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This study reports on the development of some W�Cu�Ni materials for use as electrical contacts for low
voltage vacuum switching contactors for nominal currents up to 630 A. The contact materials with 85 wt% W,
12�14 wt% Cu and 1�3 wt% Ni were obtained by spark plasma sintering process in vacuum. From very �nely
dispersed W�Cu�Ni powder mixtures there were produced sintered electrical contact pieces that were investigated
in terms of physical, microstructural, mechanical, and functional properties. The material sintered at 1200 ◦C
exhibited a near fully dense structure with very low porosity and enhanced mechanical properties: hardness of
maximum 480 HV1 and elastic modulus of maximum 220 GPa and low chopping current of maximum 1.77 A.
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1. Introduction
W�Cu contact materials are widely used as arcing con-

tacts in vacuum switching devices such as circuit break-
ers, contactors, and load switches [1�14]. These mate-
rials are heterogeneous compound materials, consisting
of a refractory component � W and a ductile compo-
nent � Cu. W yields high melting point, high density,
high hardness, low conductivity, low vapor pressure and
low arc erosion, while Cu yields high electrical and ther-
mal conductivity and lower melting point than W [2�13].
In addition, W has high withstand voltage in vacuum,
whereas Cu prevents any overheating of the switching
surface and contributes to good arc interruption and a
low chopping current [12].
Generally, W�Cu materials are produced by liquid

phase sintering through in�ltration, activated sintering
with small amounts of transition metals such as Ni, Co,
Fe, Zn [2�13], etc. However, it is di�cult to fabri-
cate alloy and composites with homogeneous microstruc-
ture, because W and Cu have no solubility of each other
through the whole composition [7]. In W�Cu compos-
ites, Ni addition improves the wetting and adhesion of
Cu and W and facilitates nonporous composite produc-
tion [6, 8]. With the recent progress in mechanical al-
loying of powder mixtures of W�Cu [10] and their pro-
cessing by new powder metallurgy techniques, it is now
possible to obtain fully dense composites with homoge-
neous microstructure. In this regard, spark plasma sin-
tering (SPS), also known as �eld assisted sintering tech-
nique (FAST), has been shown to be an e�ective non-
-conventional innovative sintering technique to consoli-
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date materials with maintaining their structure features
[15�18]. The SPS process is based on a modi�ed hot
pressing process in which the electric current does not
run through an external heater, but directly through the
pressing mould and the component. Thanks to the appli-
cation of a pulsed electric current and the resulting �spark
plasma sintering e�ect�, very fast pre-heating times and
therefore short process cycles are realized. As a result,
grain growth and the development of equilibrium states
can be suppressed that enables obtaining of materials
with previously unachievable compositions and proper-
ties [17].
In this work, W�Cu�Ni contact materials with near

fully dense structure and enhanced mechanical proper-
ties were developed successfully by SPS process starting
from very �nely dispersed powder mixtures containing
85 wt% W, 12�14 wt% Cu and 1�3 wt% Ni prepared by
mechanical milling of W, Cu, and Ni very �ne powders.

2. Experimental details

Very pure (≥ 99%) and �ne powders (maximum size
up to 32 µm) of W (H.C. Starck GmbH, Germany), Cu
(Ecka Granules GmbH, Germany) and Ni (Merck, Ger-
many) were used as starting materials. The W�Cu�Ni
powder mixtures containing 1 wt% stearic acid (97%,
Acros Organics, Belgium) were mechanically milled for
10 h in a stainless steel grinding bowl of 500 mL volume
placed in a planetary mono mill (Pulverisette 6, Fritsch
GmbH, Germany) using stainless steel balls as milling
bodies. The balls to powder mixture weight ratio was
10:1 and milling speed was 300 rpm. The stearic acid
was added as a process control agent to avoid powders
from welding with bowl and balls during collision and to
maintain balance of welding and fracturing.
Sintered pieces with diameter of 20 mm and height of

4�5 mm were achieved by SPS processing using a SPS
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installation of HP D25 type (FCT Systeme GmbH, Ger-
many) equipped with a power supply producing a pulsed
DC signal with a maximum intensity value of 8 kA at a
voltage of 8 V. In this aim, 19 ± 1 g of W�Cu�Ni pow-
der mixture was charged into graphite press mould hav-
ing inner diameter of 20.8 mm. After the mould was
placed into the chamber of the SPS installation, an ini-
tial pressure of 16 MPa was applied. Then the pressure
was increased to 40 MPa and maintained constant until
the end of the dwell. A continuous heating in vacuum at
100 ◦C/min to reach the sintering temperature of 1100 ◦C
and 1200 ◦C was performed with a dwell time of 5 min.
DC pulses pattern was: pulse duration of 12 ms, pause
duration of 2 ms, and 1 pulse per burst. After the end of
sintering dwell, the mould and sintered piece were cooled
rapidly in vacuum with a rate of 100 ◦C/min.
Surface morphology of the powder mixtures was inves-

tigated by scanning electron microscopy (SEM) by us-
ing a CrossBeam workstation composed of a focused ion
beam system and a scanning electron microscope (Au-
riga, Carl Zeiss SMT, Germany). The SEM micrographs
were acquired with a detector of secondary electrons at
the magni�cation of 20,000× and the acceleration voltage
of 21 kV.
The W�Cu�Ni particle size (hydrodynamic diameter)

and polydispersity were measured at a temperature of
25 ◦C and a scattering angle of 90◦ into aqueous suspen-
sions of 0.01% v/v by dynamic light scattering (DLS),
by using a 90Plus particle size analyzer (Brookhaven In-
struments Corporation, USA) equipped with 35 mW solid
state laser having 660 nm wavelength.
The apparent density of W, Cu and Ni powders and

W�Cu�Ni powder mixtures was determined at room tem-
perature by the funnel method using a Hall �owmeter
funnel.
The sintered density was determined at a tempera-

ture of 22 ◦C with a hydrostatic balance (XS204; Mettler-
-Toledo LLC, USA) using ethyl alcohol as immersion liq-
uid. The relative density was computed as the ratio of the
sintered density to the theoretical density of W�Cu�Ni
contact material.
The Vickers hardness (HV1/15) and elastic modulus

of the sintered pieces were determined by Oliver and
Pharr computational method, by using a microhardness
tester (CSM Instruments, Switzerland) with an inden-
tation load of 9.8 N, approach speed of the indenter of
2 µm/min, loading and unloading rate of 20 N/min and
dwell time of 15 s.
The microstructure was examined with an optical mi-

croscope (NU2-VEB, Carl Zeiss, Germany) on sintered
pieces polished with diamond slurry and etched for 20 s
with conventional Murakami's solution.
The chopping current measurements were performed

on pairs of two W�Cu�Ni contact pieces of each inves-
tigated material, mechanically fastened on Cu supports
by using a testing equipment (made by Icpe SA and
UPB, Romania) in the following conditions: pressure in
the vacuum arc quenching chamber of 10−4 Pa, injected

current of 25�30 A, opening velocity of the contacts of
1.5 m/s, number of determinations of 31.

3. Results and discussions
The SEM micrographs in Fig. 1 show the surface mor-

phology of the W�Cu�Ni powder mixtures.
As illustrated in Fig. 1, both W�Cu�Ni composite

powders have a �aky morphology with average parti-
cle size ranging from 400 ± 50 nm for small particles to
1500± 100 nm for large particles.

Fig. 1. SEM micrographs of the powder mixtures:
(a) W�Cu�Ni 85�14�1 and (b) W�Cu�Ni 85�12�3.

Fig. 2. Particle size distribution histograms of the
powder mixtures: (a) W�Cu�Ni 85�14�1 and (b)
W�Cu�Ni 85�12�3.
The particle size distribution histograms of intensity

of scattered light versus W�Cu�Ni particle size obtained
by DLS are presented in Fig. 2.
The W�Cu�Ni 85�14�1 powder exhibited a bimodal

particle size distribution in a narrow range, composed
of small particles (size range of 445.67�603.41 nm) and
large particles (size range of 1879.68�2745.22 nm), yield-
ing a mean particle hydrodynamic diameter of 1476.7 ±
39.3 nm. The W�Cu�Ni 85�12�3 powder exhibited also
a bimodal particle size distribution composed of small
particles (size range of 370.45�530.46 nm) and large par-
ticles (size range of 2230.24�3193.57 nm), yielding a mean
particle hydrodynamic diameter of 1713.9± 78.1 nm.
The hydrodynamic diameter measured in DLS (Fig. 2)

is slightly larger than the true particle diameter observed
in SEM analysis (Fig. 1). This can be explained by the
fact that the hydrodynamic diameter of a particle cor-
responds to the diameter of a sphere that has the same
average di�usion coe�cient as the particle being mea-
sured and depends on the size of the particle core, its
surface structure, concentration and type of ions in the
medium [19].
Both W�Cu�Ni composite powders showed good poly-

dispersity, since the polydispersity index that is a mea-
sure of the distribution width was 0.292 ± 0.027 for the
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TABLE I

Apparent density and theoretical density of W, Cu,
and Ni powders and W�Cu�Ni powder mixtures.

Powder type W Cu Ni
W�Cu�Ni

85�14�1 85�12�3

apparent
density [g/cm3]

3.79 1.70 2.06 1.62 2.41

theoretical
density [g/cm3]

19.30 8.96 8.90 16.450 16.446

W�Cu�Ni 85�14�1 powder and 0.256 ± 0.061 for the
W�Cu�Ni 85�12�3 powder. The polydispersity index de-
creases with particle size increase.

Table I presents the apparent density and theoretical
density of W, Cu and Ni powders and W�Cu�Ni pow-
der mixtures while Table II presents some physical, me-
chanical and functional properties of W�Cu�Ni sintered
materials.

TABLE II

Physical, mechanical and functional properties of W�Cu�Ni sintered electrical contact materials.

Material type/
sintering

temperature [◦C]

Sintered
density
[g/cm3]

Relative
density
[%]

Porosity

[%]

Hardness
HV1/15
[kgf/mm2]

Elastic
modulus
[GPa]

Chopping
current [A]

Avg. Max.

W�Cu�Ni
85�14�1/1100

15.011 91.25 8.75 387± 24 175± 9 0.99 2.65

W�Cu�Ni
85�14�1/1200

15.793 96.01 3.99 402± 19 189± 7 1.73 3.14

W�Cu�Ni
85�12�3/1100

15.415 93.73 6.27 425± 22 202± 8 2.29 3.68

W�Cu�Ni
85�12�3/1200

16.112 97.97 2.03 463± 17 214± 6 1.77 3.94

The apparent density (Table I) of the W�Cu�Ni pow-
der mixtures was in�uenced mainly by Cu and Ni con-
tent. As Cu content was higher and Ni content was
lower the apparent density of the W�Cu�Ni 85�14�1 pow-
der was lower, con�rming its smaller grain size than the
W�Cu�Ni 85�12�3 powder, even if the mechanical milling
conditions were the same.

It was found out that the properties of W�Cu�Ni ma-
terials (Table II) are dependent on chemical composition
and �nesses of powders, as well as on sintering tempera-
ture. Ni can lower the activation energy of sintering, al-
lowing a lower sintering temperature. By solid state acti-
vated sintering there is accelerated W di�usion through
transformed disordered grain boundaries [6]. The fast
heating rate used in SPS process leads to particles activa-
tion and good wetting and sintering necks between neigh-
bor particles form and grow at a lower temperature than
in conventional processes [18]. At 1100 ◦C even sinter-
ing necks occurred, the relative density is 91.25�93.73%,
meaning a porosity of 6.27�8.75%. With temperature in-
crease to 1200 ◦C, since Cu and Ni mobility in the W
matrix increased and the di�usion between particles was
enhanced, the sintering necks grow fast and the samples
were further densi�ed and the pores between particles
were reduced to 2.03�3.99%. Thus, a relative density of
96.01�97.97% was obtained.

All the sintered samples show high densi�cation. Low-
est density appears for the W�Cu�Ni 85�14�1 material
with highest Cu content, resulting in the lowest micro-
hardness. It occurs due to the nature of low hardness
of Cu. As Cu content decreased and Ni content in-

creased, the microhardness values increased showing bet-
ter particles bonding. As in the case of density, mi-
crohardness and elastic modulus increased with the in-
crease of the sintering temperature. The microhardness
and elastic modulus were highest when the porosity was
lowest. The W�Cu�Ni contact materials achieved by
SPS process showed superior hardness values in compar-
ison with the ones known for WC�Cu with 30 wt% Cu
(HV ≈ 380 kgf/mm2) and WC�Ag with 40 wt% Ag
(HV ≈ 300 kgf/mm2) conventional materials processed
by pressing-sintering-in�ltration that are mainly used in
vacuum contactors [14]. It is an important issue since a
hard contact material can improve its functional behavior
by minimizing contact sticking in vacuum.

Figure 3 shows the optical micrographs (cross-section)
of the W�Cu�Ni contact materials obtained by SPS
process.

The microstructure of all the W�Cu�Ni samples is a
typical liquid-phase sintering one where necking between
W particles can be seen. Due to very short duration of
the SPS process of about 30 min, a dense and �ne-grained
microstructure with a low porosity was achieved, espe-
cially for the samples sintered at 1200 ◦C. Smaller pores
are due to di�usion of Cu in liquid phase during sinter-
ing. Knowing that a �ne, homogeneous, and fault-free
microstructure is a necessary prerequisite for enhanced
material performance [2], the obtained results are in good
agreement.

It is desirable for the materials used for contact com-
ponents of vacuum contactors, due to the long service life
requirement, to meet particularly high standards. A low
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Fig. 3. Optical micrographs of the contact materi-
als: (a) W�Cu�Ni 85�14�1 sintered at 1100 ◦C, (b)
W�Cu�Ni 85�14�1 sintered at 1200 ◦C, (c) W�Cu�Ni
85�12�3 sintered at 1100 ◦C, and (d) W�Cu�Ni 85�12�3
sintered at 1200 ◦C (50× magni�cation).

welding force is desired, so that the opening of the con-
tact pieces is assured even after transient short-circuit
currents. Also, low chopping current (arc current inter-
ruption before the natural current zero is reached) with
average value below 5 A is a very important condition
to prevent impermissible overvoltages between main con-
tacts on circuit opening [11�13]. The abnormal overvolt-
ages caused by trapped magnetical energy in the load
after current chopping can lead to destruction of the cir-
cuit components [13].
The both W�Cu�Ni materials processed by SPS at

1100 ◦C and 1200 ◦C exhibited very good results on func-
tional tests yielding low chopping currents with average
values up to 2.29 A (Table II). As Cu content decreased
and Ni content increased, the average chopping current
values increased from 0.99�1.73 A to 1.77�2.29 A. The
chopping current was lower for the W�Cu�Ni material
with smaller particle size.
The results presented in this study recommend the us-

ing of the novel contact materials in vacuum contactors.
Due to the SPS processing it was possible to obtain reli-
able contacts with better performance than conventional
W�Cu contacts.

4. Conclusions

W�Cu�Ni electrical contact materials with 12�
14 wt% Cu, 1�3 wt% Ni and balance wt% W were ob-
tained from very �nely dispersed W, Cu, and Ni pow-
der mixtures that were previously mechanically milled,
by using SPS process in vacuum with holding pres-
sure of 40 MPa, sintering temperature of 1100 ◦C and
1200 ◦C, dwell time of 5 min and heating/cooling rate of
100 ◦C/min. The obtained results show that the SPS pro-
cess plays a key role in the achievement of electrical con-
tact materials with enhanced physical, mechanical and
functional properties and a dense and �ne-grained mi-
crostructure. The W�Cu�Ni 85�12�3 material sintered

at 1200 ◦C exhibited highest mechanical properties with
Vickers hardness of 463± 17 kgf/mm2 and elastic modu-
lus of 214±6 GPa, a near fully dense structure with very
low porosity of 2.03% and low average chopping current
of 1.77 A that can lead to an increase of the mechanical
and electrical life of vacuum switching devices in which
electrical contact pieces are �tted.
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