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Control During the Arcing Process
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There are two major weaknesses for the AgSnO, contacts used in the low voltage switch devices.
One is poor workability, which causes the AgSnO, materials to hardly deform into the required
shape. Another is the increased contact resistance after arcing, which, in turn, causes an
unfavorable temperature rise in the switches. In this article, the nanocomposited AgSnO,
materials were developed to overcome the weaknesses. The nanosized SnO, powders with or
without CuO additive were prepared by the chemical precipitation method. The SnO, powders
and Ag powders were high energy milled together to obtain AgSnO, composite powders, which
were then sintered, hot pressed and extruded. It was found that the SnO, particles mainly
distribute in the interior of Ag grains with Ag film on the grain boundary. The hardness of
AgSnO, composites and the wetting angle of Ag melt on SnO, particles decreased with the
addition of a small amount of CuO. By the combining effect of Ag film on grain boundary and
the addition of CuO, the elongation and workability of the AgSnO, materials improved. The
experiments of rapid solidification revealed that more SnO; particles with CuO addition were
engulfed in the Ag matrix than those without CuO, which inhibited the redistribution of SnO,
particles on the contact surface during the arcing process. The industrial type test in the 45A
contactor suggested that the nanocomposited AgSnO, materials are suitable to be used as

contacts in low voltage switches.
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I. INTRODUCTION

THE AgSnO, contacts exhibit good welding resis-
tance and remarkable arc erosion resistance compared
with toxic AgCdO.!">) Over the last 30 years, there have
been considerable investigations on the AgSnO, con-
tacts replacing the AgCdO contacts used in low voltage
switching devices.[* ® It is found that the workability of
AgSnO, is poor so that it is difficult, for instance, to
produce rivets with high head-to-shank ratios or to roll
strip materials with large deformation.’? Another dis-
advantage is the high temperature rise and high contact
resistance of AgSnO, contacts in service because of the
formation of SnO,-rich layer on the contact surface
after repeated arcing.!'” ' These two weaknesses limit
the commercial manufacture and application of the
AgSnO, contacts.

The low ductility of AgSnO, materials attributes to
the higher hardness of SnO, particles than the CdO
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particles in AgCdO contacts. Another reason for the
inadequate workability is that the SnO, particles tend to
distribute at the Ag grain boundaries by conventional
powder metallurgy or internal oxidation tech-
niques."*'¥ The hard SnO, particles cause stress con-
centrations at the Ag grain boundaries and lead to crack
near them. The elongation (EL), therefore, was endan-
gered by the formation of voids or cracks at the grain
boundaries.

For the AgMeO contacts, the switching behavior
depends greatly on microstructure, especiall¥ on the size
and dispersion of the MeO particles.'">' When the
particle size decreases, the anti-welding and anti-erosion
properties increase. Nevertheless, the size reduction of
SnO, particles, for achieving better properties, will
generally reduce ductility and workability of AgSnO,
materials further.

In order to solve the problem of poor workability and
simultaneously achieve better properties of AgSnO, mate-
rials, we propose a strategy—refining the SnO, particles to
nanoscale and spreading them into the Ag grain interior,
rather than making them coarsen and concentrate at the
grain boundaries. This method could encourage entrapment
by the SnO; particles in the interior of the grain, which may
be helpful to maintain deformation strengthening and
uniform EL and, therefore, increased ductility.

To prevent the formation of SnO,-rich layer on the
arcing surface, it is necessary to control the redistribu-
tion behavior of the SnO, particles during repeated
arcing process, which causes instantancous melting of a
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thin surface layer of contact and then rapid solidifica-
tion due to rapid heat extraction to the unmelted contact
substrate.l'”! The redistribution of SnO, particles in
AgSnO, materials is assumed to occur during the rapid
melting and subsequent rapid solidification. However, it
is difficult to in-situ study the microstructure modifica-
tion during the arcing process because of the extremely
short arcing duration. The rapid solidification is con-
sidered to be a natural result of arcing so that the
redistribution of SnO, particles in AgSnO, materials is
assumed to occur during rapid solidification. The
traditional rapid solidification technology under differ-
ent environments, therefore, is used to create similar
arcing conditions to study the redistribution behavior of
SnO, particles. The effect of the wetting ability of silver
melt on the SnO, particles is emphasized.

In this article, AgSnO, nanocomposited powders with
the addition of CuO were prepared by high energy
milling, which was performed to disperse the nano-sized
oxide particles into the grain interior by high milling
energy. The simultaneous rapid solidification experi-
ments were conducted to study the redistribution
behavior of SnO, particles. After the cold press,
sintering and hot press of AgSnO, nanocomposited
powders, the ductility and microhardness of the AgSnO»,
nanocomposited materials were investigated. The
AgSnO, nanocomposite materials with optimized com-
position were industrial manufactured by sintering, hot
extrusion and cold drawing. The type test was con-
ducted to examine the comprehensive properties of the
contacts.

II. EXPERIMENTAL

A. Powder Preparation

The pure SnO, powders and the SnO, powders with
CuO additive were prepared by the precipitation
method. A calculated amount of nitrate copper was
added to an aqueous solution of SnCl,, and then
ammonia was added to the solution. The solution was
stirred at 363 K (90 °C) by the magnetic stirring
apparatus to promote hydrolysis followed by filtering.
After washing with deionized water and absolute
alcohol, the precipitate was dried at atmosphere over-
night followed by calcining in a muffle furnace at 873 K
(600 °C) for 2 hours. The obtained SnO, powders and
the SnO, powders with CuO additives were analyzed by
a 7000S X-ray diffractometer using Cuk, radiation
(4 = 1.54060 A) and ESCALAB250 X-ray photoelec-
tron spectroscopy (XPS).

The wetting angles of SnO, particles containing
different CuO content additives by molten silver were
measured by the sessile drop technique. Cross sections
of the interface between solidified silver and oxides were
investigated by a JEOL JSM-6301F scanning electron
microscope (SEM). The composition distribution in the
interface area was determined by an electron-probe
microanalyzer (EPMA).
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B. Preparation of the Nanocomposited AgSnO
Materials and Their Mechanical Properties

The 88 wt pct pure silver powder with size less than
74 ym and the 12 wt pct prepared tin oxide powders
were milled in Simloyer-20L high energy miller under
sealing atmosphere with a constant ball-to-powder
weight ratio of 10:1. The milling time was set as 1 hour.
The ball-milled powders were annealed at 673 K
(400 °C) for 2 hours to release milling stress. The
AgSnO, powders were compacted under a pressure of
200 MPa, sintered at 1173 K (900 °C) for 1 hour, and
further hot pressed under a pressure of 20 MPa. The
microstructure of the milled powders and hot-pressed
compacts were observed by the SEM and TEM-200CX
transmission electron microscope (TEM).

Microhardness measurements of the sintered and
hot-pressed compacts were performed using a
macro-Vickers tester. The microhardnesses were mea-
sured under 10-gf load for 10 seconds on the oxide- and
silver-rich areas and 1 kgf for 5 seconds on the large
silver-rich area. Ten tests of microhardness for each
compact were used, and the mean value was taken as the
accepted value. The formability of compacts was deter-
mined by measuring the percent EL of the hot-pressed
compacts during the cold-rolling experiment. The com-
pact with a composition of 88 wt pct Ag, 11.4 wt pct
SnO,, and 0.6 wt pct CuO, which exhibited good
ductility in the cold-rolling test, was industrial manu-
factured by hot extrusion and cold drawing.

C. Simulation of Arcing Process by Rapid Solidification

Some rapid solidification experiments were processed
by the melt-spinning method. The AgSnO, samples were
melted in a quartz tube and quenched onto a copper
wheel rotating at a tangential speed of 4 m/s. HF
induction melting in an Al,O3 crucible was preformed
and the melts were in-situ solidified spontaneously by
placing the crucible into water. The rapid solidification
experiments were also carried out under the static
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Fig. 1—Typical morphology of SnO, powders.
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magnetic field of 1 T. The magnetic field was kept
constant until the melting and solidification were
finished.

D. Type Test

The type test for the CJX4-63 contactor was made to
examine the feasibility of this kind of AgSnO, nanocom-
posited material in industry. The rivet samples were
made from the as-drawn AgSnO, wires.

III. RESULTS AND DISCUSSION

A. Characterization of SnO, Powders

Figure 1 is the typical morphology of SnO, powders.
It can be seen that the SnO, powders display nearly
sphere. The mean particle size is about 10 nm.
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Fig. 2—XRD patterns of pure SnO, and CuO-doped SnO, nanopar-
ticles.
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The XRD patterns of pure SnO, and CuO-doped
SnO, nanoparticles are shown in Figure 2. It can be seen
that typical peaks of SnO, crystals detected in the XRD
patterns agree well with those of the JCPDS date (Card
No. 41-1445) and could be fitted with the tetragonal
rutile structure. The spectra of CuO-doped SnO, show a
new diffraction peak corresponding to the (002) plane of
the monoclinic CuO (JCPDS Card No. 45-0937) along
with SnO, peaks, which illustrates the formation of
CuO.'" The XRD peaks of the CuO-doped SnO,
nanoparticles are more intense than those of the pure
SnO, nanoparticles, indicating the higher crystalline
nature and increased particle size of the SnO, nanopar-
ticles with CuO addition. This finding means that CuO
promoted the crystal formation and growth of SnO,
particles during calcining.

As seen in Figure 3, the Cu element detected on the
surface of the sample by means of XPS analysis is
confirmed to be Cu’", corresponding to CuO. The
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Fig. 4—Wetting angles of Ag melts on SnO, bulks with different
CuO contents: (@) SnO,, (b) SnO, + 3 pct CuO, (¢) SnO, + 5 pct
CuO, and (d) SnO, + 7 pct CuO.
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Fig. 3—XPS spectra of CuO-doped SnO, powder: (¢) Cu 2p scan and (b) Sn 3d scan.
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Fig. 5—Cross-sectional microstructure of interfaces for solidified silver and SnO, substrates: (a) Ag-SnO,, () Ag-SnO,CuO, (¢) EPMA line anal-
yses corresponding to (a), and (d) EPMA line analyses corresponding to (b).

Fig. 6—Microstructure of Ag-SnO, powder and compact: (a) high energy milled powder and (b) hot-pressed compact.
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valence state of the Sn ion experiences no change with
the addition of CuO. It could be inferred by the XPS
results that CuO did not solve in the SnO, phase but
existed solely on the surface of the SnO, particles, which
should result from the first precipitation of Sn(OH),4
followed by that of Cu(OH)s.

Fig. 7—Miicrostructure of high energy milled AgSnO, powders after
annealing at 673 K (400 °C).
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B. Effect of CuO Addition on the Wettability and
Interface Characteristics between SnO» and Molten Silver

The wettability of SnO, bulks by Ag droplets is shown
in Figure 4. The wettability of the Ag droplet and SnO,
without CuO doping is poor, with a wetting angle of
about 90 deg, as shown in Figure 4(a). The wetting
angle reduces remarkably with the addition of CuO.
Figures 4(b) and (c) show that the wetting angles of Ag
droplet on SnO, decrease to 53 deg with 3 pct CuO and
38 deg with 5 pct CuO, respectively. The wetting angle
of Ag droplet on SnO, with 7 pct CuO addition in
Figure 4(d) is only 29 deg, indicating that the wettability
of CuO-doEed SnO, by liquid silver is dramatically
improved.!!

It is observed in Figure 5(a) that the boundary
between pure SnO, and the Ag droplet is clear and
smooth, but there is an interfacial transition layer
between CuO-doped SnO, and Ag, as shown in
Figure 5(b). Figure 5(a) shows that little silver phase
(light zone) appears in the side of the pure SnO, near the
interface. However, for the SnO, bulk with CuO
addition, the molten silver deeply infiltrates into the
solid phase and, meanwhile, large amounts of MeO
containing SnO, and CuO particles (arrow) diffuse into
the liquid silver (Figure 5(b)). Figure 5(c) shows the
EPMA line between pure SnO, and Ag corresponding to
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Fig. 8 —TEM bright field images of hot-pressed AgSnO,CuO compacts of the selected area (a) Ag, (b) CuO, and (¢) SnO,.

Table I. Microhardness and EL of the AgSnO, Compacts

Microhardness (HV)

Sample Oxide-Rich Area (10 g Load) Silver-Rich Area (10 g Load) Silver-Rich Area (1 kg Load) EL (Pct)
AgSn0,12 157.6 101.7 108.2 12.6
AgSn0,11.4Cu00.6 131.3 88.8 94.1 43.6
AgSn0,11.16Cu00.84 101.8 82.3 80.5 55
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Fig. 10—Solidification microstructures under high magnetic field (1 T): (¢) AgSnO, and (b) AgSnO,CuO.

Table II. Type Test of AgSnO,CuQ Materials

Conditions AC-3
Rated value 380V, 60 A
Items make operations make-break ability conventional working
capability

Parameters make make break make break
Voltage 400 V 400 V 400 V 400 V 400 V
Current 602 A 483 A 483 A 126 A 126 A
Coso 0.47 0.49 0.49 0.44 0.44
Number of operations 50 50 6000
Temperature rise 49.4 K (49.4 °C)
Contact resistance Phase A Phase B Phase C

2.9 mQ 4.1 mQ 5.1 mQ

Figure 5(a). There is an obvious boundary line between
the left SnO, zone and the right Ag zone. On the other
hand, the boundary line disappears in Figure 5(d),
corresponding to the results of Figure 5(b), indicating
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the increased interdiffusion between silver and SnO,
with CuO addition. The change of the infiltration ability
comes from the enhanced wettability between the Ag
melt and SnO, particles by the CuO additive.
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Fig. 11—Microstructure of AgSnO, nanocomposited materials after
15,000 times making and breaking operations.

C. Microstructures of AgSnO, Materials with and
Without CuO Additive

Figure 6(a) shows that the high energy milled
Ag-SnO, powders display irregular shape with an
average size of 20 um. Figure 6(b) illustrates the
microstructure of hot-pressed AgSnO, materials. The
light gray area is the Ag-rich region, and the black area
is the mixing region of Ag and oxides. The oxide-rich
islands are separated by the network of the silver-rich
region.

The Ag-rich regions in the AgSnO, compacts are
beneficial to the plastics of the materials, because they
could allow avoidance of the initiation of crack in the
grain boundary, which is the weakness of the traditional
AgSnO, materials. In order to investigate the formation
reason of the Ag-rich region in the hot-pressed com-
pacts, the milled AgSnO, powders were annealed at
673 K (400 °C) for 1 hour, and their microstructure is
shown in Figure 7. It is also found that Ag-rich film
formed around the grain boundary and the particle
edge, suggesting that the ex-diffusion of the silver occurs
during the sintering of the AgSnO, compacts.*”! During
the process of high energy milling, the hard and brittle
SnO, pinned into the soft silver matrix and induced
severe stress. When the powders or the cold-pressed
compacts were heated, the stress could induce the
ex-diffusion of silver from the grain interior to the
boundary or the powder edge. The final distribution of
Ag-rich region around grain boundary could improve
the formability of the AgSnO, materials.

Figure 8 shows the high-resolution images of AgSnO,
contacts. From the diffraction spots, the components of
Ag, CuO, and SnO, were detected separately, which
confirms the existence of CuO addition as CuO particles,
as obtained in XPS results.

D. Mechanical Properties of AgSnO, Materials

The microhardness on the different phases in the
AgSnO, materials and the EL during roll experiments

METALLURGICAL AND MATERIALS TRANSACTIONS A

are listed in Table I. It can be seen that the microhard-
ness of the oxide-rich area is much higher than that of
the silver-rich area, corresponding to Figure 6(b). The
hardness of samples decreases significantly with the
increase of CuO content. Elongation of AgSnO, samples
with the CuO addition could increase more than 3 times
than that without CuO, suggesting the significant effect
of CuO on the plastic deformation ability.

E. Microstructure of AgSnO, Composites During Rapid
Solidification

Figure 9 shows the melt-spinning microstructure of
AgSnO, samples with and without CuO. Figure 9(a)
shows that the SnO, particles in AgSnO, are more
confined at grain boundaries than engulfed in Ag
matrix.

However, for the AgSnO,CuO ribbon samples, some
SnO, particles are found to distribute uniformly in the
melt-spinning microstructure, as shown in Figure 9(b),
indicating that the addition of CuO promotes the
engulfing of the SnO, particles in the Ag melt under
the rapid solidification conditions.'”!

The improvement of the engulfment of the SnO,
particles in the Ag melt during rapid solidification is a
benefit of retarding the formation of SnO, layer on the
contact surface after repeated arcing processes, which
could be qualitatively explained by Stafanescu’s kinetic
model for particle engulfment.”"! The addition of CuO
increases the size of MeO particles (as obtained in
Figure 2 by X-ray analysis) and the wettability between
the Ag melts and MeO particles (as shown in Figures 4
and 5) so that the critical solidification velocity for
particle engulfing decreases, which makes the SnO,
particles more easily engulfed.

Figure 10 shows the influence of magnetic field on the
redistribution behaviors of SnO, in Ag melts. Under the
high magnetic field, the engulfing ability improves for
both the pure SnO, particles and those with CuO
addition in molten silver so that more SnO, particles can
be found in the quenched AgSnO, bulks, as in
Figure 10(a) for pure SnO, and Figure 10(b) with
CuO additive. However, there are still more SnO,
particles with CuO addition engulfed in the Ag matrix,
confirming further the increased engulfing effect of CuO
for SnO, particles in Ag melts.

F. Results of Type Test

Table IT summarizes the type test results in the
CJX4-63 contactor by using the AgSnO, contacts with
0.6 wt pct CuO addition. The contactor finishes 15,000
times making and breaking experiments. The
microstructure of AgSnO, materials after 15,000 times
breaking is observed with no obvious SnO» aggregation
on the contact surface, as in Figure 11. The temperature
rise and contact resistance remain below 49.4 K
(49.4 °C) and 5.1 mQ after 15,000 arcing operations,
indicating that the properties of the nanocomposited
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AgSnO, materials meet the needs of commercial
switches.

IV. CONCLUSIONS

The nanocomposited AgSnO, materials are pre-
pared by high energy milling and subsequent sinter-
ing, hot pressing, and extrusion processes, in which
the SnO, particles mainly distribute in the interior of
Ag grains with Ag film on the grain boundary. The
EL and workability of the AgSnO, materials
improved obviously for the effect of Ag film and the
addition of CuO. During the rapid solidification
process, more SnO, particles with CuO addition were
engulfed in the Ag matrix, which is beneficial to
inhibiting the redistribution of SnO, particles on the
contact surface after the repeated arcing process. The
type test results indicate that the nanocomposited
AgSnO, materials are suitable for use in the low
voltage switching devices.
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