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ABSTRACT 

Metal to Carbon Relays are used in railway signaling for operating various signaling functions viz. signals / points / track 
circuits etc. These relays have Silver and Silver Impregnated Graphite contacts, which make and break as per the signaling 
logic and operate the signaling equipment. The reliability of these relays is very poor and its major reason is abnormally high 
increments in Contact Resistance, due to which the relay fails. This causes disruption to rail operations and adversely affects 
the train safety & punctuality. The philosophy of contact resistance including the constriction resistance and film resistance 
were discussed. Various factors responsible for development of HCR in metal to carbon relays, viz. electrical conductivity, 
surface physiology, contact area, contact pressure, contact travel etc. were resolvedas a function of surface contact 
mechanics.It was determined that contact pressure and silver contact radius were the two major parameters influencing the 
contact resistance. 
Keywords: Metal to Carbon relays, Silver Impregnated Graphite (SIG), Constriction Resistance, Film Resistance, 
Surface Contact Mechanics. 

1. INTRODUCTION 
Metal to Carbon relays [1] are used in railway signaling systems for configuring various signaling circuits, wherein the 
make / break sequences of silver (metal) and silver impregnated graphite (carbon) contacts [2], as shown in figure 1, 
simulate various selections in the signaling circuits, consequently, governing the change in aspect of railway signals 
from red to yellow to green [3].  
 

 
 

Figure 1. Silver / Silver Impregnated Graphite Contacts 
The reliability of metal-to-carbon relays is very poor. An analysis of signaling equipment failures on Indian Railways 

revealed that the failures of metal to carbon relays amount to approx. 7% of the total signaling equipment failures. This 
failure rate is quite substantial and totally unacceptable. To ascertain the causes of failures, the Failure Modes Effect 
Analysis[4] of metal to carbon relays was done, which revealed that the highest RPN was that of High Contact 
Resistance. Thus, it was very clear that the failures caused by High contact resistance were the most potential risk. 
Since the current for various selections of signaling interlocking passed through these contacts, their conductivity was 
of utmost importance. Due to High Contact Resistance the current couldn’t pass through these contacts. This disrupted 
the electrical connection between the contacts, causing the relay to fail [5], eventually resulting in the failure of 
signaling system. Thus it was imperative that development of High Contact Resistance in metal to carbon relays should 
be prevented. 
 

2.  CONTACT RESISTANCE PHENOMENON 
The engineering material surfaces are never completely flat due to manufacturing operations/material nature. As shown 
in the figure 2, there are several asperities [6] on the surface of the material. 

 
Fig. 2. Material surface at microscopic level 
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The average amplitude of asperity on a polished surface is of the order of 0.1 micron, on a clean drawn surface is 1.0 
micron and on a ground surface is 6 micron. The typical radius of asperity curvature is 3-100 times its height, while the 
typical slope of asperity is less than 5 degrees. During mating, inter-metallic contact is made at the asperities across the 
surfaces. As the pressure increases, the softer material deforms plastically and the size of plastically deformed regions 
is directly proportional to the contact pressure and inversely proportional to the material hardness. Thus, as shown in 
the figure 3, in general, the real contact area is approximately 65-85% of the apparent contact area [7].  
 

 
Fig. 3. Real & apparent contact area 

The contact area is also affected by the contact surface cleanliness and oxidation. Due to presence of dirt / debris on 
the surface or due to oxidation  / sulphation / corrosion etc., films are formed on the surface of the material, as shown 
in figure 4. There are two types of films - Thin films & Thick Films.  
 

 
Fig. 4. Metal surfaces covered with films 

Thin Films are formed from the chemisorbed oxygen atoms on the metal surface [8]. They are up to 20 Angstrom 
thick and are easily fractured mechanically. Thick Films are actually tarnish films; When clean metal surfaces are 
exposed to atmosphere, the metal combines with the atmospheric oxygen / sulphur dioxide / carbon dioxide etc. and 
forms metal oxide / sulphide / carbide films. Their average thickness is 100 Angstrom and are practically insulating.  
 

When current flows through two engineering surfaces, which are mating under a finite pressure, the localized 
phenomenon that affects the passage of current is explained by Contact Theory. This electrical current has to encounter 
two particular phenomena: 
 Asperities or constrictions on the mating surfaces, which reduces the effective area available for passage of current.  
 Dirt / chemical films on the respective surfaces of the metals, which further obstruct the current path.  
Thus, as shown in figure 5, the current through contacting surfaces is restricted to continuity breaks in the superficial 
film, since the films are electrically insulating [9].    
 

 
Fig. 5. Contact between surfaces covered with film 

Accordingly, as shown in figure 6, there are essentially three regions [10] within the actual contact area: (i) Full 
contact region – the current passes through the interface without any transition resistance; (ii) semi – conducting 
regions – thin film covered areas with resistance values higher than the metal to metal contacts; and (iii) non-
conducting regions – areas covered by thick films of oxides, sulfides etc.  

 
 

Fig 6. Current conduction phenomenon 
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The distortion and obstruction in the current flow generates resistance, which is termed as ElectricalContact 
Resistance. This depends on the value of current, the pressure acting on the contacting surfaces and their surface 
physiology. The Electrical Contact Resistance can be represented as the sum of partial resistances due to physically 
different effects [11]: 
 

Rcontact= Rconstriction+ Rfilm 
 

Constriction resistance (Rconstriction) is the increase of resistance for metallically clean contacts due to the constriction 
of the electrical current when being forced through a small effective contact area. Increasing contact pressure can 
enlarge the effective contact area by elastic and plastic deformation of the micro contact spikes on the surface. The 
larger the effective contact area and the contact pressure, the lower the constriction resistance. 
 

Film resistance is the contact resistance of clean surfaces due to formation of oxides, sulphides and other compounds 
films. The thickness of the layers and the speed of growth are dependent on the contact material, ambient atmosphere, 
temperature and time. Besides, other contaminants viz. atmospheric dust, particles created by wear of the moving parts 
or generated by catalytic effect, silicon sediments, oil or grease etc. may be on the surface of the contacts, increasing the 
resistance. 

 
3. FACTORS INFLUENCING HIGH CONTACT RESISTANCE IN METAL TO CARBON RELAYS 

 

In general, the contact resistance of the metal to carbon relay depends on contact mechanics of the surfaces of Silver 
and SIG contacts, i.e., 
 

Contact Resistance = f (Surface Contact Mechanics of Silver & SIG contacts) 
 

Contact mechanicsexplains the deformation of solids that touch each other at one or more points by considering the 
pressures and adhesion acting perpendicular to the contacting bodies' surfaces and the frictional stresses acting 
tangentially between the surfaces. Besides, the films – oxide / sulphide / dirt / debris – on the contact surface also play 
an important role in determining the behavior of contact.  In case of metal to carbon relays, the silver contact was hemi-
spherical in shape while the SIG contact was flat, and their surface contact mechanics depended on the following 
factors: 
 
 The kind of material used for each contact – Electrical Conductivity. 
 The condition and roughness of the contact surfaces - Surface Physiology. 
 The movement of contacts - Contact Travel. 
 The mechanical pressure acting between the contacts – Contact Pressure. 
 The current passing through the contacts – Current Density. 
 The shape of the contact surfaces – Contact Area. 

 
3.1  Electrical conductivity 

 

In general, materials of high electrical conductivity, such as silver and copper, have lower contact resistance than the 
materials of low conductivity, such as iron and carbon. In metal to carbon relays, the contacts were made of Silver and 
Silver Impregnated Graphite. Silver is a natural good conductor of electricity while graphite, which doesn't have 
excellent conductivity, had been impregnated with silver to increase its electrical conductivity. Since both the contacts 
had excellent electrical conductivity, hence this factor didn't affect the surface contact mechanics of metal to carbon 
relays to a great extent.   

 
3.2  Surface physiology 

 

As discussed in Para 2 above, the surface physiology of contacts contributes to the contact resistance in two different 
ways and the electrical contact resistance constitutes of partial resistances - Rconstriction  and Rfilm. 

 
The Holm’s electric contact theory states that the Constriction resistancefor two elastic surfaces in contact, is given 

by the relationship [12],  
 

R = r1 + r2
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where, r1 and r2  are the resistivity of the metals and a is the radius of the contact area. The Hertzian law of 

contact mechanics provides that the radius a of thecontact area is related to the Force F applied on the contacts by the 
equation [12], 
 

a = 3FR
4E*
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                (2) 

where R is the radius of the semi - sphere coming in contact with an elastic plane surfaceand E is the combined 
elastic moduli of both the surfaces. This implies that the constriction resistance is inversely proportional to the force 
applied on the contacts. The resistivity of silver contact is 1.59x10-8 Ohm-M and of SIG contact is specified as not 
exceeding 2.0x10-6 Ohm-M. The Rconstriction for silver (radius 19R) – SIG contacts, at various values of Force, was 
calculated from the above-mentioned formulae and the Force – Rconstriction relationship was as shown in figure 7. 

 

 
 

Fig. 7. Force – Constriction Resistance relationship 
 

As was seen from above, the Rconstriction at the average used force of 0.4118 N was approx. 6.78 x 10-7 Ohm, which was 
extremely low. Adequate contact pressure enlarged the effective contact area by elastic and plastic deformation of the 
micro spikes on the contact surface. Besides, the Silver & SIG contacts were ground to a smooth surface finish and then 
again cleaned with chamois leather before using in relays. This minimized the peaks on the contact surfaces and 
increased the area of contact available for current flow. Due to both these causes, the Constriction Resistance was 
minimized to a negligible value, and thus, was not deemed to be substantial enough to be considered.  
 

The silver and SIG contact surfaces are not absolutely clean but are covered by thin layers of oxide or dirt films with 
low conductivity, semiconductor properties or even isolating characteristics.  These layers of oxides, sulphides and 
other compounds will be formed on the contact surface by absorption of gas molecules from the ambient atmosphere. 
They are also formed due to residual chemicals from the contacts’ manufacturing process. The growth of these layers is 
very fast; thethickness of the layers and the speed of growth are dependent on the contact material, ambient 
atmosphere, temperature and time. The resistance of these films depends on the film thickness, effective contact area 
and the specific resistance of the contact material/layer. Apart from different layers or films, other contaminants may be 
on the surface of the contacts, increasing the resistance or even preventing electrical contact. These contaminants may 
be atmospheric dust or particles created by wear of the moving parts within the relay such as plastics and fibers.  Other 
contaminants can be the result of outgassing of the plastic materials within the relay or generated by catalytic effect, 
through decomposition of organic vapors under the influence of arc, silicon sediments, soldering flux etc. Due to 
exposure to atmosphere, the silver contacts could possibly be coated with layers of silver oxide and silver sulphide. This 
may have been the result of absorption of atmospheric oxygen & sulphur by silver contacts. The SIG contacts could 
have been coated with films of carbon, silver oxide, potassium etc. The silver oxide may be a result of oxidation of 
silver present in SIG contact, while potassium could be a residue from the SIG contact manufacturing process. The 
carbon layers were possibly created from the reaction of atmospheric carbon dioxide with graphite under high voltage 
arcing while make – break of contacts. Thus, the film resistance seemed to contributing in a major way to the overall 
contact resistance, and needed to be addressed.  
 

3.3  Contact travel 
 

Contact travel, factually, is the resultant of armature movement and thus, is akin to armature travel. It is the distance 
the contacts move over each other, when the armature is attracted towards the heelpiece. Thus, the contact travel is a 
function of the contact pressure, magnetic force generated by the coil (in terms of Ampere-turns) and the stresses in the 
magnetic circuit, i.e.,  
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Contact Travel = f (Contact Pressure, Coil Ampere-Turns, Annealing) 

 
 3.3.1  Contact Pressure 

 

The maximum pressure that a given material can withstand without irreversibly deforming is based on the hardness or 
yield point in compression ‘H’ measured in psi.  If ‘a’ is the load bearing contact area in square inches, for ordinary 
flat surface contacts, the relationship between contact area and contact pressure is given by, a= 2F/H, where, F is the 
force, measured in pounds. Contact between plane surfaces is formed by the aggregate of several points of contact, the 
number and size of which depend upon the applied pressure and the surface condition.  Pressure and resistance are 
related by the formula, R=k/Pn, where the exponent n depends upon the nature of the surfaces, P is in kilograms and R 
in ohms.  In the case of accurately ground and polished surfaces, n=2 and with increasing pressure approaching the 
yield point of the entire contact, the value of n changes gradually to ½.  This indicates that increasing the pressure on 
the contacts will reduce both the spreading and interface resistance, thus inter-alia, decreasing the contact resistance.  
 

In metal to carbon relays, the contact pressure was directly proportional to the contact travel – the distance the silver 
contact travels on the SIG contact. Controlling contact pressure inter-alia determined the contact travel. The contact 
pressure also contributed to the surface physiology, contact area and eventually the current density. The contact 
pressure currently was 45 gm., which corresponded to contact travel of 50 Thou(Thou is a measure of length and is 
approx. one thousandth of an inch; precisely, 1 thou is equal to 0.0254 millimeter). With this contact pressure, there 
were a large number of relay failures due to high contact resistance. Hence, it was imperative to work on this parameter 
to alleviate the problem of high contact resistance. 
 

3.3.2  Ampere-Turns of Coil 
 

The relay coil consists of an electromagnetically inductive copper wire coil, wound around a movable steel armature. 
The coil is shaped such that the armature can move freely inside the coil, altering the coil's inductance and thereby 
becoming an electromagnet. When the current flows through the coil, it produces an electro-magnetic field, which 
makes the armature magnetic and the same is attracted towards the permanent magnet heelpiece. The Magneto-motive 
force (MMF) is the physical driving (motive) force that produces magnetic flux. The magneto-motive forceFin the 
electromagnet consisting of a coil of wire is given by, F  = NI, where Nis the number of turns of wire in the coil and Iis 
the current in the wire. The unit of MMF is Ampere-Turns.By maintaining the same current and increasing the number 
of turns of the coil, the strength of the magnetic field increases because each turn of the coil sets up its own magnetic 
field. The magnetic field unites with the fields of the other loops to produce the field around the entire coil making the 
total magnetic field stronger. The armature provides a mechanical force, which results in the movement of the contact 
mechanism. The force applied by the armature is proportional to the change in inductance of the coil with respect to the 
change in position of the armature and the current flowing through the coil, or in other words the Ampere-Turns. The 
more the ampere-turns, larger will be the armature movement and inter-alia the contact travel.  

However, since the ampere-turns are not linearly related to the armature travel, an optimum value had been 
prescribed as per the specification and the same was found to be satisfactory. Hence there didn’t seem any need to work 
on this parameter. 

3.3.3  Annealing of magnetic components 
Annealing is a heat treatment in which a material is exposed to an elevated temperature (about 50% of the absolute 
melting temperature) for an extended time period and then slowly cooled, at a certain cooling rate. It is done for 
reduction of stresses�and for improved material structure. There are many types of annealing. Magnetic annealing or 
Permeable annealingconsists of application of a magnetic field while a material is being heat-treated (in a atmosphere 
of protective gases viz. hydrogen, to prevent oxidation) and is done to optimize�the magnetic properties of the material. 
The aim is to maintain as much as possible an even atomic lattice with as little disruptions as possible, so that the 
material is magnetically homogeneous. It has significant effect on texture, microstructure and magnetic properties in 
ferrous as well as in non-ferrous alloys and improves permeability.   
 

Annealing of magnetic core of metal to carbon relays is done in order to achieve low coercivity and high magnetic 
induction. The core is heated to 840±10oC and maintained for a period of 2 hours. Then it is cooled at a rate not 
exceeding 60oC per hour down to a temperature of 200oC. During the heating & cooling cycles, the furnace atmosphere 
is a steady flow of mixture of pure nitrogen mixed with 4% pure hydrogen. Since annealing affected the magnetic 
properties of core, eventually affecting the MMF produced by it, it seemed to be an important factor affecting the 
contact travel. However, through experience, the process of magnetic annealing has been perfected over the years and 
the same was found to be satisfactory. Hence there appeared to be no requirement to work on this parameter. 
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3.4   Current density 
Current Density is the total amount of current passing through an area. Thus, the current density in case of closed 
contacts depends mainly on the value of current, the total area of contact and the pressure on the contacts. In other 
words,  

Current Density = f (Current Value, Contact Area, Contact Pressure) 
 

3.4.1  Current Value 
In metal to carbon relays, the current value was fixed as 100 mA, based on the specifications. Since this is a specified 
parameter, no necessity was felt to experiment with this parameter.  

3.4.2  Contact Area 
When two contacts touch each other, a certain portion of their surface areas will be in contact with each other. Contact 
area is the area that consists of the atoms of one object in contact with the atoms of the other object. The contact area of 
the contacts depends primarily on the geometry of the contacts and the force acting on the contacts, and to some extant, 
on the contact material properties. As shown in figure 8, when a semi - sphere of radius ‘R’, on coming in contact with 
an elastic plane surface, indents it to depth ‘d’, it creates a contact area of radius ‘a’, which is given by the Hertzian 
laws of contact mechanics [12] as, 

a2 = Rd 
 

 
 

Fig. 8 Mating of spherical & plane contacts 
The applied force Fis related to the displacement dby the formula,  

F = 4
3 E*R1/2d3/2                (3) 

where, 
1
E* =

1-n1
2

E1

+1-n2
2

E2

               (4) 

 
and E1&E2 are the elastic moduli and ν1& ν2 the Poisson's ratios associated with each contact. From the above, the 
pressure exerted by the semi-sphere in the center of the contact area, po as well as the contact radius, ‘a’ can be 
expressed as a function of the force as [12]: 
 

po =
6FE*2

p 3R2
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    and  a = 3FR
4E*
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The silver contact used in metal to carbon relays was semi – spherical in shape, while the SIG contact was 

trapezoidal in shape with a flat square surface, as shown in figure 1. The contact area for various radii of silver contacts 
was calculated from the above formulae and the relationship was as shown in figure 9. 

 

 
 

Fig. 9. Contact area for silver contacts of various radiuses 
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As can be seen from fig. 10, the contact area was directly proportional to the radius of the semi – spherical silver 
contact. The radius of silver contact was 19R currently, which corresponded to a contact area of 0.017 Sq. M. With this 
radius, there had been a large number of failures of metal to carbon relays due to high contact resistance. Hence, it was 
imperative to work on this parameter to alleviate the problem of high contact resistance.  
 

4.  CONCLUSION 
In view of the above discussions, it could confidently be said that broadly, the contact surface mechanics of silver and 
SIG contacts was a function of surface physiology, contact travel and current density, i.e.,  
 

Contact Surface Mechanics =  f (Surface Physiology, Contact Travel, Current Density) 
 

As has been discussed above, the contact travel (armature movement) is mostly dependent on the contact pressure 
and the current density is dependent on contact area (shape of the contacts or surface physiology) and the contact 
pressure. Hence, in order to alleviate the problem of high contact resistance, the contact shape / area (in terms of radius 
of the silver contact) and the contact pressure were to be optimally controlled. 
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