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In order to clarify the relationship between the microstructure and the arc erosion behavior of metal-matrix
composite, Al2O3/Cu composites with different distributions of Al2O3 particles were prepared by high
energy ball milling and powder metallurgy. The effect of milling time on microstructure, properties, and arc
erosion behavior of Al2O3/Cu composite was investigated. The results show that the distribution of Al2O3

particles improves significantly with increase of milling time, but Al2O3 particles will be aggregated if
milling time is too long. The optimal milling time is 24 h in the range of experiments. A uniform distribution
of Al2O3 particles in copper matrix can improve the hardness, electrical conductivity, average breakdown
strength, chopping level, and arc life. With improvement in the distribution of Al2O3 particles, the erosion
area becomes larger, and the erosion pits become shallower and are dispersed more uniformly.
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1. Introduction

The arc behavior of a vacuum breaker is closely related with
the microstructure and properties of contact materials. Contact
materials should satisfy a number of stringent requirements,
such as a large breaking current ability, high breakdown
strength, low chopping current, reliable fusion welding resis-
tance, low arc erosion rate, small thermoelectric emission
effect, excellent electrical conductivity, and high mechanical
strength (Ref 1-4). Up to now, much knowledge on vacuum arc
and cathode spots has been obtained from extensive investiga-
tions of the surface roughness of cathode and the contents of
impurity elements, but the effect of microstructure on vacuum
arc and cathode spots is still obscure (Ref 5, 6). In order to gain
a deep understanding of the electrical properties of contact
materials, it is necessary to study the vacuum breakdown and
the relation of cathode spots and microstructure. Currently, the
Al2O3/Cu composite is regarded as an ideal substitute for high-
conductivity copper alloys due to a good combination of high
strength and excellent conductivity, and has wide potential
applications as electrical contact and electrode materials (Ref 7,
8). Although a number of studies have been done on the high
temperature properties of Al2O3/Cu composite, the effect of
subsequent deformation on microstructure and properties of
Al2O3/Cu composite (Ref 9-15) and new preparation technol-
ogies (Ref 16-21), scant information is available on the
relationship between microstructure and the arc erosion behav-
ior of Al2O3/Cu composite. In the investigation, the effect of

milling time on microstructure, density, hardness, electrical
conductivity, arc erosion characteristics, breakdown strength,
chopping level, and arc life of Al2O3/Cu composite was
studied. The purpose is to elucidate the relationship between
the microstructure and the arc erosion of Al2O3/Cu composite
and provide references for the design of oxide/metal contact
materials and the arc control.

2. Experimental

Cu powders with a purity of 99 wt.% and particle size of
50 μm and Al2O3 powders with a purity of 99.5 wt.% and initial
size of 30 nm were used to fabricate Al2O3/Cu composite. At the
ball-to-powder mass ratio of 10:1 and rotation rate of 200 rpm,
the powders with Cu/Al2O3 mass ratio of 99:1 were milled under
argon gas for 4, 24, 36, 48, 60, and 90 h, respectively. The milled
powders were hot-pressed and sintered at 950 °C in a XP-80B
sintering furnace. For convenience, those samples prepared by
Al2O3 powders with different milling time are designated as
No. 1 to No. 6. The electrical conductivity and hardness test were
performed on a 7501 eddy electrical conductivity meter and a
HB-3000 Brinell hardness tester, respectively, and the mean
values were the average of three measured results. The micro-
structure was analyzed using an OLYMPUS optical microscope.
The vacuum breakdown was tested on a modified TDR240A
single crystal furnace. After polishing, the sample as a cathode
was put in a sample holder, which could move vertically in the
vacuum chamber. Above the cathode there was a pure tungsten
rod with a radius of 5 mm and a tip radius of about 1 mm as an
anode.When the chamber was evacuated to 5.0 × 10−3 Pa and the
capacitor of 120 μF was charged to the voltage (U) of 9 kV, the
lower cathode moved upward at a velocity of 0.2 mm/min until
the gap was broken down. The gap (D) between the cathode and
the anode, i.e., the breakdown distance, was measured. The
breakdown voltage was calculated as U/D. The mean values of
breakdown voltage and chopping current were calculated from
the average of 100 measured data. The breakdown voltage,
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current and chopping current can be collected from the
discharged waveform recorded by a Tektronix TDS-2014 dual
channel digital memory oscilloscope (200MHZ). The micro-
structures of the Cu/Al2O3 composite after electric breakdown
were examined by an OXFORD JSM-6700F field emission
scanning electron microscope (SEM).

3. Results and Discussions

3.1 Microstructure of Al2O3/Cu Composites

Figure 1 is the microstructure of samples No. 1-6 prepared at
different milling time. It can be seen from Fig. 1(a) that the
distribution of Al2O3 particles in copper matrix is quite non-
uniform in sample No. 1. With increase of milling time, the
spatial distribution of Al2O3 particles is improved significantly
and no obvious aggregation is observed (see Fig. 1b, c).
However, it can be clearly seen from Fig. 1(d), (e), and (f) that

with increasing milling time, the spatial distribution of Al2O3

particles becomes worse, and Al2O3 particles aggregate,
especially for sample No. 6. It suggests that too long a milling
time cannot improve the spatial distribution of Al2O3 particles
in the Cu matrix. In the range of experiments, the optimum
dispersion of Al2O3 particles can be obtained at 24 h.

3.2 Physical Properties of Al2O3/Cu Composites

The hardness and electrical conductivity of samples No. 1-6
are shown in Fig. 2. As seen from Fig. 2, the milling time has a
significant effect on the physical properties of Al2O3/Cu
composites. This can be explained as follows. Milling time
has a remarkable effect on the spatial distribution of Al2O3

particles in copper matrix, as discussed in Section 3.1. Poor
spatial distribution of Al2O3 particles cannot block the motion
of dislocation effectively, thus decreasing the hardness. Since
the aggregation of Al2O3 particles aggravates the electron
scattering, the electrical conductivity of Al2O3/Cu composites
decreases.

Fig. 1 Microstructures of Al2O3/Cu composites prepared with Al2O3/Cu powders milled for different milling time (a) 4 h, (b) 24 h, (c) 36 h,
(d) 48 h, (e) 60 h, and (f) 90 h

Journal of Materials Engineering and Performance Volume 19(6) August 2010—907



3.3 Vacuum Breakdown Test and Analysis

3.3.1 The Effect of Milling Time on the Breakdown
Strength, Chopping Current, and Arc Life. The vacuum
breakdown experimental results of samples No. 1-6 are listed in
Table 1. From Table 1, it can be seen that the breakdown
strength, chopping current, and arc life have a parabolic
relationship with milling time. Figure 3 illustrates the relation
of breakdown strength and time of samples No. 1-3 and sample
No. 6. It can be seen from Fig. 3 that at 4 and 90 h, there are a
large dispersion and a decreased tendency for the breakdown
strength, as shown in Fig. 3(a) and (d); whereas at 24 and 36 h,
the breakdown strength is relatively stable (see Fig. 3b, c).
However, for sample No. 2 prepared from the powders milled
for 24 h, the distribution of breakdown strength is more
concentrated.

For the Al2O3/Cu composite with non-uniform distribution of
Al2O3 particles, as the non-uniform sputtering causes a large
roughness on the surface of Al2O3/Cu composite after vacuum
breakdown, the next breakdown will occur at the same site, and
the surface morphology will be deteriorated during the repeat-
able process. Subsequently, the distribution of the breakdown
strength of the Al2O3/Cu composite with a poor spatial
distribution is not uniform, and the average breakdown strength
is low as well even if it is subjected to breakdown 100 times.

Due to the non-uniformity of Al2O3 particles, arcs cannot
move rapidly. When metal vapor cannot sustain an arc, arc
will be chopped sharply at a large current. Hence, there is a

Fig. 2 Variation of electrical conductivity and hardness of Al2O3/
Cu composite with milling time

Table 1 The electrical properties of Al2O3/Cu composites at different milling time

Sample No. 1 2 3 4 5 6

Milling time, h 4 24 36 48 60 90
Breakdown strength, ×107 V/m 4.956 5.708 5.602 5.539 5.422 5.184
Chopping current, A 3.8203 3.6084 3.6095 3.5822 3.6149 3.7198
Arc life, ms 17.41 18.42 18.12 17.78 17.63 17.40

Fig. 3 Breakdown strength of samples No. 1-3 and sample No. 6. (a) Sample No. 1, (b) sample No. 2, (c) sample No. 3, and (d) sample No. 6
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larger chopping current for the Al2O3/Cu composite with a
poor distribution of Al2O3 particles. Similarly, due to the
instability of arc burning, arc lasting time becomes shorter
as well.

3.3.2 The Effect of Milling Time on the Arc Erosion of
Al2O3/Cu Composite. The arc erosion morphologies of
samples No. 1-3 and sample No. 6 after vacuum breakdown
100 times are shown in Fig. 4(a)-(d), respectively. Figure 4(a1)-

Fig. 4 SEM micrographs of Al2O3/Cu composite after breakdown 100 times. (a) Sample No. 1, (b) sample No. 2, (c) sample No. 3, and
(d) sample No. 6. a1 to d1 are the magnifying images of (a) to (d)
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(d1) is the central arc erosion morphologies of the corresponding
samples. From Fig. 4(a) and (a1), it can be seen that when the
milling time is 4 h, there is a large erosion pit in the center,
which is surrounded by a large number of small and deep
erosion pits. It is also noted that there is no metallic luster in
these erosion regions, which may be caused by the flotation of
large amounts of Al2O3 particles into the surface. At 24 h, it is
shown that the erosion pits become shallower and are
distributed more dispersedly and the boundaries between the
erosion pits become obscure as well (see Fig. 4b, b1). With
increasing the milling time, the concentrated erosion pits
appear again (see Fig. 4c, c1, d, and d1). In comparison with
the erosion pits shown in Fig. 4(a), there are no large erosion
pits, and the boundaries between the erosion pits are still
visible. Based on the above results, it can be concluded that an
appropriate milling time can improve the uniform distribution
of Al2O3 particles, and decrease the arc erosion of Al2O3/Cu
composite as well. This can be explained as follows.
According to the theory of arc motion characteristics along
with physics knowledge, it is believed from the morphology of
arc erosion that when the microstructure on the surface of
Al2O3/Cu composite is uniform, the breakdown strength is
equal in each site. At this time, arc will be generated
simultaneously at these preferred breakdown micro-areas, i.e.,
the tiny regions surrounding Al2O3 particles, which are called
as “preferred breakdown areas” (Ref 22). If Al2O3 particles are
uniformly distributed in the Al2O3/Cu composite, the spacing
between the preferred breakdown areas is decreased. Subse-
quently, arc will not be concentrated in a fixed site and will
generate in the electrode materials simultaneously. Since those
tiny arcs will repel each other under their own magnetic fields
and spread rapidly, the arc behaves in a quick motion. As a
consequence, the erosion pits become shallower and are
dispersed uniformly. If Al2O3 particles are not distributed
uniformly in the Al2O3/Cu composite, the spacing between the
preferred breakdown areas is increased, those tiny arcs will
gather into a large one and dwell on a fixed site until no
sufficient metal vapor can sustain continuous burning, thus
causing a serious local ablation.

4. Conclusions

The effect of milling time on the microstructure, properties,
and arc erosion behavior of Al2O3/Cu composite was studied,
and the following conclusions can be drawn from the
investigation.

1. With increase of milling time, the spatial distribution of
Al2O3 particles is improved significantly. But prolong
milling time is not beneficial to the improvement of spatial
distribution. In the range of experiments, the optimum
milling time is 24 h.

2. The improvement of spatial distribution is helpful to the
increase of the hardness and electrical conductivity of
Al2O3/Cu composite.

3. Well dispersed Al2O3 in the Al2O3/Cu composite will nar-
row the distribution of breakdown strength, and improve
the stability of breakdown properties. With increasing uni-
formity of Al2O3/Cu composite, the average breakdown
strength, chopping current, and arc life increase.

4. With increase of spatial distribution of Al2O3/Cu compos-
ite, arc erosion area becomes larger, erosion pits become
shallower, and the erosion pits are dispersed more
uniformly.
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