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Ag-WC (60-40 wt%) contact materials based on threeWC particle size powders were dopedwith 0.1 wt% Ni and
processed by an appropriate powder pre-treatment followed by spark plasma sintering (SPS). The contacts pro-
duced were already bonded to a copper profile during SPS in order to eliminate additional processing steps. The
SPS composites had a more homogeneous microstructure and were tougher and softer than the materials pro-
duced by conventional press-sinter-infiltration. The infiltrated contacts had a lower arc-erosionwhereas the con-
tacts produced by both processes had a similar contact resistance. The microstructure after switching confirmed
that the SPS materials had a porous contact surface layer and were crack-free in contrast to their press-sinter-
infiltrated equivalents.
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1. Introduction

Silver based refractory metal/metal carbide composites are used as
an arc resistant contact material for low-voltage molded case circuit
breakers (MCCBs) and miniature circuit breakers (MCBs) [1,2]. These
contact materials must be able to withstand extreme arcing conditions
generated by a short circuit with minimal material loss, should have
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acceptable contact resistance at ‘rated’ currents after arcing and should
not weld to each other at high currents. This set of stringent conditions
is only fulfilled by carefully engineered metal-ceramic composites,
which can comply with independent material properties like superior
conductivity and high boiling point. Conventionally, Ag-WC composites
are produced by liquid phase sintering or press-sinter-infiltration [3–5]
which requires a good adherence between the metallic and ceramic
phase which otherwise have limited solubility in both solid and liquid
state [6].

A novel approach has being adopted recently to prepare thesemetal
matrix composites in a single step process using pressure assisted
pulsed electric current sintering, commonly known as spark plasma
sintering (SPS). This approach has recently been used to prepare Ag-
SnO2 electrical contacts [7,8], W-Cu-Ni contacts [9] and Ag-WC (40-
60) contacts for vacuum contactors [10]. This process allows drastically
reducing the sintering time, since a very fast heating and cooling rate
can be achieved. In spark plasma sintering, the densification is mostly
carried out in the solid state, thus limiting the sintering temperature
to the liquidus of the powder mixture, which otherwise would lead to
exudation of the liquid phase during the process [11]. Since sintering
is predominantly carried out in the solid state, the homogenization of
multiple phases present is limited to solid state diffusion. Therefore,
the powder mixing step is critical as it directly reflects the homogeneity
and microstructure of the final composite.

Tsakiris et al. [10] have only achieved 95% of the theoretical density
for Ag-WC 40-60 materials after sintering at high homologous temper-
atures (T/Tm silver ≈ 0.98). Such high homologous temperatures during
SPS involves the risk of exudation of silver, and deprives the possibility
of achieving higher composite silver contents. Therefore, in order to
have a stable production and to achieve higher silver contents, sintering
at lower temperatures is required. In the electrical industry, the attach-
ment of an electrical contact to the contact armhas been of considerable
interest especially because of the difficulty of joining the refractory
phase in the composite to a copper or steel substrate. Joining of the con-
tacts to a copper profile is commonly achieved by positioning a silver
solder (sil-fos) in-between the composite and copper [12–14], followed
by resistance brazing. This process however demands an extra step
which can be eliminated by solid state welding of the composite to
the copper plate.

Therefore, the feasibility to fabricate Ag-WC-Ni (60-39.9-0.1 wt%)
electrical contact materials directly on a copper support in the solid
state at 750 °C has been investigated in this work. From previous inves-
tigations it was established that both the Ag content and WC particle
size have a strong influence on the electrical contact resistance and
Fig. 1. Die-punch-powder configurations (a, b, c) and schematic of the spark plasma sintering
configuration (b) and (c) were heat treated under hydrogen atmosphere. Configuration (a) a
and configuration (c) was sintered according to the profile shown in Fig. 2(b) (i.e. 750 °C and
thermal conductivity of Ag-WC composites [15]. Therefore, in this
work the WC particle size was varied between 0.8 μm, 1.5 μm and
4 μm. A composition of Ag-WC (60-40 wt%) was chosen since these
composites are used as arcing contacts in low-voltage molded case cir-
cuit breakers (MCCBs) and power circuit breakers, which uses a similar
composition [2]. Thematerial stability in the liquid state at 1070 °C was
assessed and the mechanical properties (hardness, toughness, yield
strength and flexural failure strength) and switching properties (arc-
erosion and contact resistance) of the SPS and infiltrated materials
based on three different WC starting powder particle sizes are
compared.

2. Experimental approach

2.1. Powder mixing and treatment

Ag-WC-Ni (60-39.9-0.1 wt%) composites were prepared via powder
metallurgical routes by powder mixing, followed by densification. The
silver and nickel powders used had a median particle diameter (d50)
of 5 μmand 7 μm respectively. Different powder batches were prepared
by varying the WC particle size between 0.8 μm, 1.5 μm and 4 μm. All
powders were obtained from Umicore AG & Co. KG, Germany. 100 g of
powderwas suspended in 100ml demineralizedwater in a glass beaker
using a magnetic stirrer for ~5 min. The stirred suspension was subse-
quently poured into a horizontal bead mill (Dispermat SL-12C1, VMA
Getzmann GmbH, Germany) containing WC-6Co Ø 1 mm milling
beads (YG6, Zhuzhou Jingzuan Carbide Co., Ltd.) and mixed for 15 min
at 1000 rpm. The purpose of this step was to de-agglomerate and mix
the powders homogeneously. The time and mixing speed was categor-
ically achieved by optimizing the final microstructure from a series of
mixing experiments. Silver is very ductile and has the propensity of
forming flakes, which is undesirable for the final microstructure. A lon-
ger mixing time and/or a higher mixing speed would result in a micro-
structure consisting of elongated silver phases with embedded WC
particles. The mixed suspension was dried using a rotary evaporator,
and the thus obtained soft agglomerated powder was sieved through
a 300 μm sieve. It is important to note that the composition of the com-
posite can be easily controlled by the powder composition in this pro-
cess, which is a major drawback of the conventional press-sinter-
infiltration process, where the final silver content needs to be tediously
manipulated from the sinter shrinkage as explained in Section 2.3. In
order to remove all oxides in the as-mixed powder, a hydrogen reduc-
tion step was performed in a tube furnace at 945 °C for 8 h under a
pure dry hydrogen flow of 50 l/h. Since the Ag-WC powder mixture
set-up (d). Configuration (a) was as-mixed powder without any heat treatment, whereas
nd (b) were sintered according to the profile shown in Fig. 2(a) (i.e. 850 °C and 80 MPa)
80 MPa).
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would sinter together at such high temperatures, the powders were
heat treated directly in the graphite SPS dies, as shown in
Fig. 1(b) and (c). The upper punch was removed during the hydrogen
reduction in order to allow direct access of the gas to the powder.

2.2. Densification by spark plasma sintering

25 g of the as-mixed and sieved powder mixture was poured into a
graphite die punch set-up (Ø 30 mm) with graphite paper positioned
(Sigraflex N 998) around the powder mixture (Fig. 1(a)). The set-up
was uniaxially cold pressed at 7 MPa so that the punches made thor-
ough contact with the powder. Alternatively, the powder compact was
hydrogen treated inside the graphite die/punch set-up prior to SPS den-
sification, as specified above and schematically presented in Fig. 1(b).
The punch/powder/die set-upwas placed inside the SPS vessel between
the electrodes and sintered at 850 °Cunder a pressure of 80MPa accord-
ing to the profile (a, blue) shown in Fig. 2. Both the as-mixed powder
and hydrogen reduced powder mixture were densified under identical
sintering conditions and both showed no significant difference in
sintering shrinkage. The vacuum was maintained at 1 mbar during the
process. A series of experiments was performed to obtain the sintering
parameters without any risk of exudation. A temperature of 850 °C
was sufficient to achieve near theoretical density under a pressure of
80 MPa. The applied pressure was also limited by the strength of the
graphite punches. A schematic of the SPS (TypeHPD 25/1, FCT Systeme,
Frankenblick, Germany) is shown in Fig. 1(d).More details of the exper-
imental set-up are provided elsewhere [16].

In a second approach, the hydrogen reduced powder was directly
SPSed on a copper substrate. After hydrogen reduction, a flat copper
plate (Ø 30 mm, 2 mm thick) was placed on the powder bed, on
which the upper punch was placed, as illustrated in Fig. 1(c). The
sintering of this configurationwas carried out at 750 °Cunder a pressure
of 80MPa as shown in the profile (b, red) in Fig. 2. After the 30mmdisc
was densified, the remnants of the graphite paper sticking to the com-
posite were removed by sand blasting.

2.3. Reference materials: densification by conventional infiltration

In order to evaluate the contacts prepared by SPS, they were com-
pared with 0.1 wt% Ni doped Ag-WC (60-39.9 wt%) contacts prepared
by the conventional press-sinter-infiltration method. In this process, a
starting powder composition of 40 wt% Ag, 59.85 wt% WC and
Fig. 2. Applied temperature and pressure profile and concomitant piston movement,
representing the linear shrinkage of the Ag-WC(0.8 μm)-Ni compact during spark
plasma sintering. (a) As-mixed or hydrogen reduced powder compact and (b) hydrogen
reduced powder compact on a copper plate substrate.
0.15wt% Ni wasmixed in a beadmill in the sameway as for the SPSma-
terials. The resultant powdermixturewas used tomake green pellets of
Ø 7 mm by uniaxial pressing. These pellets were sintered at 970 °C for
30 min to yield a porous body. The density of this sintered body was
measured in order to estimate the amount of porosity. In this case, the
desired silver content was 60 wt% in the final composition, thus the
pressure during uniaxial pressing was optimized in order to ensure
enough porosity after sintering to accommodate the remaining silver.
The sintered pellets were infiltrated with silver at 1070 °C for 30 min
which allowed the composite to achieve a near theoretical density
(N99%). Both sintering and infiltration were carried out above themelt-
ing point of silver in a graphite crucible and a reducing H2:N2 (3:1) at-
mosphere in order to prevent oxidation of the tungsten carbide.

2.4. Characterization

The density of the sintered composites was measured according to
the Archimedes' principle in water, whereas the density of the porous
materials was measured applying the boiling water method explained
in [17]. Three-point bending testing was used to determine the flexural
strength of the Ag-WC composites on a universal testingmachine (5848
Micro Tester; Instron, Norwood, MA, USA) using a set-up with a span
length of 10 mm. A 500 N load cell and a crosshead velocity of
0.05 mm/min was used in all tests. The details of the test set-up can
be found in [18]. The densified composites produced by SPS and infiltra-
tion were machined and ground into bars of 12 × 2 × 1.5 mm dimen-
sion. Seven samples were tested for each material grade. The yield
strength was calculated as the proof stress at 0.2% offset strain. The
toughness, i.e. the energy of deformation per unit volume prior to frac-
ture, was determined by integrating the flexural stress-strain curves.
The Vickers hardness of the Ag-WC composites was measured (Model
FV-700, Future-Tech Corp., Tokyo, Japan) using a load of 0.3 kg and a
dwell time of 10 s. The reported values are the average and standard
error of mean of five indentations.

The transverse section of the contact was used for microstructural
characterization, i.e., the plane perpendicular to the contact surface.
Scanning electron microscopy (XL 30 FEG, FEI) was used for investigat-
ing the initial and post-switching microstructures. Wavelength-
dispersive X-ray spectroscopy (WDS) elemental mapping of the Ag-
WC-Ni contact and the copper interface was performed using Electron
probe micro-analysis (EPMA, JXA-8530F, JEOL). Electron backscattered
diffraction (EBSD) (Nova NanoSEM 450, FEI) was used to measure ori-
entation data in order to calculate grain size and grain boundary charac-
ter. The step size for the EBSD scanswas varied from0.05–0.1 μm,which
was determined by the grain size. The orientation data obtained from
the EBSD scan was analyzed using EDAX OIM™ Analysis Software.

2.5. Break-only model switch test

The fully densified discs (Ø = 30 mm, h = 3 mm) were machined
into smaller (Ø = 7 mm) discs using electrical discharge machining
(EDM). The composites densified on a copper substrate were brazed
using ‘sil-fos 15’ (Ag-Cu-P 15-80-5 wt%) on a copper rod (40 mm × Ø
8 mm) at 750 °C and further machined to 4 mm diameter for the
break-only switching test, explained in detail in [15,19]. In this test, a
half sinusoidal current wave, having a frequency of 50 Hz and peak cur-
rent of 1300 A was applied across an identical material pair in contact.
At the beginning of the sine wave (i.e. i = 0), the contacts were pulled
apart causing an arc discharge between the two contact materials
until the next current zero. After the arc was extinguished, the contacts
were brought together and a direct current of 10 A was applied across
them. The voltage drop measured was used to calculate the electrical
contact resistance (Rc) of the composite after arcing. This controlled se-
quence was repeated 50 times (cycles) providing an evolution of the Rc
with increasing arc damage on the contact surface. The total time for
50 cycles was 4 min, i.e., 4.8 s per cycle. Apart from the contact



Table 1
Density of SPS and thermally treated SPS Ag-WC composites as a function of the starting
powder mixture treatment prior to SPS.

Powder treatment in
H2

Relative
density
after SPS
(%)

Heat treatment for 1 h Relative
density after
heat treatment
(%)

Temperature
(°C)

Time
(min)

Temperature
(°C)

Atmosphere

– – 98.35 990 H2:N2 3:1 62.91
– – 98.35 1070 H2:N2 3:1 62.62
– – 98.35 1070 Pure N2 71.57
945 26 98.97 1070 H2:N2 3:1 81.18
945 480 99.07 ± 0.35 1070 H2:N2 3:1 99.23 ± 0.62
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resistance, the arc-erosion of the contacts after 50 cycles was measured
as the total weight loss after switching. The contact resistancemeasure-
ment systemwas fully automated, and hadminimal operator influence.
The arc-erosion measurement was carried out in a high precision mass
balance up to 6 significant digits. Two contact pairs (4 samples) for each
case were tested and reported in this work. In order to test the repeat-
ability of the switching device over time, a standard known sample
was tested before each set of experiments. The absolute values of resis-
tance and erosion are valid for the given test conditions and would
change for different test conditions.

3. Results and discussion

3.1. Densification and thermal stability

Since sintering of the composites was carried out below the melting
point of silver, the wettability of silver on tungsten carbide was not de-
terrent for densification. Table 1 summarizes the density of three Ag-
WC-Ni (60-39.9-0.1 wt%) composite materials prepared via SPS with a
WC particle size of 0.8 μmwith or without hydrogen powder treatment.
The density after solid state sintering for all composites are close to their
theoretical density. However, the application temperatures of the con-
tactmaterial in a circuit breaker arewell beyond themeltingpoint of sil-
ver [20]. Thus it is crucial to assess the thermal stability of the solid state
densified SPS materials above the melting point of silver.

Sectioned parts of the SPS densified composites were placed in a
graphite crucible in a tube furnace at 990 °C or 1070 °C under different at-
mospheres and the change in density of the SPS composites is summa-
rized in Table 1. During heat treatment under reducing or N2

atmosphere, all as-mixed powder based SPS composites inflated, as con-
firmed from the decreased relative theoretical density (Table 1) and mi-
crostructure shown in Fig. 3. The large amount of porosity was
corroborated to the formation of water vapor and/or volatile oxides and
oxide hydrates [WO2(OH)2] of tungsten [21,22] during heat treatment.
The tungsten carbide phase present in the as-milled powder based
Fig. 3. Swelling of the as-milled solid state SPS composites after heat treatm
dense SPS composites was partially oxidized. Heat treatment in a hydro-
gen containing atmosphere leads to the reduction of the tungsten oxides
into tungsten andwater vapor, which is either transferred to the environ-
ment or internally builds up apartial pressure. Increasing the temperature
leads to an expansion of the gases which results in the formation of
‘macro’ pores which are visible to the bare eye. In the absence of hydro-
gen, no water vapor formation is anticipated, but tungsten oxides evapo-
rate at elevated temperatures (800–1200 °C) [21,22] which in turn
generates porosity. The porosity after heat treatment in a reducing atmo-
sphere is substantially higher than inN2, as summarized in Table 1, due to
the release of both water vapor and volatile tungsten oxides.

It is evident fromTable 1 that a pre-treatment of the powder in hydro-
gen at 945 °C prior to SPS densification reduces all the oxides present be-
fore sintering, eliminating the oxide content in the SPS composite and
concomitantly avoids pore formation during subsequent heat treatment
at 1070 °C. In the presentwork, 8 h of powder pre-treatment in hydrogen
allowed to eliminate all possible oxides present in the powder mixture.
This method allowed to make dense composites of desired composition
by a combined hydrogen reduction powder treatment and spark plasma
densification, which also eliminates the multiple stages and complica-
tions characteristic for the press-sinter-infiltration methods [4].

3.2. In-situ joining of Cu and Ag-WC-Ni composite during SPS

In this work, the hydrogen reduced starting powdermixturewas di-
rectly ‘SPS joined’ to a pure copper substrate at 750 °C, a temperature
below the Ag-Cu eutectic temperature (779 °C) in order to avoid exuda-
tion during sintering, the individual melting points of Ag and Cu being
962 °C and 1085 °C respectively. The thermal and loading cycle are pro-
vided in Fig. 2(b). In 2015, Fu et al. developed a different technique of
vacuum plasma deposition of Ag-WC (40-60wt%) powders on a copper
substrate to achieve a similar Ag-WC contact material with a copper
base [23].

Although heating the powder and the copper plate below the Ag-Cu
eutectic temperature does not allow liquid phase formation, the copper
and silver become very soft and plastically deformed. In addition to elec-
tric resistancewelding, where a pulsed electric current is used to join two
faying surfaces, the above technology is assisted by plastic flow and solid
state diffusion. The elemental distribution at the interface between the
copper and the Ag-WC contact material is shown in Fig. 4. A clear diffu-
sion layer (~40 μm) between the copper and the contact material can
be observed, which was also retained after 50 switching operations.

3.3. SPS versus press-sinter-infiltrated Ag-WC-Ni composites

The microstructure of the three different Ag-WC-Ni (60-39.9-
0.1 wt%) composites with varying WC particle sizes prepared by SPS
(combined with powder treatment, Fig. 1(c) and Fig. 2(b)) and press-
sinter-infiltration are shown in Fig. 5. The differences in homogeneity
ent for 1 h at (a) 990 °C and (b) 1070 °C in a H2:N2 (3:1) atmosphere.



Fig. 4. Elementalmapping illustrating the in-situ formed interface between the copper plate and Ag-WC(4 μm)-Ni contact material during spark plasma sintering. CP or compositionmap
shows the atomic number contrast of all the elements, similar to a backscattered electron image.
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between SPS and infiltratedmicrostructures are clearer to distinguish in
the material containing finer WC particles (Fig. 5(a)). The microstruc-
ture after SPS shows a more homogeneous phase distribution than
after infiltration since the silver phase seems to have retained its origi-
nal particle size of 5 μmwith negligible agglomeration during sintering.
However in the infiltrated material, the WC particles are more agglom-
erated compared to the SPS materials. During the sintering step, the sil-
ver present in the powder mixture binds together theWC particles and
Fig. 5.Microstructure of Ag-WC-Ni (60-39.9-0.1wt%) composites processed using spark plasma
WC particle sizes (d50).
leaves behind large isolated pores which are later filled with silver dur-
ing infiltration, leading to an inhomogeneous microstructure.

3.4. Mechanical properties

The flexural stress of the Ag-WC-Ni (60-39.9-0.1 wt%) SPS
(Fig. 1(c) and Fig. 2(b)) and infiltrated Ag-WC composites as a function
of flexural strain for the three different WC particle sizes are presented
sintering and conventional press-sinter-infiltration for (a) 0.8 μm, (b) 1.5 μmand (c) 4 μm



Fig. 6. Flexural stress-strain curves (3-point bending) of Ag-WC-Ni (60-39.9-0.1 Ni wt%) composites processed by (a) SPS and (b) conventional infiltration for different WC particle sizes
(d50).
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in Fig. 6. The yield strength, failure strength, failure strain and toughness
as determined from the curves are tabulated in Table 2. The Vickers hard-
ness of the spark plasma sintered and press-sinter-infiltrated Ag-WC
composites are also incorporated in Table 2. The toughness and failure
strain of the Ag-WC composites increased with increasing WC particle
size for both processing methods and the SPS materials were tougher
and able to withstand higher strain until failure than their conventional
infiltrated equivalents.Whereas, the failure strength and the hardness de-
creasedwith increasingWCparticle size, the strength and hardness of the
spark plasma sintered composites is consistently lower than for the infil-
trated materials. Similarly, the yield offset point of the materials de-
creased with increasing WC particle size, and the SPS materials had a
lower yield point with the exception of the WC 4 μm grade.

For a given processing method, the higher strength and hardness of
the materials containing finer WC particles is due to grain boundary
strengthening as demonstrated by the Hall-Petch relationship. Howev-
er, in order to interpret the difference in hardness and strength of the
SPS and infiltrated materials for a constant WC particle size, it is neces-
sary to characterize the grain boundary type. Orientation imaging using
electron backscattered diffraction (EBSD) was used since it is an appro-
priate tool to identify and classify grain boundaries. Fig. 7(a) and (b)
show the inverse pole figure (IPF)maps showing the Ag andWC phases
with grain boundaries having a misorientation ≥15°, thus defining a
grain by high angle grain boundaries. Fig. 7(c) shows that the WC
grain size for both SPS and infiltrated materials are similar but the Ag
grain size in the SPS material is very small (~0.3 μm) compared to ~1
to 3 mm in the infiltrated materials (Fig. 7(c) (inset)). Although this
should correspond to a higher hardness in the SPS materials as a conse-
quence of grain boundary strengthening, the infiltratedmaterials have a
higher hardness. This is because the infiltrated materials have a higher
fraction of high angle (N15°) Ag/WC grain/phase boundaries compared
to the SPS materials as shown in Fig. 7(d). This boils down to the fact
that the dispersion strengthening of WC prevails the grain boundary
strengthening of the Ag phase for a givenWC particle size. TheWC par-
ticles in the silver matrix act as incoherent dispersions and harden the
parent matrix by Orowan looping [24], explaining the higher strength
and hardness of the infiltrated material.
Table 2
Mechanical properties of the Ag-WC-Ni (60-39.9-0.1 Ni wt%) composites with different WC st

Mechanical properties SPS composites

WC 0.8 μm WC 1.5 μm

Yield strength (MPa) 452 ± 6 371 ± 5
Flexural failure strength (MPa) 655 ± 21 649 ± 4
Flexural failure strain (%) 2.4 ± 0.3 5.9 ± 0.3
Toughness in bending (MJ·m−3) 10.4 ± 1.9 31.0 ± 1.9
Hardness (kg·mm−2) (HV0.3) 169 ± 2 140 ± 2
As shown in Fig. 5, theWCparticles in the SPSmaterials aremore ho-
mogeneously distributed in the Ag matrix than for the infiltrated mate-
rials. This leads to a larger inter-particle spacing between the dispersed
WC particles in the SPS materials. Therefore, unlike in the infiltrated
composites, theWCparticles in the SPS composites donot sinter togeth-
er (i.e. minimum particle-particle contact) leading to lower strength
and hardness. Consequently, this high fraction of brittle WC-WC
necks/boundaries (N15°, Fig. 7(d)) formed in the infiltrated materials
leads to a lower toughness. Therefore, the most important result is
that the difference between the strength or hardness of the SPS and in-
filtrated materials decreases with increasing WC particle size. This di-
rectly corresponds to the reduced neck formation between the WC
particles with increasing particle size (Fig. 5) as a result of the lower
driving force for sintering.

3.5. Arc-erosion and electrical contact resistance

The contact materials prepared by SPSmade from a hydrogen treated
powder (Fig. 1(c) and Fig. 2(b)), were tested in the break-only model
switch and compared with the press-sinter-infiltrated contacts. Four
identical Ag-WC composite discs were prepared for each pair of tests in
which one disc was connected to the stationary electrode and the other
to the movable electrode. Arc-erosion in the generic sense attributes to
the ‘material losses’ after an arcing event. Usually, the material loss is
due to boiling, liquid droplet expulsion and oxidation, yet in some cases
brittle chunk expulsion can contribute to a major material loss [1,25].
However in DC applications, an important contributing factor is material
transfer between the anode and the cathode [26–28]. Since arc-erosion
is a complex phenomenon to monitor during each cycle, the weight loss
of the contacts was measured after 50 switching cycles and divided by
the total number of cycles. The arc-erosionmeasurement results are illus-
trated in Fig. 8, which compares the materials made by two processing
routes for different WC particle sizes. The top half of the bar indicates
the weight loss per cycle of the movable/upper contact whereas the bot-
tom half of the bar expresses the weight loss of the stationary/lower con-
tact. The arc-erosion resistance is best for the material containing the
coarsest WC particles, which is due to the increase in ductility of the
arting powder size (d50), processed by SPS and conventional infiltration.

Infiltrated composites

WC 4.0 μm WC 0.8 μm WC 1.5 μm WC 4.0 μm

259 ± 2 480 ± 8 376 ± 5 240 ± 5
524 ± 4 768 ± 15 738 ± 9 536 ± 6
10.7 ± 0.5 2.4 ± 0.1 3.6 ± 0.2 7.2 ± 0.3
46.7 ± 2.6 11.1 ± 0.8 18.2 ± 0.9 30.2 ± 1.7
106 ± 2 212 ± 8 165 ± 5 116 ± 2



Fig. 7. Inverse polefiguremaps showing theAg andWCphaseswith grain boundaries having amisorientation ≥15° for the (a) SPS and (b) infiltrated Ag-WC(0.8 μm)-Ni contacts; (c) grain
size distribution in the SPS and infiltrated materials, (inset) polarized light microstructure of top surface of a Ø 7 mm Ag-WC-Ni infiltrated disc showing the etched silver oligocrystals;
(d) Grain boundary length fractions for SPS and infiltrated contact materials as a function of the misorientation angle.
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contact material, independent of thematerial processing technology. The
spark plasma sinteredmaterial however shows a lower arc erosion resis-
tance than the infiltrated equivalent. This could be attributed to the pref-
erential loss of silver by evaporation as discussed below, based on the
microstructure after switching.

The electrical contact resistance (Rc) of the composites prepared by
spark plasma sintering and infiltration follows a similar trend as com-
pared in Fig. 9. The composites containing the coarsest WC (4 μm)
phase have a significantly lower Rc in contrast to the materials with
the finer WC (0.8 μm and 1.5 μm) particles. The large difference in
Fig. 8. Arc-erosion after 50 switching cycles attributed to the weight loss per switching
cycle (n) of the upper/movable contact and lower/stationary contact for different WC
particle sizes (d50) processed using spark plasma sintering (blue) and conventional
infiltration (red).
contact resistance between the coarser WC (4 μm) and the finer WC
(0.8 μmand 1.5 μm) can be explained from a combined effect of the per-
colating silver matrix and the flow stress of the surface layers formed
during switching. As discussed earlier, the finer WC tends to agglomer-
ate and limits the current carrying path through the WC phase. After a
few cycles, the difference in contact resistance between the different
WC particle sizes are clearer since a stable re-condensed surface layer
is formed after each switching cycle. For the coarserWC containingma-
terials, the surface layer is softer than for the finerWC, thus establishing
a larger area of mechanical contact [1], leading to a lower contact
resistance.

Fig. 10 shows the transverse section of the stationary contacts after
50 switching cycles. The infiltrated contacts were brazed on the copper
rod whereas the SPS materials do not have a brazing layer in-between
the contact and the copper. The interface between the contact material
and the copper seems to sustain the arcing loads without any signs of
major defects except for the material with WC 0.8 μm (Fig. 10(a)). The
crack formation can be attributed to the lower thermal conductivity of
the composite containing finer WC [15]. The * labelled micrographs
are enlarged views of the top contact surface. The striking difference be-
tween the two processing routes is that the infiltrated material has
major cracks in contrast to the SPS materials. The SPS grades however
show a porous ‘sponge’ like contact surface in contrast to the infiltrated
materials.

Cracks formed during electric arcing can be classified as vertical and
horizontal cracks, based on their orientation to the surface of the contact
[29]. The cracks are mainly attributed to thermal stresses related to the
mismatch of thermal expansion coefficients between the constituent
phases, thermal conductivity and the toughness of the composite.
These cracks were only observed in the infiltrated materials, which
are brittle and have the propensity to erode by brittle chunk expulsion.
This directly correlates to the lower toughness (Table 2) of the infiltrat-
edmaterials compared to the SPSmaterials. Although the cracks are ab-
sent in the materials prepared by SPS, they show porous structures on
the contact surface in the form of sintered/re-condensed network of



Fig. 9. Evolution of the electrical contact resistance (Rc) calculated from the voltage drop across the contacts over 50 switching cycles for differentWC particle sizes (d50) processed by SPS
(a) and conventional infiltration (b).
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Ag and WC (Fig. 11(a)). Despite the higher resistance to cracking and
concomitant reduced loss of large parts of the SPS contacts, they show
more material loss by the formation of a porous surface layer. The po-
rous surface structure on the SPSmaterials is attributed to the preferen-
tial loss of silver by evaporation in comparison to the infiltrated
materials. Fig. 11 shows a significant difference in microstructure be-
tween the arc-affected zone and the bulk of the SPS materials. In the
heat affected region, the WC particles are more closely spaced com-
pared to the bulk, consequently decreasing the thermal conductivity
of the surface layer. This does not allow the heat on the surface to dissi-
pate easily, leading to a preferential loss of silver at the contact surface.

4. Conclusions

Spark plasma sintering (SPS) was explored to densify Ag-WC-Ni (60-
39.9-0.1 wt%) contact materials in comparison to the conventional press-
sinter-infiltration process. SPS not only allowed to have a better control
over the final silver content, but alsominimized the number of processing
steps compared to the conventional process. The Ag-WC-Ni composites
were in-situ solid state welded to a copper substrate during SPS, eliminat-
ing an additional brazing stepnecessary in the conventional process. Based
on the experimental results, the following conclusions can be drawn.
Fig. 10. Microstructure of the lower/stationary Ag-WC-Ni (60-39.9-0.1 wt%) contact after 50
(a) 0.8 μm, (b) 1.5 μm and (c) 4 μm WC particle size (d50).
1. Ag-WC composites prepared by SPS from an as-mixed/milled pow-
der mixture is fully dense. At temperatures above the melting point
of silver (N962 °C) however, the dense body starts to swell and be-
comes porous (video in Supplementary material), rendering them
unsuitable for arcing contact applications. This is due to the forma-
tion of water vapor and/or volatile oxides and oxyhydrates of tung-
sten at elevated temperatures (800–1200 °C) depending on the
atmosphere during heat treatment.

2. In order to produce a stable Ag-WC electrical contact, a proper powder
pretreatment, i.e. heat treatment at 945 °C for 8h in thepresence of hy-
drogen in order to reduce tungsten oxides, was necessary prior to SPS
for 5min at 750 °C and 80MPa. The resultant composites had a density
N99%, which was retained when heated above the melting point of
silver.

3. The SPS composites had a more homogeneous microstructure but
lower strength and hardness than their infiltrated counterparts, i.e.
the 1.5 μm WC grade prepared by infiltration was 25 HV0.3 harder
than its SPS equivalent. The infiltrated materials had a larger fraction
of high angle (N15°) Ag/WC phase/grain boundaries leading to dis-
persion strengthening. However, the SPS composites were tougher
than their infiltrated equivalents, i.e. the 1.5 μm WC grade was
13 MJ·m−3 tougher than the material prepared by infiltration.
switching cycles processed by spark plasma sintering and conventional infiltration for



Fig. 11. Lower/stationary spark plasma sintered Ag-WC(1.5 μm)-Ni (60-39.9-0.1 wt%) contact material after 50 switching cycles, illustrating the difference inmicrostructure between the
arc-affected zone and the bulk.
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4. For a given processing method, the materials containing finer WC
particles were stronger and harder, while being less tough, i.e. the
SPSed 4 μm WC grade was 36 MJ·m−3 tougher than the 0.8 μm WC
grade, but the hardness was 63 HV0.3 lower. This was due to grain
boundary strengthening of the composite containing finerWC parti-
cles as a result of the large fraction of WC grain boundaries.

5. The electrical contact resistance of both SPS and infiltrated materials
was comparable, whereas the infiltrated materials showed a better
arc-erosion resistance due to preferential evaporation of silver from
the contact surface of the SPS materials.

6. Both the electrical contact resistance and arc-erosion decreased with
increasing WC particle size for a given processing method. Contact
resistance decreases due to increased ductility whereas arc-erosion
decreases due to increased thermal conductivity.

7. The microstructure of the switched contacts also divulged that the
SPSmaterials were free of cracks in contrast to their infiltrated coun-
terparts. The surface of the SPSmaterials displayed a porous ‘sponge’
likemicrostructurewhichwas attributed to the preferential evapora-
tion of silver. This was due to the difference in thermal conductivity
between the arc-affected zone and the bulk, which constrained the
heat dissipation away from the contact surface.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.matdes.2017.02.070.
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