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Al,03-Cu/(25)W(5)Cr and Al,03-Cu/(35)W(5)Cr electrical contact materials were fabricated by vacuum hot-
pressing sintering and internal oxidation. The relative density, electrical conductivity, and Brinell hardness were
measured. The microstructure was analyzed by scanning electron microscopy and transmission electron mi-
croscopy. JFO4C electrical contact testing apparatus were used to investigate the electrical contact performance
of composites. Arc erosion morphologies were analyzed by scanning electron microscopy and three-dimensional
profilometer. The material transfer as well as electrical contact performance were studied during contact make
and break operations at 30 V DC with current between 10 and 30 A. It indicates that the nano-Al,O3 particles
pinned dislocations. Material transfers from the cathode to the anode. With the melting, evaporation, and
sputtering of Cu during arcing, W particles gather and generate needle-shaped skeletons. Finally, liquid droplets,
needle-like structures, craters, and bulges were formed on electrode surfaces after arc erosion. Furthermore, their
quantity and morphology are affected by tungsten content. When the content of W in the dispersed copper
matrix increases from 25 wt% to 35 wt%, welding force is reduced during the steady operations. In addition,
when the arc duration is greater than 8.86 ms, the Al,05-Cu/(35)W(5)Cr contact material has a shorter average
arc duration than Al,03-Cu/(25)W(5)Cr at the same arc energy.

Material transfer
Welding force

1. Introduction

Electrical contacts are widely used in electric power systems, au-
tomation, aerospace industry and other fields due to their outstanding
electrical contacting properties [1]. These devices play a significant role
in connecting circuits, conveying power, and breaking circuits. A
variety of physical and chemical erosion processes, including high
temperature, welding, wear, and arc discharge take place during in-
itiation, maintenance, and breaking of electric contact [2-4]. As a key
component of electrical switches, relays, connectors and circuit
breakers, the comprehensive performance of electrical contact material
determines the overall performance and service life of electrical switch.
According to its function in different situations, some essential re-
quirements of electrical contact material are as follows: outstanding
wear and arc erosion resistance, good welding performance, high
thermal conductivity and low contact resistance [5].

The compatibility between the secondary phase and the matrix in
composite materials can be effectively improved due to the

homogeneous microstructures by in-situ reactions. Nano-Al,O3 oxide-
dispersion-strengthened copper not only has high strength and con-
ductivity, but also high recrystallization temperature and good thermal
stability. Due to the strong pinning effects on the grain boundaries and
sub-grain boundaries with high dislocation density. Tian et al. [6] have
indicated that the Al,O3 nano-particles can effectively strengthen the
composite. Bera et al. [7] reported that the hardness and wear re-
sistance of the Cu-10Cr-3Ag electrical contact sample increase sig-
nificantly with the addition of nano-Al,O5 particles. Tungsten has a
high melting point, high density, high hardness, high strength, and a
low thermal expansion coefficient, which result in good arc erosion and
welding resistance. Thus, the composite material can be used in elec-
trical contacts. Chromium has good welding resistance, high melting
point and strength, small intercepting value, and great affinity to
oxygen, which ensures a good inhalation capacity of the contacts. Cu-W
and Cu-Cr contact materials have been proved as reliable contact ma-
terial for vacuum switchgear. Chang et al. [8] found that the average
welding force of Cu-Cr-W-C alloys is reduced more than 50% compared
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with the Cu50Cr50 alloy. Yokokura et al. [9] found that CuW has a
lower restriking probability than CuCr. Li et al. [10] reported that the
addition of W can improve the contact welding resistance of the CuW
composite materials. In order to improve welding resistance of the
contact material used in medium voltage vacuum interrupters, Nicolle
et al. [11] found WCu (10-30% of copper) has much better welding
resistance than CuCr (25-50 wt% Cr).

In this paper, Al,03-Cu/(25)W(5)Cr and Al,03-Cu/(35)W(5)Cr
contact materials were successfully fabricated by vacuum hot-press
sintering and internal oxidation methods. The relative density, elec-
trical conductivity, and Brinell hardness were measured. JFO4C elec-
trical contact testing apparatus was used to investigate the electrical
contact performance of the composites. The mass transfer and loss
mechanisms of different contact materials were studied. The welding
force along with the arc duration under different current values was
investigated.

2. Experimental
2.1. Samples manufacturing

Cu-0.4Al (Al 0.4 wt%, purity > 99.9%) alloy particles and CuyO
particles ranging from 2 um to 5 um in size were used to prepare Al,O3
nano-particle oxide-dispersion-strengthened copper matrix. Cr powder
(purity > 99.9%) with an average particle diameter of 44 ym and W
powder (purity > 99.9%) with an average particle diameter of 5pum
were used for additional strengthening. Fig. 1 shows the morphology of
the different powders characterized by the JSM-5610LV scanning
electron microscope. Table 1 shows the composition of Al,O3-Cu/(W,
Cr). Before sintering in a ZMY-50-15 molybdenum wire vacuum hot-
press sintering furnace, powders were adequately mixed in a YH-10
mixer for 2 h using a ball-to-powder weight ratio of 10:1. Copper balls
were used as grinding media. The sintering process parameters were
3-4 Pa vacuum, 10 °C/min heating rate, 15 MPa contact pressure ap-
plied at 650 °C and held for 1 h, continued by heating to 950 °C held for
1h, then dropping the temperature to 100 °C prior to sample removal.

2.2. Microstructure characterization

The Sigma2008B1 digital instrument was used to measure the
electrical conductivity of as-sintered samples. The relative density was
measured and calculated by the Archimedes drainage method using
hydrostatic balance. Brinell hardness measurement was carried out
with HB-3000B Brinell hardness tester with a load of 2500 N held for
30 s according to the GB/T231.1-2009 standard. Each hardness value is
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Table 1

Composition of the Al,O3-Cu/(W, Cr) composites in wt.%.
Composite Cu-0.4%Al1 Cu,0 w Cr
Al,03-Cu/(25)W(5)Cr 66.67 3.33 25 5
Al,03-Cu/(35)W(5)Cr 57.14 2.86 35 5

the average of the top and bottom surface measurements. The micro-
structure of as-sintered samples was analyzed by the JSM-7800F field
emission scanning electron microscope and the JEM-2100 transmission
electron microscope.

2.3. Electrical contact testing

As-sintered composites were cut into ®3.8 mm X 8 mm size cy-
lindrical specimens by wire-electrode cutting machine, and then used as
the anode and the cathode electrical contacts. The specimen surfaces
were grinded and polished. The specimens were weighed by the
FA2004B electronic balance before and after the predetermined op-
erations, with each data point representing the average result of 5 op-
erations. The mass transfer and the loss of the contacts suffering arc
erosion, /\m, was calculated as follows,

Am = my-m,

Here, m, is the electrode mass after electrical contact testing and, m; is
the specimen mass before electrical contact testing.

Ten thousand contact cycles were performed on the JFO4C electrical
contact testing apparatus, which is shown in Fig. 2. These tests were
conducted under the argon atmosphere. The bottom contact was sta-
tionary and served as a cathode, while the top contact was movable.
The test was carried out in the constant current mode with the voltage
set to 30 V DC and the current set to 10, 20, 25, and 30 A. The contact
force was 0.4-0.6 N and the contact breaking frequency was 1 Hz. Fi-
nally, the specimens were weighed again after the test. Three contact
samples were tested in this paper for the repeatability of experimental
results. The arc erosion morphology of the contacts was analyzed by the
JSM-5610LV scanning electron microscope and the three-dimensional
profilometer.

3. Results
3.1. Properties and microstructure

Fig. 1 illustrates the SEM morphology of different kinds of raw

Fig. 1. SEM images of the feedstock powder: (a) Cu-0.4 wt% Al; (b) W; (c) Cr; (d) Cu,0; (e) mixed powder of Al,03-Cu/(25)W(5)Cr; (f) mixed powder of Al,O3-Cu/

(35)W(5)Cr.
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Fig. 2. JFO4C electrical contact testing apparatus.

powders used in the Al,03-Cu/(25)W(5)Cr and Al,03-Cu/(35)W(5)Cr
composites before and after mixing. It is seen that the powder used in
the two composites was mixed homogeneously (Fig. 1(e) and (f)).
Table 2 shows the comprehensive properties of the two kinds of
composites. The relative density of the composites was above 97%.
When the W content was increased from 25 wt% to 35 wt%, the elec-
trical conductivity of the as-sintered samples decreased from 67.28 %
TACS to 62.20 %IACS. However, Brinell hardness increased from 102.31
HBW to 126.78 HBW. The electrical conductivity is one of the most
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Table 2
Comprehensive properties of the Al,03-Cu/(W, Cr) composites.

Composite Relative Electrical conductivity,  Brinell hardness,
density, % %IACS HBW
Al,05-Cu/(25)W 97.25 67.28 102.31
(5)Cr
Al,03-Cu/(35)W 97.62 62.2 126.78
(5)Cr

significant factors for evaluating the performance of electrical contacts.
Electrical properties of composites are affected by the dispersed Cu
matrix, which is higher than that of W particles. In addition, W and Cu
are incompatible, which increases matrix imperfections. Therefore, the
residual porosity in the sintering process and the internal stresses be-
tween the added phase particles and the matrix will enhance electron
scattering. Furthermore, Brinell hardness is affected by the Al,O3 and W
nano-particles distributed in the matrix. The pinning effect of Al;O3 and
W particles causes tangles and intersection of dislocations, obstructing
their movement. In addition, the hardness of the composite material
increases due to the reaction force of the dislocation ring on the dis-
location source caused by dislocation pile-up. This phenomenon can be
seen in Fig. 4(d).

— 100pm JEOL 5/7/2018
20.0kV LED SEM WD 8.0mm 18:06:18

0 LA A i e A 0 0 S S SO SO S S S )
© 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36

o in
Cu Kal Cu Kad
2000 2000}
1600~ 1600~
j05] ) 1
200~ 800~ C K
Cu Kal o u Ka
400 &
.......... R PRI e LI v O, U S ETIAREL < T LT ROCROIe. | P
o 2 a 6 8 10 12 14 o 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36
n b

Fig. 3. SEM images, corresponding EDS maps at high magnification and element line scans (a, ¢ ,e) Al,O3-Cu/(25)W(5)Cr; (b, d, f) Al,03-Cu/(35)W(5)Cr.
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Fig. 4. TEM images of the Al,05-Cu/(35)W(5)Cr composite: (a, ¢, d, €) HRTEM images; (b, f) Selected area electron diffraction pattern and indexing.

SEM images, low-magnification EDS layered superposition images
and corresponding element mapping of two composites, EDS line scans
are shown in Fig. 3. As seen in Fig. 3(a) and (b), the two kinds of
composites have a compact structure without defects such as pores and
particle clumping. W and Cr particles are distributed uniformly in the
dispersed copper matrix, where small particles are W and larger par-
ticles are Cr. The EDS line scans reveal that there is no mutual solubility
between Cu and W, while there is a very narrow transition region be-
tween Cr and Cu.

The Al,05-Cu/(35)W(5)Cr composite microstructure, which was
analyzed by transmission electron microscopy, is shown in Fig. 4. As
seen in Fig. 4(a), a large number of Al,O3 nano-particles are distributed
in the copper matrix. Fig. 4(d) shows dislocations intersections and
tangles caused by the Al,O3; nano-particles pinning dislocations. The
Orowan strengthening effect contributes to good mechanical properties
of the Al,03-Cu/(W, Cr) contact materials. Fig. 4(c) shows orderly
distributed twins. It is known that twin boundaries have the same ef-
fects as hindering dislocation migration and grain boundaries. Twin
boundaries reduce the average movement of dislocations. Thus, they
can increase the dislocation density and material hardness [12-15].
These effects also improve the arc erosion resistance of the contact
material.

3.2. Material transfer

Due to the arc erosion, the transfer and loss of contact material
directly affect the service life of electrical contacts and leads to com-
ponent failure eventually. When arc erosion takes place, the material is
separated from the electrodes by evaporation, liquid spatter or
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detachment due to the input of the arc heat flux and arc force on the
electrode surface.

Fig. 5 shows the mass change of contacts with 30 V DC, 10-30 A.
Compared with the results of the first test (Fig. 5(a) and (b)) and the
other repeated tests twice (Fig. 5(c) and (d)), different specimens of the
same material presented similar mass change trends. Considering the
experimental fluctuations and results repeatability, Fig. 5(c) and (d)
represent the mass change characteristics better. For the Al,03-Cu/(25)
W(5)Cr contacts, the cathode mass loss and the anode mass gain took
place from 10 A to 30 A. Two stages can be seen in Fig. 5(c). From 10 A
to 25 A, the net transfer rate increased with the current. However, both
the anode mass and the cathode mass at 30 A had less change than that
at 25 A. For the Al,03-Cu/(35)W(5)Cr contacts in the repeated tests, the
cathode mass loss and the anode mass gain took place under all con-
ditions. In addition, the mass change value increased consistently with
the current increase from 10 A to 30 A. According to Fig. 5, all the total
mass change value were negative, i.e., the anode mass gain was not
equal to the cathode mass loss. This indicates a material loss to the
environment.

Due to the low current and low temperature of arc column from 10
A to 25 A, less charged particles were produced by collision and thermal
ionization. In order to maintain the arc, electrons need to be emitted
from the cathode. Positive ions accumulating in the cathode surface
area resulted in the higher electric field intensity. At the same time, the
arc constriction in the cathode area increased the current density. As a
result, more particles near the cathode were ionized. Thus, positive ions
accumulated and arc constriction in the cathode area increased the heat
flux which was input into the cathode [16]. Consequently, the material
transferred from the cathode to the anode. The mass transfer directions
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Fig. 5. Mass change after different tests: (a) and (b) the first test; (c) and (d) the repeated tests.

of the Al,03-Cu/(25)W(5)Cr and Al,0Os-Cu/(35)W(5)Cr contacts were
from the cathode to the anode with the current increased from 10 A to
25 A. On the contrary, the number of charged particles at 30 A was
more than at 25 A. Maintaining the arc no longer depended on arc
constriction in the cathode area and ionization of the electrons which
were emitted from the cathode. Then the arc constriction phenomenon
in the cathode area disappeared. In order to maintain the arc, the arc
column in the anode area constricted. Instantaneous and concentrated
heat flux was inputted into the anode contact. Thus the material
transferred from the anode to the cathode. Although the material
transfer direction changed, the material which transferred from the
cathode to the anode predominated the final transfer direction. Hence
when the current was set to 30 A, both the anode and cathode mass of
the Al,03-Cu/(25)W(5)Cr had less change than that at 25 A.

However, the Al,03-Cu/(35)W(5)Cr contacts have higher tungsten
content. Tungsten has a high melting point, low saturated vapor pres-
sure, high latent heat of fusion and vaporization. Thus, the Al,03-Cu/
(35)W(5)Cr contacts produced fewer particles due to collision and
thermal ionization at 30 A. Maintaining the arc still depended on arc
constriction in the cathode area and ionization of the electrons which
were emitted from the cathode. Thus, the material cannot transfer from
the anode to the cathode. The mass change value increased consistently
from 10 A to 30 A.

In order to investigate and explain material transfer in the process of
arc discharge, Chen et al. [17] proposed the particle sputtering and
deposition (PSD) model. In the model, the discharge ions in the metallic
phase and gaseous phase play different roles in the material transfer
process. In the metallic phase, the arc takes place in metal vapor, and
charged particles are mainly electrons, and metal ions, etc. This causes
electron sputtering on the anode and ion deposition on the cathode.
Thus, material transfers from the anode to the cathode. In the gaseous
phase, the dominant particles include gaseous ions and metal atoms.
When the cathode is bombarded by the gaseous ions, sputtering occurs
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and cathode particles transfer to the anode. Jemaa et al. [18] reported
that the transition from an anodic arc stage to a cathodic arc stage takes
place at a critical arc length. As a result, arc erosion is caused by the
combined action of these stages, in which the dominant process ulti-
mately determines the electrode material transfer direction. When W is
added to the dispersed copper matrix, the hard needle-shaped skeleton
left after arc erosion can restrict the flow of molten metal. For the
Al,05-Cu/(W, Cr) contact materials, the material which transferred
from the cathode to anode predominated the final transfer direction.

3.3. Arc erosion morphology

Fig. 6 shows the three-dimensional morphology of the two electrical
contacts after arc erosion under 30 V DC, 20 A. Obviously, remarkable
changes took place on the surface. The three-dimensional models can
contribute to the analysis of the arc erosion process. As seen in Fig. 6,
some peaks and craters are formed on the anode and cathode surfaces,
respectively.

Fig. 7(a-d) show low-magnification images of the two electrical
contacts surfaces after 10000 cycles at 30 V DC, 30 A. It is seen that the
contact surfaces of both materials are affected by arc erosion. Many
hills and craters are formed on the anode and the cathode surfaces,
respectively. It can be seen that the morphology of the cathode in
Fig. 7(d) contains a smaller quantity and shallower craters compared
with Fig. 7(c). In addition, coral structures and a large bulge can be
seen on the anode contact surface in Fig. 7(a), which are not present in
Fig. 7(b).

Fig. 8 shows EDS results of the two different as-sintered materials
and complete electrode surface after the arc erosion test. For the Al,Os-
Cu/(25)W(5)Cr anode, Cu content slightly increased after arc erosion,
while Cu content of the Al;03-Cu/(35)W(5)Cr contact material slightly
decreased. For the cathode, Cu content of both materials significantly
decreased, while W content significantly increased. The reason is that
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Cathode

Fig. 6. Three-dimensional morphology of: (a, ¢) Al;05-Cu/(25)W(5)Cr and (b, d) Al,03-Cu/(35)W(5)Cr at 30 V DC, 20 A. Vertical scale is in pm.

W has higher melting and boiling points, which reduce material eva-
poration during the arc erosion process compared with Cu. Thus, the
rate of material loss of W during arc erosion is lower than that of Cu.

Fig. 9 shows high-magnification images of two materials’ contact
surfaces after arc erosion at 30V DC, 30 A. Liquid droplets, needle-like
structures, craters, and bulges were formed on the electrode surfaces
after arc erosion as seen in Fig. 9(a), (b), Fig. 9(c), and Fig. 9(d), re-
spectively. These are typical surface features of arc erosion. Further-
more, a liquid spreading phenomenon took place on the cathode

surface, seen in Fig. 9(c) and (d), with many coral structures located
nearby in boxed areas 2 and 4. The initial phase of opening contacts
produces a molten metal bridge. The arc forms due to the bridge rup-
tures close to or above its boiling temperature when the contacts con-
tinue to open. The high temperature of the electric arc formed during
the process of contact separation melts the surface of the contact into a
molten pool. Due to the low melting and boiling temperatures, the Cu
melts first and spatters, causing material transfer and loss [19,20]. As
temperature drops, the material solidifies and forms a spiral

Fig. 7. SEM low magnification images of arc erosion of: (a, ¢) Al;03-Cu/(25)W(5)Cr and (b, d) Al,03-Cu/(35)W(5)Cr.
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Fig. 8. Element surface analysis of two different as-sintered materials and complete electrode surface after arc erosion tests.

morphology, while W particles gradually gather to form many needle-
shaped skeletons. This can be proven by EDS results in Fig. 10.

Fig. 10 shows EDS results of the two different as-sintered samples
and four boxed areas from Fig. 9. According to Fig. 10, the Cu content
of the area 1 on the anode surface in Fig. 9(a) reached 85.9 wt%, which
is much higher than the Cu content in the as-sintered sample. It should
be noted that the W content of the area 3 is 70.3 wt%, which is sig-
nificantly higher than the W content in the as-sintered sample. Areas 2
and 4 contain many coral structures, and EDS data illustrates that the W
content in areas 2 and 4 reached 54 wt% and 53.6 wt%, respectively.

4. Discussion
4.1. Welding force

Arcing occurs during making and breaking electrical contact asso-
ciated with material transfer and welding, which eventually leads to
material failure. Laurent et al. [21] had announced that welding occurs
at the beginning of the bounce. Arcing causes the contacts’ surface to be
heated to the melting point. After the arc is extinguished, material

Oplo i p e

®

I
C

Fig. 10. Elemental surface analysis of two different as-sintered samples and
four boxed areas.

Fig. 9. SEM high magnification images of arc erosion of: (a, ¢) Al,03-Cu/(25)W(5)Cr and (b, d) Al,03-Cu/(35)W(5)Cr.
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Fig. 11. Relationship between welding force and operation number (a) 30V DC, 10 A; (b) 30V DC, 25 A.

solidification occurs resulting in welding. The research of Yu Li et al.
[22] shows that the melting point, latent heat of melting, latent heat of
gasification, and heat conductivity of the contact material are positively
proportional to welding resistance.

Under the 30V DC, 10 A and 30V DC, 25 A test conditions, the
welding forces of Al,03-Cu/(25)W(5)Cr and Al,Os-Cu/(35)W(5)Cr
contact materials, with each data point representing the average result
of 100 breaking operations, are shown in Fig. 11. It can be seen from
Fig. 11 that as current increases, the average welding force between
Al,03-Cu/(25)W(5)Cr and Al,0O3-Cu/(35)W(5)Cr changes a little, but
the fluctuation range gradually increases. Under 30V DC, 25 A, the
average welding forces of the two contact materials are 0.31 N and
0.23 N, respectively. However, in the early stage of testing, the sample
with 35 wt% W shows larger welding force than the sample with the
25 wt% W. Electrodes contact conditions were different due to different
original morphology, surface roughness and the position of the contact
surface in the early stage of testing. Specifically, the surface roughness
has the greatest effect on the welding force. Thus, the fluctuation of the
welding force took place in the early stage. When the W content in
copper matrix composites increased from 25wt% to 35wt%, the
welding resistance improved. Since W and Cu cannot form a solid so-
lution, a large number of dispersed hard W particles form a needle-
shaped skeleton structure in the welding zone, which has a large
weakening effect on welding.

Based on the welding tendency and welding force of different ma-
terials, Liu et al. [23] established a one-dimensional evaluation mode
expressed by the following equations:

_ @TnCpd
w = T 5
b @
i3
F= k(0.75VT I4,)°3 -0 % —
p(3CTm + H, + ﬁ) )

Here, k,, and F represent welding tendency and welding force, where
higher k,, indicates better welding resistance. ¢, and ¢, are the work
functions of the anode and the cathode material, respectively. T, is the
melting point, C is specific heat, A is the thermal conductivity, and H,,
and H, are latent heat of fusion and vaporization, respectively.

Based on equations (1) and (2), higher p, T,,,, Cp, Hy,, H, and A values
result in better welding resistance of electrical contact material. In this
paper, compared with Cu, W has higher k,, and lower F values. Thus,
with the W content increase from 25 wt% to 35 wt%, the welding force
obviously decreased, i.e. welding resistance performance was en-
hanced.

4.2. Arc duration and energy

Arc duration and energy are important parameters. In addition, they
have an important effect on arc erosion and mass change. The break arc
duration of contact is affected by the contact material, vacuum degree,
breaking speed, load and other factors [24-27]. Furthermore, arc
duration also has a significant effect on arc energy. Fig. 12(a and b)
shows the relationship between arc energy and arc duration of the two
materials at 30 V DC, 30 A. It can be seen from the two curves, that a
linear relationship exists between arc energy and arc duration. After
fitting the data, the two equations are:

E; = 93.46t+68.96 R* = 0.97151 3

(G

The corresponding (R?) values for Eq. (3) and Eq. (4) are 0.97151
and 0.963, respectively. Fig. 12(c) shows the intersection of curves
fitted using equations (3) and (4), which occurs at T, = 8.86 ms.
Thereafter, for the same arc energy, the arc duration of the 35 wt% W
contact is shorter compared to 25wt% W contact. For example, at
points B and C, both materials have 3000 mJ arc energy, but the 25 wt%
W composite undergoes T¢ arc duration while the 35 wt% W composite
undergoes Ty arc duration (Tc > Tg). Thus, the 35 wt% W composite
exhibits better arc extinction performance.

E, = 105.54t-38.07 R? = 0.963

5. Conclusion

(1) Vacuum hot-press sintering and internal oxidation were combined
to fabricate the Al,03-Cu/(W, Cr) composites. Dislocation tangles
caused by the Al,O3; nano-particles pinning were clearly observed
by the high resolution transmission electron microscope.

(2) After electrical contact test under 30 V DC and 10-30 A test con-
ditions, the anodes of Al,O3-Cu/(25)W(5)Cr and Al,03-Cu/(35)W
(5)Cr electrical contact materials experienced an increase in mass,
while the mass of the cathodes decreased. This indicates that the
direction of material transfer was from the cathode to the anode.

(3) Gaseous arc erosion was the main erosion mechanism for the Al,Os-
Cu/(25)W(5)Cr and Al203-Cu/(35)W(5)Cr composites. Liquid
droplets, needle-like structures, craters, and bulges were formed on
the electrode surfaces after arc erosion, and their quantity and
morphology were affected by the tungsten content.

(4) The welding force of the electrical contacts decreased as dispersed
W content increased, i.e. welding resistance improved with in-
creasing W content. Compared with the 25 wt% W composite, the
35wt% W composite experienced shorter arc duration at the same
arc energy when the arc duration was longer than 8.86 ms. The
welding resistance was also improved.
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Fig. 12. Relationship between the arc energy and the arc duration of two materials at 30 V DC, 30 A: (a) Al,03-Cu/(25)W(5)Cr; (b) Al,03-Cu/(35)W(5)Cr; (c) the
intersection of equations (3) and (4).
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