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Abstract: AgSnO; electrical contact materials doped with Bi,0;, La,0;, and TiO, were successfully fabricated by the powder metal-
lurgy method under different initial sintering temperatures. The electrical conductivity, density, hardness, and contact resistance of the
AgSn0,/Bi,0;, AgSn0O,/La,05, and AgSnO,/TiO, contact materials were measured and analyzed. The arc-eroded surface morphologies of the
doped AgSnO, contact materials were investigated by scanning electron microscopy (SEM). The effects of the initial sintering temperature on
the physical properties and electrical contact properties of the doped AgSnO, contact materials were discussed. The results indicate that the
physical properties can be improved and the contact resistance of the AgSnO, contact materials can be substantially reduced when the mate-

rials are sintered under their optimal initial sintering temperatures.
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1. Introduction

Electrical contact materials are core components of con-
tactors, relays, circuit breakers, switchgears, and other elec-
trical equipment. The main function of electrical contact
materials is connecting and disconnecting a circuit. To en-
sure high reliability of electrical equipment, electrical con-
tact materials with high performance are also important [1].

AgSnO,, which is a contact material with excellent an-
ti-welding properties and resistance to arc erosion, has been
used in low-voltage electrical equipment [2]. Although AgS-
nO, has shown good prospects as a contact material because it
is environmentally benign and demonstrates remarkable per-
formance, it also presents some drawbacks, such as unstable
contact resistance and poor ductility and malleability [3]. Two
approaches to improving the properties of AgSnO, contact
materials have been reported. One approach is to choose a
suitable additive to modify the electrical contact material it-
self [4-7]; the other approach is to improve the electrical prop-
erties through modification of the preparation method [8-9].

The methods used to prepare AgSnO, contact materials
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include the powder metallurgy method, the internal oxida-
tion method, etc. [10—13]. The powder metallurgy method is
widely used in the preparation of AgSnO, contact materials.
Sintering is a critical step in the powder metallurgy method
and strongly influences the properties of electrical contact
materials [14—17]. Therefore, elucidating the optimal sintering
temperature and improving the properties of the electrical
contact material are worthwhile topics of investigation.

In the present work, AgSnO, contact materials with dif-
ferent additives were fabricated by the powder metallurgy
method under different initial sintering temperatures. The in-
fluence of the initial sintering temperature on the physical
properties and electrical contact properties of doped AgSnO,
contact materials were explored. Meanwhile, the micro-
structure of doped AgSnO, contact materials after arc ero-
sion were investigated.

2. Experimental
2.1. Selection of composition and ratio

The wettability of AgSnO, contact materials with differ-
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ent contents of three additives is shown in Fig. 1. As shown
in Fig. 1, when the nominal contents of Bi,O;, La,Os, and
TiO, are 1.5wt%, 2.5wt%, and 1.0wt%, respectively, the
wetting angle is the minimum, exhibiting the best wettabili-
ty [18]. Better wettability implies a smaller contact resis-
tance of the materials. The additive proportions based on the
analysis results are shown in Table 1.
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of 5 min. After the initial press, the powers were sintered by
an energy-saving box-type electric furnace under vacuum.
The heating rate was set as 10°C/min. The composite
powders were repressed on a TYE-1000B pressure testing
apparatus. The repress was confirmed at 58 MPa with a
dwell time of 5 min. The pressed samples were cut into
simple cylindrical contacts whose diameter and thickness
were 4.5 mm and 4 mm, respectively.

Prepz(a)rfatlon Drying in a Mixing Forming by
powder vacuum powder initial press
The .
process of |« Polishing <] . Re- | Repress e Initial
electrical sintering sitnering
contacts

120
—8—Bi,0,
110 —8—La,0,
TiO,
~ 100
2 90
g A
2 80
=
2 70 B,
o
60 -
50 L1 | | I I I I
1.0 1.5 20 25 3.0 35 40
Additive content / wt%

Fig. 1. 'Wetting angles of doped AgSnO, contact materials.
Table 1. Compositions and ratios of the investigated contact
materials

Composition Mass ratio
Ag: SnO;: Bi,04 88.0:10.5:1.5
Ag: SnO,: La,O5 88.0:9.5:2.5
Ag: SnO;: TiO, 88.0:11.0:1.0

The purity of the Ag power was 99.95%, and its grain
size was 200 mesh. The purity of the SnO, power was
99.5%, and its grain size was 800 nm. The purity of the
Bi,03, La,03, and TiO, powders was 99.9%, and their grain
size was 200 nm.

2.2. Preparation of samples

The process of preparation by the powder metallurgy
method is shown in Fig. 2. The drying temperature was set
as 120°C, and the drying time was 60 min. The ball-mill
time was set as 120 min, and the speed was 500 r/min under
the positive and negative orientation. The powders were

dry-ground, and the ball-to-powder mass ratio was 50% [19].

The balls used to mix the powder included large balls (di-
ameter: 10 mm), medium balls (8§ mm), and small balls (6
mm). The grain size of the ball-milled powder ranged be-
tween 1 and 30 pum, and its bulk density was 3.287 g/cm’
(standard deviation: 0.26). The ball-milled powders were
formed into cylindrical samples using a 769YP-24B pressed
powder machine. The diameter and thickness of the initial
pressed samples were 20 mm and 4 mm, respectively. The
initial pressure was confirmed at 38 MPa with a dwell time

Fig. 2. Preparation process of electrical contact materials.

2.3. Sintering process

The initial sintering process was divided into three stages.
The sintering temperature was 240°C for the pre-sintering
stage at low temperature and 480°C for the middle stage.
The initial sintering temperature in this study refers to the
sintering temperature at the third stage. The initial sintering
temperature was in the range of 0.6 to 0.95 of the melting
point of Ag (961.78°C). Thus, the initial sintering tempera-
ture was selected in increments of 60°C in the range from
576 to 912°C. The temperature program used in the sinter-
ing process is shown in Fig. 3.
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Fig. 3. Initial sintering process.

The AgSn0O,/Bi,0; contact material was sintered at an
initial sintering temperature of 640, 700, 760, 820, 880,
or 920°C and a re-sintering temperature of 820°C. The
AgSn0O,/TiO, contact material was sintered at an initial sin-
tering temperature of 580, 640, 700, 760, 820, or 880°C and
a re-sintering temperature of 640°C. Because of the special
property of La,O;, the AgSnO,/La,0; contact material exhi-
bited low physical properties when sintered at 820°C and
640°C. Therefore, the initial sintering temperature was se-
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lected in 30°C increments in the range from 700 to 820°C.
Thus, the AgSnO,/La,0; contact material was sintered with
an initial sintering temperature of 700, 730, 760, 790, or
820°C and a re-sintering temperature of 760°C.

2.4. Experimental procedure

The conductivity, density, and hardness of the doped
AgSnO, contact materials were measured after the samples
were re-sintered. The density was measured at room tem-
perature on the basis of the Archimedes drainage method,
and the values were the average of three measurement results.
The liquid medium was distilled water. The hardness was
measured with a HXD-1000TM microscope tester, and the
values were the average of three measurement results. The
indentation load was 500 N, and the time under maximum
load was 5 s. The conductivity was measured with a SIG-
MASCOPE SMP10. To ensure the accuracy of the mea-
surements, three measurement points were selected at dif-
ferent positions on the surface of each sample. Each point
was measured four times, and the final reported values are
the average of the four results.

The electrical contact performance of the doped AgSnO,
contact material at different sintering temperatures was
tested by a JF04C electrical contact material test system. The

385
@

/
'\_/ /

35.0 L ' '

Conductivity / (MS-m™)

640 700 760 820 880 940
Initial sintering temperature / °C
74

(©)

72 n

/\

68 u
| |

H—n
66 |-
641
)=

60 u

Hardness, HV

58 | | | | | |
640 700 760 820 880 940

Initial sintering temperature / °C

1277

contact mode was surface contact. The measurement voltage
was direct current (DC) 24 V. The measurement current was
DC 13 A. The contact pressure was 86 cN. The contact pitch
was 2.0 mm. The test load was resistive. The contact break-
ing cycle was 800 ms. Each test sample was made into a
pair of cylindrical contacts. The number of make-and-break
operations was 25000 per contact. The contact resistance
was measured after each 100 normal make-and-break opera-
tions. The surface morphologies of the doped AgSnO, elec-
trical contacts after arc erosion were investigated by scan-
ning electron microscopy (SEM; Nova NanoSEM 450).

3. Results and discussion

3.1. Physical properties of doped AgSnO, contact mate-
rials

The conductivity, density, and hardness data for the
AgSn0,/Bi,05;, AgSnO,/La,0;, and AgSnO,/TiO, contact
materials at different initial sintering temperatures are
shown in Figs. 46, respectively.

The results in Figs. 4-6 show that the trends of conduc-
tivity, density, and hardness of the doped AgSnO, contact
materials change depending on the additive and the initial
sintering temperature. According to the experiment data in

9.35
(b)

930 | /
925 | n

Density / (g-ecm™)

9.00 1 1 1 | | |
640 700 760 820 880 940

Initial sintering temperature / °C

Fig. 4. Relationship between the initial sinter-
ing temperature and the physical properties of
the AgSnO,/Bi,O; contact material: (a) conduc-
tivity; (b) density; (c) hardness.
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Fig. 5. Relationship between the initial
sintering temperature and the physical
properties of the AgSnO,/La,0; contact
material: (a) conductivity; (b) density;
(c) hardness.
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Fig. 6. Relationship between the initial sintering
temperature and the physical properties of the
AgSn0,/TiO, contact material: (a) conductivity;

(b) density; (c) hardness.
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Figs. 4-6, the conductivity is relatively larger and the densi-
ty and hardness are in the appropriate range when doped
AgSnO, contact materials are sintered at the optimal initial
sintering temperature: 820°C for AgSn0O,/Bi,O3, 760°C for
AgSn0,/La,0;, and 640°C for AgSnO,/TiO,.

The kinetic energy of atoms and their diffusion rate in-
crease with increasing initial sintering temperature. There-
fore, in general, a higher sintering temperature results in a
greater shrinkage amplitude and in greater conductivity,
density, and hardness for samples sintered for the same du-
ration expect for the AgSnO,/TiO, contact material. When
the initial sintering temperature is too high, the pores shrink
too fast because of the rapid atomic diffusion rate; thus, the
closed pores leave a large amount of gas. As a result, the
volume of the sintered body expands, causing the density
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and hardness to decrease. For the AgSnO,/TiO, contact ma-
terial with a high initial sintering temperature, the allotropic
transformation of TiO, from the anatase phase to the rutile
phase will change the grains and expand the volume, result-
ing in the anti-densification phenomenon. Thus, the conduc-
tivity and density of the AgSnO,/TiO, contact material de-
crease with an increase in initial sintering temperature, as
shown in Figs. 6(a) and 6(c).

3.2. Electrical contact properties of doped AgSnO, con-
tact materials

The contact resistance data for the AgSnO,/Bi,0;,
AgSn0,/La,0;, and AgSn0O,/TiO, contact materials sin-
tered at different initial sintering temperatures are shown in
Figs. 7-9.
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Fig. 7. Contact resistance of the AgSnQO,/Bi,O; contact material sintered at different initial sintering temperatures: (a) 640°C; (b)

700°C; (¢) 760°C; (d) 820°C; (e) 880°C; (f) 920°C.
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The specific range and the average value of the contact
resistance of the AgSn0,/Bi,0; AgSn0O,/La,0;, and
AgSn0O,/TiO, contact materials sintered at different initial
sintering temperatures are shown in Tables 2—4.

Fig. 7 shows that the contact resistance of the
AgSn0,/Bi,0; contact material sintered at 820°C exhibits
less fluctuation than that sintered at other initial sintering
temperatures. The contact resistance of AgSnO,/La,0O; con-
tact material sintered at 760°C has relatively less fluctuation
than that sintered at other initial sintering temperatures, as
shown in Fig. 8. As evident from Fig. 9, the contact resistance
of the AgSnO,/TiO, contact material sintered at 640°C exhi-
bits relatively less fluctuation than that sintered at other initial
sintering temperatures.

The minimum average contact resistance for the doped
AgSnO, contact materials was obtained under different ini-
tial sintering temperatures according to the experiment data

Int. J. Miner. Metall. Mater., Vol. 25, No. 11, Nov. 2018
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Fig. 8. Contact resistance of the AgSnQO,/La,0;
contact material sintered at different initial sin-
tering temperatures: (a) 700°C; (b) 730°C; (c)
760°C; (d) 790°C; (e) 820°C.

in Tables 2, 3, and 4. The minimum average contact resis-
tance of the AgSnO,/Bi,0O; contact material was 0.42 mQ
when the initial sintering temperature was 820°C. The
minimum average contact resistance of the AgSnO,/La,O;
contact material was 0.58 mQ when the initial sintering
temperature was 760°C. The minimum average contact re-
sistance of the AgSnO,/TiO, contact material was 0.54 mQ
when the initial sintering temperature was 640°C.

When the initial sintering temperature is too low or too
high, the performance of the AgSnO,/Bi,0;, AgSnO,/La,03,
and AgSnO,/TiO, contact materials is poor and the contact
resistance is large and unstable. Specifically, when the initial
sintering temperature is too low, the activity of particles in
the material is low and the atom mobility is poor. As a result,
the contact material is not fully sintered and the contact re-
sistance is large and unstable. When the sintering tempera-
ture is too high, the activity of the particles is too high,
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causing the sintered body to expand violently. Especially for
the AgSnO,/TiO, contact material, the allotropic transfor-
mation of TiO, from the anatase phase to the rutile phase
will result in a change in the grains and an expansion of the
volume. The anti-densification phenomenon occurs; conse-
quently, the contact resistance becomes large and unstable.

1281

3.3. SEM analysis

The surface morphologies of the AgSnO,/Bi,0s,
AgSn0,/La,0;, and AgSn0O,/TiO, contact materials sin-
tered at different initial sintering temperatures and after arc
erosion were observed by SEM, and the results are shown in
shown Figs. 10—12, respectively.
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Fig. 9. The contact resistance of the AgSnO,/TiO, contact material sintered at different initial sintering temperatures: (a) 580°C; (b)

640°C; (c) 700°C; (d) 760°C; (e) 820°C:; (f) 880°C.

Table 2. Contact resistance of the AgSnO,/Bi,O; contact material sintered at different initial sintering temperatures

Initial sintering temperature / °C

Range of contact resistance / mQ  Average contact resistance / mg2

Standard deviation / 1072

640
700
760
820
880
920

0.36-2.22 0.78 342
0.27-1.36 0.56 17.2
0.27-0.99 0.49 12.9
0.24-0.68 0.42 10.2
0.27-1.20 0.57 194
0.27-2.28 0.61 271
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Table 3. Contact resistance of the AgSnO,/La,0; contact material sintered at different initial sintering temperatures

Initial sintering temperature / °C Range of contact resistance / mQ  Average contact resistance /mQ  Standard deviation / 107

700 0.54-1.96 1.17 29.8
730 0.76-1.52 1.11 13.9
760 0.33-1.17 0.58 15.7
790 0.64-2.01 1.25 36.3
820 0.40-2.00 1.05 31.7

Table 4. The contact resistance of the AgSnO,/TiO, contact material sintered at different initial sintering temperatures

Initial sintering temperature / °C Range of contact resistance / mQ  Average contact resistance / mQ  Standard deviation / 107

580 0.46-1.59 0.86 21.7
640 0.22-1.13 0.54 16.1
700 0.26-1.43 0.66 203
760 0.30-1.87 0.67 31.9
820 0.36-2.01 0.69 283
880 0.32-2.38 0.89 343

Fig. 10. Surface morphologies of the AgSnO,/Bi,0; contact material sintered at different initial sintering temperatures: (a) 640°C;
(b) 700°C; (c) 760°C; (d) 820°C; (e) 880°C; (f) 920°C.
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100 pm——-

Figs. 10(a)-10(b) shows that arc erosion occurs on a larger
area of the AgSnO,/Bi,0; contact material sintered at 640°C
and 700°C; this arc erosion area is the same as that of the
AgSn0O,/TiO, contact material sintered at 760°C, as shown
in Fig. 12(d).

Figs. 10-12 show that the surface morphologies of the
doped AgSnO, electrical contact material is relatively flat,
free of holes, and very dense when sintered under the opti-
mum sintering temperature: 820°C for AgSnO,/Bi,0s, 760°C
for AgSnO,/La,0;, and 640°C for AgSnO,/TiO,. Some
SnO, particles are observed to distribute uniformly in the
melt-spinning microstructure, as shown in Figs. 10(d), 11(c),
and 12(b), indicating that the optimal sintering temperature
promotes the engulfing of the SnO, particles in the Ag melt.

4. Conclusions
Doped AgSnO, contact materials were prepared by the

powder metallurgy method at different initial sintering tem-
peratures. The effects of the initial sintering temperature on

Fig. 11. Surface morphologies of the
AgSn0,/La,0; contact material sintered at
different initial sintering temperatures: (a)
700°C; (b) 730°C; (c) 760°C; (d) 790°C; (e)
820°C.

the physical properties and electrical contact properties of
the doped AgSnO, contact materials were investigated
through measurements and analysis of their conductivity,
density, hardness, and contact resistance.

(1) The doped AgSnO, contact materials exhibit better
performance when sintered at the appropriate initial sinter-
ing temperature, and the optimal initial sintering tempera-
ture of AgSnO, contact materials differs depending on the
additive.

(2) The optimal initial sintering temperatures of the
AgSn0,/Bi,0;, AgSn0,/La,O;, and AgSnO,/TiO, contact
materials are 820°C, 760°C, and 640°C, respectively.

(3) The AgSnO, contact material doped with Bi,Os is the
most suitable for replacing AgCdO contact materials in
low-voltage switching devices.
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