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Abstract— The optimisation of contact materials emerges as 
a cornerstone for reliable functionality of high-speed DC circuit 
breaker. Ag/CdO is widely used despite its RoHS non-
conformity. To overcome this issue new materials are requested. 
We have prepared Ag/MoS2, Ag/WS2, Ag/Carbon-nanotubes 
composite materials and investigated their structural, 
mechanical, electrical and thermal properties. These materials 
have been used in switching operation tests on a laboratory-scale 
fully instrumented model of circuit breaker, under a maximum 
current load of 12 kA.  Welding and sticking tendencies were 
examined. A relationship between the microscopic variables, the 
occurrence of welding events and their strengths was established. 

Keywords—Elecrical contact materials, electro-thermal 
characteristics, welding tests 

I.  INTRODUCTION  
 Electrical contact materials (CM) are a key component in 

DC circuit breakers. Most of the operation time, CMs are in 
contact (strong mechanical force) in order to establish a low 
resistance path for electrical current without rising their 
temperature due to Joule heating. When a short circuit appears 
in the network, within a few milliseconds, contacts are forced 
to separate from each other leaving an air gap between them, 
which act as an insulating dielectric. Under these circumstances 
an electrical arc appears. This results in the dissipation of  
about 1kJ energy in less than 5 ms through the contacts causing 
local melting, and possible sticking or welding of the contacts.  
Sticking or welding can also occur without the presence of any 
arc, if the melting voltage of the contact material is reached [1]. 

 Based on the conditions CMs are exposed to, their most 
important specifications could be defined as: 

 

i) High electrical and thermal conductivity 

ii) Optimal mechanical properties 

iii) Resistance to welding 

 

Although pure metals meet the first two requirements they 
show high affinity for welding, which ruled them out for this 
application.  Metal based composite material emerged as an 
optimal solution. Ag/CdO has been extensively used in 
industry as the best contact material since more than 50 years 

[2, 3]. Its shadow side, however, is that cadmium, as other 
toxic elements, is forbidden for public use by the European 
Union directive "RoHS" (Restriction of the use, of certain 
Hazardous Substances in electrical and electronic equipment) 
[4]. An important effort has thus been invested to develop a 
new composite by replacing CdO with other oxides (SnO2, 
ZnO) [5-8], hard particles (WC) [9], or carbon based 
polymorphs [10, 11]. Some new composites, like those with 
SnO2, ZnO and graphite work properly at low current; however 
for high current application (in railway industry) they are not 
yet optimized [12, 13].  

In a recent work [13], we performed a systematic study on 
the CM mentioned above. The structural, mechanical, electrical 
and thermal properties were investigated and compared to the 
results of switching operation tests (that correspond to the real 
conditions of DC circuit breakers in a train or metro). It was 
demonstrated that dispersion of solid lubricant (graphite) 
ameliorates the properties of the contact materials.  However, 
graphite grains oxidize in the presence of an electric arc, thus 
releasing CO and CO2. This reduces the dielectric strength and 
might provoke re-striking of the arc.   

With the aim of overcoming this drawback of graphite, 
other solid lubricants can be used as alternative anti-welding 
doping elements.  Metal dichalcogenides like MoS2 and WS2  
are well known for many years in lubricant industry thanks to 
their low friction properties [14, 15]. We thus incorporated the 
nanoparticles of these specimens in composite materials and 
explored their electro-mechanical characteristics as well as 
their tendencies for welding in a current range of few kA. 
Additionally we prepared Ag-Carbon Nano Tube (CNT) 
composite. Ag/CNT is chemically similar to Ag/graphite but 
the more homogenous distribution of CNT is expected decrease 
burning rate, and prevent or reduce re-arcing. All these 
prototypical materials were exposed under same tests. For this 
purpose a new dedicated welding machine was designed. Based 
on these measurements we established a relation between 
material properties and behaviour in the real conditions. 

II. MATERIALS AND EXPERIMENTAL DETAILS 
The materials used in this study are made of a silver matrix 

in which different particles of the second phase are dispersed. 
We examined Ag/CdO (10 wt. % of second phase), Ag/MoS2 
(1 and 5 wt. %), Ag/WS2 (1 and 5 wt. %) and Ag/Carbon Nano 
Tubes (CNTs) (1 wt. %). The first composite was produced by 
Doduco GmbH by an internal oxidation process, while the 
others were prepared in our laboratory by the powder 
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metallurgy method. Ag/MoS2 and Ag/WS2 were processed in 
Argon atmosphere at 800 C for two hours. The same 
temperature was used for Ag/CNT, under Formiergas (5% H2 
and 95% N2) atmosphere, to prevent carbon burning.  

X-ray powder diffraction was used to examine the phases 
present in the samples. The measurements were carried out at 
room temperature using a -2  technique, with Cu K  as a 
radiation source ( =1.5406 Å). 

The microstructure of the sintered samples was analysed on 
polished surfaces using a High Resolution JEOL Scanning 
Electron Microscopy (HRSEM) varying the acceleration 
voltage between 2 and 10 kV. The chemical composition was 
mapped by Energy-Dispersive X-ray Spectroscopy (EDS), with 
the instrument limit of 1 % for elements heavier than oxygen. 

The micro hardness was measured by the Vicker’s method. 
A load between 300 and 500 g was applied for 30 s on a 
polished surface. The experiment was repeated on 15 different 
positions and the final result represents the arithmetic average. 

Resistivity measurements were performed on samples with 
typical dimensions of 5 x 2 x 0.2 mm3, contacted with silver 
paste, by employing standard four-point method in the 
temperature range 300-4.2 K.   

Thermo-gravimetric (TG) and differential thermal analysis 
(DTA) experiments were carried out at the same time by using 
a TAG 24 SETARAM experimental set-up.  Samples of about 
50 mg were placed in alumina crucibles. The atmosphere in the 
set-up was 80% Ar - 20 % O2. Samples were heated to 1200 C 
and cooled to 100 C at 5 C /min. The same cycle was 
repeated two times. For Ag/CdO the maximum temperature 
was 1500 C. 

 

 
 

Fig. 1: Welding-test machine, base plate is 0.5 m long.
1-Electromagnetic closing device; 2-The threaded shaft; 3-
Guidence for longitudinal linear movement; 4-Adjustable 
contact pressure spring; 5-Moving contact; 6-Fixed contact; 7-
Load cell; 8 Main connections. 
   

To examine welding resistance of the samples we 
constructed a new experimental set-up. The schematic view of 
such welding machine is presented in Fig 1.  This device is 
instrumented with different sensors in a way that one can 
precisely measure (i) the voltage drop at the contact interface, 
(ii) the current, (iii) the applied compression force on the 
contacts and (iv) the pulling force required to open welded 

contacts. Before each test, the contacts were closed and the 
contact force was adjusted to a value of 50 ± 5 N. For our 
purposes a current pulse was supplied for 300 ms through the 
closed contacts and the pulse amplitude was varied between 
1’000 and 12’000 A. The current rise was close to 20 kA/s. 
This test was intended to simulate a welding event in an “O” 
operation with contacts in a new state (i.e. without any arc 
trace). For each current value, several tests were carried out. 

III. RESULTS AND DISCUSSION 
 

The X-ray diffraction pattern of the samples of this study is 
presented in Fig 2. It shows that the CMs are composed of 
silver (marked peaks) and second phase (MoS2, WS2). The low 
amount of CNT was below the detection threshold of XRD. No 
additional phases were detected with this resolution. 

The surface morphologies are presented in Fig. 3. The 
chemical composition of the surface was mapped and large 
silver grains were observed. They secure the low resistance 
path for electrical conductivity. The isolated three dimensional 
grains of the second phase are also visible as dark grey spots. 
CdO particles are homogeneously distributed with a grain size 
of circa 1μm. For CNTs, two morphologies are observed: 
small circle-like spots and 10 μm long elongated  structures. 
MoS2 and WS2 form 10 μm large structures weakly connected 
by filaments made of the second phase too. 

The introduced particles affect the mechanical 
characteristics with respect to the pure silver. The hardness of 
the composites is higher than pure silver (see table I). This 
finding is in agreement with other reports in literature [16]. It is 
important to emphasize that various dopants change the 
mechanical properties of pure silver in agreement with the 
nature of dopant itself. The hardening upon adding hard oxide 
CdO is more pronounced than upon adding natural lubricants 
like CNTs and metal-dichalcogenides.    

 
Fig 2. XRD diffraction patterns of Ag based composites. Ag 
peaks are indexed and peaks from second phase are marked by 
stars. 
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Table 1: Name of the composite, mass and volume percent, the method of preparation, Vickers hardness, electrical resistivity at 
room temperature, residual resistivity ratio, and indication on if there was a welding event or not. * The values of contact 
resistance for the current of 6000 A. ** It should be mentioned that in literature there is a broad range of mass density for multi 
wall CNTs. 

 
Sample Weight % Volume % Preparation Vickers 

hardness 
 (300 K) 
[μ cm] 

RRR Welding events Contact resistance [μ ] *

Ag/CdO 10 12.5 Internal oxidation 69±2 2.0 37 Yes 33

Ag/MoS2 5 9.84 Powder metallurgy 51±3 4.1 6 N/A N/A

Ag/MoS2 1 2.05 Powder metallurgy 42±3 2.8 10 Yes 22

Ag/WS2 5 6.86 Powder metallurgy 29±2 6.6 6 N/A N/A

Ag/WS2 1 1.39 Powder metallurgy 28±2 2.1 19 Yes 26

Ag/CNT 1 ~5** Powder metallurgy 12+3 1.9 11 No 28

 

  Metallic conductivity (d /dT>0) was observed for all 
samples, see Fig. 3. Nevertheless, at low temperature this slope 
becomes very week (d /dT 0), i.e. the phonons in the Ag 
matrix freeze out, and the dominant scattering comes from 
second phases and impurities. The Residual Resistivity Ratio 
( (300 K)/ (5 K)) is reported in table I. The high RRR 
indicates the small perturbation of the charge transport through 
the composite, while the low RRR argues that the effect of 
second phases on electrical properties is important. The best 
ratio was recorded for Ag/CdO CM, while the lowest is for the 
samples with 5 % of the metal dichalcogenides. The low RRR 
of the latter would indicate that theses composite materials are 
not suitable for electrical contact applications, despite the room 
temperature resistivity is an accepted range. Their welding 
resistance will not be tested. With 1 wt % of lubricants CNT, 
MoS2 and WS2, RRR is higher and close to the state-of-the-art 
electrical contact material Ag/CdO [13]. The absolute values of 
resistivity at room temperature are in the same range of order. 

 

 
Fig. 3: HRSEM images of the composites materials taken on 
the polished top surface.  

The thermal stability of the composites was analysed by 

means of DTA and TG. DTA profiles are presented in Fig 5. 
The following observations are important: i) The first cycle 
(black and blue curves) depicts the transformations of both 
silver and second phase, while the second one (red and green 
curves) depicts thermodynamics of silver only since the second 
phase evaporates (discussion below). ii) The broad 
endothermic peak at 1300 C for Ag/CdO composite indicates 
that the energy from the external reservoir is spent on chemical 
reaction inside the material. It is known that at this temperature 
range CdO decomposes into metallic cadmium and oxygen. 
Similar findings were reported recently [13, 17]. iii) The 
appearance of an exothermic peak at 400 C for Ag/CNTs   
composite indicates burning of CNT. iv) The existence of 
exothermic peaks at circa 700 C, for Ag-metal-
dichalcogenides samples marks the decompositions of MoS2 
and WS2 .v)  CdO, MoS2 and CNT do not change the melting 
point of silver, while WS2 does. In the first cycle of Ag/WS2 at 
960 C instead of endothermic reaction we see exothermic, 
while in the second, the endothermic peak of silver melting is 
clearly observed. The calculated phase diagram of Ag-W does 
not predict any solubility of W in Ag [18], but detailed 
experimental data are missing and should be the subject of the 
future experiments.  

The temperature influence on mass variation is presented in  
Fig 6. Like for DTA few features are important to be discussed: 
i) Below 1300 C there is a significant mass loss in Ag/CdO. 
This is due to the decomposition temperature of CdO, as 
discussed in the previous paragraph. As this temperature is far 
above the boiling point of Cd which does not alloy with silver 
(solubility of Cd in Ag is limited to 30 % [19]), Cd 
immediately evaporates and escapes from the composite, which 
explains the mass loss; ii) A loss of 1 % mass occurs in 
Ag/CNT composite below  600 C.  In this temperature range 
silver is stable and the mass loss is ascribed to the burning of 
CNTs. iii) A mass gain of about 1 % is observed in Ag/MoS2, 
and Ag/WS2. At this temperature silver is stable and the 
decomposition of metal dichalcogenides and the absorption of 
oxygen form metal-oxide. 

The results from the welding tests are summarized in Fig. 7. 
De-welding pulling force is presented as a function of applied 
current for the examined composites. A zero newton de-
welding force corresponds to a non-welding event.  For 
Ag/CdO welding events were recorded for the first time at a 
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current of 8000 A, and it continued to appear for higher 
currents. The de-welding force was found to vary according to 
the applied current (I) between 100 N for low I and 500 N for 
higher current. With Ag/MoS2 and Ag/WS2 the first welding 
events were recorded at higher current, at 10 000 A. De-
welding force (5 times lower than in Ag/CdO) rose only by a 
factor of two. Finally Ag/CNTs passed the tests as the best 
material. No welding events were recorded in the explored 
current range. 

 
Fig.4: Temperature dependence of resistivity for the samples 
used in this study.

 

The contact resistance was also monitored in these tests and 
the results, when there were no welding events, are presented 
in the table I. The highest value of 33 μ cm was recorded for 
Ag/CdO. It is higher 15 % than for Ag/CNT and 30 % than for 
Ag/MoS2. Slight evaporation of silver and formation of larger 
CdO insulating grains and larger hardness of Ag/CdO CM 
might be at the origin of the effect.   

These results provide a solid base to establish a relation 
between the fundamental properties of the materials and their 
functionality in real situations of DC circuit breakers. Although 
the absolute value of resistivity is low and RRR is the 
uppermost for Ag/CdO, the highest number of welding events 
was recorded for this composite.  The reason for the effect 
might be the highest contact resistance of Ag/CdO recorded 
during our tests.  On the other hand the experiments showed 
that hardness plays an important role too. The softer materials 
show better performances in the welding tests. This finding is 
encouraging since it means that contacts can be pressed against 
each other by lower force. It is favorable for mechanical 
durability of the device.  

 

Ag/CdO Ag/CNT

Ag/MoS2 5% Ag/WS2 5%

 
Fig. 5: Temperature dependence of DTA profiles for 4 
samples. The color coding is the same for all plots.  

 

Ag/CdO Ag/CNT

Ag/WS2 5%Ag/MoS2 5%

 
Fig. 6: Temperature dependence of TG profiles for 4 samples. 
The color coding is the same for all plots. 

 

IV. CONCLUSION 
 

    We build up a machine for testing welding tendencies of 
electrical contact materials. It was shown that composites 
which include small concentration of solid lubricants have a 
solid potential to be used as electrical contacts in high current 
DC circuit breakers as they showed high resistance to welding 
in a new state (neither erosion nor arc traces). The study will 
be completed in the immediate future by testing materials 
under real conditions of high current DC circuit breakers.  
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Fig. 7: De-welding force as a function of electrical current for 
the applied force of 50 N.
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