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Insufficient anti-welding properties limit the application of Cu-Cr contact
material in vacuum switches with low contact pressure. The CuCr-W-C alloys
that are prepared are for decreasing welding tendencies and keeping the
voltage withstand by addition of W and C elements. It is found that the
average welding force of CuCr-W-C alloys is reduced more than 50% compared
with that of the Cusy Crsg alloy. Especially for CuCrWs;,Cos and
CuCrW, oCy 5, the welding forces reduce to only 10% of CusoCrsg. Arc erosion
areas of CuCr-W-C alloys are enlarged by five times more than that of the
Cu;0Crsg alloy in the same arcing conditions. The results of type tests were
qualified. The results suggested that the CuCrW, (C; o alloy could be used in
vacuum switches with low contact pressure to replace the W-Cu type contacts.
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INTRODUCTION

Low contact pressure is expected for vacuum
switches because of the potential advantage in
miniaturization, high operating frequency, and
especially for the low voltage utilization with the
mechanical structure operated by low power.' The
vacuum switches with lower contact pressure
require contact materials having enough welding
resistance while not losing breaking capacity and
voltage withstand.

Due to their high breaking capacity and high
voltage withstand, Cu-Cr alloys are widely utilized
in vacuum interrupters.””’ However, their high
welding inclination during operation requires high
operation power of the mechanical structure and
limits their utilization in switches with low contact
pressure. So, the vacuum contactors and load
switches, which usually are driven by the low power
structures, have to adopt Cu-W or Cu-WC type
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contacts with weak breaking capacity.® It was
reported that the additives with low melting points
can increase the welding resistance of Cu-Cr con-
tacts, but meanwhile, decrease the dielectric
strength and service life of the vacuum switches.’

The welding resistance mainly depends on tensile
strength and fracture energy of the welding zone of
the contact materials. It was found that small
amounts of C (0.2-1.8%) can reduce oxygen content
and generate brittle chromium carbides Cry3Cg.1%!!
Chromium carbides Cry3Cg can decrease welding
strength, but meanwhile, breakdown strength was
reduced.’> W can significantly refine grain size of
the Cr phase and, thus, improve breakdown
strength of the alloy.'?

In this work, the CuCr-W-C alloys are prepared in
order to provide a kind of contact with a low welding
tendency and high voltage withstand as well as high
breaking capacity. The effects of tungsten and
carbon on the microstructure, arc erosion, separat-
ing force, and fracture mode were investigated. A
vacuum arc observation platform was set up to
study separating force.


http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-4782-0&amp;domain=pdf
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EXPERIMENT

CuCr-W-C alloys were manufactured by the vac-
uum infiltration method. The manufacturing tech-
nology includes mixing raw Cr powder, W powder,
and C powder according to the proportion in Table I,
pressing, sintering to a porous matrix, and then
infiltrating with copper in a vacuum. The detailed
preparation method was described in Refs. 14 and15

The chemical composition, conductivity, and
hardness of CuCr-W-C alloys were measured. A
HVS-502 machine was used to determine the Vick-
ers hardness of CuCr-W-C alloys. Electrical conduc-
tivity was measured by an eddy-current
conductivity meter. The microstructure and
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fracture surface after the tensile experiment were
observed by a JEOL JSM-7000F type scanning
electron microscope (SEM). The distribution of Cr,
W, and C in the CuCr-W-C alloys were determined
by an energy dispersion spectrum (EDS) attached to
the SEM.

Arcing erosion was carried out in a vacuum arc
observation platform, which was indigenously man-
ufactured (as is shown in Fig. 1). Discharge wave-
forms were recorded by a Tektronix DP04034 type
digital memory oscillograph. In order to simulate
the operating condition of a vacuum interrupter, a
welding test was carried out with the discharge of a
capacitor in the vacuum furnace at a pressure of

Table I. Proportion of Cr powder, W powder, and C powder

Number of sample Alloy

1# CU5()CI'50
2# CUCI'WLO
3# CuCrW&o
4# CuCI‘Wleco.g
5# CUCI'Wg_()CO.g
6# CuCrWl_OCO_5
T# CHCI'W&()CO.E,
8# CuCrW,g'OC()_S
o# CHCI'WQ'OCLO
10# CuCrW‘LOCLO
11# CUCI'W5_7CLO

Proportion of Cr powder, W powder, and C

powder
Cr/wt.% W/wt.% C/wt.%
100.0 0.0 0.0
98.0 2.0 0.0
94.5 5.5 0.0
97.5 2.0 0.5
94.0 5.5 0.5
97.0 2.0 1.0
93.5 5.5 1.0
93.0 5.5 1.5
94.5 3.5 2.0
90.5 7.5 2.0
88.0 10.0 2.0
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1-screw, 2-positioning nut,
3-releasing mechanism, 4-
highest quotations, 5- clump
weight, 6-support for moving
contactor, 7-linear bearings on
precision round-ways, 8-
Precision linear rail, 9-chasis,
10-pedestal, 11- fixed contactor
clamp, 12-fixed contactor
sample, 13-contact surface of
fixed contact, 14-contact
surface of moving contactor,
15-moving contactor sample,
16-moving contactor clamp.

Fig. 1. structure diagram of vacuum arc observation platform. 1-screw, 2-positioning nut, 3-releasing mechanism, 4-highest quotations, 5-clump
weight, 6-support for moving contactor, 7-linear bearings on precision round-ways, 8-Precision linear rail, 9-chasis, 10-pedestal, 11-fixed
contactor clamp, 12-fixed contactor sample, 13-contact surface of fixed contact, 14-contact surface of moving contactor, 15-moving contactor

sample, and 16-moving contactor clamp.
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2 x 1072 Pa. The capacitance of the capacitor was
360 uF. The capacitor was charged with a high
voltage generator. The voltage was a constant 4 kV.

A Phantom V9.0 high-speed camera was used to
shoot movements of arc spots and record arc spot
distribution. The separating force was tested in a

Table II. Parameters of CuCr-W-C alloys

Conductivity/ Hardness/
Material MS m™! Hv
CU50CI'5() 14.3 83.4
CuCrW, o 15.7 90.8
CuCrWj 15.0 96.4
CuCrWLOCOAg 13.0 98.0
CuCrW3_OCO.3 15.5 118.3
CllCI‘Wl'oCo.f, 13.9 140.7
CUCI'W3_()C().5 16.7 106.7
CIICI'W3.()CQA8 16.8 112.0
CuCI‘Wzocl.o 15.8 124.8
CuCrW, oC1 o 16.3 101.3
CuCrW5_OCL0 13.6 138.8

WDW-100C microcomputer control electron univer-
sal testing machine.

The type test was implemented in the China
National Center for Quality Supervision and Test of
Electrical Apparatus Products. Flat CuCr-W-C con-
tacts were installed in a TJ—7.2/450 vacuum arcing
chamber. An external magnetic field was applied
outside the vacuum chamber to increase the break-
ing capacity. The loop resistance, temperature-rise,
and short-time power frequency withstand were
tested.

RESULTS AND DISCUSSION

Electrical conductivity and hardness of CuCr-W-C
alloys are shown in Table II. It can be seen that the
addition of W and C elements can increase the
hardness from 8.9% to 68.7% as compared with that
of CuCr alloys without additives. Little effect was
found on the electrical conductivity of Cu-Cr alloys
by the addition of W and C elements.

The microstructures of CuCr-W-C alloys are
shown in Fig. 2. The gray area is the Cr phase,
the light area is the Cu matrix and the white spot is
the W particle. It can be seen that the size of the Cr

XJTU-PHY  SEI

<

XJTU-PHY  SEI
Fig. 2. Microstructure of CuCr-W-C contact material (a) CusoCrsg (b) CuCrW3oCq 3 () CuCrW, oCop s (d) CuCrWy oCy 0.
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Fig. 3. Ablation morphology of the cathode surface after first breakdown.

100um WD 10.4mm XITU-PHY
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SEI 20.0KV X200 100um WD 10.4mm

(a) CU500|’50 (b) CuCrW30Co 3 (C) CUCTW1_QCO.5 (d) CUCrWZ.()CLo.

Fig. 4. The arc spots fission during arcing of CuCrW, ¢C4 o contact
(a)1st card (b) 9th card (c) 13th card (d)17th card (e) 23rd card (f)
29th card.

phase is reduced by adding W and C. When the
content of W is more than 1.0%, the average size of
the Cr particles is around 20 ym. From Fig. 2a—d,

the Cu-Cr interface becomes more and more fuzzy
and flocculent. In Fig. 2d, the Cr phase margin
appears dissolved and melted. This kind of
microstructure is helpful to reduce the welding area
of the copper phase and improve the anti-welding
property.

From Fig. 3, it can be seen that firstly breakdown
occurs on a grain boundary. Arc erosion areas of
CuCr-W-C alloys were enlarged by 5five times,
compared with that of CusoCrso alloy in the same
arcing condition. Especially for CuCrW, oC; o, it was
almost enlarged to 12 times. For the CuCrWy (C;
alloy, the arcing zone was mainly located on Cr
particles with the size of 1-3 ym and a neighboring
Cu matrix. The arcing zone was barely located on
the Cr particle with a size more than 40 um. It is
inconsistent with a traditional conclusion that
firstly breakdown occurs on large-size Cr particles
because of their low thermal conductivity.'®'”

Figure 4 shows the process of arc spotting by
high-speed photography. It was found that arc
duration was 2 ms. Arc spots are big and bright at
first and then split into two spots around 664 us.
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Fig. 5. Morphology of the cathode surface ablation after breakdown 100 times (a) CusoCrsg (b) CuCrW, oCo 5 (¢) CuCrWy ¢Cy o.

XJTU-PHY COMPO 150KV  X1.000 10um WDI10.3mm

XIJTU-PHY

COMPO 150KV~ X2,000 10um WDI10.3mm

Fig. 6. The cross-section microstructure of CuCr-W-C alloys after breaking of 3000 A current in the vacuum contactor.

After splitting into three spots in 1162 us (29th
card), spots extinguish.

Scatter and fission of arc spots can significantly
reduce the melting degree of the electrode surface,
which is a benefit from improving ablation resis-
tance, current breaking capacity, and voltage with-
standing of the electrode materials.'®'?

From Fig. 5a, it can be seen that the arcing spots
of CusoCrso alloy are centralized, and the subse-
quent corrosion pits are deep (black arrow). For
CuCr-W-C alloys, breakdown exhibits diffusional
features in which the arc moves to the larger contact
surface. Especially for CuCrW; 3 Cy5 and CuCrW, g
C1 alloys, there are barely deep pits.

From Fig. 6, it can be seen that at the surface
layer of the alloys occurs melting and recrystalliza-
tion. During crystallization, Cr forms three different
microstructures: liquid phase separation mi-
crostructure (zone 1), solidification microstructure
by the nucleus of W particles (zone 2), and Cr

dendritic microstructure (zone 3). It was shown that
additives increased the solidification rate by the
nucleus of W particles, which is a benefit for the
voltage withstand and interruption capability.
Figure 7 shows the content effect of W and C
additives on separating force. From Fig. 7, it can be
seen that the welding resistance of CuCr-W-C alloys
obviously improves . The average separating force of
CuCr-W-C alloys reduces more than 50% compared
with that of CusoCrs. Especially for CuCrWjs (Co 3
and CuCrW,,Cy5 alloys, the average separating
forces reduce to only 10% of CusoCrsg.
’Iz‘%le2 2criterion equation of welding resistance is

ko,
Omr/Cppms ag
Ry =—"™"""—— (1)
Pa e
where 0,, is melting point, ¢, is specific heat, p,, is
density, 1 is conductivity, pg is resistivity, and o is
welding layer strength. The bigger the £k,
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Fig. 7. The content effect of W and C additives on separating force (a) Welding force of samples (b) Welding force and content of W and C curve.

Table III. The project and results of the type test

Test item Test condition Result
Loop resistance Main loop resistance <180 uQ Good
Temperature-rise 450 A Good
Short-time power frequency withstand voltage Earth, alternate and port: 25 kV, 1 min Good
Lightning impulse withstand test Earth, alternate and port: 40 kV peak Good
Make-break ability (AC4) 3.6 kV make current: 4.5 kA 100 times Good
3.6 kV maximal break current: 3.6 kA 25 times Good
3.6 kV minimal break current: 90 A 25 times Good
Over current withstand test imposed current: 6750 A 1 s Good
Short-time withstand current and peak withstand current Main loop: 2 s 4.5 kA peak value: 11.25 kA Good
Short-time current make—break test 3.6 kV 8.0 kA 3 times Good
Extreme short-circuit current break test 3.6 kV 13 kA 3 times Good

the better the welding resistance. Also, ay is the
radius of the contact spot,

F 3 F.R\Y
ap = TCHC+<§ E) ) (2)

where F. is force, H, is hardness, R is radius of
contact, and E is the Elastic Modulus.

From the equations, it can be seen that welding
force will decline with increase of hardness. The
addition of W and C elements can significantly
increase the hardness of CuCr-W-C alloys (Table II),
decrease welding force, and then improve welding
resistance.

Figure 8 shows the fracture morphology of CuCr-
W-C alloys, with separating forces that are rela-
tively low (28-74 N). From Fig. 8, it can be seen
that the microstructure of the welding layer have
many similar characteristics, which were listed as
follows: (1) grain size is refined and welding layer is
deep and small, (2) welding layer is a mainly brittle

and porous microstructure, and (3) the fracture
mechanism is mainly a brittle fracture.

The separating force mainly depends on welding
tendency and welding layer strength. The mecha-
nism of carbon on reducing the welding force lies in
generating brittle chromium carbides Cry3Cg and
residual free C fall off and formation of carbon holes
during stretching, which can remarkably promote
crack initiating and propagating. At the nucleus of
the solidification zone, W particles can refine grain,
which is a benefit to the dielectric strength and
hardness. On the other hand, the hard particles will
decrease the welding layer’s fracture energy by
second phase strengthening.

Welding force is not only related to microstruc-
ture and composition of material but also affected by
surface properties of contact, contact spring, contact
status, and so on.%%?*

Table III summarizes type test project and test
results of CuCrWs (Cg 5 contacts. From Table III, it
can be seen that the results of the type test were
qualified. The results suggested that CuCrWy ¢Cq
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WD 10.2mm

XJTU-PHY SEI 20.0KV XS0 100um WD 10.2mm
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Fig. 8. The fracture morphology of the welding surface (a) CuCrW; (Co 3, (c) CuCrW, oCo s, (€) CuCrWy oC1 0, (g) CuCrWs oCy 0. (b), (d), (f), and
(h) are details with enlarged scale of (a), (c), (e), and (g).




alloy could be used in the vacuum switches with low
contact pressure to replace the W-Cu type contacts.

CONCLUSIONS

The effect of W and C elements on welding resistance
and arcing behavior were studied. Results show that
addition of W and C elements can significantly increase
the hardness and have little effect on the electrical
conductivity of Cu-Cr alloys. The arc erosion area of
CuCr-W-C alloys enlarged by five times. The average
separating force of CuCr-W-C alloys is reduced by more
than 50% compared with that of the Cus¢Crso alloy.
Especially, for the CuCrWs,Cp3 and CuCrWy oCqs
alloys, the separating forces reduce to only 10% of that
of CusoCrsp. The mechanism of additives on reducing
the separating force is thought to be from the brittle
chromium carbides film and increasing the solidifica-
tion rate by the nucleus of W particles, which is also of
benefit for the voltage withstand and interruption
capability. The type test of the vacuum switches proved
the practicability by the CuCr-W-C alloy. It is con-
cluded that the CuCr-W-C alloys are suitable to be used
in the vacuum switches with low contact pressure to
replace the W-Cu type contacts for their lower welding
tendency while maintaining the voltage withstand and
interrupting capability.
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