
L

X
B
M
X

a

A
R
R
A
A

K
C
V
M
L

1

i
t
[
t
p
[
a
i
[
t

t
b
m
r
c
b
fi
l
m
m
s

0
d

Journal of Alloys and Compounds 509 (2011) 7116–7120

Contents lists available at ScienceDirect

Journal of Alloys and Compounds

journa l homepage: www.e lsev ier .com/ locate / ja l l com

iquid phase separation of Cu–Cr alloys during the vacuum breakdown

in Wei, Jiping Wang, Zhimao Yang, Zhanbo Sun ∗, Demei Yu, Xiaoping Song,
ingjun Ding, Sen Yang
OE Key Laboratory for Non-equilibrium Synthesis and Modulation of Condensed Matter, State Key Laboratory for Mechanical Behavior of Materials,

i’an Jiaotong University, Xi’an 710049, PR China

r t i c l e i n f o

rticle history:
eceived 14 February 2011
eceived in revised form 27 March 2011
ccepted 2 April 2011

a b s t r a c t

The microstructures of the surfaces and cross sections of Cu–Cr contact alloys were analyzed after the
vacuum breakdown was repeated for 100 times. The results reveal that the liquid phase separation was
involved in the microstructure evolution of the alloys during the breakdown. The Cr-rich phase from the
liquid separation featured the morphology of spherical- and sheeted-shaped particles. The sizes of the Cr
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spheres ranged from several nanometers to hundreds of nanometers, and were not strongly dependent
on the compositions of the alloys. The large Cr-rich droplets could be elongated and swirled due to the
liquid flow, resulting in the formation of the Cr phase with sheeted-shaped particles. The fractions of
Cr sheets increased with the increasing of the Cr contents; however, their sizes decreased significantly,
compared with those of their parent alloys.
iquid phase separation

. Introduction

Cu–Cr alloys with high Cr contents have been widely used
n medium-voltage and high-current vacuum interrupters due to
heir high mechanical strength and good electrical conductivity
1,2]. Various preparation processes have been adopted to produce
he Cu–Cr contact alloys, such as vacuum induction melting [3],
owder sintering [4], self-consume electrode [5] and arcing melt
6]. It has been found that the properties of the Cu–Cr contact alloys
re strongly dependent on their compositions and microstructures,
ncluding the grain size, distribution and morphology of Cr phase
3,7]. The refinement of the Cr grains can also improve the proper-
ies of the Cu–Cr contact alloys [7–9].

During the switching operation, a vacuum arc is generated in
he vacuum interrupter and the Cu–Cr contact alloy is heated
y plasma; then a surface melt layer is formed and the original
icrostructure of the surface layer is evolved [3,4,10–14]. As a

esult, the dielectric strength of the contact is enhanced after a
ertain period of the breakdown. Therefore, the first dozens of the
reakdown are defined as the conditioning process [3,4]. The above
ndings indicate that the microstructure evolution of the surface

ayer will occur during the contact breakdown and that the evolved

icrostructure plays an important role in the contact alloy perfor-
ance. However, the mechanism underlying the evolution of the

urface microstructure has not been studied in detail.
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In the present work, the microstructures of the melt layers after
the breakdown of Cu100−XCrX alloys (X = 25, 30, 40, 50 in wt%)
were analyzed to reveal the mechanism of microstructure evolu-
tion during the breakdown. The results indicate that a liquid phase
separation is involved in the microstructure evolution of the Cu–Cr
contact alloys.

2. Experimental

Cu100−XCrX alloys (X = 25, 30, 40, 50 in wt%), which are widely applied as contacts
in industry, were used in this experiment. The production process of these contact
alloys has been described in details in reference [3]. The samples to be analyzed
were cut from the contact alloys and machined to a size of 20mm × 20mm × 5 mm.

The samples were polished mechanically and put into a vacuum chamber. A
direct current (DC) voltage of 8 kV was applied between a cathode and an anode in
the breakdown experiment. According to our previous studies [3,4,10], a discharge
current of 28 A was adopted. The adopted current density was close to that served
by Cu–Cr contact alloys under the real conditions. Pure tungsten of �0.5 mm was
used as the anode and the test sample served as the cathode. The cathode was driven
by a step motor upwards to the anode at a velocity of 0.2 mm per minute until the
breakdown took place. The breakdown was repeated for 100 times.

The microstructures of the Cu–Cr contact alloys and their breakdown samples
were examined using a JSM-7000F scanning electron microscopy (SEM) equipped
with an energy dispersion spectrometer (EDS) and a backscattered electron detector.
Some breakdown samples were etched in a 35 vol% HNO3 solution and cleaned by
an absolute alcohol for clear observation of the Cr-rich phase.

3. Results
The backscattered electron images of the Cu75Cr25 and Cu60Cr40
contact alloys are shown in Fig. 1, where the matrix is Cu and the
undergrown dendrites are Cr. Coarser dendrites and higher volume
fraction of Cr are observed with the increasing of the Cr content in
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Fig. 2. Morphology and microstructure of Cu60Cr40 alloy after breakdowns. (a) Sec-
ig. 1. Microstructures of Cu75Cr25 (a) and Cu60Cr40 (b) (backscattered electron
mages).

he alloy. These microstructures are similar to those reported in
eferences [3] and [15].

Fig. 2 shows the surface morphology of the Cu60Cr40 contact
lloy after the vacuum breakdowns. The morphological patterns
bserved in the breakdown experiments are called cathode spots
16,17]. Two types of cathode spots are observed: the large pits of
onchoidal shape, as denoted by arrow A; and the small irregular
its, indicated by arrow B (Fig. 2(a)). The morphology is similar to
hat described in reference [18]. The backscattered electron image
ndicates that the large conchoidal-shaped spots consist of a bright

atrix with dark spherical particles (marked by arrow C) and dark
egions with irregular shapes (marked by arrow D) (Fig. 2(b)). The
ark regions have stamps of flows of the melt alloy with a large
umber of spheres distributed among the flows. However, in the
mall irregular pits only a large number of small darker spherical
articles are observed (Fig. 2(c)).

Fig. 3 shows the secondary electron images of the etched surface
f the Cu60Cr40 contact alloy after the breakdowns. Large quantities
f spherical and sheeted particles, as shown in Fig. 3(a), are clearly
isplayed in the region of the large conchoidal-shaped spots after
he Cu60Cr40 contact alloy was etched. EDS analysis shows that
he compositions of the spherical and sheeted particles are simi-
ar to that of Cr88Cu12. They are called Cr-rich spheres and Cr-rich
heets in the present experiment, respectively. Therefore, the dark

pheres, as shown in Fig. 2(b), are Cr-rich spheres, and the dark
egions with sheeted shapes are Cr-rich sheets. A large number
f spheres but an extremely small number of sheets are observed
n the region of the small etched breakdown spots (Fig. 3(b)). The
ondary electron image; (b) and (c) backscattered electron images. (Arrow A points
to a conchoidal-shaped spot, arrow B points to a small irregular spot, arrow C points
to a dark spherical particle and arrow D points to a dark region with irregular shape).

sizes of the Cr-rich spheres vary from only several nanometers to
over 400 nm. It can be easily observed that small spheroids can be
coagulated to form larger ones, as denoted by arrow A. The above
results, in combination with the microstructures of deep super-
cooled and melt-spun metastable Cu–Co [19–26], Cu–Fe [23,27]

and Cu–Cr [28–31] alloys, show that a liquid phase separation is
involved in the microstructure evolution. The Cr-rich phase in the
breakdown Cu60Cr40 alloy, therefore, results from the liquid phase
separation.
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Fig. 3. Morphology of the etched surface of the Cu60Cr40 alloy after breakdowns
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Fig. 4. Microstructures of conchoidal-shaped spots in Cu Cr (a) and Cu Cr (b)

second electron images), arrow A denoted that small spheroids can be coagulated
o form larger ones.

Fig. 4 shows the backscatter electron images of the large
onchoidal-shaped spots in the Cu–Cr alloys with different Cr con-
ents after the breakdowns. Generally, the microstructures consist
f Cu-rich matrix, small Cr spheres and Cr sheets with elongated
nd swirled patterns. The sizes of the Cr spheres are not strongly
ependent on the compositions of the Cu–Cr alloys. However, the
raction of the Cr-rich sheets increases with the Cr content and they
xhibit varied morphologies.

Fig. 5 illustrates the microstructures of the cross section of the
u50Cr50 melt layer after the breakdowns. The microstructure of
he melt layer is significantly different from that of the parent alloy
Fig. 1). Cr-rich spheres and sheets are observed again. The Cr phase
n the Cu50Cr50 alloy, as shown in Fig. 5(a), melted partially. An
nterface between the melted and un-melted layers can be seen. The
epth of the melt layer is less than 7 �m. A portion of the Cr particles
rom the liquid phase separation have a tendency to congregate
ith un-melted Cr-rich dendrites (Fig. 5(b)).

. Discussion

The Cu–Cr system, similar to the Cu–Co [19–26] and Cu–Fe
23,27] systems, is a liquid metastable binary system with a

arge positive heat of mixing. Zeng et al. [32] obtained a liquid

etastable miscibility gap (MG) by thermodynamic calculation.
acob et al. [33] revised the MG by a measurement of the activ-
ty of Cr in the Cu–Cr liquid. The Cu–Cr binary phase diagram
70 25 50 50

alloys after breakdowns (backscattered electron images).

with the metastable miscibility gap is shown in Fig. 6, where
the dash lines indicate the MG (binodal lines) and liquid spin-
odal lines, respectively. When the Cu–Cr melt is cooled below a
certain temperature, the liquid will enter the MG zone and be
separated into Cu-rich liquid (L1) and Cr-rich liquid (L2), and
the liquid phase separation will occur [30]. Our previous studies
have experimentally confirmed that the liquid phase separation
will occur in the Cu–Cr liquid during the rapid solidification
process.

Fig. 7 shows a schematic illustration of the breakdown of a
Cu–Cr contact sample and a typical discharge curve measured in
this experiment. When the electrodes are within a certain dis-
tance from each other, a vacuum breakdown occurs and an arc
appears. The contact surface is melted by plasma and a molten pool
is formed. The discharge current will disappear suddenly as the cur-
rent decreases to a certain value, resulting in a chopping. During
this process, the current carried by the plasma will decrease gradu-
ally with the consumption of the power in the capacitor. Generally,
the sustained duration is extremely short although it is depen-
dent on the alloy type and experimental conditions. This means
that the melt will cool down and solidify in a moment because
the contact body is cold and has large heat conduction ability. A
large supercooling will form and the liquid phase separation occurs

inevitably according to our previous work [29,30]. The spherical
Cr-rich droplets appear and accumulate into larger ones. The Cr
spheres, as shown in Fig. 3, are formed after the melt layer is solid-
ified.
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Fig. 5. Microstructure of the cross section of Cu50Cr50 alloy after breakdowns. (a)
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verall view; (b) up to the interface (backscattered electron images).

Generally, the process of the liquid phase separation can be
ivided into several stages: formation of droplets, growth and
ccumulation of the droplets, second liquid phase separation,

nd solidification of the droplets according to published studies
19–23,34]. Rapid cooling plays an essential role in the forma-
ion of a large supercooling. The lower cooling rate will result in
arger droplets after liquid phase separation and the size of the

ig. 6. Cu–Cr binary phase diagram with metastable liquid miscibility gap [33].
pounds 509 (2011) 7116–7120 7119

droplet decreases with the increasing of the cooing rate [19,29,30].
The growth and accumulation of the droplets have been observed
clearly in Fig. 3(a). Fig. 7(b) indicates that the current will decrease
gradually within 1.25 ms for the Cu60Cr40 alloy. Although the dura-
tion is extremely short, the plasma will heat the melt continuously.
However, the heating ability of the plasma decreases with the
reduction of the current. This will result in a lower cooling rate,
which provides an opportunity for Cr-rich droplets to accumulate
and grow [19]. More importantly, as the current is reduced, the
sizes of the cathode craters will decrease and the melt will not be
heated uniformly by the plasma, which will cause a flow of the
melt. The grown Cr-rich droplets will be elongated and swirled
because the liquid phase separation occurs before the solidifica-
tion of the alloy (Figs. 3 and 4). Because the flow only appears
on the sample surface, the sheets have been used to describe the
Cr phase.

Another reason for the formation of the Cr sheets is that a spray-
ing, as shown in Fig. 7(a), occurs. The cooling rate of the alloy
droplets is smaller than that of the melts in the pool; the liq-
uid phase separation and the liquid flow proceed simultaneously.
Small Cr-rich droplets form continuously and some extremely
fine Cr particles always appear during the liquid phase separa-
tion process, which is in accordance with previously reported
results [19,29]. Cr sheets will not occur in large quantities in the
small breakdown spots due to the high cooling rate and limited
melt flow.

The supercooling for the liquid phase separation decreases
with the increase in the Cr content when the Cr content is less
than 50% (Fig. 6). The more completely the liquid phase sepa-
ration proceeds, the larger Cr sheets will occur. In this study,
the cooling rate during the breakdown is extremely high and
the supercooling is extremely large due to the small thickness
of the melt layer. As a result, all the Cu–Cr melts in the com-
position range enter the MG zone. It may be concluded that the
composition of the Cu–Cr alloy has slight effect on the liquid
phase separation.

The real contacts used in switches have slightly different per-
formance from those in this experiment. When the real switches
are turned on, arc appears and the contact surface is melted by
plasmas, resulting in a molten pool. The depth of the molten pool
increases with the reduction of the distance between the elec-
trodes. The arc will extinguish after the electrodes contact each
other. The alloy melt is cooled down and solidified. When the
switches are turned off, the arc appears as the electrodes are sep-
arated. The molten pool forms again. As the electrodes depart to
a certain distance, the arc extinguishes and the melts are cooled
and solidified rapidly. Therefore, the off-action of the real switches
is similar to that in this experiment. In real situations, the liq-
uid phase separation will occur inevitably when the switches are
turned on and off alternately. The liquid phase separation pro-
cess will have a substantial effect on the property and service
life of an interrupter. The liquid phase separation which occurs
when the switch is turned off has a more important effect on
the contact property because it influences the breakdown and
arc erosion rate when the electrodes initiate the next break-
down.

The Cr phase in the melt layer is much smaller than the
primary Cr dendrites in the alloy (Fig. 5). This refinement can
remarkably improve the dielectric strength according to previ-
ously reported findings [7–9]. The appearance of Cr-rich particles
with the spherical shape is beneficial to the improvement of the
dielectric strength of the Cu–Cr contact materials. However, the

large size of Cr sheets with an irregular shape is harmful to
the performance of the Cu–Cr contact materials. Further stud-
ies are needed to control and refine the Cr sheets in the surface
layer.
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Fig. 7. Schematic illustration of vacuum breakdow

. Conclusions

It has been confirmed that liquid phase separation is involved in
he microstructure evolution of Cu–Cr alloys during the repeated
acuum breakdowns. The Cr phase with the morphology of spheres
nd sheets appears in the melt layer. The size of the Cr spheres
rom the liquid phase separation exhibits a wide range and is not
trongly dependent on the parent composition. The fractions of Cr
heets increase obviously with the increasing of the Cr contents.
he formation of the microstructures with different morphologies
s dependent on the liquid flow pattern during the liquid phase
eparation.
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