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Abstract: To clarify the effect of SnO, particle size on the arc erosion behavior of AgSnO, contact material, Ag—4%Sn0O, (mass
fraction) contact materials with different sizes of SnO, particles were fabricated by powder metallurgy. The microstructure of
Ag—4%Sn0, contact materials was characterized, and the relative density, hardness and electrical conductivity were measured. The
arc erosion of Ag—4%Sn0O, contact materials was tested, the arc duration and mass loss before and after arc erosion were determined,
the surface morphologies and compositions of Ag—4%SnO, contact materials after arc erosion were characterized, and the arc
erosion mechanism of AgSnO, contact materials was discussed. The results show that fine SnO, particle is beneficial for the
improvement of the relative density and hardness, but decreases the electrical conductivity. With the decrease of SnO, particle size,
Ag—4%Sn0, contact material presents shorter arc duration, less mass loss, larger erosion area and shallower arc erosion pits.
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1 Introduction

The electrical contact materials are widely used in
switches, relays, contactors and circuit breakers and their
properties directly affect the stability and reliability of
electric system [1-3]. Hence, it is required that the
contact materials should have excellent electrical and
thermal conductivities, erosion resistance, welding
resistance and low contact resistance [4—6]. Though
AgSnO, contact material has shown a promising
prospect due to its environmental benign and remarkable
performances [7—-12], the arc erosion mechanism of
AgSnO, contact material is still obscure so far. RIEDER
and WEICHSLER [13] thought that the arc erosion is
strongly influenced by the mechanical action.
RONG [14] found out that the arc erosion depends on the
surface dynamics of AgSnO, material. BEHRENS
et al [15] reported that the arc erosion resistance is
correlated with the microstructure and mechanical
strength of AgSnO, material after arc erosion. DU
et al [16] believed that the arc erosion depends on the
thermodynamic properties of each component, the

surface composition and microstructure, as well as the
dynamic response of the molten pool to the arc. ZHU et
al [17,18] revealed that the wettability of Ag and SnO,
plays an important role in the arc erosion behavior.
LUNGU et al [19] and WANG et al [20] thought that the
structure homogenization obviously affects the arc
erosion resistance of AgSnO, material. WITTER and
CHEN [21] found out that the SnO, content is of major
importance for erosion resistance. SWINGLER and
SUMPTION [22] reported that the erosion mechanism is
related to the element species of the contact materials
during the arc discharge. XU et al [23] found out that the
input energy of the arc is crucial to the arc erosion of
AgMeO contact materials in comparison with the MeO
density, thermal conductivity and volume fraction of
MeO. ZHANG et al [24] believed that the erosion
behavior is the combined action of materials, circuit
parameters and the service environment. LIN et al [25]
reported the effect of SnO, particle size on the
microstructure and physical properties of AgSnO,
composites, while the arc erosion was not studied in their
research. BRAUMANN and KOFFLER [26] thought that
larger oxide particles can achieve equivalent or better
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switching performance of AgSnO, contact materials
whereas the reason why AgSnO, contact material with
larger oxide particles has a good arc erosion behavior is
not clarified.

From the aforementioned study, it can get some
understanding of the arc erosion mechanism of AgSnO,
contact material, but the effect of SnO, particle size on
the arc erosion behavior of AgSnO, contact material is
still unclear. As the properties depend on the
microstructure, the SnO, particle size inevitably affects
the erosion behavior of AgSnO, contact material.
Consequently, it is of significance to gain deep insights
of the effect of SnO, particle size on the arc erosion
behavior of AgSnO, contact material. In the present
work, Ag—4%Sn0O, (mass fraction) contact materials
with different SnO, particle sizes were fabricated by
powder metallurgy. The effect of SnO, particle size on
the microstructure and properties of Ag—4%Sn0O, contact
materials was studied, and the mechanism of arc erosion
was discussed.

2 Experimental

Ag powder (purity>99.9%, particle size of 73 um)
and SnO, powder (purity>99.8%, particle sizes of 300
and 800 nm) were used to fabricate AgSnO, contact
materials. The morphologies of the starting Ag powder
and SnO, powder were characterized by a JSSM—6700F
scanning electron microscope (Fig. 1), and the particle
size distribution of the starting SnO, powder was
analyzed by a BT—2003 laser diffraction-based particle
size analyzer (Fig. 2). The Ag and SnO, powders with a
mass ratio of 96:4 were mixed for 6 h in a custom-made
vibrating mill containing agate balls at a mass ratio of
ball to powder of 40:1 and a rotational speed of
200 r/min, and 1% (mass fraction) absolute ethyl alcohol
was adopted as process control agent during milling. The
relative density of green compact was pre-set as 75% by
controlling the compact dimension and mass. The
composite powder was compressed in a closed die on a
TM-106 hydraulic press under a pressure of 300 MPa
for 40 s to obtain a compact with a cylindrical shape,
15 mm in diameter and 7 mm in thickness, followed by
sintering at 700 °C for 2 h under argon gas. The
electrical conductivity and hardness were tested on a
7501 eddy electrical conductivity gauge and a HB—3000
Brinell hardness tester under the load of 2500 N holding
for 30 s, respectively, and the values were the average of
three measured results. The density was measured
utilizing Archimedes method. The microstructure of
Ag—4%Sn0O, contact materials was examined by a GX71
Olympus microscope.

The arc erosion was tested in an arc extinguishing
chamber modified by a TDR240A crystal furnace, and

Fig. 1 Morphologies of starting Ag powder (a), 300 nm SnO,
powder (b) and 800 nm SnO, powder (c)

the circuit of vacuum electrical breakdown is shown in
Fig. 3. The sample as a cathode was put in a Cu platform,
which can move up and down in the vacuum chamber.
Above the cathode, there was a pure tungsten rod with a
radius of 5 mm and a tip radius of 1 mm as the anode.
When the chamber was evacuated to 5.0<10~ Pa and the
capacitor of 120 uF was charged at the voltage of 3.5 kV,
the cathode moved upward at a velocity of 0.2 mm/min
until the gap was broken down, and then the cathode
moved back to its initial position, and the gap between
cathode and anode was 0.5 mm. The operations were
repeated 50 times. The arc duration can be collected
from the discharged waveform recorded by a Tektronix
TDS—-2014 dual channel digital memory oscilloscope.
The mass of Ag—4%Sn0, contact materials before and
after arc erosion was measured by a TG328A
photoelectric ~ analytical ~ balance, the  surface
morphologies and compositions of the eroded
Ag—4%Sn0O, contact materials were characterized by a
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JSM-6700F scanning electron microscope (SEM)
equipped with an energy disperse spectroscope (EDS),
and the erosion areas were calculated by an Image-Pro
Plus 6.0 software.

10 100
(a)

9_

8F 180
X
= 77
2 X
5 6 160 o
< =
= 5_ L]
2 47 140 3
Q
> 3r

2t 420

l_

0 f h " " 0

102 107! 10° 10! 10%

Particle size/um
10 100
(b) F

9._

sl 180
X
= 77
2 =X
5 6 160 o
£ =
= 5_ =t
: z
24T 14035
E
> 3r

2t 420

l-

0 0

1

02 107" 10° 10! 10?
Particle size/um

Fig. 2 Particle size distribution of starting 300 nm SnO, powder
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Fig. 3 Circuit of vacuum electrical breakdown
3 Results and discussion

3.1 Effect of SnO, particle size on microstructure of
Ag—4%Sn0, contact material
The morphologies and EDS mappings of Ag—SnO,
mixed powders prepared by 300 nm SnO, powder and
800 nm SnO, powder are given in Fig. 4. The red regions

in Figs. 4(a,) and (b,) represent the distribution of Ag,
and the green regions in Figs. 4(as) and (bs) represent the
distribution of Sn, while the yellow regions in Figs. 4(a,)
and (bs) represent the distribution of O. As seen from
Fig. 4, the Ag—SnO, powders are mixed well after
milling for 6 h at a mass ratio of ball to powder of 40:1
and a rotational speed of 200 r/min.

Figures 5(a) and (b) show the microstructures of
Ag—4%Sn0O, contact materials prepared by 300 and
800 nm SnO, powders, respectively. The dark regions
are SnO, particles, while the gray regions are Ag matrix.
As seen from Fig. 5(a), the distribution of SnO, particles
is relatively uniform on the Ag matrix for the
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powder. However, when the SnO, particle size is
800 nm, there exists an obvious agglomeration in the
Ag—4%Sn0O, contact material, as shown in Fig. 5(b).

3.2 Effect of SnO, particle size on properties of Ag—

4%Sn0O, contact material

Table 1 lists the relative density, hardness and
electrical conductivity of Ag—4%Sn0, contact materials
prepared by 300 and 800 nm SnO, powders. With the
increase of SnO, particle size, the relative density and
hardness of Ag—4%Sn0O, contact material decrease,
while the electrical conductivity increases. This is
because fine SnO, particles increase the contact area
between the Ag matrix and SnO, particles, thus
promoting the formation and growth of sintering necks.
Moreover, fine SnO, particles have larger surface energy,
which is beneficial for sintering, giving rise to more
densification of Ag—4%SnO, contact material. The
difference of hardness can be derived from the different
strengthening effects of SnO, particle sizes. According to
the Hall-Petch equation [27], the hardness of AgSnO,
contact material increases with the decrease of SnO, size.
Compared with the Ag—-4%Sn0O, contact material
prepared with 300 nm SnO, powder, the electrical
conductivity of Ag—4%SnO, contact material prepared
with 800 nm SnO, powder is increased by 62.60%. This
can be ascribed to the combined effect of the poor
densification and interfaces to electron scattering [28],
but the interfaces may play a more significant role, thus
giving rise to a higher electrical conductivity for the
Ag—4%Sn0O, contact material prepared with 800 nm
SnO, powder.

3.3 Effect of SnO, particle size on arc erosion of
Ag—4%Sn0, contact material
Figures 6(a) and (b) are the change of arc duration
with operation times of Ag—4%Sn0O, contact materials
prepared with 300 and 800 nm SnO, powders,
respectively. It can be seen from Fig. 6(a) that the
arc duration of Ag—4%Sn0O, contact material prepared
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Fig. 4 Morphologies (a;, b;) and EDS mappings (a,—as, b,—b,) of Ag—SnO, mixed powders prepared with 300 nm SnO, powder

(a;—a4) and 800 nm SnO, powder (b;—b,)

with 300 nm SnO, powder has a less fluctuation at the
first 20 times and a large fluctuation at the last 30 times,
and the average arc duration is 15.9 ms with a standard
deviation of 1.93. However, for the Ag—4%SnO, contact
material prepared with 800 nm SnO, powder, there is a

large fluctuation of arc duration during the whole
process, and the average arc duration is 19.27 ms with a
standard deviation of 2.17, as shown in Fig. 6(b). The
reason why the arc duration of Ag—4%SnO, contact
material prepared with 300 nm SnO, powder has a less
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Fig. 5 Microstructures of Ag—4%SnO, contact materials
prepared by 300 nm SnO, powder (&) and 800 nm SnO,
powder (b)

Table 1 Relative density, hardness and electrical conductivity
of Ag—4%Sn0, contact materials prepared with different SnO,

particle sizes
Sno, Relative Hardness Electrical
sizelnm  density/% (HB) conductivity/%IACS
300 89.3 317 27.0
800 777 28.3 43.9

change is that the fine SnO, particles distribute
uniformly in the Ag matrix. The surface of Ag—4%Sn0O,
contact material suffers less deterioration at the early
stage of arc erosion, resulting in the approximate arc
duration. With the increase of operation times, the
accumulated arc energy leads to the formation of uneven
surface, causing a larger fluctuation of arc duration.
When SnO, particles are coarse, the ion bombardment
and splash of molten droplets are prone to occur, and the
surface of Ag—4%SnO, contact material deteriorates
seriously, which leads to a large fluctuation of arc
duration. This suggests that fine SnO, particles are
favorable for the improvement on the arc erosion
resistance.

As for the better arc erosion resistance of
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powder, it can be explained as follows. The fine
SnO, particles cannot offer enough metallic vapors to
sustain arc combustion for a long time. Moreover, the

Sn0O, particles in the Ag—4%Sn0O, contact material
prepared with 300 nm SnO, powder disperse in the Ag
matrix more uniformly and the arc erosion becomes
relatively dispersive when compared with those in the
Ag—4%Sn0O, contact material prepared with 800 nm
SnO, powder. The combined effect of the two factors
gives rise to better arc erosion resistance of Ag—4%Sn0,
contact material prepared with 300 nm SnO, powder.
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Fig. 6 Change of arc duration with operation times for

Ag—4%Sn0, contact materials prepared with 300 nm SnO,

powder (a) and 800 nm SnO, powder (b)

The mass of Ag—4%SnO, contact materials
prepared with 300 and 800 nm SnO, powders before and
after arc erosion 50 times are listed in Table 2. It is
obvious that the Ag—4%Sn0, contact material prepared
with 800 nm SnO, powder has more mass loss than that
prepared with 300 nm SnO, powder. This is in good
agreement with the arc duration.

Table 2 Mass change of Ag—4%SnO, contact materials
prepared with different SnO, particle sizes before and after arc
erosion 50 times
SnO,size/NM  Mperore/d Mage/d AM/mg  Mass loss rate/%
300 9.0045 9.0034 -1.1 0.012
800 9.5121 95101 -2.0 0.021
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Figure 7 shows the surface morphologies of
Ag—4%Sn0O, contact materials prepared with 300 and
800 nm SnO, powders after arc erosion 50 times at
different magnifications. It can be seen from Figs. 7(a;)
and (b,) that the arc erosion occurs on a larger area for
the Ag—4%Sn0, contact material prepared with 300 nm
SnO, powders than that for the Ag—4%Sn0O, contact
material prepared with 800 nm SnO, powder, and the
erosion areas measured are 4.56 and 3.23 mm?
respectively. As seen from Figs. 7(a,) and (ag), more
dispersed and shallower erosion pits present on the
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powder. With the increase of SnO, particle size, the
arc erosion area becomes more concentrated, thus
leading to the formation of larger and deeper erosion
pits, as shown in Figs. 7(b,) and (bs). Additionally, it can
also be seen from Fig. 7(b;) that there are obvious traces
of flow and solidification of molten silver, spherical
particles and large pits. This suggests that fine SnO,
particle size is beneficial for the improvement of the arc

Fig. 7 Surface morphologies of Ag—4%Sn0O, contact material
(b;—bs) after arc erosion 50 times

erosion resistance of Ag—4%Sn0, contact material.

Generally, it is believed that arc erosion prefers to
occur on the phase with a low electron work function,
and the arc motion is closely related to the phase
size [29,30]. Since the electron work functions of Ag and
Sn0, are 4.70 and 3.54 eV, respectively, the arc prefers
to generate on the SnO, particles. For coarse SnO,
particles, the arc can dwell on a site for a long period
until it cannot be sustained, and subsequently hops to the
adjacent one. The accumulated thermal energy results in
larger and much deep erosion pits. However, the metallic
vapor for arc to combustion is relatively less for fine
Sn0, particles. Once SnO, is exhausted, the arc moves to
another site, resulting in a rapid arc motion. As a result,
arc erosion is concentrated on a larger area and the
erosion pits become shallower.

The effect of SnO, particle size on the
characteristics of arc motion can be further verified by
the marginal surface morphologies of eroded Ag-
4%Sn0, contact materials prepared with 300 and 800 nm

k) {
| 28

s prepared with 300 nm SnO, powder (a;—a3) and 800 nm SnO, powder
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SnO, powders, as shown in Figs. 8(a) and (b). As seen
from Fig. 8(a), the Ag—4%SnO, contact material
prepared with 300 nm SnO, powder has more continuous
erosion pits, whereas the Ag—4%SnQO, contact material
prepared with 800 nm SnO, powder presents
discontinuous erosion pits, as shown in Fig. 8(b). This
demonstrates that the arc motion changes from random
hopping to relatively continuous movement with the
decrease of SnO, particle size.

Ly
: 2 N PRSI R d =

Fig. 8 Marginal surface morphologies of eroded Ag—4%Sn0O,
contact materials prepared with 300 nm SnO, powder (a) and

800 nm SnO, powder (b) after arc erosion 50 times

To determine the surface compositions of eroded
Ag—4%Sn0O, contact materials, point analyses by EDS in
zones A, B, C, D, E, F, G and H shown in Fig. 7 are
listed in Table 3. From the EDS analyses of points A, B,
C, E, Fand G, it is clear that the surface composition of
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powder is relatively homogeneous. The EDS
results of zones D and H show that the latter has a higher
SnO, content, which indicates that more pronounced
erosion of the Ag—4%Sn0O, contact material prepared
with 800 nm SnO, powder occurs in comparison with
that of the Ag—4%Sn0, contact material prepared with
300 nm SnO, powder. This is derived from the poor
wettability between molten Ag and SnO, particles.
According to the analysis of acting force to the SnO,
particles (Eqg. (1)), the floating acceleration of SnO,
particles in the molten pool is achieved, as shown in
Eq. (2). It is learnt from Eq. (2) that the large SnO,
particles are more easier to reach the surface, which
leads to the decreased viscosity at the bottom of the

molten pool, so the splash of the molten Ag occurs easily.
Whereas, fine SnO, particles can dwell on the molten
pool for a long time, thus inhibiting the sputter erosion
under the turbulent of molten pool. Consequently, the
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powder exhibits better arc erosion resistance.

4 3 4 3 4 3
Png 57“' g—| 6mrv,, + psno, E“r 9 | = Psno, 5“" a

@)
v
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where pgi0, and pag are the densities of SnO, and Ag,
respectively, r is the radius of SnO, particle, » and v,, are
the coefficient of dynamic viscosity and kinematic
viscosity, respectively, and g is the acceleration of
gravity.

Table 3 EDS results of zones A, B, C, D, E, F, G and H shown
in Fig. 7

Mass fraction/%
B C D E F G H
Ag 96.41 94.16 98.94 96.58 95.00 93.49 99.08 94.05
Sn 359 584 106 342 500 651 0.92 595

Element

4 Conclusions

1) Fine SnO, particles increase the relative density
and hardness of Ag—4%Sn0O, contact material, while
decrease the electrical conductivity.

2) The Ag—4%Sn0O, contact material prepared with
300 nm SnO, powder has shorter arc duration and less
mass loss in comparison with the Ag—4%SnO, contact
material prepared with 800 nm SnO, powder.

3) Fine SnO, particles enhance the arc erosion
resistance of Ag—4%Sn0O, contact material. The
Ag—4%Sn0O, contact material prepared with 300 nm
SnO, powders presents larger erosion area and shallower
and more dispersed arc erosion pits.
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