 0.076 mm. The evolution behavior of the molten bridge of AgSnO,
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contacts can be divided into three regimes: the initial melting
period, a stable period and an unstable period during which it
eventually ruptures. This conclusion is consistent with the
research result of P. Koren™. It can be observed from the
experiment that the shape of the molten bridge is pier rough
in its initial formation stage, then the shape develops into
cylindrical type with the increase of breaking distance of
contact pair, and the shape becomes dumbbell when the
molten bridge is in the period of instability until its rupture.
This is consistent with the conclusions of P. M. Davidson !
that the form of the molten bridge can be divided into three
types: the pier, the cylindrical and the dumbbell. The
diameter of the molten bridge of AgSnO, contacts ranges
from 0.027 mm to 0.295 mm and the size of length is
between 0.076 and 0.089 mm. This is consistent with the
existing research that the dimension of precious metal molten
bridge is micron grade .

Fig.9 illustrates the relationship between the diameter and
length of molten bridges of AgSnO, contacts and the current.
It can be perceived from the graph that although there are
some fluctuations in the experimental data, the overall trend
is that the diameter of the molten bridge increases with the
increase of current, and the length of the molten bridge
decreases with the increase of current. The results of this
paper are consistent with the results of H. Ishida®®”! on Pd
contacts and K. Miyanaga™® on Al contacts.

Table 1 shows the ratio relation of the diameter and current
of the molten bridge during the stable period. The mean ratio
between diameter and current (a=d/I) is 0.0148 mm/A. The
result of T. Utsumi ! for the calculation on pure Ag contacts
is 0.0424 mm/A and the result of J. J. Lander® for the
calculation on pure Ag contacts is 0.0390 mm/A. These
results belong to one order of magnitude and the figure in
this paper is smaller compared with those. This is mainly due
to, that in the process of forming the molten pool, SnO, will
float to the surface of the molten pool and cover on the Ag
matrix thus playing an impeditive role on the formation of
the molten bridge. Thus, the diameter of the molten bridge of
AgSnO, is smaller than that of pure Ag contacts under the
same current condition and AgSnO, contacts have better
resistance to material transfer and other excellent electrical
contact performance.

In the experiment, we can observe that molten bridges and
arc can exist simultaneously, which is seldom reported in pre-
vious literature. There are some cooperation and competition
relationship between molten bridges and arc. The cooperative
relationship is mainly shown in the appearance of arc when
molten bridges are broken, which illustrates that molten
bridges can assist in the production of arc. The competition
relationship is mainly manifested that molten bridges and arc
cannot coexist in the same place, molten bridges and arc
exist inevitably in different positions and there is a certain
distance apart when they emerge simultaneously.
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Fig.9 Relationship of the diameter and length of molten bridges
of AgSnO; contacts to the current

Table 1 Relationship between diameter and current of molten

bridge
Diameter, d/mm Current, I/A a/mm A
0.135 8 0.0169
0.191 10 0.0191
0.222 12 0.0185
0.261 15 0.0174
0.277 18 0.0154
0.295 20 0.0015
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Fig.10 \oltage-time characteristics of the corresponding Fig.6¢c
(6 V, 15 A, v=50.0 mm/s, f=50.0 cN)

The voltage-time oscillogram during the contact separation
of Fig.6c is shown in Fig.10. The real contact area decreases
when the contact pair has just started to separate. At this
point, the voltage is slightly increased and the contact area
begins to melt. With the separation of the contact pair,
molten bridges appear and small amounts of arc are followed.
So the voltage oscillogram shows a trend of decrease after
the initial increase (from 0.35 V to 0.64 V and then to 0 V).
With the increase of the breaking distance, most of molten
bridges disconnect and the voltage sharply increases. When
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the voltage reaches over 5.11 V, substantial arc appears and

the voltage decreases. And the voltage waveform of an

approximate platform (4.66 V) is presented. With the further

increase of the breaking distance, the voltage increases

slowly until the 6 V is reached and then remains unchanged.

In this process, the arc is gone until the contact pair is

completely disconnected.

2.3 SEM observation on contacts after the behavior
of molten bridges

2.3.1 SEM observation on anode contact after the

behavior of molten bridges

Fig.11 shows the SEM morphology of the AgSnO, anode
contact (upper contact) after the behavior of molten bridges.
The molten region can be observed at the top of the anode
contact from Fig.11. It is observed that the molten region is
composed of a large number of overlapping molten spots,
which indicates that there are massive molten pools in the
process of experiment.

Fig.12 shows the morphologies of the concretionary
molten pools in the molten region of the AgSnO, anode
contact. These molten pools are round and their surfaces are
relatively flat. Obvious splash particles are not observed
during the solidification of molten pools, which is mainly
concerned with the behavior of molten bridges. The
diameters of these molten pools are 0.111, 0.038, 0.0589

Fig.11 SEM morphology of anode contact after molten bridges
behavior

and 0.0376 mm. It can be considered that the diameters of the
molten bridges which develop into the molten pools are not
greater than that of the molten pools. This is basically
consistent with the data observed by high speed imaging.
EDS analysis shows that the distribution of Sn is
comparatively symmetrical in different molten pools, and the
content is about 6 wt%.

2.3.2 SEM observation on cathode contact after the

behavior of molten bridges

Fig.13 shows SEM morphologies of the AgSnO, cathode
contact (lower contact) after the behavior of molten bridges.
The molten region can be observed in the central part of the
cathode contact from Fig.13a. It is observed that the molten
region is composed of a large number of overlapping molten
spots in Fig.13b.

Fig.14 shows the morphologies of the concretionary
molten pools in the molten region of the AgSnO, cathode
contact. The molten pools are approximately round and
obvious splash particles are not observed during the
solidification of molten pools. Their surfaces are sunken
which are mainly related to the impact of molten pools by the
falling molten bridges after the fast rupture of molten bridges.
The diameters of molten pools in Fig.14a and Fig.14b are
0.012 and 0.0319 mm, respectively, which are approximately
consistent with the data observed by high speed imaging.
However, the overlaps between molten pools are obvious and
large particles can be found in the edge of some molten pools.
EDS analysis shows that the distribution of Sn is
comparatively symmetrical in different molten pools, and the
content is about 6 wt%.

2.4 Analysis on SEM observation

The evolution behavior of the molten bridges can affect
the surface morphology and distribution of AgSnO, contacts.
The appearance of approximate circular molten pools is
mainly related to the behavior of molten bridges. The basic
properties of molten pools include that the inner structure of
molten pools is composed of Ag rich phase and SnO, rich
phase. Most of the SnO, phase will float to the surface of
molten pools and cover on the Ag matrix. The diameters of

Fig.12 Molten pools morphologies of anode contact with different diameters of molten pools: (a) 0.111 mm; (b) 0.038 mm; (c) 0.0589 and

0.0376 mm
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Fig.13 SEM morphologies of cathode contact after molten
bridges behavior

Fig. 14 Molten pools morphologies of cathode contact
with diameters of molten pools of 0.012 mm (a)
and 0.0319 mm (b)

molten bridges are no larger than that of molten pools which
verifies that the dimension of molten bridges of AgSnO,
contacts is micron scale. At the same time, the shapes of

molten bridges are the pier, the column and the dumbbell in
the process of their evolution behavior which can be verified
by the figure of the molten pools is approximately circular.

3 Conclusions

1) The evolution behavior of molten bridges of AgSnO,
contacts can be divided into three regimes: the initial
melting period, a stable period and an unstable period
during which it eventually ruptures.

2) The molten bridge and arc phenomenon can exist
simultaneously, which is seldom reported in previous
literatures. There are some cooperation and competition
relationship between molten bridges and the arc.

3) The molten bridge of AgSnO, contact material is
micron scale. The diameter of the molten bridge increases
with the increase of current; the length decreases with the
increase of current. The reason the AgSnO, contact material
is better than the pure Ag contact material is illustrated
from the view of the dimension of molten bridges.

4) In the process of the evolution behavior of molten
bridges, the shape of the bridge can be divided into three
types: the pier, follow by the cylindrical and the dumbbell.
The morphology and element distribution of the contact
surface are changed by the behavior of molten bridges.
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