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Abstract: The Ag-TiB, contact materials with Ag powders of different sizes were prepared by spark plasma sintering. The relative

density, electroconductivity, and hardness of Ag-4wt% TiB, contact materials were measured, and the arc erosion behavior of the
contact materials was analyzed under the vacuum condition. The surface morphologies of Ag-4wt% TiB, contact materials after arc
erosion were characterized by the scanning electron microscope. The arc duration was determined by the discharged waveform
recorded by a Tektronix TDS-2014 dual channel digital memory oscilloscope, and the arc erosion mechanism was discussed. The
results show that the relative density, electroconductivity, and hardness of Ag-4wt% TiB, contact materials are increased with
decreasing the Ag powder size. Furthermore, the Ag-4wt% TiB, contact materials prepared from fine Ag powder have longer arc
duration, larger erosion area, and shallower erosion pit, suggesting that the fine Ag powder is beneficial for arc dispersion and the

improvement in arc erosion resistance.
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Due to its excellent arc erosion resistance, welding
resistance, and environmentally benign characteristic, AgSnO,
contact material is a desired substitute for AgCdO contact
material in the low-voltage electrical apparatus’. However,
the AgSnO, contact material presents large contact resistance
and great temperature rise during long time service due to
accumulation of insulative SnO, on the contact surface™.
Therefore, TiB, ceramics with good electroconductibility and
thermal conductivity are investigated to strengthen the Ag
matrix, and the Ag-TiB, contact material was fabricated"”.

The arc erosion behavior of contact materials has been
widely studied. Lungu et al® reported that the uniform
structure is favorable for the improvement in the arc erosion
resistance. Wang et al”’ demonstrated that the Ag-based
contact nanocomposite is beneficial to arc dispersion and to
the decrease in splash erosion. Xu et al'” found that the fine
SnO, particles can decrease the splash erosion due to larger
viscosity of the molten pool of the AgSnO, contact material.
Wang et al'" found that the fine ALO, particles result in the
shallower erosion pit in the Cu-AlLO, composite. Zhang et
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al'™ reported that the fine SnO, particles can decrease the arc
duration and the aggregation of strengthening particles in
AgSnO, contact materials. The decrease in TiB, particle size
can also improve the arc erosion behavior of Ag-TiB, contact
material™. In fact, once the arc occurs, the arc extinction can
reduce the arc erosion. In general, the second phase can
promote the arc dispersion, which is beneficial to the arc
extinction. The basic mechanism is that the arc is generated
preferentially on the interface between Ag and the second
phase. However, due to the complexity and instantaneity of
arc, some problems of arc erosion behavior are still unclear.
The effect of Ag powder size on the arc erosion behavior of
Ag-TiB, contact material is rarely reported. In this research,
the Ag-4wt% TiB, contact materials were fabricated with Ag
powders of different sizes by powder metallurgy, the effect of
Ag powder size on the properties of AgTiB, contact materials
was studied, and the arc erosion behavior was discussed.

1 Experiment

The raw materials are Ag powder (purity of 99.9wt% ;
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particle size of 72 and 0.4 um) and TiB, powder (purity of
99.9wt% ; particle size of 3 pum), and their morphologies are
shown in Fig. 1. The Ag-TiB, powder with the mass ratio of
Ag:TiB,=96:4 was mixed at 200 r/min for 4 h and the ball-to-
powder ratio was 40: 1. The Ag-4wt% TiB, powder mixtures
with Ag powders of 72 and 0.4 pm in size were named as
Ag(72)-4wt% TiB, and Ag(0.4)-4wt% TiB,, respectively. The
ethyl alcohol and polyvinyl pyrrolidone (1wt%) were used as
process control agent and dispersant, respectively. Fig.2 shows
the morphologies of the powder mixture. Since Ag has good
plasticity and toughness, some TiB, particles are embedded
into the Ag powders. The powder mixture was sintered in a
spark plasma sintering (SPS) furnace under the vacuum
environment. The current, voltage, and temperature during
sintering are shown in Fig.3. The heating rate was 30 °C/min,
and the temperature of 450 and 650 °C was held for 5 min.
The relative density was determined by Archimedes method.
The hardness was tested on a HB-3000 Brinell hardness tester
under a load of 250 kg and a steel ball with the diameter of 5
mm for 30 s. The electroconductivity was tested by a 7501-
eddy electroconductivity gauge. All the values were the
average of three measurements.

The vacuum arc erosion was tested on a modified
TDR240A single crystal furnace. Each specimen mounted in a
holder was used as a cathode, which moved vertically in the
vacuum chamber. The anode was a pure tungsten needle with
a radius of 5 mm and a tip radius of 1 mm. The gap distance
and the voltage between anode and cathode was 2 mm and 3.0
kV, respectively. When the chamber was evacuated to 5.0x
107 Pa, the anode moved downward at a speed of 0.2 mm/min
until the electrical breakdown occurred. Each specimen was
tested for 1 and 40 times, and the data of current waveforms
were collected by the Tektronix TDS-2014 dual channel
digital memory oscilloscope (200 MHz). The eroded surface
morphologies were characterized by a TESCAN-Vega XMU 2
scanning electron microscope (SEM), and the erosion areas
were calculated by the Image-Pro Plus 6.0 software.

2 Results and Discussion

2.1 Properties of Ag-TiB, contact materials

Table 1 shows the relative density, electroconductivity, and
hardness of the Ag-4wt% TiB, contact materials prepared by
Ag powders with different particle sizes. It can be seen that

the relative density of the Ag(0.4)-4wt% TiB, contact material
is 95.2%, which is increased by 1.82% compared with that of
the Ag(72)-4wt% TiB, contact material. Similarly, compared
with those of the Ag(72)-4wt% TiB, contact materials, the
electroconductivity and hardness of Ag(0.4)-4wt% TiB, con-
tact materials are increased by 10.07% and 28.55%,
respectively.

According to the relative density results in Table 1, it can be
concluded that large pores exist between the Ag powder of 72
um in size and TiB, powder of 3 um in size owing to the
difference in geometry and size of the Ag and TiB, particles.
The ultrafine Ag powders (0.4 um) can fill the pores during
sintering, thus increasing the relative density. Besides, based
on the calculation in Ref.[14], the melting point of Ag powder
of 72 and 0.4 pm in size is 961.6 and 922.0 °C, respectively,
which is far above the sintering temperature. According to the
Kelvin equation™, the vapor pressure is increased with
decreasing the particle size, and the plasma is much easier to
generate for fine powder, thus increasing the diffusion effect
and the mass transfer. Hence, the fine powder is beneficial to
the sintering densification. Furthermore, based on the
electroconductivity theory, the pores can increase the electron
scattering, thus decreasing the electroconductivity. In addition,
the high relative density is also beneficial for the high
hardness.

2.2 Arc duration of Ag-TiB, contact materials

The variation and the related frequency distribution of arc
duration of Ag-4wt% TiB, contact materials are shown in
Fig.4. As shown in Fig.4a, the arc duration of Ag(72)-4wt%
TiB, contact materials has a large fluctuation during the arc
erosion for the first 20 times, and then is decreased during the
arc erosion for the last 20 times. The similar tendency can also
be observed for the Ag(0.4)-4wt% TiB, contact material, as
shown in Fig.4c. As shown in Fig.4b, the Ag(72)-4wt% TiB,
contact materials have an irregular distribution in arc duration,
indicating that its arc duration has the overall large
fluctuations, and the average arc duration is 16.62 ms with a
standard deviation of 1.92 ms. However, for the Ag(0.4) -
4wt% TiB, contact materials, the arc duration has a concen-
trated distribution, and the average arc duration is 17.21 ms
with a standard deviation of 1.44 ms. Therefore, although
Ag(0.4)-4wt% TiB, contact materials have larger average arc
duration, their arc is much more stable than that of Ag(72)-

Fig.1 Morphologies of Ag powders with 72 um (a) and 0.4 pm (b) in size and TiB, powder of 3 um in size (c)
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Fig.2  Morphologies of Ag-TiB, powder mixtures with different Ag
powder sizes of 72 pm (a) and 0.4 pm (b)
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Fig.3 Current, voltage, and temperature during SPS sintering

Table 1 Properties of Ag-4wt% TiB, contact materials prepared

from Ag powders with different sizes

Ag particle Relative Electroconductivity/ Hardness,
size/pm density/% %IACS HB/MPa
72 93.5 71.5 739
0.4 95.2 78.7 950

4wt% TiB, contact materials.
2.3 Eroded morphologies of Ag-TiB, contact materials

after arc erosion for one time

Fig. 5 shows the eroded morphologies of Ag-4wt% TiB,
contact materials after the first arc erosion. It can be seen that
the Ag(0.4)-4wt% TiB, contact materials have larger erosion
area than Ag(72) -4wt% TiB, contact materials do. The
concentrated erosion pits appear with a discontinuous
distribution for the Ag(72) -4wt% TiB, contact materials,
suggesting that the arc hop occurs on the material surface.
However, the smaller and shallower erosion pits appear on the

surface of Ag(0.4) -4wt% TiB, contact materials. It is con-
cluded that the fine Ag powders are beneficial for the arc
dispersion, and the arc can move quickly on the surface of Ag-
4wt% TiB, contact materials.

2.4 Eroded morphologies of Ag-TiB, contact materials

after arc erosion for forty times

Fig. 6 shows the eroded surface morphologies of Ag-
4wt%TiB, contact materials after arc erosion for 40 times. As
shown in Fig.6a, there is a relatively concentrated arc erosion
of Ag(72)-4wt% TiB, contact materials, and the erosion area is
1.07 mm’. The deep erosion pits and the flow traces can be
found at the erosion center of Ag(72) -4wt% TiB, contact
materials, as shown in Fig. 6b. However, the erosion pits of
Ag(0.4) -4wt% TiB, contact materials are shallower and dis-
persedly distributed (Fig. 6d), and the erosion area reaches
2.13 mm’. Hence, it can be concluded that the fine Ag
powders are favorable for the arc dispersion and the
improvement in arc erosion resistance.

2.5 Arc erosion mechanism

It is generally believed that the arc can be divided into
gaseous ion arc and metallic ion arc"®'”, resulting in the
material transfer between anode and cathode*'". It is reported
that the material characteristics, such as boiling point, work
function, and particle size, can influence the arc
characteristics, which further cause different material transfer
behavior™*!, Once the vacuum breakdown eliminates the
effects of gaseous ion, the arc is dominated by the metallic
ion. Therefore, it is necessary to investigate the effects of Ag
powder size and grain boundary on the electron emission in
the cathode during arc erosion.

Fig.7 shows the electron emission model at the boundary.
Assuming that two Ag atoms exist at the boundary, an electron
is restricted in the potential well. The lattice distortion occurs
at the boundary, which affects the depth of the potential well.
As a result, some of the electrons need less energy to escape
from the metal surface. When the electric field reaches a
certain value, the electron emission prefers to occur at the
boundary.

The vapor layer exists at the metal surface, and the vapor
pressure is increased with increasing the temperature, as
shown in Fig. 8a. When the tungsten needle approaches the
surface of Ag-TiB, contact materials, the electric field is
increased, and the electron emission happens. On the one
hand, the freedom electrons accelerated by the electric field
collide with the Ag atoms, resulting in the ionization of Ag
vapor. On the other hand, the thermal effect promotes the
electron emission and even material evaporation, aggravating
the ionization level. Consequently, the arc forms.

During this process, the Ag powder size can affect two
aspects: the vapor pressure and the emission current. Based on
the Kelvin equation’”, the saturation vapor pressure of Ag is
increased with decreasing the radius, as expressed by Eq.(1):

P Ag(r ) _ 20V 1
Pu(w) T M

where P, (r) is the saturation vapor pressure of Ag with the

In
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Fig.4 Arc duration (a, c) and its frequency (b, d) of Ag(72)-4wt% TiB, (a, b) and Ag(0.4)-4wt% TiB, (c, d) contact materials during arc

erosion for 40 times
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Fig.5 Eroded morphologies of Ag(72)-4wt% TiB, (a, b) and Ag(0.4)-4wt% TiB, (c, d) contact materials after arc erosion for one time

radius 7, P, (o) represents the saturation vapor pressure of Ag
with a flat surface, ¢ is the specific surface energy, V is the
molar volume, R is the molar gas constant, and 7 represents
the temperature.

Apparently, the fine Ag powders are beneficial for the large
vapor pressure at metal surface, providing more ions to
sustain the arc burning. Furthermore, the grain boundary has
low energy barrier to emit electrons. Generally, the Ag-TiB,

interface has the first priority to determine the electron emis-
sion spot!"”). The number and distribution of grain boundaries
can subsequently influence the electron emission spot. For the
Ag-TiB, contact materials, the distribution of TiB, no longer
causes difference due to its unchanged particle size, and the
number of grain boundaries of Ag(0.4) -4wt% TiB, contact
materials is much larger than that of Ag(72) -4wt% TiB,
contact materials (Fig. 8¢ and 8d). Therefore, the fine Ag
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Fig.7 Electron emission model and corresponding qualitative rela-

tionship at boundary

powders can increase the electron emission spot and current,
which further increases the arc duration®”.

The dispersion of electron emission spots can also decrease
the energy barrier for arc hop of Ag(0.4)-4wt% TiB, contact
materials, resulting in the fact that the fine Ag powders can
disperse arc. As Ag has a lower work function than TiB, does,
the arc prefers to generate at the Ag matrix surrounded by the
TiB, particle due to the higher interface energy between Ag
and TiB,”. The arc also prefers to hop to the site with higher
Ag vapor content or the electron emission spot. For the
Ag(72)-TiB, contact materials, it is necessary for arc to hop
over a large gap (at least 72 um), and more serious arc erosion
occurs at each site. Hence, the Ag(72)-TiB, contact materials

Eroded morphologies of Ag(72)-4wt% TiB, (a, b) and Ag(0.4)-4wt% TiB, (c, d) contact materials after arc erosion for 40 times
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Fig.8 Schematic diagrams of the vapor layer near the metal surface
and the distribution of electric field (a), the electron emission
and collision with Ag atoms (b), and the emission spots of
Ag(72) -4wt% TiB, (c) and Ag(0.4) -4wt% TiB, (d) contact

materials

have less erosion area and deeper erosion pits. On the
contrary, for the Ag(0.4)-TiB, contact materials, the arc needs
to hop over only a small gap (at least 0.4 um) to reach the next
site. The arc can hop quickly with shorter duration at each
site. Therefore, larger erosion area and shallower erosion pit
occur on the surface of Ag(0.4)-TiB, contact materials.

With the arc erosion circularly proceeding, the repeatable
melt and solidification destroy the original microstructure
which causes the arc dispersion of Ag(0.4)-TiB, contact ma-
terials. After the first arc erosion, the distribution of saturation
vapor pressure is dominated by the erosion morphologies
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Fig.9 Schematic diagrams of vapor pressure (a) and point discharge (b) of Ag-TiB, contact materials and arc hop of Ag(72)-4wt% TiB, (c) and

Ag(0.4)-4wt% TiB, (d) contact materials

rather than the distribution of Ag powders. The distribution of
saturation vapor pressure and point discharge at the erosion pit
are shown in Fig. 9a and 9b, respectively. Both the point
discharge and high saturation vapor pressure exist on the
convex with a small curvature radius. Hence, the size and
distribution of erosion pit on the eroded surface can influence
the arc motion. After the first arc erosion, the erosion pits with
different sizes and distributions occur in the Ag-TiB, contact
materials. For the Ag(72)-TiB, contact materials, the deep and
concentrated erosion pit occurs with long arc hop distance
(Fig.9¢). Hence, the concentrated arc erosion still exists, and
the arc has a poor hop ability for the following arc erosion. On
the contrary, for the Ag(0.4) -TiB, contact materials, the
erosion pits are dispersive, and the dispersive arc erosion can
still be generated during the following arc erosion (Fig.9d). In
this case, each arc erosion depends on the morphology caused
by the last arc erosion. Thus, the Ag(0.4) -TiB, contact
materials have good arc erosion resistance.

With the evaporation, splash, and flow of the molten Ag,
the mass loss is increased gradually, and the fresh Ag layer is
exposed accordingly. According to Fig.8, the new layer with
original microstructure can disperse arc as well. Subsequently,
the fine Ag powders can maintain the arc dispersion after arc
erosion for many times.

3 Conclusions

1) Ag-4wt% TiB, contact materials with Ag powder of 0.4
um have better relative density, electroconductivity, and
hardness than those with Ag powder of 72 pm do.

2) Ag-4wt% TiB, contact materials with Ag powder of 0.4
um have longer arc duration with smaller standard deviation
than those with Ag powder of 72 um do. Furthermore, the fine
Ag powders are beneficial for the large erosion area, shallow
erosion pits, and arc dispersion, thereby resulting in better arc
erosion resistance.

3) For the Ag-4wt% TiB, contact materials, different
distributions of electron emission spot can influence the
contact material after arc erosion for the first time.
Subsequently, the characteristics of contact materials depend
on the morphologies caused by the last arc erosion. Fine Ag
powder can maintain the arc dispersion of Ag-4wt% TiB,

contact materials after arc erosion for 40 times.
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