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Abstract: In order to investigate the effects of chromium
on the electrical contact properties of the Al2O3-Cu/15W
composites, vacuum hot-pressing sintering and internal
oxidation methods were employed to fabricate the Al2O3-
Cu/15WandAl2O3-Cu/15W5Cr composites. Themicrostruc-
ture was analyzed by scanning and transmission electron
microscopy. The electrical contacts testing was performed
using the JF04C testing machine at 30 V DC with 10-30 A
current. The effects of Cr on the comprehensive properties,
arc erosion morphology and welding force of the electri-
cal contacts were investigated. The mass transfer mecha-
nism was discussed. It was demonstrated that the Al2O3
nanoparticles pinned dislocations. The diffraction spots of
the Cu matrix and the 𝛾-Al2O3 disclose an orientation re-
lationship of <103>Cu//<103>𝛾−Al2O3,{020}Cu//{040}𝛾−Al2O3.
A typical arc erosion morphology, such as needle-like and
coral structures was formed, which provides significantly
enhanced arc erosion resistance of the contact material.
Compared with the Al2O3-Cu/15W composite, the Al2O3-
Cu/15W5Cr composite has a lower welding force. The two
composites present two distinct mass transfer trends be-
fore and after 25 A. The final mass transfer direction of the
composites is from the cathode to the anode. The Al2O3-
Cu/15W5Cr contacts have less mass change under all test-
ing conditions.
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1 Introduction
Due to the manufacturing equipment upgrades and rapid
development of electronics industry, vacuum switches
have been playing a significant role for nearly two
decades [1–3]. Currently, as the core components of vac-
uum switches, high-performance electrical contacts have
drawnconsiderable attentiondue to their ability to reliably
make and break the circuits [4–7].

Chromium, a semi-refractory metal, has a high melt-
ing point and hardness, along with a strong affinity to
oxygen. Consequently, Cu-Cr electrical contacts have been
used in vacuum circuit breakers, attributed to their good
breaking ability and resistance to arc erosion [8–11]. Schul-
man et al. [12] reported that droplets and particles formed
from the Cu-25Cr contacts during the arc erosion process.
Mahir et al. [13] studied the effects of Cr particles with dif-
ferent weight ratios ranging from 5% to 15% on the prop-
erties of Cu-Cr composites, and found that the hardness
and wear resistance of the composites increased signifi-
cantly with chromium addition. Taylor’s research [14] indi-
cated that the cathode spot moves faster on the Cu-Cr con-
tact when the arc changes from an initial arc column to a
diffusion arc, resulting in avoiding the large-scale erosion
of the contact. Considering the recent developments in
large capacity vacuum switching equipment, which lead
to miniaturization and high performance, a single com-
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ponent can no longer satisfy the increased requirements.
Hence, there is a tendency to take advantage of multiple
components. The research of Miao et al. [15] showed that
adding a third component into the Cu-Cr system to form
Cu-Cr-X contacts can significantly improve the resistance
to arc erosion of the contacts. For example, a refractory
metal, such as tungsten andmolybdenum, canbe added to
enhance the contact’s dielectric strength and arc erosion
resistance. Chang et al. [16] studied the welding force of
the contacts, which decreased by about 50% after adding
W and C into Cu50Cr, and analyzed the effects of added
elements on the welding performance and other proper-
ties. In order to improve the dielectric strength of the Cu-
Cr electrical contact material, Hasegawa et al. [17] added
a small amount of Mo in the Cu-Cr alloy, and the dielec-
tric strength along with the anti-welding ability of the con-
tacts were increased dramatically as a result. Furthermore,
the in situ formed Al2O3 nanoparticles in the copper ma-
trix can effectively enhance the high temperature strength
and inhibit the dynamic recrystallization attributed to hin-
dering dislocations movement [18–20]. This has been ver-
ified in our previous work [21]. It is demonstrated that the
Al2O3-Cu/35W5Cr composite was still in the stage of sub-
crystals formation at 850∘C, 0.01 s−1 thermal deformation
condition. As mentioned above, aluminum oxide disper-
sion strengthened copper is widely used in electrical con-
tacts, lead frame materials and resistance welding elec-
trodes [22, 23].

In this work, Al2O3-Cu/15W and Al2O3-Cu/15W5Cr
compositeswere fabricated by vacuumhot-pressing sinter-
ing and internal oxidationmethods. Themicrostructure of
the Al2O3-Cu/15W5Cr composite was analyzed. The effects
of Cr on the comprehensive properties, arc erosion mor-
phology and welding force of the electrical contacts were
investigated. The mass transfer mechanism was also dis-
cussed.

2 Experimental procedure
W powder (5 µm average diameter, >99.9% purity), Cr
powder (44 µm average diameter, >99.9% purity) and Cu-
0.4wt.%Al powder (2-5 µm diameter, >99.9% purity) were
employed. Cu2O powder (2-5 µm diameter, >99.9% purity)
served as the oxygen source. The morphology of differ-
ent powder and the mixed powder is shown in Figure 1.
Powders were adequately mixed in the YH-10 mixer for 2
hours, and the copper ball-to-powderweight ratiowas 10:1.
The composite samples were sintered using the ZMY-50-
15 vacuum hot-press sintering furnace at 3-4 Pa vacuum

and 950∘C (10∘C/min heating rate) with 1 h dwelling time.
When the temperature reached 650∘C, 15 MPa uniaxial
contact pressure was applied for 1 h.

Figure 1: SEM images of the feedstock powder: (a) Cu-0.4 wt.% Al
powder; (b) Cu2O powder; (c) W powder; (d) Cr powder; (e) Mixed
powder of Al2O3-Cu/15W; (f) Mixed powder of Al2O3-Cu/15W5Cr

The relative density was obtained by dividing the bulk
density by the theoretical density after the bulk density of
the composites was measured by the Archimedes method.
Then the Sigma 2008B1 digital instrument was used to
measure the electrical conductivity of the as-sintered sam-
ples. In order to investigate the microstructure of the com-
posites, the field emission scanning electron microscope
(JSM-7800F) and the transmission electron microscope
(JEM-2100) were employed.

As-sintered composites were cut into Φ3.8 mm × 10
mm size cylindrical specimens. The specimen surfaces
were ground and polished for the following tests. Then
the specimens were weighed by the FA2004B electronic
balance before and after the predetermined operations,
with each data point representing the average value of five
measurements. The mass transfer and the loss of the con-
tacts suffering arc erosion, ∆m, was calculated as follows:
∆m=m2-m1, wherem2 is the electrodemass after electrical
contact testing andm1 is the specimenmass before electri-
cal contact testing. Five thousand contact cycles were per-
formed on the JF04C electrical contact testing apparatus.

Unauthenticated
Download Date | 11/4/19 12:12 AM



130 | X. Zhang et al.

These tests were conducted under the argon atmosphere.
The bottom contact was stationary and served as a cath-
ode, while the top contact served as an anode, which 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. Three samples
were tested for each condition to obtain repeatable experi-
mental results. The arc erosionmorphology of the contacts
was analyzed by the JSM-5610LV scanning electron micro-
scope.

3 Results

3.1 Microstructures of the composites

Figure 2(a-f) show the SEM images of the Al2O3-Cu/15W
andAl2O3-Cu/15W5Cr composites. As shown inFigure 2,W
and Cr particles were uniformly distributed on the copper
matrix without obvious agglomeration. The as-sintered
composites are compact andhavenoholes or other defects.
As can be seen from the linear scan results in Figure 2(e)
and Figure 2(f), the interfaces between W and Cu are ob-
vious, and they are not mutually soluble with a transition
layer between Cu and Cr.

Figure 2: SEM images, corresponding EDS maps at high magnifica-
tion and element line scans. (a, c) Al2O3-Cu/15W composite; (b, d)
Al2O3-Cu/15W5Cr composite; (e) W particle line scan; (f) Cr particle
line scan

Figure 3 and Figure 4 show the TEM characterization
of the Al2O3-Cu/15W5Cr composite. As seen in Figure 3(a),
many nanoparticles are dispersed uniformly in the cop-
per matrix. Selected electron diffraction spots are shown
in Figure 3(b), indicating that there is a set of spots of the
secondary phase in addition to the {103} zone axial spots
of the Cu matrix. Based on the diffraction spots analysis
shown in Figure 3(d), it is the diffraction spots of 𝛾-Al2O3
along the {103} zone axis. Furthermore, the two sets of
diffraction spots in Figure 3(d) disclose an orientation rela-
tionship of <103>Cu//<103>𝛾−Al2O3, {020}Cu//{040}𝛾−Al2O3.
Central dark field observation (shown in Figure 3(c)) was
conducted using the secondary phase spot (marked by the
circle in Figure 3(b)), and the results showed that all the
secondary phase particles generated in the Cumatrix were
𝛾-Al2O3.

Figure 3: A special orientation relationship of Cu matrix and nano-
Al2O3 particles. (a) Bright field image; (b) Selected electron diffrac-
tion spots; (c) Dark field image; (d) Index of the diffraction spots

It is interesting to note that Al2O3 nanoparticles
pinned dislocations and hindered the dislocations move-
ment, as shown in Figure 4(a). This phenomenon can
be used to explain good mechanical properties of the
dispersion copper under high temperature [24–27]. Previ-
ous work demonstrated that the Al2O3-Cu/35W5Cr com-
posite was still in the stage of sub-crystals formation
at 850∘C, 0.01 s−1 deformation condition. The Al2O3-
Cu/35W5Cr composite had typical dynamic recovery char-
acteristics [21]. Figure 4(b) shows that twins were formed
in the process of hot press sintering. It is well known that
the twins’ structure reduces the dislocation slip of the av-
erage free path, thus effectively promoting hardening [28–
30]. Thus, they can enhance the dislocation density and
composite hardness. In addition, some Cr particles were
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Figure 4: TEM characterization of the Al2O3-Cu/15W5Cr composite.
(a) Nano-Al2O3 particles pinned dislocations; (b) Twins; (c) Fine Cr
particles; (d) Selected electron diffraction spots

Figure 5: Comprehensive properties of the composites

transformed into fine particles during the vacuum hot-
pressing sintering process, shown in Figure 4(c-d).

3.2 Comprehensive properties

The comprehensive properties of the two composites are
shown in Figure 5. The relative density of the two compos-
ites is above98%,which can satisfy thebasic requirements
of electrical contact materials. As the 5 wt% chromium
was added to the Al2O3-Cu/15W composite, the electrical
conductivity decreased, while the Brinell hardness obvi-
ously increased. This is because poor interface bonding in-
creases electron scattering. Besides, the electrical conduc-
tivity of Cr is lower than copper. However, as a hard phase,
Cr can carry and transfer the applied load in the composite
material. Additionally, the thermal mismatch between the

Figure 6: SEM low magnification images of arc erosion of: (a, b)
Al2O3-Cu/15W composite and (c, d) Al2O3-Cu/15W5Cr composite

matrix and Cr particles can increase the hardness of the
composite [31, 32].

3.3 Arc erosion morphology

The low-magnification SEM images of the Al2O3-Cu/15W
and Al2O3-Cu/15W5Cr composites are shown in Figure 6.
All kinds of hills and craters are present on the anode
and cathode surfaces, respectively. It could be found that
the anodeofAl2O3-Cu/15W5Cr composite (Figure 6(c)) con-
tains fewer hills than the Al2O3-Cu/15W composite. More-
over, the cathode in Figure 6(d) has fewer craters. It is well
established that the increase of Cr content improves con-
tact arc erosion resistance. The solubility of chromium in
copper increases to rather high values with temperature
resulting in the homogeneous melt on the contacts sur-
face [33, 34].

Figure 7 shows the high-magnification SEM images
of the Al2O3-Cu/15W5Cr composite and corresponding
EDS results after electrical contact test at 30V DC, 30 A.
As shown in Figure 8, filaments, needle-like skeletons,
droplets, and coral structures were present on the surface
of the contacts. In Figure 7(e), EDS data show that the con-
tent of copper in the filaments is 88.42 wt%. The reasons
for filaments generation are as follows: due to thehigh tem-
perature of the arc, a liquid bridgewas formedbetween the
contacts. At the initial stage of contacts parting, molten
metal bridges the contact gap [35, 36]. As the breaking
of contacts continued, the gap became wider. Finally, the
rupture and solidification of the molten metal bridge took
place. Figure 7(b) shows many needle-like skeletons with
a diameter less than 1 µm and a length of about 5 µm. Simi-
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Figure 7: High magnification SEM images of arc erosion morphol-
ogy and elemental analysis of four boxed areas. (a) Filaments; (b)
Needle-like; (c) Droplet; (d) Coral; (e) EDS data

lar structure has been observed in our previouswork. How-
ever, the length of the needle was about 10 µm [37]. The
EDS data show that the tungsten and chromium content is
33.57 wt% and 13.7 wt%, respectively. This is far more than
that in the as-sintered samples. These needle-like struc-
tures can restrict the flow of liquid and thus reduce the
splashing of materials. In addition, Figure 7(c) shows that
some droplets with a copper content as high as 82.39 wt%
were scattered on the contact. These droplets were formed
by the rapid solidification of liquid copper after splashing.
Besides, many coral structures were found in Figure 7(d),
which have much higher tungsten and chromium content
than the needle-like skeletons. This phenomenon can be
explained by themelted copper evaporation and sputter at
high temperature. Finally the refractory components tung-
sten and chromium accumulated to form the coral struc-
tures.

Figure 8: The welding forces of different composites at (a) DC 30V,
10A and (b) 30V, 10A

3.4 Welding resistance

The arc generated in the process of making and breaking
electrical contacts results inmaterial transfer andwelding
between the electrodes [38, 39]. Figure 8 shows the weld-
ing forces of Al2O3-Cu/15W and Al2O3-Cu/15W5Cr contact
materials at DC 30 V, 10 A and 30 A, with each data point
representing the average value of 100 breaking operations.
The contacts with chromium added under both test con-
ditions have lower welding force. This can be explained
by the formation of finely dispersed chromium particles,
which prevented generating very hot spots [40]. Further-
more, the contacts with added chromium have a thinner
and brickle melted layer. In addition, as can be seen from
Figure 7(b, d) that tungsten and chromium underwent a
re-sintering process under high temperature and trans-
formed into needle-like and coral structures. These typical
structures also contribute to better welding resistance [41–
43].
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4 Discussion
In general, an arc generation is attributed to the electri-
cal breakdown of a vacuum gap with ample power sup-
plement. Under the action of the arc, the contact temper-
ature increases due to the arc heat flux. In addition, vari-
ous forces, such as electrostatic force and electromagnetic
force, are applied to the contacts. Consequently, the electri-
cal contact material, which has lower melting point melts,
evaporates and sprays at first. All kinds of asymmetry fac-
tors in the making and breaking process of contacts result
in the material transfer or loss [44–46]. Furthermore, ma-
terial transfer or loss eventually lead to electrical contacts
failure. Figure 9 shows the material transfer trend of the
two contact materials after 5000make-and-break tests. As
shown in Figure 9(a), the anode mass increases and the
cathode mass decreases from 10 A to 30 A consistently.
Nevertheless, the Al2O3-Cu/15W composite presents two
distinct trends before and after 25 A. From 10 A to 25 A,
the mass loss value increases with the current, while the
mass loss value at 30 A is less than at 25 A, i.e., the 25 A is
a critical current value for the material transfer. According
to Figure 9(a), all the total mass change values were nega-
tive, i.e., the anodemass gainwas not equal to the cathode
mass loss. This indicates a mass loss to the environment.
For comparison in Figure 9(b), the Al2O3-Cu/15W5Cr com-
posite shows a similar mass change trend with Figure 9(a).
However, the mass change value under all the conditions
from 10 A to 30 A is less than in Figure 9(a). This demon-
strates that the addition of Cr can reduce themass transfer
of the contacts. Furthermore, the mass change character-
istics are totally different between 10-25 A and 25-30 A for
both the composites. The specific reasons are analyzed as
follows.

Figure 9:Mass change of the two composites. (a) Al2O3-Cu/15W; (b)
Al2O3-Cu/15W5Cr.

In the first stage from 10 A to 25 A, less charged par-
ticles were generated by collision and thermal ionization
due to the less heat flux of the arc column. In order tomain-
tain the arc, electrons need to be emitted from the cathode.
Positive ions accumulating in the cathode surface area re-
sulted in the higher electric field intensity. At the same
time, the arc constriction in the cathode area increased
the current density. Hence, more particles near the cath-
ode were ionized. In summary, positive ions accumulated
and arc constriction in the cathode area enhanced the heat
flux, whichwas input into the cathode. As a result, thema-
terial transferred from the cathode to the anode. On the
other hand, the number of charged particles, such as gas
molecule and metal vapor atoms at 30 A, was higher than
at 25 A. Thus, the probability of collision ionization and
thermal ionization increased [47–50]. Maintaining the arc
no longer depends 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 tomaintain the arc and
the lowest arc voltage, the arc column in the anode area
was constricted. These two processes are illustrated in Fig-
ure 10. Heat flux input into the anode contact resulted in
the material transfer from the anode to the cathode. Al-
though the material transfer direction changed, the mate-
rial transferred from the cathode to the anode dominated
the final transfer direction. Therefore, the mass change
value at 30 A is less than that at 25A.

Figure 10: Schematic of the different particles movement under
different conditions
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5 Conclusions
Vacuum hot-press sintering process was employed to fab-
ricate the Al2O3-Cu/15W and Al2O3-Cu/15W5Cr compos-
ites. W and Cr particles were uniformly distributed in the
dispersion copper matrix without obvious agglomeration.
The diffraction spots of the Cu matrix and the 𝛾-Al2O3 dis-
close an orientation relationship of <103>Cu//<103>𝛾−Al2O3,
{020} Cu//{040}𝛾−Al2O3. Al2O3 nanoparticles pinning dis-
locations and twins were clearly observed. During the
arc erosion, hills and craters were formed on the anode
and cathode surfaces, respectively. Moreover, typical arc
erosion morphology, such as needle-like and coral struc-
tures were formed, which significantly enhanced arc ero-
sion resistance of the contact material. Compared with the
Al2O3-Cu/15W composites, the Al2O3-Cu/15W5Cr compos-
ites have a lower welding force. Furthermore, the two com-
posites present two distinct mass transfer trends before
and after 25 A. From 10 A to 25 A, the mass loss value in-
creases with the current, while the mass loss value at 30
A is less than at 25 A. The final mass transfer direction of
the composites is from the cathode to anode. The Al2O3-
Cu/15W5Cr contacts have less mass change under all test-
ing conditions.
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