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Abstract: The novel AgZrB, electrical contact materials with different ZrB, contents were prepared by the combination method of
ultrasonication, ball milling, and spark plasma sintering, and the arc erosion and material transfer behavior were investigated by the
electrical contact tests. The results show that the ZrB, content significantly affects the arc erosion resistance of AgZrB, electrical
contact materials. The Ag-3wt% ZrB, contact material presents the stable make/break-arc energy and duration, indicating the excellent
arc erosion resistance. However, the increased ZrB, content results in higher make-arc energy and longer make-arc duration with large
fluctuations of break arc energy and duration, leading to the severe arc erosion. This result suggests that the excessive ZrB, is not
beneficial to the enhancement of arc erosion resistance. Moreover, it is found that the Ag-3wt% ZrB, and Ag-5wt% ZrB, contact
materials have the same material transfer mode from anode to cathode, whereas the Ag-7wt% ZrB, contact material has the opposite
transfer mode from cathode to anode.
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As the core components of relay, circuit breaker, connector,
and switchgear, the electrical contacts have been widely used
and  household
To ensure the stability and reliability of

in aerospace, automobile,
applications'?.
electrical system during long-term service, the -electrical
contact materials should have high electrical and thermal
conductivity, outstanding arc erosion resistance, low contact

resistance, excellent welding resistance, and good mechanical

military,

properties™. Thus, the Ag-based contact materials have been
developed, such as AgNi, AgC, AgSnO,, AgCdO, AgWC,
AgZn0, and AgCuO®"", Although AgNi alloy has low contact
resistance and good stability, its poor welding resistance and
inferior arc erosion resistance under high current restrict the
application>"”), The AgC alloy possesses excellent welding
resistance, but it has poor arc erosion resistance!*. AgCdO
contact material displays superior electrical and mechanical
properties, whereas it is toxic to the environment and
humanity health™”. AgSnO, is also a promising candidate for
contact material, but its non-conductive characteristic (due to
SnO, ceramic) will produce high contact resistance during
long-term service. Besides, the resultant temperature rise has
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the negative effect on the stability and reliability of electrical
system! "7,

With the demands of miniaturization, higher power, and
multifunction of electronic components and apparatus, it is
necessary to develop a novel electrical contact material with
enhanced performance. As ZrB, has unique excellent
properties, such as high melting point (>3000 °C), low density
(6.09 g/cm’), excellent conductivity and thermal conductivity,
high hardness, good chemical stability, good corrosion
resistance, and low coefficient of thermal expansion'*?'
reckoned as an ideal reinforcement for the contact material.

1 it is

However, the investigations of electrical behavior of AgZrB,
contact material are rarely reported.

In this research, the AgZrB, electrical contact materials
with different contents of ZrB, were prepared by powder
metallurgy. The arc erosion and material transfer behavior of
AgZrB, contact materials were investigated, and their
mechanisms were also discussed.

1 Experiment

The raw materials were dendritic Ag powder (99.9% purity,
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average particle size of 50 pum) and ZrB, powder (99.9%
purity, average particle size of 1 um), and their morphologies
observed by scanning electron microscope (SEM) are shown
in Fig.1a and 1b, respectively. Firstly, the Ag powder and ZrB,
powder were dispersed in anhydrous ethanol by ultrasonic
processing, followed by mechanical stirring, and vacuum
drying. Subsequently, the dried powders were mixed at 300
r/min for 4 h in KQM-YB/B planetary ball mill. Finally, the
mixed powder was sintered at 750 ° C under 35 MPa in
LABOX-330 spark plasma sintering furnace with vacuum of
0.1 Pa. The heating rate was 30 °C/min. Fig.lc and 1d show
SEM morphologies of the milled compound powder. The
electrical conductivity of the contact material was measured
by the Model 7501 eddy current gauge, and the relative
density was determined by the Archimedes method. The
hardness test was performed by the DHV-1000Z digital
microhardness tester, and the mean value of 10 experiment
results was used for analysis.

The sintered bulk materials were sliced into the specimens
with diameter of 3.8 mm and length of 8 mm. The electric
contact tests were conducted under the resistance load of
direct current of 24 V/10 A for 5000 operations on the JF04D
electric contact test system. The electrode gap, contact force,
and switching on-off frequency were 1.5 mm, 0.4 N, and 1
Hz, respectively. The arc duration and arc energy were
automatically collected by the electric contact system. The
three-dimensional (3D) and two-dimensional (2D) profiles
were measured by LEXT OLS4000 laser scanning confocal
microscope. The eroded morphologies were observed by the
JSM-6700F SEM  coupled with energy dispersive
spectroscope (EDS). The chemical composition of the eroded
surfaces was examined via the XRD-7000 X-ray
diffractometer (XRD) and the ESCALAB 250Xi X-ray
photoelectron spectroscopy (XPS). The mass change of the

contact materials after the electrical contact tests was
determined by the FA1104J electronic balance.

2 Results and Discussion

2.1 Microstructure characterization

Fig. 2 displays SEM microstructures of AgZrB, contact
materials with different ZrB, contents. The gray area is the Ag
matrix, while the black area is ZrB,. Obviously, a large
deformation occurs on the Ag particles after milling. Some
ZrB, particles are distributed around the deformed silver
phase, and other ZrB, particles are embedded in the Ag
matrix. Additionally, it is also observed from Fig.2b and 2c
that ZrB, particles tend to agglomerate when the ZrB, content
exceeds 5wt%. Fig.2d and 2e show EDS Ag and Zr element
distributions of AgZrB, contact materials with 5wt% ZrB,.
EDS analysis result of the point M marked in Fig.2c is shown
in Fig.2f.

2.2 Properties of bulk AgZrB, contact materials

The relative density, electrical conductivity, and hardness of
the bulk AgZrB, contact materials are shown in Table 1. It can
be seen that the high ZrB, content results in higher hardness
value, but the relative density and electrical conductivity of
the AgZrB, contact material decrease with increasing the ZrB,
content. Since the pores tend to form in the reinforcement
clusters, ZrB, with higher content is much easier to
agglomerate and thus reduces the relative density. Moreover,
the pores existing among ZrB, particles also cause the
obstacle to electron transport, thereby resulting in the
decreased electrical conductivity. The improvement of
microhardness can be attributed to the introduction of ZrB,,
which blocks the dislocation movement.

2.3 Arc energy and duration

The arc erosion resistance of AgZrB, materials is evaluated
through the arc energy and duration, as shown in Fig. 3.

Fig.1 SEM morphologies of raw Ag powder (a), raw ZrB, powder (b), and milled compound powder (c, d)
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Fig.2 SEM microstructures of AgZrB, contact materials with 3wt% ZrB, (a), 5wt% ZrB, (b), and 7wt% ZrB, (c); EDS element distributions of
Ag (d) and Zr (e) in AgZrB, contact materials with Swt% ZrB,; EDS analysis result of point M marked in Fig.2c (f)

Table 1 Relative density, electrical conductivity, and hardness of

different AgZrB, contact materials

ZrB, content/  Relative Electrical Hardness,
wt% density/%  conductivity/%IACS HV/MPa
3 98.9+0.1 90.8+0.3 599.7£9.8

5 96.2+0.1 85.5+1.5 669.3+13.7

7 95.7+0.1 75.8+1.7 690.9+15.7

According to Fig.3a and 3b, the Ag-3wt% ZrB, and Ag-5wt%
ZrB, contact materials present good stability in the make-arc
energy and duration with increasing the operation times. The
Ag-3wt% ZrB, contact material has the low average arc
energy and short arc duration, which are 0.53~1.10 J and 9.18~
18.75 ms, respectively. Nevertheless, the Ag-5wt% ZrB,
contact material has the average arc energy of 3.56~4.90 J and
the average arc duration of 36.97~50.39 ms, which are much
larger those of the Ag-3wt% ZrB, and Ag-7wt% ZrB, contact
materials. For the Ag-7wt% ZrB, contact material, the make-
arc energy and duration are 1.02~2.78 J and 18.40~47.87 ms,
respectively, which are obviously lower than those of the Ag-
5wt% ZrB, contact material but higher than those of the Ag-
3wt% ZrB, contact material. In addition, the make-arc energy
and duration of all AgZrB, contact materials have small
fluctuations.

Fig. 3¢ and 3d show the change of break-arc energy and
break-arc duration with increasing the operation times,
respectively. Evidently, the Ag-3wt% ZrB, contact material
displays better break-arc stability, and the average break-arc
energy and duration are 0.10~0.16 J and 1.80~3.00 ms,
respectively. However, for the Ag-5wt% ZrB, and Ag-7wt%
ZrB, contact materials, the break-arc energy and duration have

large fluctuations during operation. The break-arc energy and
duration of Ag-5wt% ZrB, contact material are 0.01~0.25 J
and 0.07~2.88 ms, respectively; while the break-arc energy
and duration of Ag-7wt% ZrB, contact material are 0.02~0.17
J and 0.42~3.43 ms, respectively.

2.4 Morphologies and chemical composition of arc-eroded

electrodes

Fig.4 shows 3D and 2D profiles of the eroded anodes and
cathodes after 5000 operation times. According to Fig.4a and
4b, a small number of shallow corrosion pits occur on the
anode surface of Ag-3wt% ZrB, contact material. Some small
protrusions appear at the cathode center and the slight erosion
occurs at the cathode edge, as shown in Fig. 4c and 4d.
According to Fig.4e and 4f, it is found that the anode of Ag-
5wt% ZrB, contact material has serious arc erosion and the
contact surface is seriously deformed. Some large corrosion
pits appear at the edge of the cathode surface, as shown in
Fig. 4g and 4h. Compared with Ag-5wt% ZrB, contact
material, the electrode surface of Ag-7wt% ZrB, contact
material is slightly eroded, as shown in Fig.4i~41. Among the
three contact materials, the most severe erosion occurs in the
Ag-5wt% ZrB, contact material, followed by the Ag-7wt%
ZrB, contact material. The Ag-3wt% ZrB, contact material has
the slightest erosion due to the low arc energy. The higher the
arc energy, the more serious the arc erosion.

Fig.5 shows the eroded morphologies of the contact surface
of different AgZrB, contact materials after 5000 times of
operation. Apparently, the erosion surface of Ag-3wt% ZrB,
contact material is relatively flat and smooth, as shown in
Fig.5a. However, for the Ag-5wt% ZrB, and Ag-7Twt% ZrB,
contact materials, there are a large number of solidified silver
traces in the erosion area, suggesting the rough and serious
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Fig.3 Relationships of make-arc energy (a), make-arc duration (b), break-arc energy (c), and break-arc duration (d) with operation time for

AgZrB, contact materials with different ZrB, contents
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Fig.4 3D and 2D profiles of anodes and cathodes of different AgZrB, contact materials after 5000 times of operation: (a~d) Ag-3wt% ZrB,,

(e~h) Ag-5wt% ZrB,, and (i~1) Ag-7wt% ZrB,

erosion. Fig.5d shows EDS Ag, Zr, and O element distribu-
tions of the eroded surface of Ag-5wt% ZrB, contact material
corresponding to Fig.5b. It is visible that a small amount of O
element exists in the eroded surface around Ag and Zr.

XRD pattern of the eroded surface of Ag-7wt% ZrB,

contact material is shown in Fig. 6a. It is obvious that the

contact surface is composed of Ag, ZrB,, and ZrO, phases,

indicating that partial ZrB, is oxidi

zed into ZrO, during the

electrical contact tests. It should be noted that B,O, cannot be

detected, which is mainly due to its

low boiling point (1860~
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Fig.5 Erosion surface morphologies of Ag-3wt% ZrB, (a), Ag-5wt% ZrB, (b), and Ag-7wt% ZrB, (c) contact materials after 5000 times of

operation; corresponding EDS element distributions in Ag-5wt% ZrB, contact material (d)

2250 °C), compared with the arc temperature. Because of the
high temperature, B,O, generated by the reaction vaporizes
and escapes from the electrode surface™?", thus resulting in a
few residues of B,0O, on the electrode surface. XPS analysis
was also conducted. As shown in Fig.6b~6e, the peaks of Ag
3d at 368.1 and 374.15 eV confirm the zero valent state of Ag.
The two peaks of Zr 3d (Zr 3d,, at 183.2 eV and Zr 3d,, at
185.4 eV) correspond to ZrO,, and the peak of B Is at 192.4
eV corresponds to B,0O,*". It is found that the correlation peak
of B,O, is much weaker than that of ZrO,, which is related to
the gasification of B,O, under high temperature arc. In
addition, the O 1s spectrum is composed of two peaks, and the
O 1s peak at 533.0 eV can be attributed to the oxygen in B,0O,
lattice™. Therefore, it can be confirmed that the B,O, is
generated during the electrical contact tests.

As an ultra-high temperature conductive ceramic, the ZrB,
has high melting point and excellent electrical and thermal
conductivity. Due to the good thermal conductivity of ZrB,,
the energy can easily be transferred from the contact surface
and the surface temperature is reduced during the electrical

[26,27

contact tests®™”. Once the temperature is above 800 ° C,
partial ZrB, is oxidized progressively into ZrO, and B,O,,
which can be expressed by Eq.(1)***", as follows:

27rB,+50, (g)—2Zr0,+2B,0, (1

The Gibbs free energy of the reaction in Eq.(1) is shown in
Fig. 6f. These oxidation products affect the arc erosion
resistance of AgZrB, contact materials. Due to the low thermal
conductivity of ZrO,"””, the formation of ZrO, reduces the heat
transfer and oxygen diffusion towards the underlying material,
thereby hindering the further oxidation reaction”'". Besides,
the evaporation and heat absorption of B,0, can also
effectively reduce the temperature of electrode surface®'.
Thus, the combined effects reduce the volatilization of molten
silver and the content of charged particles in the electrode gap,

promoting the rapid extinction of arc. Hence, the Ag-3wt%
ZrB, contact material has the low and stable arc energy and
duration with superior electrical characteristics.

With increasing the ZrB, content, the non-conductive
oxides, such as ZrO, and B,0, ceramics, are further increased
on the contact surface. ZrO, has little impact on the arc,
because the O, generated by ZrO, decomposition under the arc
action acts as the role of arc extinguishing. Zr ions are
oxidized or dissolved in the Ag molten pool again during the
cooling process, and the surface content reaches the dynamic
equilibrium under the action of multiple arcs. As for the B,0O,
products, partial B,O, is evaporated and dissipated, while the
rest B,O, decomposes to form B and O,. Then, the B is
oxidized again to generate B,0,. These non-conductive B,O,
and B with very low density (B,O,: 2.46 g/cm’; B: 2.34 g/cm’)
are easy to aggregate on the eroded surface, resulting in the
increased contact resistance, rapid temperature rise, and
reduced arc stability. Therefore, the Ag-5wt% ZrB, contact
material with higher arc energy and longer duration has more
severe arc erosion. For Ag-7wt% ZrB, contact material, the
formation of more B,0, products causes the change of the
contact surface properties, resulting in the unstable arc.
Meanwhile, due to the densification and continuity of the
oxide film, it is difficult for the silver to melt or vaporize,
thereby reducing the concentration of metal ions in the pole
gap, causing the difficulty in maintenance of the normal arc
combustion, and even destroying the normal conduction of
electrical contacts. As a result, the Ag-7wt% ZrB, contact
material with relatively lower arc energy and shorter duration
presents less arc erosion, compared with the Ag-5wt% ZrB,
contact material.

2.5 Material transfer

Fig. 7 shows the mass changes of different contact pairs

after 5000 times of operation. Generally, the material transfer
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mode can be well reflected by the mass change. For the Ag-
3wt% ZrB, contact material, the anode mass loss is 0.5 mg,
the cathode mass gain is 0.2 mg, and the total mass change is
-0.3 mg. For the Ag-5wt% ZrB, contact material, the anode
mass loss is 4.2 mg, the cathode mass gain is 1.9 mg, and the
total mass change is —2.3 mg. These results display that the
material transfer occurs from anode to cathode for these two
contact materials. For the Ag-7wt% ZrB, contact material, the
anode mass does not change, which is mainly due to the
balance between the volatilization of partial anode and the
partial material transference from the cathode. However, the
cathode mass loss is 1.9 mg. Thus, the total mass change is
—1.9 mg. This result reveals that the transfer mode of contact
material changes as the material transference from cathode to
anode.

The change of material transfer mode can be explained by
the following reasons. According to the splash and deposition
model of micro-particles™, the metallic phase arc and gaseous

phase arc are in the dominant state. For the metallic phase arc,
the electrons are emitted from the cathode and gain energy
under the action of thermal and electric fields, which can
accelerate the material transfer to the anode. The metal vapor
is bombarded by electrons to generate metallic ions which are
deposited on the cathode under the action of electric field,
thus causing the material transfer from the anode to cathode.
For the gas phase arc, the gas ions play a dominant role in the
electrode gap. The cathode is bombarded by gas ions, and the
sputtered particles have sufficient energy to transfer from
cathode to anode and then are deposited on the anode.
Therefore, the materials transfer from cathode to anode. Since
the melting point of Ag (961.8 °C) is far below that of ZrB,
(3040 °C), Ag is preferentially melted during the electrical
contact process, thus leading to the formation of molten Ag
pool on the contact surface. In addition, because Ag is easier
to evaporate than ZrB,, a large amount of Ag is ionized into
Ag'/Ag” ions which surge into the electrode gap. Due to the
small electrode gap, the metal ions have the higher concen-
trations than the gas ions (N*, N*', O*", O") between electrodes
do. Therefore, the metallic phase arc plays a dominate role
during the arc discharge. As a result, the transfer mode of Ag-
3wt% ZrB, and Ag-5wt% ZrB, contact materials is the
transference from anode to cathode, as shown in Fig.8a.

For the Ag-7wt% ZrB, contact material, the content of
oxide film increases on the contact surface, which reduces the
Ag volatilization and causes the low concentration of Ag ions
in the electrode gap. When the electrode pairs are separated,
fewer and fewer particles can maintain the stable combustion
of the arc. Therefore, the ionized gas ions of atmosphere
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become the dominant medium between anode and cathode.
These gaseous cations are accelerated under the action of
electric field and bombard the cathode, causing the cathode
particles to splash and to be deposited on the anode.
Therefore, the transfer mode of Ag-7wt% ZrB, contact
material is the material transference from cathode to anode, as
shown in Fig.8b.

3 Conclusions

1) The Ag-3wt% ZrB, contact material has stable and low
arc energy and short arc duration, indicating the excellent arc
erosion resistance. This is attributed to the combined action of
ZrB, and the trace formation of ZrO, and B,O, by-products.

2) The increased ZrB, content causes the formation of more
B,O, products, which results in the increased contact
resistance, rapid temperature rise, and serious arc erosion.
Moreover, the aggregation of excessive B,O, products
influences the electrical conductivity of the contact materials.

3) The appropriate addition of ZrB, is beneficial for the
enhancement on the arc erosion resistance of Ag-based contact
materials.

4) The material transfer mode of Ag-3wt% ZrB, and Ag-
Swt% ZrB, contact materials is from anode to cathode,
whereas the Ag-7wt% ZrB, contact material has an opposite
transfer mode.
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FA AgZrB, il S A4 FHB I 2 K R S RE

OfHaan, EHME, 3 8, WE2, dkdh, ZhT, BRCH
(THLF TR MBERES TSR, B U2 710048)

B OF: CRAEA. RS S RS MG G Tk % T AR ZB, E R’ 3%, 5%, 7%, FESED HHH AgZiB, il kAR,
FiE i e P IR I 1 AR IR DRI R AL AT . SRR, ZiB, & B R E 0 AgZrB, fil kAT BT FE IR Mk RE . Ag-
3% ZiB, il kAP RLBA R B /20 WHER I RE AN FRRERIN ], 2RI B RO TR FE SR b R (U, 1 20 1 ZeB, 2 2 80 i i) A A 45K
AE B AN A ) P BRI 8], 5 HL 20 TR I e R AN () 27 AR BOR 3l ARSIV A g 7 2, X B T 1) ZeB, AN T3 v g Sk it
BHTE IR M ERE . BRAh, Ag-3% ZiB, M Ag-5% ZrB, filt S A4 BEEAT 1 A A RHFE RS B —— AR R BB e B2, T Ag-7% ZiB, fir =k
AU S T A S A R AR 5 —— A A 1) P AR 7%

KSR AREEA: ZeB, HIIUR L MORHERS

PEFE I BN, 22, 19904F4, W14, PP T RSMRRYE THR%, Bih M2 710048, E-mail: qyrxa_2021@126.com



