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a b s t r a c t

In this work, Ni was used as an additive in Ag-WC (60e40 wt.%) metal matrix composites employed as
electrical contacts. Increasing the Ni content from 1 to 3 wt.% resulted in an increase in the mean
electrical contact resistance (Rc) from ~2 to ~3 mU. However, further addition of Ni up to 10 wt.% resulted
in the formation of a silver layer on the contact surface after switching, which strongly reduced the Rc
from ~3 to ~1.5 mU. The influence of Ni addition on the microstructural changes in the contact material
was investigated and the mechanism for the transfer of silver from the bulk composite material to the
surface as a consequence of thermal cycling during switching was elucidated.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the electrical industry, low-voltage circuit breakers have been
using silver based metal matrix composites (MMCs) [1e6] due to
their superior electrical, thermal and oxidation properties
compared to copper. The secondary phase in the metal matrix is
usually a refractory metal or carbide, which minimizes the arc-
erosion/mass loss [5,7e9] and prevents the contacts to weld
together at overrated currents (short circuit current) [3,10e12].
Although addition of the refractory phase improves the arc-erosion
properties, it increases the electrical contact resistance (Rc) of the
composite. Thus depending on the application, the volume fraction
of silver is adjusted accordingly to regulate the Rc of the composite,
which is essential to limit the temperature rise inside the device.
Thus in most cases, Ag-WC contact materials consist of a large
volume fraction of silver which forms a ductile and percolating
network of metal matrix to maintain a low Rc. Alternative methods
of regulating Rc have been of substantial interest which include,
manipulating the composition of the composite by adding dopants
e, nachiketa.ray.1014@gmail.
[13e16] and by modifying the microstructure [17,18].
Transition metals like Ni and Co are well known binders for

sintering of W and WC in cermets [19e22] and as a wetting agent
for silverecarbon interfaces [23]. The influence of Ni in AgeW/WC
contact materials has been studied in the past and the effect of Ni
on the Rc [13,14,24] and arc-erosion [15] has been of significant
interest. The rise in Rc for these materials has been associated with
the formation of tungsten oxides and nickel tungstates [13], but the
influence of Ni on the Rc is still not clear. In this work, a more
fundamental approach has been pursued to study the composites
after switching and correlate the microstructure with thermody-
namic equilibrium phase diagrams to elucidate the influence of Ni
addition in Ag-WC contact materials.
2. Experimental approach

2.1. Densification by liquid metal infiltration

Pellets with a diameter of 7 mm were produced via powder
metallurgical route in which, a powder mixture of Ag (d50~5 mm),
WC (d50~0.8 mm), and Ni (d50~7 mm) was pre-compacted by uni-
axial pressing and sintered to form a porous network, which was
later densified by molten silver infiltration. Different starting
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powder compositions were necessary for achieving different final
composite compositions. For preparing an electrical contact with
60 wt.% Ag, 33.5 wt.% WC and 6.5 wt.% Ni the following process
was followed. A starting powder containing a mixture of 40 wt.%
Ag, 51 wt.% WC and 9 wt.% Ni was pressed to a pre-defined density
so that the composite achieved the final desired composition after
sintering and silver infiltration. Sintering was carried out at 970 �C
for 30 min and infiltration at 1070 �C for 30 min, i.e. above the
liquidus of silver, in a reducing atmosphere containing a mixture of
hydrogen and nitrogen (3:1) in order to prevent oxidation of the
tungsten carbide. A graphite crucible was used to place the pellets
in the furnace for both sintering and infiltration, since silver does
not wet graphite. Ni1Ag56, Ni3Ag58, Ni6.5Ag57 and Ni10Ag55
compositions, reflecting the overall wt.% Ni and Ag content
(balanced by WC), were prepared and investigated, corresponding
to a vol.% composition of Ni1.4Ag65, Ni4Ag66, Ni8.6Ag64 and
Ni13Ag61 respectively. Backscattered electron micrographs of the
infiltrated Ag-WC-Ni composites are shown in Fig. 1. The micro-
structures appear to be dense and consist of three phases viz. WC
(bright), Ag (dark) and Ni (black). Table 1 summarizes the four Ag-
WC-Ni contact materials along with their starting powder com-
positions and final compositions. The densities of the pellets were
measured using the Archimedes' principle in water and are tabu-
lated in Table 1. The measurements confirm that the composites
achieved near theoretical density (~99%) after infiltration.

The Vickers hardness of the Ag-WC-Ni composites was
measured (Model FV-700, Future-Tech Corp., Tokyo, Japan) with a
load of 0.5 kgf and a dwell time of 15 s Table 1 shows the evolution
of the hardness as a function of the Ni content. It clearly shows that
the hardness decreases with increasing ductile phase content
(Agþ Ni) in the composites. A previous study [17] revealed that the
Rc of the composite would decrease monotonously with increasing
ductility of the composite, unless some additional factors like phase
transformation influence the microstructure.
Fig. 1. Backscattered electron micrographs of the infiltrated Ag-WC-Ni materials b
2.2. Break-only model switch and measurement of electrical
contact resistance (Rc)

The dense disc shaped composites were brazed to a copper rod
(Ø ¼ 8 mm, 45 mm high) and successively turned down to a
diameter of 4 mm and height of 2 mm to yield a flat contact surface
(Fig. 3 (a)). Two identical composites were tested as a contact pair
in a break-onlymodel switch [3,17]. In this device a contact pair was
brought together and a half sinusoidal current wave, having a fre-
quency of 50 Hz and peak current of 1300 A was applied. Then the
contacts were opened at the beginning of the sinusoidal current
(i ¼ 0), during which the current flowed for one half-cycle to
observe an electric arc until next current zero. After the arc had
been extinguished completely by a thyristor, the contacts were re-
closed for electrical contact resistance (Rc) measurement, during
which the voltage drop across the contacts was measured using a
direct current of 10 A. This procedure was carried out for 50 cycles
and the electrical contact resistance (Rc) was measured after each
cycle. This test was inspired by the standard Sequence X of U.L. 489
[25]. The arcing contacts studied in this context usually find
application in low voltage and high current miniature circuit
breakers (MCB) and molded case circuit breakers (MCCB).
2.3. Characterization

The post-switching surface was characterized using a confocal
scanning laser microscope. The contact surface was also analyzed
by X-ray diffraction (XRD, 3003-TT, Seifert, Ahrensburg, Germany)
using Cu Ka radiation at 40 kV and 40 mA. XRD patterns were
recorded by qe2qmodewith a scan speed of 2s/step and a scan size
of 0.02�. The transverse section of the composite was investigated
for microstructural characterization, i.e., the plane perpendicular to
the contact surface. The plane of interest was sectioned using a low
speed diamond saw and appropriate metallographic sample
efore switching. (a) Ni1Ag56, (b) Ni3Ag58, (c) Ni6.5Ag57 and (d) Ni10Ag55.



Table 1
Ag-WC-Ni contacts (see Fig. 1) investigated in this work, tabulating their starting powder composition, final composition after infiltration (balance WC), density and Vickers
hardness.

Contact material Powder composition Final composition Density (g$cm�3) Relative TD (%) Vickers hardness (HV0.5)

Ag (wt.%) Ni (wt.%) Ag (wt.%) Ni (wt.%)

a 40 1.5 56 1 12.15 99.68% 218.3 ± 2.5
b 40 4.5 58 3 11.83 98.91% 208.5 ± 0.8
c 40 9.0 57 6.5 11.64 98.94% 199.1 ± 2.1
d 40 13.5 55 10 11.55 99.36% 182.3 ± 1.5
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preparation was carried out as mentioned in Ref. [17]. Scanning
electron microscopy (XL 30 FEG, FEI) was used for investigating the
initial and post-switching microstructures. Elemental mapping and
quantitative elemental analysis were performed using Electron
probe micro-analysis (EPMA, JXA-8530F, JEOL). Equilibrium phase
diagrams were calculated to examine the stability of the phases
formed after switching, based on elemental analysis using Thermo-
Calc-4.0 software.
3. Results

The surface of the contact pair after 50 switching operations is
shown in Fig. 2. The materials with low Ni content have a darker
(oxidized) surface than the ones with the higher Ni content. For
materials containing more than 6.5 wt.% Ni, the surface contained
pools of shiny non-oxidized metal. The evolution of the measured
electrical contact resistance (Rc) during 50 switching cycles is
plotted in Fig. 3 (b). The plot shows that the Rc builds up to 20
switching cycles for most cases and then reaches a stable value. The
graph clearly indicates that the Rc plateau value decreases with
increasing amount of Ni in the material (3e10 wt.%).

During each switching operation, the electric arc strikes the
contact surface and severely degrades the material. Such deterio-
ration is manifested by material loss, thermal stress induced
cracking [17,26,27], microstructural changes and oxidation, where
material loss is a direct consequence of the vaporization and splash
erosion of silver [28]. Metallographic investigation of the cross-
sectioned materials after switching revealed a different micro-
structure depending on the Ni content of the composite. Even
though Ni and Ag share the same crystal structure, similar
Fig. 2. Upper and lower contact surface of (a) Ni1Ag56, (b) Ni3Ag58, (c) Ni6.5A
electronegativity and small difference in atomic radii (<15%), they
have a limited solubility in both solid and liquid state due to a large
positive enthalpy of mixing [29]. Therefore, Ag, WC and Ni are
present as separate phases in the pristine materials as shown in
Fig. 1. Here Ni was identified to mainly segregate around the silver
phase in the bulkmaterial. For materials having very lowNi content
(~0.1 wt.%), the microstructure of the “arc-affected zone” was
similar to the bulk but contained a lot of cracks [17]. However, for
high Ni containing materials the “arc-affected zone” showed a
distinctly different microstructure compared to the bulk.

Fig. 4 and Fig. 5 illustrate the elemental distribution in the
transverse section of the lower arced contacts of all four Ni con-
taining Ag-WC materials, measured using EPMA wavelength
dispersive spectroscopy. The micrographs can be clearly classified
into an “arc-affected zone” and bulk region. The arc-affected zone
can be further divided into two or three distinct layers. The top
layer (marked as region i in Fig. 5) consists of a very thin silver-rich
layer with a small amount of segregated Ni (Fig. 6 (a)). This layer
explains the shiny non-oxidized metallic surface in Fig. 2 (c, d). This
layer is only present in the contact material containing 6.5 and
10 wt.% of Ni. A similar Ag layer formation on top of the contact
surface was also reported for Age12Ni electrical contacts even after
50000 dc switching operations [30]. The second layer from the top
(region ii in Fig. 4 and Fig. 5) is a silver-free layer consisting of large
faceted WC grains, which are sintered together with a Ni-rich
eutectic phase. At higher magnification, the lathes of the eutectic
were clearly visible (Fig. 6 (b)). The distance between the lathes was
around ~50 nm. The third layer (region iii in Fig. 4 and Fig. 5) is a Ni-
depleted region, which mainly consists of smaller and faceted
grains of WC and silver. This region still contains some Ni, but less
g57 and (d) Ni10Ag55 (wt.%) contact materials after 50 switching cycles.



Fig. 3. (a) Dimensions of the contact piece (grey) brazed to the copper rod used in the break-only model switch. (b) Evolution of the electrical contact resistance (Rc) over 50
switching cycles as a function of Ni content.
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compared to the bulk material below this layer.
Fig. 6 specifically illustrates the elemental distribution in the

transverse section of the lower arced contact containing 10 wt.% of
Ni which is the most interesting case since it showed the lowest
contact resistance. Thus for this case the average elemental in-
tensities in the profiles were calculated along a horizontal line
parallel to the surface and normalized on an identical scale for Ag,
W and Ni. This average normalized intensity was plotted as a
function of distance from the contact surface as shown in Fig. 5 (b).
The plot was further smoothened using a Savitzy-Golay filter which
minimized the signal-to-noise ratio using local 2nd order poly-
nomial fitting. This plot illustrates the Ag-rich, Ag-depleted and Ni-
depleted layers as a function of depth from the contact surface.

The appearance of the silver layer with increasing Ni content is
consistent with the phase evolution within the silver-depleted
layer, which is shown in Fig. 7. Three distinct phases (1, 2 and 3)
can be differentiated in themicrographs, whichwere quantitatively
analyzed using wavelength dispersive X-ray spectroscopy. The
elemental analysis tabulated in Table 2 reveals that the large
polygonal dark grains (Phase 1) are stoichiometric WC crystals and
the rounded bright grains (Phase 2) are non-stoichiometric tung-
sten rich carbide (W2C1-xNix) with Ni in solid solution. Their
rounded shape is due to activated sintering in the presence of Ni
[19,31] which leads to de-faceted grain boundaries in contrast to
the faceted surfaces in case of sintered WC. It is important to
observe that the dark eutectic phase (Phase 3) in-between the large
WC grains grew at the expense of the rounded bright grains with
increasing Ni content. The eutectic phase is completely absent in
the material containing only 1 wt.% of Ni (Fig. 7 (a)), whereas it
replaces most of the bright grains (Phase 2) in the material con-
taining 10 wt.% of Ni (Fig. 7 (d)). Thus the volume fraction of the
eutectic phase in the silver depleted layer can play a role in the
formation of the silver surface layer which increases with
increasing Ni content. The average depth of these layers present in
the contacts after 50 switching cycles was measured from the mi-
crographs at 10 different positions on each contact and is plotted in
Fig. 8 (a). It is important to note that the constituent layers were
continuous for the material containing 6.5 and 10 wt.% of Ni,
whereas the silver depleted layer was interrupted in the lower Ni
content materials, (Fig. 4 (a)). This is mainly because the ductility of
these layers changes as a function of the Ni content. With
increasing Ni content the dark eutectic phase replaces the brittle
W2C1-xNix which leads to a more ductile and continuous layer
formation during switching. Although the absolute thickness of
each layer does not correlate with the Rc, the volume fraction of
each phase in the layers are important. The top silver layer which
was only present in the material containing 6.5 and 10 wt.% of Ni,
was discontinuous and thinner in the 6.5 wt.% Ni material and
continuous and thicker in the 10 wt.% Ni grade. However, only two
dimensional sections were observed in this study thus stereological
factors must also be considered.

To examine the homogeneity of the surface layers formed after
switching, X-ray diffraction studies were carried out on the surface
of the lower contact and compared with microstructural analysis.
Fig. 8 (b) shows the XRD patterns recorded in the range of 30e55�

(2q) for the four investigated contact materials containing 1, 3, 6.5
and 10wt.% of Ni. It is important to note that the interaction volume
of the X-rays is limited to the silver layer and silver depleted layer
(Fig. 8 (a)) for a material rich in WC which has a very high ab-
sorption coefficient for X-rays. The graph reveals that the amount of
silver increases with increasing Ni content, which is an outcome of
the silver layer formation as observed in the elemental analysis.
Ni17W3 (PDF no. 03-065-4828) [32] was also detected in the XRD
pattern and it evolves with increasing Ni content, but was absent in
the 1 wt.% Ni grade. As recognized from the elemental analysis and
microstructural investigation, this Ni rich phase (phase 3 in Fig. 7)
grows at the expense of the W2C with increasing Ni content, which
is also confirmed by the XRD patterns. A small amount of Ni
(~1 wt.%) in the contact material leads to carbon depletion of the
WC during switching leading to the formation of metastable W2C
and sometimes also a tungsten oxycarbide (W2CO) (PDF no. 00-
022-0959) [33] which is a result of the interaction of tungsten oxide
vapor with free carbon at high temperatures.

To understand the formation of these layers as a result of
switching, the thermodynamic stability of the phases had to be
determined. Thermodynamic equilibrium diagrams are useful to
predict and investigate all possible phase transformations in a
given system. However, the temperatures and compositions which
are applicable in this condition should be known. Theoretically, the
temperature of the contact should be limited to the boiling point of
silver (2160 �C), as long as silver is available in the bulk due to the
latent heat of vaporization. Yet local rises in surface temperature
lead to melting of WC (2785 �C) which was observed in the present
study and also in materials having very low Ni content (~0.1 wt.%)



Fig. 4. EPMA wavelength-dispersive X-ray spectroscopy elemental mapping of the transverse section of the lower contact of (a) Ni1Ag56 and (b) Ni3Ag58 material after 50
switching cycles (Fig. 2 (a2 and b2)); the map shows the distribution of Ag, W and Ni and clearly demarcates the different layers of the ‘arc affected zone’ (the Ag depleted and Ni
depleted layer) from the bulk.
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[17]. This gives an empirical knowledge of the surface temperatures
of the contacts during arcing.

Elemental W and Ni are known to form a eutectic at 1495 �C
[34,35], and a more stable intermetallic Ni4W is formed around
1000 �C. However, switching at overrated currents is a very rapid
heating and cooling cycle which may prevent the formation of
equilibrium phases. Thus the liquid phase which is Ni-rich in the
WC-Ni phase diagram [21] (i.e. the hypoeutectic region) is
quenched, forming an eutectic composed of WC (bright dispersed
eutectic phase in Fig. 6(b) and Fig. 7(d)) and a solid solution (fcc) of
WC in Ni (dark eutectic matrix phase in Fig. 7(d)). The composition
of the eutectic phase plays an important role to study the equilib-
rium phase diagrams and was thus measured (Table 2).

Although Ag and Ni have limited solubility in the solid and



Fig. 5. EPMA wavelength-dispersive X-ray spectroscopy elemental mapping of the transverse section of the lower contact of (a) Ni6.5Ag57 and (b) Ni10Ag55 material after 50
switching cycles (Fig. 2 (c2 and d2)); the map shows the distribution of Ag, W and Ni and the elemental intensity profiles represent the averaged line intensities parallel to the
surface.

N. Ray et al. / Journal of Alloys and Compounds 670 (2016) 188e197 193
liquid state, at very high temperatures (>2500 �C), the miscibility
gap is overcome and liquid Ag and Ni become soluble as shown in
Fig. 9 (a). For this simple binary system, already 30 at.% of Ag dis-
solves in liquid Ni at 2500 �C [29]. The influence of W and C, which
are also present in the system, on the actual solubility of Ag in the
“eutectic” phase at high temperatures was thermodynamically
calculated (Thermo-Calc 4.0 Software, Sweden) using the SGTE
Solutions Database, Version 5.0 (SSOL5) which contains a critical
assessment of the NieWeC ternary system [36]. A system identical
to the overall composition of the “eutectic” phase (Table 2) was
created in the software with the addition of up to 10 at.% Ag. Fig. 8
(a) shows that the volume fraction of the silver layer in the arc-
affected zone is very low compared to that of the silver depleted
layer. In spite of the high volume fraction of silver in the bulk, a very
low amount of silver participates in this mechanism because most
of the silver is lost by evaporation. Therefore, the Ni-rich region of
the phase diagram is of primary interest. The dotted box in Fig. 9 (a)
shows the region of interest without W and C. The calculated phase
diagram is plotted in Fig. 9 (b) which shows that 4 at.% of Ag dis-
solves in liquid Ni at 2500 �C for a constant W (19 at.%) and C
(13 at.%) content (Table 2).

4. Discussion

It is clear that the effect of Ni addition on the contact resistance
is not proportional as one would expect from literature [13e15]. It
is also not possible to correlate or predict the evolution of Rc with
increasing Ni content from the hardness of the bulk composite. This
is because of the microstructural changes and layer formation
during switching. Once these persistent layers are formed, the



Fig. 6. (a) Elemental mapping of the Ni10Ag55 material after 50 switching cycles at higher magnification (of Fig. 5 (b)) showing the (i) Ag layer and (ii) Ag depleted layer; (b)
Magnified back-scattered electron image of the selected box region in (a) showing the eutectic phase formed in the Ag depleted layer.

Fig. 7. Backscatted electron imaging showing the evolution of the silver depleted layer (region ii in Fig. 4 and Fig. 5) containing (a) 1, (b) 3, (c) 6.5 and (d) 10 wt.% of Ni.
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physical, mechanical and electrical properties of the bulk material
have minor influence on the Rc, which can only be measured after
each switching cycle.
By combining the microstructure after switching with the pre-
dicted thermodynamic stability of all possible phases at high
temperature, it is possible to explain the mechanism of silver



Table 2
Quantitative electron probemicroanalysis of phase 1, 2 and 3 labelled in Fig. 7, representative for the three constituent phases present in the silver-depleted layer in region ii of
Fig. 5 (b).

Element Phase 1 Phase 2 Phase 3

wt.% at.% wt.% at.% wt.% at.%

W 91.1 ± 0.3 49.7 ± 0.6 94.1 ± 0.6 68.5 ± 0.5 44.7 ± 0.9 18.9 ± 0.5
C 6.0 ± 0.1 50.3 ± 0.6 2.6 ± 0.1 28.4 ± 0.1 2.0 ± 0.1 13.1 ± 0.7
Ni e e 1.4 ± 0.3 3.2 ± 0.6 51.5 ± 0.3 68.0 ± 0.2

Fig. 8. (a) Average measured thickness of the layers present in the arc-affected zone for the different Ni containing contact materials, and the evolution of the average contact
resistance as a function of the Ni content. (b) Representative XRD patterns of the investigated contact materials containing 1, 3, 6.5 and 10 wt.% of Ni after 50 switching cycles.

Fig. 9. (a) NieAg binary phase diagram re-plotted from [29] showing the region of interest. (b) Calculated phase diagram (Thermo-Calc 4.0) showing the solubility of silver in the
“eutectic” phase of the silver depleted layer at constant W and C content.
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transport from the bulk of the material through the Ag-depleted
layer towards the surface. When the electric-arc strikes the con-
tact surface, the temperature of the contact rises rapidly with a
steep gradient. At temperatures above 2700 �C, silver evaporates
and ~4 at.% silver dissolves in the liquid phase (see Fig. 9 (b)). When
the electric arc extinguishes, the contact starts to cool down from
the base copper rod (heat sink) towards the contact surface. With a
decrease in temperature, the solubility of liquid Ag in liquid Ni
starts to decrease, leading to phase separation followed by solidi-
fication of Ni. The direction of solidification dictates that the Ni
solidifies in the silver depleted layer (region ii in Fig. 5). This leads
to a depletion of Ni in the region (iii) as most of the Ni from this
layer was molten during the heating cycle and now is solidified in
the region (ii). Simultaneously, the liquid Ag segregates out of the
cooling melt and is pushed ahead of the solidification front forming
the Ag-rich top layer on the contact. Although some silver is still
soluble in the Ni-rich continuous phase of the eutectic in the solid
state, with further decrease in temperature, the excess Ag even-
tually solidifies on top of the Ni-rich layer. This explains the for-
mation of the silver-rich surface layer on top of the silver-depleted
layer (Ni-rich layer), as found in the transverse section of the
contacts (Fig. 5). The eutectic, WC-Ni phase acts as a buffer, which
temporarily “stores” the silver at high temperatures and releases it
on top due to directional solidification. Moreover, the amount of
silver solidified on top is determined by the amount of eutectic
phase present in the silver-depleted layer. At low Ni contents



Fig. 10. Schematic illustration of the transportation of silver from the bulk to the contact surface during thermal cycling.
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(~3 wt.%) the bright rounded grains are dominant (Phase 2 in Fig. 7)
over the eutectic phase in the silver depleted layer, thus no silver
layer is formed. Only when the Ni content is further increased, the
volume fraction of eutectic phase increases and results in the for-
mation of a silver layer. The Rc initially increases with increase in Ni
content (~3 wt.%) due to the formation of a hard and brittle silver-
depleted layer. However, with further increase in Ni amount, the
soft silver layer is formed and the Rc drops abruptly. This phe-
nomenon of transporting the silver from the bulk to the contact
surface during the heating and cooling cycle is illustrated in Fig. 10.
5. Conclusion

Four Ag-WC-Ni metal matrix composites with increasing Ni
content of 1, 3, 6.5 and 10 wt.% were prepared by liquid metal
infiltration of a porous sintered body. These composites were
further subjected to thermal cycling in a break-only model
switching device for 50 operations at 50 Hz and peak current of
1300A. The average electrical contact resistance (Rc) measured
across the contact pair during the 50 cycles increased from ~2 to
~3 mU with the amount of Ni increasing from 1 to 3 wt.% in the
composite. With further increase in Ni content up to 10wt.%, the Rc
started decreasing from ~3 to ~1.5 mU. The arc-affected zone after
50 cycles revealed a strong gradient in elemental composition
which allowed classifying the arc-affected zone into three layers,
namely a silver-rich layer, a silver-depleted layer and a nickel-
depleted layer from the contact surface towards the bulk mate-
rial. The different layers formed during cooling, were a conse-
quence of directional solidification from the copper heat sink
towards the contact surface. The formation of a silver layer was only
observed in contacts containing 6e10 wt.% of Ni, which was in
correspondence with the decrease in Rc. In these high Ni containing
materials, a eutectic phase ofWC and Ni was formed during cooling
which released the dissolved silver on top of the contact surface
due to the decrease in solubility of Ag in the melt.
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